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5 j;mary

The fine structure of neurones belonging to the

Postsynaptic Oorsal Column (PSDC) system and the primary

afferent fibre types known to project onto them in the cat

was studied using intracellular and retrograde labelling

with horseradish peroxidase.

Both intracellularly and retrogradely labelled neurones

were selected for ultrastructural analysis. Four types of

bouton were found in contact with P3QC somata and bendrites.

(1) Boutons containing spherical, agranular vesicles forming

asymmetrical synapses. These could also be observed

terminating on other unlabelled profiles in the surrounding

neuropil.

(2) Boutons containing oval or pleomorphic vesicles.

(3) Boutons containing round agranular vesicles which formed

the central terminal of glomerular complexes in laminae II-

III of the dorsal horn.

(4) Large electron lucent terminals containing spherical

agranular vesicles and forming multiple asymmetrical

contacts onto P30C dendrites.

Other complex synapses in which PSDC dendrites

participated included axoaxonic and triadic arrangements.

The P 3D C system is therefore more complex at the

ultrastructural level than another ascending system (the

spinocervical tract) which originates in the dorsal horn,

and the functional implications of this complexity are

discussed.

Terminals from Group la, slowly adapting Type I (3AI) and

rapidly adapting pad (RA) afferent units were also studied.

Boutons formed by all three afferent types contained

spherical agranular vesicles, however the Group la boutons
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were larger and generally formed fewer synapses with

postsynaptic structures than the cutaneous axons. SAI and RA

axons formed asymmetrical synapses onto dendritic shafts and

spines and participated in both simple axodendritic and more

complex arrangements involving other unlabelled dendrites

and presynaptic axonal profiles. They differed in the

average number of postsynaptic targets but the differences

were not considered sufficiently great to allow

identification of unlabelled primary afferent profiles on

ultrastructural grounds alone.
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SECTION I £ GENERAL INTRODUCTION

The results reported in the present thesis concern the

ultrastructural properties of neurones in the spinal cord

which give rise to the Postsynaptic Dorsal Column (P3DC)

system. Available physiological evidence indicates that

this is one of the ascending tracts responsible for trans¬

mission of information about different aspects of cutaneous

stimuli to the brain. In order to introduce the present work

adequately it is necessary to review briefly relevant

concepts in spinal cord anatomy, u1trastructure and

physiology. I shall therefore divide the present chapter

into a number of convenient but somewhat arbitrary sub¬

headings to discuss primary afferent fibre classifications

and terminal morphology in the spinal cord ; general

features of dorsal horn cytoarchitec tonics and ultra-

structure ; physiological characteristics of the ascending

systems arising within the dorsal horn ; and segmental and

descending effects on the dorsal horn mechanisms.

Primary afferent fibre classification.

In any attempt to classify cutaneous receptors into

functional categories a number of factors must be taken into

account including the following : thresholds to mechanical,

thermal (for both positive and negative temperature changes)

and chemical stimuli ; peak sensitivity to temperature

change ; the shape of the stimulus/response curve ;

adaptation rate (to a maintained stimulus) ; size and

organization of the receptive field ; and duration of after-

discharge, if any. Finally one important characteristic is
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the size of the afferent fibre connecting the receptor to

the spinal cord. These have been classified into A ,A and

C fibres which comprise axons in the size ranges 6-17 urn, 1-

5 um and 0.3-1.5 urn (Gasser 1960). Conduction velocities of

large myelinated fibres were estimated by multiplying the

diameter by a factor of 6 (Hursh 1939) while figures of 4

and 1.7 have been suggested for A and C fibres respectively

(Burgess, Petit & Warren 1968; Gasser 1955), giving

conduction velocities in the ranges 30-120m/sec, 4-30m/sec

and less than 2.5m/sec for the three groups. Cutaneous

mechanoreceptors are present in all three groups.The most

stringent methods used to determine the adequate stimulus of

a mechanoreceptor include use of von Frey hairs and ramp

velocity stimulators or sinusoidal wave generators, with

the facility to accurately control parameters such as

distance and velocity of indentation and the period of the

wave generated. Other methods involve stimulation of the

skin with fine hair brushes, blunt and/or sharp probes and

smooth or serrated clips (Hunt and Mclntyre 1950, Brown

and Iggo 1967, Burgess, Petit and Warren 1968).

Investigations utilising the criteria described above

have succeeded in identifying several categories of primary

afferent unit in all the species studied, with considerable

inter-specific overlap apparent in both morphological and

physiological properties (see Burgess & Perl 1973).

Present evidence suggests receptors activated by

stimulation of glabrous skin projecting via large

myelinated fibres can be assigned to one of three categories

- slowly adapting Type I (SAI) responding to maintained

displacement of several discrete foci in the receptive field

with an irregular discharge ; rapidly adapting receptors
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with discrete receptive fields responding to a limited range

of frequencies ; and subcutaneous receptors responding to in

a one-to-one fashion to vibratory stimuli of higher

frequencies (ie little response to displacements at

frequencies below 40-50Hz with maximal response to

vibrations at 150-300Hz) with correspondingly less easily

defined receptive fields. These categories have been

correlated with distinct morphological entities in both

hairy and glabrous skin, thus the SAI with the Merkel cell

(Iggo 1966; Tapper 1964); RA pad with the Krause end-bulb

(Janig 1971; Iggo & Ogawa 1977); and vibration receptors

with Pacinian corpuscles (Hunt & Mclntyre 1960; Skoglund

1960) .

In hairy skin there are again SAI and Pacinian-like units

in addition to hair follicle receptors with afferent fibres

in the A and A conduction ranges. The hair receptors can

be further subdivided depending on the type of hair

innervated (Brown & Iggo 1967) or using characteristics such

as the velocity threshold (G2 having relatively low

threshold) and presence of directional selectivity

(Burgess, Petit & Warren 1968). Some hair receptors which

appear to respond principally to rapid movements are thought

to be be transient detectors similar to Pacinian Corpuscles

(Burgess et al 1968). A second type of slowly adapting

receptor (SAII) is found in the hairy skin of the cat and is

differentiable from the SAI receptor on the basis of the

following characteristics ; resting discharge in some Type

II fibres ; and regular discharge on application of a

maintained stimulus. The Ruff ini ending has been identified

as the morphological correlate of the SAII unit (Chambers et
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al 1972). A further category of unit responding to movement

of hair and stimulation of subjacent skin is recognised by

some workers (field receptors - Burgess et al 1958) but not

others (Brown and Iggo 1967). Finally, a few receptors

responding to noxious mechanical stimuli have axons which

conduct at rates up to 50msec, and thus also belong to the

A range (Hunt & Mclntyre 1950; Burgess & Perl 1967; Perl

1968) .

The densities of the various receptors have been

estimated for the area of skin supplied by the accessory

sural nerve in the cat (Whitehorn, Howe, Lesser & Burgess

1974). The majority (70%) of myelinated fibres took their

origin from hair receptors (40% with A and 30% A afferent

axons), roughly 22% from nociceptors, and the remainder from

slowly adapting receptors (with a slightly greater

proportion of these from SAI units).

Receptors communicating by means of smaller (A )

myelinated fibres are responsive either to low threshold

inputs (D hair fibres) or to noxious i.e. tissue threatening

or damaging stimuli (Burgess & Perl 1967). The latter

receptors respond maximally to stimuli which, when applied

to the experimenter's skin give rise to painful sensations,

and are able to differentiate reliably between noxious and

innocuous stimulation (Perl 1958). The receptive fields of

nociceptors with small myelinated fibres typically consist

of a number of sensitive spots in hairy and glabrous skin,

and repeated stimulation of a single spot causes fatigue and

inactivation of that particular spot without any effect on

the excitability of the remainder.

Although, as mentioned above, receptors with small

myelinated fibres activated by noxious mechanical and
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thermal stimuli have been described (Iggo and Ogawa 1971), a

further group of nocieptors have unmyelinated axons, respond

to both noxious mechanical and thermal stimuli and are

termed polymodal nociceptors. They respond to noxious

thermal stimuli, application of chemicals to the skin and

strong mechanical stimulation from receptive fields

consisting of a single sensitive region. Repeated

mechanical stimulation brings about generation of a low

frequency background discharge while a drop in threshold and

increased activity at any given temperature is observed on

repetitive presentation of noxious thermal stimuli.

Polymodal nociceptors have been estimated to account for

40-90% of all unmyelinated fibres (Bessou and Perl 1969,

Bessou, Burgess, Perl, and Taylor 1971) ; the remainder

respond to gentle mechanical stimulation of the skin (Iggo

1960, Iggo and Kornhuber 1968, Bessou et al 1971) . C

mechanoreceptors appear to be restricted to hairy skin in

the cat and require longer-lasting stimuli (150-200msees

compared to 3msecs for receptors with large myelinated

fibres) to activate them, they thus respond best to

stationary or slow-moving stimuli. Fatigue is a prominent

feature of the response and they respond only to frequencies

of only l-2Hz. Similar receptors have been reported in

primate skin ( Kumazawa and Perl, quoted by Burgess & Perl,

1973) .

Spinal cord cytoarchitectonics.

The scheme generally used in localisation of structures

within the spinal cord is that of Rexed (1952,1954) whose
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description of a laminar organisation of the cord was based

on a study of cytoarchitectonic arrangements in the cat. It

has since been criticised on the grounds that it ignores the

location of axonal and dendritic arborisations which are the

major sites of interaction between cells. The dorsal horn

(the region of most interest in the context of the present

study) was divided into 6 laminae on the basis of cell size,

density and soma shape although it was emphasised that well-

defined boundaries between the laminae could not always be

seen. An alternative, and possibly more meaningful, attempt

to correlate the morphology and function of groups of spinal

neurones (Rfethelyi 1976) divided the cord into three areas :

a sensory nucleus comprising laminae I-IV of the dorsal

horn; a motor nucleus in the ventral horn; with the inter¬

mediate region (laminae V-VII) as a caudal extension of the

reticular formation of the brain stem. The evidence in

favour of this system is provided by the abrupt change in

orientation of dendritic trees on moving ventrally through

laminae V into VI, and the predominance of larger cells,

sparsely distributed in laminae I-IV, which bear a marked

resemblance to "reticular" neurones described by Leontovich

and Zhukova (1963). Nevertheless, Rexed's scheme is widely

used as a means of standardising locations in the cord and

recent descriptions of laminar segregation of terminations

from primary afferent fibres in the dorsal horn provides

support for the underlying concept.

Primary afferent fibres project from the periphery to the

spinal cord where, at the dorsal root entry zone, they give

rise to local collaterals and ascending (and in most cases

descending) branches which travel for various distances (

the distance depending on the size of the afferent fibre and
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the type of peripheral structure innervated) in the dorsal

columns and Lissauer's Tract (Chung & Coggeshall 1979,

Horch, Burgess and Whitehorn 1976). Thus only about 20% of

primary afferent fibres entering the dorsal funiculi reach

the Dorsal Column Nuclei (DCN) (Glees & Soler 1951). Horch

et al (1976) have suggested that this proportion is composed

mainly of hair follicle and SAII axons. The axons which do

not project as far as the DCN give off collaterals to seg¬

mental circuitry and also to cells of origin of the dorsal

spinocerebellar tract (DSCT) in Clarke's Column. Recently,

Rfethelyi, Trevino and Perl (1979) using autoradiographhie

methods demonstrated that primary afferent fibres also run

for 2-3 segments in the sagittal plane in lamina I and along

the midline in the posterior funiculus.

It has been shown, using intra-axonal injection of the

enzyme horseradish peroxidase (HRP), that various categories

of afferent fibre terminate selectively in different regions

of the dorsal horn (see Brown 1981 for summary of the work
1,b

performed in his laboratory; Light and Perl 1979*; Hongo,

Ishizuka, Mannen & Sasaki 1978). Thus terminals arising

from small myelinated axons are located mainly in laminae I,

the inner division of lamina II (III) an<3 lamina III. Large

myelinated fibres distribute boutons to laminae III-VI.

Fibre size per se is not, however, the decisive factor since

Light and Perl demonstrated that small myelinated axons from

high threshold mechanoreceptors terminate in lamina I and

ventrally in V, while D-hair axons arborise in lamina III,

overlapping into Hi- Similarly all the large myelinated
cutaneous fibres described by Brown and co-workers are

confined mainly to laminae III-V while muscle afferent
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fibres are distributed to laminae VI-VII and the ventral

horn. The intracellular studies are thus in agreement with

inferences drawn from studies in which degeneration

consequent to dorsal rhizotomy has been shown to occur at

different time intervals in different laminae (Ralston

1968b; Ralstonand Ralston 1979b, 1983b, Gobel and Binck

1977). Ralston has suggested that such differences and also

variation in the type of degeneration seen can be correlated

with the type of afferent fibre undergoing the degenerative

process (Ralston and Ralston 1983b).

Even within the group of large myelinated cutaneous

afferent fibres differences can be observed between the

three dimensional arrangement of the collateral arbors ( see

Brown 1981 for summary) . Hair follicle afferent collaterals

have overlapping terminal zones forming a longitudinal

cylinder restricted in the mediolateral plane to a width of

150-400um but extending up to 7mm in the rostrocaudal axis

(this figure is taken to be a lower limit since it is

assumed that it is governed oy the limitations of the

technique). Similar overlap was noted in some cases for

Pacinian afferent units which arborise in two distinct

areas, dorsally in laminae III-IV and again in laminae V-VI,

but overlap occurs only for the more dorsal collaterals.

Slowly adapting collaterals tend to be more extensive in the

transverse plane (up to 500um medio1atera1ly and 650um

dorsoventra1ly) but less so in the sagittal axis while RA

pad axons form flame-shaped arbors similar in some respects

to hair follicle collateral arbors but again with no rostro¬

caudal overlap between individual collaterals.

While identified C fibre terminations have not been des¬

cribed in the literature, application of HRP to crushed
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dorsal roots (Gobel and Falls 1979, Gobel, Falls and
IX

Humphrey 1981, Light and Perl 1979) and degeneration studies

(Gobel and Binck 1977) indicate nonmyelinated fibres

terminate principally in lamina II and to a lesser extent in

lamina I. The HRP studies confirm a previous Golgi

description (Rfethelyi 1977, Rfethelyi and Capowski 1977) of

presumed nonmyelinated primary afferent axons running

longitudinally in the S.G. with terminals confined to narrow

brick-shaped areas of neuropil.

Traditionally cells within the dorsal horn have been

studied using either strictly anatomical techniques (as in

Golgi studies) or electrophysiological methods ; I will

attempt to lay emphasis on more recent studies combining

physiological characterisation with use of intracellular

tracer substances where possible.

Lamina I (also termed the Marginal Zone of Waldeyer)

consists of a number of very large cells (Marginal or

Waldeyer cells) interspersed with many small to medium-sized

neurones. These were among the first neurones to be

described in studies of the spinal cord (Clarke 1859) and

their dendritic trees are flattened between the wnite matter

and underlying tissue so that they follow the curvature of

the grey matter, with occasional branches dipping into

lamina II (Ramon y Cajal 1909; Scheibel & Scheibel 1968). In

a more recent study of the trigeminal nucleus caudalis of

the cat (Gobel 1978a) a sample of marginal cells was

categorised into four groups including two types of

pyramidal cells (with or without many long-necked spines)

and two types of multipolar cells, all with dendritic trees

largely confined to the lamina of origin. The situation
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seems to be more complex in the dorsal horn proper as

Beal,Penny and Bicknell (1981) divided their sample from the

monkey into 4 major categories including : aspiny neurones

with either thick, blunt dendrites or thin, tapering

dendrites; spiny neurones of varying size some with

extensive dendritic spread in the sagittal axis and others

with fan-shaped arbors in the lateral part of the dorsal

horn. They also describe cells with major portions of their

dendritic trees in the white matter of the lateral or dorso¬

lateral fasciculi. Although there is some overlap between

the classifications used in the two studies, a greater

degree of diversity is apparent in the second. This may

reflect either a species difference or a variation between

the medulla and the spinal cord proper.

Traditionally it was believed that marginal neurones pro¬

jected to one of two possible destinations, either via the

contralateral ventrolateral funiculus to the thalamus or via

one of the propriospinal tracts to other segmental levels of

the spinal cord. The former pathway was first suggested by

Kuru (1949) and has been confirmed both by retrograde

transport of HRP from the thalamus in the cat and the monkey

(Trevino & Carstens 1975) and electrophysiological^ in the

cat (Trevino, Maunz, Bryan and Willis 1972) and monkey

(Trevino, Coulter & Willis 1973). Neurones in lamina I have

also been retrogradely labelled following injection of HRP

into the OCN and Lateral Cervical Nucleus (LClNI), indicating

the possibility that neurones in this region contribute to

the spinocervical (3CT) and PSDC tracts (Craig 1978, Burton

and Loewy 1976). Confirmation of the propriospinal pro¬

jection was provided by Burton and Loewy (1976) after

injection of HRP into the spinal grey matter some segments
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away. Some lamina I neurones also give rise to local

collaterals (Beal, Penny & Bicknell 1981; Bennett, Abdel-

moumene,Hayashi,Hoffert and Dubner 1981; Rfethelyi, Light &

Perl 1983).

The first physiological study of marginal cells (Chris-

tensen and Perl 1970) provided evidence that neurones in

lamina I responded to one of the following : noxious mech¬

anical input; noxious mechanical and thermal input; or low

threshold thermal stimuli in addition to noxious mechanical

and thermal inputs. Subsequent work has confirmed most

marginal neurones receive nociceptive or low threshold

thermoreceptive inputs (Kumazawa, Perl, Burgess & Whitehorn

1975; Kumazawa & Perl 1978; Price, Hayashi, Dubner and Ruda

1979) although some do receive additional convergence from

low threshold mechanoreceptors (R^thelyi, Light and Perl

1983). In the investigation conducted by Price et al laminae

I and II were considered as a functional unit and recordings

made from pairs of cells, one of which was superficially

situated and the other at a deeper location, usually with a

smaller receptive field. From this, and a Golgi study of the

area, the authors suggested that small neurones in lamina II

act as interneurones relaying information from primary

afferent fibres terminating in lamina II to ascending tract

cells in lamina I. Light, Trevino and Perl (1979) after

combined electrophysiological/anatomical study of laminae I

and II, concluded that no relationship between neuronal

configuration and physiological response could be derived.

However, units with major dendritic ramifications in lamina

I received inputs mainly from myelinated nociceptors

responding to both mechanical and thermal stimuli.

13



Lamina II, also known as the substantia gelatinosa, is

the subject of continuing controversy. Rexed separated the

gelatinosa from the layer immediately ventral to it on the

basis of cell size and separation, but subsequent work

suggested that afferent and efferent connections of laminae

II-III were so similar that differentiation into 2 regions

could not be justified (Szentagothai 1964, Wall 1962). More

recent evidence, particularly that provided by study of

identified afferent fibre terminations and by intracellular

recordings from cells in laminae II and III has necessitated

review of this standpoint.

Lamina II consists of small cells first described by

Ramon y Cajal (1909) who recognised two types of cells,

central and limiting cells in his material. Central cells

were among the smallest in the spinal cord, were situated

throughout the SG, and had dendritic trees arborising in the

longitudinal plane. Limiting cells were slightly larger,

more superficially situated and dendritic arborisations were

organised in the transverse plane. Cajal's observations

have been largely substantiated in the following years

(Scheibel & Scneibel 1968; Sugiura 1975).

Gobel, however, (1975,1978a) classified his sample of

neurones in the trigeminal nucleus caudalis into 4 groups :

stalked cells situated on the laminae I-II border with a

ventrally-directed, fan-shaped dendritic tree ; islet cells

clustered together in groups in lamina II with

long itudinally-oriented dendrites; arboreal cells with

highly focal dendritic trees ; and II-III border cells,

again with extensive rostrocaudal dendritic spread. In later

publications, however, only the first two types are
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mentioned. Beal and Cooper (1978), in the monkey, classified

laminae II and III together as the substantia gelatinosa,

and report a great variety of patterns of dendritic

arborization and made no attempt to outline any

classification system. Beal and Cooper described a continuum

with respect to dendritic orientation, with dorsal cells

having ventrally-projecting dendritic trees (similar to

Gobel^s stalked cells) ; the region comprising the inner

part of tha gelatinosa (II±) and dorsal lamina III having a

longitudinal organization ; and the remainder of lamina III

being more reminiscent of deeper laminae with dorsally-

directed dendritic trees. The results obtained by Light,

Trevino and Perl (1979) led them to conclude, in agreement

with Beal and Cooper, that the variety of cells in the SG

precluded derivation of any simple classification scheme.

Immunocytochemical studies have suggested that the SG is a

very complex area with a number of putative transmitters

having been identified in SG neurones : GABA, Substance P,

enkephalin, dynorphin, neurotensin, cholecystokin in and

avian pancreatic polypeptide (Barber et al 1978; Gibson,

Pollak, Bloom & Wall 1981; Hunt, Kelly, Emson, Kimmel,

Miller & Wu 1981).

Axonal projections from gelatinosa neurones are either to

lamina I (stalked cells, Gobel 1978b,Beal and Cooper 1978,

Bennett et al 1979) , confined within a sagittal block of

lamina II itself or travel v..a Lissauer's Tract to

gelatinosa several segments distant (Szentagothai 1964).

There is one report in the literature of a few small

neurones in the gelatinosa projecting to the thalamus in the

cat (Willis, Leonard and Kenshalo 1978), most however do not

seem to project this distance.
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Studies of physiological properties of lamina II cells

have been performed but there is as yet no consensus as to

the characteristics of lamina II neurones. For this reason

a brief summary of all the recent work will be given.

The results from investigation of the physiology of the

SG appear to fall into two broad categories. The first group

have emphasised that responses of gelatinosal neurones are

similar to those of other dorsal horn cells although within

this group there are differences between workers who stress

convergence in contrast to specificity as the predominant

feature of 5G response. Perl and collaborators (Kumazawa &
Tre.vju\o

Perl 1978; LightAand Perl 1979; Light, Rfethelyi and Perl

1981) in the chloralose-anaesthetised cat found that cells

in lamina II received inputs with latencies consistent with

input from either or both A and C, and a few received

excitatory input from the slower components of the A peak.

The cells could be grouped into those responding

predominantly to noxious mechanoreceptive or innocuous

ther mor ecepti ve stimuli, both with inputs from A , A +C or C

fibres; and those responding as if dominated by activity in

nonmyelinated axons. The second group also fell into 2

categories, driven by polymodal nociceptors or low threshold

mechanoreceptors . Light et al ( 1 9 7 9 ) in spinal

unanaesthetised cats, took this study a step further by

intracellularly labelling a sample of 17 neurones. They were

unable to find any relationship between the morphology of

labelled neurones and their functional characteristics and

concluded that neurones with major parts of their dendritic

arborisations in II0, also usually overlapping into I, were

resposive to nociceptive mechanical or low threshold thermal
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stimulation, while cells with major parts of their dendritic

trees in 11 i responded to low threshold mechanoreceptive
stimulation. They note the presence of a few cells with

unusual properties including habituation and a small number

also appeared to have convergent inputs from both low and

high threshold receptors. More recently, Rfethelyi et al

(1983) described at least two classes of nociceptive lamina

II neurones which resembled the stalked and islet cells of

Gobel, contradicting Bennett's findings that islet cells

were exclusively low threshold.

Bennett, Hayashi, Abdelmoum&ne and Dubner (1979, 1980)

in the cat and Price et al (1979) in the monkey, obtained

slightly different results while working on barbiturate-

anaesthetised animals. The first group intrace11ularly

labelled stalked and islet cells in lamina II and their

sample were either low threshold mechanoreceptive,

convergent or nociceptive-specif i c with the latter two

groups comprising about 40% of the total each. The only

morphological correlation was that only islet cells appeared

to receive low threshold inputs. Price et al grouped a

sample of SG units into the same categories, about half of

which were nociceptive-specific units. The convergent units

had receptive fields consisting of overlapping areas

responsive to different types of stimuli, thus the centres

responded to both low and high threshold stimuli while the

periphery was sensitive only to high threshold stimuli. Some

degree of central facilitation was evidenced by prolonged

firing on repeated application of noxious thermal stimuli.

Some investigators (Price et al 1979) have suggested that

the implication of these studies is therefore that SG cells
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fulfill a relatively simple relay function responsible for

the distribution of primary afferent inputs to appropriate

ascend ing tract cells. However other groups of workers

(Cervero, Iggo and Molony 1979 ; Fitzgerald 1981; Hentall

1977; Wall, Merrill and Yaksh 1979 ) have concentrated on

features of neurones' responsiveness which are unusual.

Cervero et al and Hentall paid attention only to units with

properties different to other dorsal horn cells and the

first group describe cells with a substantial background

discharge which could only be inhibited from the periphery

by noxious or innocuous stimuli or both. It should be noted

that although other workers (Light et al 1979) report

inhibitory receptive fields for SG cells no other workers

have reported seeing only inhibitory responses in the 5G.

Wall, Merrill and Yaksh, while grouping their neurones

from the decerebrate cat into low threshold, convergent and

high threshold units, also describe cells exhibiting

prolonged discharge (lasting more than 5 seconds) ; marked

habituation (in which case the cells remained unresponsive

for many seconds after a single stimulus) or amoeboid

receptive fields so that delineation of the receptive field

was difficult to perform accurately. Dubuisson, Fitzgerald

and Wall (1979) traced the changes in the receptive fields

of cells in the superficial laminae of the dorsal horn over

periods of 15 minutes in decerebrate cats and found that

only about one third were stable, while almost half expanded

during the recording period. Interestingly, injection of a

further dose of anaesthetic (pentobarbitone, 30mg/kg)

stabilised the responses for periods of at least 30 minutes.

It should be noted that a few cells with these unusual
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characteristics have also been mentioned by Light et al and

Price et al, although they were definitely in the minority

in the latter studies. The issue is further clouded by the

definition of the SG as laminae II and III by Wall and co¬

workers.

Fitzgerald (1981), in the decerebrate cat, utilised

electrical stimulation of cutaneous nerves to demonstrate

input to SG neurones from the full range of combinations of

A , A and nonmyelinated fibres to neurones which could be

classified as low threshold (10%), convergent (64%) or

nociceptive specific (26%). However a number of strange

properties were also reported : low threshold neurones could

have large receptive fields which habituated on repeated

presentation of the stimulus to the same area; some high

threshold units had prolonged discharge; and some of the

convergent units had receptive fields consisting of separate

areas from which different types of stimuli were effective.

The reasons for such apparently different predominant

response characteristics in the various studies are not

immediately apparent. Species differences and use of

different surgical and anaesthetic preparations may be

partlyresponsibleforthe discrepancies. This is obviously

an area in need of further careful investigation, the more

so in view of continuing controversy over the "Gate Theory"

of Melzack and Wall (1965) which has had great influence in

galvanising study of dorsal horn mechanisms. The Gate

Theory in its original form was an attempt to synthesise the

available evidence concerning the physiological properties

of elements in the dorsal horn with what is known about

clinical and psychological aspects of pain. In it, Melzack

and Wall proposed a specific mechanism whereby small and
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large afferent fibres would act in an antagonistic way via

the small cells of the substantia gelatinosa to open or shut

the "gate" respectively. The theory has subsequently been

criticised (Nathan 1976) and in its revised form Wall

(1980) and Melzack and Wall (1982), although not specifying

precise mechanisms, proposes that the cells of the

gelatinosa are responsible for mediating the modulation of

sensory transmission by afferent fibres and descending

systems.

Lamina III has not been so intensively investigated as an

individual unit, possibly because of the confusion about de¬

lineation of laminar boundaries mentioned above, but cells

tend to be slightly larger than in lamina II. Matsushita

(1969) and Mannen and Sugiura (1976) described some lamina

III cells as spindle-shaped, distributing axon terminals to

laminae III to VI. Others had extensive dendritic trees in

the dorsoventral plane encompassing laminae I-V, but were

more restricted in other directions; these cells had axon

collaterals arborising in laminae II-V. Neurones with

greater sagittal dendritic spread were also observed. The

small cells described in Golgi studies are assumed to be

interneurones, larger cells in the area are known to project

via the SCT and PSOC systems (Brown, Fyffe, Noble, Rose and

Snow 1980, Brown and Fyffe 1981).

Some aspects of the physiological and u1trastructural

characteristics of cellsin lamina III haverecently been

described (Bennett, Abde1moumfene, Hayashi, Hoffert, Ruda &

Dubner 1981; Maxwell, Fyffe & Rfethelyi 1983). Bennett et al

reported that all their sample of neurones were responsive
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to low threshold mechanical stimulation and had dendritic

arbors confined to lamina III. The latter authors describe

the morphology of 6 intracellularly labelled interneurones

in lamina III. At the light microscopical level the

neurones fell in to 3 groups, one with dendritic arbor

confined to a rostrocaudal domain within lamina III and

collaterals distributed to laminae IV-V; spindle shaped

neurones with dendrites reaching both dorsally and

ventrally; and cells with dorsoventrally extensive dendrites

in laminae I and the lower laminae of the dorsal horn. Axons

of neurones with dorsoventrally oriented dendritic arbors

branched in laminae II and III. One cell was excited by

light brushing of the receptive field, the remainder

required strong pressure for activation. Lamina III there¬

fore seems to be a heterogeneous region both in terms of

the physiology and morphology of its constituent neurones.

The remainder of the dorsal horn, laminae IV-VI, is

generally considered as a unit in anatomical studies.

Proshansky and Egger (1977) demonstrated a transition in

dendritic tree orientations in moving ventrally from lamina

IV to VI, thus neurones in lamina IV had bushy, concentrated

arborisations ramifying throughout laminae II-IV with little

ventral development. Cells in lamina VI in contrast are more

typical of reticular cells with long, unbranched dendrites

distributed to laminae IV-VII. Lamina V is essentially tran¬

sitional composed of an admixture of bushy and isodendritic

neurones. The morphology of ascending tract neurones will be

discussed under the relevant subheadings.

The fine structure of the dorsal horn.
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Ralston (1965;1968a,b) produced a general survey of the

neuropil of the cat dorsal horn. The main features of his

results appear to be predominance of axodendritic contacts

in the neuropil with an increasing proportion of axosomatic

synapses in laminae IV-VI. The most striking characteristic

of the neuropil was the arrangement Ralston christened

"complex synaptic arrays" and termed glomeruli by Kerr

(1965). The arrangement consisted of a central scalloped

bouton containing spherical, agranular vesicles in

presynaptic position to a number of small dendritic shafts

and spines, and postsynaptic to other vesicle-containing

profiles which contained flattened vesicles. The entire

complex was then isolated from the surrounding neuropil by a

glial sheath. Other sites of synaptic interaction included

axoaxonic and dendrodendritic contacts.

In a later, more detailed study of the superficial dorsal

horn of the macacque (Ralston and Ralston 1979a,b; 1983a,b)

similar observations were made. Boutons of four general

types were observed : scalloped central endings (C

terminals) ; and boutons containing round (R) or flattened

(F) agranular vesicles ; and terminals containing mixtures

of agranular and large dense core (LDCV) vesicles. A

gradient of distribution could be distinguished, with R

terminals most frequent in lamina I, their numbers declining

as the proportion of F boutons increased, until in lamina

VI these constituted slightly more than half of the total

population. The percentage of C boutons declined through

laminae IV-V and they are relatively infrequent in lamina

VI.
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General surveys like those described above are of

limited value unless it is possible to identify some of the

plethora of profiles and make functional interpretations

from the observations. The problem of identification of the

origin of structures in the neuropil can be approached in a

variety of ways :

(1) by observing changes after experimentally-induced

lesions.

(2) by labelling groups of axons travelling in the same

tract or by labelling identified individual axons or cells

with a tracer.

(3) using combined EM-immunocytochemical methods.

(1) Recognition of degenerative changes occuring in the

central nervous system folio wing experiemtally-induced

damage (Gray and Hamlyn 1962; Colonnier 1964) allowed one

approach : study of alterations in the neuropil following

transections of the dorsal roots ( Kerr 1970b; Kniyhar-

Csillik, Csillik and Rakic 1982a,b ; Ralston 1965,1968b;

Ralston and Ralston 1979b, 1983b ; Rfethelyi 1970). These

studies demonstrated unequivocally that the central profiles

of the spinal cord glomeruli are of primary afferent origin

since up to 90% disappear after dorsal rhizotomy, with the

proportion of boutons containing round vesicles also

decreasing (Ralston & Ralston 1979b). The same authors also

utilised EM-autoradiography to confirm that R and C

terminals, as well as some LDCV boutons, originate from

primary afferent axons.

(2) A different approach became possible following the

discovery that the enzyme horseradish peroxidase is

transported both ortho- and retrogradely in central axons
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(La Vail and La Vail 1972; Kristensson, Olsson & Sjostrand

1972). It was a short step from this to the observation that

primary afferent profiles in the neuropil of the dorsal horn

could be labelled by application of the enzyme to crushed or

sectioned dorsal roots (Beattie, Bresnahan and King 1978;

Gobel and Binck 1977; Gobel, Falls and Humphrey 1981).

Beattie et al described primary boutons containing spherical

synaptic vesicles and terminating in axodendritic synapses.

Gobel et al demonstrated that 2 types of glomeruli in lamina

I, with central elements originating from fine diameter

fibres travelling in Lissauer's Tract.

A refinement of the above method was to attempt to

inject single primary axons and study the fine structure of

functionally identified fibres. Preliminary investigations

of primary afferent terminals ( Ralston, Light & Perl 1978

; Egger, Freeman, Malamed, Masarachia & Proshansky 1981;

Maxwell, Bannatyne , Fyffe & Brown 1982) have described

bou tons formed by SAI, Pacinian and G2 hair fibres. The
first of these is reported to take part in both simple

axodendritic and more complex glomerular structures (Ralston

et al) and contains clear,spherical vesicles 30-50 nm in

diameter. Similar findings were reported for the other two

types (Ralson et al; Egger et al). Maxwell et al, however,

reported that terminals from large hair follicle collaterals

participated in simpler arrangements with usually only 1 or

2 postsynaptic structures and were less frequently found

forming the postsynaptic element in axoaxonic synapses.

Rfethelyi, Light and Perl (1982) have described in detail the

terminals formed by D-hair and high threshold mechano-

receptive (HTM) fibres, both of which form the central

scalloped endings and also, in the case of HTM fibres,
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simple axodendritic contacts. Differences were noted in the

types of intraglomerular synapses, with denarodendritic

contacts seen in D-hair complexes while HTM glomeruli were

characterised by presence of dendroaxonic contacts. Triadic

arrangements similar to those described in the thalamus were

commonly associated with D-hair boutons. In addition to

terminals in lamina I HTM afferent fibres made contacts in

lamina V, where the complexes were similar but simpler, with

only axonic profiles presynaptic to them.

