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STATEMENT

The body of work contained in this thesis was begun during my fifteen years as a
postdoctoral fellow and the University of Edinburgh and was continued following my
move to Glasgow University in 1994. During this timel also spent two brief periods
working abroad at the Semmelweis Medical School in Budapest and at the
Department of Physiology at the University of Gothenburg. Virtually all of the work
was performed on a collaborative basis where I provided expertise and knowledge
on morphology. Many of the papers listed were written entirely by me and I have
indicated my role in these as 'author'. Others were written as a co-author where I
supervised and/or performed aspects of the work and modified initial drafts of the
manuscripts. None of the papers were submitted for another degree but aspects of
work supervised and completed jointly with my PhD students (Christopher Doyle,
William Stewart, Josune Olave, Gergely Nagy and Margret Mackie) were reported
in their theses. I would like to express thanks to my many collaborators and
postdoctoral research assistants over the years for the opportunity to work with them.
In particular I would like to mention Professor Elzbieta Jankowska who has been my
mentor and friend and the Late Professor Alan Brown FRSE who taught me the
importance of working on 'identified' neurons.

David Maxwell,

Glasgow, 2009



ii)

ABSTRACT

This body of work is focused upon neuronal networks of the spinal cord which are
involved in processing of sensory information and generation of motor output. It
includes a detailed account of the synaptic organisation, target neurons and
neurotransmitter content of central terminals of various classes of cutaneous and

proprioceptive primary afferent axons. It shows that presynaptic boutons at
axoaxonic synapses, which regulate primary afferent transmission, contain GABA
but that other transmitters such as glycine, neuropeptide Y and acetylcholine may
be co-localised in these structures. The principal conclusion is that certain subtypes
of presynaptic inhibitory interneurons target the terminals of specific types of primary
afferent fibres but the majority of these neurons do not from 'pure' presynaptic
inhibitory systems because many of them also mediate postsynaptic inhibition. A
further series of investigations provides a detailed analysis of the organisation of
monoaminergic axon terminals and the receptors that they act upon. This work
supports the existence of two parallel modes of action for monoamines in the cord; a
diffuse (non-synaptic or paracrine) system and a specific system which acts through
direct synaptic actions on particular target neurons. Serotonin, for example, acts as
a general modulator but also regulates transmission in some pathways selectively.
Amongst the cells that are targeted selectively, are interneurons in reflex pathways
and a class of projection neuron which receives monosynaptic input from
nociceptive primary afferent axons. More recently, the focus has been on the
organization and neurochemical properties of spinal interneurons. Until recently,
there were few satisfactory classifications of spinal interneurons and the relationship
between functional and structural properties of such cells was unclear. A detailed
analysis of interneurons has shown that there is a clear relationship between the
action of a given interneuron (i.e. whether it is inhibitory or excitatory), its axonal
projections and the classes of cell that it targets. In conclusion, the work reported in
this thesis is an attempt to elucidate neuronal circuits which underlie sensory and
motor processes in the spinal cord by applying modern functional anatomical
approaches.
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Abstract

It has become increasingly clear that nociceptive information is signalled by several anatomically distinct populations of primary afferents
that target different populations of neurones in the spinal cord. It is probable that these different systems all give rise to the sensation pain and
hence, an understanding of their separate roles and the processes that they employ, may offer ways of selectively targeting pain arising from
different causes. The review focuses on what is known of the anatomy of neurones in LI-III of the spinal dorsal horn that are implicated in
nociception. The dendritic geometry and synaptic input of the large LI neurones that receive input from primary afferents containing
substance P that express neurokinin 1 (NKi) receptors suggests that these neurones may monitor the extent of injury rather than the specific
localisation of a discrete noxious stimulus. This population of neurones is also critically involved in hyperalgesia. In contrast neurones in LII
with the morphology of stalked cells that receive primary afferent input from glomerular synapses may be more suitable for fine
discrimination of the exact location of a noxious event such as a sting or parasite attack. The review focuses as far as possible on precisely
defined anatomy in the belief that only by understanding these anatomical relationships will we eventually be able to interpret the complex
processes occurring in the dorsal horn. The review attempts to be an accessible guide to a sometimes complex and highly specialised
literature in this field.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Noxious stimuli give rise to aversive sensations such as

pain and itch. One group of primary afferents that are
activated by these stimuli contain the neuropeptide,
substance P [74], and this has its highest affinity for the
neurokinin 1 (NK.!) receptor. As a result of the develop¬
ment of specific antibodies to this receptor it has become
possible to identify some of the principal spinal neurones
targeted by these afferents. The energy forms that are
transduced to activate nociceptive primary afferents include
intense mechanical and thermal stimuli, protons and a wide
range of chemicals. With the cloning of the TRPV1 (VR1)
ion channel [27] that is responsive to capsaicin, noxious
heat and protons, a second means of anatomically
identifying nociceptive afferents has become available.
After some general comments on the anatomy of dorsal
horn neurones, this review will consider what is known of
the target neurones for afferents containing substance P
and/or expressing TRPV1 ion channels. To limit the size
of the review it will focus on LI and LII, which are the
main targets for nociceptive cutaneous primary afferents,

and no reference will be made to muscle and visceral

nociception. The review will conclude with a brief
consideration of future directions. Although the principal
focus of the review is based on anatomically or neuro¬

chemically characterised neurones, wherever possible this
will be integrated with physiological studies that address
defined dorsal horn neuronal populations. The data
discussed are a fusion of studies on a range of species
from man to mouse, species differences have not been
emphasised to try to achieve an overview. Several other
recent reviews and papers discussed the roles and
projections of spinothalamic neurones and some of the
neurones discussed in this review have axons projecting to
the thalamus. However, the present review, although
ultimately also concerned with neural circuits underlying
pain perception, focuses more on morphologically or
neurochemically identified spinal neurones. In doing so
many pharmacological and physiological studies will only
be mentioned briefly or not at all. A comprehensive
account can be found in the excellent text by Willis and
Coggeshall [159]. Aspects of the anatomy of this region
have been recently reviewed [147].
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Despite many careful studies, our knowledge of the
intrinsic circuitry of the dorsal horn of the spinal cord is
far from complete. This is particularly true when consid¬
ering the smaller neurones of LII, where it is difficult to
classify neurones into groups based on a finite number of
morphological or physiological characteristics [8,10,
11,12,17,18,51,52,55,85,119,121,123,135,148], This has
led occasionally to the expression of doubt as to whether
any correlation between morphological features and
physiological function exists for dorsal hom neurones.
However, this view is countered by many studies,
particularly of receptor distributions, clearly indicating a

high degree of order in the dorsal horn. The first
assumption of this review is that there is strong
correlation between neuronal morphology and function
and that any shortfall in our appreciation of this
correlation arises from our lack of subtlety in dissecting
this system. The difficulty in defining dorsal hom circuitry
is understandable in view of the complex range of
functions undertaken by this region. Under non-patholog¬
ical conditions the sensations of pain, itch, warm, cold
and pleasurable touch referred to the body surface are all
abstracted at the cortical level from information princi¬
pally signalled by groups of unmyelinated (C-fibre) and
thinly myelinated (A8-fibre) primary afferents terminating
in LI-V. As more is known about the transduction
molecules involved in primary afferent terminals and their
distributions it will be possible to identify which spinal
neurones process specific ranges of physical stimuli. For
example, with the cloning of a number of TRP channels
[105] responsive to different temperature ranges it has
become possible to analyse in more detail how thermal
information is processed at the spinal level. The more
difficult problem will be unravelling how information
transduced by receptors is abstracted and interpreted
centrally to produce sensation. An additional problem
facing the identification of circuits contributing to
sensation is that many spinal neurones integrate somatic
and autonomic reflexes and may not contribute to the
relay of information to the conscious level. Interactions
between spinal cord inputs are also complex and will
involve a range of inhibitory and excitatory intemeurones.
Hence, identifying the key spinal neurone players
involved in processes leading to aversive sensation is
not a trivial issue.

2. General anatomical considerations

2.1. The dorsal horn is organised dorsal-ventrally into
layers

Based on detailed studies of neuronal soma size, revealed
using the Nissl stain, Rexed proposed that the spinal cord is
arranged, in the dorsal ventral axis, into laminae [124]. He
designated these using Roman numerals and the present

review is primarily concerned with neurones in LI—II, with
some consideration of a few selected neurones in LIII. These
laminae are the primary termination zone of C- and AO-fibre
primary afferents, many of which originate from the skin.
This dorsal ventral organisation has been reinforced by many

findings. These have also led to the sub-division ofLII into an
outer (LIIo) and inner (Llli) lamina. This zonation is clear not
only from soma size measurements, but from distributions of
primary afferents, receptors, enzymes and patterns of
synaptic organisation. Amongst the many features which
define this lamina structure, the following examples are
given. Immunostaining for the NKi receptor, can be used to
define LI [19,92,111], Intrinsic neurones ofLII do not express
this receptor [19] and this correlates with an absence ofdirect
actions of SP on neurones whose cell bodies are intrinsic to

LII [19,164], Staining of primary afferents with calcitonin
gene related peptide (CGRP) gives dense staining in LI with
fibres extending into LIIo [25]. The expression of fluoride
resistant acid phosphatase (FRAP) and the distribution of
binding of the isolectin B4 from Griffonia simplicifolia (IB4)
to the central terminals of a group of "non-peptidergic"
primary afferents gives a band of staining with its highest
density in Llli with some fibres entering LIII [32], The
enzyme PKCy is located in soma of neurones predominantly
distributed in Llli and LIII [116]. One of the most striking
recent demonstrations of this laminar structure can be seen

from a mapping of the distribution of the ion channel
activated by capsaicin, the TPRV1 channel. The distribution
of TPRV1 shows a clear lamina banding through its partial
colocalised with, IB4, the purinergic receptor P2X3, sub¬
stance P and CGRP [56], Hence, by using a range of markers
a clear, if complex, dorsal-ventral organisation is apparent.

2.2. Soma shape and size

The neurone soma membrane forms a relatively small
proportion of the surface area of a neurone and typically
receives a correspondingly small proportion of the synaptic
input. In some neurones a specialised axon hillock region
can be a site of synaptic input and these synapses could have
a profound effect on the output of a neurone. Apart from
being a limited site for synaptic input, the soma also
contains most of the organelles for protein manufacture. The
size of a neurone soma appears to be related to the size of
the neurones axon and hence, the overall cytoplasmic
volume. This suggests that an increased axon diameter
incurs metabolic consequences requiring more cellular
machinery to be housed in the soma. This certainly seems
to be the case for dorsal root ganglion neurones where the
largest neurones have the largest diameter axons. Hence,
soma size may be correlated with axon conduction velocity.
This relationship may bo complex as the length of the axon,
the extent of its terminal branches and the nature of the

signalling molecules the neurone releases and their turnover
may also be factors. Some authors have emphasised soma
shape, particularly for LI neurones [57]. Soma shape seems
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to be determined primarily by dendritic architecture. Thus
the pyramidal cells of the cortex have a distinctive soma

shape due the typical arrangement of a single apical dendrite
and several basal dendrites. Hence, soma shape without
reference to dendritic architecture may be misleading.

2.3. Dendritic architecture

For many regions of the CNS the neurone types are
predominantly classified on dendritic architecture and this
clearly correlates with function. For example, the flattened
structure of the dendrites of the Purkinje cell of the
cerebellum clearly provides an optimisation for input from
mossy fibres. Spinal dorsal horn neurones also have very
characteristic dendritic architecture. It is immediately
apparent that some neurones have dendrites that ran in
medial-lateral and rostro-caudal orientation within one

lamina with no significant dorsal-ventral extension. These
seem to be designed to receive synaptic input within a
lamina. In contrast other neurones have dendrites extending
across laminae and hence, would be predicted to be
collecting synaptic input across different laminae and
integrating diverse inputs. It is often useful to represent
these dendritic fields by the solid shape the dendrites would
occupy, an approach exemplified in the work of the
Schiebels [134], In this system of representation, dorsal
hom neurone dendrites occupy disc, cone, double cone,
rectangular and cylindrical shaped territories [22,87,135],

A second aspect of dendritic architecture is the spread of
the dendrites, which will determine the potential spatial
separation of inputs. Hence, a neurone with extensive
dendrites may receive inputs from widely separated
afferents and as a consequence have a large receptive field.
Conversely, a restricted dendritic spread may be correlated
with a small receptive field. Taking these suggestions
further, large neurones may be concerned with the magni¬
tude and intensity of a stimulus across a large surface area,
whilst small cells would be more suitable for localisation of
a stimulus. Dendrites also vary considerably in the density
of branches. A more highly branched dendritic tree would
provide greater surface area for synaptic input.

2.4. Dendritic spines

Dorsal horn neurones vary considerably in their fre¬
quency of dendritic spines. Spines are typically sites of
synaptic input and modifications in spine function can alter
synaptic efficacy and contribute to plasticity. Hence, the
presence of spines may indicate that the neurone undergoes
some form of adaptation depending on its input, whilst spine
free neurones may have more fixed properties.

2.5. Presynaptic synapses and glomerular synapses

Another important morphological feature of the dorsal
hom is the specialisation of synapses particularly some that

form distinct glomerular structures [103,125]. Interestingly
primary afferents containing substance P often form simple
axo-dendritic synapses and very few of them have presy¬
naptic synapses. It is, however, well established that they do
bear a number of presynaptic receptors. In contrast the
glomerular synapses (Type 1) [126] formed by unmyelinated
primary afferents that express FRAP [127] or bind IB4 [5],
receive presynaptic inputs from both axons and dendrites.
This again may relate to function with only a generalised
regulation of substance P containing primary afferents by
volume transmission but a specific regulation of IB4
afferents. This may translate into generalised modulation of
one sensation in terms of intensity, as opposes to localisation
of a stimulus in a second case. Taking this a step further it is
not so important to define the exact limits of an area of tissue
injury such as a bruise, whilst it is very important to identify
the precise point at which a mosquito is biting.

2.6. Dorsal horn neurone axons

The final general feature to be considered is the axon.
Again these vary considerably between different dorsal hom
neurones. Some neurones give rise to relatively unbranched
axons that ascend the spinal cord, it would be reasonable to
classify these as projection neurones. Others have exten¬
sively branched axons that ramify primarily in the same
lamina as the dendritic arborisation. These would be ideally
suited to lateral inhibition or excitation within the same

sensory modality. Others have axons that ramify in different
laminae to the dendrites and these would be ideally suited to
inhibition or facilitation across modalities.

3. Targets for substance P containing primary afferents

Two types of neurone immediately command attention
when examining the distribution of the NK] receptor in LI-
III. They have many similarities in receptor distribution,
synaptic input and axon projections. As many studies have
combined information from both these neurone types it is
convenient to discuss some of their properties collectively.

3.1. Anatomy

3.1.1. Large LI NKj receptor expressing neurone
In LI the NK, receptor is expressed over the soma and

dendrites of a group of large neurones (mean soma diameter
22 pm), whose dendrites radiate in LI only [19,91,92,111].
Occasional somata appear displaced into LIIo but their
dendrites turn dorsally to enter LI. These cells are, therefore,
designed to receive synaptic input in LI and will process
information signalled by the subset of primary afferents
terminating in LI. These neurones typically have four
dendrites, which in sections cut parallel to the dorsal
surface, gives them a multipolar appearance. Their dendrites
branch infrequently, and have a mean length of 230 pm.
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This is probably an underestimate due to difficulties in
observing very fine terminal dendrites. In the rostro-caudal
dimension the dendritic field is 550 pm whilst in the medio-
lateral dimension it is 130 pm. Their dendritic territory is
best represented by an ellipse with its long axis oriented
rostro-caudally [28,29].

This type of large neurone in LI has been consistently
observed in many studies, they have the characteristics of
Type IIB multipolar neurones with few dendrites described
from Golgi stained material of LI [87]. Unfortunately,
although the NK| receptor expressing neurones form a
significant proportion of the large LI neurones there are other
large LI neurones that do not express this receptor [120],
Measurements of dendritic spread for large LI neurones with
the dendritic architecture of large LI NK, neurones all give
dimensions between 500-1000pm in the rostro-caudal
direction and 30(M100 pm in the medio-lateral dimension,
e.g. Refs. [55,65,90,132], If the dendritic spread of rat LI NK,
neurones is compared with recent mappings of the derma¬
tome representation in the spinal cord by Ref. [146], it would
suggest that these neurones have large receptive fields,
however, this may not be the case. The mean inter-soma
distance between these neurones is 120 pm, and hence, each
point of LI falls into the dendritic field of seven to eight of
these neurones. They have relatively few spines on their
dendrites. Retrograde labelling studies show that the majority
of these neurones have axons terminating in the lateral
parabrachial [40,150] and lateral reticular nuclei [152], with
many also projecting to the thalamus [75,101] and hypothal¬
amus [76]. In a study in the macaque monkey (Macaca
mulatto) it was shown that large numbers of LI neurones
project to ventrobasal nuclei of the thalamus [160], and in
seems probable that these LI neurons form a substantial
component of the spinothalamic tract in man.

Intracellular labelling studies demonstrate that their
axons give rise to limited numbers of collaterals in LI and
deeper in LIII-IV, however, compared with other neurones
these are sparse. These axons are quite coarse compared
with the axons of many dorsal horn neurones and this
suggests that they would have quite high conduction
velocities [29], Several lines of data also strongly suggest
that these neurones are excitatory. They do not contain
GABA or glycine [91], spinothalamic and spino-brachial
projections are excitatory, and substance P can cause
increases in glutaminergic EPSPs in spinal neurones that
is not accompanied by any depolarisation (Cheunsaung and
Morris unpublished observations).

3.1.2. Large LIII-IV NK/ neurones with ascending dendrites
The second very characteristic neurone that expresses

NK! receptors has a soma that lies deeper in the dorsal horn
(LIII-V) (Fig. 1). From staining for the NK, receptor it can
be seen that these cells have a group of ascending dendrites
that cross LII and then branch extensively in LI. These
ascending dendrites provide targets for substance P con¬

taining primary afferents in LI and through LII [109], These

dendrites also receive input from small numbers of
myelinated primary afferents that target dendritic spines
[110]. Detailed measurements of these neurones have not
been made. The dorsally directed dendrites cover a similar
rostro-caudal and dorso-medial spread to those in LI. The
drawings of the dorsally directed dendrites of twelve of
these neurones made by Nairn et al. [110] clearly illustrate
this. As with the large LI NK, neurones, the majority of
these neurones have rostrally projecting axons and can be
retrogradely labelled in the rat following tracer injections
into the lateral parabrachial nucleus and lateral reticular
formation [152],

Small numbers of these neurones have been labelled by
intracellular injection of dye and subsequently shown to
express the NK, receptor. In an in vitro slice study of the
trigeminal nucleus caudalis NKi neurones in the marginal
part of the magnocellular layer (homologous to LIII) were
shown to have projecting axons that could be followed into
the reticular formation [79]. We have also filled three of
these neurones and a striking feature is their prominent
ventrally directed dendrites (Cheunsuang and Morris,
unpublished observations). These ventrally directed den¬
drites express much lower densities of the NKi receptor and
are not readily observed without intracellular labelling.

3.2. Primary afferent input

Although the NK! receptor is distributed throughout the
soma and most of the dendritic plasma membrane of both
these types of neurone, substance P containing synapses
make more discrete contacts [78,92,106,109]. These sub¬
stance P containing primary afferent inputs tend to form
simple synapses predominantly onto dendrites and they
contain dense-core vesicles. They also contain small round
vesicles that are rich in L-glutamate [37]. Recently they
have been shown to contain vesicular glutamate transporters
[82] although only at low levels [153]. It is probable that the
release of glutamate from these synapses will act at
subsynaptic ionotropic excitatory amino-acid receptors
whilst substance P may act, in part, by volume transmission
on NK! receptors located away from the synaptic contact
[92]. Very few Type I glomerular synapses are found on the
dendrites of these neurones [28,133] suggesting that they do
not receive substantial numbers of inputs from C-fibre
primary afferents that bind IB4 lectin or FRAP. However,
contacts from myelinated afferents have been shown that
terminate predominantly on the small numbers of dendritic
spines on the ascending dendrites of the large LIII NK|
neurones [110], This correlates well with electrophysiolog¬
ical studies demonstrating that the LI neurones receive input
from A6- and C-fibre primary afferents and are directly
depolarised by a specific NKi-receptor agonists [29]. The
EPSPs evoked by A8-fibre input are short whilst those
evoked by C-fibres are longer.