Glomeruli are a common feature of the neuropil of other

sensory receiving areas of the central nervous system ( see

Peters, Palay and Webster 1976) and considerable effort has

been invested in attempts to understand the role played by

this type of arrangement in the dorsal horn. In the spinal

cord the typical components comprising the structure

consist, as previously mentioned, of a central axonal

profile surrounded by a profusion of small dendritic

processes, including both shafts and spines, some of which

contain vesicles(Ralston 1968; Rfethelyi, Light and Perl

1982 ; Gobel 1976 ; Gobel et al 1981 ). Earlier workers

believed all vesicle containing profiles were of axonal

origin (Knyihar and Gerebtzov 1973; Knyihar, Laszlo and

Tornyos 1974). Subsequent work has shown that this

conclusion is not warranted and there is little doubt that

some of these profiles are dendritic and participate in

dendrodendritic and dendroaxonic synapses.

The number of small profiles contacted by the central

ending can be considerable, R^thelyi et al (1983) indicate

that up to 10 could be observed in their material.
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Kniyhar-Csillik, Csillik and Rakic (1982a,b) studied the

three-dimensional construction of glomeruli which they

classified into 3 categories depending on the

characterisitics of the central axon - dense, sinusoid axons

(DSA) containing a mixture of medium-large sized agranular

vesicles, mainly distributed to lamina II ; terminals

containing large (80-100nm) dense-core vesicles (LDCV)

located in laminae I and II0; and boutons containing round

agranular vesicles (RSV) situated in laminae 11^ and III.

The laminar boundaries of the zones of terminations are

similar to the locations described by Light and Perl (1979),

at the light microscopic level, for nonmyelinated, HTM and

LTM afferent fibres respectively. All 3 types could be

observed degenerating following dorsal rhizotomy. Having

followed profiles of each type through serial thin sections,

they were able to describe triadic interactions in glomeruli

involving all 3 classes of central ending, pre- and post¬

synaptic dendrites and F boutons. Convergence was also

described between DSA and LDCV terminals which synapsed with

the same postsynaptic dendrite or via serial synapses

between 2-3 presynaptic dendritic profiles all of which were

also in contact with the same conventional dendrite.

Glomeruli obviously provide a site in which complex

integrative processes may occur. In other areas of the CN5

one of the postsynaptic elements (the "conventional"

dendrite) belongs to an ascending tract cell and the triadic

arrangements have been suggested to provide a mechamism by

which a tonic input may be converted into a phasic output

(Kerr 1975; Rakic 1975). Similarly, axoaxonic contacts were

previously suggested to provide the morphological substrate

for presynaptic inhibition and PAD, however, the observation
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of dendroaxonic contacts (Gobel 1976, Rfethelyi et al 1983)

leads to the suggestion that these might also be involved in

generation of PAD. However any complex array of elements

such as exist in glomeruli may additionally be capable of

more sophisticated interactions than these and the full

repertoire of control mechanisms subserved by glomerular

complexes remains to be elucidated.

Although the above description has concentrated on

glomeruli in laminae I-III similar complexes have also been

described in the deeper dorsal horn ( Ralston and Ralston

1983b) but usually these have spherical, agranular

vesicles. It is questionable whether these groups of

terminals fully meet the description of glomeruli as

described above. Usually the complexes occurring in deeper

laminae involve fewer postsynaptic targets and descriptions

of presynaptic dendrites have so far been confined to the

superficial layers of the dorsal horn.

A further use of intracellular labelling methods is to

attempt to stain identified neurones and this has been

accomplished in a number of instances in the dorsal horn.

Light, Rfethelyi and Perl (1981) and R&thelyi, Light and

Perl (1983) studied the ultrastructure of neurones in

laminae I and II in both the cat and the monkey. The cells

received contacts in two tyes of glomeruli, one of which was

identical to the terminals formed by HTM afferent fibres,

and the other contained many LDCV in addition to agranular

vesicles. Dendrites of some convergent lamina I cells and

LTM lamina II neurones were observed taking part in dendro-

dendritic synapses as the presynaptic element, but dendrites
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of nociceptive lamina II cells (some of which resembled

Gobel's stalked and islet cells) formed only the post¬

synaptic profile. The dendrites of the LT M cells and a

Waldeyer neurone also participated in dendroaxonic contacts.

R^thelyi et al also studied the axonal arborisations of

nociceptive SG neurones and were unable to observe these

taking part in axoaxonic contacts.

Gobel et al (1980) analysed a small sample of stalked and

islet cells (3 altogether) and found that input to their

cells was by way of scalloped endings in glomeruli and via

simple axodendritic synapses in extra-glomerular neuropil.

The two types of cell could be distinguished by the presence

of vesicles in islet cell dendrites which were observed in

presynaptic apposition to conventional dendrites and other

vesicle containing profiles, prompting the suggestion that

they function as inhibitory interneurones. While the results

are suggestive of differences between the two categories of

neurone, acceptance of their conclusions must await

examination of a larger sample of cells.

Maxwell et al (1983) applied the same methodology to a

study of lamina III neurones and concluded that cells in

this location took partin complex synaptic arrangements

involving glomeruli, R, F and LDCV boutons and vesicle-

containing dendrites. Some of the presynaptic boutons were

themselves postsynaptic in axoaxonic contacts.

Finally, the only group of identified neurones in the

deeper laminae of the dorsal horn which have been studied at

the ul tr as tr uc tu r al level are the neurones of the SCT

(Maxwell, Fyffe and Brown 1982; Maxwell, Fyffe and Brown

1984). These have an apparently simple ultrastructure,
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receiving inputs from boutons of R and F types in a ratio of

roughly 2:1. F boutons were thought to be more numerous on

proximal dendrites. Neither axoaxonic contacts onto

terminals presynaptic to SCT dendrites nor glomerular

contacts were seen.

(3) Finally profiles have been identified using combined

immunocytochemical and ultrastructural analysis.

Distributions of putative neurotransmitters have been mapped

to show a variety of substances (Substance P, the

enkephalins, GABA, serotonin and noradrenaline) are present

in the superficial dorsal horn.

Substance P (SP) has been implicated as the transmitter

liberated at the terminals of small primary afferent fibres

on the basis of several lines of evidence - immuno¬

cytochemical labelling of approximately 10-20% of small

somata in spinal and trigeminal ganglia (Hokfelt, Kellerth,

Nilsson and Pernow 1975) ; the concentration of the high

levels of SP-like immunoreactivity in the superifical dorsal

horn and decreased levels consequent to dorsal rhizotomy

(Barber, Vaughn, Slemmen, Salvaterra, Roberts and Leeman

1979) ; release of SP in a calcium-dependent manner on

stimulation of the sciatic nerve of the rat and cat at

intensities known to activate A afferent fibres, and also

after application of capsaicin which is beleived to activate

polymodal nociceptive fibres ( Otsuka and Konishi 1976;

Jessell and Yamamoto 1982). Physiologically, SP has been

shown to have excitatory effects on dorsal horn neurones

(Henry 1976 ; Randic and Miletic 1977), particularly those

with nociceptive inputs. Not all SP-like immunoreactivity
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disappears after dorsal rhizotomy (Barber et al 1979;

Takahashi & Otsuka 1975), implying that SP may be contained

within descending systems or dorsal horn cells.

At the ultrastructural level the evidence concerning SP

localisation is somewhat contradictory, Pickel,Reis and

Lee man (1977) and Barber et al (1979) correlated S P -

containing terminals with LDCV boutons of previous authors

but did not observe them forming the central endings of

glomeruli. Lamotte and de Lanerolle (1983a) did identify SP-

positive terminals as R,C and LDCV terminals according to

Ralston's classification. Boutons positively stained for SP

form axodendritic and axosomatic contacts, and Barber et al

noticed the same fibres taking part in both symmetrical

(axodendritic) and asymmetrical (axosomatic) junctions,

sometimes both types of junction could be observed between

one fibre and the same dendritic profile, the former

associated with granular and the latter with agranular

vesicles. Axoaxonic contacts were also seen, including

interactions where both pre- and postsynaptic axons were

labelled for SP.

Pickel et al also reported dense-core vesicles clustered

around the periphery of the bouton rather than at synaptic

thickenings, possibly indicative of nonsynaptic action.

Barber et al, also suggested SP could be liberated mainly

at non-synaptic sites on the grounds that in their study

conventional synapses were not the most common arrangement.

Leu- and Me t-enkephal in have also been localised in the

superficial laminae of the dorsal horn (Glazer and Basbaum

1981 ; Hokfelt, Ljungdahl, Terenius, Elde and Nilsson 1977)
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and the physiological role played by these peptides is

discussed in a further section. Enkepha1in-containing

cells are particularly common in laminae I-II, where they

resemble Waldeyer and stalked cells, some smaller cells are

also labelled (Glazer and Basbaum 1981).

At the u1trastructura1 level enkephalin-positive

terminals have been described containing mixtures of small

granular and a few DC vesicles and forming simple axo¬

dendritic contacts reminiscent of R boutons, but rarely

central scalloped endings of glomeruli ( Hunt, Kelly and

Emson 1980 ; Aronin, DiFiglia, Liotta & Martin 1981; Lamotte

and de Lanerolle 1983b). Contacts onto spinesand/or more

than one dendritic profile could be seen, but axosomatic

boutons were infrequent.

Ruda (1982) combined enkephalin immunochemistry and

retrograde HRP (to label STT cells) techniques and observed

labelled dome-shaped endings containing round, agranular and

dense-core vesicles in contact with the dendrites of lamina

V cells, providing an anatomical substrate for postsynaptic

effects on ascending tract cells.

GABA is localised in all regions of the spinal grey

matter but is concentrated in lamiae I-III and VI-VII

(Ljungdahl and Hokfelt 1973 ; Mclaughlin, Barber, Saito,

Roberts and Wu 1975). After colchicine pretreatment, somata

are labelled in similar areas, including some neurones

resembling stalked cells and islet cells (Barber, Vaughn and

Roberts 1982). GABA has been shown to have a direct

depolarising action on primary afferent terminals and may be

involved in generation of PAD (Barker & Nicholl 1972; Levy
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1974)

GABA-positive terminals contain round or pleomorphic

vesicles and are presynaptic to dendrites, somata and, most

importantly, to axons. The latter always contained flattened

vesicles and formed symmetrical synapses on axons containing

round vesicles and participating in asymmetrical synapses

(McLaughlin et al). In a follow-up study ( Barber, Vaughn,

Saito, McLaugnlin and Roberts 1978) combined degeneration

and immunocytochemical methods showed that GABA-containing

boutons are presynaptic to primary afferent terminals.

Several arrangements were described, with interactions

between the 2 types of axon in glomeruli (more than 1 GABA

bouton per rosette), serial synapses and triadic

arrangements. Barber et al concluded GABA-ergic axons

originated from SG interneurones as there are only 2

principal sources of terminals in the 3G, primary and 3G

axons ; and destruction of SG interneurones by hypoxia

(Miyata and Otsuka 1972) depletes GABA levels whereas dorsal

rhizotomy does not.

Noradrenaline has been localised at both lightand

electron microscopical levels in the dorsal horn, around the

central canal and concentrated in the superficial laminae

(Westlund, Bowker, Ziegler & Coulter 1983), where it has

inhibitory effects on responses evoked by noxious inputs

(Headley, Duggan & Griersmith 1978) .

The ultrastructure of monoaminergic terminals in other

areas of the nervous system has been investigated (Chan-

Palay 1977) and noradrenaline can be found associated with

pleomorphic or oval agranular vesicles in addition to

various types of granular vesicles. Ruda (quoted by Ruda et
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al 1982) claims that NA boutons in the spinal dorsal horn

are simlar to those immunocytochemically labelled for 5-HT.

Descending projections from the medial brainstem also

reach the superficial dorsal horn of both the medulla and

spinal cord and contain immunoreactive material similar to

5-hydroxytryptamine (5-HT) (Bowker, Westlund & Coulter 1981;

Oliveras, Bourgoin, Hery, Besson & Hamon 1977).

Ruda and Gobel (1980) and Ruda, Allen & Gobel (1981) in

the dorsal horn of the medulla and spinal cord described

serotoninergic boutons in lamina II forming either dome-

shaped or scalloped endings with different populations of

each category differentiable according to size, electron

density and distribution of synaptic vesicles (oval,

agranular and dense core vesicles were present). Radioactive

labelling allowed dissection of brainstem fibres from the

neuropil, terminals identified in this way synapsed on

single dendrites and somata or formed one type of scalloped

ending. Ruda, Coffiela & Steinbusch (1982) report slightly

different results for the dorsal horn of the spinal cord,

with relatively fewer scalloped endings apparent. They also

indicate that most boutons in their material formed

identifiable synapses within 5 or 6 serial sections.

Different results have been reported by Maxwell, Leranth

and Verhofstad (1983) in the spinal cord proper of the rat.

In this case serotoninergic terminals formed dome-shaped

boutons and were never seen taking part in glomeruli. Other

differences are apparent in that Maxwell et al found only 4%

of boutons took part in conventional synapses ; usually the

presumed interactions occured at sites (making contacts with

somata and other axons) where vesicles were clustered at
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closely-apposed membranes. These results indicate serotonin

may be involved in a diffuse physiological system. Lamotte

andde Lanerolle (1933a) also found only R type ooutons

positively labelled for serotonin and described these in

presynaptic apposition to boutons of LDCV structure.

The evidence summarised here leads to the conclusion that

it is impossible to unequivocally identify boutons in the

neuropil on morphological grounds alone.

Physiology of ascending systems.

There are a number of ascending systems which project

from the dorsal horn of the spinal cord to higher CNS

centres and are believed to be responsible for forward

transmission of information about different aspects of

cutaneous stimuli. These include the spinocervical tract

(SCT) , spinothalamic tract (STT), and the postsynaptic

dorsal column system (PSDC). In order to attempt to shed

some light on the role of the PSDC system in cutabeous

sensation I will briefly compare and contrast the properties

of the systems. Little will be said concerning the STT

because there is good evidence that in the cat lumbosacral

cord STT units are located mainly in the ventral horn with

the exception of marginal cells (Trevino, Maunz, Bryan and

Willis 1972 ; Trevino and Carstens 1975 ; Snow and Myers

1981) .

The Postsynaptic dorsal column systern
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Theexistence of this system was first recognised by

□daenberg (1958) ana it is still the case that this is the

least studied of all cutaneous systems. Approximately 10-15%

of fibres travelling in the dorsal columns belong to the

PSDC system (Angaut-Petit 1975a; Enevoldson 1982) ; the PSDC

tract is therefore comparable in size to the 3CT.

Uddenberg is also the only worker to have performed

experiments on the PSDC system in the cervical region of the

cord. Recording from axons he was able to demonstrate

convergence from skin and subcutaneous receptors. Using

natural stimuli inputs from SAI, HF (which graded electrical

stimulation suggested was monosynaptic) and lb muscle

receptors could be identified and the cells also responded

to cooling and pinch, but no response could be obtained on

application of stimuli known to activate Pacinian corpuscles

or SAII receptors.

The presence of second order fibres in the lumbosacral

areas of the dorsal columns was confirmed by Rustioni (1973)

and a number of physiological studies have since been

performed on cells belonging to the tract (Angaut-Petit

1975a,b ; Bennett et al 1983; Brown and Fyffe 1981 ; Brown,

Brown, Fyffe and Pubols 1983 ; Jankowska, Rastad & Zarzecki

1979).

Jankowska et al employed electrical stimulation of

peripheral nerves to demonstrate that EPSPs of latency

consistent with both mono- and disynaptic linkage could be

elicited on stimulation of large cutaneous and muscle fibres

in approximately half the sample (which they suggest on the

basis of further experiments utilising application of brief

stretch of skeletal muscle, that muscle spindle la fibres
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cause the EPSPs). IPSPs of disynaptic latency could also be

evoked, both in cells receiving monosynaptic input from the

same type of afferent and those which did not. Brown et al

(1983) also noted inhibition on stimulation of cutaneous

nerves with a time course comparable to that of primary

afferent depolarization (PAD) ie peak at 20-40msecs and

duration of 100-200msecs. Some units had much longer-lasting

inhibitory effects, peaking at 100-150 msecs and continuing

for up to 400 msecs.

Jankowska et al attempted to demonstrate inputs via

collaterals of the SCT system by stimulating the

dorsolateral fasciculus (DLF) above and Pelow the Lateral

Cervical Nucleus (LCN) and comparing latency of antidromic

activation of SCT cells with the latency of the evoked EPSP

in the P3DC unit. The results are highly suggestive of an

intrasegmental role for the SCT system in producing

disynaptic EPSPs in P3DC neurones .

Angaut-Petit (1975a,b) reported that only a small

proportion (15%) of PSDC neurones respond only to low

threshold stimulation such as hair movement or tapping on

the receptive field, and a few (6/92 units) appeared to be

nociceptive specific. The majority of cells were polymodal

and activated by pressure and pinch in addition to hair

movement, the former eliciting slowly adapting discharge and

the latter rapidly adapting. Angaut-Petit also reported

activation on application of noxious thermal stimuli. Brown

and Fyffe paid particular attention to the types of

cutaneous receptor projecting onto PSDC cells and found

evidence of input from HF, SAI and rapidly adapting
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receptors in glabrous skin, but did not distinguish between

RA Pad and Pacinian units. They concluded P3DC cells do not

form a homogeneous group with respect to inputs.

Receptive field organisation in P3DC cells has also

been described (Brown and Fyffe 1981 ; Brown, Brown, Fyffe &

Pubols 1933), with size of excitatory fields varying from

0.2cm2 on the toes to 15-20 cm2 on more proximal regions of

the limb. The composition of the fields can be complex, 90%

exhibit convergence from cutaneous and deep receptors or

from receptors in glabrous and hairy skin or both, and a

number had other unusual characteristics. 23% had spatially

discontinuousfielasand in 13% of cases the receptivefield

expanded during the period of recording usually following

some manipulation such as stimulation of peripheral nerves

or the dorsal columns. Approximately half the neurones

observed by Brown and his colleagues had inhibitory fields

which generally (although there were 2 exceptions) fell into

2 categories. The first were small ana overlapped or were

adjacent to the excitatory field, inhibition could be evoked

by noxious stimuli (for obvious reasons it was difficult to

determine whether there was also a low tnreshold component,

this could be seen in other units with high threshold

excitatory fields, the adequate stimulus was then hair

movement or brush of the skin). The second type were larger

and either completely separate and usually proximal to or

overlapping and/or adjacent to the excitatory receptive

field. Effective stimuli were hair movement or brush of the

skin.

The location of somata of PSOC neurones has been
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studied both by retrograde transport and intrace11u1ar

injection of HRP (Rustioni 1973, 1974, 1977; Rustioni &

Kaufmann 1977; Brown & Fyffe 1981; Enevoldson 1982).

Labelled neurones were dispersed throughout laminae III,IV

and medial V of the dorsal horn. A further group is located

in medial lamina VII in some studies (Rustioni 1977;

Enevoldson 1982; Bennett, Seltzer, Lu, Nishikawa & Dubner

1983) but not others. In the case of intracellular labelling

the reason for lack of labelled neurones in this location is

clear, but is not obvious in the earlier Rustioni papers.

Dendritic arborisations of neurones intrace11ularly

labelled with HxRP fell into 3 categories depending on soma

location ; dorsally located cells had dorsally directed

arbors reaching in to laminae I and II while,as would be

expected from previous Golgi studies, neurones inlamina V

have a more reticular (Leontovich & Zhukova 1963; Proshansky

& Egger 1978) morphology with dendrites spreading in to

laminae IV-VII (discussed more fully in section III).

The majority of cells described in the above study had

axon collaterals in the dorsal horn which arborised ventral

to the soma, suggesting that some PSDC cells perform a

segmental function.

Rustioni and Dekker (1974) attempted to delineate the

areas in the dorsal column nuclei (DCN) to which second

order neurones projected. Degeneration after lesion of the

DC was confined to rostral and ventral parts of the nuclei,

sparing the cell clusters region. Degeneration was also

observed in the nucleus Z. However later work (Rustioni and

Molenaar 1975 ; Gordon and Grant 1982) indicates the latter
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may be due to inadvertent damage to the DLF as there is a

further pathway to the DCN via this funiculus.

Gordon and Jukes (1964a,b) demonstrated a dual

organisation in the dorsal column nuclei, such that cells

with small receptive fields responded to fairly specific

types of stimuli (eg. hair or pad stimulation only), were

subject to surround inhibition, located in the middle zone

of the nucleus and projected into the contralateral medial

lemniscus. Other units with more convergent types of input

(eg.from touch-pressure) had large receptive fields, were

not subject to surround inhibition and mostly did not

project via the medial lemniscus. Angaut-Petit (1975b) also

described units in deep locations which received convergent

inputs.

The electrophysiological subdivisions of the nuclei

correlate well with the observed anatomical organisation.

The caudal two-thirds of the DCN contain "round" or multi¬

polar cells clustered together with short, bushy dendrites

oriented towards the centre of the cluster (Hand 1955 ;

Biedenbach 1972 ). This type of cell constitutes a large

proportion of cells which project to the thalamus. Large,

reticular cells are concentrated in the rostral and middle,

ventral parts. The PSDC system thus predominantly projects

to the area containing the second type of cells which have

large receptive fields and convergent inputs from more than

1 receptor type (Gordon and Jukes 1954a,b ; Angaut-Petit

1975b).

The spinocervical tract
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A pathway projecting via the DLF to the thalamus with

relay in the the Lateral Cervical Nucleus was first

described by Morin (1955). The number of cells in the tract

is estimated at 5-6000 in the cat (van Beusekom 1955). Its

presence in man is controversial : Truex, Taylor, Smythe and

Gildenberg (1965) failed to find any evidence of a distinct

LCN in some of their human material, but in other instances

the number of cells in the nuclei was around 5000.

Inputs to the system have been investigated by Taub and

Bishop (1965) , Hongo, Jankowska and Lundberg (1968) and

Brown and Franz (1969). The work of Hongo et al introduces

one of the problems involved with working with the SCT

system, that of reliably identifying the cell being recorded

from. Hongo et al used antidromic activation from the DLF at

thoracic levels as criteria for positive identification.

More stringent criteria were necessitated by the work of

Lundberg and Norsell (quoted by Lundberg 1964) and Taub and

Bishop ; thus antidromic activation elicited from below but

not above the LCN or decrease of conduction velocity by 50%

above the LCN, indicating collateral branching, are now

recognised as satisfactory criteria.

Bearing this qualification in mind, Hongo et al recorded

monosynaptic excitation and disynaptic inhibition on

electrical stimulation of peripheral cutaneous nerves at

intensities graded to recruit only the largest axons.

Similar effects could be seen on lightly touching hairs.

Polysynaptic excitation and inhibition was evoked from the

flexor reflex afferents (FRA), but there was no apparent

input from large muscle fibres. Taub and Bishop's results
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indicated inputs from both A and A fibres.

The most detailed work was done by Brown and Franz who

recognised differences in responses depending on the type of

preparation. In the spinal cat 3 groups were observed -

activated by hair movement alone ; by hair movement and skin

pressure ; and by pressure and pinch of the skin. In the

decerebrate, unanaesthetised animal 5 groups were apparent -

responding to (1) movement of guard hairs and skin pressure

; (2) movement of tylotrich hairs ; (3) movement of all

hairs and skin pressure ; (4) pressure and pinch of the skin

; and (5) units for which no receptive field could be

identified. Thus even in their most excitable state SCT

neurones receive input from only hair follicle and high

threshold mechanoreceptors. Responses could be obtained on

application of noxious thermal (50-65 ) stimuli or after

cooling the skin (4-18 ).Further studies by Brown, Hamann

and Martin (1975) indicate that SCT neurones responding with

a slowly adapting discharge to pressure receive input from C

fibres.

Receptive fields of SCT neurones are small distally,

sometimes as small as that of a single afferent unit, and

larger proximally. They do not include areas of glabrous

skin. Within the excitatory field there appears to be a

gradient of sensitivity (Hongo and Koike 1975) as measured

by the size of the evoked EPSP on electrical stimulation of

different areas of the receptive field, and a surround from

which polysynaptic effects are evoked.

Inhibitory areas are present, and are most accessible in

the unanaesthetised decerebrate/spinal preparation (Brown

1981). These are not of the surround type, although they may
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be adjacent to the excitatory field, but the two are usually

separated by an area of skin from which no effect can be

evoked, and occasionally are located on the contralateral

limb. Inhibition can be elicited by both noxious and

innocuous natural stimuli ; the latter is more common.

Electrical stimulation of cutaneous nerves can be effective

(Hongo et al ). Segmental inhibitory effects are believed to

be mediated by interneurones receiving convergent inputs

from the periphery and descending systems.

Dendritic arborizations of SCT cells have been studied,

again using intracellular staining techniques (Brown, House,

Rose and Snow 1976). The most common type of cell is located

in lamina III-IV and sends dendrites almost exclusively

dorsally to the II-III border where they turn at right

angles and run in the rostrocaudal axis without entering the

SG, although occasionally dendrites are observed in Hi*

Other cells however, have well-developed ventrally-directed

arbors. One factor not previously described in Golgi studies

is the greater rostrocaudal lengths of dendritic arbors in

cells situated laterally (1400-2200 urn) in the dorsal horn

relative to those in medial regions (550-1100 urn).

Axon collaterals are given off both to regions

surrounding the soma and, less frequently as the axon

ascends the DBF. Most terminals are ventral to the soma in

laminae IV ana V (Rastad 1981).

Cells constituting the spinocervical tract project to

the Lateral Cervical Nucleus (LCN). Early work (Oswaldo-Cruz

and Xidd 1964 ; Morin et al 1963) indicated that most LCN cells

had small receptive fields responding with rapidly adapting
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discharge to hair movement and slowly adapting to pressure

on the skin. Horrobin (1966) described predominantly similar

properties but receptive field sizes were larger. The

functional organization of the nucleus has been inves tiga ted

by Craig and Tapper (1978) who describe a great deal of

variety of field sizes with a tendency to be smaller

distally and a small percentage described as wide field (ie

comprising more than 1 limb). Generally they were bigger

than those of individual SCT cells. No inputs from SAI or

SAII were found in the vast majority of units ; the most

effective stimulus was hair movement, usually in combination

with other sensitivities. 17% however responded to only a

single receptor type. Joint inputs were absent and a very

small group (5%) evinced input from large muscle afferent

fibres. Neurones activated by noxious inputs were rare (11

out of a total of 300 cells recorded from) but all of these

projected via the medial lemniscus. Craig and Tapper also

described a somatotopic organisation, hindlimb represented

dorsally and laterally and forelimb medially. Approximately

a quarter of LCN cells can be activated synaptically from

the DCN and in 2 cases a collision test was employed to show

this was due to the presence in, or near, the DCN of SCT

collaterals. Burton and Loewy (1977) described descending

projections from the DCN travelling in both the DC and DLF;

the situation might be more complex than Craig and Tapper

suggest.

The spino-DLF-DCN system

A further complication is presented by the finding ofa

system of cells projecting to the DCN and other medullary

nuclei from the DLF (Dart and Gordon 1973 ; Rustioni and
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Molenaar 1975 ; Gordon and Grant 1982). Both inhibitory and

excitatory effects could be recorded from the DCN after

section of the dorsal columns, a procedure which renders

many of the cells in the central regions of the nuclei

inexcitable. Dart and Gordon recorded from 2 groups of

cells, one of which (comprising about a third of the total)

could be antidromically activated from the contralateral

midbrain. Of these one third had cutaneous or subcutaneous

receptive fields located on the appropriate limb and

receiving low threshold mechanoreceptive input (usually

responding to hair movement but a few also to pressure

applied to the pads). The only difference from normal DCN

cells was the absence of inhibitory surrounds. The remaining

two thirds were probably interneurones and could be

differentiated into low threshold and nociceptive groups.

Both resting discharge of the relay cells and the P wave

evoked by stimulation of the DC above the lesion, could be

inhibited by application of noxious stimuli from large areas

of body surface, characteristics similar to those necessary

for activation of a group of interneurones located deep in

the nucleus.

Gordonand Grant (1982) provided supportive anatomical

evidence for this pathway using successive degeneration

methods and localised degeneration due to lesion of the DBF

in both cunsate and gracile nuclei, the cuneate rostral

pole, external cuneate nucleus, Nucleus Z and Group X. It is

still not clear whether the pathway consists of SCT

collaterals, but observation of glabrous input to the DCN

after DC lesion is indicative that the SCT system is not

involved. However a different interpretation is suggested by
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the work of Landgren and Silfvenius (1971) and Johansson and

Silfvenius (1977) who have demonstrated a pathway via the

DLFto the rostral cuneate nucleus, Nucleus Z and Group X.

Information conveyed by the path originates in group I and

II muscle, cutaneous and joint afferent fibres. The

organisation is similar to that of the exteroceptive sub¬

division of the DSCT system and in some cases Johansson and

Silfvenius were able to activate Nucleus Z cells by

stimulating the termination zone of DSCT fibres in the

anterior cerebellum.

From the above discussion it is apparent that there are

areas of overlap in the properties of the SCT and P3DC

tracts and appropriate anatomical connections to provide for

interactions between them at all possible levels - in the

spinal cord, the LCN, DCN and also in the thalamus. There

are however, major differences in the types of afferent

input in the first steps in the relay to higher centres

which might be expected to shed some light on the functional

roles played by the different tracts in the somatosensory

system.

Descending and segmental inhibitory effects

Inhibitory influences in the dorsal horn appear to be

evoked via either segmental or descending pathways. Taub

(1964) reported segmental inhibitory effects on both

spontaneous and evoked discharge of SCT neurones on

application of noxious stimuli to wide areas of the body

including the contralateral hindlimb, forelimbs, head and

tail. Brown, Hamann and Martin (1973) showed that
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electrical stimulation of large myelinated cutaneous nerves

could inhibit the discharge of SCT neurones evoked by

stimulation of nonmyelinated afferent fibres. Other con¬

vergent dorsal horn neurones are also inhibited by activity

in large fibres (Handwerker, Iggo and Zimmerman 1975).

Le Bars, Dickenson and Besson (1979a,b) described a

suppression of the responses elicited by both innocuous and

noxious stimulation in the rat convergent neurones on

noxious stimulation of the muzzle, ears, forelimbs and

contralateral hindlimb. Innocuous stimulation was

completely ineffective in producing this action, which they

termed "diffuse noxious inhibitory controls". The

inhibition was apparently abolished by spinalisation,

although they did not rule out a segmental mechanism.

The mechanisms causing segmental inhibition have been

suggested to act both pre- and postsynaptically (Brown, Kirk

& Martin 1973 ;Le Bars et al 1979b) but otherwise little is

known of the functional basis of the observed actions.

Brown et al also suggested that the final step in the

segmental inhibitory and descending pathways might involve

the same interneurones.

Opioid peptides have been suggested to be involved with

segmental mechanisms described above on the basis of

concentration of enkephalins and opiate receptors in the

superficial dorsal horn ; and the responses of nociceptive

neurones to noxious stimuli can be inhibited by

iontophoresis, superfusion of the cord or systemic ad¬

ministration of opioid peptides in the spinal animal

(Duggan, Hall & Headley 1977 ; Yaksh & Rudy 1976 ; Le Bars,

Guilbaud, Jurna & Besson 1976). The effects have been inter¬

preted as indicative of presynaptic actions since SP release
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is depressed after administration of morphine (Jessell &

Iversen 1977) and by depression of C fibre-evoked responses

in convergent neurones (Le Bars et al 1976). However

terminals containing enkepnalin-1ike immunoreactivity have

not been described as the presynaptic element in axoaxonic

synapses (Hunt, Kelly & Emson 1980) although the description

of presynaptic enkephalin-containing dendrites (Aronin et al

1981) may indicate that dendroaxonic synapses are capable of

fulfilling this function. Postsynaptic actions are indicated

by the nonspecific inhibitory actions of enkephalins

iontophoresed near somata of lamina IV neurones (Duggan,

Hall & Headley 1977; Randic & Miletic 1977) and by the

consequent hyperpolarisation of the cell membrane (Pepper &

Henderson 1980). However other authors (Zieglgansberger &

Tulloch 1979) failed to demonstrate membrane conductance

changes and proposed a nonsynaptic mechanism of action.

The presence of tonic descending inhibitory effects on

spinal mechanisms was first described by Sherrington and

Sowton (1915) who observed that spinalisation of a

decerebrate animal brought about an enhancement of flexor

and depression of stretch reflexes. Further

experimentation (Holmqvist & Lundberg 1961) demonstrated

that this effect was mediated by a pathway travelling in

the DLF and subsequently Lundberg (1964) and Engberg,

Lundberg and Ryall (1968) reported similar effects on dorsal

horn neurones, which they attributed to both pre and post¬

synaptic mechanisms.

It is now known that dorsal horn cells are under a number

of descending influences, from the cortex and from a
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bewildering multiplicity of other regions in the brainstem.

Wall (1967) described differences in response of lamina VI

cells before and after spinalisation which he suggested

could provide the basis of Sherrington and Sowton's results

in that blockage of descending impulses caused enhanced

expression of cutaneous reflexes. Other authors (Engberg,

Lundberg & Ryall 1968; Handwerker, Iggo & Zimmerman 1975)

noticed that the responses of multireceptive dorsal horn

neurones evoked by stimulation of C fibres were under tonic

inhibitory control mediated by brainstem centres.

Studies of identified neurones has confirmed that these

too, can be influenced from higher centres. Thus responses

of STT neurones are inhibited by stimulation in the region

of the nucleus raphe magnus (Beall, Martin, Applebaum &

Willis 1976, Willis, Haber & Martin 1977). Hayes et al

(1979) demonstrated that stimulation of the midbrain or

intravenous administration of morphine could cause

reorganisation of the receptive fields of convergent

neurones such that they became unresponsive to noxious

stimulation and the fields shrank to small areas from which

activation could be elicited by light touch only.

SCT cells are also under tonic inhibitory control which

serves to "sharpen" the responsiveness of neurones to

cutaneous stimulation (Brown & Franz 1969). Descending

influences on the PSDC system have not been studied in any

great detail; Jankowska et al (1979) recorded EPSPs in these

neurones after stimulation of the pyramidal tract. This is

one area in need of further investigation, particularly

in view of the description of boutons containing serotonin¬

like immunoreactivity in contact with PSDC cells (Bennett et

al 1983) .
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The descending systems which have been most intensively

investigated are those originating in the brainstem first

described by Reynolds (1969) and concerned with modulation

of nociceptive information. This description led to

attempts to delineate an endogeneous pain control system,

and, following the discovery of the enkephalins, to assign a

specific role in an tinociception to the system. It is now

generally accepted that the analgesic mechanisms elicited by

stimulation of areas of the brainstem (SPA) and

administration of opioid peptides (opiate analgesia) involve

similar, if not identical, anatomical substrates (Mayer,

Wolfe, Akil, Carder & Liebeskind 1971). Thus both can be

evoked from the periaqueductal grey matter (PAG) (Mayer et

al 1971; Yaksh & Rudy 1976) ; both can be abolished by

lesion of the DLF of the spinal cord (Basbaum, Marley,

O'Keefe & Clan ton 1977) ; both are at least partially

reversible by administration of naloxone, a specific opiate

antagonist (Akil, Mayer & Liebeskind 1976); opiate

receptors are concentrated in areas from which SPA and OA

can be most-easily elicited (Kosterlitz & Hughes 1978; Mayer

& Price 1976; Yaksh & Rudy 1976) ; and cross tolerance

develops between the two (Mayer & Hayes 1975).

The evidence summarised above led Fields and Basbaum

(1978) to propose a three-tiered endogenous analgesic system

with projection from the PAG to regions of the ventral

medulla, specifically the dorsal raphe, and thence to the

spinal cord. The system involved opiate synapses both

at central and at spinal levels, and a serotonergic medullo-

spinal pathway via the DLF. Other, parallel pathways were

also involved, one of which was catecholaminergic and
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originated in the pons, and the other pharmacologically-

undefined and originating in the nucleus reticularis

magnocellularis.

A vast body of literature has now accumulated and the

picture is not as simple as it appeared when Fields and

Basbaum completed their review. It is now known that there

are 3 separate endogenous opiate families (see Cuello 1983;

Morley 1983 for review) distributed in differing regions of

the central nervous system and peripheral tissues (Smyth

1983; North & Egan 1983). This raises one problem with

immunolabelling studies in that some of these peptides have

similar sequences to the enkephalins and may therefore have

caused misinterpretation of data concerning localisation of

various opioid peptides. The localisation of opioids in the

pituitary and adrenal medulla indicates that they may in

fact be involved in a system concerned with homeostasis in

the wider sense (similar to catecholamine systems) rather

than solely with analgesia. In this context it has been

reported that hypophysectomy or denervation of the adrenal

medulla attenuates the naloxone-sensitive component of

stress induced analgesia (Lewis, Chudler, Canon & Liebeskind

1981) .

Other peptides, neurotensin (NT) and VIP can also cause

analgesia which is not reversible by naloxone (Kalivas,

Jennes, Nemeroff & Prange 1982; Sullivan & Pert 1981).

Further, analgesia (stress-induced analgesia) can be brought

about by environmental situations varying from the frankly

noxious (foot or tail shock) to others including

hypoglycaemia (Basbaum & Fields 1984 for summary). It has

been suggested that in these cases other descending systems

are involved, including projections from catecholamine
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nuclei (Segal & Sandberg 1977). However it is now recognised

that there are several medullospinal nuclei in addition to

n. raphe magnus projecting via the DLF in the rat : the n.

reticularis g igan tocellula r i s , n. reticularis paragiganto-

cellularis, n. reticularis paragigantocellularis pars , and

n. reticularis paragigantocellularis lateralis. All produce

analgesia on stimulation (Zorman, Hentall, Adams & Fields

1981) and all must be lesioned to abolish the effects of

midbrain stimulation (Prieto, Cannon & Liebeskind 1983).

A further problem is that combined immunocytochemical

labelling studies have shown that endogenous opioids co¬

exist in terminals with each other (enkephalin and dynorphin

Mulcahay & Basbaum 1983) and other transmitters (5-HT,

Glazer, Steinbusch, Verhofstaa & Basbaum 1981). It is there¬

fore very difficult to relate any opioid action to a

specific action at the present time and full understanding

of mechanisms of action of the descending systems remains a

complex and fascinating problem.
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SECTION II j_ GENERAL METHODS

The methods employed in the present study fall into 4

divisions : those utilised in acute electrophysiological

experiments; those used in experiments in which the aim was

to retrogradely label P3DC neurones; techniques involved in

preparation of tissue for combined light and electron micro¬

scopy; and collection of data from electron micrographs.

Each of these will be described in detail below.

(1) Me thods used in electrophysiological experiments

The methods used in the acute type of experiment were

developed by Brown and his collaborators (Snow, Rose and

Brown 1976; Brown 1931). Experiments were performed on S

young, adult cats of either sex weighing between 1.35 and

2.35 kg. The animals were anaesthetised with chloralose

(70mg/kg) administered intravenously after induction with

halothane (4% in a nitrous oxiae:oxygen mixture). The level

of anaesthesia was assessed by inspection of the pupil

(pupillary dilatation indicating stress); and constant

monitoring of arterial blood pressure. Since the experiments

described here rarely lasted more than 16 hours

supplementary doses of anaesthetic were seldom necessary.

The animals were paralysed with gallamine triethiodide

administered intravenously at hourly intervals, and

artificially respired. A further check that anaesthetic

levels were adequate could be obtained by application of

strong pinch to the paws during the period when the effects

of gallamine were beginning to wear off.

End-tidal carbon dioxide levels were monitored throughout
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the course of the experiment and tidal volume adjusted in

order to maintain CO2 within physiological limits (3.65-4.0

%) •

Laminectomies were performed at cervical (between C-^ and

Cgjand lumbosacral (between L4 and Sj) regions of the spinal
cord and the exposed tissue covered with warm (37 C) liquid

paraffin. In the cervical cord lesions were made in the

dorsal columns (between C3 and C2) and dorsolateral funiculi

(between C2 and C3) by tearing the fascicle gently with
watchmakers forceps. Silver bipolar stimulating electrodes

were placed above and below the dorsal column lesion and

also on the dorsolateral funiculus at C3.
A silver ball electrode was positioned on the lumbosacral

enlargement at about L^_^ to record cord dorsum potentials.
This electrode was used in some experiments (in which the

aim was to label primary afferent fibres) to locate

precisely the level at which the fibres entered the spinal

cord. The dorsal root entry zone of this area could then be

systematically searched. Primary afferent fibres were

stimulated via electrodes in contact with the medial plantar

nerves. To accomplish this an incision was made on the

ventral surface of the limb, the electrodes positioned, and

the wound prevented from drying out by pouring a small

amount of rapidly setting wax over the area.

Microelectrodes were made from glass capillary (outer

diameter 1.5-2.0mm; supplied by Clark Biomedical

Instruments) and filled with an 8% w/v solution of horse¬

radish peroxidase (Sigma Type VI) in Tris/HCl solution

containing 0.2M KC1 and buffered to pH 8.6. They were then

bevelled (using a Narishige Model EG-5 microgrinder) to
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resistances between 15 and 35 Mohms, depending on the aim of

the experiment. In recording from cells it was possible to

use electrodes with impedances in the lower end of the

range, with afferent fibres the situation was slightly

different and smaller tip sizes, and therefore higher

impedances, were required.

The electrodes were mounted in a stepping drive system

which provided a measure of the depth of the tip of the

electrode from the surface of the spinal cord. This was

useful in that a search could be made at the appropriate

level, between 80 0 and 2 0 0 0 u in in the lumbosacral

enlargement. The microelectrodes were coupled to a WPI M701

electrometer and DC and AC records were displayed on a

Tektronix 5223 oscilloscope, while the currant.monitor was

displayed on a Tektronix 5113 oscilloscope.

The experimental setup is summarised diagramically in

Fig. 11 -1A. A search was made in the lumbosacral

enlargement using antidromic activation from the cervical

dorsal funiculi as a means of activating PSOC neurones.

Neurones were usually first noticed in the course of

extracellular tracking ; at this stage the receptive field

was quickly characterised and latency of antidromic

activation measured. The same procedures were repeated after

penetration to ensure that the same neurone was under study.

A cell was considered to be antidroraically activated if

(1) a spike could be elicited by stimulating below but

not above the dorsal column lesion, indicating that the axon

travelled in the DC at that level; (2) during intracellular

recording, the spike rose from a flat baseline, indicating

that the activation was genuinely antidromic and not

generated by an interposed e.p.s.p. (Fig II-1B); (3) the
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response latency was constant and did not change on

increasing the stimulating potential ; (4) the unit followed

trains of high frequency (up to 500Hz) antidromic stimuli

faithfully in a one-to-one manner ; (5) the crucial test was

performed by adjusting the interval between peripheral and

antidromic stimuli to demonstrate collision between the

resulting impulses. The last of these was necessary since

it is possible to evoke synaptic activity in P3DC neurones

via antidromically activated primary afferent fibres which

can follow high frequency stimulation.

Lesioning or antidromically stimulating the OLF was of

fundamental importance because of the finding that the

Dorsal Column Nuclei receive input via this fascicle (Dart

and Gordon 1973); without this safeguard it is possible

that spino-DLF-DCN units could have been mis-identified as

P3DC cells. Stimulation of the DLF was not always

performed ; however it was considered that the distance

between the stimulating electrodes placed on the dorsal

funiculi and the lesion in the dorsolateral fasciculus was

great enough to preclude stimulus spread to axons travelling

in the DLF. It is not possible, however, to distinguish

(with the present methodology) axons which run in the DLF

and then cross the dorsal horn to course in the dorsal

columns atiiiore rostral levels. Erown and Fyffe (1981)

reported that two of their sample of 17 intracellularly

labelled PSDC neurones had axons which behaved in this

manner.

Following impalement of a cell, the procedure listed

above was followed to establish whether or not the unit

belonged to the postsynaptic dorsal column system. The
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receptive field was then carefully characterised using a

variety of mechanical stimuli : a light paint brush, blunt

probes and a clip which, when applied to the experimenters

skin, produced an unpleasant, although not overtly painful

sensation. Once this had been achieved, depolarising current

(10-15nA ideally) was passed in pulses lasting 450msecs

every 600msecs. Acceptable staining permitted tracking of

high (up to fourth) order dendrites up to 500um from the

soma and generally required passage of at least 6 0nAmin.

Similar procedures were used in experiments in which primary

afferent fibres were labelled, the criteria for

identification of these are discussed in the relevant

chapter.

(2) Retrograde labelling of PSOC neurones

Retrograde HRP labelling was used in 7 experiments, in 4

of which it was also at tempted to label primary afferent

fibres. The method employed involved implantation of an agar

pledget containing HRP into a lesion made in the dorsal

columns (Griffin, Watkins and Mayer 1979). The surgery was

carried out under barbiturate anaesthesia (sodium

pentobarbital 4 0 m g/k g) under sterile conditions.

Implantation was performed at 2 different regions of the

cord, firstly at high cervical (between the first and second

cervical segments in 3 cats) and in mid-thoracic (between

the ninth and tenth thoracic segments in 4 cats) levels. In

all experiments involving implants in the high cervical area

and in 1 of the remaining experiments the surgery was

performed by Dr. David Maxwell.

Implantation of the pellets was achieved by cutting and

folding back the dura and then making the lesion with a
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syringe needle. The pellet could then be introduced and held

in place with a small piece of Sterispon and the lesion site

sealed with another piece of Sterispon dipped in

cyanoacrylate glue. It was important to keep the site as dry

as possible during this procedure to avoid both leakage of

HRP and the pellet becoming wet and difficult to handle.

Experiments involving high cervical implants were done as

a control to enable distinctions to be made between

postsynaptic dorsal column cells and propriospinal neurones.

The latter might become labelled in one of two ways : either

by uptake via axons travelling in the dorsal funiculi and

damaged at the lesion site or by uptake in to terminals in

the grey matter into which HRP had diffused. It was not

thought advisable to perform all implants in the cervical

cord because of the greater degree of difficulty encountered

in the surgical procedures. Histological analysis of the

implant site (using frozen sections) was always performed to

determine the exact localisation of the lesion and the area

of HRP spread. The method will be fully discussed in Chapter

4.

The a g a r-H R P pellets were prepared according to a

procedure (Corsiglia, Enevoldson, Gordon,and Sanders 19S1)

whereby small amounts (about lOmg) of HRP were thoroughly

mixed with a drop of 3% agar and the resulting mixture

allowed to dry out completely before storing at 4 C.

After the surgical procedures were complete, the animals

were given penicillin (Crystapen 300mg) intra-muscularly and

kept under close observation until the acute part of the

experiment was performed. The survival time of the animals

depended on the time estimated to be required for transport
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of the enzyme and the intervals used were 1 day for animals

with thoracic and 3 days for those with cervical implants.

(3) Ultrastructural methods

The methods utilised to process material for ultra-

structural analysis were developed by Dr. D.J. Maxwell and

have been fully described in the literature (Maxwell et al

1982). Experiments were terminated at least one hour after

the final HRP injection was made (to allow time for

transport of the enzyme to more distal cell processes) and

the animal was then perfused either via the descending aorta

or i ntracardia1ly (at a pressure of 100 mmHg) with the

following series of solutions : 300ml of 0.9% saline

containing heparin (1000 units/1) and sodium nitrite

(0.0002%) ; one litre of warm (37 C) and two litres of cold

(4 C) fixative. The composition of the fixative was 3%

glutaraldehyde and 3% formaldehyde in 0.1M sodium cacodylate

buffered to pH 7.6 . In some cases 0.1% picric acid was

added in an attempt to obtain better preservation of tissue.

For experiments involving retrograde labelling of P3DC cells

the strength of the fixative was decreased to 2%

glutaraldehyde, and 2% formaldehyde with 0.025M calcium

glycerophosphate added, in sodium cacodylate buffer (0.1M,

pH 7.6). The aldehyde concentration was decreased in an

effort to improve retrograde labelling, since it is known

that the strength of the fixative influences the activity of

the enzyme, and therefore the density of reaction product

deposition (Malmgren and Olsson 1978). The relevant areas of

spinal cord were then removed and stored at 4 C overnight.

The foliowing day 50um thick sections were cut on an

58



Oxford vibratome, washed in 0.15M sodium cacodylate

buffer and processed using p-phenylenediamine/pyrocatechol

as substrate (Hanker, Yates, Metz and Rustioni 1977).

Cobalt chloride was used to enhance the visibility of the

reaction product (Adams 1977). Sections were then wet

mounted, examined with a light microscope and those

containing material of interest were further processed for

combined light and electron microscopy.

Selected tissue was prepared for Ed in the following

manner :

1. Post-fixed for 20 minutes in 1% osmium tetroxide; this

period was increased to 1 hour in later experiments.

2. Washed in 3-4 rinses of sodium cacodylate buffer

(0.15M).

3. Dehydrated in graded acetone solutions for the times

shown : 30% for lOmin ; 60% for 10 min ; 90% for 10

min ; 100%, 3 changes for 10 min each.

4. Impregnated in ace tone:araidite mixture in a 3:1

ratio for 30min. and then an ace tone:ara1dite mixture

in a 1:3 ratio for 30min . Finally placed in fresh

araldite in a dessicator overnight.

The araldite was composed of araldite resin (CY212),

10ml ; dodecenyl succinic anhydride (DDSA), 10ml ;

dibutyl phthalate (D 3 P th), 0.25 ml ; and benzyl

diethylamine (BDMA) , 0.15 ml.

5. Sections were then flat embedded in araldite on lOOum

thick acetate foils (Hollander 1970), covered and

placed in an oven at 60 C for 48 hours.

The sections could then be photographed and reconstructed

with the aid of a camera lucida. Areas to be examined with
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the electron microscope were re-embedded on to the end of

araldite capsules (Hollander 1S70). Block faces were trimmed

to an appropriate size using a hollow brass chuck by means

of which the araldite block (inside the chuck) could be

placed in the ultramicrotome (Reichert OMU 4) and lit from

beneath with the back illumination system. It was thus

possible to select particular areas for further analysis

with a high degree of precision. Series of thin sections

(silver to pale gold interference colours indicating section

thickness in the range 70-90nm) were cut using EM Scope or

Diatome diamond knives. Photographing and/or drawing the

block faces before and after cutting a number of sections

was particularly useful and allowed precise correlation of

light and electron microscopical findings.

The sections were collected on slot grids (Emscope)

coated with formvar and stained with uranyl acetate for 20

minutes and Reynold's lead citrate for 4 minutes. They were

then examined with a Phillips 400 transmission electron

microscope.

In the course of preparing tissue for electron

microscopy, it was always attempted to obtain a complete

series of sections through any given structure. This was

particularly important in interpretation of results from the

study of primary afferent terminals, and allowed the

identification of postsynaptic elements as dendritic shafts

or spine heads. The latter were identified by following,

where possible, the profile until continuity with a larger

dendritic profile could be demonstrated ; if this did not

prove feasible formation of a thin "neck" was considered

adequate for identification as a spine. In most cases it was
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possible to resolve the details of synaptic regions using

the goniometer facility of the microscope, however

occasionally this did not prove possible.

The criteria for identification of a synapse were as

follows (see Peters, Palay & Webster 1976) :

(a) Observation of a gap of about 4nm between two closely

apposed membranes, at which thickenings of the membrane

could be seen. The latter were either of equal density on

both sides of the junction (symmetrical synaptic junction)

or the dense material was concentrated on the postsynaptic

membrane (asymmetrical junction).

(b) Synaptic vesicles were observed clustered around the

presynaptic thickening and could occasionally be seen

attached to the membrane. The polarity of axoaxonic synapses

could usually be judged from the arrangement of vesicles

closer to the presynaptic membrane ; however, it was not

always possible to arrive at a definite decision as to the

polarity of an axoaxonic contact (see Figs. III-110,E; V-

7C). For the purposes of the present thesis it is assumed

that the terms "pleomorphic" and "flattened" are synonomous,

similarly "synapse", "synaptic junction", "synaptic

contact", and "contact".

(4) Quantitative analysis of electron micrographs.

Measurements of bouton and vesicle sizes (from material

from study of intracellularly labelled neurones) and

postsynaptic dendritic sizes (in analysis of the

ultrastructure of primary afferent fibres) were made from

electron micrographs using a Reichert Videoplan System.

Three different programmes were used in this part of the

study. The first measured vesicle dimensions, and calculated
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the length of the major and minor axes. In making these

measurements considerable care was taken to include only

those vesicles for which the entire profile could be

distinguished ; also only electron micrographs of

magnification greater than x3500Q were suitable for the

required accuracy. The second was utilised to estimate

sizes of boutons in contact with postsynaptic dorsal column

cell dendrites and estimated maximum length and breadth of

irregularly-shaped profiles. The sizes of afferent boutons

were obtained from measurements of the maximum diameter of

the bouton. Comparison of the values obtained by the second

and third methods is valid since the figures for DMAX are

similar to those of maximum length from the first method.

One cautionary note : the figures are not intended to be

considered as absolute values but are valuable only in so

far as they indicate size ranges.



Fig. II-l. The method used to identify PSOC

neurones in acute electrophysiological experiments.

A. Diagramatic representation of the procedure used

to antidromically activate P3DC neurones from the

dorsal columns at C2. Laminectomies were performed

at high cervical levels and at the lumbosacral

enlargement. Lesions were made in the DC and DLF,

and stimulating electrodes placed on the DC above

and below the lesion and DLF below the lesion as

shown. Recordings were then made from the

lumbosacral enlargement with HRP-fi1led

microelectrodes.

B. An example of an oscilloscope trace

demonstrating the shape of a typical antidromically-

evoked PSDC action potential (upper trace). The

lower trace represents the cord dorsum potential

from L7



 



SECTION III j_ THE FINE STRUCTURE OF INTRACELLULARLY LABELLED

PSDC NEURONES

Combined physiological and light microscopical analysis

of PSDC cells has been performed by Brown and Fyffe (1981).

They assigned their sample of 17 intracel1ularly labelled

neurones into 3 groups : (1) cells with somata situated in

lamina III and dorsal lamina IV with well-developed

dorsally-directed dendritic trees ramifying in laminae I-IV

; (2) neurones with somata in lamina V and deep lamina IV

with dendritic trees more extensive in the transverse plane

out limited in the sagittal plane to 2GG-300um; (3) neurones

situated in lamina IV with dendritic trees mainly, but not

exclusively, dor sally-developed arborising in laminae III-

VII and differing from the first group in the number of

primary dendrites, and greater sagittal spread (up to 500um

as compared to 350um). Studies of identified afferent fibre

terminations in the dorsal horn (Brown and collaborators,

see Brown 1931 for summary; Light and Perl 1979) have shown

that termination zones for low threshold mechanoreceptive,

high threshold mechanoreceptive and muscle afferent units

are largely confined into laminae III-V, I and V, and 'VI-

VII respectively. Some correlation might be expected between

the physiology of the cells as reflected by type of afferent

input and the location of the major parts of the dendritic

tree.

Previous electrophysiological studies employing

electrical stimulation of peripheral nerves have indicated

that there are mono- and disynaptic excitatory, and di-

synaptic inhibitory inputs from primary afferent fibres to

neurones of the PSDC system (Jankowska et al 197 9). Other
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investigators (Uddenberg 1968b; Angaut-Petit 1975b; Brown

and Fyffe 1981; Brown et al 1983), using natural stimuli to

activate the cells, have indicated that convergence occurs

from a variety of primary afferent fibre types (including

hair follicle, rapidly adapting pad, Pacinian corpuscles,

and both types of slowly adapting unit) onto postsynaptic

dorsal column cells.

The aims of the experiments described in this chapter

were therefore - to describe the fine structure of neurones

of the postsynaptic dorsal column system ; to attempt to

identify, in the light of earlier ultrastructural

investigations of the dorsal horn, boutons belonging to

different systems impinging on PSDC neurones ; to search for

systematic differences in the fine structure of dorsally and

ventraily located tract neurones indicative of possible

functional subdivisions.

In studies of this kind intracellular injection of HRP is

an especially useful technique since the investigator is

able to combine physiological and anatomical analysis of

the same identified neurones.

The methods used in this section of the work are fully

described in Chapter II.

Results

Four neurones (from a total of 7 ootained in 3

experiments) were selected for detailed analysis at the

ultrastrucural level. The criterion for selection was the

density of reaction product deposition : if the neurone was

very heavily labelled reaction product was found not only in

that cell but in surrounding profiles obscuring
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ul tr astructural details. Light microscopic reconstructions

of these are shown in Fig. 111-1,8,12,17. It can be seen

from these figure that two of the cells are located in

laminae III-IV and have dorsally-directed dendritic trees

arborising in laminae I-IV. The other two cells have somata

located more ventrally in deep lamina IV or V and their

dendritic trees are sparsely branching and have a greater

spread in the transverse plane, ramifying in laminae III-

VII.

Only one neurone (814601) in the present sample showed

any evidence of collateral axonal arborisation (see arrow¬

heads in Fig III-3A) ; in this case the main axon traversed

the dorsal horn and entered the dorsolateral fasciculus. The

collaterals were not sufficiently heavily labelled to allow

terminals to be distinguished, but one coursed ventrally

towards lamina VII. One of the other cells (320501) had an

axon which travelled towards the white matter in the dorso¬

lateral fasciculus. This raises the possibility that the

axons of these two cells run for some distance in the DLF

before crossing the dorsal horn to enter the dorsal

funiculi. Such axons have been observed before (Brown and

Fyffe 1981).

Physiology of the cells studied

While extensive investigation of receptive fields was not

performed, the location of the field, and the afferent fibre

types responsible for activation of the neurone were always

ascertained. The receptive field data are summarised in Fig

111-1,8,12,18. Briefly however, all four neurones had

excitatory fields on the foot, including both hairy and

glabrous skin, and received inputs from both hair follicle
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and rapidly adapting pad receptors. Two neurones received

additional inputs from Pacinian (3130C3) and slowly adapting

Type II (814601) receptors but only one (820501) had a high

threshold excitatory component in the field. The latter was

contained within tne low threshold excitatory field. Three

cells had inhibitory receptive fields which were

representative of the types previously described (Brown and

Fyffe 1981; Brown et al 1983). Two (813001,813003) were

proximal to the excitatory region, covered a large area of
*

the leg and thigh, and responded to innocuous mechanical

stimulation. The third inhibitory field (unit 820501)

overlapped the excitatory area and responded to high

threshold mechanical stimuli. Finally, in one case the

receptive field expanded during the recording period

(813003).

The fine structure of PSDC neurones

A number of problems were encountered in the course of

the study. For example it was frequently found that somata

and proximal dendrites were so heavily labelled with the

reaction product that it was difficult to cut ultrathin

sections without the labelled structure falling out of the

section. In other instances when viewing these parts of a

cell it was found that they were heavily labelled and

surrounding terminals had taken up the enzyme, so it proved

impossible to distinguish the fine structure of the area.

Other areas, for no apparent reason, were poorly fixed and

lacked contrast, making it difficult to obtain satisfactory

electron micrographs.

However, on examination of the selected neurones it was
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apparent that there were some common features. Firstly,

dendritic spines were present on all four neurones, although

not particularly numerous, and were distributed on proximal

parts of the dendritic trees. They were postsynaptic to

boutons containing either spherical or flattened agranular

vesicles (Figs 111-21,22).

Secondly, of the four types of bouton in contact with

P3DC neurones two could be found in association with all

cells in the sample :-

(1) boutons containing spherical or oval agranular vesicles,

having an electron lucent cytoplasmic matrix, and forming

asymmetrical synaptic junctions with labelled dendrites.

These varied widely in size, the smallest being about 0.6

0. 6 u m and the largest 2.4 2.0 u m. Single axodendritic

contacts were most common, but occasionally the profiles

could be observed making contact with other unlabelled

profiles in the surrounding neuropil (Figs IlI-2;3;5-7;

9-11;13;14;21;22)

(2) boutons containing very elongated or pleomorphic

agranular vesicles and electron lucent matrix, and forming

asymmetrical synapses with labelled dendrites (Figs. III-

4;9;13;19;22) .

Boutons containing spherical vesicles could occasionally

be observed to be postsynaptic to other axonal terminals at

symmetrical junctions (Figs III-5-7;9;ll;13;14;20). The pre¬

synaptic boutons generally contained flattened vesicles.

This was not a common observation however ; only 10

convincing examples of such arrangements were found in the

four cells.

Boutons containing either flat tened or spherical vesicles
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were sometimes observed (Figs III-3A;4A;9G) , in both dorsal

and ventral neurones, to contain occasional larger dense-

core vesic1es,usua11y only one or two per terminal. In one

bouton however there was a much greater concentration of

this type of vesicle (Fig III-4D).

On a number of occasions boutons presynaptic to post¬

synaptic dorsal column cell dendrites were involved in

triadic arrangements in which a labelled dendrite was

postsynaptic to two adjacent axon terminals. One of the

latter was additionally presynaptic to the other. The best

examples of these complexes are shown in Figs III-7;14.

Dendrodendritic and dendroaxonic synapses have been

described in the more superficial laminae of the dorsal horn

(Gobel 1976, 1978b; Ralston 1971; R&thelyi et al 1982), in

view of the penetration of postsynaptic dorsal column

dendrites into the substantia gelatinosa it is possible that

they participate in this type of synaptic relation. Wo

unequivocal examples of dendrodendritic synapses onto

postsynaptic dorsal column dendrites were observed, although

on several occasions profiles similar in some respects were

observed in contact with labelled dendrites (Fig III-3C,D).

It should be noted that neither of the possible examples

shown are from the S.G. but are from the lamina IV-\/ region.

The crucial criteria for differentiation of small axons and

dendrites are: the presence of free ribosoraes in dendrites

but not axons; and demonstration of continuity with a larger

unequivocally dendritic profile. This could not be done with

either of the examples above so the the results are

inconclusive in this respect.
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The differences between dorsally and ventraliy located

pairs of neurones lay in the other two types of observed

contact. Thus neurone 813001 (and possiblly also 813003)

received synapses from the boutons described assigned to

category (3) below, while both deeper cells received

contacts from category (4).

(3) large boutons containing spherical/oval agranular

vesicles which formed the central ending of a glomerular

complex, and contacted labelled dendrites at asymmetrical

synaptic junctions (Figs III-15;16).

(4) large (longest diameter > 2 u m) , electron lucent

terminals containing spherical agranular vesicles (Figs III-

2;5;9E?10), making on occasions more than one synapse with

the postsynaptic ceil and found predominantly in contact

with large, although not necessarily proximal, dendrites. In

one case a contact with the soma was seen (Fig III-5). These

terminals could sometimes be observed to be postsynaptic to

unlabelled axons containing flattened vesicles (Figs III-

5C,0), but in other instances no axoaxonic contact could be

found even after tracing through serial sections. These

boutons were occasionally associated with spine-like

structures (Fig 111-10).

Is there a differential distribution of terminals on

different areas of the dendritic trees ?

There is evidence to suggest that neurones of other

systems exhibit a differential distribution of terminal

types in different areas of the dendritic tree (Maxwell,

Fyffe and Brown 1984). A preliminary count for PSDC
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neurones, classifying the boutons by eye in to two groups

(containing flattened or round vesicles) indicated that

terminals might, at least for the more dorsally located

cells, be distributed such that those containing flattened

vesicles were more common on the somata and proximal

dendrites than on distal dendrites. Vesicles from 594

boutons (15-50 vesicles per bouton) were analysed as

described in the General Methods chapter. The most common

axial ratio in three of the units (813001 and 03 ; and

814501) was in the range 1.30-1.34 while neurone 820501 had

a predominance of boutons with more spherical vesicles

(average axial ratio 1.2-1.29).

On the basis of the distribution of axial ratios it was

decided to describe a bouton as containing spherical

vesicles (SV) if the average axial ratio was 1.34 or less,

if it was greater than this it was considered to contain

flattened vesicles (FV). This is a somewhat higher cut-off

value than has been used in previous studies (Nakajima and

Wang 1974; Rastad 1981b ; Walberg, Hollander and Grofova

1976) .

The results of an analysis of the distribution of 3V and

FV boutons with distance from the soma is shown in Table

III-l. The results indicate that while boutons containing

flattened vesicles are slightly more common proximally

there is no marked differential distribution of these two

types of bouton.

Discussion

The present sample of neurones are similar to those

described previously (Brown and Fyffe 1981; Brown, Brown,

Fyffe and Pubols 1983 ), in terms of both physiological and
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morphological criteria. The receptive fields described here

are typical in that convergence was observed from hairy and

glabrous skin and from several types of low threshold

cutaneous receptor. The inhibitory areas also fit neatly

into the categories described by Brown et al (1983) and one

cell (813003) had a receptive field which expanded during

the course of the labelling procedure.

The morphology of the neurones in the sample is similar

in some respects to that previously described for PSDC

neurones (Brown and Fyffe 1981).

Identities of boutons impinging on PSDC cells

The present data has indicated that there are a number of

distinct morphological categories of terminals presynaptic

to PSDC dendrites : including boutons containing spherical

or pleomorphic vesicles ; terminals forming the central

elements of glomeruli; and large electron lucent boutons

forming multiple synapses with postsynaptic structures. The

most obvious group of axons which can be considered as

candidates giving rise to these inputs are primary afferent

axons.

Experiments utilising intracellular labelling of

identified primary afferents indicate that those

communicating information from receptors responding to low

threshold tactile stimuli arborise in laminae III-V (see

Brown 1981 ; Light and Perl 197 9). A. number of lines of

evidence suggest that these types of primary afferent

terminate in the dorsal horn as boutons of varying size

containing round agranular vesicles, and take part in simple

axodendritic synapses as well as more complex arrangements,

as described for category (1) above. Thus electron
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microscopical analysis of the dorsal horn after radioactive

labelling of the dorsal roots in the monkey (Ralston and

Ralston 1979b,1933b) ; dorsal rhizotomy in the cat (Ralston

1968b; Maxwell, Fyffe and Brown 1984); and anterograde

labelling of terminals after section of dorsal roots

(Beattie, Bresnahan and King 1973; Gobel, Falls and Humphrey

1981) have indicated the likelihood of this assertion.

Within this broad framework it is possible to make

further, more specific suggestions and to correlate the

present ultrastructural evidence with work on identified

primary afferent fibres. The neurones in the present sample

all received inputs from hair follicle afferent axons.

Maxwell et al (1982) have described the fine structure of

the terminals formed in the dorsal horn by this class of

afferent fibre. Typically tney gave rise to dome-shaped

boutons containing spherical agranular vesicles involved

usually in simple axodendritic synapses and occasionally

formed the postsynaptic element in axoaxonic synapses.

Boutons of this type are commonly seen in contact with

postsynaptic dorsal column cells, and it seems reasonable to

infer in the light of the physiological evidence that some,

at least, of these boutons arise from hair follicle afferent

fibres.

One class of terminal which is undoubtedly of primary

afferent origin is that which forms the central element of

glomerular complexes as discussed in Section 1. The most

compelling evidence in this respect was provided by Rfethelyi

et al (1983) who showed that physiologically characterised

A afferent units (from high threshold mechanoreceptive and

0 hair units) formed central endings. However there is also
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evidence to indicate that C fibres may also take part in

this sort of arrangement (Gobel et al 1981). Postsynaptic

dorsal column dendrites therefore have appropriate

anatomical configuration to receive input from small

myelinated and unmyelinated afferent fibres. Since both

dorsal!y located cells received only low threshold

excitatory input under the experimental conditions used

here, it seems more likely that the central endings observed

here arise from D hair or C fibres responding to innocuous

stimuli.

The observation that postsynaptic dorsal column neurones

participate in glomerular complexes is somewhat at odds with

a recent report in the literature (Lu et al 1933) which

stated on the oasis of intracellularly recorded latencies of

e.p.s.p.s and responses to natural stimuli in postsynaptic

dorsal column cells that there is no input to the system

from C fibres, and little from A fibres. The ultra-

structural observations reported here directly contradicts

this claim.

Category (4) above, (large electron lucent terminals

containing spherical vesicles and sometimes forming multiple

contacts onto PSDC neurones) have characteristics similar to

those, reported in the ventral horn for Group la muscle

afferent boutons ( Conradi 1969 ; Conradi, Culneim, Gollvik

and Kellertn 1983), the only difference being the presence,

in the ventral horn of dense, postsynaptic Taxi bodies

associated with the muscle afferent terminations. They are

also reminiscent of the large terminals in contact with

proximal dendrites of dorsal spinocerebellar tract cells

which degenerate after dorsal rhizotomy and are believed to

be Group la muscle afferent terminals (Rfethelyi 1970). Since
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this type of bouton was only observed in contact with

dendrites coursing ventrally in laminae V-VI, it seems

reasonable to suggest that these are formed by Group la

muscle afferent fibres. Other types of muscle afferent axon

(Group lb and spindle secondary fibres) also arborise in

this region, they may also terminate on PSDC dendrites in

laminae VI-VII, but the fine structure of these fibre types

has not yet been described. However, Jankowska et al (1979)

reported only weak excitation (epsps below firing threshold)

of about half of a sample of PSDC neurones on stimulation of

muscle nerves : an alternative explanation is that the

large boutons are terminals of Pacinian afferent units.

These are known to be of comparable sizes and arborise in

the appropriate areas of the dorsal horn (Brown et al 1980).

This explanation is attractive since strong excitatory drive

from Pacinian units to postsynaptic dorsal column cells has

been reported (Brown and Fyffe 1981, Brown et al 1983). In

fact, Brown and Fyffe state that two (of 48) neurones

behaved as if exclusively excited from Pacinian receptors.

Neurones of the dorsal spinocerebellar tract receive

powerful excitation from la boutons forming multiple

contacts onto proximal dendrites ; a similar effect would be

expected from the bouton shown in Fig. III-'ky a terminal

with 3 apparently separate synaptic junctions onto the soma

of a postsynaptic dorsal column cell. Alternatively, this

type of bouton may arise from axons other than primary

afferent fibres.