Quantitative evaluations of the contributions made by
these populations of NK> neurones to projection pathways
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Fig 1 Schematic summary diagram of dorsal hom neurones targeted by substance P containing primary afferents. Two principle NK| receptor bearing
neurones are found in LI and LIII-IV. Those in LI have dendrites typically confined to LI, whilst those with a soma in LIII IV, typically have both dorsally and
ventrally directed dendrites crossing many laminae. A second small type on neurone in LI that also expresses NKj receptors at a lower density is illustrated.
Inhibitory and excitatory interneurone inputs to the main neurons and a potential disynaptically activated neurone are shown. (See text for further details).

have been made [101]. In LI 77% of the neurones, laminae this fell to 33%. Unfortunately, no combined
retrogradely labelled from large contralateral thalamic intracellular labelling and NK.! receptor labelling studies
injections, expressed NK.! receptors, whilst from the deeper have been conducted in vivo. Hence, precise identification of
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the sensory properties of these NK, receptor-expressing
neurones is difficult. Large numbers of studies have been
carried out on the elctrophysiolgical properties of spinal
neurones, shown to project to the thalamus by antidromic
stimulation of their axons, particularly by the group of
Willis. Spinothalmic neurones can be classified on the basis
of their responses to somatosenory stimuli into the following
categories: nociceptive specific, wide-dynamic range
(WDR), low-threshold (LT) mechanoreceptive neurones,
cold specific, thermoreceptive or responsive to cutaneous
injection of histamine, e.g. Refs. [6,7,23,31,33,34,43,
46,47,70,157]. On the basis of axon conduction velocity
and the proportion of LI spinothalamic neurones that
express the NK, receptor, many must be nociceptive
specific neurones. A high percentage of LI NK, neurones
project to the parabrachial nucleus and hence, a consid¬
eration of the properties of these neurones may also shed
light on this issue. A detailed study of spinobrachial
neurones in LI revealed that 75% were nociceptive
specific, they were activated by both A8- and C-fibres
and had antidormic latencies establishing that they had
myelinated axons, most were activated by noxious
mechanical and noxious heat stimuli [16]. Similar findings
have been reported for intracellularly labelled LI spinopar-
abrachial neurones in the cat which have the morphology
of NK, neurones [65,86], Interestingly all these studies
suggest that spino-brachial neurones have relatively small
receptive fields in non-inflammed skin. The large dimen¬
sions of LI NK, neurones could contribute to the
sensitisation and increase in receptive field sizes observed
following inflammation. Overall, it seems safe to assume
that a significant proportion of the large LI NK| neurones
are nociceptive specific neurones. The physiological
characteristics of three LI neurones that received high
densities of substance P containing afferents have been
documented [98], all these were found to be nociceptive
specific neurones.

The issue of the physiological characteristics of the LIII
NK, neurones is more problematical. Their large ventrally
directed dendrites would provide ample possibilities for
input from low threshold mechanoreceptive afferents. Three
neurones with soma in LIII-IV that received dense
innervation from substance P containing primary afferents
were all WDR neurones [98]. Neurones expressing NK,
receptors are also depolarised by substance P. Although not
a very direct proof, WDR spinothalamic neurones are also
responsive to substance P [44],

Whilst, it is thought that virtually all primary afferents
employ L-glutamate as a fast transmitter the post-synaptic
receptors activated in different neurones may vary. Sub¬
stance P containing primary afferents terminate on dendrites
having post-synaptic NMDA receptors [3]. Spinothalamic
neurones have also been shown to strongly express
NMDAR1, AMPA, GLUR1 and GLUR2/3 subunits [162],

Repetitive activation of peripheral nerves, with stimuli at
an intensity and frequency that recruit C-fibres, causes a

facilitation of synaptic responses in large LI NK, neurones
[29], In LI neurones, retrogradely labelled from the para¬
brachial nucleus, that also showed inward currents to
substance P application, the facilitation of excitatory post¬
synaptic currents produced by high frequency stimuli of
primary afferents has been investigated. Induction of this
facilitation was shown to be dependent on both substance P
and NMDA receptors; and to involve release of Ca2+ from
intracellular stores via IP3 [66],The involvement of a T-type
voltage gated calcium channel in this process was also
demonstrated [66], The important interactions between NK,
and NMDA receptor activation that are considered to
contribute to hyperalgesia have been reviewed recently
[158],

3.3. Presynaptic inhibition and facilitation of primary
afferent input

Primary afferent axons containing substance P typically
make simple axo-dendritic synapses on NK, receptor
expressing neurones without pre-synaptic synapses
[78,109], This is surprising in view of the reduction of
substance P release from the central terminals of primary
afferents produced by morphine [67], However, despite the
lack ofdirect presynaptic contacts it is clear that the release of
glutamatc and substance P from C fibre primary afferents
terminating on LI NK| neurones is regulated by a number of
receptors, e.g. Refs. [20,21 ]. A comprehensive account ofthis
issue would deflect this review form its main course however,
some receptors are discussed to illustrate the specificity of
these relationships. A selective p-opioid agonist inhibited the
EPSPs evoked by C-fibre stimulation in LI NK, neurones
without any post synaptic change in membrane potential or
conductance. Whilst A8-delta fibre evoked EPSPs are much
more resistant to block with this agonist [29]. This correlates
with the demonstration of p-opioid receptor mRNA in
substance P containing DRG neurones [108] and in substance
P [39] and CGRP [2], containing synapses. These receptors
may be the MOR-1C spice variant [1]. Evidence has also
been obtained for post-synaptic p-opioid receptors in the
dendrites of NK, receptor expressing neurones in LI of the
trigeminal nucleus caudalis [4]. These pre- and postsynaptic
p-opioid receptors could be the target for release of
enkephalins from dorsal horn neurones or endomorphin
produced by substance P containing primary afferents [115].
The importance of these p-opioid receptors on the effects of
substance P has also been questioned as intrathecal morphine
does not reduce NK, receptor internalisation following
noxious stimuli and only reduces c-fos induction in NK,
receptor expressing neurones to a limited extent [154].
Although 90% of DRG neurones expressing pre-protachyki-
nin A mRNA also express mRNA for the p-opioid receptor,
this falls to 30% for the K-opioid receptor and just 3% for the
8-opioid receptor [108], However, immunocytochemistry
suggests that many DRG neurones that contain CGRP also
express the 8-opioid receptor[36].
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Several studies have also investigated the distribution of
pre-synaptic receptors for L-glutamate on the central
terminals of primary afferents. Fibres expressing CGRP do
not appear to express AMPA receptors [96]. Kianate
receptors (GluR6/7) have also been located on primary
afferents [63] but their specific localisation in relation to
either NK, neurones or substance P containing afferents has
not been investigated. It has been proposed that pre-synaptic
NMDA receptors may have a facilitatory action of substance
P release as intrathecal application ofNMDA increases NK,
receptor internalisation [94] and these receptors have been
located on primary afferent terminals [93], However, in a
recent study the NMDAR1 receptor sub-unit was mainly
located pre-synaptically on myelinated primary afferents
with virtually no colocalisation on CGRP containing
terminals [97]. Of the metabotropic glutamate receptors that
have been studied (mGluR2/3 and 5), they appear to be
mainly associated with non-peptide primary afferents
[26,68].

Many primary afferents receive distinct presynaptic
synapses that contain GABA, however this is not the case
with substance P containing synapses. Interestingly it has
been suggested that NK! receptor internalisation is reduced
by GABAb receptor agonists, but not by GABAa receptor
agonists [129].

The capsaicin receptor, TRPV1 (VRl) has been
identified pre-synaptically on substance P containing
primary afferents [64], However, this channel is not
expressed on all substance P containing dorsal root
ganglion neurones pointing to diversity in the ability of
these afferents to respond to noxious heat. Using the uptake
of fluorescently lagged substance P to identify putative
NK, receptor bearing neurones, it has been shown that
capsaicin releases glutamate from primary afferent terminals
on these neurones [73]. Whether any endogenous ligand acts
at these central terminal TPRV1 receptors has not been
established.

3.4. Non-primary afferent input

Clearly LI and LIII-IV NK| neurones will receive other
synaptic inputs from descending systems and local inter-
neurones. Unfortunately, fewer studies have specifically
addressed this issue, however, some information can be
assembled.

3.4.1. Excitatory interneurone input
Many neurones in LII and LIII contain glutamate

immunoreactivity, see Todd and Spike for review [150] and
glutamate transporters [153], One group of these excitatory
neurones contains neurotensin [151,153], and these typically
have small somata in LII or III with rostrocaudally oriented
dendrites [136]. Some of the axons from these neurones form
synapses in LI with dendrites of larger neurones [38], Many
of these neurotensin neurones also express calbindin and
intracellular labelling studies have shown that these neurones

have extensive axons ramifying through LI—III [77]. Inter-
neurones containing somatostatin have also been shown to
express glutamate transporters [153], however somatostatin
is also contained in some primary afferents which would
complicate the issue of using this as a marker for excitatory
intemeurone synapses [133], Additionally, it is surprising that
somatostatin is considered to be present in excitatory
inerneurones when its actions are typically inhibitory on
superficial dorsal horn neurones [69,71],

3.4.2. Inhibitory interneurone input
Many of the large NK! receptor expressing neurones in

LIII receive dense innervation from synapses containing
NPY and GABA [117]. These most probably originate
from intrinsic inhibitory neurones in LI—III [130]. In
contrast a second group of GABAergic dorsal horn
neurones that express the neuronal isoform of nitric oxide
synthase (nNOS) do not appear to have contacts with these
neurones [117]. The m2 muscarinic receptor has also been
located on some LI NK| receptor bearing neurones and
more extensively on ones in the deeper dorsal horn [142]
and these arc probably activated by acetylcholine released
from intrinsic cholinergic neurones. A detailed survey of
opioid receptors on NKi receptor expressing neurones does
not seem to have been made, however, they do express
MOR-1 [4]. It has also been shown that spinothalamic
neurones receive direct input from synapses containing
enkephalin [131].

3.4.3. Descending control
It is well established that spinal nociceptive neurones are

under descending conliol of several systems including ones

containing serotonin and nor-adrenalin. These could alter
the behaviour of NKt expressing neurones in several ways.
They could directly synapse on these neurones, influence
their afferent input or modulate interneurones acting upon
them. Direct synaptic contacts are made between serotincr-
gic terminals and LI NK, neurones [118], A subset of LIII
NKi neurones receive a dense innervation from serotonin-
containing axons and appear to be selectively targeted by
them, but, in contrast, they receive sparse innervation from
noradrenergic axons [141], Although many 5HT receptors
have been implicated in the regulation of nociception no

specific study of the distribution of these receptors in
relation to NK| expressing neurones appears to have been
made. Substance P expressing primary afferents also express
a2A adrenergic receptors [143], whilst a2c adrenergic
receptors appear to act pre-synaptically on excitatory
intemeurone inputs to NK, neurones [113].

3.5. Contribution to pain

In view of poor results in clinical trial of selective NK|
receptor antagonists the role of substance P in pain has been
re-evaluated [60]. However, as substance P has a more

modulatory function and most of the effect of the primary
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afferents containing substance P is mediated by glutamate it
is perhaps not surprising, with hindsight, that these NKi
antagonists did not block acute pain. However, this should
not confuse the issue, and it is clear that the system activated
by substance P containing afferents is a major contributor to
nociception, and in view of the system's anatomy, to pain.
Selective destruction of the LI NK| receptor expressing
neurones by intrathecal application of saporin conjugated to
substance P dramatically reduces nocifcnoivc responses to
intense noxious stimuli and both thermal and mechanical

hyperalgesia [100], Studies of the induction of c-fos in these
LI NK) receptor expressing neurones suggests they arc
involved in encoding the extent and severity of a noxious
stimulus as opposed to its specific location [45]. The
anatomy discussed also all points to a generalised function
related to stimulus intensity, with non-selective modulation
of afferent inputs through volume transmission. The
relationship of substance P release sites to receptors also
points to an overall modulatory function rather than a role in
stimulus localisation. Furthermore, the peripheral terminals
of many substance P containing primary afferents follow
blood vessels and are confined in the skin to the dermis
where they clearly have a function related to tissue oedema
through plasma-extravasation, e.g. Ref. [112]. Direct studies
of the sensory properties of substance P containing primary
afferents show that many are deep cutaneous mechano-
nociceptive cells [74]. These would again be more suited to
detection of tissue injury as opposed to fine localisation of
the site of application of a localised noxious cutaneous
stimulus. These neurones also show changes correlated with
hyperalgesia [158].

The differences in the roles of the superficial and deep
NK! neurones has started to become an issue of consid¬
erable interest. Recent studies of the spinothalamic system
have precipitated a debate of the roles and precise
terminations of different groups of spinothalamic neurones

[35,48,54] On the basis of axon projections following
superficial as opposed to deeper injection, Gauriau and
Bernard [48] suggested that the LI ascending system is more
concerned with discriminative aspects of pain, whilst the
deeper neurones are more concerned with motor arousal and
alertness. Selective destruction of LI NK! neurones also
produces a number of changes in WDR neurones in the
deeper dorsal hom. These have been interpreted in terms of
the LI neurones activating a facilitatory serotonergic system
[145],

3 6 Other targets fnr substance P containing primnr)/
afferents

3.6.1. Small, fusiform LI, NK/ receptor expressing neurones
A second group of LI neurones also express the NKi

receptor although the receptor density on these is less, as
judged from immunocytochemical staining. This lighter
staining only starts to give a clear picture of the
morphology of these neurones if very sensitive methods

are used. These neurones have a small (soma diameter
approx 12 pm), and a fusiform or spindle shaped soma.
This shape is due to the rostral and caudal origins of the
two principal dendrites of these cells. These run in LI and
break up into several secondary branches that are covered
in spines. This is identical to the neurone classified as
fusiform Type IA from Golgi stained material by Lima and
Coimbra [87]. These were shown by retrograde labelling to
project to the contralateral parabrachial nucleus [89] but not
to the thalamus [88]. Their structure, with two distinct of
dendritic input areas, tempts speculation about a compara¬
tor function that might be important in the localisation of
stimuli.

3.6.2. Targets for substance P containing primary afferent
axons that do not express NK/ receptors

Although the neurones expressing the NKi receptor form
the principal target for primary afferents expressing sub¬
stance P they are probably not the only targets. This issue is
somewhat complicated by the fact that some intrinsic dorsal
horn neurones, e.g. Ref. [128] and some descending
pathways contain substance P [62]. This can be partially
circumvented by using CGRP as a marker as this peptide is
substantially colocalised with substance P in DRG neurones
and is not present in intrinsic dorsal horn neurones or
descending systems. However, some larger DRG neurones
that contain CGRP do not contain substance P and there is
some overlap with the IB4 lectin binding DRG neurones.
CGRP containing terminals have been found pre-synaptic to
GABA containing neurones [59,61] however, in a study
with similar objectives it was noted that simple primary
afferent terminals of the type formed by peptidergic
afferents were not found on GABAergic neurones [15].
Evidence has also been obtained for substance P primary
afferent input to neurones in LII that express the MOR-1
receptor most of which also produce endomorphin 2 [140],
these neurones are a different population to those expressing
NK| receptors. CGRP containing primary afferent input to
LV neurones expressing dynorphin has also bee reported.
Hence, it seems probable that glutamate released from
substance P containing primary afferents will act on some
neurones that do not express NKi receptors.

3.6.3. Disynaptic activation
The large LI NK| neurones have axons that give rise to a

few collaterals. The few deeper NK| neurones that have
been studied also give rise to local axon collaterals although
much more detailed investigation is required, It therefore,
suggests that some spinal neurones will be activated via
these collaterals. It would be predicted that these would
show increases in synaptic potentials with no overall change
in membrane potential. Respones of this type are occasion¬
ally seen in LI and LII. The EPSPs produced in this way can
be blocked with a specific AMPA receptor antagonist
(Cheunsuang and Morris, unpublished observations). It
therefore, seems possible that NKi receptor expressing
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neurones excite some spinal neurones disynaptically and
that some NKt neurones are glutaminergic. However, this
needs interpreting with caution, as activation via intrinsic or
descending substance P containing neurones cannot be
excluded.

3.6.4. Neurones expressing other tachykinin receptors
Pre-protachykinin contains the sequence of NKA in

addition to substance P, and NKA has higher affinity for the
NK2 receptor. However, from studies of mRNA expression,
the NK2 receptor is only expressed to a limited extent in
CMS glia cells and not neurones [165]. When NKA is
released from primary afferents it has the same actions as
substance P and acts at the NK| receptor [155]. A third
neurokinin, NKB is synthesised from a different precursor
and acts with highest affinity at the NK3 receptor. This has
been located in the spinal cord on small neurones in LI I
many of which express the nitric oxide synthase [41,137].

4. Targets for TRPV1 receptor expressing,
non-substance P, afferents

The TRPV1 ion-channel is activated by noxious heat,
protons and capsaicin. This ion channel is expressed on
both the peripheral and central terminals of primary
afferents and has been used to explore the distribution of
nociceptive primary afferents. In the dorsal root ganglion
the TRPV1 channel is expressed by some substance P
containing primary afferents (discussed above) and many
that bind IB4 lectin. Direct intracellular recording studies
from DRG neurones binding IB4 lectin in vivo established
that many of these afferents respond to intense noxious
stimuli with none responding to low-threshold mechanical
stimuli [49]. In short term culture high proportions of adult,
IB4 lectin binding, DRG neurones are activated by
capsaicin [42], IB4 lectin containing afferents terminate
with high density in LII.

The activation of LII neurones by capsaicin was inves¬
tigated by Yang et al. [161]. They concluded that some
glutaminergic C-fibres express capsacin receptors. Many
small diameter primary afferent terminate in Type I
glomerular synapses which have been shown in the cat to
contain clear round vesicles rich in L-glutamate [104]. The
responses evoked by the pre-synaptic release ofglutamate on
LII neurones could be blocked totally by antagonists acting
at AMPA but not those acting at NMDA receptors [161].
Responses of LII neurones to capsaicin could be reduced by
neonatal capsaicin treatment or sciatic nerve section [161]
and were totally abolished by dorsal rhizotomy [9].

Hence, in addition to the substance P containing afferents
that target NK) receptor expressing neurones discussed
above, some primary afferents that bind IB4 lectin are also
concerned with nociception. As NK, receptor expressing
neurones do not receive large numbers of glomerular
synapses, and as a proportion of neurones activated by

capsaicin do not respond to substance P, it is clear that more
than one population of dorsal horn neurone processes
noxious heat information. The following account is a
summary of the neural circuitry onto which many of these
IB4/TRPV1 afferents potentially project.

4.1. LII interneuronal classification

To avoid entering a prolonged discussion of the
classification of LII neurones on the basis of Golgi studies
and intracellular labelling studies it may be more helpful to
discuss this issue by attempting to marry what is known of
neurochemically defined groups with morphology. This will
inevitably be less comprehensive but give a stronger
indication of exciting developments of bearing on the
principal objective of this review. Recent papers applying
whole cell patch techniques to LII neurones in slices have
generated much larger populations of characterised ncuro
nes and a much more comprehensive classification
[55,58,95], The reader is particularly referred to the paper
of Grudt and Perl for a discussion of LII neurone

classification [55], The co-localisation of GABA or gluta¬
mate transporters in LII neurones with different neuro¬
chemical or morphological characteristics permits most to
be designated as putative excitatory or inhibitory intornour
ones, e.g. Refs. [117,139,149-151,153].

4.2. Excitatory interneurones

4.2.1. LII vertical or stalked cells
One of the principal targets for IB4 containing primary

afferents must be the vertical or stalked cell, some of which
appear to be excitatory interneurones. In a study of the
colocalisation of GABA in Golgi stained neurones it was
found that 14 cells classified as stalked cells did not express
GABA and it was tentatively proposed that these are

excitatory interneurones [149]. Preliminary observations
have shown that two stalked cells responding to C fibre
inputs, that were excited by capsaicin, also expressed the
VGLUT2 transporter, also suggesting that they are excita¬
tory (authors' unpublished observation). These neurones
have been called limitroph [121], stalked [51,52] and more
recently vertical [55] neurones. They are typically described
as having a soma that lies just below LI in the outer part of
LII. The primary feature used to define this group is their
vcntrally directed dendrites that fan out in the rostro caudal
direction some reaching as far ventral as LIII. There is no
consistency between authors as to the importance of spines
in classifying these neurones and some studies include cells
with spine free dendrites. In Gobel's classification short
"stalk-like" side branches, which are elongated spines, are a
defining feature of these neurones [13,53]. In view of the
probable importance of spines in synaptic modification and
their involvement in glomerular synaptic structures, it is
unfortunate that this feature has not been given more

prominence in defining these cells. The axons of Gobel's
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stalked cells ramify primarily in LI, however, some of the
neurones included in Grudt and Perl's vertical classification
also had ventrally directed axons that have branches as deep
as LV [55] see also [83]. A detailed ultrastructural study of a

single intracellularly labelled stalked cell from the cat was
made by Gobel [53]. Multiple spines on this neurone
received inputs from a single glomerular synapse. It is
probable that these spines are a major target for IB4 binding
primary afferents. However, in a similar study of six
neurones classified as limitroph cells a much more variable
pattern of synaptic input was found [123].

Despite the problems of classification it is clear that some
cells with this morphology are nociceptive. They have been
shown to be either nociceptive specific or WDR neurones

[13,107,123] and receive input from both unmyelinated and
myelinated primary afferents [13]. No consistent neuro¬
chemical markers have been found for these neurones,

however, some have been found to express enkephalin [14]
which further reinforces the view that they may not be a
homogeneous population. Descending serotonergic inputs
to four nociceptive specific stalked cells have been shown in
the cat and all these were all inhibited by brainstem
stimulation [107], These neurones would appear to, act
mainly as excitatory interneurones distributing information
to other spinal neurones in LI—III. It would be very valuable
to identify the neurones they target as this may give
considerable insight into their function.