A proportion of the terminals presynaptic to labelled

dendrites and containing spherical vesicles must thus
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originate from primary afferent fibres. However, not all

boutons containing round vesicles degenerate consequent to

dorsal rhizotomy (Maxwell et al 1984), and Jankowska et al

(1979) have demonstrated excitatory inputs from pyramidal

tract axons and propriospinal fibres (originating between

and Tu) travelling in the DLF in addition to segmental

interneurones. Jankowska et al suggested that neurones

belonging to the spinocervical tract might be responsible

for part of the disynaptic excitation observed from the DLF

and using antidromic stimulation of the dorsolateral

funiculus showed that e.p.s.p.s could be recorded in P3DC

cells with the appropriate tnreshold and latency. There are

other possibilities however : lamina III cells are

appropriately situated and have the requisite types of input

to act as intermediaries between primary afferent fibres and

P3DC neurones (Maxwell, Fyffe and Rfethelyi 1983). They are

known (Matsushita 196 9 ; Maxwell, Fyffe and R&thelyi 1983)

to issue axon collaterals to laminae III-V. Furthermore,

Golgi studies (Matsushita 1969) indicate that small cells in

laminae IV-VI have axon collaterals arborising in the dorsal

horn between laminae II and VI and Czarowska et al (1976)

have intracellularly labelled a population of interneurones

in laminae V-VI with inputs from muscle afferent fibres and

axonal arborisations in the same laminae.All can be

considered possible sources of input to the system in

ques tion.

Boutons containing flattened vesicles have never been

observed to be labelled following attempts to identify

primary afferent terminals (Ralston 1968b; Ralston and

Ralston 197 Sb, 1983b). It seems that these are formed by
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interneuronal collaterals or, alternatively, by descending

fibres. Interneurones immunocytochemically laoelled for GAD

give rise to small boutons containing flattened vesicles,

and moderate levels of staining for this enzyme are apparent

in laminae IV-VI (McLaughlin et al 1975). In laminae II-III

GAD-positive terminals were observed presynaptic to

unlabelled dendrites and additionally participated in

triadic arrangements with dendritic profiles and primary

afferent boutons (Barber et al 1978). Such arrangements with

labelled dendrites postsynaptic to boutons containing

spherical and flattened vesicles in triadic configurations

were observed in the present material, and the evidence

warrants speculation that some of the terminals containing

flattened vesicles presynaptic to FSDC dendrites contain

GABA.

It has recently been reported in the literature

(Nishikawa et al 1983) that small boutons containing

pleomorphic vesicles in contact with somata and proximal

dendrites of P3DC neurones react positively to application

of antiserum raised against serotonin, providing a possible

identification of some of the presynaptic boutons described

in the present work. If confirmed, this finding raises the

possibility of direct modulation of P3DC responses by

descending systems. The effects of descending systems on

neurones of the postsynaptic dorsal column tract is one

striking area of ignorance at present.

Are there functional subdivisions of the P3DC system ?

One of the most interesting aspects of the study of the

fine structure of postsynaptic dorsal column tract neurones

is the suggestion that cells with dorsally and ventrally
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located somata which have major portions of their dendritic

trees in different laminae, may receive inputs from

functionally different fibre types. Thus, one of the former

characteristically was contacted by central elements of

glomerular complexes in lamina II-III, indicative (as

discussed above) of input from small myelinated or

unmyelinated fibres. The more ventrally situated neurones

received input from large, electron lucent boutons forming

more than 1 synapse per bouton, and not from the central

elements of glomerular complexes. Dendrites of neurones

with major dendritic arbors in laminae VI-VII did not take

part in glomeruli, despite some dendrites reaching into

lamina III. The fourth neurone (813003) does not fit into

this scheme since it had dendrites in the SG but no apparent

contacts in glomeruli.

The discrepancies in the observations may signify the

presence of more than one functional subdivision of the

postsynaptic dorsal column system, or may simply be a

reflection of the fact that PSDC tract neurones are not a

homogeneous group with regard to input ; some responding

only to low threshold tactile stimuli, others additionally

to pressure and pinch. However, spinocervical tract neurones

can be classified into categories responding solely to hair

follicle stimulation, additionally to pressure and pinch, or

only to pressure and pinch and yet these have a uniform

ultrastructure (Maxwell, Fyffe and Brown 1982).

The functional significance, if any, of the differences

in ultrastructure between dorsal and ventral postsynaptic

dorsal column cells therefore remains obscure and awaits

further correlative studies.
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Fig. III-l. The morphology and receptive field

of neurone 820501.

A. A camera lucid a reconstruction of neurone

820501. The dendritic tree is orientated from

dorsolateral to ventromedial and stretched from deep

lamina VI to lamina III. The inset shows the

position of the soma in the dorsal horn, heavy line

represents tne border of the grey matter and the

lighter line the lamina II-III border. The sagittal

spread of the dendritic tree was GOOum.

B. The receptive field of this cell was situated on

the ventral surface of the foot and consisted of

overlapping excitatory areas responding to low and

high threshold stimulation. Effective low

threshold stimuli were such as to cause activation

of hair follicle, rapidly adapting pad, and slowly

adapting Type I receptors. Pinch was effective in

the more densely stippled area. The high threshold

inhibitory field overlapped the excitatory area.
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Fig. III-2. Boutons in contact with neurone 320501

in lamina V.

A. A large dendritic profile (den) in longitudiinal

section illustrates the features of an HRP-labelled

dendrite. The mitochondria have taken up the enzyme

and appear darker than tnose in surrounding

neuropil. HRP is also precipitated around

microtubules. The profile is adjacent to a large,

electron lucent profile (ax).

B. Enlargement of the axonal profile (ax) seen in A.

The terminal can be seen to contain spherical

vesicles and makes synapses (arrows, not well

resolved) onto the dendrite (den).

C. Another example of a contact between an electron

lucent profile containing spherical vesicles (ax)

and a labelled dendrite (den). In this case the

terminal makes more than one synapse with the

postsynaptic element (arrows).

D. This neurone also received contacts (arrows)

from small boutons as illustrated in this figure.

The axon (ax) contains spherical vesicles.

Scale bars : A - 2um; 3 - 1u m; C - 0.5 u m; D -

0.25um.



 



Fig. III-3. Boutons in contact with neurone 820501

in laminae IV-V.

A. Presynaptic boutons (ax) occasionally contained

a few dense-core vesicles in addition to a majority

of agranular vesicles. This terminal contains

spherical or oval vesicles and makes an asymmetrical

synapse with the PSDC dendrite (den).

B. A relatively common observation was of a pre¬

synaptic terminal (ax) containing spherical vesicles

terminating on a labelled dendrite (denl) and

simultaneously on an adjacent unlabelled profile in

the neuropil (den2). Synapses (arrows) are not well

resolved in this micrograph.

C. On a few occasions the profiles contacting PSDC

dendrites could not immediately be identified as

axonal or dendritic. Here a small profile ( *)

contacts a labelled dendrite (den). Its features

(as discussed in the text) suggest that the profile

is dendritic in origin, but since it was not

possible to demonstrate continuity with a larger

dendritic profile no firm conclusions can be drawn.

D. A profile (*) similar to the one illustrated in

C. An asymmetrical synapse (arrows) is seen and

vesicles are clustered in the immediate subsynaptic

reg ion.

Scale bars : A - 0.5um; B - 0.5 u m; C - 0. 2 5 u m; D - 0.2 5 u m



 



Fig. III-4. Boutons in contact with neurone 820501

in laminae IV-V.

A. A second major type of bouton contacting PSOC

dendrites could be differentiated on the basis of

the shape of the vesicles. This bouton (ax) contains

a mixture of spherical and flattened vesicles and

makes an asymmetrical synapse (arrows) onto the

labelled dendrite (den). Note the punctum adherens

adjacent to the synapse.

B. A highpower micrograph of a different bouton

(ax) containing a mixture of spherical and highly

elongated vesicles contacting the stained dendrite

(den) at an asymmetrical synapse (arrows).

C. A contact between a profile (ax) containing

elongated vesicles and terminating at an

asymmetrical synapse (arrows) on a labelled dendrite

(den).

D. A presynaptic bouton containing dense-core

vesicles. The synapse between the axon (ax) and

dendrite (den) was not well-resolved here.

Scale bars : A - 0.5um; B - 0.25um; C - 0.25um; D -

0.5um.



 



Fig. III-5. Boutons in contact with neurone 820501.

A. A contact onto the soma (soma) from a large

terminalcontaining spherical vesicles (axl). The

axon also terminated on an adjacent unlabelled

dendrite (den, junction not shown in this

micrograph).

B. The terminal (ax) made multiple contacts onto

the soma at discrete asymmetrical junctions

(arrows).

C. The axon (axl) was found to be postsynaptic to a

small bouton (ax2) containing pleomorphic vesicles

at a symmetrical junction (arrow) further through

the series of sections.

D. A higher power micrograph of the symmetrical

junction between the two axons in C.

Scale bars : A - 2um; B - 0.5um; C - 0.5um; Q -

0.25um.



 



Fig. III-6. Boutons in contact wiith neurone 820501

in laminae IV-V.

A. Terminals containing spherical vesicles (axl)

were sometimes observed to be postsynaptic to

boutons containing pleomorphic vesicles (ax2). The

synapse between axl and the dendrite is not well

resolved (arrowheads).

B. A high power micrograph showing detail of the

synapse (arrows) between the boutons 1abel1ed(ax1)

and (ax2) in A.Vesicles are clustered at the pre¬

synaptic membrane.

C. A large bouton (axl) which contacts the stained

dendrite (den) further through the series of

sections assumes a scalloped shape and is

postsynaptic to two axonal profiles (ax2,ax3)

D. Detail of one of the synaptic regions in C.

E. A bouton (axl) containing spherical vesicles is

presynaptic (black arrow) to a labelled dendrite

(denl) and a second, unlabelled profile (den2). It

is also in close apposition to an axonal profile

(ax2) which contains pleomorphic vesicles.

F. Profile (ax2) is presynaptic to axl at a symmetrical

synapse (arrows).

G. On tracing this profile through the neuropil the

axon (axl) is found to be postsynaptic to a second

profile (ax3) at a symmetrical synapse.

H. Detail of the contact between the boutons

labelled (ax3 ) and (ax 1) in G.

Scale bars : A - 0.5um; B- 0.25um; C - lum; D -

0.25um; E - 0.5um; F - 0.25um; G - 0.5um; H - 0.25um.



 



Fig. III-7. Boutons in contact with neurone 820501

in lamina IV.

A. A small bouton (axl) in contact with a PSDC

dendrite ( arrowhead, synapse not resolved) is

postsynaptic to a bouton (ax2) containing pleo¬

morphic vesicles.

B. A high power micrograph of the synaptic region

(arrows) in A.

C. Triadic arrangements were an infrequent

observation. This micrograph illustrates the

features of a triad. Two boutons, one containing

spherical vesicles (axl) and the other pleomorphic

vesicles (ax2) terminate on a stained dendrite

(black arrows). In addition there is a synapse of

equivocal polarity between the two axons.

D. A high power micrograph of the contact between

axl and ax2. The arrangement of the vesicles and

membrane densities suggest that the polarity is from

ax2 to axl.

E. A second example of a triad, again involving

adjacent boutons containing spherical (axl) and

pleomorphic vesicles (ax2). The synapses between

these and the PSDC dendrite are not resolved. There

appears to be a contact between the axons (white

arrow).

F. A micrograph providing greater detail of the

contact between axl and ax2.

Scale bars : A - 0.5um; B - 0.25um; C - 0.25um; D -

0.25um; E - 0.5um; F - 0.25um.



 



Fig. III-8. The morphology and receptive field of

neurone 814601.

A. A reconstruction of neurone no. 814601. In this

case the soma (see inset : solid line represents the

border of the dorsal horn, dotted lines the laminar

boundaries)is located in lamina V and the dendritic

tree confined to deeper regions of the dorsal horn

in laminae IV-VI. The rostrocaudal extent of the

neurone was 400um.

Axon collateral (labelled with arrowheads) was not

sufficiently heavily stained to permit

identification of boutons. The main axon can be seen

coursing towards the lateral fasciculus.

B. This diagram shows the receptive field data for

neurone 814601, comprising both hairy and glabrous

skin on toe 3. In addition to input from hair

follicle and rapidly adapting pad units, stimulation

of a slowly adapting Type II receptor at the base of

the claw activated the cell.
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Fig. III-9. Boutons in contact with neurone 814601.

A. This micrograph illustrates a typical region of

the dendritic arbor of a second neurone where a

small appendage is flanked on either side by boutons

containing oval (axl) and elongated (ax2) vesicles.

B and C High power micrographs confirm the

presence of synapses (arrows) between axl and ax2

and the PSDC dendrite (den).

D. This neurone was contacted by axonal profiles of

widely differing sizes, in this case a small bouton

(ax) containing spherical vesicles contacted the

dendrite at an asymmetrical synapse (arrows).

E. Large, electron lucent boutons (ax) also made

contact with the cell (arrows, only partly

resolved).

F. Two small dendritic profiles surrounded by axonal

profiles (ax).

G. A higher magnification micrograph demonstrates

that one of the boutons contains dense-core vesicles

in addition to spherical agranular vesicles. The

synapse is not resolved (arrow).

Scale bars : A - 0.5um; B and C, same scale -

0.2 5 u m; D - 0.25um; E - 0.5um; F - lum; G - 0.5um.



 



Fig. 111-10. Boutons in contact with neurone 814601

in lamina VI.

A-D. The micrographs in this figure show a series of

sections through a large bouton with electron lucent

cytoplasmic matrix containing spherical vesicles

(ax) which makes contact with a dendritic profile

(den) at a branch point. Synapses were made with

both the spine (sp) and dendritic shaft (arrows in

D) .

Scale bars : A - lum; B - 0.5um; C - lum; D - 0.5um.



 



Fig. III-ll. Boutons in contact with neurone 814601

in lamina V.

A. In this figure a large axonal profile (axl) is

presynaptic (arrows) to the labelled dendrite (denl)

and also to an unlabelled dendritic profile (den2).

B. In serial sections the presynaptic profile (axl)

was observed to be in close apposition (arrows) to a

large bouton containing flattened vesicles (ax2).

C and D. The polarity of the synapse appeared to be

from (ax2) to (ax 1) (double arrows), but in other

places (single arrow) there is a suggestion that the

polarity may be reversed.

Scale bars : A - 0. 5 u m; B - 0.25um; C - lum; D -

0.25um; E - 0.25um.



 



Fig. 111-12. Morphology and receptive field of

neurone 813001.

A. Camera lucida reconstruction of unit no. 813001,

showing the predominantly dorsal orientation of the

dendritic tree. The rostrocaudal extent of this

neurone was slightly greater, 550um. The inset shows

the location of the soma in the dorsal horn ; solid

line represents the outline of the dorsal horn ,

dotted lines the laminar boundaries.

B. This diagram illustrates the excitatory

receptive field of neurone 813001 which encompassed

both dorsal and ventral surfaces of toes 3 and 4,

with input from both hair follicle and rapidly

adapting pad axons. The right hand side of the

figure illustrates the inhibitory area proximal to

the excitatory field on the leg. Inhibition could be

evoked by low threshold stimulation of the skin.
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Fig. 111-13. Boutons in contact with neurone 813001

in lamina III.

A. Overlap in the characteristics of dorsal and

ventral cells was apparent. Small boutons

containing spherical vesicles (ax) were the most

common type of bouton presynaptic to labelled

dendrites (den), and again could be observed to

contact neighbouring profiles (sp).

B. Detail of the junction between the axonal

profile (ax) and dendrite (den) shown in A.

C. Larger axonal terminals (axl) were also observed

in contact (arrows) with PSDC dendrites (denl) in

lamina III of the dorsal horn. The terminal also

contacts a second dendrite (den2) which contains a

few vesicles and is probably postsynaptic to a

structure containing elongated vesicles ( ax2).

D. Axoaxonic contacts (double arrows) on to boutons

(axl) presynaptic (single arrow, not resolved) to

stained dendrites (den) were observed.

E. Detail of the junction shown in D between an

axonal terminal (axl) in contact with a PSDC

dendrite and a second axonal profile containing

pleomorphic vesicles (ax2).

Scale bars : A - 0.5um; B - 0.25um; C - 0.5um; D -

0.5 u m ; E - 0. 2 5 u m.



 



Fig. 111-14 Boutons in contact with neurone 813001.

A. Triadic arrangements were also observed during

study of dorsal PSOC cell dendrites, involving in

this figure a large bouton containing spherical

vesicles (axl), a profile containing pleomorphic

vesicles (ax2) and an obliquely-sectioned stained

dendrite (den).

B. A micrograph taken at higher magnification

confirms the presence of synapses between the two

axons and axl and the dendrite (arrows).

C. The bouton containing pleomorphic vesicles (ax2)

was also found to be presynaptic (arrow) to the

stained dendrite (den).

Scale bars : A - lum; B - 0.25um; C - 0.25um.



 



Fig. 111-15. Synaptic types in contact with neurone

813001 in laminae II and III.

A. One characteristic feature of the fine structure

of this neurone was the presence of central

elements of glomeruli in contact with dendrites in

dorsal lamina III and lamina II. This figure

illustrates one such terminal. A small dendritic

branch (den2) can be seen adjacent to the scalloped

central profile (c). The parent dendrite can also be

seen (denl).

B. The scalloped profile contacts a number of

profiles (*) and although not shown here, the

labelled profile.

C. In serial sections the central profile (c) is

postsynaptic (arrow) to a profile containing

pleomorphic vesicles (p).

D. Enlargement of the contact between profile

labelled (p) and the central element of the

glomerulus (c).

Scale bars : A - lum; B - 0.5um; C - 0.5um; D -

0.25um.



 



Fig. 111-16. Terminals in contact with neurone

813001 in laminae II and III.

A. Micrograph showing a contact (arrows) onto a

labelled dendrite (den) from a central terminal of a

glomerulus (c) , which additionally contacts other

nearby profiles (*).

B. The central terminal is postsynaptic to an

adjacent profile (p).

C. Higher power illustration of the axoaxonic

contact (arrows)onto the central terminal from the

axon labelled "p" above.

0. An example of a contact (arrow) involving a

large bouton containing oval vesicles (c) and a

small dendrite (den). The "c" profile contacts at

least 4 of the surrounding profiles (only 1 in this

section) and is probably also the central element of

a glomerulus.

E. A high power micrograph of the contact between

(c) and the labelled dendrite (den).

Scale bars : A - 0.5um; B - 0.5um; C - 0.25um; D -

lum; E - 0.25um.



 



Fig. 111-17. Morphology of neurone 813003.

An incomplete camera lucida reconstruction of unit

no. 813003 ; part of the soma and proximal dendrites

are missing. The dendrites ramify throughout laminae

II-III, with more limited spread to IV. The

rostrocaudal extent of this neurone was 350um. The

inset shows the location of the soma at about the

lamina III-IV border ; solid line represents the

border of the dorsal horn, dotted lines the laminar

boundaries.



 



Fig. 111-18. Receptive field of neurone 313003.

A. This diagram shows the excitatory receptive

field of neurone 813003 which originally comprised

the plantar cushion and hairy skin proximal to it.

Again hair follicle and rapidly adapting pad input

could be discerned. The cell also responded to

tapping of the frame, indicating input from Pacinian

corpuscles.

B. At the begining of the recording period a low

threshold inhibitory field was apparent on the

ipsilateral leg and thigh. No test was made for

contralateral effects.

C and D. After iontophoresis of HRP was complete it

was still possible to record activity from this

neurone and it was apparent that the excitatory

field had expanded. The inhibitory field also

included contralateral skin, but as this was not

tested previously it is not possible to say whether

or not it had also expanded.
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Fig. 111-19. Boutons in contact with neurone 813003

in lamina III.

A. A low power micrograph of a typical small

dendritic profile (den) surrounded by axon terminals

(*) which synapse with it.

B. A higher power micrograph of one of the contacts

involving a bouton (ax) containing spherical

vesicles and making an asymmetrical synapse (arrows)

with the dendrite.

C. A second profile shown in A, at higher

magnification (ax) which contains pleomorphic

vesicles and makes an asymmetrical synapse (arrows,

partly resolved).

D. A contact (arrows, not well resolved) between a

bouton containing very elongated vesicles (ax) and a

small dendrite (den).

Scale bars : A - lum; B - O.lum; C - 0.25um; D -

0.25um.



 



Fig. 111-20. Boutons in contact with neurone 813003

in lamina III.

A. An obliquely-sectioned dendrite (den) is

contacted (arrow) by a profile (ax) containing

spherical vesicles.

B. A higher power micrograph indicates the

presence of a synapse, although not well resolved,

between the profiles shown in A.

C. The axon (ax) can be seen in adjacent sections

to contact two small dendritic profiles (*) and is

probably postsynaptic (arrow) to a vesicle-

containing structure in a possible glomerular

arrangement.

D. Possible contact onto a stained dendrite (denl)

from a scalloped ending (ax) which also terminates

on a nearby dendrite (den2) and may be postsynaptic

to a vesicle-containing profile (p).

Scale bars : A - lum; B - 0.25um; C - lum; D -

0.25um.



 



Fig. 111-21. Dendritic spines.

Dendritic spines were present on various areas of

the dendritic tree and were contacted by boutons

containing both spherical and pleomorphic vesicles.

The micrograph illustrated here shows a spine

arising from a large dendritic profile in lamina IV

surrounded by four boutons (*) all of which made

contact with it. Only two of the synapses are shown

in this micrograph.

Scale bar : 0.25um.



 



Fig. 111-22. Dendritic Spines.

A. Dendritic spines were a common feature of PSDC

neurone fine structure. Here a spine (sp) arises

from a large dendrite (den) and receives a contact

(arrow) from an axonal terminal (ax) containing

pleomorphic vesicles.

B. A higher power micrograph of the synapse in A to

show detail of the synaptic region (arrows).

C. Two spines (spl and sp2) arise from the parent

dendrite (den) at the same level.

D. On following the profiles through a series of

sections both spines were observed to receive

contacts from boutons containing spherical or oval

vesicles (ax). This micrograph illustrates a synapse

(arrows) onto the spine labelled spl in C.

E. A low power micrograph showing a long-necked

spine (sp) and the parent dendrite (den). The spine

is surrounded by three axonal profiles (ax).

F. A micrograph taken at higher magnification

shows detail of one of the synapses (arrows) onto

the spine (sp) at an asymmetrical junction. The

presynaptic bouton contains spherical vesicles.

G. A high power micrograph illustrates detail of

the junction (arrows) between a bouton containing

flattened vesicles (ax) and the spine head (sp).

Scale bars : A - lum; B - 0.5um; C - lum; D -

0.25um; E - lum; F - 0.25um; G - 0.25um.
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SECTION IV j_ THE FINE STRUCTURE OF RETRQGRAD ELY LABELLED

PSDC NEURONES

The data presented in the previous section from study of

intracellularly labelled neurones is limited in two ways.

Firstly, the sample size is small and because of the nature

of the experiments biased towards more dorsally located

neurones; and secondly optimum levels of labelling are

difficult to achieve, limiting the information which can be

obtained from proximal dendrites and somata. A further

series of experiments using a different technique involving

retrograde transport of horseradish peroxidase was therefore

under taken.

The methods used in this section are described in the

General Methods.

Resul ts j_ Light microscopical obser va tions

Implantation of agar-HRP pellets in the cervical and

thoracic dorsal columns yielded large numbers of

retrogradely labelled cells in the lumbosacral enlargement.

Diagrams of the lesion sites and areas of spread are shown

in Figs IV-1-3. In one case the lesion encroached into the

dorsal horn (8306) but in the others the lesions were

substantially contained within the dorsal columns. In all

instances the enzyme had diffused to parts of the grey

matter and ventral and lateral white matter.

Two types of lesions were performed, the first at high

cervical (between the first and second cervical segments)

and the second at mid-thoracic (between the tenth and
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eleventh thoracic segments) levels. The results

demonstrated for experiment 8237 are the best available from

the first procedure. All tissue from this experiment was

cut in longitudinal sections, making the laminar

distributions of the labelled somata difficult to determine

exactly in the absence of counterstained material. However

Fig IV-1B illustrates the location, from 15 serial sections

in the lumbosacral enlargement, of retrogradely labelled

cells. Most are located within a band running parallel to

the dorsal border of the grey matter between depths of 400-

lOOOum from the border between the grey and white matter,

equivalent to laminae III-V. Occasional cells were observed

more ventrally, probably in lamina VII, although none was

present in the sections from which Fig. IV-1 was drawn.

Higher magnification camera lucida drawings (Fig IV-1C)

demonstrate the variation in size of labelled somata

consequent to implantation of a pellet at the high cervical

location. The maximum diameters of about 100 of these cells

were measured and ranged from 10 to 60um (average 40um);

thus relatively small cells were labelled from a high

cervical implant site.

Following implantation in the thoracic cord labelled

cells were apparent in the locations shown in Figs IV-2B,

3B. From the camera lucida reconstructions it can be seen

that stained neurones are concentrated in a sheet extending

across the mediolateral extent of the dorsal horn in laminae

III-IV and medial lamina V. In one experiment (8311 - Fig

IV-3) labelled neurones were largely confined to the dorsal

horn, with very few in either inter mediate zone or the

ventral horn. However in a second case (8251 - Fig IV-2B)

there were additionally labelled cells in medial laminae
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VII, lamina VIII and around the lateral part of lamina VII,

where spinal border cells known to give rise to the ventral

spinocerebellar tract are concentrated. Differences between

theexperiments which might account for the varying results

are not immediately apparent. In the experiment 8251 the

lesion was confined entirely to the dorsal columns, while in

8311 it may have encroached onto the grey matter dorsal to

the central canal. In both experiments the spread of enzyme

to grey matter and parts of the ventral and lateral white

matter are similar in extent, and in any case there is

rather less spread in the instance in which most labelling

has occured.

Measurement of somata sizes for these experiments was

also performed, with the result that stained cells fell into

the same size ranges (maximum diameter 10-6 0 urn, average

40um) as were observed following the cervical implants.

Labelling in the present series of experiments was not

judged to be of sufficient intensity to allow an attempt at

classification of cells into morphological categories as has

been performed by Enevoldson (1982) or by Brown and Fyffe

(1981) for their i ntrace11u1 ar1y labelled sample of

neurones. In the best stained cases only approximately

200um of the proximal dendritic tree could be distinguished

from the background. However, camera lucida drawings of

cells selected for ultrastructura1 analysis (Figs IV-

4,12,16; V-14) represent the variety of morphological types

labelled. Some appeared to have rostrocaudally directed

dendritic trees (Fig IV- 16) while others were apparently

organised in the dorsoventral plane (Fig IV-4). Generally

however the types of cells were similar to those described
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in previousGolgi studies in laminae IV-VI and, in keeping

with these, cells with apparent rostrocaudal arrangement

were located more superficially (Proshansky and Egger 1977;

Leontovich and Zhukova 1963; Scheibel and Scheibel 1958).

Electron microscopical observations

Eight cells were selected for ultrastructural analysis;

camera lucida drawings of six of these are illustrated in

Figs IV-4,12,16; the remaining two cells are shown in

Fig. V-14. These cells were chosen for two reasons :

Enevoldson (1982) identified propriospinal neurones labelled

fromthoracic implants as small cells in lamina IV,so the8

cells selected for ultrastruetural analysis were among the

largest labelled; secondly all have morphology consistent

with identification as PSDC neurones.

The results of the following section are grouped

according to the laminar location of somata to facilitate

comparison with the previous chapter. The position of the

neurones from longitudinal sections was estimated by

comparison with plates in Rexed's (1952,54) cy to-

architectonic atlas of the spinal cord and are similar to

Ralston's (1968a) calculation of laminar thicknesses and

the position of laminar boundaries in the material shown by

Bennett, Seltzer, Lu, Nishikawa and Dubner (1983). However

the figures are of necessity an approximate guide and are

not intended to be used as absolute values.

The most superficial retrogradely labelled neurone

(823702) was located at a depth of 400um from the grey-white

border and therefore probably at the lamina III-IV border ;

four neurones were situated at depths of 450-750um from the

grey-white border, approximating to lamina IV (823704,
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823701, 831101, 825102) ; and finally three cells were

situated in deeper locations between 750-1000um

corresponding to lamina V (823703, 830501, 825101).

Fig IV-5 illustrates the typical appearance of a retro-

gradely labelled PSDC neurone. The soraata contain many

electron dense inclusions which may be either the membrane-

bound "packages" in which HRP is transported or the result

of the latter's incorporation into lysosomes although the

structures observed in the present material were generally

more electron dense than is typical of lysosomes. The dense

inclusions can also be observed funnelling into primary

dendrites. Some diffuse staining characterised by deposition

of reaction product along the membranes of mitochondria and

other intracellular organelles was always observed (inset).

The neurones contained abundant cytoplasm and organelles.

The types of contacts observed in this sample were

comparable with those described in the previous chapter for

intracellularly-labelled neurones. Thus all received

contacts from boutons of varying sizes containing spherical

vesicles and participating in terminal arrangements of

differing complexity (as previously described); and from

boutons containing flattened agranular vesicles. These

correspond to categories 1 and 2 respectively as described

in Section III.

Most boutons in contact with somata were of relatively

small size (see Fig. IV-6A) and contained either spherical

or flattened agranular vesicles. However occasionally,

larger terminals (with longest diameter greater than 2um)

were observed forming synapses onto somata (Fig. IV-
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14,17,21). Somatic spines could occasionally be seen and

took the form of small protrusions from the cell body

postsynaptic to adjacent boutons (Figs. IV-7D; 9C).

The existence of more complicated arrangements on the

dendritic tree of PSDC neurones was also confirmed. Thus, a

triadic arrangement was observed for a cell with soma in

lamina V (Fig. IV-11). Secondly, a more convincing example

of a dendrodendritic arrangement was observed (Fig. IV-14)

in which a labelled primary dendrite was postsynaptic to a

profile containing spherical vesicles which was itself

postsynaptic to two axon terminals. The profile exhibited

some of the characteristics of presynaptic dendrites (as

already discussed). On following the profile in question

through a series of sections it took on the appearance

typical of a small dendrite.

Ultrastructural observations for dorsally- (laminae III-

IV) and ventrally-located neurones are discussed in more

detail below.

Retrogradely labelled neurones in lamina V

The fine structure of the three neurones estimated to be

situated in lamina V is illustrated in Figs. IV-5-11. All

received contacts from the categories of bouton commonly

observed presynaptic to PSDC neurones, as detailed above.

However, in contrast to the predictions of the previous

chapter, in only one of the three cells in this region were

large boutons with ultrastructural characteristics necessary

for classification as a Category (4) terminal (see p.68)

observed contacting proximal dendrites or somata.

In one case (825101) an unmyelinated axon could be seen

in close apposition to the soma and formed four boutons
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presynaptic to it (Fig. IV-10). Such an arrangement might be

expected to provide a powerful synaptic drive to the post¬

synaptic element.

Rarely (Fig. IV-6B) boutons with fine structure

commensurate with the suggestion that they contain one of

the monoam inergic neurotransmitters were observed.

Retrogradely labelled neurones in laminae III-IV

The fine structure of neurones in laminae III-IV is

presented in Figs. IV-13-21. One of the problems with the

material presented here is the impossibility of following

dendritic branches for any distance in the neuropil due to

the light staining of neurones. From the intracellular

study it would be expected that some of the relatively small

dendritic branches of more superficially-located neurones

would be postsynaptic to central elements of glomerular

complexes. It was not possible to demonstrate unequivocal

examples of such terminals, although in two instances (Fig.

IV-19,21) large, scalloped shaped boutons were observed in

presynaptic apposition to labelled dendrites and a small

number of unmarked profiles in the neuropil.

Two of the neurones in this group did receive inputs from

terminals defined as belonging to category 4 in the previous

chapter (831101, 823704). This is not entirely unexpected

since one of the intrace11ular1y stained sample receiving

this type of input was also situated in deep lamina IV.

Again bearing in mind the limitations of negative

observations, it is conceivable that this represents a real

difference and not the result of sampling bias.

The ultrastructure of the axon initial segment.
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The initial segment of the axon could be identified in

three of the neurones described above (823701, 823704),

illustrated in Figs. IV-22-23. Identification as such was

rendered uncomplicated at both the light and electron

microscopical levels by the relatively greater density of

reaction product in the axon as compared to the soma and

dendritic tree.

The axon arose from either a primary dendrite (Fig. IV-

22) or the soma (Fig. 111-23) and formed the postsynaptic

component in axoaxonic synapses. The presynaptic elements

in these contacts did not appear to form a homogeneous

group since they differed in size, electron density and the

type of vesicles contained within them.

Discussion

Use of HRP as a retrograde tracer

The method utilised depends on uptake of the enzyme from

a lesion site by damaged axons or axon terminals but not

undamaged axons of passage, and its transport to the soma

resulting in granular and diffuse labelling of cells at a

distance from the lesion site (Kristensson, Olsson &

Sjostrand 1971; La Vail and La Vail 1S72; Nauta et al 1974;

Jones and Laavitt 1974; Oldfield and ricLachlan 1977).

In earlier studies employing retrograde transport of HRP,

pressure injection or iontophoresis have been utilised as

means of application of the enzyme. Both of these

techniques have associated problems. Either may result in

production of areas of damage which the experimenter is

unable to assess, due to hydrostatic pressure and consequent

compression of tissue during a pressure injection; or to the
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high voltages needed for electrophoresis of the enzyme.

Particular difficulties are presented by working in the

spinal cord with lack of stability due to pulsatile

movements, especially in the high cervical regions. Also,

injection of HRP in to the Dorsal Column Nuclei (Rustioni

1977; Molenaar and Kuypers 1978) caused diffusion of the

enzyme into most of the cross-sectional area of the medulla;

it is advisable in view of the uncertainties concerning

area of functional spread, to restrict the area of uptake to

the dorsal funiculus as far as possible. For these reasons

administering HRP by injection seemed unsuitable in this

case. It has been reported, however , that use of agar

pellets incorporating HRP results in better localised

"injection sites" (Griffin, Watkins and Mayer 1979), with

far less spread of enzyme from the implant site. It might

be expected therefore that formation of a lesion followed by

implantation of a pellet capable of slowly releasing HRP

over a period of time should result in decreasing the number

of unknown complicating factors affecting the results : this

was the method used in the present experiments.

The problems associated with interpretation of results

obtained using the retrograde tracing method with HRP have

been fully discussed elsewhere (Jones and Hartmann 1978;

Warr, de Olmos and Heimer 1981 ; Enevoldson, Gordon and

Sanders 1984) ; the following is a brief summary of the

relevant literature. According to previous workers, the area

around the injection or lesion site consists usually of two

zones, the first very heavily labelled, in which all

structural detail is obscured; and a surrounding, less dense

region in which occasional cells have taken up sufficient

HRP to resemble Golgi labelled neurones. The first of the
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interpretational problems associated with this kind of

experiment is the difficulty of determining the extent of

enzyme spread at the lesion site. Vanegas, Hollander and

Oistel (1978) have shown that similar-sized injections into

the visual cortex result in labelling of areas of widely

differing size depending upon the time between injection and

perfusion (the apparent size decreasing after an interval of

18 hours), and the sensitivity of the histochemical method

used to precipitate the reaction product (Mesulam & Rosene

1979). We performed no controls in this respect ; it can

probably be assumed therefore that since we used relatively

high fixative concentrations, had a long survival period and

used a less sensitive histochemical method that areas of

spread at the lesion sites demonstrated in Figs. IV-1-3

underestimate the true area of diffusion.