4.2.2. Neurones containing neurotensin, calbindin and
PKCy

The distribution of calcium binding proteins in LI and
LII [122] reveals that calbindin is another useful marker of a

sub-population of LII neurones. Calbindin is colocalised
extensively with neurotensin with some 75% of neurotensin
neurones containing calbindin[163]. Neurotensin containing
neurones in LII arc considered to be intrinsic spinal
interneurones and synapses containing neurotensin are
enriched in glutamate [151]. Combined intracellular staining
and calbindin immunochemistry has revealed these neuro¬
nes to be a morphologically homogenous group [77,80].
They have a small soma (20-35 pm maximum diameter)
typically in Llli, giving rise to radially arranged dendrites
that branch extensively but are confined to LII. These
dendrites give rise to few dendritic spines. The most striking
feature of these neurones is their highly branched and
extensive axon which spreads through LII, LI and LIII [77],
They correlate well with the description of radial cells that
received inputs from small myelinated axons [55], Glomer¬
ular synapses have been shown to terminate on LI and LII
calbindin expressing neurones [72] and hence, they may
also be a target for IB4 containing afferents. A distinct band
of cells in Llli, and scattered cells through LI, LIIo and LIII,
contain PKCy. Many of the LI neurones containing PKCy
in the caudal trigeminal nucleus are thalamic projection
neurones [81]. The majority of the Llli—III group of these
neurones do not express GABA, whilst 76% of neurotensin

positive neurones contain this enzyme and by the same
reasoning given above could be excitatory [117]. Very few
of these neurones express p-opioid (MOR-1) receptors
[117], These neurones may be implicated in the develop¬
ment of neuropathic pain as mice in which this enzyme has
been knocked out show reduced hyperalgesia following
peripheral nerve injury and it is upregulated following
induction of inflammation [99,102],

4.3. Inhibitory interneurones

Several different types of LII neurone appear to act as
inhibitory interneurones. As some have been defined on
anatomical criteria and others on neurochemical criteria it is
not clear how many distinct categories exist.

4.3.1. Morphologically identified inhibitory interneurones
Many LII neurones have been categorised as islet cells.

These have dendrites radiating mainly in the rostro-caudal
dimension. Most of the islet cells investigated using Golgi
staining were shown to contain GABA [149]. In the cat
islet cells were shown to have different sensory properties
with those in LIIo being nociceptive specific or WDR
neurones, whilst those in Llli had low threshold mecha-
noreceptive inputs[13]. Some of the inputs to these
neurones are from glomerular synapses [53]. In a recent,
paired neurone recording study, it was shown that 28 out
of 248 pairs (11%) of neurones studied showed synaptic
linkage. Of these, 14 pairs consisted of an islet cell
producing inhibition of a transient central cell and this
was mediated by GABAa receptors [95], Both the islet
and the transient central cell received monosynaptic inputs
from C-fibres although those to the transient central cells
had longer latencies [95],

LII neurones that express green fluorescent protein
(GFP) under the regulation of the prion promotor all have
the electrophysiological and morphological features of tonic
central cells [58]. These GFP labelled central cells were also
shown to produce c-fos in response cutaneous injection of
formalin, and to have monosynaptic C-fibre input mediated
by AMPA resceptors [58], These neurones were also shown
to be immunoreactive for GABA. Both islet and central cells
are therefore implicated in nociception.

4.3.2. Neurochemically identified inhibitory interneurones
In a major review of GABA and glycine colocalisation

with other transmitters Todd and Spike identified several
different inhibitory neurone populations in LII [150], From
this review the following pattern emerges. GABA contain¬
ing neurones initially divide into two groups depending on
the colocalisation of Glycine. GABA/Glycine+ve neurones
can contain either parvalbumin or NOS. The GABA/
Glycine-ve neurones can contain neuropeptide Y, enkepha¬
lin, acetylcholine and NOS or NOS on its own.

The neuronal isoform of nitric oxide synthase (nNOS)
strongly labels neurones with soma most densely distrib-
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uted in LI and Llli. These neurones co-express
GABA[138,156], The nNOS extends into their proximal
dendrites and these are oriented medio-lateral and rostro-

caudally for the LI neurones, and dorsal-ventrally for the
Llli population. The Llli neurones receive primary afferent
inputs mainly from type II glomeruli with no inputs from
the simple synapses of peptidergic afferents and very few
form type I glomeruli [15]. These observations suggest that
these neurones are activated primarily by A8-fibres and
may not receive inputs form either substance P or IB4

lectin containing afferents. However, many NOS containing
neurones in Llli and LIII also contain choline acetyl
transferase (ChAT) suggesting that they are cholinergic.
These cholinergic neurones receive inputs from both type 1
and type 2 glomeruli [114,126]. Many of these contacts
were shown to bind IB4 lectin [114]. The axons of these
neurones form presynaptic contacts both types of glomer¬
ular synapse and hence could contribute to presynaptic
inhibition. Hence, it is probable that IB4/TRPV1 nocicep¬
tive afferents also activate inhibitory interneurones.
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/synapse
1LUT

Stalked
Vertical
VGLUT

Calbindin
Neurotensin
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DRG
IB4
C-Fibre

Sub P/CGRP
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Fig. 2. Inputs from IB4 binding primary afferents to the neuronal circuitry of LII is summarised. These afferents typically terminate in glomerular synapses that
synapse onto dendrites and dendritic spines. They receive presynaptic axo-axonic synapses from terminals containing GABA, ACh and/or NOS. These fibres
also innervate Islet cells many of which will be inhibitory intemeurones. The question marks indicate axons whose targets are not established. (See text for
further details).
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4.3.3. Opioid containing neurones
The issue of the distribution and actions of opioid

peptides continues to grow in complexity, with new
members being added to this family. The direct actions
of opioids are inhibitory and hence, they are being
included at this point. It seems highly probable that
nociceptive primary afferents that contain IB4 synapse
with intrinsic LII opioidergic neurones, however, this does
not appear to have been investigated directly. Ultra-
structural studies of primary afferent inputs in relation to
opioid containing profiles were usually undertaken to see
if presynaptic inputs to substance P containing afferents
could be found, as discussed above. In an ultrsatructural
study of enkephalin neurones in LI and LIIo a range of
primary afferent inputs to enkephalin containing neurones
were found but no distinct Type 1 glomeruli are illustrated
presynpatic to enkephalin containing dendrites. Conversely
enkephalin stained synapse are show pre-synaptic to this
type of glomerular syanapse [50] although these may be
rare [144], In a similar study of dynorphin containing
spinal neurones the issue of glomerular synapaptic input
to these neurones is not emphasised [30] whilst many

inputs from CGRP containing afferents have been reported
(Fig. 2) [24],

4.4. Contribution to pain

Although a lot of details are missing it is clear that the
afferent input to LII targets a complex array of small
excitatory and inhibitory neurones. Although some LII
neurones have projecting axons, most are intemeurones.
The output of this lamina will be via LI neurones or

deeper dorsal horn neurones in LIII-V. The excitatory
stalked and calbindin neurones have axons passing out of
LII. The small size and limited dendritic spread of LII
neurones immediately suggests they are involved in fine
detail. Most cutaneous, IB4 binding, primary afferents
originate in the epidermis and would be ideally suited to
monitoring stimuli impinging on the skin including heat
and cold, gentle touch and itch. These stimuli are not only
important for protection of the skin but vital to survival,
thus low intensity mechanical stimuli are important to
detect the attack of blood sucking organisms, and
pleasurable touch is a component of sexual communica¬
tion. Following a parasite bite the site itches and targeted
scratching, not only helps relieve the itch, but more

importantly may assist in removing parasites and infective
organisms at the site of the bite by causing bleeding. Heat
and cold detection are important for thermoregulation and
protection against sunburn or frostbite. Many of these
stimuli have to be localised precisely to be of any
importance in producing appropriate responses. This is
again reflected in the synaptic organisation that suggests a

strong pre-synaptic inhibitory control system that would
be important in lateral inhibition and improved spatial
resolution. Some of these stimuli also require rapidly

adapting responses and this may also be reflected in the
tendency for inputs to LII to act at AMPA receptors rather
than NMDA or peptidergic receptors. The challenge for
understanding the substantia gelatinosa (LII) will be the
teasing apart of these separate functions.

5. Future developments

5.1. Correlating anatomical and physiological character¬
istics

It will be clear from the above discussion that except in a
few well defined cases it is still not possible to define most
of the neuronal populations or circuitry of the dorsal horn.
There seems to be relatively little agreement concerning the
weight to give to different anatomical features such as soma

shape, presence or absence of dendritic spines, axonal
arborisation and synaptic input. However, recent whole cell
patch recording studies have clearly demonstrated that these
problems are not insurmountable.

Another inherent problem in many studies is the
difficulty in classifying neurone sensory properties. In
some cases it is assumed that any cell with a C-fibre
input must be nociceptive, however, this is clearly not the
case, see for example [84], When stimuli are applied
"naturally", pinch with toothed forceps is commonly used
to identify mechanical nociceptive inputs, however, it is
clear that this type of stimulus will cause tissue injury
and initiated all the associated set of complex changes.
Hopofully as more is known about transduction molecules
in primary afferents selective forms of stimuli will be
possible. It would be of great value if the high-threshold
mechanoreceptor transduction molecules were identified
and some method for their non-traumatic selective

activation, developed.

5.2. Targeting specific neuronal populations

The use of promotors to drive the synthesis of marker
molecules such as GFP will clearly help target defined
neurone populations [58], This coupled with optical
recording methods may reduce the difficulty of some of
these experiments. Retrograde labelling of defined neu¬
rone groups has also been used to a limited extent in the
spinal cord and could clearly help define neurone

populations. It has also been recently shown that the
NK| subpopulation of dorsal horn neurones can probably
be tagged with a fluorescently labelled substance P [73].
The use of transynaptically transported markers such as
viruses also offers many potential benefits for these
studies as it would permit targeting of neurones receiving
inputs from specific tissues. It is also known that
different afferent groups differentially bind retrograde
tracers and this could be used in combination with
intracellular labelling.
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6. Concluding comment

It is tempting to say the "devil is in the detail". We hope
this review illustrates the continued need for the subtle

analysis and interpretation of the neuronal circuitry of the
dorsal horn to understand its functions.
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INTRODUCTION

With millions of neurones in the nervous system, and hundreds of synaptic con¬
tacts on individual neurones, many steps are needed to investigate their networks.
One of the preliminary steps was to define input to and output from a number of neu¬
ronal networks, while the content of these networks was considered as a "black box".
This kind of analysis was done for networks sub-serving simple reactions, such as
the stretch or withdrawal reflexes, but also for much more complex reactions, such
as rhythmic locomotor or scratching movements, or postural adjustments. The next
steps involved opening of the black boxes and trying to find out what they contain.
This was reasonably easy in the case of networks with only one or two interneurones
in series (for references see (28, 47) but much less is known about complex vertebral
neuronal networks. The exceptions are networks controlling swimming in one of the
most primitive vertebrates, the lamprey (11, 20), or during early stages of the devel¬
opment in the frog (50), although knowledge of such networks in rats (36), zebra fish
(38, 49) cats (6, 12, 52) and even humans (48) recently has been greatly advanced.

In the analysis of neuronal networks it is often tempting to follow only one line of
connections: from the input to the output of one particular black box. There is how¬
ever no doubt that individual neurones of one network may be elements of not only
one but of several networks, and that a considerable degree of interweaving occurs
between the various networks. Currently, we have only a very rudimentary under¬
standing of the conditions under which interneuronal networks operate in conjunc¬
tion or in isolation and at what level coupling occurs, but several possibilities have
been established and will be summarized in the following.

Even in the simplest populations of neurones, those mediating disynaptically and
trisynaptically evoked spinal responses (with output neurones A, D and B, C in
Figure 1 respectively) a number of coupling sites would be theoretically possible. In
the lower part of Figure 1 these facultative coupling sites are indicated by conver¬
gence of either direct or indirect input and by collateral actions of the interneurones,
which are indicated by the diverging output lines.

Corresponding Author: E. Jankowska, Dept. of Physiology, Medicinaregatan 11, Box 432, 405 30 Goteborg, Sweden
- Tel. +46 31 77 33 508 - Fax +46 31 77 33 512 - E-mail: Elzbieta.Jankowska@physiol.gu.se

*Review of observations on spinal interneuronal systems most recently investigated in authors' laboratories.
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Input Input Input Input
Afferent Afferent Descend Descend.

Output to moloneu rones or other interned rones

Fig. 1. - Diagrams of4 simple spinal interneuronal networks including either one (A, D) or two (bB, cC)
interneurones in series between afferent fibres or descending tract neurones and motoneurones.
Each circle represents a population of interneurones, including both excitatory and inhibitory neurones.
Lower pannel, interconnections between these networks taking into account collateral projections of
their constituent neurones on other interneurones. For the sake of simplicity only some connections are
shown.

METHODS

The studies in authors' laboratories were performed in acute experiments on deeply aneast-
hetised cats and involved the following main approaches: electrophysiological and pharmacologi¬
cal analysis of properties of intracellularly and extracellularly recorded spinal neurones and mor¬
phological and immunocytochemical analysis of intracellularly labelled interneurones which had
previously been analysed electrophysiologically. Both the preparation and the methods used in
these studies are described in the papers cited and in the legends of the figures in which the results
are illustrated. All the experimental procedures were approved by Goteborg University Ethics
Committee and followed NIH and EU guidelines for animal care.

RESULTS

Coupling via dorsal horn interneurones
One of the networks investigated recently includes premotor intermediate zone

interneurones mediating reflex actions of group II muscle afferents on ipsilateral
motoneurones. These interneurones are activated both monosynaptically and via
dorsal horn interneurones, as indicated in Figure 2A. This arrangement is based on
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several kinds of observation. Firstly, on the evidence for existence of 2 popula¬
tions of interneurones sharing input from group II afferents but differing in a num¬
ber of ways (9, 16, 30). Secondly, on the demonstration that presynaptic inhibition
of transmission to dorsal horn interneurones by GABAergic interneurones (shad¬
ed in Figure 2A) is weaker than inhibition of transmission to intermediate zone
interneurones (33) and thirdly, that the earlier components of field potentials in the
intermediate zone and earliest responses of neurones at this location disappear
under influence of presynaptic inhibition, while the later ones are relatively weak¬
ly decreased, as illustrated in Figures 2C and G (34). Group II actions evoked at a
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Fig. 2. - Indications of both direct and indirect actions of group II afferents on intermediate zone
interneurones, and for mediation of the indirect actions by dorsal horn interneurones.
(A) Diagram of connections between group II afferents and intermediate zone interneurones showing 2
sites at which transmission from these afferents is subject to presynaptic inhibition by GABAergic
intemeurones (gray) and/or monoamines. (B) examples of field potentials evoked in the intermediate
zone by group I (black) and II (orange) afferents. (C) Much weaker depression of the later components
of field potentials of group II origin (green) than of the earlier components following conditioning stim¬
ulation of group II afferents (D) as a result of differences in presynaptic inhibition at the two sites in A.
The two dotted lines indicate onset of monosynaptically and disynaptically evoked potentials. (D-G)
Depression of the early but not of the later responses of an intermediate zone interneurone. In (D) and
(F) upper traces are averaged extracellular records (n=20) from an interneurone while lower records are
from the cord dorsum; the right most parts of these records are expanded in (E) and (G) where the two
dotted lines indicate the monosynaptic and disynaptic responses respectively. Modified from Figs. 1. 3
and 6 in (34)



238 E. JANKOWSKA, D.J. MAXWELL AND B.A. BANNATYNE

certain delay may thus be attributed to actions mediated by dorsal horn interneu-
rones.

The same arrangement has been found in the network of contralaterally projecting
commissural interneurones with group II input (18) indicated in Figure 3A. The
records in B and C show EPSPs evoked by group II afferents (orange) in a commis¬
sural interneurone projecting to the contralateral GS motor nucleus, the monosynap¬
tic effects eliminated by presynaptic inhibition and only the disynaptic ones remain¬
ing after conditioning stimuli were applied (green)., Disynaptic effects on commis¬
sural interneurones were attributed to dorsal horn interneurones for the same reasons

as those applying to intermediate zone interneurones.
Dorsal horn interneurones may thus be elements of networks formed by both ipsi-

laterally and contralaterally projecting interneurones with group II input. Dorsal horn
interneurones are often co- excited by low and high threshold skin afferents, group III
muscle afferents and joint afferents (16) which provide input to a variety of interneu¬
rones subserving flexor and extensor reflexes and are collectively termed flexor reflex
afferents (FRA, (15). They would thus be elements of the FRA networks as well.

The above conclusions on coupling between various interneuronal populations
were supported by analysis of areas of axonal projections of the constituent interneu-
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Fig. 3. - Indications for direct and indirect actions of group II afferents on commissural interneurones
and for mediation of the indirect actions by dorsal horn interneurones.
(A) Diagram of connections between group II afferents and commissural interneurones showing the two
sites at which transmission from these afferents is under presynaptic control as in Figure 2A. (B) and (C)
Examples of depression of the early (monosynaptic) but not of the later (disynaptic) components of
EPSPs from group II afferents by presynaptic inhibition, with control EPSPs in orange and conditioned
EPSPs in green. The right parts of the records in B (in the box) are expanded in C. Averages of intracel¬
lular records (n=20: top and middle) and of records from the cord dorsum (bottom). Modified from Figs.

1 and 7 in (18. 34).
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rones (following intracellular labelling with Neurobiotin). Terminal projection areas
of dorsal horn interneurones with group II input were found to overlap with the areas
of dendritic branching of ipsilaterally projecting intermediate zone interneurones as
well as of contralaterally projecting lamina VIII commissural interneurones (Fig.
4A-D). However, axonal projections of excitatory interneurones were consistently
found to extend much less ventrally than of the inhibitory ones. The excitatory
interneurones are therefore likely to synapse primarily on dorsally directed dendrites
of intermediate zone and lamina VIII interneurones, while actions of inhibitory
interneurones might involve both dorsally and ventrally projecting dendrites and cell
bodies of these neurones. This would be in contrast to the sites of contacts predicted
for reticulospinal tract fibres from their terminal projection areas within the ventral
but not dorsal parts of these areas (see (42))

Differential projections of excitatory and inhibitory dorsal horn interneurones
were established by comparing axonal arborisations after defining the transmitter
content in their terminals using antibodies raised against the vesicular glutamate
transporters 1 and 2 (VGLUT1 and 2), glutamic acid decarboxylase (GAD) and
either glycine transporter 2 (GlyT2) or gephyrin to identify glutamatergic,
GABAergic or glycinergic interneurones respectively as illustrated in Figure 5.

Coupling via premotor interneurones
Coupling between neuronal networks may also occur via premotor interneurones

targetting both interneurones and motoneurones. Coupling via premotor interneu¬
rones is indicated by double-headed horizontal arrows between cells A and B and
cells C and D in Figure 1. Such connections have long been known to exist, e.g.
between networks of neurones responsible for recurrent inhibition of motoneurones
(Renshaw cells) and interneurones mediating reciprocal inhibition from group la
afferents (26), or between interneurones mediating reflex actions of group lb and
group II afferents (3, 10, 16, 22). The most recently established coupling of this type
is between networks of commissural interneurones with monosynaptic input from
reticulospinal neurones (represented by cell D in Figure 1) and networks of interneu¬
rones mediating reflex actions of group la, lb and II afferents (13, 32). Such coupling
was inferred from occurrence of disynaptic EPSPs or IPSPs evoked in group lb and
II interneurones by stimulation of axons of reticulospinal neurones under conditions
when they could only be mediated by commissural interneurones (Fig. 6 C-J).
Reticulospinal tract fibres were stimulated within the contralateral medial longitudi¬
nal fascicle (MLF) in preparations where only the contralateral spinal half was intact,
the ipsilateral spinal half being transected just above the lumbosacral enlargement.
In the same preparations disynaptic EPSPs and IPSPs from the contralateral MLF
were also evoked in alpha-motoneurones (31), as illustrated in Figure 6A and B.
These observations indicate that either individual commissural interneurones or their

subpopulations might form synaptic contacts with both motoneurones and other
interneurones.
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Fig. 4. - Examples ofaxonal projection areas ofdorsal horn interneurones and of the areas ofdendritic
extension of intermediate zone interneurones and commissural interneurones.
Data for interneurones with monosynaptic input from group II muscle afferents which were labelled by
Neurobiotin. A, B and D, Locations of somata (filled circles) and projections of dorsal horn interneu¬
rones. The shading indicates the areas within which terminals of the excitatory (A, B) and inhibitory (D)
interneurones were found. (C) location of somata of intermediate zone interneurones and commissural
interneurones (open circles and triangles). The light gray shading approximates to the maximal dendrit¬
ic spread of intermediate zone interneurones (with an example in F); the dark gray shading approximates
to the dendritic spread of lamina VIII commissural cells (modified from (5, 9) and unpublished data).
(E), An example of a reconstruction of projection and records from one of the dorsal horn interneurones;
modified from (4, 9).
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Reconstruction of axonal projections of individual commissural interneurones
revealed that their terminal areas were both within and outside contralateral motor

nuclei, as illustrated in Figure 7. Projections in Figure 7B and C were as expected to
reach la interneurones and those in Figure 7 E, F overlapped with the areas of loca-
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Fig. 5. - Identification ofglutamatergic and glycinergic terminals ofdorsal horn interneurones.
Two series of concfocal microscope images of terminals from two interneurones. Each image is from a
single optical section. Left panels, labelled axon terminals. Middle panels, immunoreactivity for
VGLUT2 (blue) and for GlyT2 (green). Right panels, superimposed images showing that the terminals
of one of the interneurones were immunoreactive for VGLUT2 (but not for GAD), and of the other for
GlyT2 (but not for VGLUT1). Scale bars 2 pm. Modified from Figs. 2 and 3 in (4).

tion of lb and group II interneurones. Since all of the labelled commissural interneu¬
rones projected to GS motor nuclei in the L7 segment, terminal projection areas
within laminae VI and VII in the L4 or L5 segments emphasize this point.

Coupling and decoupling mechanisms
Depending on the strength of input from different sources, only some interneu¬

rones of each population may be activated at any given time, allowing certain flexi¬
bility in the use of these networks. This flexibility may be further enhanced by selec¬
tively strengthening coupling between various network, or by decoupling them. The
possibility of independent modulation of transmission via dorsal horn and interme¬
diate zone interneurones (including commissural interneurones (21, 30) in pathways
from group II afferents may be of particular importance in this context. Our results
indicate that transmission between group II afferents and dorsal horn interneurones
is fairly selectively depressed by 5-HT (e.g. at the level of cell b in Figure 1). When
this occurs, intermediate zone interneurones (A) become more dependent on their
direct group II input, or on input via other intermediate zone interneurones (B) and
the coupling between neuronal networks of cells A, B and cells C, D may be tern-
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Fig. 6. - Examples ofdisynaptic PSPs evoked in hindlimb motoneurones and premotor interneurones by
stimulation of reticulospinal tract fibres in the MLF via commissural interneurones.
Intracellular records (top traces) from two gastrocnemius-soleus motoneurones (A and B) and four
interneurones mediating reflex actions from lb afferents (C-F) and group II afferents (G-J). Lower traces
are from the cord dorsum and show descending and afferent volleys. The records have been aligned with
respect to the descending or afferent volleys (indicated by the first dotted lines). The second dotted lines
indicate onset of the resulting EPSPs and IPSPs. Note that the latencies of these PSPs with respect to the
descending volleys were similar in the motoneurones and the interneurones and that they were compat¬
ible with disynaptically evoked actions. Note also that the latencies of EPSPs and IPSPs were similar,
indicating direct actions of excitatory and inhibitory commissural interneurones. Modified from Figure
5 in (41) and Figures 3 and 4 in (13).
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Fig. 7. - Examples ofprojections ofcommissural interneurones to the contralateral ventral horn (B, C)
and the intermediate zone (E, F).
(A-C) and (D-F) Data for two commissural interneurones with monosynaptic input from the MLF which
were antidromically activated from the contralateral gastrocnemius-soleus (GS) motor nuclei (as illus¬
trated in A and D respectively) and intracellularly labelled. (B, C) and (E, F) Reconstructions of dendrit¬
ic trees and terminal branching areas of these neurones in the L5 and L4 segments respectively. Those in
the boxed areas in B and E are shown in more detail in the enlarged reconstructions. Shaded areas indi¬
cate motor nuclei. Modified from Figures 7 and 9 in (5).

porarily broken. Consequences of deficits in 5-HT modulatory actions may accord¬
ingly be very serious. Some of these have been shown to result in a dramatic change
in patterns of coordination of right and left muscle activity, e.g. from inhibition of
contralateral motoneurones in preparations with intact supraspinal-spinal connec¬
tions to excitation of the same motoneurones (and the resulting crossed extension)
after spinal injuries that involve axons of descending 5-HT releasing neurones (1).

Conversely, a highly selective depression of transmission between group II affer-
ents and intermediate zone interneurones by NA, combined with strong GABAergic
presynaptic inhibition, will make cells represented by cell A in Figure 2 more
dependent on disynaptic input via dorsal horn interneurones but will allow joint acti¬
vation of intermediate zone interneurones A, B, C and D via dorsal horn interneu¬
rones b and c. Consequences of deficits in NA modulatory actions may also be very
serious because hyperexcitable intermediate zone interneurones with both direct and
indirect group II input may provide much stronger than normal input to motoneu¬
rones and contribute to exaggerated stretch reflexes. Such deficits may thus be one
of the major causes of spasticity (see (48)).
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Despite their importance, mechanisms of actions of monoamines on spinal neu¬
rones are far from being elucidated. It is in particular not yet known to what extent
they are evoked pre- and postsynaptically, both pre- and postsynaptic actions being
involved (35, 45, 51). Neither is it known to what extent they are mediated via direct
synaptic contacts between NA or 5-HT releasing nerve fibres and postsynaptic cells
or presynaptic axon terminals (see (14, 21, 44) or via volume transmission (19).
Another question only partly answered is whether their actions are spatially differen¬
tiated or involve membrane receptors, or axons terminals in contact with the whole
surface of the neurones, or only at particular distances from the cell body.

The latter question was addressed by analysing distribution of appositions of 5-HT
and dopamine B-hydroxylase (DBH, to identify noradrenergic terminals) immunore-
active terminals on the surface of dorsal horn, intermediate zone and laminaVIII
commissural interneurones (14, 21, 46). The results of these studies revealed gener¬
ally only minor differences in the coverage of more proximal and distal parts of the
dendrites, or of the somata, as illustrated in Figures 8 and 9. However, 5HT3 recep¬
tors on presynaptic terminals appeared to be clustered round some of the somata and
were relatively more numerous within the proximal dendritic trees (Fig. 8 A, B).They
also revealed generally a low density of contacts of immunoreactive terminals; pack¬
ing densities of serotonergic (5-HT) immunoreactive terminals were found to be
highest on dorsal horn interneurones (Fig. 8F; (16)) that are particularly strongly
depressed by serotonin. The density of DBH immunoreactive terminals was only
marginally higher on intermediate zone interneurones (46), on which NA has strong
depressive actions, when compared with commissural interneurones with input from
reticulospinal tract fibres (Fig. 9 F, G; (21)) on which it has facilitatory actions.

The coupling and decoupling between interneuronal networks may also depend on
changes in the mode of operation of their constituent neurones. It is still unknown to
what extent effects of monoamines on persistent inward sodium or L-type nifedipine
sensitive calcium currents found in motoneurones (23, 39) occur in premotor
interneurones and, if so, in which types of interneurone. If they do, bistable mem¬
brane properties and self-sustained firing (7, 8, 24, 25) associated with the release of
monoamines would be expressed in actions of these interneurones on both motoneu¬
rones and their target interneurones and would also change the mode of operation of
spinal interneuronal networks. It should therefore be of high priority to analyse how
monoamines as well as other modulators affect activity of various functional types
of interneurones.

Which interneuronal networks are coupled to the network of commissural
interneurones.

Reconstructions of axonal projections of commissural interneurones with mono¬

synaptic input from reticulospinal neurones with only exceptional axon collaterals
given off before they crossed the midline. However, once they reached the gray mat¬
ter on the opposite side they branched profusely within as well as outside motor
nuclei (5). As illustrated in Figure 7, they branched within areas of location of la
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Fig. 8. - Distribution of 5-HT-immunoreactive axons and terminals immunoreactive for 5-HT} in appo¬
sition to dorsal horn interneurones with input from group II muscle afferents.
(A) and (B) Confocal microscope images of merged single optical sections showing cell bodies of two
interneurones (red) with terminals immunoreactive for 5-HT3A receptor subunits (green) and 5-HT
(blue). Scale bars 10 pm. (C), (D) and (E), Distribution of contacts formed by 5-HT (red) and 5-HT, .

(green) immunoreactive axons along the soma and dendrites of two other interneurones at locations indi¬
cated in E. (F) and (G) Scholl plots illustrating distribution of terminal contacts at distances from the
soma. Interneurone illustrated in C and F was excitatory. That in D and G was inhibitory. Scale bars 50
pm. Modified from Figs. 6 and 8 in (14).

inhibitory interneurones as well as interneurones mediating reflex actions of group
lb and group II muscle afferents. By recording from these interneurones we have
found that commissural interneurones activate contralateral la inhibitory interneu¬
rones and either excite or inhibit interneurones with monosynaptic input from group
lb and II afferents (13, 32). Disynaptic EPSPs and IPSPs evoked in such interneu¬
rones, illustrated in Figure 6C-F and G-J respectively, were evoked by stimulation of
reticulospinal tract fibres in the MFF in parallel with disynaptic EPSPs and IPSPs in
contralateral motoneurones (Fig. 6A,B). Since they were evoked in preparations in
which the spinal cord was hemisected on the side of location of the neurones record¬
ed from, reticulospinal tract neurones could only act via commissural interneurones
located on the opposite side. By comparing effects on excitatory and inhibitory
actions of group lb and II afferents on motoneurones it was also demonstrated that
excitatory and inhibitory interneurones mediating them are affected in a similar way
from the MFF (13). It appeared also that reticulospinal neurones descending on both
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Fig. 9. - Distribution of 5-HT and DBH-immunoreactive axons and terminals in apposition to commis¬
sural interneurones with monosynaptic input from reticulospinal tract fibres.
(A-D) Merged confocal microscope images from single optical sections of dendrites of a commissural
interneurone (blue), and of terminals immunoreactive for DBH (green) and 5-HT (red). Scale bar 2.5 pm.
Modified from Figs. 6 and 8 in (14). (E) and (H), Distribution of contacts formed by the 5-HT and DBH
terminals along the soma and dendrites of two interneurones at the indicated locations. (F) and (G),
Scholl plots illustrating distribution of these contacts at the indicated distances from the soma. Modified
from Figures 7 and 8 in (21).

Orstance from soma Ipm)

sides have similar effects (Stecina K. and Jankowska E. unpublished) indicating that
networks of la inhibitory interneurones and of excitatory and inhibitory group lb and
II interneurones on both sides are coupled via reticulospinal neurones and the com¬
missural interneurones that are activated by them. They are also coupled via pyram¬
idal tract neurones (see (29)) and any other supraspinal neurones that activate retic¬
ulospinal neurones and commissural interneurones, e.g. vestibulospinal neurones
(37), fastigial neurones (41) and neurones in the mesensephalic locomotor region
(43).

GENERAL COMMENTS

It is well established that centrally initiated movements are to a great extent medi¬
ated by spinal interneurones and this is true in primates as well as in other verte¬
brates. Direct actions of supraspinal neurones on motoneurones are of importance,
especially for finger precision movements. However, actions on motoneurones alone
may not be sufficient for motor reactions to be efficient, and proper motor synergies
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may require activation of the whole motor apparatus, including the spinal interneu-
ronal machinery. Quite a lot is known about the contributions of various supraspinal
motor systems (e.g. corticospinal, rubrospinal, reticulospinal or vestibulospinal) to
movements. However, knowledge of how activation of spinal interneuronal net¬
works targeted by supraspinal neurones is integrated is rather patchy, even for those
neurones analysed in most detail. For instance, integration of actions of corti¬
cospinal, rubrospinal, tectospinal and reticulospinal neurones at the level of pro-

priospinal neurones in the C3-4 segments and their importance for visually guided
reaching movements have been very extensively investigated (for references see (2,
40). However, little is still known on how activation of these propriospinal neurones
is integrated with activation of segmental interneurones that mediate object grasping
and retrieval, or of neuronal systems that ensure postural adjustments. Even less is
known about the extent to which the C3-4 propriospinal neurones are involved in
mediating actions of corticospinal, reticulospinal and other supraspinal neurones on
lumbo-sacral motoneurones. Likewise, it has long been established that excitation of
one muscle group by corticospinal neurones may be associated with activation of la
interneurones that lower the probability of activation of their antagonists, and that la
interneurones may also be excited by other descending tract neurones (for references
see (27, 32)). However, coupling between the network of la interneurones and of the
network of commissural interneurones activated by reticulospinal neurones and cor¬

ticospinal neurones has been determined only recently (17, 32) and much more
remains to be discovered about them. Very little is also known about how the net¬
works and coupling mechanisms discussed here are deployed in various movements
and what other neuronal networks might be involved. As usual, finding answers to
some questions raises many more questions to be answered.

SUMMARY

This review addresses the question of interrelations between spinal interneuronal
networks. On the basis of electrophysiological, pharmacological, morphological and
immunohistochemical analysis of interneurones mediating various reflex actions
from muscle receptors and of reticulospinal neurones a considerable degree of inter¬
weaving between networks of these neurones has been established. The coupling has
been found to occur at the level of several sites of these networks but the review
focuses on two of these sites. The first is between dorsal horn interneurones with

group II input and their target ipsilaterally and contralaterally projecting intermedi¬
ate zone and commissural interneurones. The second is between commissural
interneurones with input from reticulospinal neurones and their target interneurones.
Several ways of both strengthening and weakening of coupling between various
interneuronal networks are also briefly reviewed.
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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 ^m in
diameter, just before they formed synaptic boutons. Synaptic boutons (1.0-4.0 /rm 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 (FIRP) 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 electrophysiologically 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 mg kg-1), after induction with 4% halothane in a nitrous oxide-oxygen mixture,
and paralysed with gallamine triethiodide. Carotid arterial blood pressure, endtidal C02 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/1
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 l"1 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 (50A<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 cut
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 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 pm. 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
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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 F1RP. 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 ah, 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 at., 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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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 (Janigef 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
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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 al, 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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Descending serotoninergic systems in the spinal cord may be involved in antinociception. In this study 6 rat spinal cords were
prepared for serotonin immunostaining and marginal zones (lamina I of Rexed) from the dorsal horn were examined with electron
microscopy. Stained terminals were often seen to be closely associated with the somata of lamina I neurones or other unstained
axon terminals, but seldom formed conventional synaptic junctions. It is concluded that serotoninergic systems in this region may
influence the activity of these associated structures in a diffuse non-synaptic manner.

INTRODUCTION

Serotonin-containing axons are numerous in the
marginal zone (lamina I of Rexed19) of the dorsal
horn in the rat spinal cord4-22. It has been suggested
that these terminals are involved in the modulation
of nociceptive transmission and hence may play a
role in analgesia6. Brainstem raphe nuclei are known
to contribute to this descending serotoninergic
system4. The aim of the present study was to examine
the ultrastructural properties of serotonin immuno-
reactive axons in the marginal zone and to correlate
the observations with the physiology of this region.

MATERIALS AND METHODS

Adult (250 g) CFY-strain rats (n = 6) of either
sex were used in this study. Animals were perfused
with 100 ml of 37 °C phosphate-buffered saline
(PBS) followed by a 4 °C fixative containing 2%
paraformaldehyde, 0.1 % glutaraldehyde and 150 ml
saturated picric acid in 1000 ml of 0.1 M Sorensen
buffer (pH = 7.3)21. After 30 min of perfusion the
lumbosacral region of the spinal cord was removed
and placed in the same fixative for 2 h. Transverse

sections (40 /zm thick) were cut on a Vibratome
(Oxford Instruments) and were rinsed for 24 h in
several changes of PBS.

Antibodies to serotonin were raised in rabbits by
an immunogen-produced by linkage of serotonin to
bovine serum albumin. Serum samples were absorbed
with bovine serum albumin (4 mg/ml) to remove anti¬
bodies highly immunoreactive to the carrier protein.
The specificity of the antibodies was tested by in¬
hibition (blocking) and absorption experiments. For
further details see ref. 23.

fmmunostaining was performed according to the
peroxidase-anti-peroxidase (PAP) technique of
Sternbergeretal.24 and the standard protocol of our

laboratory12-13. Incubation times and dilutions
were as follows: antiserotonin 1:1000 dilution 18 h;
anti rabbit immuno-gamma-globulin (ArgG) 1:40
dilution, 1.5 h; PAP (Cappel Laboratories) 1:50
dilution, 1.5 h. All dilutions were made in PBS con¬

taining 1 % normal goat serum and 0.01 % NaNOs.
Tissue was washed between each step in PBS 3 times
for 15 min. Tissue-bound peroxidase was visualized
using 0.07% 3.3 diaminobenzidine with 0.001%
H2O2 in Tris buffer (0.1 M, pH 7.3) for 6 min.
Sections were then post-osmicated, dehydrated and

0006-8993/83/0000-0000/$03.00 © 1983 Elsevier Science Publishers
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embedded in Durcupan (Fluka). Initially sections
were embedded between a glass coverslip and alu¬
minium foil to keep them flat. After 24 h polymer¬
ization the foil was removed from the Durcupan-
glass 'sandwich1 (containing the section) and the
sections were fixed upon cylindrical Durcupan
blocks. Such blocks facilitate the light microscopic
examination of the immunostained sections (Fig. 1).

Ribbons of serial thin sections were viewed with

the electron microscope on single slot grids. lmmuno-
reactive axons were classified directly from the view¬
ing screen of the microscope in order to quantify the
data. In all 700 terminals were analyzed (7 groups
each consisting of 100 terminals). These terminals
were chosen from the marginal zone of the spinal
cord only and were classified according to their
associations with other profiles in this region (see
Table I).

Controls were performed by treating the working
dilution (1:1000) of the serotonin antibody with
9.2 mM 5-hydroxytryptamine hydrochloride (Sigma,
H-5755) at 4 °C for 24 h to determine what staining
capacity would remain after blocking (inhibition).

RESULTS

In this study only the marginal zone (lamina I of
Rexed19) of the dorsal horn was studied (Fig. 2).
Peroxidase reaction product was found exclusively
in axon terminals. Within these terminals PAP

molecules were observed to be associated with the

membranes of synaptic vesicles which were clear

(40-45 nm in diameter) or dense-cored (90-100 nm
in diameter) (Figs. 3-16). The majority of dense-
cored vesicles were heavily stained with reaction
product (Figs. 13, 14), but occasionally were seen
to be free of PAP staining (Fig. 15).

Conventional synaptic junctions between sero¬
tonin immunoreactive and unlabelled profiles were
almost completely absent; only 3.85% of the ter¬
minals formed such junctions (see Table I and Fig.
6a). Despite careful analysis of serial sections, we
were usually only able to detect an intimate relation¬
ship (i.e. absence of glial processes and an accumu¬
lation ofsynaptic vesicles at 'presynaptic' membranes
of serotonin immunoreactive axons) between stained
and unstained structures (Figs. 3 and 11—16). Two
forms of this relationship were typical: (1) axo-
somatic relationships (17.71 % of total terminals
observed, see Table I) between immunoreactive
terminals and the cells of the marginal zone (Figs. 4,
15); (2) axo-axonic relationships (14.57% of total
terminals observed, see Table I) between immuno¬
reactive terminals and other axons which usually
formed synaptic junctions with small dendrites or

marginal cells (Figs. 11 — 16). In some cases stained
terminals formed intimate relationships with den¬
drites and axon terminals that were presynaptic to
these dendrites (e.g. see serial sections illustrated
in Figs. 5-10). Characteristically the axons associated
with the stained terminals were not densely packed
with vesicles and had electron lucent cytoplasm.
The relationships of serotoninergic axons with other
structures are illustrated in the summary diagram

TABLE I

Numbers ofserotonin-immunoreactive axons classified according to their relationships with other marginal zone structures

Group number No. of serotonin immuno- No. ofaxons forming No. ofaxons associated No. of axons associated
reactive axons in conventional synapses with somata with other axons
each group with dendrites

1 100 3 20 15
2 100 5 17 10
3 100 7 15 13
4 100 2 22 18
5 100 4 18 16
6 100 3 11 17

7 100 3 21 12

Total 700 27 124 101

Mean ± S.E.M. 3.85 ± 1.67 17.71 ± 3.81 14.57 ± 3.10



Fig. 1. Surface view of a Durcupan-embedded dorsal horn immunostained for serotonin. The right part of the photograph re¬

presents the lateral part of the white matter. LF, lateral fascicle. Arrow indicates a capillary.
Fig. 2. An unstained semithin section prepared from the area indicated in Fig. I. In Rexed's lamina I (RL I.) several serotonin
immunoreactive profiles are to be seen. Arrow indicates capillary.
Figs. 3-4. A serotonin immunoreactive axon in intimate relationship with a cell of the marginal layer (Rexed's lamina I). Fig. 3 is
an enlarged detail of Fig. 4. Due to intense immunostaining synaptic membrane specializations are hard to assess. Another un¬
labeled axon (A) forms an association with the immunoreactive terminal and in this case an axo-somatic contact with the marginal
cell is formed. Bar scale: 1 //m.
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Figs. 5-10. Electron micrographs of serial sections taken through a serotonin immunoreactive axon separated by a glial process
(arrowhead) from a soma. The labelled axon is in synaptic contact with a small dendrite (asterisk). Note magnified inset (Fig. 6a).
The dendrite (asterisk) in Figs. 7-10 is post-synaptic to an unlabelled axon (arrow). This axon in Figs. 7-10 has a close relationship
with the serotonin immunoreactive axon. Bar scale: 1 /im,

(Fig. 17). No reaction product was found in sections
treated with blocked serotonin antibodies.

DISCUSSION

Inhibition and absorption experiments showed

that the presently used antiserum was highly immuno¬
reactive to serotonin. No cross-reactivity to nor¬
adrenaline and adrenaline could be demonstrated.