The effective area of uptake is a further uncertain

variable. It is claimed by some authors (Jones and Leavitt

1974; Bun t& Haschke 1978) that no uptakeoccursfrora the

diffusely stained region. In the first paper evidence is

quoted from experiments with multiple HRP injections into

the cortex. The diffuse areas caused by individual

injections were observed to have fused, yet the cells

retrogradely labelled in the thalamus formed dorsoventrally

oriented bands, similar to those seen when diffuse areas did

not overlap. More recently Enevoldson, Gordon and Sanders

(1984) detail results of implantation of pellets in the

dorsal columns of the rat in a technique almost identical to

the one utilised here, and claim that the area of effective

uptake must be very discrete since the resultant labelling
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of cortical neurones was always unilateral in animals in

which the area of structural damage was unilateral, in spite

of the fact that most of the cross-section of the cord was

heavily stained with reaction product.

Hov/ever other investigators (Ahlsen 1981; Hedreen and

McGrath 1977) do not confirm this finding. It therefore

seems likely that uptake into damaged axons or terminals can

occur from both areas of the injection site under some

experimental conditions. My results do not shed a great deal

of light on this matter, since I have not performed the

control experiments necessary to make statements about this

aspect of the technique. However the labelling of ventral

horn neurones following implantation of a pellet in the

thoracic spinal cord may be, as discussed below, indicative

that uptake can occur from outside the area of mechanical

damage at the lesion site. Bennett et al (1983) and

Enevoldson (1982) have demonstrated, using techniques

similar to the present one, that placement of a second

lesion in the DC distal to the implant site abolished

retrograde labelling in the lumbosacral enlargement,

therefore the axons of the labelled neurones must travel in

the dorsal columns.

The density of labelling is another variable feature of

the method. In some cases (Enevoldson 1982; Bennett et al

1983) extensive labelling of cells enabling distinction of

up to third or fourth order dendrites was observed. There

are several reasons why the same degree of labelling could

not be expected in the present experiments. The

concentration of fixative (particularly paraformaldehyde)

has been shown to be crucial to density of staining
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(Malmgren and Olsson 1978) and was higher than is usual in

this type of experiment due to the requirement for good

ultrastructural preservation in the present series of

experiments. Furthermore, neither the type of HRP utilised

(Sigma Type VI) nor the Hanker-Yates histochemical method

have been shown to provide optimal labelling after retro¬

grade transport (Bunt & Haschke 1978; Mesulam 1978; Mesulam

and Rosene 1979).

Wh_ich belong to .the.

postsynaptic dorsal column system ?

The present results have shown that following

implantation of a pellet containing HRP in the spinal cord

at the first cervical segment, neurones are retrogradely

labelled in laminae III-V of the dorsal horn and in a region

ventral to this, probably lamina VII. The neurones labelled

in the dorsal horn ranged in size from relatively small

(lOum maximum diameter) to a size comparable with that of

SCT neurones (60um maximum diameter). The labelling

observed consequent to a similar implant in the thoracic

dorsal columns includes, as expected, cells in a band

stretching across the mediolateral extent of the dorsal horn

in laminae III-IV and medial V, and medial lamina VII ; and

additionally in two other groups situated in lamina VIII and

in lateral lamina VII in the region where spinal border

cells are concentrated. In this case the sizes of labelled

neurones in the dorsal horn are comparable to those labelled

from the cervical cord. This suggests therefore that cells

of the postsynaptic dorsal column system are located in

88



laminae III-V of the dorsal horn and medial lamina VII, the

remainder of cells being propriospinal neurones labelled

from terminals in the grey matter to which the enzyme had

spread in the second type of experiment.

This conclusion is not an indication that all labelled

cells in the dorsal horn contribute to the P5DC system since

it is obvious that any ascending propriospinal neurones with

ascending axons will also be retrogradely filled with the

present technique. One possible, though necessarily

approximate approach, is to compare the numbers of cells

marked after cervical and thoracic implants (Molenaar and

Kuypers 1978). This has not been attempted in the present

study because the histochemical method used is not the most

sensitive and would lead to underestimate of the population.

However, Enevoldson (1982) has noted that in some

experiments, small poorly-labelled cells in lamina IV could

be distinguished and were suggested to be propriospinal

neurones. These were estimated to account for 14% of

neurones in lamina IV labelled from thoracic implants and

this figure agrees very well with that of Angaut-Petit

(1975b), who reported that 87% of second order fibres

recorded in the dorsal columns at T9 could be antidromically
activated from C^.

A number of publications in the literature deal with the

question of the origin of cells of the postsynaptic dorsal

column system. There is substantial agreement between these

and the results reported here. Enevoldson (D. Phil. Thesis)

indicated that PSDC neurones were located in identical

laminae as the present results, but did not report any

labelling of neurones in lamina VIII or lateral VII after

thoracic implants. Bennett et al (1983) present similar
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findings. Molenaar and Kuypers (1978) utilised injections of

HRP into the Dorsal Column Nuclei, pontobulbar regions and

the spinal cord and concluded that a projection to the

former arose from laminae IV-V, a similar conclusion was

reached by Rustioni and Kaufmann (1977) in the monkey

although not by Rustioni (1973) in the cat.

It is necessary to account for the labelling of neurones

outwith the locations of origin of the PSDC system. The

lesions and areas of enzyme spread are similar in both

cases 8251 and 8311. It is unlikely, in view of the

evidence quoted above, that uptake has occured into

undamaged axons in other parts of the white matter, but

appears to be more likely that uptake by terminals in the

adjacent grey matter has resulted in labelling of somata in

lamina VIII and lateral ventral horn.

Spinal border cells have been labelled by Rustioni (1977)

in the monkey after HRP injections into the Dorsal Column

Nuclei, and by Molenaar and Kuypers (1978) after HRP

injections into the pons in the cat. Such labelling was also

seen in Molenaar and Kuypers' preparations in which HRP was

injected into the spinal cord after lesioning the dorsal

funiculi, indicating that the axons of the labelled cells

did not run in the latter tracts. It seems probable, there¬

fore, that labelling of lateral lamina VII neurones in our

experiments was consequent to uptake by terminals in the

grey matter to which the enzyme had spread, although it

remains a possibility that there are propriospinal neurones

with axons running in the dorsal columns (Jankowska & McCrea

1983) .
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The fine s trueture of postsynaptic dorsal column neurones

The results reported in this section are reassuring in

that there is a considerable degree of overlap with the

observations described in the last section. It can be

concluded that PSDC neurones are contacted by several

morphological types of terminal. These include : boutons

containing spherical vesicles involved in terminations as

simple axodendritic contacts and more complex associations

with several postsynaptic, and fewer (usually one, more

rarely two) presynaptic profiles; boutons containing oval or

flattened vesicles ; axons forming the central element of

glomeruli; and large electron lucent terminals contacting

the neurone at more than one active site. The origin of the

different categories of presynaptic bouton has been

discussed in the previous chapter.

The original aim of the work included in this section was

to extend the sample size and investigate further the

suggestion that cells of the PSDC system could be segregated

according to the laminar location of the soma. The evidence

from the study of retrogradely labelled cells does not

present as simple and clear-cut a picture. Only one of

three cells estimated to be in lamina V was found in contact

with boutons classified as belonging to category 4, while

two out of five cells in laminae III-IV did receive inputs

from the latter. It is difficult therefore to avoid the

conclusion that although PSDC neurones do not form a

homogeneous group with regard to morphological types of

presynaptic terminal, it is not possible to differentiate

between groups on the basis of soma location alone. The

suggestion that different morphological categories of PSDC

neurones might be correlated with functional subdivision of
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the tract is the obvious starting point for further

experimentation aimed at delineating the role played by the

PSOC tract in the somatosensory system.

The data presented in this chapter also confirm the

presence of arrangements (axoaxonic contacts, triadic

complexes and dendrodendritic synapses) not found on

ultrastructural analysis of neurones giving rise to the

other ascending systems concerned with light touch. The

significance of these observations will be discussed further

in section 6.
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Fig. IV-1. Location and size of cells retrogradely

labelled from implantation in high cervical position

(experiment 8237).

A. A summary diagram from a number of sections to

show the maximum extent of the lesion and area of

enzyme spread (shading) at the implant site. It can

be seen that the lesion in this case may have

encroached into the grey matter unilaterally, and

HRP has spread to the grey matter bilaterally, but

not to areas of white matter other than the dorsal

columns.

B. A camera lucida drawing from 15 serial sections

from the lumbosacral enlargement showing the laminar

distribution of labelled neurones in a band in the

dorsal horn.

C. Two diagrams illustrating the range in size of

neurones labelled from a high cervical implant,

shown previously in (B). The maximum diameters of

the neurones in the sample (104) in all ranged

between 10 and 4 0 u m. There is no obvious

relationship between laminar location and measured

parameter .

Scale bars - B 400um; C 200um.



 



Fig. IV-2. Location of neurones retrogradely

labelled from implantation in thoracic dorsal

columns (experiment 8251)

A. Reconstruction from serial sections of the

maximum extent of the lesion site and area of spread

in one experiment. The lesion is confined to the

dorsal columns while the enzyme has diffused into

the grey matter and regions of lateral and ventral

white matter.

B. Reconstructions, from 50 serial sections in each

case, of areas of the lumbosacral enlargement (L5

and L 7) to illustrate the location of labelled

neurones. Labelling was seen to occur in a band

stretching across the dorsal horn from medial lamina

V involving the entire depth of laminae III-IV.

Other clusters of cells were observed in laminae

VII,VIII and around the lateral border of the

ventral horn, in the position described as typical

of spinal border cells. The latter two groups of

neurones were not observed to have taken up HRP

following pellet implantation into the cervical

region of the dorsal columns.

Scale bars - 500um.
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Fig. IV-3. Distribution of neurones labelled after

implantation in the thoracic dorsal columns

(experiment 3311).

A. A camera lucida reconstruction (from serial

sections) of the lesion site and region of enzyme

spread from a second experiment consequent to

placement of a pellet in the thoracic dorsal

columns.

B. Summary diagrams of the location of retrogradely

labelled neurones in the lumbosacral enlargement

(L7). The neurones are confined to laminae III-

IV, and medial lamina V of the dorsal horn and a few

scattered cells are also present in the intermediate

area and ventral horn.

Scale bars - B 500um.
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Fig.IV-4 The location and morphology of

retrogradely labelled neurones - 830601 and 823703.

A. The extent of the lesion and area of enzyme

spread in experiment 8306. The lesion included a

part of the grey matter of one dorsal horn.

Reaction product was present throughout the

remainder of the grey matter.

B. A low magnification camera lucida drawing of the

location of neurone 830601 in the dorsal horn at a

depth of about lOOOum, in lamina V. The solid line

represents the border of the grey matter. Some

features of the fine structure of this cell are

shown in Figs. IV-5-7.

C. A camera lucida drawing of the cell with soma in

lamina V as shown by (B).

D. A low power micrograph of neurone 823703 ; the

arrow indicates the position of the soma, white

arrowheads the dorsal border of the grey matter.

The neurone is located at a depth of 800um from the

grey-white border and is probably in lamina V.

E. A camera lucida drawing of 823702 to illustrate

its morphology. The solid filled area is the initial

segment of the axon. The fine structure of this

neurone is illustrated in Fig. IV-3.

Scale bars - B 500um; C 50um; D 200um; E 50um.



 



Fig. IV-5. The fine structure of postsynaptic

dorsal column neurones.

A low power electron micrograph illustrates the

typical features of a P3DC neurone soma (330601).

Note the large nucleus, abundant cytoplasm and

organelles. The electron dense inclusions

(arrowheads) are the membrane-bound bodies in which

HHP is transported from the damaged axon to the cell

body. Some diffuse staining is also apparent from

the "grainy" appearance of the cytoplasm (inset);

this was typical of neurones retrogradely labelled

in the present study.

Scale bar - 5um.



 



Fig.IV-6. The fine structure of boutons in contact

with P3DC neurones with somata in lamina V (330601).

A. Most boutons in contact with PSDC somata were

fairly small; this micrograph demonstrates a typical

region of the somatic surface (soma) with contacts

(arrows) from 4 terminals (ax) which contain

spherical, flattened or pleomorphic vesicles.

B. Occasionally boutons (ax) containing a mixture

of agranular spherical and large dense core vesicles

could be observed in contact with labelled somata or

proximal dendrites (den). In this case the bouton

formed three separate synaptic junctions (arrows)

with the same postsynaptic element. Note the

postsynaptic dense bodies in the subsynaptic area.

C. Large boutons containing spherical or oval

vesicles (axl) could be observed to be presynaptic

(arrows) to labelled dendrites (denl). In this

instance the terminal also synapses on unlabelled

profile (den2) and is itself postsynaptic (see O for

higher power micrograph to confirm presence of

synapse) to an adjacent axonal ending (ax2).

Scale bars - A 0.5um; B 0.5um; C 0.5um; 0 0.25um.



 



Fig. IV-7. The fine structure of boutons associated

with P3DC neurones with somata in lamina V (830601).

A. A small proportion of large terminals containing

spherical vesicles formed more than one synaptic

junction with PSDC neurones. The terminal shown

here (axl) forms at least two such junctions

(arrows) and is postysnaptic (see B for detail of

synaptic region) to a bouton containing pleomorphic

vesicles (ax2).

C. A relatively infrequent type of contact (arrow)

was provided by electron dense boutons (ax) which

shows some of the characteristics of degeneration.

D. Somatic spines were observed occasionally and

took the form of protrusions (*) from the surface of

the soma and were postsynaptic (arrows) to axon

terminals (ax), in this case containing flattened

vesicles.

Scale bars - A 0.5um; B 0.25um; C 0.5um; □ 0.25um.



 



Fig. IV-8. The fine structure of boutons associated

with PSDC neurones with somata in lamina V (823703).

The ultrastructure of this neurone apeared to be

relatively simple with contacts (arrows) observed

from small boutons (ax) containing pleomorphic (A

and D) or spherical (B) vesicles. Large electron

lucent profiles (C) were also observed in contact

(arrows) with this neurone. The profile in (D : *)

is of the appropriate size and configuration to be

identified as a spine head.

Scale bars - A 0.25um; B 0.25um; C 0.5um; D 0.25um.



 



Fig. IV-9. The fine structure of boutons associated

with P3DC neurones with somata in lamina V

(825101).

A. The point of origin of a small dendrite (den)

from the soma. The surface of such proximal

dendrites was usually completely covered by axon

terminals.

B. A higher power micrograph of part of the

dendrite in (A) to show detail of the synaptic

regions (arrows).

C. An example of a somatic spine (*) postsynaptic

(arrows) in this case to a bouton (ax) containing

pleomorphic vesicles.

D. This neurone also received contacts (arrows)

from large terminals containing spherical vesicles

(ax). Note also the synapse between the axon

terminal and an adjacent unlabelled dendritic

profile (den2).

Scale bars - A lum; B 0.5um; C 0.5 urn; D 0.5um.



 



Fig. IV-10. The fine structure of boutons associated

with PSDC neurones with somata in lamina V (825101).

A. On one occasion it was possible to identify

axons forming a series of en passant boutons (*) in

contact (arrows) with the soma of a PSOC cell.

B. A high power micrograph of a bouton continuous

with the axonal profile in (A) to illustrate detail

of the synaptic regions (arrows).

Scale bars - A lum; B 0.5um.



 



Fig. IV-11. The ultrastructure of boutons in contact

with PSDC neurones with somata in lamina V (825101).

A. A low power micrograph to show the relative

positions of the soma and a primary dendrite (den)

in the neuropil. The area outlined by the dotted

lines is shown at higher magnifications in (B) and

(C) .

B. The labelled dendrite (den) is postsynaptic

(arrows)to a bouton (axl) containing spherical or

oval vesicles.

C. An adjacent bouton (ax2) presynaptic (arrows) to

the bou ton in (B).

D. Further through a series of sections the second

axon terminal (ax2) is also seen to be presynaptic

(at higher magnification in E) to the dendrite

(den).

Scale bars - A 2um; B 0.25um; C 0.25um; 0 lum; E

0.5um.



 



Fig. IV-12. The location and morphology of retro-

gradely labelled PSDC neurones in lamina IV.

A. A light micrograph demonstrating the laminar

location of neurone 831101 (arrowhead). The white

arrows demarcate the border between the grey matter

and the dorsal columns, the soma is situated at a

depth of 600um.

B. A camera lucida reconstruction of the neurone

shown in (A). The major part of the dendritic tree

arises from the dorsal surface of the soma; a number

of ventrally-directed dendrites are also present.

Electron microscopical observations from this

neurone are presented in Figs. IV-13,14.

C. A camera lucida drawing to illustrate the

location of the soma of neurone 823702. The solid

line represents the border of the dorsal horn and

dorsal columns, the dotted line the approximate

position of the lamina II-III border; the soma is at

a depth of approximately 4G0um.

D. A camera lucida drawing of cell 823702. Part of

a hair follicle afferent arborisation can also be

seen. Electron microscopical observations from this

cell appear in Fig. IV-15.

Scale bars - A 200um; B 25um; C lOOum; D 25urn.



 



Fig. IV-13. The fine structure of P3DC neurones

with somata in lamina IV (831101).

As was typically observed for all P3DC neurones,

this cell (soma) received contacts (arrows) from

boutons containing predominantly spherical vesicles

(ax in A), and flattened (B and C) vesicles. These

sometimes contained a small number of large granular

vesicles (B).

D. The soma was postsynaptic (arrows and E) to

large electron lucent terminals (axl) containing

spherical vesicles. The axon was itself seen to be

postsynaptic to at least 1 axon in serial sections

(ax2); the micrograph in (F) illustrates detail of

the synaptic region between ax2 and axl.

Scale bars - A 0.25um; B 0.25um; C 0.25um; D lum; E

0.25um; F 0.25um.
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Fig. IV-14. The fine structure of PSDC nerones with

somata in lamina IV (831101).

The micrographs in this figure illustrate an example

of a contact (arrows in A, and at higher

magnification in B) between a profile possibly of

dendritic origin (*) and a PSDC primary dendrite

(den). The profile marked (*) has similarities with

presynaptic dendrites : vesicles are clustered in a

small area of the profile; it receives contacts

(arrows) from two adjacent axon terminals (ax). The

micrograph in (C) shows the same profile (*) further

through a series of sections ; here the structure

appears typical of a small dendrite.

Scale bars - 0.5um; B 0.25um; C 0.5um.



 



Fig. IV-15. The fine structure of PSDC neurones with

somata in lamina IV (823702).

Ultrastrucural information concerning this cell is

limited because of areas of poor fixation in its

vicinity. However it was postsynaptic (arrows) to

small boutons containing spherical (A) and

pleomorphic vesicles (B and C).

Scale bars - A ; B 0.25um; C 0.5um.



 



Fig. IV-16. The laminar location and morphology of

retrogradely labelled PSDC neurones (823704 and

323701) .

A. The location of neurone 823704 (arrow). White

arrows show the position of the border between the

grey matter and the dorsal horn.

B. A camera lucida drawing of the cell shown at low

power in (A). The dendritic tree is best developed

in the longitudinal and dorsal planes. The solid

region represents the initial segment of the axon.

The fine structure of this neurone is shown in Fig.

IV-17.

C. A light micrograph showing the position in the

dorsal horn of neurone 823701 (arrow). White arrows

demarcate the border with the dorsal columns.

D. Camera lucida reconstruction of 823701 ; again

the orientation of the dendritic tree is

predominantly in the sagittal plane. The fine

structure of the cell is shown in Figs. IV-18,19.

Scale bars : 25um.



 



Fig. IV-17. The fine structure of PSQC neurones

with somata in lamina IV (823704).

The axon of this cell (ax in A) was observed to take

its origin from a primary dendrite (den), and was

easily recognisable by the greater density of

reaction product. At least three types of bouton

made synapses with this neurone two of which

contained spherical (B), or pleomorphic (C)

vesicles. The third type consisted of larger

terminals (axl in D) making synapses on both the

labelled soma (soma) and adjacent dendritic profiles

(den). The bouton is also postsynaptic to another

axonal profile (ax2) ; detail of this synapse is

shown in (E).

Scale bars - A 5um; B 0.25um; C 0.25um; D lum; E

0.2 5urn.



 



Fig. IV-18. The fine structure of PSDC cells with

somata in laminae III-IV (823701).

A. This neurone received contacts at asymmetrical

synapses (arrows) from boutons containing spherical

or pleomorphic (ax) vesicles.

B. A third type of bouton, also containing

spherical vesicles, was observed to make multiple

contacts (arrows) onto, in this case, the soma.

Scale bars - A 0.25um; B 0.5um.



 



Fig. IV-19. The fine structure of PSDC neurones

with soraata in laminae III-IV (823701).

Although this was one of the most superficially

located neurones analysed no convincing examples of

dendrites involved in glomeruli were observed. The

micrographs shown here illustrate the most complex

type of ending in contact with this cell. In A a

large terminal (axl) is presynaptic (arrow) to a

labelled dendrite (den) and is also associated with

two other profiles in the surrounding neuropil (ax2

and *) , one of which contains vesicles (*). In B a

synapse between axl and ax2 is partially resolved

(arrow).

Scale bars - A lum; B 0.5um.



 



Fig. IV-20. The fine structure of PSDC neurones with

somata in laminae III-IV (825102).

The ultrastructure of this cell was typical of that

already described for other neurones, with inputs

(arrows) from boutons (ax) of varying sizes

containing spherical (A,B and C) and flattened (D)

vesicles.

Scale bars - A 0.25um; B 0.25um; C 0.25um; D 0.25um.



 



Fig. IV-21. The fine structure of P3DC neurones with

somata in laminae III-IV (825102).

As for the neurone shown in Fig. IV-19, no

unequivocal examples of synapses from central

elements of glomeruli were observed. However the

composite micrograph in this plate illustrates a

contact (single arrows) between a large terminal

(axl) and a dendrite (denl).The axon terminal was

also involved in a triadic arrangement with a second

dendrite (denl) and an adjacent vesicle-containing

profile (*); and postsynaptic (C) to an axon

terminal (ax2) at a symmetrical synapse.

Scale bar - 0.5um.



 



Fig. IV-22. The fine structure of PSDC axon initial

segments.

A. A low power micrograph illustrating the axon

initial segment (ax) beyond its point of separation

from the primary dendrite from which it arose (den).

Note the much greater concentration of reaction

product in the axon.

B-D. The axon was postsynaptic to small terminals

surrounding it (ax in B-D).

Scale bars - A 5um; B 0.25um; C 0.5um; D 0.25um.



 



Fig. IV-23. The fine structure of the initial

segment of PSDC axons.

In this case the axon arose directly from the soma

and again was surrounded by boutons (ax) some of

which were presynaptic to it (B and C). Presynaptic

boutons contained either spherical (C) or

pleomorphic vesicles (B).

Scale bars - A lum; B 0.25um; C 0.25um.



 



SECTION V J_ THE FINE STRUCTURE OF IOENTI_F^ED PRIMARY

AFFERENT TERMINALS

The previous chapters have discussed the fine structure

of cells of the postsynaptic dorsal column system and the

boutons impinging on them. The most obvious question in

consideration of these results is whether it is possible to

identify the origins of inputs to cells of the system. The

electrophysiological evidence indicates (Jankowska et al

1979) that P3DC neurones receive monosynaptic inputs from

large diameter afferent fibres innervating cutaneous

receptors, and approximately half also receive inputs from

muscle receptors. The results of Brown and Fyffe (1981) and

Brown, Brown, Fyffe and Pubois (.1983) in studying the

construction of PSOC receptive fields suggested that

cutaneous fibres contributing input might include hair

follicle, S AI,R A pad and/or Pacinian receptors, but

latencies were not measured in these studies, so it is not

known which, if any, of these are connected

monosynaptically. At the ultrastructural level therefore it

should be possible to identify some of the presynaptic

terminals as being of primary afferent origin and it would

be expected that some or all of the receptor types listed

above project monosynaptically onto PSDC cells.

Terminal arborisations in the spinal cord formed by

large diameter axons following intracellular injections of

the enzyme horseradish peroxidase have been described

(Brown,Rose and Snow 1978; Brown,Fyffe,Rose and Snow 1981;

Brown, Fyffe and Noble 19 30). The results repor ted by these

authors suggest that, at the light microscopic level, it is

possible to categorise afferent units from the morphology of

the reconstructed axonal arborisations in the dorsal horn. A
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further aim of the present work was therefore to ascertain

whether a similar specificity exists at the ultrastructural

level. In this context, other authors have reported

differences in the fine structure of terminals formed by A

fibres innervating D hair and high threshold

mechanoreceptors (R£thelyi, Light and Perl 1982).

Preliminary descriptions of the fine structure of some

afferent types have been made by Egger, Freeman, Malamed,

Masarachia and Prohansky (1981) and Ralston, Light and Perl

(1978). The terminations formed by hair follicle afferent

fibres have also been described previously (Maxwell,

Bannatyne, Fyffe & Brown 1982), a copy of which is included

in the Appendix but the results are not described at any

length here since my contribution was a relatively minor

one.

The experiments described in this chapter were performed

in collaboration with Dr. David Maxwell; subsequent analysis

of material from the slowly adapting Type 1, rapidly

adapting pad and muscle collaterals was carried out

independently.

Finally, a further aim with this series of experiments

was to attempt to demonstrate monosynaptic connections

between intrace11u1 ar1y injected afferent fibres and

retrogradely labelled postsynaptic dorsal column neurones

and to study the organisation of input to the second order

neurones.

Methods

Nine experiments were performed in an attempt to obtain

samples of intracellularly labelled afferent fibres; in 4of
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thesa retrograde labelling of PSDC neurones was also

performed. The methods were as described in the general

methods section and in the previous chapter. The criteria

used to differentiate between slowly adapting Type I and

Type II axons were as follows : (1) presence of regular

(SA11) or irregular (3AI) discharge on presentation of a

maintained stimulus; (2) the presence of several discrete

highly-sensitive spots in the receptive field of Type I

afferent units; (3) the occurrence of spontaneous discharge

in some SAII units. All SAII units in the present sample

were located at the base of the claw. These criteria were

those utilised by Iggo (1956) who first differentiated

slowly adapting receptors into 2 categories and these were

later correlated with morphologically identifiable

structures in the skin : SAI with the Merkel cell and SAII

with Ruffini endings (Chambers, Andres, von During & Iggo

1972).

Rapidly adapting pad and Pacinian receptors could be

differentiated on the basis of their response to application

of a tuning fork vibrating at 512Hz. to the receptive

fields, the latter responding in a one-to-one fashion from a

relatively large, diffuse area of the limb. Pad units did

not "follow" such high frequencies and had spot-like

receptive fields on the glabrous skin. Care was taken to

distinguish these from hair follicle units surrounding the

pad (Janig, Schmidt and Zimmerman 1968a). Pacinian afferent

fibres also responded to gentle tapping of the frame

supporting the cat.

Identification of muscle units was not performed as

rigorously, since conduction velocities were not measured.

However units were identified on the basis of characteristic
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regular resting discharge which could be altered by

manipulation of the body of the muscle. Also, on

examination at the light microscopical level, all were

observed to have morphology consistent with their

identification as Group la afferent fibres (Brown and Fyffe

1978)

Tissue was processed as previously described.

Results

Terminals from 3 SA type I, 2 RA pad and 1 Group la

muscle afferent fibre collaterals were examined. Both types

of cutaneous axon arborised in laminae III and IV, as

previously described (Brown, Rose and Snow 1978; Brown,

Fyffe and Noble 1980) and camera lucida reconstructions are

shown in figures V-1A;V-6A;V-10A;V-l1A;V-14A and B. The la

collateral arborised in laminae VI-VII, and a branch coursed

ventrally in the direction of the motor nuclei, although was

not sufficiently heavily labelled to allow identification of

boutons in this region.

Rapidly adapting axons.

Partial reconstructions of the two RA axons are shown in

figs V-lA and V-14A and B. Both reconstructions resembled

those described as typical for this type of afferent fibre

(Brown et al 1980). The collaterals formed en passant or

terminal boutons (figs V-1B and C) and 28 of these were

examined, 14 through a complete series of ultrathin

sections. Boutons were generally irregular in shape and had

an average maximum dimension of 1.43+0.56um (3D, n=28).

Asymmetrical synaptic junctions were formed with 1-3
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dendritic profiles per bouton which were both shafts of

average diameter 1.27+_0.64um (SD, n = 38) (figs V-2A and C;

fig V-4) ana spines (figs V-1E; V-2E; V-3). Boutons

contained circular agranular vesicles (35nm diameter) and

were frequently postsynaptic (57%of all profiles examined)

to axons containing irregularly shaped agranular vesicles

(figs V-3; V-4A; V-5A). In addition some dendritic profiles

that were postsynaptic to RA boutons were observed to

contain small clusters of vesicles (figs V-2D,E; V-5B).

Occasionally labelled boutons were seen taking part in

possible triadic arrangements. Although no unequivocal

examples of these complexes were seen, the illustration in

Fig. V-4A is suggestive. Unfortunately the density of

reaction product in the labelled bouton makes

differentiation of an axoaxonic synapse difficult.

Slowly Adapting Type 1_ Axons.

21 boutons arising from SAI fibres were studied, 10 of

these through a complete series of sections. Most boutons

were of the en passant type (average size 1.57 +0.66um; SD,

n=21) contacting between 1 and 5 dendritic profiles and were

generally irregu1 ar1y-shaped. The terminals contained

spherical agranular vesicles (with average diameter about

35nm) and could be observed making asymmetrical synapses

with postsynaptic structures. Various sizes of postsynaptic

dendrite were observed including dendritic shafts (figs V-

6C; V-7A; and V-10C) and spines (figs V-6D; V-7A,C; V-8A,B;

V-9), the average size of dendritic shafts was 1.3 6 + 0 .8 4 u m

(SD, n=35) In a number of instances the postsynaptic

structure could be seen to contain small clusters of

vesicles (figs V-8E). No examples of axosomatic synapses
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were seen.

One of the most striking features of the fine structure

was the presence, in all the terminals followed through

serial sections and a proportion of the others, (57%in all)

of profiles presynaptic to the stained structure (figs V-

SA,D,E,G; V-9; V-10C,D) and containing round or pleomorphic

vesicles and forming symmetrical synaptic junctions. In one

instance (Fig. V-2A-C) the same profile was presynaptic to

two adjacent boutons. The criteria for differentiation of

small dendrites and axons in the neuropil are discussed in

chapter III, and although the profile in question had some

characteristics in common with presynaptic dendrites (lack

of pronounced swelling at site of synapse ; clustering of

vesicles in close apposition to the synaptic junction and

not scattered throughout the bouton), it was not observed to

be postsynaptic to other axons, nor was it possible to

demonstrate continuity with a larger dendrite. Therefore it

seems probable that the structure is a slightly atypical

axon.

The polarity of axoaxonic contacts could not always be

determined unequivocally even after following through serial

sections. An example of this type of contact is shown in fig

V-7A and C where aggregations of vesicles are clustered in

close proximity to both sides of a symmetrical synaptic

j unc tion.

Muscle spindle afferent axons.

Two muscle spindle axon collaterals were examined; only 1

of these is described in detail here, but the relevant

publication is appended. Boutons in lamina VI were usually,

but not always (Fig. V-12A), larger than either of the types

98



of cutaneous axon described above (average maximum

diameter was 2.62 + 0.Sum; SO, n=16) and contained spherical,

agranular vesicles of average diameter 4 Onm. Usually

terminals formed synaptic contacts with only one large

dendritic profile (figs V-11B,D; V-12 C,D) , although

occasionally a contact was additionally formed with a small

spine-like process (fig V-12E). The postsynaptic structures

sometimes possessed a denser cytoplasmic matrix than was

typical of profiles in the surrounding neuropil (fig V-12

D) .

Axoaxonic contacts onto la boutons were very common (figs

V-12C; V-13) ; in some cases the same bouton could be

postsynaptic to more than one profile (fig V-13E) and in

others the same presynaptic axon formed more than one

contact onto the afferent bouton (fig V-13C,D). The pre¬

synaptic boutons varied in size and contained pleomorphic

(fig V-13 A,B,C ) agranular vesicles and an occasional

granular vesicle (figs V-12B; V-13A,E).

Combined label1ing of afferent fibres and PSDC neurones.

A number of experiments were performed to attempt, as

outlined in the introduction to this chapter, to demonstrate

monosynaptic contacts between the large myelinated cutaneous

afferent fibres already described and postsynaptic dorsal

column cells. In some instances it seemed, from the light

microscopical appearance of areas of the neuropil, that we

had been successful in achieving this aim (see fig V-14).

However on further analysis at the ultrastructural level it

became apparent that the presumed contacts were in fact

"near misses" : in fig V-140 a bouton belonging to a RA pad

collateral terminated on a small dendritic profile about Sum
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from the soma of a retrogradely stained postsynaptic

neurone.

Discussion

Cutaneous axon terminals.

The results are summarised in Table V-l, which includes

pooled material from Maxwell, Bannatyne, Brown and Fyffe

(1984), and Bannatyne, Maxwell, Fyffe and Brown (1984). It

is apparent on studying Table V-l that there are a number of

similarities between the terminals formed by SAI and RA pad

axons - most obviously the sizes of both the stained boutons

and their postsynaptic targets. However the similarity

extends to the general features of the arrangements in which

they terminated, with varying complexity from single axo¬

dendritic contacts to more complex arrangements involving 3

or 5 (for RA pad and SAI axons respectively) dendritic

profiles and including elements providing axo-axonic input.

Both types of afferent fibre could also be observed making

contact with profiles containing vesicle-like structures.

The size of the profile was generally small, and could

sometimes be identified as a spine head by following through

a sequence of sections. Large postsynaptic dendrites were

not observed to contain vesicles. Occasionally boutons could

be observed taking part in arrangements tentatively

described as triads, with the stained profile presynaptic to

a dendrite and postsynaptic to a bouton which also contacted

the same dendrite. Primary afferent fibres have also been

described taking part in this type of arrangement in

laminae II-III of the spinal cord (Barber et al 1978);

deeper regions of the spinal cord (Maxwell et al 1984); and
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Dorsal Column Nuclei (Walberg 1965,1966; Ellis and Rustioni

1981). Triadic arrangements may therefore be a common fea

ture of terminations of the myelinated afferent fibre types.

Egger et al (1981) and Semba, Masarachia, Malamed,

Jacquin, Harris, Yang & Egger (1983) have reported an

account of their investigation of the ultrastrucural

characteristics of SAI afferent terminals. Their results are

similar in terms of bouton and postsynaptic dendritic sizes

(they measured maximum cross sectional diameter) and

individual boutons also made contact with more than one

dendritic profile. The terminals were associated with

vesicle-containing profiles identified by the authors as

presynaptic axons, although they state that it is possible

that they are in fact vesic1e-containing dendrites. The

latter would be in agreement with the present study.

Alternatively it may be that primary afferent fibres are

involved in axoaxonic contacts as the presynaptic element,

or in reciprocal synapses as the micrograph in fig 7C would

suggest.