Antibodies could be blocked by high concentrations
of dopamine. However, no staining was achieved
in areas known to contain dopaminergic neurones.



257

Figs. 11-16. Electron micrographs of serotonin immunoreactive axons taken from the marginal zone (Rexed's lamina 1). PAP
molecules are associated with 40-45 nm clear and 90-100 nm dense-core vesicles (white arrowheads). In some cases unlabelled
dense-core vesicles were observed (black arrowhead in Fig. 15). Often the labelled axons were seen to be closely related to other
unstained axons (ringed arrows) although no clear axo-axonic synapses were observed. The arrow in Fig. 13 indicates a dendrite
which is in post-synaptic position to an unlabelled axon (ringed arrow). Cb, cell body. Bar scale: 1 ftm.
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Fig. 17. A schematic diagram illustrating the observed relation¬
ships formed by serotoninergic axons (5-HT axon) with other
profiles in the marginal zone. Black arrows indicate unstained
axon terminals and open arrows indicate small dendritic
profiles. A, axo-somatic relationship between serotoninergic
axon and lamina I neurone; B, axo-axonic relationship
between serotoninergic axon and unstained axon terminals;
C, a serotoninergic axon forms relationships with a small
dendrite and another axon which synapses with the dendrite;
D, occasionally serotoninergic axons form synaptic junctions
with small dendrites.

Consequently, it is most likely that the presently
demonstrated immunoreactivity is due to serotonin.

One of the most consistent observations in the

present study was the paucity of synaptic junctions
between serotonin-containing axons and other
structures; a very few synapses were seen between
stained axons and small dendrites. It may be that
serotoninergic systems in the dorsal horn of the
spinal cord, like other regions of the CNS2-5,
are non-synaptic varicose structures that release
transmitter into the extracellular space and hence
give rise to a diffuse physiological system. In this
respect the serotoninergic systems in the dorsal horn
of the spinal cord may differ from those of the
medullary dorsal horn where obvious synaptic
junctions have been observed between terminals
that take up tritiated serotonin and other structures20.

It has been suggested that serotonin plays an

important role in analgesia and that serotoninergic
terminals that have their cells of origin in the nucleus
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Abstract—Six lamina III interneurones of the cat spinal cord were impaled and stained with intracellular
injections of horseradish peroxidase. The responses of these neurones varied considerably: 1 neurone
responded to light brushing of its receptive field, whilst 4 cells were excited by strong pressure.
Morphologically, they were also a heterogeneous population. Two neurones had rostro-caudally
orientated dendritic arbors that were confined to the lamina, while four of the cells were vertically
orientated and possessed dendrites that crossed lamina boundaries. There was no correlation between the
physiological characteristics of a neurone and its morphology.

Three of the vertically orientated neurones were examined ultrastructurally. The first of these cells
received several types of synaptic terminal which were distributed in an organised pattern over the entire
dendritic tree. This neurone possessed recurrent dendrites which participated in a variety of complex
synaptic arrangements. The second neurone also participated in a variety of synaptic arrangements,
including glomeruli in lamina II, and received contacts from vesicle-containing dendrites. It gave rise to
collateral axons which arborized in lamina II and formed boutons which formed synapses with dendrites.
The third cell possessed varicose dendrites which were probably artifactual.

It is concluded that lamina III interneurones are a heterogeneous population by electrophysiological,
morphological and ultrastructural criteria. They differ in many respects from lamina II neurones and from
the cells of origin of ascending systems. The diversity of their inputs and their variation in morphology
suggests that they receive input from a variety of primary afferent fibres and dorsal horn neurones and
hence may integrate information from these sources.

Rexed39 defined lamina III of the spinal cord dorsal
horn as "a band across the dorsal cell column,
parallel with the first and second layer but usually
considerably broader than any of them", and went on
to comment "the nerve cells are less closely packed
than in the second layer which in the adult animal
gives the lamina as a whole a lighter appearance".
Although some authors considered on the basis of
their Golgi studies of the dorsal horn, that the

Ik substantia gelatinosa of Rolando consisted of both
n laminae II and III because they both contained

similar shaped neurones40'42 the evidence now sug¬
gests that lamina III should be thought of as a
separate entity.

Firstly, the primary afferents which terminate in
the dorsal horn are distributed differently within the
two laminae. Ralston27 in his 1965 morphological
study of the dorsal horn commented upon the paucity
of myelinated fibres in lamina II. The key to this
observation has recently been provided by Brown
and his collaborators4 5'6 who demonstrated, using the
intra-axonal horseradish peroxidase labelling tech¬
nique, that course primary afferent collaterals from
cutaneous mechanoreceptors, i.e. in the A/I conduc¬
tion velocity range, arborize in laminae III and IV but
seldom enter lamina II. Light and Perl20 extended

Abbreviation: HRP, horseradish peroxidase.

these findings to show that the small myelinated fibres
(in the Ad range) innervating low threshold cutane¬
ous mechanoreceptors (D hairs) also arborize mainly
in lamina III. Conversely, authors such as Rethelyi34
and Gobel, Falls and Humphrey14 have demonstrated
that the finest afferent axons, i.e. the unmyelinated C
fibres, terminate specifically in laminae I and II.
Therefore, lamina III receives a different sort of
afferent input to lamina II.

Secondly, Gobel and his collaborators'2-13 have
shown that cells of lamina II (the islet and stalked
cells) have rostro-caudal dendritic arbors that are

mainly confined within the lamina. Rethelyi and
Szentagothai,36 however, have described vertically
orientated "Antenna" neurones in lamina III (and
also in lamina IV) whose dendrites cross laminar
boundaries. The intracellular horseradish peroxidase
studies of Brown, Rose and Snow9 and Brown and
Fyffe7 suggest that some of these antenna neurones
may be the cells of origin of the spinocervical tract
(whose dendrites are confined to lamina III) and the
postsynaptic dorsal column pathway (whose den¬
drites enter lamina II). Rethelyi and Szentagothai35
have also described vertically orientated pyramidal
neurones in Lamina 111 whose dendrites and axons

project dorsally through lamina II and the Golgi
studies of Mannen and Sugiura22 show that some
lamina III neurones send their dendrites through

1
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laminae III and II and even into lamina I, and
ventrally through laminae IV and V. Conversely,
Bennett, Abdelmoumene, Hayashi, Hoffert, Ruda
and Dubner3 have intracellulariy stained a popu¬
lation of lamina III neurones whose dendritic arbors
are confined within the lamina. These data indicate
that lamina III consists of a morphologically hetero¬
geneous population of neurones whose dendrites may
be limited to the lamina itself or may traverse several
laminae.

Finally, Rexed'9 himself commented upon the
different Nissl staining properties of cells within the
two laminae; lamina III neurones display little Nissl
staining when compared with their lamina II neigh¬
bours.

The evidence cited above suggests that it is proper
to consider lamina III as a morphologically and
functionally separate entity from lamina II which
receives different afferent input and contains neu¬
rones whose dendrites are mainly confined to the
lamina of origin.

A variety of functions has been suggested for
lamina III neurones but few attempts have been made
to record the electrophysiological properties of these
cells specifically. Recently, Bennett el al? recorded
from such neurones and marked them with intra¬
cellular horseradish peroxidase. All of the neurones
in their sample responded to light, non-noxious me¬
chanical stimuli. In the gate control hypothesis, Mel-
zack and Wall25 suggested that lamina III neurones

(which they considered to be part of the substantia
gelatinosa) could act as inhibitory interneurones and
in the later "cascade" hypothesis, Wall44 again sug¬
gests a similar function. Rethelyi and Szentagothai35
provided morphological evidence supporting the
Melzack and Wall hypothesis and also suggested an
additional role for lamina III neurones as the inter¬
neurones involved in the production of primary
afferent depolarisation.

Clearly, this region of the spinal cord has been
much neglected and is interesting enough to merit
greater investigation. In this study, we have used the
horseradish peroxidase (HRP) intracellular staining
and recording technique to determine the phys¬
iological and morphological properties of lamina III
neurones.

EXPERIMENTAL PROCEDURES

Intracellular staining
Experiments were performed on 4 adult cats, anaesthe¬

tised with chloralose (70mg/kg) and paralysed with gall-
amine triethiodide. Animals were artificially respirated and
blood pressure and end tidal CO, were monitored through¬
out the experiments and maintained within physiological
limits. Laminectomies were performed at lumbar regions,
and at high cervical regions to identify spinocervical and
postsynaptic dorsal column neurones (see below).

In order to eliminate cells of origin of the postsynaptic
dorsal column system and the spinocervical tract from the
sample, stimulating electrodes were placed on the dorsal
columns either at cervical or rostral lumbar regions and on

the dorsolateral funiculi at cervical regions below C3, (see
Brown el al.;9 Brown and Fyffe7 ). Electrodes were also
placed on the medial plantar nerves to categorise post¬
synaptic responses of impaled cells. Glass microelectrodes
containing a 7% w/v solution of horseradish peroxidase
(Sigma type VI) in tris buffer (0.1 M and 0.2 M KC1, see
Snow, Rose and Brown41) were beveled until they had tip
resistances of 30-50 MQ. A stepping drive motor was used
to drive the electrode through the spinal cord. When the
electrode first made contact with the surface of the cord the

depth meter of the motor was set to zero and subsequently
a search was performed at a depth between 1000 and
1400 fim. When a successful impalement was made and the
dorsal columns and dorsolateral funiculi were stimulated at

intensities many times threshold for the most excitable fibres
at the location of the stimulating electrodes. (See Brown,
Fyffe, Noble, Rose and Snow8 for a discussion of the efficacy
of this method.) The threshold level was initially determined
by measuring the cord dorsum potential at L7. If no
antidromic potential was recorded, an attempt was made to
categorise physiologically the unit; where possible, receptive
fields and latencies of postsynaptic potentials elicited by
stimulation of the medial plantar nerve were determined.
Horseradish peroxidase was ionophoresed into cells using
depolarising current of 4-10 nA for 2-5 min.

At the conclusion of experiments, animals were perfused
through the descending aorta, initially with saline contain¬
ing 0.0002% sodium nitrite and heparin (20 units per ml)
and subsequently, with lixstive containing either 1% para¬
formaldehyde, 2% glutaraldehyde in phosphate buffer, pH
7.6 (for light microscopy) or 3% paraformaldehyde, 3%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.6
(for electron microscopy), (see Maxwell, Bannatyne, Fyffe
and Brown,23 for details)

Light microscopy
As we were particularly interested in the vertically orien¬

tated neurones of lamina III, transverse Vibratome sections
(50/rm) of spinal cord from the lumbosacral region were
prepared from blocks that were kept overnight in fixative.
These were incubated to reveal HRP by the method of
Hanker, Yates, Metz and Rustioni,15 mounted and exam¬

ined under the light microscope. Entire cells were recon¬
structed with the aid of a camera lucida attachment and the
border of lamina III with lamina II was elucidated using
dark-field microscopy.

Electron microscopy
Transverse Vibratome sections (50 /<m) were prepared for

light and electron microscopy according to a previously
published method (Maxwell el al.21). Briefly, they were
treated for HRP according to the method of Hanker el al.?5
wet-mounted and scanned under a light microscope. Sec¬
tions containing injected neurones or parts of them were
post-fixed for 30 min in 1% osmium tetroxide solution (pH
7.6), dehydrated in graded acetone solutions and embedded
in Araldite between acetate foil.16 After polymerisation, the
Araldite sandwiches were viewed under a light microscope
and neurones were reconstructed with the aid of a camera

lucida attachment. The border between laminae II and III
could easily be distinguished as the latter lamina was heavily
stained with osmium. Areas of interest from sections were

selected for electron microscopy and were attached to
Araldite blocks (after removing the top acetate foil) by
means of a little unpolymerised Araldite. Serial ribbons of
thin sections were cut from the blocks and were collected on

Formvar-coated single slot grids. The sections were con¬
trasted with lead38 and uranium salts. From time to time
during sectioning the block face was examined and photo¬
graphed under the light microscope. This procedure enabled
us accurately to locate areas of interest in thin sections and
to correlate these with the light microscope reconstructions.
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Table 1. Properties of lamina III neurones

Cell No. Fig. No. Physiology Morphology Ultrastructure

1 1A Excited by lightly brushing
receptive field.

ID Excited by strong pressure
applied to receptive field.
Inhibited by brushing
proximal regions of thigh.

1G Excited by strong pressure
applied to receptive field.
Electrically, A and C
fibre inputs.

2 Excited by strong pressure
applied to receptive field.

Excited by strong pressure
applied to receptive field.

No observations made.

Dendritic arbor rostro-caudally
orientated and confined to

lamina III. Axon collaterals
in laminae IV and V.
Dendritic arbor orientated

rostro-caudally and
confined to lamina III.

Vertically orientated dendritic
arbor in laminae II, III and
IV. Axon collaterals in
laminae III and IV.

Vertically orientated dendritic
arbor in laminae II and III.
Recurrent dendrites in lamina
III.

Vertically orientated dendritic
arbor in laminae I, II. Ill and IV.
Axon collaterals in lamina II.

Vertically orientated dendritic
arbor mainly in lamina III.
Distal dendrites were varicose.

No observations made.

No observations made.

No observations made.

Received a variety of
terminals (summarized in
Fig. 13). Recurrent
dendrites participated in
glomeruli and received
presynaptic dendrites.
Participated in a variety
of synaptic arrangements
(see Fig. 14) including
glomeruli and received
input from vesicle-
containing dendrites.
Varicose distal dendrites
received synaptic contacts
but were probably artifacts.

Classification of neurones
The present sample consists of a total of 6 neurones which

were impossible to activate antidromically by the stimu¬
lating electrodes placed on the dorsal columns or the
dorsolateral funiculi. Therefore, it is probable that they are
not part of the postsynaptic dorsal column system or the
spinocervical tract. The neurones in the sample have their
somata located within a region that spans 300 jim ventrally
from the lamina II/III border.

RESULTS

In all, six lamina III neurones were successfully
impaled and labelled with HRP. A summary of the
properties of the neurones is given in Table 1.

Electrophysiology
All six of the cells investigated had initial resting

potentials of 30-60 mV and evident postsynaptic
activity. Rapid deterioration of one neurone (cell 6;
Fig. 11) precluded full investigation of the receptive
field characteristics; data were recorded from the
remaining five neurones.

One neurone (cell 1; Fig. 1 A) was excited by gentle
brushing of the foot.

Three neurones (cells 2, 4 and 5; Figs 1D, 2 and 7)
responded to strong pressure applied by pinching the
skin of their receptive fields using a clip with serrated
jaws as the stimulus. Spontaneous activity was in¬
hibited in one of the units by gentle brushing of an
area proximal to its excitatory field (cell 2).

The remaining neurone (cell 3; Fig. 1G) was excited
by pressure applied to toes 4 and 5. This cell could

also be excited by electrical stimulation of the plantar
nerve; responses were elicited which were indicative
of excitatory input conveyed by A and C fibres
(latencies of 6 and 200 ms).

Morphology
Cells included in this sample had somata which

ranged in diameter from 10 to 25 pm. They could
roughly be divided into two groups: (1) those with
rostro-caudally orientated dendritic arbors, and (2)
those with vertically orientated dendritic arbors.

Two cells from the sample had rostro-caudally
orientated dendritic arbors that were confined to

lamina III (cells 1 and 2; Figs 1A and ID). One of
them gave rise to an axon which ran ventrally
through the dorsal horn and branched to form many
collateral axons in laminae IV and V.

Three neurones were spindle shaped (cells 3, 4 and
6; Figs 1G, 2 and 11) and had dendrites that were
both dorsally and ventrally orientated. Two cells
possessed dorsally-directed dendrites that terminated
close to the lamina II/III border. One of these cells
had varicose distal dendrites (cell 6; Fig. 11), (see also
Ultrastructure), while the other possessed ventrally
orientated dendrites that traversed lamina IV and an

axon that branched profusely in lamina III (cell 3;
Fig. 1G). The third neurone (cell 4; Fig. 2) had
dendrites that arborized in lamina II and exhibited a

peculiar feature in that two recurrent dendrites arose
from some of the dorsally orientated dendrites. These
recurrent dendrites projected ventrally past the soma
of the neurone and were heavily studded with den-
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dritic spines. Similar structures have been reported in
lamina III neurones in the monkey spinal cord.2

The remaining neurone (cell 5; Fig. 7) sent
dorsally-directed dendrites through laminae III and
II which terminated in lamina I where they turned to
run parallel with the marginal plexus. The ventrally
orientated dendrites arborized in a more radial fash¬
ion through lamina IV. The neurone gave rise to
collateral axons which terminated mainly in lamina II
and formed numerous axonal swellings (Fig. 7B).

Ultrastructure

Ultrastructural properties of three vertically orien¬
tated neurones were studied.

Cell 4. Most of the dendritic arbor was densely
covered with synaptic terminals. The most distal
dendrites were contacted perdominantly by terminals
containing clear circular vesicles (Figs 6A,B). Such
terminals were found on all regions of the dendritic
tree but were not found on the soma. Less commonly,
terminals containing large granular vesicles and small
agranular vesicles, and terminals containing small
dense-core vesicles and agranular vesicles were seen
in association with labelled intermediate dendrites

(Figs 4A,B,D). On the proximal dendrites a further
category of terminal was seen; this contained
flattened agranular vesicles (Figs 3C,E). The latter
category of terminal was the only type of bouton
associated with the soma which was otherwise
covered with a dense glial sheet (Figs 3A,B). The
spines on recurrent dendrites, and the recurrent den¬
drites themselves, received synaptic input from termi¬
nals containing agranular vesicles participated in
glomeruli (see below). They were also postsynaptic to
structures which were probably vesicle-containing
dendrites (Fig. 5). Some of the axon terminals re¬
ceived axo-axonic synapses. Finally, the cell had a
small myelinated axon (Fig. 6C).

Cell 5. Cell 5 (Fig. 7) was not associated with such
a variety of terminals as cell 4, but participated in
some complex synaptic arrangements. The most dis¬
tal dendrites in lamina I received synaptic terminals
from boutons containing clear circular vesicles and

occasionally, elliptical vesicles (Figs 7D,E). Many of
these were associated with spines. In lamine II the
dendrites received similar terminals and also par¬
ticipated in the 'complex synaptic arrays' or
glomeruli18,27 that are common in this region (Fig. 8).
Stained dendrites were also seen to receive synaptic
input from unlabelled vesicle-containing dendrites
(Fig. 9). Collateral axons in lamine II formed boutons
and synapsed with dendrites or dendritic spines (Figs
10A-E). Many branches of these collateral axons
were myelinated (Fig. 10F).

Cell 6. The varicose distal dendrites from cell 6

(Fig. 11) were examined. The varicosities were found
to contain large holes within HRP reaction product
and received synaptic terminals. There was no evi¬
dence of any dendritic vesicles within the varicosities.

DISCUSSION

As none of the cells presented in this study were

antidromically activated by stimulating axons of the
spinocervical tract and the postsynaptic dorsal col¬
umn system (the two long ascending systems that
have cells of origin in lamina III), it seems reasonable
to suggest that they are propriospinal or inter¬
neurones.

Morphologically they were a heterogeneous group;
some of the variants observed are illustrated in

Fig. 12. It was not possible to determine any re¬

lationship between morphology and physiology of
the cells.

The common feature of cells 1 and 2 was rostro-

caudally orientated dendritic arbors that were
confined to lamina III. Therefore, in this respect they
resemble the cells of lamina II.13,2' Cell 1 responded
to light brushing of the foot whereas cell 2 responded
to pinching of the skin (Fig. 2). The dendritic arbors
of these two neurones are situated in a location of the
dorsal horn that is known to receive input from low
threshold cutaneous primary aflerents in the A/1
conduction velocity range and low threshold
down-hair afferents in the A<5 range.20 Therefore, in
the case of cell 2 it seems that location in the dorsal

Fig. 1. A. Cell 1: A lamina III neurone whose dendrites ramified in lamina III dorsal to the soma location
(B). In the longitudinal axis of the cord the dendrites extended over 800-900 nm. They carried many short
and a few medium length spines. The axon arborized ventrally to the soma in laminae IV and V. Its full
extent was not visualized in this material. The neurone was excited by lightly brushing a receptive field
which was situated on the lateral edge of the foot and toe 5 (C).

D. Cell 2: This lamina III neurone bears similarities to the previous one in terms of soma size and
location, and the orientation and distribution of its dendrites which are confined to lamina III with
minimal extension dorsally (E). The dendrites are covered with very short spines and have some complex
branching appendages. They are largely orientated rostro-caudally with a total extent of about 900 nm.
The axon was not visible.

Noxious stimulation was necessary to excite this neurone (receptive field illustrated in F) and on-going
activity was inhibited by brushing more proximal areas of the thigh and hip.

G. Cell 3: This neurone had dendrites directed dorsally to the most ventral part of lamina II and
ventrally into lamina IV (H). Its rostro-caudal extension was 800 /rm. Both dorsally and ventrally directed
dendrites carried complex appendages and spines. Electrical stimulation of peripheral nerves evoked
responses consistent with excitatory input from A and C fibre afferents. Natural activation required
application of strong pressure to the receptive field (I).

The axon and its collaterals coursed dorsally within the envelope of the dendritic tree and then
descended to issue terminal branches in laminae III and IV.
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Fig. 2. Cell 4 A. A reconstruction of a neurone that was prepared for light and electron microscopy. This
cell had vertically orientated dendrites that arborized in lamina II and responded to strong pressure. It
was not possible to reconstruct completely the entire dendritic tree as a glial cell (Gl) had taken up HRP
and obscured part of the arbor (see D). The cell possessed two recurrent dendrites (Rec). One of them
(drawn with a black and white line) is illustrated in the insert (B). Note the spines. C illustrates distal
dendrites (arrows) in lamina II (Gl = glial cell). D is a light micrograph showing the soma of the neurone.
The dotted line demarcates the border between lamina I and III, (Rec = recurrent dendrite, Gl. = glial
cell that has taken up HRP, Cap = capillary, arrow indicates a ventrally orientated dendrite). E is an
electron micrograph of the soma of the cell. Note the nucleus is not penetrated by the HRP reaction
product, the glial cell associated with the neurone (Gl) and the numbers of large myelinated axons (My)

in the neuropile. (Nuc = nucleus).
Fig. 3. Soma and proximal dendrites of cell 4 in lamina III. A. The perikaryon and nucleus (Nuc) of the
cell. Most of the surface of the perikaryon is covered with a glial sheet (Gl) but occasional terminals are
associated with it (arrow). B is a magnified view of the terminal indicated in A. Note the flattened
agranular synaptic vesicles. C shows one of the proximal dendrites (Den). Like the soma, this dendrite
is mainly covered with glia (Gl) but occasional axons containing flattened agranular vesicles synapse with
it (at the arrow). D. An axon (Ax) containing clear circular vesicles synapses with this proximal dendrite
and with another unlabelled dendrite (Den) the perikaryon (P) of the cell is covered with a glial sheet (Gl)
and forms a synaptic contact with a small terminal containing flattened vesicles (synapses are indicated
by the arrows). E. Two axon terminals one containing flattened vesicles (Ax.F) and one containing circular
vesicles (Ax) synapse with this labelled proximal dendrite. Other labelled structures are indicated by the

arrows.

Fig. 4. Intermediate dendrites of cell 4. A. The labelled dendrite is completely surrounded by axon
terminals including one containing large granular and small agranular vesicles (Ax.G). Lamina II. B. This
dendrite also receives a synaptic contact (at the arrow) from a bouton containing large granular and small
agranular vesicles (Ax.G) and a terminal containing circular agranular vesicles (Ax). Lamina II. C. An
axonal terminal (Ax) containing circular vesicles forms a synapse with the labelled dendrite (at the arrow).
A small spine head (Sp) is also in close apposition to two synaptic knobs. Lamina II. D. In this case the
labelled dendrite receives synaptic input from a terminal that contains small granular vesicles as well as

small agranular vesicles (Ax.G) and an axon containing regular circular vesicles (Ax). Lamina III.
Fig. 5. Recurrent dendrites of cell 4 in lamina III. A. The labelled dendrite (Den. 1) is in synaptic contact
with the central element of a glomerulus (Ax) which forms an asymmetrical junction with it. The axon
terminal also synapses with an unlabelled dendrite (Den. 2) and is postsynaptic to an axonal terminal
containing flattened vesicles (Ax.F). The arrows indicate synaptic junctions. B. The dendrite (Den) is
postsynaptic to a structure (asterisk) which is possibly a vesicle-containing dendrite. This structure, in turn,
is postsynaptic to an axon (Ax). C. The axon (Ax) in this micrograph forms a glomerular-type
arrangement with several vesicle-containing dendrites (D) and the labelled dendrite. One of these dendrites
is presynaptic to the labelled dendrite (at the arrow). The axon itself is also postsynaptic to two axon
terminals (P). D. This spine head (Sp) is postsynaptic to an axon containing clear circular vesicles (Ax).
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Fig. 6. Distal dendrites of cell 4 in lamina II and the axon. A. This small dendritic profile receives synaptic
input (at the arrows) from two terminals. One contains circular vesicles (Ax) whereas the other is unusually
polymorphic in its vesicular content (Ax.P). B. The dendritic profile is surrounded with axons containing
circular (Ax) and pleomorphic (Ax.P) agranular vesicles. One of these (Ax) forms an obvious synaptic

junction (between the arrows). C. The axon of the cell. Note the myelin sheath (My).

11



 



ei

wrfg-o

xy

a



t

Fig. 9. Cell 5: presynaptic dendrites. A. The labelled dendrite is in close contact with a vesicle-containing
dendritic process which arises from a larger dendritic profile (Den). A magnified view of a serial section
of the structure illustrated in A. Clear circular vesicles are clearly visible in the process. The arrows indicate

possible regions of synaptic contact between the two dendrites. (G1 = glial cell).
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Fig. 7. Cell 5. A. A reconstruction of cell 5 which was prepared for light and electron microscopy. This
vertically orientated cell had dorsally directed dendrites that arborized through lamina II and entered
lamina I and ventrally orientated dendrites that penetrated lamina IV. Collateral axons associated with
it branched in lamina II and formed axonal swellings (arrow, GW = grey/white border). B. Axonal
swellings in lamina II indicated by the arrow in A. C. A light micrograph of the neurone. The dotted line
demarcates the lamina II/III border. Note the distal dendrites that enter lamina I (arrow). D. A distal
dendrite of cell 2 in lamina I (Den). The dendrite is postsynaptic to an axon containing agranular synaptic
vesicles (Ax) and a structure which is possibly a vesicle-containing dendrite (arrow). It is also associated
with a glial cell (Gl). E. This distal dendrite in lamina I gives rise to two spines (Sp) which are in synaptic

contact with axons containing agranular synaptic vesicles.
Fig. 8. Dendrites of cell 5 situated in lamina II. A. The labelled dendritic profile (arrow) is postsynaptic
to the central terminal (Ax) of a glomerulus which is presynaptic to 3 unlabelled dendrites (*). B. Another
example of a dendrite that is a component of a glomerulus. In this case the central element (Ax) is
presynaptic to 5 unlabelled dendrites (*) in addition to the stained dendrite. The arrow indicates the
pre-terminal axon of the central terminal which is postsynaptic to another small axon terminal (P). C.
This dendrite receives synaptic contacts from two non-glomerular axon terminals that contain clear
circular vesicles (Ax). D. The labelled dendrite is closely apposed to a spine (Sp) which protrudes from
a large dendrite (Den). An axon terminal (Ax) containing elliptical vesicles synapses with the dendrite of

the lamina III neurone and with the base of the spine.
Fig. 10. Collateral axons and terminals in lamina II of cell 5. A. Illustrates an en passant bouton that
is in synaptic contact with a small dendrite (Den). The preterminal axon is indicated (Ax) and the arrows
show other labelled axonal profiles. B is a magnified view of the bouton illustrated in A. Note the presence
of agranular circular synaptic vesicles within the bouton and the region of synaptic contact (arrow).
(M = mitochondrion). C illustrates a labelled bouton in synaptic contact with a small dendritic spine (Sp).
Note the circular agranular vesicles within the bouton and the region of synaptic contact (arrow). D. A
densely labelled axon terminal forms a synaptic junction (between the arrows) with a large proximal
dendrite (Den). The preterminal axon is clearly visible (Ax). The terminal forms a synaptic junction with
a small dendritic process (Den). Note the synaptic cleft, the agranular vesicles within the bouton and a
possible large granular vesicle (arrow). F The myelinated (My) parent collateral axon before it branched

in lamina II to form the terminals.

Fig. 11. Cell 6. A. A reconstruction of the neurone which was vertically orientated and had a
dorsally-directed dendritic arbor which terminated at the lamina II/III border. Note the varicose distal
dendrites (arrow) and the axon. No electrophysiological data were available on this cell. B. A light
micrograph illustrating the dendritic swellings indicated by the arrow in A. The dotted line demarcates
the lamina II/III border. (C-capillaries). C. An electron micrograph of the region illustrated in B. C = the
two capillaries similarly designated in B and the arrow indicates the swelling also indicated in B. D = the
swelling shown in D. (Ax = axons associated with the varicosity, * = holes in the HRP reaction product.
F. Illustrates a similar varicosity taken from the same region. An axon terminal forms a synaptic junction

(arrow) with the structure which contains holes (*) surrounded with HRP reaction product.
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Fig. 12. A schematic diagram illustrating variants of lamina III neurones observed in this study with
respect to their orientation in the laminae of Rexed. All cells are illustrated in the transverse plane. The
sample includes neurones with various properties: (a) cells whose dendrites do not cross laminar
boundaries and are orientated rostro-caudally; (b) spindle-shaped cells with dendrites that arborize both
dorsally and ventrally and; (c) cells whose dorsally-directed dendrites penetrate lamina I and whose

ventrally-directed dendrites radiate through the lower laminae.

horn does not govern its response characteristics and
it is probably a component of a polysynaptic chain.

Cells 3, 4, 5 and 6 are vertically orientated neurones
whose dendrites arborize both dorsally and ventrally.
Clearly this type of neurone differs significantly from
those of lamina II which have a rostro-caudal orien¬
tation and are mainly confined to the lamina. They
are located in a position to receive input from a

variety of afferents including the smallest C fibres14'34
which terminate mainly in lamina II and have been
implicated in the transmission of nociceptive infor¬
mation.26 Indeed, one of these neurones was shown to
have a C fibre input (cell 3). The available electro¬
physiological data suggest that the majority of these
vertically orientated neurones respond to strong stim¬
uli. This observation is somewhat surprising as they
have part of their dendritic arbors located in lamina
III thus providing ample opportunity for inputs from
primary afferent fibres in the A/) conduction velocity
range conveying light tactile information. It is, there¬
fore, possible that these neurones receive input from
polysynaptic pathways in lamina III conveying infor¬
mation from high threshold mechanoreceptors, or
perhaps that Ad axons terminating in this region may
convey noxious stimuli in addition to tactile informa¬
tion from down-hair receptors. Cell 5 resembled a
type of lamina III neurone described by Mannen and
Sugiura22 in their Golgi studies of lamina III and also

has a similar configuration to a lamina IV inter-
neurone that we recently labelled with HRP (D. J.
Maxwell, R. E. W. Fyfife and M. Rethelyi, un¬

published observation). Such neurones send a column
of dendrites dorsally through lamina II which enter
lamina I and turn to run parallel with the grey/white
border in the medio-lateral plane. Their ventral den¬
drites fan out in a large cone through laminae IV and
V. They are, therefore, located in a position to receive
a large number of inputs. Electrophysiological data
available on cell 5 show that it responded to strong
pressure. The dendrites of this cell participated in
glomeruli, which is in keeping with an input from
afferent terminals conveying information from high
threshold receptors (see below).

Some of the stained neurones from the sample
possessed axons which descended through the more
ventral laminae of the dorsal horn or arborized in
lamina II to form synaptic boutons contacting den¬
drites. It was not possible to trace the axons for more
than a few millimeters but unlike some lamina II

neurones31 they did not appear to be directed towards
Lissauer's tract.

Ultrastructural features
Ultrastructural analysis of lamina III neurones

reveals that a variety of terminals and synaptic
arrangements are associated with their dendrites.
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Fig. 13. A schematic diagram of ultrastructural features of cell 4. A. the most distal dendrites are
predominantly contacted by axon terminals containing clear circular vesicles (1). B. Intermediate dendrites
are also contacted by such boutons (1) and, in addition, boutons containing large granular vesicles and
small agranular vesicles (2) and boutons containing small granular vesicles and large agranular vesicles
(3). C. Proximal dendrites are also contacted by boutons containing circular agranular vesicles (1) and
by terminals containing flattened agranular vesicles (4). D. The soma is only contacted by terminals
containing flattened vesicles (4). Recurrent dendrites of the cell also participate in a variety of complex

synaptic arrangements (see Fig. 5).

Summary diagrams of two of the neurones that were

analysed are shown in Figs 13 and 14.
Synapses were found to be distributed on the

dendritic tree of cell 4 (Fig. 13) according to their
vesicular contents. This distribution of terminals is
consistent with the observations of Ralston,28'30 who
suggested that axonal terminals are distributed
differently thought laminae I. II and III of the cat and
primate spinal cord. Immunocytochemical evidence
from studies of the rat dorsal horn indicates that
transmitter substances are distributed unevenly
throughout the horn in bands which run in a medio-
lateral plane.17 It is possible that the different mor¬

phological types of bouton in this case represent axon
terminals containing different transmitter substances
and that this particular neurone receives input from
a variety of sources. Recent evidence suggests that

lamina II neurones receive synaptic arrangements
that are characteristic for each individual neurone

and single lamina II cells do not receive mor¬

phological varieties of terminal (M. Rethelyi, A. R.
Light and E. R. Perl, unpublished observations). The
heterogeneous morphology of terminals associated
with this neurone therefore represents a major
difference between it and the neurones of lamina II.
Terminals containing highly flattened vesicles were
observed on the soma and proximal dendrites; these
are similar to the proposed inhibitory terminals of
Uchinozo43 on cat cerebellar neurones and therefore
may perform a similar function on this cell.

Cell 5 (Fig. 14) received input from simple
synapses, usually containing clear circular vesicles, in
lamina I which are similar to those described by
Ralston28'30 in this region. Kerr" observed degener-
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OUTPUTS

Fig. 14. A schematic diagram illustrating synaptic arrangements associated with cell 5. A. The most distal
dendrites in lamina 1 receive synaptic inputs from terminals containing agranular vesicles that are usually
circular. B. Dendrites in lamina II participate in glomeruli. C. Also in lamina II, dendrites were in contact
with unlabelled vesicle-containing dendritic processes. D. Dendrites also received synaptic contact from
a variety of terminals containing agranular vesicles. E. Collateral axons in lamina II formed boutons which
were usually en passant and synapsed with dendrites or F dendritic spines. Den = dendrites of cell 5,

Ax = axon terminals of the neurone.

INPUTS

A

ating synaptic knobs associated with small dendritic
profiles in lamina I after dorsal rhizotomy and con¬
cluded that these degenerating primary afferent ter¬
minals were associated with distal dendrites of lamina
I neurones. Evidence from this study suggests that
some of the dendritic profiles may have come from
lamina III cells in addition to lamina I neurones.

This cell also possessed dendrites that were associ¬
ated with the 'complex synaptic arrays' or glomeruli
that have been described by many authors in the
superficial regions of the dorsal horn in the rat, cat
and monkey."-18-27'35 The central elements of these
glomeruli degenerate as a result of dorsal rhizotomy10
and hence have been ascribed a primary afferent
origin. Recent HRP studies have shown that high
threshold mechanoreceptors and down-hair recep¬
tors in the A<5 conduction velocity range37 and C
fibres14 have afferent terminations that are the central
elements of glomeruli. This is consistent with the high
threshold responses of this neurone as both A<5 and
C fibres seem to be responsible for the transmission
of such information.26 Apart from lamina III neu¬
rones the central elements of glomeruli also synapse
with lamina II neurones13 and with cells of the

postsynaptic dorsal column system1 and therefore
impart information to a variety of neurones.

The dendrites of cell 5 received input from vesicle
containing dendritic processes. Such dendro-
dendritic synapses were first described in the spinal
cord by Ralston.29 Gobel el alV have described
veiscle-containing dendritic processes in identified
lamina II islet cells that synapse with unknown
dendritic elements; it is therefore possible that some
of the postsynaptic structures are the dendrites of
lamina III neurones.

Axon collaterals of the cell gave rise to boutons
which contacted dendritic profiles in the lamina II
neuropil. These terminals contain round clear vesicles
and were not observed to form axo-axonic synapses.
Rastad32 has demonstrated that collateral terminals
from spinocervical tract neurones which have an
excitatory influence on their target neurones also
contain clear circular vesicles, whereas collateral ter¬
minals from an identified ventral horn inhibitory
intcrncuronc contain more flattened vesicles.33 This

suggests that these lamina III collateral terminals
may represent an excitatory output from lamina III
into lamina II.

The complexity and morphological variety of the
terminals associated with cells 4 and 5 distinguishes
them not only from lamina II neurones, as was stated
above, but also ultrastructuraliy from the neurones of
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the two long ascending pathways which have their
cells of origin in lamina III (and also in laminae IV
and V), namely, the spinocervical tract and the
postsynaptic dorsal column system. Spinocervical
tract cells receive two morphological types of termi¬
nal which are arranged usually in a one-to-one fash¬
ion with the dendrite.24 The ultrastructure of termi¬
nals associated with postsynaptic dorsal column cells
is similar, except that they partake in glomeruli, and
terminals occasionally receive axo-axonic contacts.1
The neurones of these two ascending systems are
therefore associated with terminals which are gener¬

ally more homogeneous in their morphology and
simpler in their synaptic arrangements than the two
lamina III neurones described above.

The remaining cell studied ultrastructurally (cell 6)
had dendritic swellings which contained spaces sur¬
rounded by HRP reaction product and did not seem
to have any particular function. It is, therefore,
possible that these swellings are some form of artifact
and this observation stresses the necessity of ultra-
structural examination of such structures before as¬

cribing any sort of function to them.

Conclusions

This population of lamina III propriospinal and
interneurones has been shown to be heterogeneous by
electrophysiological, morphological and ultra-
structural criteria. It is not possible at this stage to
suggest any definite function for them, but the limited
correlation between their response characteristics and
their location in the dorsal horn with respect to
primary afferent terminations and the apparent vari¬
ety of terminals associated with the cells suggests that
they may receive a variety of inputs from primary
afferents and dorsal horn neurones. Hence their role

may be to integrate information from these various
inputs.
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FINE STRUCTURE OF NORMAL AND DEGENERATING
PRIMARY AFFERENT BOUTONS ASSOCIATED WITH

CHARACTERIZED SPINOCERVICAL TRACT
NEURONS IN THE CAT

D. J. Maxwell, R. E. W. Fyffe* and A. G. Brown
University of Edinburgh, Department of Veterinary Physiology, Summerhall, Edinburgh EH9 1QH, U.K.

Abstract—Spinocervical tract neurons in the dorsal horn of the cat spinal cord were intracellularly stained
with horseradish peroxidase. The neurons came from one intact animal and from animals with dorsal
rhizotomies (L3-S2) 3, 5, 10, 28 and 42 days previously. The morphology of terminals associated with
spinocervical tract neurons was examined in a combined light and electron microscopical study. Some
terminals containing agranular, circular vesicles degenerated as a result of deafferentation; these are
therefore the terminals forming monosynaptic inputs to the neurons from primary afferent fibres. Other
terminals containing agranular circular vesicles and terminals containing ovoid agranular vesicles survived
deafferentation; these boutons therefore do not originate from primary afferent fibres.

There is general agreement that the cells of origin of
the spinocervical tract (SCT) in the cat dorsal horn
are situated in laminae III, IV and V of Rexed33 (see
ref. 3 for a review). The dendritic arbors of SCT
neurons are mainly located in laminae III and IV7 but
seldom enter lamina II and are therefore situated in
a prime location to receive monosynaptic inputs from
the terminations of primary afferents in the Aa-y4
and A<5 range" which convey information from low
threshold cutaneous mechanoreceptors. Indeed,
Brown and Noble5 have made direct observations, at
the light microscope level, of contacts between hair
follicle afferents (in the Aa-y conduction velocity
range) and SCT neurons.

Electrophysiological investigations have shown
that SCT neurons receive excitatory inputs from
Aa-y, A<5 and C fibres. They may roughly be
classified into three categories' according to re¬

sponses to natural stimulation of their receptive
fields: (1) those responding to hair movement; (2)
those responding to pressure and pinch, and; (3)
those responding to both types of stimuli. Excitatory
inputs from hair follicle afTerents may come via mono
or polysynaptic pathways15 and a variety of other
types of afferent have been shown to excite SCT
neurons polysynaptically.3 In addition to excitatory
inputs, Hongo et a/.16 have also recorded inhibitory
postsynatpic potentials evoked by noxious stimuli or
brushing of receptive fields which are in adjacent
locations to excitatory fields. Descending systems
also affect SCT inputs; Brown et al.6 suggested that

♦Present address: The Experimental Neurobiology Unit,
The Australian National University, John Curtin
School of Medical Research, Box 334, Canberra,
Australia.

Abbreviations: HRP, horseradish peroxidase; SCT, spin¬
ocervical tract.

such systems presynaptically inhibited the poly-
snaptic inputs as it was not possible to abolish
monosynaptic responses conveyed by hair follicle
afferent fibres.

In the present study we have examined the ultra-
structure of terminals associated with SCT neurons

that were physiologically characterized and intra¬
cellularly labelled with horseradish peroxidase
(HRP). Normal and rhizotomized adult cats were
used in the study. A previous ultrastructural in¬
vestigation demonstrated that two morphological
types of bouton were associated with SCT neurons.20
The present study attempts to identify which type of
bouton represents the monosynaptic input to SCT
neurons by examining the degeneration patterns of
primary afferent terminals resulting from rhizotomy
and enlarges upon the previous study by providing a
detailed analysis of the synaptic arrangements formed
with SCT dendrites. Thus we have attempted to
correlate the known response characteristics of SCT
neurons with the fine structure of the boutons on

their dendrites.