Glomeruli are common features of the neuropil of the

dorsal horn and primary afferent fibre terminals have

previously been described forming this type of ending as

discussed in Section I. It is relevant to enquire whether

the present sample of boutons fits this description. A

glomerulus typically consists of a large scalloped central

ending surrounded by a number of small postsynaptic

dendritic profiles. Two types of vesicle-containing profiles

have been observed forming the presynaptic bouton in contact

with the central element and these can be demonstrated to be

of dendritic and axonal origin. Comparison of these
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structures and the boutons comprising the present material

indicates that the present sample of afferent fibres : (1)

do not give rise to scalloped endings, (2) occasionally

synapse on large dendritic shafts and (3) do not participate

in structures of complexity comparable to that of typical

glomeruli. This conclusion is somewhat at odds with the

description by Ralston et al (1978) of SAI boutons forming

complex central terminals with multidendritic and multi-

axonal contacts.

Comparison with the results of analysis of SAI I and

Pacinian afferent units is also possible (see Table V-l

and Maxwell, Bannatyne, Brown & Fyffe 1984; and Bannatyne,

Maxwell, Fyffe and Brown 1984). Both these afferent fibre

types also give rise to a spectrum of terminal arrangements,

similar to those of SAI and RA pad fibres with respect to

the occurrence of axoaxonic contacts and the sizes of both

boutons and associated postsynaptic dendrites. The only

difference observed in the study was that both types of

slowly adapting unit made contacts with up to 5 dendritic

profiles, while the axons of rapidly adapting units were

presynaptic to a maximum of 3 profiles.

Maxwell, Bannatyne, Fyffe & Brown (1982) characterised

the ultrastructure of terminals of hair follicle fibres and

typically observed dome-shaped endings making synapses with

1 or occasionally 2 relatively large dendritic profiles;

axo-axonic contacts were present on some of the boutons.

Similarly, Rfethelyi et al (1982) have described terminals

arising from D-hair and high threshold mechanoreceptive

(HTM) fibres in the cat, both of which give rise to

glomerular structures but differing in the type of synapses

which occur within them. Thus O-hair glomeruli are

102



characterised by dendro-dendritic interactions while HTM

glomeruli in lamina I are distinguishable by the presence of

dendro-axonic contacts. Terminations fron HTM units in

lamina V were simpler and had only axonal profiles

presynaptic to them. It may therefore be possible to

differentiate between terminals formed by large and small

myelinated primary fibres in the dorsal horn, but there

remains considerable overlap in the morphological properties

of large (A ) hair follicle afferents and rapidly and slowly

adapting fibre terminations described here. Disappointingly,

therefore it must be concluded that the variety of terminal

arrangements to which individual collaterals give rise

precludes the delimitation of criteria enabling the

investigator to distinguish between the boutons formed by

the large, myelinated cutaneous afferent fibres.

Muscle afferent fibre terminals.

Boutons formed by group la afferent terminals differ

from those described above in a number of respects. Firstly

these were larger than boutons formed by cutaneous axons

with longest average diameter being 2.62um compared to 1.31-

1.5'7um, although the smallest la bouton was of a diameter

comparable to the latter. Secondly the periterminal

arrangements were of a simpler type, with usually only a

single postsynaptic structure evident, although in a few

instances small spine-like structures were observed

surrounding or completely contained within the stained

profile. Furthermore the postsynaptic elements were of a

larger average size (see Table ) and sometimes la axons made

contacts with very large dendrites. Finally axoaxonic

contacts onto the labelled afferents were observed in all
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the boutons followed through serial sections, and

additionally in most of the others. The combined percentage

in the work quoted by Maxwell and Bannatyne (1983) was 92% ,

a much higher figure than for cutaneous afferents, although

it must be borne in mind with all topics presently under

consideration that sample numbers are relatively small and

conclusions must be drawn with care. Muscle afferent boutons

did not appear to form synapses with dendrites containing

vesicles. It may therefore generally be possible to

differentiate large boutons arising from Group la muscle

afferent fibres from cutaneous afferent terminals in the

neuropil after consideration of the ultrastructural

characteristics described above ; however there remains some

degree of overlap between the two. Group lb and II fibres

also terminate in this area ; one possible area for further

investigation woould be a study of the types of arrangements

in which these terminate.

As with the sample of cutaneous axon terminals none of

the observed group la boutons can be designated glomeruli,

for reasons already outlined above.

Group la muscle terminations in the ventral horn have

been indirectly studied by Conradi (1968) who showed that

two types of terminal disappeared from the neuropil after

dorsal rhizotomy. Both of these were large, electron lucent,

contacted mainly proximal dendrites, had vesicles

distributed throughout the bouton and were frequently

postsynaptic in axoaxonic synapses. They were distinguished

by the presence of postsynaptic Taxi bodies in dendrites

associated with "M" but not "S" boutons. The study has

recently been extended (Conradi, Cullheim, Gollvik and
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Kellerth 1983) by labelling physiologically identified

muscle spindle afferent fibres with HRP, a procedure

resulting in staining of "S" terminals (but never "M"

boutons) which made contact with dendrites of varying sizes.

The ventral horn terminations are thus similar to the sample

described above in the dorsal horn, with the exception of

the frequency of axoaxonic contacts which is much lower

(25%) than in the dorsal horn.

Correlation with ultrastructure of PSDC neurones.

Unfortunately it has not been possible to arrive at

conclusions concerning the organisation of primary afferent

input to PSDC neurones. The reasons for this are most likely

to be concerned with incompatibility of the different

techniques utilised. The Hanker-Yates histochemical method

is not the most sensitive for enzyme detection, particularly

crucial in experiments whose success depends on retrograde

axonal transport, and the TMB method has only recently been

satisfactor ally adapted for use at the u1trastructura1

level. High fixative concentrations reduce the activity of

the enzyme in the tissue but are necessary for good

u1trastructural preservation : a compromise was therefore

reached whereby the retrograde labelling appeared

sufficiently dense to allow recognition of somata and

proximal dendrites, but it is probable that the enzyme was

inactivated in other more lightly stained neurones and

distal areas of the dendritic trees, rendering them

indistinguishable from the background. It is also likely

that the extent of damage at the implantation site was a

limiting factor in the density of observed labelling for two

reasons. Effort was always made to leave intact the surface
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blood vessels during lesioning and implantation of the

pellets ; it was therefore difficult to ensure bilateral

lesion of the dorsal columns.

The evidence does allow tentative conclusions to be

drawn. As already discussed, one of the more common types of

bouton in contact with PSOC cells contains spherical,

agranular vesicles , sometimes contacts more than one

profile simultaneously and is present in all proximo-distal

areas of the dendritic tree. As described in this chapter

all categories of large cutaneous myelinated afferent fibre

give rise to boutons of this type in contact with dendritic

profiles of widely-varying diameter. If it is considered

reasonable to use dendritic diameter as a general index of

distance from the soma, then it can be suggested that

primary afferent fibres make contacts with most regions of

the dendritic tree. More recent continuation of experiments

attempting combined labelling of primary afferents and PSDC

cells has confirmed the presence of monosynaptic inputs from

hair follicle and Pacinian afferent axons (Bannatyne,

Koerber and Maxwell 1934)

In the case of the large boutons associated with large

dendrites and occasionally somata, the evidence presented

here suggests that some of these may originate from muscle

spindle afferent fibres. There is considerable overlap in

the properties of the two, in terms of general ultra-

structural characteristics. Such boutons were not observed

impinging upon PSOC neurones possessing dorsally directed

dendritic trees in laminae I to IV, but only in contact with

labelled denarites in laminae V and VI, providing indirect

supportive evidence for the tentative identification.

However the problem outlined in Chapter III, concerning
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apparent weak excitatory input from Group la afferent fibres

to PSDC neurones remains. This is again an area requiring

further investigation ; the combined intracellular and

retrograde labelling method utilised here is an obvious way

to go about such a study.

Other aspects of primary afferent synaptology.

Axoaxonic synapses, as already mentioned, are believed to

constitute the morphological basis for primary afferent

depolarisation (PAD) and presynaptic inhibition (Gray 1962).

Janig, Schmidt and Zimmerman (1968) recorded PAD from all

categories of large cutaneous afferent fibre, and Tapper,

Wiesenfeld and Craig (1983) demonstrated excitability

changes expected as a consequence of PAD in single SAI

fibres. The finding of axoaxonic contacts onto all types of

afferent fibre examined is consistent with present

understanding of the anatomical basis of PAD. There is

evidence implicating GABA in generation of PAD (Barker and

Nicholl 1972 ; Levy 1974) and it is interesting to note that

Barber, Vaughn, Saito, Mclaughlin and Roberts (1978) using

combined immunocytochemical and degeneration methods

demonstrated GAD-containing terminals presynaptic to pri

mary afferent boutons. These workers also occasionally

observed triadic arrangements involving labelled GAD-

containing boutons, degenerating primary terminals and

dendrites postsynaptic to both. The fine structure of the

immunocytochemically labelled terminals is similar in some

respects to the presynaptic boutons in the present material.

Structures interpreted as vesicle containing dendrites

have previusly been described in the spinal cord (Ralston
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1971, R^thelyi et al 1982) and Aronin, DiFiglia, Liotta and

Martin (1978) have demonstrated that leu-enkephalin is

associated with dendrites in the dorsal horn. Release of

transmitter substances from dendrites has been demonstrated

in other regions of the central nervous system (Chferamy,

& Glowinsky 1981) and dendro-dendritic interactions bring

about inhibition in the olfactory bulb (Jahr and Nicholl

1980) .

Apart from the postsynaptic dorsal column system a number

of suggestions can be made as to the identity of the second-

order neurones 'with which primary afferent fibres make

contact. Some of the postsynaptic structures are presumably

dendrites of interneurones responsible for the disynaptic

inhibition and excitation of PSDC neurones observed by

Jankowska et al on stimulation of cutaneous nerves, and

others to the inter neurones generating PAO. Inter neurones in

laminae V and VI receive polysynaptic inputs from the flexor

reflex afferents (FRA) and may play a role in muscle

reflexes and also in regulation of movement (Lundberg

1975;1979).

The other major ascending tract originating in laminae

111 -V of the dorsal horn and dealing with low threshold

cutaneous stimuli is the spinocervical tract, but even in

the most excitable state (in the spinal animal) there is no

evidence for input from the fibre types studied here, but

only from hair follicle and high threshold mechanoreceptive

afferent units.
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Fig. V— 1. Rapidly adapting afferent terminals.

A. A camera lucida reconstruction of a collateral

from a rapidly adapting fibre. The solid line

represents the border of the dorsal horn and the

dashed line the position of the lamina II-III

border. The area outlined by the oval is the region

from which all material in Figs V-l-3 is taken.

B. A bouton containing spherical vesicles forms an

obvious synaptic contact (arrows) with a small

dendrite (den). The bouton appeared to be only in

contact with the shaft of the dendrite and not with

the protrusion into the bouton.

C. A terminal bouton (b) arises from an axonal

swelling (RA) which itself forms synapses with

surrounding dendritic profiles further through a

series of sections. The bouton terminates on a small

dendritic shaft (den).

D. A higher power micrograph of the bouton (b) in C

to show synaptic specialisations (arrows).

E. An example of a bouton (RA) which contacts two

small profiles identifiable as spine heads (sp) when

followed through serial sections ; the micrograph

shows detail of contact with only one of the

profiles (arrows).

Scale bars : B 0.2urn; C lOum; D 0.2um; E 0.5um.



 



Fig. V-2. Rapidly adapting afferent terminals.

A. A labelled bouton forms contacts with 2

dendrites (den) one of which (den 1) contains

densities underneath the postsynaptic membrane

(arrowed in B). This was not a common observation.

An unequivocal synapse could be observed with the

other profile further through the series of

sec tions.

C. A different bouton making contact with a large

dendrite (den).

0. A RA bouton containing spherical vesicles makes

contact (arrows) with two dendritic profiles (den).

E. In some instances the postsynaptic structures

appeared to contain vesicle-like inclusions (v). In

all cases the postsynaptic profiles were relatively

small, and were probably spine heads.

Scale bars : A lum; B 0.5um; C 2 am; D 0.5urn; E

0.25um.



 



Fig. V-3. Rapidly adapting afferent terminals.

A. A slight swelling of a portion of unmyelinated

axon containing vesicles is postsynaptic (arrow) to

an axon terminal (ax) containing pleom orphic

vesicles. Note the position of the profile labelled

(sp) .

B. On tracing the profile in the neuropil a contact

was observed (arrows) with a profile (sp) attached

to a nearby dendritic shaft (den) by a long, thin

neck.

C. Further through the series the bouton is again

seen in contact with the spine head, but no

continuity is apparent between it and the dendrite.

Scale bars : A 0.25um; B G.5um; C 0.5um.



 



Fig V-4. Rapidly adapting afferent terminals

A. A camera lucida reconstruction of part of the RA

axon shown in figs. V-4 and 5 is illustrated in fig.

14. A labelled bouton (RA) makes contact (arrows and

B) with a large dendrite (den) ana is postsynaptic

(white arrow) to an adjacent axon (ax) containing

pleomorphic vesicles. The axon may also be pre¬

synaptic to the dendrite; the synapse is not clearly

resolved.

B. A higher power micrograph to confirm the

presence of a synapse (arrows) onto the dendrite

(den).

C. A further example of contact onto a dendritic

profile (den) ; the details of the synaptic region

(arrows) are obscured by the density of the reaction

product. The dendrite is also postsynaptic to an

axon (ax).

Scale bars : A 0.5um; B 0.25um; C 0.5um.



 



Fig. V-5. Rapidly adapting afferent terminals.

A. The stained bouton is presynaptic to a small

dendritic profile (den). An adjacent axonal profile

(ax) is also probably presynaptic to the dendrite

although the synapse is not well resolved.

B. A higher power micrograph indicates the region of

contact (arrows) between the stained bouton (RA) and

the dendrite (den) which is obscured by leakage of

reaction product. On closer inspection the dendrite

contains vesicle-like structures (v). The RA bouton

also appears to be postsynaptic to the axonal

profile (small white arrow).

Scale bars : A lum; B 0.5um.



 



Fig.V-6. Slowly adapting Type I afferent terminals.

A. A camera lucida reconstruction of a slowly

adapting type I collateral arborising in laminae III

and IV. Solid line represents the border of the

dorsal horn , dotted line the lamina II-III border.

The area outlined and marked by the small star is

the region from which all material in Figs V-6-9 is

taken; this is reproduced at higher magnification in

the inset.

B. A low power micrograph showing 4 boutons (arrows)

from the area circled in the reconstruction. All of

these are illustrated at higher power in the

remaining figures.

C and 0. Examples of the size range of dendritic

profiles postsynaptic to the collateral. (C)

Termination (arrows, synapse not resolved) on a

dendritic shaft (den)and (D) a small en passant

bouton synapsing (arrows) with two spine-like

profiles (sp).

Scale bars : B 2um; C 0.5um; D 0.5um.



 



Fig. V-7 Slowly adapting Type I afferent terminals.

A. A SAI bouton (SAI) makes contact with a small

dendrite (den 1, arrow in C) and also the larger

profile (den 2) further through the series (B). Note

the spherical agranular vesicles clustered inthe

bouton. The terminal is also adjacent to an axon

(ax) containing predominantly spherical vesicles. A

higher power micrograph (C) of the region outlined

by the box in A illustrates detail of this

interaction. The polarity of the contact is not easy

to ascertain as vesicles are clustered in close

proximity to both sides of the junction.

D. An en passant bouton making contact with two

dendrites (den); only one of the synapses (onto den

1, arrows) is well resolved in this micrograph. An

axoaxonic contact from a bouton containing

pleomorphic vesicles is also illustrated (ax, single

arrow).

E. An SAI terminal (SAI) surrounded by three

profiles (den) of varying size with which it makes

obvious synapses (arrows).

Scale bars : A 0.5um; B 0.5um; C 0.25um; D 0.5um; E

0.Sum.



 



Fig V-3. Slowly adapting Type I affernet terminals.

A. A bouton makes contact with three profiles

(small arrows) two of which can be identified as

spine heads (sp). The area enclosed by the dotted

line is reproduced at higher magnification in (B)

and (C). The bouton also receives a synapse from an

adjacent axonal profile (ax, and D).

B. Oetail (arrows ) of the synaptic junction between

the S AI terminal and one of the spine heads in box

in (A).

C. The structure labelled with an asterisk in (A)

is of uncertain origin, after following through

serial sections it takes the appearance more

characteristic of an axon (C, asterisk).

D. A higher power micrograph to show detail of the

axoaxonic synapse (arrow) onto the stained bouton.

The presynaptic terminal (ax) contains pleomorphic

vesicles and the synapse is symmetrical.

E. An SAI bouton (SAI) synapses (arrow) with a

dendrite (den) which contains vesicle-like

structures (labelled "v" in F) . The same bouton is

postsynaptic (arrow) to an axonal profile (ax) at a

symmetrical synapse shown in (G). The presynaptic

terminal contains flattened vesicles.

Scale bars : A 0.5urn; B 0.25um; C 0.5um; D 0.25um; E

1um; F 0.5um; G 0.25um.



 



Fig. V-9. Slowly adapting afferent Type I terminals.

A. Two adjacent stained boutons (SAI) are both

observed to be closely apposed (white arrows) to an

unlabelled structure (arrows) which cannot be

definitively identified as either a dendrite or an

axon (see text).

B. Detail of the synaptic region of one of the

boutons in (A), in this case the terminal is

unequivocally postsynaptic to the unlabelled profile

(arrow). The stained bouton is presynaptic to a

small dendrite (den) and a spine head (sp).

C. Detail of synaptic region in the second bouton in

(A). There is some doubt about the polarity of this

contact.

Scale bars : A lum; 3 0.5um; C 0.5um.



 



Fig V-10. Slowly adapting Type I afferent terminals.

A. A partial camera lucida reconstruction of an SAI

collateral ; solid line is the border of the dorsal

horn.

B. An example of a small bouton (SAI) making a

contact (arrow) onto a small dendritic profile

(den). Detail is obscured by HRP reaction product.

C. An elongated bouton (SAI) forms a synapse with a

dendritic shaft (den) ; synaptic junctions can be

distinguished with difficulty. The bouton is

postsynaptic to the adjacent axonal profile (ax, and

D) which may also terminate on the dendrite forming

a triadic arrangement.

D. A higher power micrograph demonstrates the

flattened vesicles contained within the axonal

profile and further detail of the synaptic region

(arrow).

Scale bars : B 0.5um; C 0.5um; D 0.25um.



 



Fig. V-ll. The fine structure of group la terminals.

A. A partial light microscopical reconstruction of a

muscle spindle afferent fibre. The solid line

represents the outline of the grey matter; the inset

reproduces the group of boutons from which all the

material in the following figures is taken. The

arrow indicates the small bouton illustrated in fig.

12A and B.

B,C,D and E. Most terminals were large compared to

those characteristic of cutaneous afferent fibres

and formed contacts with relatively large denditic

profiles similar to those illustrated here (den).

All boutons contained clusters of agranular,

spherical vesicles in close apposition to the

synaptic junctions. Detail of the synapses (arrows)

in (B and (E) are shown in (C) and (F) respectively.

Scale bars : B lum; C 0.25um; D lum; E lum; F 0.5um.



 



Fig V-12. Group la afferent terminals.

A. Some overlap in size of muscle and cutaneous axon

terminals was apparent ; this figure shows the

smallest la bouton making a contact (arrow and

B)with a dendritic profile (den). The same bouton,

further through a series of sections was found to be

postsynaptic to a bouton containing oval vesicles,

illustrated in (C).

D. In one case two adjacent boutons could be

observed to terminate on the same dendritic profile,

in this instance a large, proximal dendrite, arising

from a soma (soma) which shows some evidence of very

light retrograde HRP labelling (note the electron

dense HRP granules arrowed and the denser appearance

of the cytoplasm due diffuse HRP uptake). Detail of

the synaptic regions (arrows) is shown in (E).

F. Again contacts with small dendritic profiles

(arrows) could be seen. The postsynaptic profile

here (den) is also postsynaptic to an axon terminal

containing flattened vesicles.

Scale bars : A lum; B 0.25um; C 0.25um; D 5um; E

0. 5 u m; F 0.2 5 u m.



 



Fig. V-13. Group la afferent terminals.

A - E. One of the most common features of the fine

structure of la terminals was the frequency of axo¬

axonic contacts (arrowheads) .The presynaptic axons

(ax) contain mixtures of spherical or flattened and

oval agranular vesicles.

Scale bars : A 0.5um; B 0.5um; C 0.5um; D 0.25um; E 0.5um.



 



Fig. V-14. An attempt to combine intracellular

labelling of afferent fibres and retrograde

labelling of postsynaptic dorsal column cells.

A. A partial light microscopic reconstruction of a

rapidly adapting pad axon showing boutons in the

vicinity of a labelled soma . Solid line is the

border of the dorsal horn, the thinner line outlines

the area shown in the remainder of the micrographs.

B. A higher power camera lucida drawing of the

retrograde1y-1abe11ed cell showing the close

proximity of RA collateral, the arrow indicates the

bouton shown in (0).

C. A light micrograph of the area shown in the

reconstruction.

D. The arrowed bouton from the camera lucida

drawing was followed through a long series of

sections but did not contact the cell. Instead it

terminated (b) about lOum away from the soma

(outlined by arrows).

Scale bars : C 50um; D 5 u m.



 



TableV-I

Typeofunit

PC

RA

SAI

SAII

la

No.ofafferentfibreslabelled: No.ofboutonsexamined(n)
23

28

21

21

16

Ave.diameterofboutons(urn) +S0

1.31
+0.56

1.43 +0.56

1.57
+0.66

1.47 +0.49

2.95
+0.78

No.ofpostsynapticprofiles
1-3

1-3

1-5

1-5

1-2

Ave.diameterofpostsynaptic structure(urn)+SD

1.73 +1.1

1.27 +0.67

1.36
+0.84

0.81
+0.24

1.83
+0.8

%ofboutonsreceiving axoaxoniccontacts

40

57

57

38

92



SECTION VI j_ GENERAL DISCUSSION

The results presented in the foregoing sections have

shown that several types of boutons make contact with PSDC

neurone dendrites. The majority of these form simple axo¬

dendritic contacts but other arrangements : axoaxonic,

triadicand glomerular associations are also observed. Large

myelinated primary afferents similarly form terminals of

varying complexity, from simple axodendritic boutons to

arrangements involving up to 5 postsynaptic contacts and a

small number of presynaptic profiles. These have not been

observed in the present material to form sufficiently

complex terminals to be designated glomeruli.

What light do these results shed on cutaneous sensory

mechanisms, particularly in the dorsal horn but also in the

wider perspective of the somatosensory system in general ?

This question can be approached from a number of different

angles.

(1) Can the ultrastructura1 findings be correlated with

the known physiology of the PSDC system ? Can functional

implications be drawn from consideration of the differences

in fine structure of the PSDC and other ascending systems ?

(2) Do the present results contribute to an understanding

of the role played by the dorsal columns and the PSDC

system in the somatosensory system ?

The fine structure of primary afferent terminals has been

discussed in section V and will not be considered further

here.
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(1) Investigation of the fine structure of bo u tons in

contact with P3DC neurones, as described in chapters III and

IV, has demonstrated that most presynaptic boutons form

relatively simple axodendritic synapses with PSDC dendrites,

but that complex synaptic arrangements including axoaxonic,

triadic and glomerular contacts are also seen.

Neurones belonging to the SCT are situated in

approximately the same regions of the dorsal horn as those

which gave rise to the PSDC tract, but their fine structure

differs markedly from that of the PSDC system in that axons

presynaptic to SCT cells participate only in axodendritic

synapses. The physiology of the two systems has also been

investigated and it has been shown that information carried

by the two tracts differs in the types of afferent input,

the organisation of inhibitory receptive fields and the

facility by which the location of PSDC receptive fields can

be altered by procedures such as stimulating the dorsal

funiculi or other peripheral nerves.

The latter difference between the two systems might be

reasonably assumed to be connected in some way to differing

mechanisms of organisation of primary afferent input as

reflected by the fine structure of individual neurones. The

finding of axoaxonic, triadic and glomerular terminals in

contact with PSDC dendrites assumes a significance in this

contex t.

Identified primary axons participate in both axoaxonic

and triadic arrangements, and it is worth pointing out that

the axoaxonic contacts observed in the study of intra-

cellularly labelled neurones may also be taking part in

triads in which a third component could not be conclusively
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identified. It is possible that both of these arrangements

may be involved in causation of the observed lability of

receptive fields.

Axoaxonic synapses are believed to provide the anatomical

substrate for presynaptic inhibition (Gray 1962). Such

contacts could function to modulate the efficiency of

synapses so as to prevent responses of second order neurones

to stimulation in parts of the apparent receptive field, and

effectively alter the location of the field. Alternatively,

if the contacts were excitatory rather than inhibitory, an

axoaxonic synapse might be involved in augmenting the

efficiency of a particular synapse. Activation of such an

arrangement could have several functional consequences :

provision of a mechanism for amplification at a secure

synapse (ie afferent axon from a site at the centre of the

receptive field and terminating at proximal dendritic sites)

; or could alter the apparent location of the receptive

field by facilitating a distal1y-situated synapse. Wall

(1977) has proposed that ineffective synapses do exist under

normal conditions and that activation of these results in

the alterations in receptive field characteristics seen in

lamina V neurones. In this context it is perhaps relevant to

mention Rastad's (1981a) results which contradict the

general assumption that a bou ton containing flattened

vesicles has an inhibitory function (Uchizono 1965). Rastad

compared the shapes of vesicles contained within boutons of

axons of excitatory (3CT cells) and inhibitory cells (la

inhibitory interneurones) and found that there was little

difference between the average axial ratios of the two. If

this finding is substantiated then it may not be possible,

at least in the spinal cord, to accurately predict the
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function of a bouton from its ultrastructural appearance.

Triadic complexes provide for more complicated

integrative mechanisms. Triadic arrangements have been

described in the thalamus, olfactory bulb, retina and DCN (

Famiglietti 1970; Hamori, Pasik, Pasik & Szentagothai 197 4;

Lieberman & Webster 1972;Isomura & Hamori 1980; Walberg

1955, 1956). The triads in the DCN differ from thalamic

triads in one important respect. In the latter a thalamic

afferent is presynaptic to two dendritic profiles, one of

which (the dendrite of a local circuit neurone) is also

presynaptic to the other (belonging to a thalamocortical

projection neurone). In the cuneate nucleus however the

same axonal profile (presumed to belong to intrinsic DCN

neurone) is presynaptic to both the afferent bouton and its

postsynaptic target, which is assumed to belong to a

thalamic projection neurone. The triads observed in the

spinal cord are therefore similar to DCN triads.

The functional role of triadic complexes has been the

subject of speculation in the past (Hamori, Labos &

Szentagothai 1974; Labos, Hamori & Isomura 1930). Labos

(1977) suggested that geniculate triads might contribute to

visual perception of movement. Labos et al (1980) suggested

that cuneate triads can be envisaged as generating an "on

response" in the projection neurone, depending on

asynchronous arrival of impulses from the same afferent

source at the triad. They indicate that this might be

expected to contribute to movement detection. An alternative

interpretation (Maxwell & Bannatyne 1984) is that tne inter¬

ne uronal terminal has opposite actions on the two

postsynaptic targets, inhibiting the primary afferent axon
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but causing excitation in the dendritic target.

Interneurones in invertebrates have been demonstrated to

have both inhibitory and excitatory action (Kandel 1976) and

Kane (1973) has suggested, although on the basis of

morphological evidence only, that afferents to the cochlear

nucleus in the cat have both excitatory and inhibitory

actions on higher order neurones.

One problem in assigning this type of modulatory role to

complex arrangements involving axons presynaptic to PSDC

dendrites is that the observed numbers indicate that they

are not frequent occurences. Thus only about 10 convincing

examples af axoaxonic synapses and 3 triadic contacts have

been seen in four intracellularly labelled cells. If one

assumes that approximately 10% of the dendritic tree was

sampled, then the conclusion would be that a figure of the

order of 30 axoaxonic and fewer triadic arrangements per

cell are capable of producing the profound alteration of

receptive field location which has been described. This may

not be an inadequate number, depending on the effectiveness

attributed to each contact. For example, if an axoaxonic

synapse does not merely affect transmitter release in that

particular bouton, but also influences the ability of the

axon to support electrical activity (whether it is assumed

that conduction in fine axon branches occurs either actively

or passively; Nicholl & Alger 1979), then marked effects on

transmission could result in a small number of strategically

positioned synapses having profound effects on

transmission. Primary afferent axons have been shown to

terminate in strings of en passant boutons on the dendrites

of second order neurones (Brown & Noble 1932; Tracey &
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Walmsley 1984), conduction block at tha beginning of a

sequence of boutons could thus exert an effect

disproportionate to the number of axoaxonic contacts.

It is interesting to note however that the neurone in the

present intracellularly labelled sample whose receptive

field expanded during recording had dendrites in the SG but

no evidence of glomerular or triadic input.

The crucial problem in understanding the types of process

wnich occur in the complex arrangements described above

concerns organisation of input to the interneurones which

give rise to the axons participating in the axoaxonic,

triadic and glomerular terminals. In the absence of this

information it is only possible to speculate about the

precise function of these structures. Detailed investigation

of the characteristics of dorsal horn interneurones would be

expected to shed some light on this problem.

One suggestion from the various desciptions of

projections of dorsal horn neurones to the medulla might be

that division into SCT, PSDC and spino-DLF-DCN is

unwarranted. Following this line of thought the tract in

which the axon travels might be considered a consequence of

a developmental process (depending on the position of the

soma in the dorsal horn) rather than a significant

diagnostic criterion pointing to a specific place in the

organisation of the spinal cord. In fact there is overlap in

physiological characteristics for subsets of SCT and PSDC

neurones responding only to hair movements which might tend

to support this assertion, although most SCT and PSDC

neurones have distinctly different properties. However the

results presented here demonstrate that while it cannot be
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ruled out that a minority of dorsal horn neurones project

via two pathways, there are at least two morphological

groups of neurones in the dorsal horn of the lumbosacral

enlargement of the cat receiving low threshold cutaneous

information. A series of experiments employing double

labelling of dorsal horn neurones from different regions in

the medulla would provide a definitive answer to this

question. A further interesting comparison would involve the

properties, both physiological and ultrastructural of the

neurones projecting via the DLF to the DCN.

These considerations bring us to the question of the

functional significance of the differences between the fine

structure of the PSDC and other ascending systems. The fine

structure of the SCT, STT and DSCT have been described

(Maxwell et al 1982b; Maxwell, Fyffe & Brown 1984; 3now &

Myers 1981; Rfethelyi 1970; Saito 1979; Houchin, Maxwell,

Fyffe & Brown 1983). SCT and STT neurones are contacted by

terminals containing either flattened or spherical vesicles,

but have not been observed participating in more complex

arrangements. DSCT neurones do however receive contacts from

large electron lucent boutons and axons presynaptic to DSCT

cells have been described taking part in axoaxonic and

triadic arrangements. The SCT and STT are thought to be

involved in relaying information about the discriminative

aspects of a stimulus from the periphery to the CNS.

Study of interneurones in the dorsal horn (Maxwell et al

1933a)indicated that these have relatively complex

arrangements associated with their dendritic arbors. One

interpretation of these findings is that the PSDC systemis
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not simply concerned with forward transmission of cutaneous

information but that it performs an interneuronal function.

Heavily- labelled neurones have been observed to give rise

to both local collateral axons arbobrising in the laminae of

origin of the cells and also ventrally directed collaterals

to the base of the dorsal horn. Thus the cells have

appropriate anatomical connectivities to perform regulatory

functions at a local segmental level. The projection

forward to the DCN would then be interpretated, according to

this hypothesis, simply as an extension necessary to perform

the same function in a region of the medulla which also

receives monosynaptic input from hindlimb cutaneous afferent

fibres.

One possible segmental target for PSD C neurones is

suggested by two observations. Firstly, collaterals are

observed ramifying in laminae VI and VII, and secondly most

P3DC neurones receive convergent inputs. The cells might

therefore be in a position to act as interneurones relaying

infrmation to STT neurones. Meyers and Snow (1 982a)

investigated the properties of the group of STT cells

located in lamina VII of the cat lumbosacral cord and there

are some features of their results which indicate that this

suggestion is not entirely without support. STT neurones

received inputs from afferent fibres responding to hair

movement and tap of the skin; pressure and noxious pinch;

and noxious joint stimulation. Inhibition could be evoked

by similar types of stimuli. The receptive fields from which

the cells could be activated encompassed large areas of the

limb, and excitation was evoked from discontinuous area of

skin. A substantial proportion of the sample (30%) was
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influenced only by innocuous stimulation. Such evidence is

consistent with a relay from PSDC to STT neurones.

Other target neurones in the intermediate grey matter

might include interneurones involved in reflex pathways

activated by flexor reflex afferent fibres which may

contribute to feedback control of movement (Lundberg 1975,

1979). Flexor reflex pathways are characterised by

convergence of inputs (Oscarsson 1973).

(2) The functional role played by the dorsal columns

"system" in somatosensation can be approached both by

studying the projections of the system, and secondly by

testing the behavioural deficits which result after lesion

of the appropriate region of white matter. The location of

terminations arising from PSDC axons in the DCN has been

studied (Rustioni 1973,1974; Gordon and Grant 1982) and

found to occupy the rostral and middle ventral parts of the

nuclei. According to traditional concepts of DC .4

organisation these areas do not include neurones projecting

to the thalamus in any great numbers but Blomqvist (1980)

has shown that this is not so and that there are thalamic

pro]sction neurones in these locations. The same regions

receive a cortico-nuclear projection (Kuypers & Tuerk 1964)

and are believed to contain interneurones concerned with the

generation of inhibitory surrounds of thalamic projection

neurones. Angaut-Petit (1975b) recorded from neurones in

the appropriate region of the gracile nucleus and suggested

that some neurones had receptive fields similar to PSDC

cells. Brown et al (1983) suggested that the PSDC

projection was concerned with generation of receptive fields
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in the nucleus, although pointing out that some convergent

relay cells have receptive field organisation not dissimilar

to PSDC neurones.

There are projections from the DCN to areas other than

the thalamus. Thus there is a projection mainly from the

main and external cuneate nuclei, but which may also include

gracile nucleus, to the cerebellum (Gordon and Seed

1961; Cheek, Rustioni and Trevino 1975; Berkley 1975; Rinvik

& Walberg 1975). Other neurones send axons to the superior

and inferior colliculi (Hand & van Winkle 1977; Blomqvist,

Flink, Bowsher, Griph & Westman 1978); the dorsal and medial

accessory olivary nuclei (Berkely 1975; Hand & Liu 19 6);

medial geniculate and other midbrain nuclei (Kuypers & Tuerk

1964; Hand & van Winkle 1977); and the spinal cord (Dart

1971; Burton & Loewy 1977; Enevoldson & Gordon 1984). There

may also be a projection to the reticular formation (Saade,

Jundi, Jabbur & Banna 1932).