EXPERIMENTAL PROCEDURES

Five adult cats were deeply anaesthetized with sodium
pentobarbitone (40 mg/kg) and unilateral extra-dural rhi¬
zotomies were performed on dorsal roots L3-S2 under strict
aseptic conditions. Animals were given a penicillin cover
(100,000 units) and allowed to survive for 3, 5, 10, 28 and
42 days. All animals were in good health after the rhi¬
zotomies and were not grossly disabled or distressed by the
procedure (see Ref. 8 for further details).

Acute experiments were performed on the five rhi¬
zotomized animals and one normal animal. They were
anaesthetized with chloralose (70 mg/kg) and paralysed with
gallamine triethiodide. Animals were artificially ventilated
and end-tidal CO,, temperature and blood pressure were
monitored and kept within physiological limits throughout
experiments. Laminectomies were performed at high cervi¬
cal and at lumbosacral regions. Stimulating electrodes were
placed on the dorsalateral funiculi at CI and C3 and the
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dorsal columns were sectioned below C3 in order to identify
SCT cells by antidromic invasion (see Ref. 7 for details).
Glass microelectrodes containing a 7% w/v solution of
horseradish peroxidase (Sigma type VI) in Tris-HCl buffer
(0.1 M in 0.2 M KC1) were beveled until they had tip
resistances of 30-50 Mfi. When a successful impalement was
made the unit was identified as a SCT neurone if it

responded antidromically from the C3 stimulating elec¬
trodes but not from the CI electrodes. HRP was then
ionophoresed into the unit using depolarizing current of
10-15nA (pulses of 450 ms duration every 600 ms) for
periods of 10-15 min. SCT neurons were recorded from the
L6 and L7 segments and in total seven neurons were
labelled; one from the intact animal and six from the
rhizotomized animals (two neurons from the 10 day ani¬
mal). At the conclusion of experiments animals were per¬
fused initially with saline and then with fixative.21
Electron microscopy

Transverse Vibratome sections were prepared for light
and electron microscopy according to a previously pub¬
lished method.21 They were reacted for HRP according to
the method of Hanker el al.'1 wet mounted and scanned
under a light microscope. Sections containing stained mate¬
rial were osmicated (1% solution, pH 7.6), dehydrated in
graded acetone solutions and embedded in Araldite between
acetate foils.14 When polymerization was complete the sec¬
tions were examined with a light microscope and neurons
were reconstructed using a camera lucida attachment. Areas
of interest were then prepared for electron microscopy by
attaching them to blocks (after removal of the foil) by means
of a little unpolymerized Araldite. Blocks were then
trimmed and serial thin sections (pale gold-silver) collected
on Formvar-coated single slot grids and stained with lead
and uranium salts. From time to time during sectioning the
block face was examined with a light microscope to deter¬
mine what material was contained within the sections.

Quantitative methods
Axial ratios of vesicles were measured using a Magiscan

image analysis system (Joyce Lobel Ltd) and data were
further processed using a Nova Computer (Data General).
If the average axial ratio of vesicles contained within a
terminal was less than 1.25 then it was deemed to contain
circular vesicles and if the average ratio was greater than
1.25 then the vesicles were classified as ovoid.25

Percentages of dendritic membranes occupied by boutons
were estimated by measuring the perimeters of a number of
transverse dendritic profiles and expressing the fractions of
perimeters that were closely apposed to axonal membranes
as percentages of the total permieters.

RESULTS

Physiological observations
The neurons in the present sample had antidromic

conduction velocities which averaged 69.4 m/s. The
neuron from the unoperated animal was excited by
brushing a receptive field on the lateral thigh and foot
(Fig. 1A,B,C). None of the cells from rhizotomized
animals had receptive fields.

Normal terminals associated with neurons of the
spinocervical tract

Both proximal and distal dendrites of SCT neurons
were surrounded by terminals which covered between
44 and 78% of the surface of the dendritic membrane
(Fig. 1D). The remaining regions were covered with
glial processes. In keeping with the previous study20

two types of terminal were associated with the den¬
drites; those with circular agranular vesicles
(25-45 nm in diameter) and those containing ovoid
agranular vesicles (20-50 nm in diameter). Both types
of terminal formed asymmetrical synaptic junctions
with the neurons (Fig. IE, F). In addition to these,
terminals containing highly flattened vesicles were
occasionally observed. Usually only one synaptic
junction was formed per bouton although terminals
containing circular vesicles were occasionally seen to
synapse also with other unlabelled dendritic profiles.
None of the terminals associated with SCT neurons

were seen to receive axo-axonic synapses and labelled
dendritic profiles were not observed to participate in
the glomeruli that are common in this region.18'24

There was some evidence to suggest that more
distal dendrites received input from proportionally
fewer terminals containing ovoid vesicles than prox¬
imal dendrites (see Table 1).

Period after rhizotomy (3 days)
Ultrastructural analysis of a nerone from an ani¬

mal that had survived for 3 days (Fig. 2A) revealed
the presence of boutons undergoing filamentous
degeneration22,26 on proximal and, less frequently, on
distal dendrites (Figs 2 and 3A, B). The degenerating
terminals contained circular agranular vesicles and,
generally, formed asymmetrical synaptic junctions
with the dendrites of the neuron. Occasionally a

degenerating synaptic knob was seen to be associated
with the soma of the neuron (Fig. 2E). Normal
terminals containing ovoid, circular and (infre¬
quently) highly flattened vesicles were also seen in
association with labelled dendrites and dendritic

spines (Fig. 3C, D).

Period after rhizotomy (5 days)
Few examples of terminals undergoing filamentous

degeneration were associated with the neuron from
the animal that survived for 5 days (Fig. 4A), al¬
though many of the dendritic profiles were associated
with electron-dense debris and also terminals with
considerable intracellular disruption (Figs 4B, C).
Such terminals contained circular agranular vesicles.

Table 1. Ultrastructural analysis of regions of the dendritic
arbor (areas 1, 2 and 3) of the spinocervical tract neuron

shown in Fig. 1(A)
Distance from soma

Area (ji m) Total No. No. C No. F %F
1 0-100 36 21 15 42
2 100-200 21 11 10 48
3 300-400 26 20 6 23

Total No., total number of terminals.
No. C, number of terminals containing circular vesicles.
No. F, number of terminals containing ovoid vesicles.
% F, percentage of terminals containing ovoid vesicles.
Circular vesicle-containing terminals were defined as pos¬

sessing vesicles of average axial ratio of less than 1.25
and those containing flattened vesicles had axial ratios
that were greater than this figure.
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The most distal dendrites were devoid of synaptic
contacts and seemed to be associated with glial
sheaths (Figs 4D, E). Both ovoid and circular vesicle-
containing terminals were also associated with the
dendrites of this neuron and were normal in every
respect.

Period after rhizotomy (10, 28 and 42 days)
Reconstructions of the four neurons from these

animals are shown in Figs 5A, C, E and 6A.
The ultrastructural appearance of terminals associ¬

ated with these neurons was very similar indeed. No
degenerating terminals were associated with the den¬
drites and both circular and ovoid vesicle-containing
boutons were observed in contact with them (Figs 5F,
G and 6D, E, F). Some dendrites were completely
devoid of synaptic boutons and were associated with
glial cells, other profiles seemed to be associated with
fewer boutons than usual (22-62% of surface area in
42 day animal) and glial processes occupied much of
the surface area (Fig. 6B, C, D, E).

In addition, the dendrites of some of these neurons

had a thin, wire-like appearence (Fig. 5B, E).

DISCUSSION

Intracellular injection of HRP into SCT neurons
has been employed in conjunction with degeneration
studies in order to establish the synaptic connectivity
of primary afferents with these neurons. Unilateral
rhizotomies of dorsal roots L3-S2 should completely
abolish the ipsilateral cutaneous primary afferent
input to the L7 and L6 segments9 where the labelled
SCT neurons from this sample were located. There¬
fore, unless they receive monosynaptic inputs from
contralateral or ventral root afferents, all of the
primary afferent terminals associated with them
should degenerate. The majority of primary afferents
associated with SCT neurons displayed filamentous
degeneration. According to Ralston2' the terminals of
fast conducting primary afferents in the monkey
degenerate in this manner, therefore this is in keeping
with a monosynaptic input from the larger primary
afferent fibres as the previous studies would sug¬

gest.3'5,15 The electron-dense debris observed in associ¬
ation with neurons is possibly the remains of termi¬
nals previously associated with the neuron. In the
present study, like previous degeneration studies of
primary afferents in the cat,25 the greatest numbers of
degenerating terminals were observed after about 3
days. Many of the dendrites from animals that sur¬
vived for longer periods of time (10-42 days) had a
considerable proportion of their surfaces covered
with glial processes and the impression was that glial
cells were occupying spaces vacated by degenerated
boutons.

Synaptic boutons in contact with spinocervical tract
neurons

Degenerating terminals contained circular ag¬

ranular vesicles and formed asymmetrical synaptic
junctions with labelled dendrites. This type of termi¬
nal is therefore responsible for the monosynaptic
excitatory input to SCT neurons which appears to be
exclusively from hair follicle afferents.3'415 Brown and
Noble1 have made light microscope observations of
contacts between hair follicle afferent fibres and SCT
neurons. Furthermore, the terminals of large di¬
ameter hair follicle afferent fibres are mor¬

phologically similar to the type of terminal that
degenerates in that they contain circular agranular
vesicles and form asymmetrical junctions, usually
with only one postsynaptic structure.21 Other large-
diameter primary afferents innervating cutaneous re¬
ceptors do not seem to have inputs to the SCT3 so it
is highly probable that the degenerating boutons are
the terminals of hair follicle afferent fibres.

Two types of terminal survive rhizotomy; the first
type is identical to the primary afferent boutons
wheras the second variety contains ovoid vesicles but
also forms asymmetrical junctions with the dendrites
of SCT neurons. These two types of bouton are
therefore not primary afferent terminations and could
originate from spinal cord interneurons and/or they
could be the terminals of descending systems. Current
physiological information indicates that SCT neurons
receive excitatory and inhibitory inputs from inter-
neurons in polysynaptic pathways that are driven by
cutaneous afferents (hair follicle afferents and cutane¬
ous afferents with small-diameter axons).3-15'16 How¬
ever, the evidence suggests that descending influences
on the SCT are mainly indirect and probably act
presynaptically.2,6 Therefore it is probable that the
majority of boutons surviving rhizotomy are termi¬
nations of the interneurons. Some excitatory inter¬
neurons to the SCT may also convey inputs from
muscle afferents.'6

None of the SCT neurons examined participated in
glomeruli.1018'24'31 This implies that there is probably
no monosynaptic input to SCT neurons from A<5 or
C fibres which terminate as the central elements of
these structures."'32 The lack of direct C fibre input
is not surprising as the dendrites of SCT neurons are
mainly restricted to laminae III and IV7 and C fibres
terminate mainly in lamina II.30 However SCT den¬
drites are located in a region where Ad fibres convey¬

ing information from down hair follicles are known
to terminate19 and there is some evidence to suggest
that some SCT neurons are excited monosynaptically
by movement of down hairs.2 Therefore the possi¬
bility remains that not all D-hair fibres terminate as
the central elements of glomeruli.

As was noted above, excitatory and inhibitory
interneurons impinge upon SCT neurons'5'16 so both
types of terminal will be represented in the group that
survives rhizotomy. The terminals containing ovoid
vesicles are morphologically similar to the terminals
of an HRP labelled inhibitory interneuron examined
by Rastad28 in the ventral horn of the spinal cord.
However they do not resemble the "classical" F-
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Fig. 1. (A) Partial reconstruction of a SCT neuron from a normal cat. 1, 2 and 3 refer to regions of the
dendritic arbor that were studied ultrastructurally and analysed quantitatively (see Table 1). (B) Receptive
field of the neuron which responded to light brushing of hair. (C) Light micrograph illustrating the
location of the soma of the neuron (arrow) in the dorsal horn. The dotted line demarcates the border
between the laminae II and III. DLF, dorsolateral funiculus. (D) an electron micrograph taken from area
1 in Fig. (A). The electron-dense HRP reaction product is obvious in the dendrite (Den) which is in
synaptic contact with seven boutons (asterisks). (E) An axon terminal (Ax) containing ovoid vesicles forms
an asymmetrical synaptic junction (between the arrows) with the labelled SCT dendrite (Den). PA,
punctum adherens. GV, granular vesicle. (F) An axon terminal (Ax) containing circular vesicles forms
an asymmetrical junction (between the arrows) with an SCT dendrite (Den). PA, punctum adherens.

Fig. 2(A) Reconstruction of a SCT neuron 3 days after rhizotomy. A, area of proximal dendrites examined
ultrastructurally. B, areas of distal dendrites examined ultrastructurally. GW, grey/white border. D,
dorsal. V, ventral. M, medial. L, lateral. The neuron was situated mainly in lamina IV. (B) Proximal
dendrite (Den) from area A. Two boutons undergoing filamentous degeneration are associated with it
(asterisks). (C) A magnified view of the lower bouton shown in (B). Note the filaments (F) and the remains
of a synaptic junction (arrow). Den, dendrite. (D) Another example of a proximal dendrite. In this case
normal (Ax) and degenerating (D.Ax) boutons containing circular vesicles are associated with it. Arrows,
synaptic junction. (E) Part of the perikaryon (P) of the neuron. A degenerating axon (D.Ax) and

electron-dense debris (*) are associated with it.
Fig. 3. (A) A proximal dendrite (Den) from area A Fig. 2(A). A filamentous degenerating axon (D.Ax)
containing circular agranular vesicles is associated with it. Arrows, synaptic junction. (B) Another dendrite
(Den) from the same area as (A). A degenerating axon (D.Ax) containing numerous inclusions (asterisks)
is associated with it. The dendrite is also associated with a normal bouton containing flattened vesicles
(Ax.F). (C) Distal dendrite (area B; Fig. 2A). This dendrite (Den) gives rise to a spine (Sp) which synapses
with a normal axon terminal (Ax) containing circular vesicles. (D) Dendrite (Den) from the same region
as C. In this case it is in synaptic contact (arrows) with terminals containing ovoid (Ax.F) and circular

vesicles (Ax).

Fig. 4. (A) A reconstruction of a SCT neuron 5 days after rhizotomy. A and B refer to regions of the
dendritic arbor examined ultrastructurally. The dotted line indicates the outline of the dorsal horn. (B)
A proximal dendrite (Den) from area A which is in synaptic contact with a number of normal boutons
(arrows) and a degenerating bouton (D.Ax) Sp, spine. (C) Another proximal dendrite. Normal boutons
(arrows) are associated with it. The star indicates areas of electron dense debris associated with the
dendrite. (D) Distal dendrite (arrow) from area B in (A). My. myelin; C, capillary. (E) A magnified view

of the dendrite shown in (D) illustrating that it is mainly surrounded by glia (arrow).
Fig. 5. (A, C and E) Reconstructions of SCT neurons. The black line indicates the grey/white border of
the dorsal horn (M, medial border). (A and E. 10 days survival post-rhizotomy; C, 28 days survival).
(B and D) Light micrographs of the neurons shown in (A) and (C) respectively. Note the thin wire-like
dendrites (Arrows). (F) Electron micrograph of a dendritic profile (Den) from the neuron shown in (E).
Three axon terminals (Ax) containing circular vesicles synapse with it (arrows). Gl, glial process. (G)
Dendritic profile (Den) also from the neuron shown in (E). A terminal containing ovoid vesicles is

associated with it (Ax.F) (arrows indicate synaptic junction).
Fig. 6. (A) A reconstruction of a SCT neuron 42 days after rhizotomy. Black line indicates the outline
of the grey/white border of the dorsal horn. (B and C) Longitudinal sections through dendrites (Den) of
the neuron shown in (A). A few axon terminals (Ax) and considerable areas of glial processes (Gl) are
in association with the dendrites. (D and E) Transverse sections through dendritic profiles (Den) from
the neuron in (A). Boutons (Ax) containing circular vesicles and large regions of glia (Gl) are associated
with them. Arrows, synaptic junction. (F) a dendritic profile (Den) from the cell shown in (A) which

receives a bouton (Ax.F) containing ovoid vesicles. Arrow indicates synaptic junction.
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Fig. 7. A schematic diagram illustrating possible arrangements of pathways conveying cutaneous inputs
to the SCT. The diagram is based on information derived from the present study and the current
physiological knowledge of inputs to SCT neurons, (see Discussion for full reasoning). (1) Monosynaptic
pathways which do not survive rhizotomy. These consist of the terminations of hair follicle afferents (H.F)
and have boutons which contain circular agranular vesicles. Their input to SCT neurons is excitatory.
Some hair follicle afferent boutons receive axo-axonic synapses but as terminals associated with
axo-axonic synapses were not seen to be associated with SCT dendrites then these terminals may form
polysynaptic pathways (2) which impinge upon SCT dendrites and can be inhibited presynaptically.
Boutons containing ovoid (3) and circular vesicles (4) both survive rhizotomy and therefore may be the
terminals of the excitatory and inhibitory interneurons that are components of polysynaptic pathways
conveying information from cutaneous receptors. The identity of the inhibitory terminals is not yet known,
but a candidate is the type that contains ovoid vesicles (3). It is possible to inhibit the excitatory
polysynaptic pathways presynaptically but as no axo-axonic synapses are associated with terminals on
SCT neurons then they must be situated elsewhere on the polysynaptic pathways (4). E. excitatory, I,

inhibitory influence on SCT neuron. ?, no direct evidence.

terminals12 which are though to be inhibitory36 as
they form asymmetrical junctions and their vesicles
are not very elongated. These terminals are not as
common as those containing circular vesicles but
more than 20% of terminals observed on distal
dendrites were of this variety and they were found in
abundance on the proximal dendrites. Therefore if
they are inhibitory they must exert a considerable
influence over the entire dendritic tree. Occasionally,
terminals containing highly flattened vesicles were
observed. These may be variants of the ovoid vesicle-
containing terminals or they may be a category in
their own right. If the latter is so then they may also
be candidates for the inhibitory terminals.

No convincing examples of axo-axonic synapses
were associated with normal or degenerating boutons
on SCT cells. It is surprising that no axo-axonic
boutons were observed on any of the terminals that

survive rhizotomy as Brown and his collaborators6
have shown that it is possible to inhibit the poly¬
synaptic excitatory inputs selectively and have sug¬
gested that the mechanism for this inhibition is
presynaptic. Therefore boutons of primary afferent
fibres, or interneurons, contributing to polysynaptic
pathways probably receive the presynaptic axo¬
axonic terminals (see Fig. 7). An alternative expla¬
nation of selective inhibition of polysynatic inputs
could be direct postsynatpic inhibition of inter¬
neurons "up stream" in the pathway.

Some hair follicle afferent terminals have been

shown to receive axo-axonic contacts.21 Thus, as the
hair follicle terminals contacting SCT neurons di¬
rectly do not receive such contacts, then those that do
are involved in polysynpatic pathways to the SCT or
in other pathways that are under presynaptic in¬
hibitory control. Some hair follicle afferent terminals
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are therefore subject to presynaptic control whereas
others, such as those in direct contact with SCT
neurons, are not. Axo-axonic contacts are also absent
on boutons associated with spinothalamic tract
neurons35 but are found on the terminals of post¬
synaptic dorsal column neurons' and are frequently
observed on the "giant terminals" associated with
dorsal spinocerebellar tract neurons.17-29-34 The ab¬
sence of axo-axonic terminals on boutons contacting
SCT cells is therefore not a feature of all neurons that

give rise to long ascending systems.

Conclusions

Primary afferent terminals forming monosynaptic
connections with SCT neurons contain clear circular
vesicles and make asymmetrical synaptic junctions.
Terminals surviving rhizotomy are of two varieties:
(1) those possessing agranular circular vesicles and;

(2) those possessing ovoid agranular vesicles. No
axo-axonic synapses appear to be associated with the
boutons contacting SCT cells so any presynaptic
inhibitory terminals must be situated elsewhere on
polysynaptic pathways. Possible arrangements of
pathways responsible for the cutaneous inputs to the
SCT are summarized in Fig. 7.
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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
1X2.5.8 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-workers5-10 have described interneu¬

rons in laminae V and VI which receive convergent
afferent inputs via mono- and polysynaptic pathways
from different muscle groups and cutaneous axons.
The projection patterns of this group of neurons were
varied but some had axons projecting to motor nuclei
and/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.
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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
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.



Fig. 2. A: two labeled boutons (B, 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 B,; Den, dendrite and Ax, axon terminal forming an axo-axonic syn¬
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 //m) 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
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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 C02 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.I"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 //m 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. 1 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. 1 A 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/<m) 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. 1 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 /on in diameter (Figs. 1 D 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. 1 D and G, 2B,C and F), which were quite large in some instances (up to 3-5 pm 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. 1 D).

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 pm 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 /<m. 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 1-27 + 0-64 //m; maximum diameter 3-2 pm) 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 were 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 C02 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,

t To whom correspondence should be addressed.
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Fig. 1. For legend see opposite.
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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 SAII 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% glutaraldehydeinOT m sodium
cacodylate buffer or 2% formaldehyde, 2% glutaraldehyde and 0 025 m calcium glycerophosphate in
01 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 fim 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 A.

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
1-57 + 0-66/un) 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. IB and 2D) (average
diameter 1-35 + 0-55 p.m) and spines. In a number of instances the post-synaptic structure
could be seen to contain vesicle-like inclusions (Fig. 2 C). No examples of axo-somatic
synapses were seen.