It has been shown utilising double labelling studies that

some of these projections arise from different cells, thus

the thalamic and tectal pathways originate from different

neurones while thalamic and olivary projections arise from

overlapping but not identical cell populations (Berkley

1975; Blomqvist et al 1978).

Authors have previously attempted to interpret the

functional role played by the dorsal funiculi by studying

the behavioural deficits resulting from lesions. This

approach can be criticised from several standpoints. Firstly

it is possible that a degree of redundancy exists in the

types of information carried by the spinal tracts so that

lesion of one results in a level of impairment

unrepresentative of its role in normal somatosensation.
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Secondly the species and types of tests utilised to assess

deficits resulting from lesions have differed widely in the

published literature. Finally, and more specifically to the

dorsal column system, there are anatomical connections from

the dorsal horn to the DCN via both the OC and OLF, the

former involving both primary and second order axons, and also

projections in the reverse direction (Rustioni 1973,74;

Gordon & Grant 1932; Enevoldson et al 1984), at least in the

cat. A number of previous studies involved lesions have been

made at high cervical levels (Gilman & Denny-Brown 1966;

Melzack & Bridges 1971) which would be expected to interrupt

not only fibres destined for the DCN but also proprioceptive

afferent fibres from the forelimb conveying information

destined for the cerebellum via a relay in the External

Cuneate Nucleus. Given this situation it is very difficult

to determine a "role" for one set of axons travelling in

the dorsal quadrant of the spinal white matter.

Wall (1970) reviewed the current evidence and postulated

that the dorsal columns are important in initiating

exploratory behaviour since the evidence at the time

indicated that the tract was not concerned with relaying

information about passively-received stimuli and lesions in

humans do not result in pronounced disturbance of normal

sensory thresholds or abilities to perform two point

discrimination tests. However other investigators (Dobry &

Casey 1972; Vierck 1973,1974; Frommer, Trefz & Casey 1977)

have succeeded in demonstrating deficits in processing of

information received passively and provided several caveats

for others attempting this type of experiment. Dobry and

Casey reported that lesions of at least 90% of the fibres
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had to be present before any behavioural deficit could be

observed, and Vierck showed that tactile deficits in his

animals persisted for up to 5 months, and stressed that

motor deficits generally disappeared over a postoperative

period of several months. Abilities which are apparently

affected permanently however include differentiation of

direction of movement (Vierck 1974; Frommer et al 1977), a

finding which lends itself to explanation of failures to

perform exploratory movements adequately (Azulay & Schwartz

1975).

It seems at present that the behavioural deficits

described in the literature can be accounted for by

impairment of tactile systems, although other actions cannot

be excluded. It is tempting to suggest that the projections

from the deep and rostral areas of the DCN to which the

PSDC projects are involved in other more generalised

functions. Neurones in the deep laminae of the tectum

respond to activation of rapidly adapting receptors in the

hindlimb and are believed to be involved with orientation to

and recognition of novel stimuli (Meredith & Stein 1983).

However, this region also receives a projection from the LCN

(Blomqvist et al 1973).

Another attractive suggestion is that the PSDC system is

concerned with adjusting levels of responsiveness in the

dorsal horn, Brown and Martin (1973) described an inhibition

of neurones in the SCT following stimulation of the dorsal

columns. They suggested that the effect was due to a pathway

central to the DCN since it could be abolished by section of

the medulla rostral to the DCN.

In summary, however it must be stressed that even if

agreement was reached in assigning a role to information
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travelling in the dorsal columns as a whole it is aiffi

to infer any specific function for the P3DC on the avail

information.
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[From the Proceedings of the Physiological Society, 16-17 July 1982
Journal of Physiology, 332, .78 -59/']

Ultrastructure of post-synaptic dorsal column neurones in the cat
By B. A. Bannatyne, A. G. Brown, R. E. W. Eyffe and D. J. Maxwell. Depart¬
ment of Veterinary Physiology, University of Edinburgh, Summerhall, Edinburgh
EH9 1QH

In cats, anaesthetized with chloralose and paralysed with gallamine triethiodide,
post-synaptic dorsal column (PSDC) neurones were injected with horseradish peroxi¬
dase (HRP) (Brown & Eyffe, 1981). Tissue was prepared for electron microscopy as
described by Maxwell, Fyffe & Brown (1982).

Two neurones, with somata in laminae III and V, have been analysed in detail. Both
received synaptic contacts on their dendrites from boutons containing either round
clear vesicles or irregular clear vesicles. The former boutons frequently received

Fig. 1. Electronmicrograph of HRP-stained fourth-order dendrite of PSDC neurone in
lamina II. It receives contacts from boutons containing round clear vesicles (A) and
irregular clear vesicles (B).

axo-axonic contacts. The dorsal neurone sent dendrites into lamina II where they
received synaptic contacts of the above type (Fig. 1). The substantia gelatinosa
therefore*has an output via the dorsal columns. In laminae II and III the dendrites
took part in glomerular complexes (Kerr, 1966; see also Ralston, 1965), receiving
input from the central bouton thought to be of primary C or small A-fibre origin.
The ventral neurone received contacts from large boutons with round clear vesicles
that made synapses with long-necked spines.

Supported by the M.R.C. B.A.B. is an M.R.C. research student.
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Journal of Physiology, 353. 27P]

Light-microscopical observations of putative synaptic contacts between
primary afferent terminals and neurones with axons ascending the dorsal
columns in the cat's spinal cord
By B. A. Bannatyne*, H. R. KoERBERf and D. J. Maxwell. Department of
Veterinary Physiology, University of Edinburgh, Summerhall, Edinburgh EH9 1QH

Electrophysiological studies suggest that dorsal-horn neurones with axons that
ascend in the dorsal columns (DC) receive monosynaptic inputs from both cutaneous
and muscle afferents (Jankowska. Rastad & Zarzecki, 1979). In the present ex¬

periments we have retrogradely labelled DC neurones with horseradish peroxidase
(HRP) using a pellet implantation method in the thoracic (T 9-10) dorsal columns
of adult cats anaesthetized with pentobarbitone (Corsiglia, Enevoldson, Gordon &
Sanders, 1981). Both neurones projecting to the dorsal column nuclei (Brown & Fyffe,
1981) and propriospinal neurones with long axons are labelled by this method. After
24 h transport time, animals were anaesthetized again with chloralose and a variety
of large-diameter primary afferent axons were intra-axonally labelled with HRP (at
L6—SI) in order to demonstate morphological contacts between afferents and DC
neurones. Tissue was prepared for light and electron microscopy (Maxwell, Bannatyne,
Fyffe & Brown, 1982). The results obtained are summarized in Table 1, which are data
pooled from four experiments.

Table 1

No. of afferents Total no. of

Type of afferent labelled DO cells contacted
Hair follicle 3 3
Pacinian corpuscle 2 5*
Rapidly adapting (Krause) 1 1
Slowly adapting (Type I) 2 5
Group la muscle 1 1*

* Confirmed by ultrastructural analysis.

Light-microscopical analysis reveals that a variety of primary afferent axons form
putative synaptic contacts with DC neurones (Table 1). Preliminary ultrastructural
analysis has confirmed that two of the pairs form genuine monosynaptic contacts.
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Summary
In acute electrophysiological experiments on anaesthetized cats, single identified hair follicle
afferent fibres were injected with horseradish peroxidase (HRP). The HRP was injected from an
intra-axonal microelectrode in the lumbosacral spinal cord. One to six hours after injection the
animals were perfused and the tissue prepared for light and electron microscopy (EM). Axon
collateral arborizations containing HRP reaction product were identified in thick sections under
the light microscope and the same tissue then cut on the ultramicrotome for EM study. The
terminal branches of the collaterals kept their myelin sheaths until they were 0.45-1.0 pm in
diameter, just before they formed synaptic boutons. Synaptic boutons (1.0-4.0 pm in diameter)
were usually of the en passant variety and made contact with dendrites. The contacts were
asymmetrical (Type I) and contained round, clear synaptic vesicles of 35-60 nm diameter. Both
the non-myelinated portion of the terminal axon and the synaptic boutons received axo-axonic
contacts. These axo-axonic boutons contained clear (agranular) vesicles irregular in profile.

Introduction

Microelectrodes filled with a horseradish peroxidase (HRP) solution may be used to
make intracellular recordings from single nerve cells or axons. By passing current
through the microelectrode the HRP can be injected into the cell or axon which can then
be visualized by HRP histochemistry. Using this technique Brown et al. (1977)
examined the light microscope appearance of identified hair follicle afferent fibre
collaterals in the lumbosacral spinal cord of the cat. The collaterals characteristically
formed the 'flame-shaped arborizations' of Scheibel & Scheibel (1968) within the dorsal
horn and carried axonal swellings mainly in Rexed's (1952) lamina III with some in
the most dorsal part of lamina IV and occasionally in the deepest part of lamina II.
When examination is limited to the level of the light microscope, however, there are
always doubts about the identity of swellings on fine axons and also about whether the
finest branches of axon termination are seen.

*MRC research student.
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Neurons injected with HRP have also been examined with the electron microscope
(Jankowska et al., 1976; Cullheim & Kellerth, 1976). This powerful approach allows the
ultrastructure of electro physiologically identified neuronal elements to be examined
and, of course, allows investigation of the limitations of light microscopy mentioned
above. For these reasons we have now carried our analysis of hair follicle afferent fibre
terminals to the level of the electron microscope. A preliminary report of the findings
has been published (Brown et al., 1981b).

Methods

The experiments were performed on five young adult cats (1.9-2.5 kg) anaesthetized with
chloralose (70 nig kg-1), after induction with 4% halothane in a nitrous oxide-oxygen mixture,
and paralysed with gallamine triethiodide. Carotid arterial blood pressure, endtidal COz and
rectal temperature were monitored throughout and the state of anaesthesia was assessed by
examination of the continuous blood pressure record and the condition of the pupils of the eyes.

The lumbosacral spinal cord was exposed by laminectomy and covered with warm liquid
paraffin BP. Intra-axonal recordings from identified hair follicle afferent fibres (in the A/t
conduction velocity range) were made just medial to the dorsal root entry zone. The micro-
electrodes were filled with a solution of about 6% HRP in 0.05 M Tris-HCl buffer (pH 8.6)
containing 0.2 mol P1 KC1. The HRP was injected by means of positive current pulses 450 ms in
duration every 600 ms at amplitudes of 5-15 nA. For further details of the HRP injection method
see Snow et al. (1976) and Brown et al. (1977).

Between one and six hours after axonal injection the animals were perfused with the following
solutions through the descending aorta: 1. 200 ml of 0.9% NaCl containing heparin (1000 units/1)
and sodium nitrite (0.0002%) at 100 mm Hg pressure and 37° C; 2. 1 1 of fixative containing 3%
glutaraldehyde, 3% formaldehyde and 0.1% picric acid in 0.1 M sodium cacodylate, pH 7.6,
(Chung & Coggeshall, 1979) at 100 mm Hg pressure and 37° C; 3. 2 1 of the same solution as
under (2) but at 4° C and starting at 100 mm Hg pressure and slowly reducing this to 30 mm Hg.
At the end of perfusion, blocks of cord containing injected axons were removed and kept in the
same fixative overnight. The following day the blocks were washed in 0.15 M sodium cacodylate
buffer (pH 7.6) and thick (50 ^m) transverse sections cut on a Vibratome (Oxford Instruments
Ltd). The sections were processed either according to the method of Hanker et al. (1977) or with
diamino benzydine (1 cat) to demonstrate HRP and washed again in buffer before postfixation in
1% osmium tetroxide in 0.15 M sodium cacodylate buffer for 0.5 h. The solutions were then
washed in six changes of buffer, dehydrated in graded acetone solutions and embedded in
Araldite between acetate foils (Hollander, 1970; see also Rastad, 1981).

The sections, between acetate foils, were examined with the light microscope and stained
collaterals and their arborizations photographed and drawn with the aid of a camera lucida. Areas
of interest were selected for electron microscopy. The top acetate foil was peeled away and blank
Araldite blocks attached to the areas of interest by means of a little unpolymerized Araldite and
held in position by weights (Hollander, 1970). Polymerization was carried out at 60° C in an
oven and when the Araldite had hardened the desired piece of section, attached to the block, was
pulled free from the base foil, the block was trimmed and ultrathin (pale gold) sections were cul
on a Reichert OMU4 ultramicrotome. It was unnecessary to take reference sections as the block
face could be examined from time to time, during cutting, with a light microscope and drawn with
the aid of a camera lucida. This was a considerable advantage since many of the stained profiles
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were no more than 1-2 in diameter and would have been lost in conventional 1 j/m thick
reference sections.

Thin sections were collected on grids and contrasted with uranyl acetate and lead citrate
(Reynolds, 1963). Whenever possible adjacent sections were examined and profiles of stained
structures photographed through a series.

Vesicle diameters were measured on micrographs using a Magiscan image analysis system
(Joyce Loebl, Ltd) incorporating a Nova computer (Data General, Ltd).

Results

The results were obtained from five individual hair follicle afferent fibres that were

injected with HRP in five different cats. In all, 23 boutons were studied and it was
possible to follow seven of these through an uninterrupted sequence of serial sections.
Boutons were defined as vesicle-containing structures that formed obvious synaptic
attachments with dendrites (there were no contacts onto somata in the present sample).
The characteristic branching of axon collaterals could be seen and swellings identified as
synaptic boutons could be recognized (Fig. 1). Drawings and photographs of the block
face were used to locate the structures in ultrathin sections with precision. For example,
the structures indicated by the open arrow in Fig. 1 and tentatively identified in the
thick section as synaptic boutons were located in thin sections and shown, in fact, to be
synaptic boutons (Fig. lb). It was reassuring that structures identified in the light
microscope as synaptic boutons were confirmed as synaptic boutons upon electron
microscopical examination. Only a very rare axonal swelling was not a bouton, but
contained one or two mitochondria. In fact, when such swellings were followed
through serial sections they, themselves, were often seen to be part of a synaptic
bouton.

In all the stained profiles observed in the present study the osmiophilic electron dense
HRP reaction product had a granular appearance and was concentrated on the
membranes of organelles, e.g. those of mitochondria and synaptic vesicles. Despite the
density of the reaction product a considerable amount of intracellular detail could be
seen.

Within the lamina III - dorsal lamina IV region of the dorsal horn there were many
profiles of myelinated axons (Fig. 2). These were the branches of the axon collaterals
and myelin was retained down to diameters of 0.45-1.0 /rm. The axons then shed their
myelin to run free in the neuropil (Fig. 3). These non-myelinated preterminal axons
were smaller in diameter than their myelinated parents and were occasionally associated
with oligodendrocytes (Fig. 3). Axo-axonic contacts were observed on these non¬
myelinated preterminal axons (see below and Fig. 7).

The non-myelinated preterminal axons formed synaptic boutons some 1.0-4.0 /^m in
diameter (Figs, lb, 4-6). In our material (as expected from the light microscopical study,
Brown et al., 1977) these boutons were of the en passant variety. Synaptic vesicles could
be seen inside the boutons even though the HRP reaction product was accumulated on



574 MAXWELL, BANNATYNE, FYFFE and BROWN

the vesicle membranes. All stained boutons contained round clear vesicles with a

diameter range of 35-60 nm (Figs, lb, 4-6). Presynaptic specializations were
occasionally present (Fig. lb).

The synaptic boutons of hair follicle afferent fibres made contact with dendritic
profiles (as defined by the criteria of Peters et al, 1976). No contacts were seen on
somata, but such contacts would be expected to be in a minority (Brown & Noble,
1982). These contacts were usually observed as isolated boutons upon a dendrite (e.g.
Figs, lb, 4-6). Occasionally more than one contact upon a single dendrite was
observed. The majority of boutons formed asymmetrical (type 1, Gray, 1959) contacts
with the dendrites. Axo-axonic contacts upon the stained hair follicle afferents were
common features in the present material. These axo-axonic contacts were present upon
some synaptic boutons and could also be upon the non-myelinated preterminal axon
(Fig. 7). In Fig. 9 an axo-axonic contact is made at the very edge of a vesicle-containing
axonal swelling that is probably forming a synaptic bouton. The synaptic boutons
presynaptic to stained hair follicle axons or boutons contained clear vesicles that were
usually irregular in profile although some appeared round (Figs. 8-10).

Fig. 1. A camera lucida drawing of a hair follicle axon collateral that was stained with HRP. The
drawing was made from a 50 nm thick transverse section of spinal cord embedded in Araldite
between acetate foils. In this case the stained branches of the axon collateral are situated mainly in
lamina IV of Rexed (1952) (Fig. la). Regions of the collateral branches were examined with the
electron microscope and were followed through a series of serial sections. The black arrow
indicates the point where the myelin sheath of this branch of the preterminal axon was shed. The
open arrow indicates a region of axonal swellings which were found to be synaptic boutons when
viewed with the electron microscope. One of these is illustrated in Fig. lb. The bouton (B)
contains obvious electron-dense HRP reaction product and forms a synapse with a dendrite
(Den). This synapse has a postsynaptic density (between arrows) and clear, circular vesicles are
present at the presynaptic membrane which has some dense structures associated with it.
Hanker-Yates reaction.

Fig. 2. A myelinated axonal profile, cut obliquely, in the dorsal horn. Although densely stained
with HRP reaction product mitochondria may be identified within the axon (My, myelin sheath).
Hanker-Yates reaction.

Fig. 3. Transverse-section through a preterminal axon that has shed its myelin sheath. It is sur¬
rounded by oligodendrocyte cytoplasm (0). Hanker-Yates reaction.
Fig. 4. The typical appearance of a HRP stained bouton (arrow). In this case the bouton is
associated with a large proximal dendrite (Den). Fig. 4a is a magnified view of the bouton and
demonstrates that it contains clear, circular vesicles and forms a synaptic attachment with a
prominent postsynaptic density (between arrows). (Gl, glial cell). DAB reaction.
Figs. 5 & 6. Two further examples of HRP stained boutons (B). Both of these boutons contain
clear synaptic vesicles and form asymmetrical synaptic attachments (between the arrows) with
small dendrites (Den). DAB reaction.
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Discussion

The ionophoretic injection of HRP into single nerve cells from an intracellular
microelectrode has distinct advantages over other neuroanatomical tracing techniques
such as degeneration studies, autoradiography or retrograde HRP transport. First, the
HRP-containing microelectrode may be used for standard electrophysiological recording
so that the neuron studied may be identified in functional terms. Second, by limiting
HRP injection to a single neuron only that neuron will contain HRP reaction product.
This is particularly advantageous for ultrastructural studies as all the stained profiles
can be ascribed to the injected neuron. (We have no evidence from extensive studies of
cat spinal cord that HRP passes between neurons in this situation.)

The present study was designed to determine the ultrastructure of identified hair
follicle afferent fibre terminals in the spinal cord, to take our previous light microscopical
study (Brown et al., 1977) to the level of the electron microscope and to correlate the
findings with the known physiology of these afferents. The findings are summarized in
the schematic diagram of Fig. 11. The branches of hair follicle afferent fibre collaterals in
lamina III and the most dorsal parts of lamina IV are myelinated and they shed their
myelin just before forming synaptic boutons. These boutons are generally of the en
passant variety, with a minority terminal (Brown et al., 1977). They contain round clear
vesicles and the vast majority form asymmetrical contacts with dendrites (the proportion
contacting neuronal somata must be small, none were seen in the present study).
The identities of the postsynaptic dendrites were, of course, unknown in our material.
Some probably belong to neurons of various ascending pathways such as the
spinocervical tract and the postsynaptic dorsal column path (see Brown, 1981).
Certainly, the spinocervical tract receives monosynaptic excitation from hair follicle
afferents as directly confirmed by Brown & Noble (1982), and identified spinocervical
neurons receive many synaptic contacts with an ultrastructure similar to that described
here for hair follicle afferent terminals (Brown et al., 1981a).

Fig. 7. A non-myelinated preterminal branch of a hair follicle collateral receiving an axo-axonic
contact (Ax) containing clear vesicles of indeterminate shape. Between the two arrows is a pos¬
sible postsynaptic density (Den, dendrite). Hanker-Yates reaction.
Fig. 8. The same material as Fig. 7 but 1-2 ^m further into the block. The preterminal axon has
now swollen, is closely applied to the dendrite (Den), and is still associated with the axon that
formed the axo-axonic synapse. The stained profile was followed through a series of serial
sections and eventually formed a bouton. Hanker-Yates reaction.
Fig. 9. A vesicle-containing axonal swelling (S.Ax) which receives an obvious synaptic contact
(arrow) from an axon (Ax) that contains clear, irregular-shaped vesicles. This axon also forms an
axo-dendritic synapse with an adjacent dendrite (between the open arrows). Hanker-Yates
reaction.

Fig. 10. A magnified view of the material illustrated in Fig. 9 taken from another section in the
series. The axo-axonic synapse is clearly visible between the axon (Ax) and the stained axon
(S.Ax). Note the accumulation of agranular, irregular-shaped vesicles at the presynaptic region of
the axon terminal and the presence of presynaptic densities. The arrow points to a group of
vesicles within the stained axon. Hanker-Yates reaction.
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Fig. 11. Schematic diagram to show the ultrastructural features observed in identified hair follicle
afferent fibre terminals. The branches of the collaterals are myelinated and shed their myelin just
before they form synaptic boutons, which may be en passant (1) or terminal (2). The boutons
contain round clear vesicles and form asymmetrical contacts with dendrites. Axo-axonic contacts
may be established on both the non-myelinated axon (A) and the synaptic boutons (B).

The synaptic boutons of hair follicle afferent fibres and the adjacent non-myelinated
portion of the preterminal (and intraterminal) axon were shown to receive synaptic
contacts themselves. These axo-axonic terminals, described on primary afferent fibre
terminals (e.g. by Ralston, 1968; Kerr, 1970) are thought to be the anatomical substrate
for presynaptic inhibition (Gray, 1962). Primary afferent depolarization, the presynaptic
sign of presynaptic inhibitory action (see Schmidt, 1971) has been recorded from
identified hair follicle afferent fibres (Janig et al, 1968). The present study has brought
these various observations together and has shown that hair follicle afferent fibre
terminals receive axo-axonic contacts.

None of the terminal boutons of hair follicle afferent fibres examined in the present
study was a constituent of the glomerular complexes described in the dorsal horn
(Ralston, 1965; Rethelyi & Szentagothai, 1969; Kerr, 1966, 1975). These complexes or



Hair follicle afferent terminals 581

glomeruli are found in the substantia gelatinosa (Rexed's (1952) lamina II) but also occur
in lamina III where they are more common, according to Kerr (1975). Glomeruli contain
a central synaptic bouton surrounded by dendritic and axonal processes with a variety
of synaptic contacts between the various elements. The central bouton disappears after
dorsal root section (Coimbraef ai, 1974) suggesting it is of primary afferent origin. The
failure to find identified hair follicle afferent boutons constituting the central bouton in a
glomerulus presumably means either that the hair follicle afferents do not partake in this
complex structure or that, if they do, only a minority of their boutons form constituents
of the glomeruli.
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Ultrastructure of muscle spindle afferent terminations in
lamina VI of the cat spinal cord
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Two group la muscle spindle afferents were impaled in the lumbosacral enlargement of the cat's spinal cord and intra-axonally label¬
ed with horseradish peroxidase. Terminations in lamina VI were examined with the electron microscope. Boutons formed synaptic as¬
sociations with somata and large dendritic shafts in the lamina VI neuropile and received axo-axonic contacts. It is concluded that
group la terminals synapse with the proximal regions of lamina VI neurons and are under strong presynaptic control.

Recent studies involving intracellular injection of
horseradish peroxidase (HRP) into group la muscle
spindle afferents have demonstrated that collateral
axons form terminations in laminae VI, VII and
IX2-5-8. The terminations in lamina VII have been

shown to form monosynaptic inputs with inhibitory
interneurons9 and those in lamina IX form direct con¬

tacts with motor neurons3-4, but little is known about
the connections in lamina VI. Lucas and Willis11 sug¬
gested that a small proportion of interneurons in the
intermediate nucleus of the spinal gray matter re¬
ceived monosynaptic input from group la afferents,
the majority being excited by group lb afferents. Jan-
kowska and co-workers6-10 have described interneu¬
rons in laminae V and VI which receive convergent

.afferent inputs via mono- and polysynaptic pathways
Ifrom different muscle groups and cutaneous axons.
iThe projection patterns of this group of neurons were
Varied but some had axons projecting to motor nuclei
Imd/or the intermediate area. Recently, an ultra-
structural study of la terminals in the motor nucleus
(lamina IX) was reported5, but to date no ultrastruc-
tural study of dorsal horn terminals has been per¬
formed. In view of the paucity of information con¬

cerning the lamina VI terminations of group la affer¬
ents we have performed a combined intracellular
HRP and ultrastructural study on these structures
with a view to improving our understanding of their
synaptic arrangements.

In the present study two adult cats were anesthe¬
tized with chloralose (70 mg/kg) after induction with
halothane and paralyzed with gallamine triethiodide.
The animals were artificially ventilated throughout
the experiments. Recordings were made in the lum¬
bosacral enlargement of the spinal cord (segments
L6-7) using microelectrodes containing 8% horserad¬
ish peroxidase in Tris-HCl buffer with 0.2 M KC1
added16. When an impalement was made, putative la
muscle afferent units were identified by their charac¬
teristic resting discharge which altered in response to
manipulation of muscle2. HRP was ionophoresed
into the unit and at the conclusion of experiments ani¬
mals were perfused through the left ventricle, initial¬
ly with saline, subsequently with fixative which con¬
tained 2% glutaraldehyde and 2% formaldehyde
with 0.025 M calcium glycerophosphate in 0.1 M so¬
dium cacodylate buffer (for full details see ref. 13).
Tissue was then prepared for combined light and

Correspondence: Dr. D. J. Maxwell. Dept. of Veterinary Physiology, University of Edinburgh, Summerhall, Edinburgh, EH9 1QH,
Scotland, U.K.

06-8993/83/$03.00© 1983 Elsevier Science Publishers B.V.



Fig. 1. A: an example of a terminal bouton (B) that forms a synaptic association with a large dendritic shaft (Den). The preterminal
axon (Ax) is myelinated and sheds its sheath at the point where the bouton is formed (asterisk). B: a magnified view of the bouton
shown in A. Note the circular agranular vesicles and the synaptic junction (between the arrows). An unlabeled axon terminal (Ax) is r

closely apposed to the bouton and to the dendrite (Den) with which the labeled bouton forms a synaptic association. C: another exam¬
ple of a labeled la bouton which forms an axo-dendritic synaptic junction (arrows) with a large dendritic shaft (Den). Note the circular
vesicles. D: an example of an axosomatic synaptic association between a labeled bouton and a lamina VI neuron. A small, unlabeled
axon terminal (Ax) is associated with the la bouton. (Nuc, nucleus; P. perikaryon of lamina VI neuron. E: a magnified view of the re¬
gion of synaptic contact between the labeled bouton and soma shown in D.
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Fig. 2. A: two labeled boutons (IS, and B2) form synapses with a large dendrite (Den). The preterminal axon (Ax) is myelinated and
loses its sheath just prior to forming B,. B: an enlarged view of B2; Den, dendrite and Ax. axon terminal forming an axo-axonic syn-

t apse with B2 shown in C. C: a magnified view of the region of synaptic contact between the axon terminal (Ax) and B2. Arrows indicate
synaptic junctions. D: a magnified view of B^ Note the synaptic junction (arrows) and the unlabeled axon terminal (Ax) forming an
axo-axonic synapse with the bouton. (Den. dendrite). E: magnified view of the axo-axonic synapse (arrow) shown in D. Note the
pleomorphic vesicles contained within the unlabeled axon.
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electron microscopy13. Data were gathered from mi¬
crographs with the aid of a Reichert Videoplan sys¬
tem. Diameters of dendrites and boutons are ex¬

pressed as diameters of equivalent circles.
Two la afferent collaterals were examined ultra-

structurally, characteristically2 their axons coursed
ventrally through the dorsal horn forming termi¬
nations in lamina VI before entering the ventral horn
and forming terminal arbors in laminae VII and IX.
In all 14 boutons from the lamina VI neuropile were
examined through a series of sections. In general
they were fairly large (average diameter = 2.1 ± 0.44
//m). They all contained circular, agranular vesicles
(30-50 nm in diameter) and formed asymmetrical
synaptic junctions with dendrites (12 boutons)
(Fig. 1A-C) and somata (2 boutons) (Fig. ID, E) of
presumed lamina VI neurons. Dendritic profles asso¬
ciated with labeled boutons were large (range =
2.9-10.2 /rm) and on some occasions more than one
bouton was seen in contact with the same dendrite

(Fig. 2A). Although the majority of boutons were

presynaptic to one dendrite, on some occasions they
were seen to contact two or more dendritic profiles.
Some terminal boutons were found to be myelinated
to within a few microns of the synaptic knob
(Fig. 1A, B). The majority of boutons examined
(about 92%) received axo-axonic synapses from ax¬
ons which formed symmetrical junctions with the la¬
beled boutons and contained clear, pleomorphic
vesicles (Fig. 2B-E). In two instances more than one

presynaptic axon was in contact with a la bouton.
The results presented in this study suggest that

there is a tendency for la terminals to form synapses
on somata and proximal regions of the dendritic ar¬
bors of lamina VI neurons as most dendritic profiles
associated with labeled boutons were large. The mo¬

nosynaptic input to these cells must be powerful as
often several boutons synapsed with the same den¬

1 Bannatyne, B. A., Maxwell. D. J., Fyffe, R. E. W. and
Brown, A. G., The fine structure of primary afferent axon
terminals of slowly adapting cutaneous receptors in the cat
spinal cord, in preparation.

2 Brown, A. G. and Fyffe, R. E. W.. The morphology of
group la afferent fibre collaterals in the spinal cord of the
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neurones in the cat's lumbosacral spinal cord, J. Physiol.
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dritic profile. In the L6-7 segments the majority of
lamina VI cells are probably propriospinal or inter-
neurons with short axons12. Some of them may be the
interneurons responsible for primary afferent depo¬
larization of la afferent fibers themselves15, whereas
others may be involved in muscle reflex pathways6-111.

Some terminal boutons were seen to be myelinated
right up to the bouton itself; this implies that conduc¬
tion in these axons is rapid, even in the terminal ar¬
bors.

Finally, many of the boutons were associated with
axons forming presynaptic terminals and the propor¬
tion of boutons receiving such terminals was consid¬
erably higher (92%) than in terminals of large diame¬
ter cutaneous afferent fibers (40-60%) in the dorsal
horn1-13-14 and la terminals in the ventral horn (about
26%)5. As axo-axonic contacts have been implicated
as the morphological substrates of presynaptic inhibi¬
tion7 it seems probable that la boutons are subject to
considerable presynaptic control and that these pre¬

synaptic structures are responsible for primary affer¬
ent depolarization of la fibers15. Why la terminals in
lamina VI are apparently under such strong presyn¬
aptic control is not known.

In conclusion la terminals in lamina VI form syn¬

apses with lamina VI neurons and are probably sub¬
ject to powerful presynaptic inhibition.
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SUMMARY

Two Pacinian corpuscle afferents and two rapidly adapting afferents from Krause corpuscles
were intra-axonally labelled with horseradish peroxidase in the lumbosacral enlargement of the
cat's spinal cord. Tissue was prepared for combined light and electron microscopical analysis.
Boutons from both classes of afferent had similar ultrastructural appearances. They both
formed from one to three synaptic junctions with dendritic shafts and spines and received
axo-axonic synapses. In addition, both categories of bouton were seen to be presynaptic to
structures interpreted as vesicle-containing dendrites. It is concluded that both types of afferent
fibre are subject to presynaptic control and that they synapse with dorsal horn neurones which
are possibly interneurones involved in primary afferent depolarization and post-synaptic dorsal
column neurones.

INTRODUCTION

The presence of sensitive, rapidly adapting mechanoreceptors in the subcutaneous tissue
of the toe and foot pads of the cat has been known for some time (Adrian & Zotterman,
1926). The receptor organ responsible for the transduction of rapidly adapting responses
was thought to be the Pacinian corpuscle (Gray & Matthews, 1951), but in 1968, Janig,
Schmidt & Zimmerman (1968 a) produced evidence suggesting that there were two types
of rapidly adapting mechanoreceptors associated with the pads: one type corresponded to
Pacinian corpuscles whereas the other type had spot-like receptive fields and did not display
the vibratory response associated with Pacinian corpuscles. Both receptors were innervated
by large myelinated axons. Janig (1971) and Iggo & Ogawa (1977) confirmed these
observations by demonstrating that the second type of rapidly adapting receptor associated
with pads was the Krause corpuscle.

Brown, Fyffe & Noble (1980), using intra-axonal staining with horseradish peroxidase
(HRP), have labelled the central terminations of axons innervating these two receptor types.
The collateral axons projecting from each type of receptor were found to have a distinctive,
individually recognizable morphology. The present study extends this light microscopical
investigation of Brown et al. (1980) by examining the ultrastructural appearance of
HRP-labelled collateral axons innervating Pacinian corpuscles (p.c.) and rapidly adapting
mechanoreceptors from the glabrous skin (r.a.). Egger, Freeman, Malamed, Masarachia
& Proshansky (1981) have made a preliminary report on the fine structure of axon terminals
from a Pacinian corpuscle.

* Present address: The Experimental Neurology Unit, The Australian National University, John Curtin School
of Medical Research, Box. 334, Canberra, Australia.
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METHODS

Intracellular staining
Experiments were performed on cats of either sex (age: 6-12 months; weight: 20-2-4 kg) that were

anaesthetized with chlorolose (70 mg/kg) and paralysed with gallamine triethiodide. The animals were
artificially ventilated and carotid arterial blood pressure, end-tidal COa and rectal temperature were
monitored throughout the experiments.

The lumbrosacral spinal cord was exposed by laminectomy and was covered with liquid paraffin.
Glass micropipettes containing 6% HRP in 0 05 m Tris HC1 buffer (pH 8-6) and 0-2 m-KCI (see Snow,
Rose & Brown, 1976) were used for intra-axonal recording and labelling of p.c. and r.a. units (see
Brown et al. 1980). Pacinian corpuscle afferent fibres responded in a one-to-one fashion to a tuning
fork vibrating at 512 Hz and had diffuse receptive fields whereas the rapidly adapting pad afferents
could not follow the tuning fork in a one-to-one fashion and had spot-like receptive fields. Pacinian
afferents also responded to gentle tapping of the frame supporting the cat. All afferents in the present
sample had conduction velocities of about 66 m.s-1 which were determined by placing stimulating
electrodes on the medial plantar nerves and recording latencies ofevoked responses in the lumbosacral
region (L6 and 7) of the cord. Once a unit had been identified, HRP was ionophoresed into it and
between 1 and 6 h after intra-axonal injection animals were fixed by perfusion through the left
ventricle. Before fixation, a saline rinse (0-9% saline with 1000 u. heparin. 1_1 and 0 0002% sodium
nitrite (w/v)) was used to clear the spinal cord of blood. Usually 500 ml of warm (37 °C) saline was
delivered at a pressure of 100 mmHg. Fixative consisted of 3% glutaraldehyde and 3% formaldehyde
in 0-1 m sodium cacodylate buffer (pH 7-6) or 2% glutaraldehyde and 2% paraformaldehyde (v/v)
with 0-025 m calcium glycerophosphate in 0-1 m sodium cacodylate buffer (pH 7-6). Initially 1 1 ofwarm
(37 °C) fixative and subsequently 2 1 of cold (4 °C) fixative were delivered at a pressure of 100 mmHg.
Once perfusion was complete, blocks of spinal cord were excised and placed in cold fixative for 6-8 h.

Tissue preparation
Blocks were washed in 0-15 m sodium cacodylate buffer (pH 7-6) and transverse sections (40 pm thick)
were prepared using a Vibratome (Oxford Instruments Ltd). Sections were then reacted with
pyrocatechol/p-phenylenediamine (Hanker, Yates, Metz & Rustioni, 1977) in order to expose HRP
and intensification was achieved using cobaltous chloride. Sections were then wet mounted and
examined with a light microscope and series of sections containing labelled axons were selected for
combined light and electron microscopical analysis. The sections that were chosen were osmicated
for 1 h in a solution which consisted of 1 % osmium tetroxide (w/v) in 0-15 m sodium cacodylate buffer
(pH 7-6), dehydrated through a series of acetone solutions and embedded in Araldite between cellulose
acetate foils (Hollander, 1970).

Once the Araldite was polymerized, foils were attached to glass slides with adhesive tape and
sections were examined with a light microscope. Reconstructions of collateral axons were made with
the help of a camera lucida. In this particular study it was not possible to produce complete

Fig. 1. A, a camera lucida reconstruction of a collateral axon from a p.c. afferent. A and B indicate areas examined
ultrastructurally and the dotted line demarcates the border of the dorsal horn. B, a light micrograph of p.c.
axon terminations. Note the axonal swellings. A refers to the area of boutons similarly designated in Fig. I A.
C, two 'en passant' p.c. boutons (B1 and B2) which are linked by a non-myelinated axon (Ax.) (from area B).
D, one of a series of sections of B2 (Fig. 1 C). The p.c. bouton forms a synaptic junction (between the arrows)
with a dendritic profile (Den.) which contains a small cluster of vesicles (V). E, a reconstruction of another p.c.
collateral axon that was prepared for light and electron microscopical analysis. Collaterals from the circled area
(*) which was examined ultrastructurally, are shown in greater detail and the remainder of electron micrographs
shown in Figs. 1 and 2 are taken from this region. The dotted line indicates the border of the dorsal horn. F,
two p.c. boutons are shown here; one of them (illustrated at higher magnification in the insert) is in synaptic
contact with the soma of a lamina IV neurone. (Nuc., nucleus.) G, a magnified view of the two p.c. boutons
shown in F. The smaller bouton (which was found in serial sections to be connected to the larger one by a fine
non-myelinated axon) was found to be a terminal bouton and formed a synaptic junction with the perikaryon
(P) of a neurone. The larger bouton forms a synapse (at the arrow) with a small dendritic shaft (Den.) which
also receives synaptic input from an unlabelled bouton (Ax.) which is closely apposed to the p.c. bouton. H,
a p.c. bouton forms a synaptic junction with a dendritic spine (Sp.) forming an obvious asymmetrical junction
with it (Ax.). (Arrows indicate synaptic junctions.)
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Fig. 1. For legend see opposite page.
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Fig. 2. For legend see opposite page.
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reconstructions of the collaterals for the following reasons: (a) in order to achieve good ultrastructural
preservation it is necessary to employ fixative of high aldehyde concentration, but strong aldehyde
solutions reduce the reactivity of HRP and as a consequence some structures may be lightly labelled
and difficult to visualize in osmium-stained sections; (b) unlike the frozen sections used in the previous
studies (e.g. Brown et al. 1980), Vibratome sections are compact and often the reagent fails to penetrate
the entire section and therefore some labelled axons, or parts of them, may remain unreacted; (c)
it is necessary to osmicate sections intended for ultrastructural analysis and the heavy background
staining resulting from this often obscures labelled structures.

Once light microscopical analysis was complete areas of interest were selected from sections for
electron microscopy. This was achieved by removing the top acetate foil and attaching a blank
Araldite block to the area by means of a little unpolymerized Araldite. Blocks were aligned with the
aid of a dissecting microscope. Once the Araldite had polymerized, blocks along with attached sections
were pulled free from the base foils and trimmed. Trimming was greatly facilitated by placing blocks
in a chuck with a hole drilled through the centre which could be illuminated by the back illumination
system of a Reichert OM U4 ultramicrotome. The section, attached to the block, could then be viewed
through the stereo microscope of the microtome. Series of thin sections (pale gold-silver) were cut
with the aid of a diamond knife and collected on Formvar-coated single slot grids. Several complete
series each consisting of about forty-eight sections were examined from each block; these were
contrasted with lead and uranium salts. Block faces were viewed and drawn or photographed between
each series. This enabled us to locate structures within thin sections and to correlate them with camera

lucida reconstructions and light micrographs taken from the same material.

Electron microscopical analysis
The results presented in this study are based on careful examination of labelled structures through

series of thin sections. In the majority of instances these series were uninterrupted.
Whenever possible structures identified as dendritic spines were followed back to the parent

dendrite. If this was not possible then the formation of a narrow 'neck' was considered to be a
reasonable criterion for the identification of a spine. Polarities of axo-axonic synaptic contacts were
established by the-presence of an accumulation of vesicles at presynaptic junctions and by the absence
of such accumulations at post-synaptic junctions. Full discussion of criteria for the identification of
boutons, dendrites and spines is given in Peters, Palay & Webster (1976).

Diameters of boutons, dendrites and other structures were derived from electron micrographs with
the aid of a Reichert Videoplan system. The programme employed calculated the maximum diameters
of profiles from their perimeters. Means, standard deviations and ranges of diameters were calculated
using further programmes.

RESULTS

Pacinian axons (p.c.)
Two Pacinian afferents were labelled with HRP. Light microscope reconstructions of

collateral axons that were examined ultrastructurally are shown in Fig. 1A and E and are
similar in appearance to collaterals that were labelled in a previous light microscope study
of the afferents (Brown et al. 1980). Collaterals arborize in laminae III-V of Rexed (1952)
branching profusely, forming en passant and terminal swellings (Fig. 1 B and E). Electron
microscopical examination of these axonal swellings in lamina III and IV revealed them
to be boutons (average size 1-31 +0-56 pm) containing circular agranular vesicles

Fig. 2. A, a region of the lamina IV neuropile containing three labelled p.c. boutons (B1, B2 and B3). B, a magnified
view of B1 (p.c.) which forms a synaptic junction with a dendritic profile (*) forming an obvious asymmetrical
synaptic junction. C, a magnified view of B2 (p.c.). The labelled bouton forms synaptic junctions (indicated
by the arrows) with a dendritic shaft and is in close apposition to an axon terminal (Ax.). D, a detailed view
of B3. The bouton is presynaptic to two dendritic profiles (Den.l and 2) and is post-synaptic to two axon
terminals (Ax.l and 2). Ax.l is also presynaptic to Den.l and thus they form a 'triad' with B3 (arrows indicate
synaptic junctions; *, non-myelinated axon forming B3). E, a serial section of B3 illustrating the synaptic
junctions (arrows) that it forms with Ax.l and Den.l. F, a magnified view of part of B3 illustrating regions
of synaptic contact (between the arrows) between Ax.2 and the p.c. bouton. Note also the obvious asymmetrical
synaptic junction formed between the p.c. axon and Den.2.
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Fig. 3. For legend see opposite page.
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(40+ 10 nm in diameter) and forming synaptic junctions with one to three dendritic profiles
which were on average 1 -73 ±11 //m in diameter (Figs. 1D and G, 2 B D). Only one of the
boutons, from the twenty-three examined through a series ofsections, formed an axo-somatic
contact (Fig. 1 Fand G).' En passant' boutons were connected by fine non-myelinated axons
(Fig. 1 C) and were seen to form asymmetrical synaptic junctions with dendritic profiles
(Figs. 1D and G, 2B,C and F), which were quite large in some instances (up to 3-5 /im in
diameter). Boutons were often seen also to form synaptic associations with dendritic spines
(Fig. 1 H). 40% of the boutons examined were post-synaptic to vesicle-containing structures
which were usually axons (Fig. 2D) and some of these formed 'triadic' arrangements with
boutons and dendrites (Fig. 2D and F). In addition, some of the dendritic structures that
were post-synaptic to p.c. boutons appeared to contain clusters of vesicles (Fig. 1D).

Krause axons (r.a.)
Two r.a. units were labelled with HRP and examined ultrastructurally. A reconstruction

of a collateral axon from one of them is shown in Fig. 3 A. Typically, (see Brown et al. 1980)
the collateral was discrete having a rostro-caudal extension of less than 250 /«m and being
confined to laminae III and IV. Collaterals gave rise to 'en passant' or terminal boutons
and, in all, twenty-eight of these from both afferents were followed through series of thin
sections under the electron microscope. Boutons were generally irregular in shape (Fig. 3D
and E) and had an average maximum dimension of 1-43+ 0-56 pm. Asymmetrical synaptic
junctions were formed with one-to-three dendritic profiles per bouton (Figs. 3 B, Cand 4 C-E)
which were both shafts (average diameter T27 + 0-64 pm \ maximum diameter 3-2 /<m) and
spines (Fig. 4A). Boutons contained circular, agranular vesicles (35 nm in diameter) and
were frequently post-synaptic (57% of profiles examined) to axons containing irregularly
shaped agranular vesicles (Figs. 3 F, 4B). In addition, some dendritic profiles that were
post-synaptic to r.a. boutons were observed to contain small clusters of structures
resembling vesicles (Fig. 4 C).

DISCUSSION

In many respects the ultrastructural appearance of p.c. and r.a. boutons was found to be
very similar. Both classes of bouton were equivalent in size and morphological configuration:
they both formed synaptic associations with one to three dendritic shafts or spines and
received axo-axonic inputs. In addition, they were both observed to be presynaptic to
dendritic profiles containing small clusters of vesicles. However, variation was found within
each group as some boutons only formed individual synaptic junctions with dendrites
whereas others formed multiple contacts with several dendrites. Also, not all terminals were
associated with axo-axonic synapses. Although both p.c. and r.a. units were seen to form
multiple synaptic contacts few of them were observed to form structures resembling the

Fig. 3. A, a camera lucida reconstruction of a r.a. collateral arborization. The continuous line represents the border
of the dorsal horn and the dashed line the laminae II/III border. All of the micrographs in Figs. 3 and 4, with
the exception of Fig. 4C, are taken from the circled area. B, a r.a. bouton forms synaptic junctions with two
dendritic profiles (Den.). A higher powered micrograph (C) illustrates the asymmetrical junction between the
labelled profile and the smaller dendrite in B. Note the subjunctional dense bodies in the dendrite. D, a large,
irregularly shaped bouton (r.a.) gives rise to a 'bouton terminale' which forms a single synaptic contact with
a dendritic shaft (Den.). E, three labelled boutons in close proximity demonstrating the variety of shapes formed
by r.a. terminals. Each forms synaptic junctions with small dendrites (Den.), or processes resembling spine heads
(Sp.). F, an axo-axonic synapse (arrows) onto a labelled profile from an axon (Ax.) containing pleomorphic
vesicles. Further through the series of sections the bouton was observed to be presynaptic to the large dendritic
shaft (Den.).
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Fig. 4. For legend see opposite page.
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central elements of the 'complex synaptic arrays' or glomeruli that are common in lamina
III and the superficial dorsal horn of the spinal cord and the spinal trigeminal nucleus
(Ralston, 1965; Kerr, 1966; Rethelyi & Szentagothai, 1969; Gobel, 1974). It is generally
accepted that the central boutons of these structures are mainly the terminations of primary
afferents (Coimbra, Sodre-Borges & Magelhaes, 1974; Ralston, 1981; Knyihar-Csillik,
Csillik & Rakic, 1982) and recently Rethelyi, Light & Perl (1982) have demonstrated that
two classes of afferent with small myelinated axons (in the AS conduction velocity range)
terminate as the central elements of glomeruli. Gobel, Falls & Humphrey (1982) have also
suggested that non-myelinated (C) fibres also form glomerular-type endings. All of these
studies of glomeruli show that they form 'scalloped' terminals and contact numerous
dendritic profiles which are usually small and occupy a large percentage of the surface area
of the bouton. They are also associated with axo-axonic synapses and vesicle-containing
dendrites. Although r.a. and p.c. boutons have some of these features in common with
glomerular boutons, they were in many respects quite different in that they were usually
not scalloped, formed synaptic associations with large dendritic shafts and generally formed
fewer synaptic contacts.

Some p.c. and r.a. boutons were similar to terminals of large myelinated hair follicle
afferents (Maxwell, Bannatyne, Fyffe & Brown, 1982) which tend to synapse with individual
dendritic shafts and also receive axo-axonic synapses. However, the impression was that
most p.c. and r.a. terminals were more irregular in shape and more complex in their synaptic
arrangements. In conclusion p.c. and r.a. boutons form less complicated synaptic
arrangements than glomerular terminals but are usually more complex than the terminations
of hair-follicle afferents.

Both classes of bouton were observed to be presynaptic to dendritic shafts which were
on average fairly large. Very little is known about the central connexions formed in the spinal
cord by r.a. and p.c. afferent terminals. In laminae III-V of the L6 and 7 segments of the
cat, dendritic arbors of two groups of neurones forming long ascending systems are found.
One group gives rise to the spinocervical tract (Brown, Rose & Snow, 1977) whereas the
other group forms the post-synaptic dorsal column system (Brown & Fyffe, 1981).
Spinocervical tract neurones do not seem to have any input from r.a. or p.c. units (see Brown,
1981) but post-synaptic dorsal column neurones do respond to stimulation of these
receptors although it is not known if this input is monosynaptic (Brown, Brown, Fyffe &
Pubols, 1983). It is therefore possible that some of the dendritic profiles observed to be
post-synaptic to p.c. and r.a. boutons belong to neurones of the post-synaptic dorsal column
system. In addition to neurones that give rise to ascending systems there is a multitude of
small propriospinal interneurones in this region of the dorsal horn (Matsushita, 1969;
Maxwell, Fyffe & Rethelyi, 1983). Janig, Schmidt & Zimmerman (1968 b) have demonstrated
that p.c., and probably also, r.a. afferents activate neuronal systems which are responsible
for primary depolarization. Thus some of the post-synaptic dendritic profiles will belong
to this group of interneurones.

Fig. 4. A and B, these two micrographs were taken from the same bouton several serial sections apart. In A the
r.a. terminal can be seen making an asymmetrical contact onto a small dendritic spine (Sp.) which arises from
a larger dendritic profile (Den.). In B the bouton is post-synaptic (at the arrows) to an axon terminal (Ax.)
containing irregularly shaped vesicles. C, some r.a. boutons were observed to contact dendritic shafts (Den.)
which contained small clusters of vesicle-like structures, (arrow, synaptic junction). D, an example of a r.a.
bouton that forms synaptic junctions with a dendritic shaft (Den.) and a spine (Sp.). E, an example of a simple
axo-dendritic contact formed by a r.a. bouton. No synaptic specialization was apparent between the bouton
and the protrusion invaginating it from the dendrite (Den.). Note the spherical, agranular vesicles in the bouton
(arrows, synaptic junction).
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Many of the boutons examined were post-synaptic to axon terminals containing
irregularly shaped vesicles. Janig et al. (19686) demonstrated that primary afferent
depolarization could be induced in both r.a. and p.c. afferent fibres. As primary afferent
depolarization is though to be indicative of presynaptic inhibition (Schmidt, 1971) and
axo-axonic synapses have been suggested as the morphological substrate for presynaptic
inhibition (Gray, 1962), then the observation of such structures on both r.a. and p.c.
boutons is expected. The observation that not all p.c. and r.a. terminals were associated with
axo-axonic contracts, presumably means that not all of them are subjects to direct
presynaptic control.

P.c. and r.a. boutons were also observed to be presynaptic to dendrites containing small
clusters of structures that resembled vesicles. The presence of vesicle-containing dendrites
in the dorsal horn of the spinal cord has been known for some time (Ralston, 1971) and
they have been shown to be components of glomeruli (e.g. Gobel, 1974; Rethelyi et al. 1982).
A variety of putative neurotransmitters have been shown to be present in dendrites and
some of these appear to be associated with clusters of vesicles (Aronin, DiFiglia, Liotta &
Martin, 1981; Streit, Knecht, Reubi, Hunt & Cuenod, 1978). In a previous study of boutons
from a p.c. unit Egger, Freeman, Malamed, Masarachia & Proshansky (1981) reported the
presence of post-synaptic axons which contained vesicles. No such structures were observed
in this study and a possible explanation of this discrepancy is that structures interpreted
as post-synaptic axons were actually vesicle-containing dendrites. In their study of
HRP-labelled high threshold mechanoreceptor boutons, Rethelyi et al. (1982) observed
presynaptic vesicle-containing dendrites. No unequivocal examples of such structures were
seen in this study, however, but this does not completely rule out the possibility that some
of the presynaptic vesicle-containing structures were dendritic in origin.

In conclusion p.c. and r.a. boutons have many features in common. They commonly
receive axo-axonic contacts, suggesting that they are under presynaptic control. They form
synapses with dendritic profiles in the dorsal horn, which are possibly from post-synaptic
dorsal column neurones and interneurones involved with primary afferent depolarization.

Drs H. R. Koerber and R. Noble participated in some of the experiments. We wish to thank Mrs
A. Corbett, Miss C. Dow and Mr R. B. Hume for excellent technical assistance. The work was
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SUMMARY

Three slowly adapting type I and two slowly adapting type II afferent fibres from the
lumbosacral cord of the cat were intra-axonally labelled with horseradish peroxidase and
processed for light and electron microscopy. Terminals from both types of afferent exhibited
similar ultrastructural features in that both formed contacts with one to five post-synaptic
profiles, including dendritic shafts and spine heads, some of which contained vesicles. The
stained axons were themselves post-synaptic in axo-axonic synapses. Maximum diameters of
slowly adapting boutons and the dendritic shafts on which they terminated were measured. The
present results indicate that there is considerable overlap in the morphological characteristics
studied for all large myelinated cutaneous afferent boutons. It is not possible therefore to
distinguish between these on ultrastructural grounds alone.

INTRODUCTION

Receptors responding with a slowly adapting discharge to maintained mechanical stimulation
were described by Hunt & Mclntyre (1960) and differentiated into two categories by Iggo
(1966). These physiologically identifiable fibre types have been correlated with different
morphological structures, slowly adapting type I (SAI) with the Merkel cell (Tapper, 1964;
Chambers, Andres, von During & Iggo, 1972) and type II (SAII) with Ruffini endings (Iggo,
1966).

Terminal arborizations in the spinal cord from axons innervating slowly adapting
receptors have been studied using intracellular injections of the enzyme horseradish
peroxidase (Brown, Rose & Snow, 1978; Brown, Fyffe, Rose & Snow, 1981). The present
study extends these light microscopical observations to the ultrastructural level in a new
series of experiments. Preliminary descriptions of the fine structure of type I terminals have
been made by Egger, Freeman, Malamed, Masarachia & Proshansky (1981) and Ralston,
Light & Perl (1978).

METHODS

Experiments wcie performed on young, adult cats of either sex (weight 2-0-2-5 kg) anaesthetized with
chloralose (70 mg/kg) after halothane induction. They were then paralysed with gallamine triethiodide
and artificially ventilated. End-tidal COz and arterial blood pressure were monitored throughout the
course of the experiment. The methods used have been described previously (Maxwell, Fyffe & Brown,
1982; Maxwell, Bannatyne, Fyffe & Brown, 1984). Briefly, axons were impaled in the dorsal root entry
zone, receptive fields characterized and the axon stained by passing depolarizing current. The criteria
used to differentiate between type I and type II axons were as follows: (1) presence of regular (SAII)

* Present address: The Experimental Neurology Unit, The Australian National University, John Curtin School
of Medical Research, Box 334, Canberra, Australia.
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or irregular (SAI) discharge on presentation of a maintained stimulus; (2) the presence of several
discrete highly sensitive spots in the receptive field of type I afferent units; (3) the occurrence of
spontaneous discharge in some SAI1 units; (4) all SAII units in the present sample were located at
the base of the claw.

At the end of the experiments the animals were perfused through the left ventricle with the following
solutions at a pressure of lOOmmHg: (1) a saline rinse (500 ml) to clear the spinal vasculature;
(2) 1 1 ofwarm (37 °C) fixative containing either 3% formaldehyde, 3% glutaraldehyde in 0-1 m sodium
cacodylate buffer or 2% formaldehyde, 2% glutaraldehyde and 0 025 m calcium glycerophosphate in
0-1 m sodium cacodylate buffer (pH 7-6); (3) 2 1 of cold (4 °C) fixative. Blocks of spinal cord were
then removed and stored in fixative overnight.

Tissue was prepared for combined light and electron microscopy in the following manner. Sections
(40 //m thick) were cut on a vibratome (Oxford Instruments) and reacted with pyrocatechol/
p-phenylenediamine (Hanker, Yates, Metz & Rustioni, 1977) and the reaction product was intensified
using cobalt chloride. The sections were then examined with a light microscope and those containing
labelled axons selected for further analysis. Following osmication and dehydration in acetone the
relevant material was flat-embedded in Araldite between acetate foils (Hollander, 1970). This
technique makes it possible to reconstruct as much of an individual collateral as possible (within the
limitations of the technique; see Maxwell et al. 1984) and facilitates correlation of light and electron
microscopical observations.

Serial ultrathin sections were then mounted onto Formvar-coated grids and stained with uranyl
acetate and lead citrate. When viewing sections it was possible to differentiate between spines and
dendrites by following the profile in question until connexion with a larger dendrite could be observed;
in cases where this did not prove possible formation of a thin neck was regarded as an adequate
criterion. Similarly it was often necessary to study the arrangement of vesicles around synaptic
junctions through several sections to determine the polarity of axo-axonic contacts.

Diameters of boutons, dendrites and other structures were obtained from electron micrographs with
a Reichert Videoplan system. The program calculated maximum diameters of profiles from their
perimeters.

results

Terminals from three SAI and two SAII fibre collaterals were examined. Both types
arborized in laminae III and IV, as previously described (Brown et al. 1978, 1981) and
camera lucida reconstructions are shown in Figs. 1 A and 3/1.

Slowly adapting type I axons

Twenty-one boutons arising from SAI fibres were studied, eight of these through a

complete series of sections. Most boutons were of the en passant type (average diameter
T57±0-66ittm) contacting between one and five dendritic profiles and were generally
irregularly shaped. The terminals contained spherical agranular vesicles (with average
diameter about 35 nm) and could be observed making asymmetrical synapses with
post-synaptic profiles which included both dendritic shafts (Figs. 1 B and 2D) (average
diameter 1-35 + 0-55 pm) and spines. In a number of instances the post-synaptic structure
could be seen to contain vesicle-like inclusions (Fig. 2C). No examples of axo-somatic
synapses were seen.

Fig. I. A, a camera lucida reconstruction of a collateral from a single SAI afferent fibre. The continuous line
represents the border of the dorsal horn and the dashed line the position of the lamine II—III border. The circled
area is reproduced at higher magnification in the inset. B, a low-power electron micrograph of three of the
boutons (*) taken from the region marked by * in A. C, a stained SAI bouton is in contact (arrows) with a

large-calibre dendrite (den.) and a process resembling a spine head (sp.). D. a synaptic complex involving an SAI
terminal in contact with three spine-like structures (arrows), all with asymmetrical synaptic junctions. The
stained profile is also post-synaptic to an axonal terminal (ax.) containing pleomorphic vesicles at a symmetrical
junction.



Fig. 2. For legend see opposite.
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One of the most striking features of the fine structure was the presence, in all the terminals
followed through serial sections and a proportion of the others (57% in all), of profiles
presynaptic to the stained structure (Figs. 1Z), 2A, D and E), containing round or
pleomorphic vesicles and forming symmetrical synaptic junctions. In one instance (Fig. 2D
and E) the same profile was presynaptic to two adjacent boutons.

Slowly adapting type II axons

A number of boutons (twenty-nine) were analysed from SAII fibre collaterals and
were again mainly of the en passant type (Fig. 3 B). The diameters of the boutons were
1-74 + 0-49 pm on average, and a variety of shapes was apparent. Stained profiles could be
observed in association with between one and five post-synaptic structures (Figs. 3 C and
D and A A, C and F) which were either dendritic shafts (average diameter 0-93 + 0-51 pm\
diameter of largest profile 2-24 pm) or spines. Asymmetrical synaptic junctions were typical
of these associations (Figs. 2D and AF). The boutons contained spherical, agranular vesicles
(average diameter 40 nm) and about 40% of terminals examined were post-synaptic to
other profiles containing agranular vesicles (Fig. 4 B-E). On some occasions these presynaptic
axons were observed to participate in 'triadic' arrangements with SAII boutons and the
profiles post-synaptic to them (Fig. 4C). Like SAI boutons, some of the SAII boutons
examined formed synaptic associations with dendritic profiles containing vesicle-like
structures (Fig. 4 A).

DISCUSSION

It is apparent that there are a number of similarities between the terminals formed by SAI
and II axons: most obviously the sizes of both the stained boutons and their post-synaptic
targets. However, the similarity extends to the general features of the arrangements in which
they terminated, with varying complexity from single axo-dendritic contacts to more

complex arrangements involving up to five dendritic profiles and including elements
providing axo-axonic input. The variety of structures to which each individual collateral
gives rise therefore precludes identification of criteria to distinguish ultrastructurally
between terminals formed by SAI and II axons.

Glomeruli are common features of the neuropil of the dorsal horn (Ralston, 1965; Kerr,
1966) and primary afferent fibre terminals have previously been described forming this
type of ending (Ralston, 1968, 1979; Gobel, Falls & Humphrey, 1981; Knyihar-Csillik,
Csillik & Rakic, 1982; Rethelyi, Light & Perl. 1982; Ralston & Ralston, 1983). It is relevant
to enquire whether the present sample of boutons fits this description. A glomerulus
typically consists of a large scalloped central ending surrounded by a number (up to ten)
of small post-synaptic dendritic profiles. Two types of vesicle-containing profiles have been
observed forming the presynaptic bouton in contact with the central element and these can
be demonstrated to be of dendritic and axonal origin. Comparison of these structures and
the boutons comprising the present material indicates that our sample of slowly adapting

Fig. 2. A, an SAI bouton presynaptic to a dendritic structure (sp.) and associated with a profile (ax.) which con¬
tains predominantly round vesicles; synaptic areas are enlarged in B. The polarity of the synapse could not be
unequivocally ascertained. Note the agranular spherical vesicles in the stained bouton. C, a stained terminal
forms an asymmetrical junction with a profile interpreted as a vesicle-containing dendrite (den.). D and E,
micrographs from serial sections (of the area outlined by the dotted line in D) showing two adjacent boutons
connected by a strand of non-myelinated axon and forming contacts with dendritic profiles (den. and sp.). One
profile (*) is presynaptic (arrows) to both boutons.
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ULTRASTRUCTURE OF SLOWLY ADAPTING AXON TERMINALS 553

afferent fibres (1) do not give rise to scalloped endings, (2) occasionally synapse on large
dendritic shafts and (3) do not participate in structures of complexity comparable to that
of typical glomeruli.

Terminations formed by rapidly adapting fibres conveying information from Pacinian
and Krause receptors have been described (Maxwell et al. 1984). Comparison of the
terminations indicates that both types of fibre collateral form fewer synapses per bouton
(one to three) with dendritic profiles which are similar in size to those in contact with slowly
adapting boutons. The variability already noted for slowly adapting bouton arrangements
is also seen in the sample from rapidly adapting receptors; it therefore seems unlikely on
the present evidence that individual, unmarked terminals can be unequivocally identified
from ultrastructural appearance alone.

Maxwell, Bannatyne, Fyffe & Brown (1982) characterized the ultrastructure of terminals
of hair follicle fibres and typically observed dome-shaped endings making synapses with
one or occasionally two relatively large dendritic profiles; axo-axonic contacts were present
on some of the boutons. Similarly, Rethelyi et al. (1982) have described terminals arising
from D-hair and high-threshold mechanoreceptive (h.t.m.) fibres in the cat, both of which
give rise to glomerular structures but differ in the type of synapses which occur within them.
Thus D-hair glomeruli are characterized by dendro-dendritic interactions while h.t.m.
glomeruli in lamina I are distinguishable by the presence of dendro-axonic contacts.
Terminations from h.t.m. units in lamina V were simpler and had only axonal profiles
presynaptic to them. It may therefore be possible to differentiate between terminals formed
by large and small myelinated primary fibres in the dorsal horn, but there remains
considerable overlap in the morphological properties of large hair follicle afferents and
rapidly and slowly adapting fibre terminations described here and by Maxwell et al. (1984),
and so the specificity observed at the light microscopic level is not apparent at the
ultrastructural level.

A number of suggestions can be made as to the identity of second-order neurones on
which primary fibres synapse. Direct physiological evidence is limited since most investigators
have used electrical stimulation of peripheral nerves to study mono- and polysynaptic
projections to the spinal cord. However, Tapper & Wiesenfeld (1980) have demonstrated
monosynaptic input from SAI fibres to lamina IV neurones, some of which were identified
as non-projecting cells. Golgi studies of this region (Matsushita, 1969) illustrate examples
of lamina III interneurones with dendritic arbors in appropriate areas whose axons arborize
in laminae I-V. Some of these may be responsible for the primary afferent depolarization
recorded in afferent fibres (Janig, Schmidt & Zimmermann, 1968) or for transmission of
information about peripheral events into other interneuronal circuits (Hongo, Jankowska
& Lundberg, 1966; Lundberg, 1979).

Laminae III-V is the region of origin of two ascending tracts which receive low-threshold
cutaneous input, the spinocervical (s.c.t.) and post-synaptic dorsal column (p.s.d.c.) tracts.

Fig. 3. A, a reconstruction of a horseradish peroxidase-labelled SAII axon collateral that was prepared for
combined light and electron microscopical analysis. All of the electron micrographs shown in Figs. 3 and 4
are taken from the circled area (arrow) and the dotted line represents the border of the dorsal horn (M = medial).
B, an illustration of an 'en passant' SAII bouton. The arrows indicate non-myelinated axonal profiles and
asterisks indicate vesicle-containing axonal processes. (Den. 1 and den. 2 are dendritic profiles similarly
designated in Fig. 3C.) C, a serial section of the 'en passant' bouton illustrated in Fig. 3 B. The bouton forms
a synaptic association with a dendritic profile (den. 2) and is in close apposition to a large dendrite (den. 1).
D, an SAII bouton that forms an asymmetrical synaptic junction (between the arrows) with a small dendritic
profile. Note the circular, agranular vesicles contained within the labelled profile.
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The first of these, the s.c.t. does not receive inputs from fibre types studied here (Brown,
1981) but only from hair follicle and h.t.m. receptors. Ultrastructural evidence indicates
that axo-axonic contacts onto boutons terminating on cells of origin of the p.s.d.c. system
are rare (B. A. Bannatyne, unpublished observations). Jankowska, Rastad & Zarzecki
(1979) have shown that p.s.d.c. cells receive monosynaptic input from low-threshold
cutaneous primary fibres, and Brown & Fyfife (1981) have demonstrated that some cells of
this system have excitatory receptive fields which include input from Pacinian and/or rapidly
adapting receptors in glabrous skin and slowly adapting receptors in hairy skin as well as
from hair follicle receptors. While input from hair follicle afferent fibres may account for
all the excitation observed in these cells on electrical stimulation of peripheral cutaneous
nerves, the implication of these combined observations is that primary afferent fibre
arborizations may be organized in such a way that only simple axo-dendritic boutons not
subject to direct pre-synaptic control make monosynaptic contacts with cells of the p.s.d.c.
system. While this suggestion is consistent with ultrastructural findings for the s.c.t. system
(Maxwell, Fyffe & Brown, 1982), it is not a general feature of the organization of primary
afferent input to ascending systems since the dorsal spinocerebellar tract receives input from
both cutaneous and muscle afferent fibres, and in this case axo-axonic contacts are common

(Lundberg & Oscarsson, 1960; Rethelyi, 1970; Randic, Miletic & Loewy, 1981).
Structures interpreted as vesicle-containing dendrites have previously been described in

the spinal cord (Ralston, 1971; Rethelyi et a/. 1982) and Aronin, DiFiglia, Liotta & Martin
(1981) have demonstrated that leu-enkephalin is associated with dendrites in the dorsal horn.
Release of transmitter substances from dendrites has been demonstrated in other regions
of the central nervous system (Cheramy, Leveil & Glowinsky, 1981) and dendro-dendritic
interactions bring about inhibition in the olfactory bulb (Jahr & Nicholl, 1980).

Janig et al. (1968) recorded primary afferent depolarization from afferent fibres from
slowly adapting skin receptors and Tapper, Wiesenfeld & Craig (1983) have measured
excitability changes in single type I afferent fibres following application of conditioning
stimuli. The finding of axo-axonic contacts onto stained boutons is therefore consistent with
previous results, as such synapses are believed to be the morphological substrate mediating
presynaptic inhibition (Gray, 1962) and consequently generating primary afferent de¬
polarization and excitability changes. There is evidence implicating y-aminobutyric acid
(GABA) in generation of primary afferent depolarization (Barker & Nicholl, 1972; Levy,
1974) and it is interesting to note that Barber, Vaughn, Saito, McLaughlin & Roberts
(1978) using combined immunocytochemical and degeneration techniques demonstrated
GABAergic terminals presynaptic to primary afferent boutons. The fine structure of these
terminals is similar in some respects to the presynaptic boutons in the present material.

In summary, SAI and SAII terminals exhibit many similarities, ending in arrangements
of varying complexity and receiving axo-axonic contacts. They synapse on dendrites which

Fig. 4. A, an SAII boulon that forms synaptic junctions (between the arrows) with several dendritic profiles. Note
that some of the dendritic profiles appear to contain vesicle-like structures. An axonal profile is closely apposed
to the SAII bouton and in serial section (B) this axon was seen to form a synaptic junction (between the arrows)
with the labelled profile. Note the irregularly shaped vesicles and large granular vesicles contained within the
axonal profile (ax.). C, an SAII bouton forms a synaptic junction (open-headed arrows) with a small dendritic
profile (den.). However, an axon terminal (ax.) is presynaptic (junctions indicated by arrows) to both the
dendrite and the bouton and thus forms a 'triad'. D and E, two examples of axons (ax.) presynaptic to labelled
SAII profiles. Note the accumulation of agranular vesicles at the presynaptic membranes (arrows indicate
synaptic junctions). F, an SAII bouton that is presynaptic to two dendritic profiles (den.). Note the circular
agranular vesicles in the labelled bouton.
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probably arise from interneurones and possibly also from neurones projecting via the doisal
columns.
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