Fig. 1. 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.
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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. 1D, 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 4A, C and F) which were either dendritic shafts (average diameter 0-93 + 0-51 pm;
diameter of largest profile 2-24 //,m) or spines. Asymmetrical synaptic junctions were typical
of these associations (Figs. 3 D and 4 F). 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. AC). Like SAI boutons, some of the SAII boutons
examined formed synaptic associations with dendritic profiles containing vesicle-like
structures (Fig. 4A).

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 SA I 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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Fig. 3. For legend see opposite.
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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. 3 C.) 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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Fig. 4. For legend see opposite.
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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 & Fyffe (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 al. 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 bouton 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.



556 b. a. bannatyne and others

probably arise from interneurones and possibly also from neurones projecting via the dorsal
columns.

We wish to thank Drs H. R. Koerber and R. Noble for participating in some of the experiments,
and Mrs A. Corbett, Miss C. Dow and Mr R. B. Hume for excellent technical assistance. The work
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LIGHT AND ELECTRON MICROSCOPY OF CONTACTS
BETWEEN PRIMARY AFFERENT FIBRES AND NEURONES

WITH AXONS ASCENDING THE DORSAL COLUMNS
OF THE FELINE SPINAL CORD

D. J. Maxwell, H. R. Koerber* and B. A. Bannatyne+
Department of Veterinary Physiology, University of Edinburgh, Summerhall, Edinburgh EH9 1QH,

Scotland

Abstract—In addition to primary afferent fibres, the dorsal columns of the cat spinal cord contain
ascending second-order axons which project to the dorsal column nuclei. The aim of the present study
was to obtain morphological evidence that certain primary afferent axons form monosynaptic contacts
with cells of origin of this postsynaptic dorsal column pathway. In ten adult cats, neurones with axons
ascending the dorsal columns were retrogradely labelled with horseradish peroxidase using a pellet
implantation method in the thoracic dorsal columns. In the lumbosacral regions of the same animals,
primary afferent fibres were labelled intra-axonally with ionophoretic application of horseradish per¬
oxidase. Tissue containing labelled axons was prepared for light and combined light and electron
microscopy. Ultrastructural examination demonstrated that slowly adapting (Type I), hair follicle,
Pacinian corpuscle and group la muscle spindle afferents formed monosynaptic contacts with labelled cells
and light microscopical analysis suggested that they also received monosynaptic input from rapidly
adapting (Krause) afferents.

This evidence suggests that sensory information from large-diameter cutaneous and muscle spindle
afferent fibres is conveyed disynaptically via the postsynaptic dorsal column pathway to the dorsal column
nuclei. Some of the input to this pathway is probably modified in the spinal cord as the majority of primary
afferent boutons forming monosynaptic contacts were postsynaptic to other axon terminals. The
postsynaptic dorsal column system appears to constitute a major somatosensory pathway in the cat.

In addition to primary afferent fibres and short
propriospinal axons, the dorsal columns of the cat
contain ascending second-order axons that project
beyond cervical segments.1'35'46'47 Such axons may be
activated by stimulating nerves to both fore-47 and
hindlimbs35 and the majority of them project to
dorsal column and related medullary relay nuclei.39'40
Studies using the technique of retrograde transport of
horseradish peroxidase (HRP) have demonstrated
that the cells of origin of this postsynaptic dorsal
column (PSDC) pathway are found in abundance in
the cervical and lumbosacral enlargements of the
cat's spinal cord.717'41 In the lumbar spinal cord
(L5-7) PSDC neurones are distributed in a broad
band in Rexed's laminae III—V38 and medially in
laminae VI-VII. Intracellular labelling of PSDC
neurones with HRP610 also shows that they are
located predominantly in laminae III—V but they
form a heterogeneous population and can be
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Abbreviations: HRP, horseradish peroxidase; PCPD,
pyrocatechol//>-phenylenediamine; PSDC, postsynaptic
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classified into a number of sub-groups on the basis of
their dendritic configurations.

Electrophysiological data also reveal that PSDC
neurones do not constitute a single group; most of
them receive excitatory input from afferent fibres with
high and low thresholds to electrical stimu¬
lation,1'10'14'24'27'47 however, some receive input from
low-threshold fibres only10'14-27 and others are only
excited by activation of high-threshold axons.114
Excitatory input from low-threshold cutaneous
afferents to the PSDC tract may be conveyed by
rapidly adapting fibres innervating hair follicles. Pa¬
cinian and Krause corpuscles and slowly adapting
(Type l)45 axons innervating Merkel's discs.10-14'27 In
addition to low-threshold cutaneous fibres, Jan-
kowska et al,24 have demonstrated that stimulation of

group I muscle and joint afferents can evoke ex¬

citatory potentials in PSDC neurones. Some poten¬
tials evoked by stimulation of both cutaneous and
group I fibres had monosynaptic latencies.

The aim of this study was to obtain morphological
evidence that certain primary afferent axons form
monosynaptic contacts with PSDC neurones. In
order to achieve this we have retrogradely labelled
neurones in the dorsal column pathway by means of
an HRP-pellet implantation technique18-21 and have
intra-axonally labelled primary afferent fibres with
HRP12'44 in the lumbosacral enlargement of the cat's
spinal cord. Putative synaptic contacts between
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afferent terminals and neurons were analysed using
light and combined light and electron microscopy.30-31
A preliminary account of the work has been pub¬
lished.3

EXPERIMENTAL PROCEDURES

Ten young adult cats (2.0-2.5 kg) of either sex were
employed in this series of experiments.

Retrograde labelling
Pellets were made by mixing HRP (Sigma, Type VI) with

small droplets of 3% agar solution on hot glass slides until
brittle lumps of the mixture formed.18 They were usually
about 0.5 mm in diameter.

Cats were deeply anaesthetized with sodium pen¬
tobarbitone (40mg/kg i.p.). Normal body temperature was
maintained with an electric blanket controlled by a rectal
probe. A dorsal laminectomy was performed at T9-10 to
expose the spinal cord. Strict aseptic conditions were main¬
tained throughout this procedure. An incision was made in
the dura mater and the spinal cord was kept dry by means
of wicks made from tissue paper. A small lesion was made
in the dorsal columns using a razor blade knife. The lesion
was usually confined to the midline region of the dorsal
columns and blood vessels were avoided. Extra care was

taken at this stage to keep the area round the lesion dry. An
agar-HRP pellet was then placed into the lesion using dry
watchmaker's forceps. When the pellet was in position the
lesion was plugged with small pieces of Sterispon (Allen and
Hanbury Ltd) and a droplet of quick-setting cyanoacrylate
glue (Loctite U.K.) was used to seal in the Sterispon and
pellet. At the conclusion of surgery, animals were given
intamuscular injections of benzyl penicillin (100,000 units)
and were allowed to recover from the anaesthetic.

Intra-axonal labelling
After 24 h, cats were anaesthetized with halothane in an

02/N20 mixture, followed by chloralose (70 mg/kg i.v.) and
paralysed with gallamine triethiodide. They were artificially
ventilated and carotid arterial blood pressure, end-tidal C02
and rectal temperature were monitored throughout the
experiments. A laminectomy was performed in the lum¬
bosacral region of the vertebral column. Intra-axonal
recordings were made with glass micropipettes containing
6-8% HRP in 0.5 M Tris-HCl buffer (pH 8.6) and
0.2 M KC1 (see Snow et aA)44 in the L6-S1 segments. Primary
afferent units were identified according to the standard
criteria used in our laboratory.5,91 M3,15'28'30'31 In most experi¬
ments a stimulating electrode was placed on the sciatic nerve
to allow the conduction velocities of axons to be calculated
from their response latencies. The receptive field of each
axon was determined and recorded on standard cat limb
figurines. Horseradish peroxidase was ionophoresed intra-
axonally using depolarizing pulses44 and the injecting site
recorded. Axons were usually labelled at least 4 mm away
from each other to avoid over-lap between labelled col¬
lateral axons. Occasionally, however, we labelled more than
one unit of the same class of afferent at a single location.

Experiments were concluded from 32 to 36 h after in¬
sertion of the pellet. Animals were perfused trans-cardially
with a saline solution (500 ml at 37°C) and were fixed by
perfusion, initially with 1000 ml of fixative at 37°C and
subsequently with 2000 ml at 4°C. If
pyrocatechol/p-phenylenediamine (PCPD)22 was to be used
as the chromogen for HRP (8 experiments), the fixative
consisted of 2% glutaraldehyde and 2% paraformaldehyde
in 0.1 M sodium cacodylate buffer (pH 7.6) with 0.025 M
calcium glycerophosphate. However, if tetramethyl-
benzidine32 was used (2 experiments) the fixative was 2%
glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium
cacodylate buffer at pH 7.6 Segments containing labelled
afferent axons and lesions were removed and placed in the
same fixative for 8 h.

Processing of tissue
Tissue to be processed by the PCPD method of Hanker

et al.22 (8 animals) was washed in buffer (0.15 M sodium
cacodylate at pH 7.6) and sectioned on a Vibratome (Oxford
Instruments). All sections were cut in the transverse plane
and were 40 /tm thick. Sections were reacted using PCPD as
a chromogen for the HRP reaction and intensification of the
reaction-product was achieved using cobalt chloride. They
were wet-mounted in buffer on glass slides and scanned with
the aid of a light microscope. Some wet-mounted sections
containing apparent contacts were prepared for combined
light and electron microscopy (see Refs 30 and 31 for
details); the remainder were mounted on glass slides, dehy¬
drated and cleared.

Sections prepared for combined light and electron micros¬
copy were postfixed in osmium (1 h in a 1% solution),
dehydrated through a series of acetone solutions and
flat-embedded in Araldite between sheets of cellulose ace¬

tate. Once polymerization was complete, areas of interest in
sections were drawn or photographed (see below) and were
selected for electron microscopical analysis. Sections were
attached to blocks, trimmed and sectioned on an ultra-
microtome. Series of thin sections were collected on single-
slot grids coated with Formvar and were contrasted with
lead and uranium salts. Block faces were examined, photo¬
graphed and drawn between collecting series; this enabled us
to identify the same structures under the light and electron
microscope.

In two experiments the more sensitive tetramethyl-
benzidine method of Mesulam32 was used in an attempt to
try and increase the yield of retrogradely labelled cells and
also to obtain more complete staining of dendrites. Trans¬
verse frozen sections (lOO/tm) were reacted with
3,3',5,5'-tetramethylbenzidine as a chromogen using the
modifications of Mesulam's32 method described by Ene-
voldson et a/.18 Sections were mounted on glass slides,
rapidly dehydrated in ethanol solutions (15 s in each) and
cleared in Histo-Clear (Data Diagnostics). They were stored
in the dark at 4°C.

Segments containing lesions from all 10 animals were
sectioned (100 /rm) transversely on a Vibratome and reacted
for HRP using the method of Hanker et al.22 They were
mounted on glass slides and drawn with the aid of a camera
lucida.

Light microscopical analysis of sections
Contacts observed in sections prepared for light micros¬

copy were examined using a x 100 oil-immersion lens. A
contact was considered to be genuine if an axonal swelling
of a primary afferent fibre was in the same focal plane as
part of a neurone containing retrograde reaction-product
and no lucent region could be resolved between the two
structures with the x 100 lens. Examples of contacts where
photographed through a series of magnifications ( x 10,
x 25, x 40 and x 100 lenses). They were drawn and
reconstructed (where necessary) using the x 100 lens and a
camera lucida.

Sections that were prepared for combined light and
electron microscopy were examined and any contacts ob¬
served were drawn using a x 40 lens. The increase in density
resulting from osmication of these sections precluded exam¬
ination with lenses of higher magnification. Contacts were
photographed through a series of magnifications ( x 10,
x 25 and x 40 lenses).

RESULTS

Lesions

Lesions from all 10 animals were examined and
were always discrete and usually confined to the
dorsal columns, although occasionally there was
some damage to the dorsal regions of the grey matter.
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The lesions never extended as far as the central canal
and never involved the lateral funiculi. The reaction-

product of HRP from the pellet was most intense in
the region of the implant but some reaction-product
was usually observed surrounding it in the grey
matter and the dorsolateral funiculi. Examples of
lesions from 4 experiments are shown in Fig. 1.

Retrograde labelling
Distributions of retrogradely labelled neurones

were comparable to those reported in previous stud-
ies;7'17'33-41 most labelled neurones were located in
laminae III—V but considerable numbers of neurones

were found in medial portions of laminae VI and VII.
In addition, an occasional labelled cell was observed
in lamina I. When PCPD was used as the chromogen,
second-order dendrites of labelled cells were often
observed. Axons were also labelled but, with the
exception of the initial segment, the intensity of
labelling was weak. Collateral axons were not appar¬
ent. Tetramethylbenzidine reaction-product could be

seen in fourth-order dendrites of some cells and axons

were usually well stained. The occasional axon could
be traced back to the dorsal columns but few col¬
lateral branches could be discerned.

Light miscroscopical observations
Results obtained from tissue that was reacted with

PCPD are given in Table 1 and are illustrated in Figs
2-5 (see also tissue prepared for combined light and
electron microscopy; Figs 7, 9, 11, 12). In all, six
classes of primary afferent axon were successfully
labelled intra-axonally with HRP. These were: (1)
group la muscle spindle afferents, (2) slowly adapting
(Type I) afferents, (3) slowly adapting (Type II)
afferents, (4) large-diameter hair-follicle afferent
fibres, (5) Pacinian corpuscle afferents and (6) rapidly
adapting fibres innervating Krause corpuscles. With
the exception of slowly adapting (Type II) units, of
which only one example was retrieved, all of these
classes of primary afferent fibres made putative syn¬
aptic contacts with retrogradely labelled neurones.

¥11 >
I 1

1mm

'■t> iW
Fig. 1. Drawings of thoracic spinal cord (T9--10) illustrating dorsal column lesions from four experiments.

The drawings were made from transverse sections and show the maximum extent of each lesion.



378 D. J. Maxwell et al.

Table 1. Data from 8 experiments on contacts between primary
afferent axons and retrogradely labelled cells

Class of afferent
la HF SA I PC RA SA II

No. retrieved 11 34 19 4 1 1
No. contacting 1 7 9 2 1

labelled cells
No. of cells 1 15 19 5 1

contacted

Average no. of — 2.1 2.1 2.5 — —

cells contacted/
afferent axon

Total no. of 3 39 64 13 2 —

contacts

Average no. of — 2.6 3.4 2.6 — —

contacts/cell
Ultrastructural Yes Yes Yes Yes No —

confirmation of
contacts?

PCPD was used as the chromogen. Six classes of primary afferent
fibres are included: group la muscle spindle afferents (la),
hair-follicle afferents (HF), slowly adapting Type I afferents
(SA I), Pacinian corpuscle afferents (PC), rapidly adapting
afferents innervating Krause corpuscles (RA) and slowly adapt¬
ing Type II (SA II) afferents.

Two experiments were performed using tetra-
methylbenzidine as the chromogen. It was hoped that
the greater sensitivity of this method and hence the
more complete labelling of neurones would increase
the probability of finding primary afferent contacts
on them. The results are given in Table 2 and are
illustrated in Fig. 6. From Table 2 it can be seen that
slowly adapting (Type I) afferents and Pacinian cor¬
puscle afferents both formed contacts. Curiously, hair
follicle afferents did not form contacts although eight
examples were labelled.

All neurones contacted by cutaneous axons were
situated in Rexed's laminae III-V38. The cell con¬

tacted by the group la muscle spindle afferent was
located in lamina VI (Fig. 12). The average number
of cells contacted by slowly adapting (Type I)
afferents was greater in tetramethylbenzidine experi¬
ments than in PCPD experiments (4.75 and 2.1,
respectively) although the number of contacts per cell
was similar (3.2 and 3.4). Pooled data from both
series of experiments show that half the slowly adapt¬
ing (Type I) (13 out of 26) and Pacinian corpuscle (3
out of 6) afferents formed contacts with cells. How¬
ever only 7 out of 42 hair follicle afferent fibres and

1 out of 11 group la muscle spindle afferents formed
contacts. One rapidly adapting Krause afferent was
retrieved and this formed contacts with one cell.

Table 2. Data pooled from 2 experiments on
contacts between primary afferent axons and

retrogradely labelled cells.
Class of afferent
HF SA I PC

No. retrived
No. of afferent

axons contacting
cells

No. of cells
contacted

Average no. of
cells contacted/
afferent

Total no. of
contacts

Average no. of
contacts/cell

19

4.8

61 15

3.2 7.5

In this case tetramethylbenzidine was used as
the chromogen. Information on hair fol¬
licle (HF), slowly adapting Type I (SA I)
and Pacinian corpuscle afferents (PC) is
included.

Fig. 2. (A) Photo-montage illustrating the relationship between a collateral axon of a slowly adapting type
I afferent (SA I) and three retrogradely labelled cells. (B), (C) Magnified views of the two neurones
similarly designated in (A). Arrows indicate contacts between SA I and the neurones. (D) The three stars
indicate the location of the labelled cells in the dorsal horn. Continuous line indicates the limit of the dorsal

horn and the dotted line demarcates the border between laminae II and III.

Fig. 3. (A), (C) Light micrographs of contacts (arrows) between hair follicle afferents and retrogradely
labelled cells. Insets indicate position of cells in dorsal horn. (B), (D) Camera lucida drawings of structures

illustrated in (A) and (C).

Fig. 4. (A), (C) Light micrographs of contacts between Pacinian corpuscle (PC) afferents and labelled
cells. Insets indicate position in dorsal horn. (B), (D) Camera lucida drawings of structures illustrated in

(A) and (C).
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Fig. 5. (A) Light micrograph of part of a retrogradely labelled cell illustrating contacts (arrows) with a
rapidly adapting (Krause) afferent (RA). Inset indicates position in the dorsal horn. (B) A camera lucida
reconstruction demonstrating the relationship between the RA axon and the cell. Arrows indicate contacts

shown in (A).

Fig. 6. Material processed using tetramethylbenzidine as the chromogen. (A) A light micrograph
illustrating the relationship between a slowly adapting Type I (SA I) afferent and a retrogradely labelled
cell. Note the typical crystalline reaction-product formed with tetramethylbenzidine. Inset shows position
in dorsal horn. (B) A camera lucida drawing showing the structures illustrated in (A). (C) A camera lucida
drawing illustrating contacts between a SA I axon and a cell. Inset indicates position in dorsal horn. (D)
A reconstruction of a cell receiving contacts from a Pacinian corpuscle afferent (PC). Inset indicates

position in the dorsal horn.
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Fig. 7. (A) A light micrograph illustrating contacts between a slowly adapting Type I (SA I) axon and
a retrogradely labelled cell. Bl-3 indicate boutons similarly designated in Figs 7 and 8. Inset indicates
the position of the cell in the dorsal horn. (B) A camera lucida drawing of the structures shown in (A).
(C) An electron micrograph illustrating Bl. The boxed area is shown at greater magnification in Fig. 8A.
(P, perikaryon of labelled cell; Nuc, nucleus.) Arrows indicate HRP granules. (D) Part of the same neurone
shown in (C) illustrating B2 and 3. Arrows point to structures similarly indicated in (A) and (B). The area

included in the box is shown in greater detail in Fig. 8C. (P, perikaryon of labelled cell.)

Fig. 8. (A) A magnified view of Bl (Fig. 7). Note the circular agranular vesicles contained within the
bouton and the synaptic junction (arrow) that it forms with the soma (P) of the cell. An unlabelled axon
terminal (Ax) is presynaptic to Bl. (B) Analysis of serial sections reveal that Bl is also postsynaptic to
a second bouton (Ax). (P, perikaryon; arrows indicate synaptic junctions.) (C) An electron micrograph
of B2. Note the synaptic junction (arrows) and the vesicles. (P, perikaryon.) (D) Examination of B2 in
serial sections demonstrates the presence of a presynaptic axon terminal (Ax). Arrows indicate synaptic

junctions. (P, perikaryon.)
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Fig. 9. (A) A photomicrograph illustrating contacts between a hair-follicle afferent and a labelled cell.
B1 and B2 are boutons illustrated in Figs 9 and 10. (C, capillary; Den, dendrite.) Inset illustrates position
in the dorsal horn. (B) A camera lucida drawing of the structures shown in (A). (C) An electron
micrograph of Bl. The area contained within the box is shown at higher magnification in Fig. 10(A). [C,
capillary; Den, dendrite; P, perikaryon; similarly designated in (A) and (B).] (D) An electron micrograph
showing the location of B2 on a long dendrite of the labelled neuron. (P, perikaryon of the labelled cell,

arrow indicates dendrite contacted by B2.)

386



0-5/jm
Fig. 10. (A) B1 forms a synaptic junction (arrows) with a small dendritic branch of the labelled cell shown
in Fig. 9(A). The dendrite contains a granule of HRP (*). (B) Analysis of serial sections of B1 shows that
it is postsynaptic (arrow) to another axon terminal (Ax). The axon is also closely apposed to the labelled

dendrite.
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Fig. 11. (A) A light micrograph demonstrating contacts between part of a labelled cell and a Pacinian
corpuscle afferent (PC). B1 and B2 are boutons illustrated in the electron micrographs. Inset shows the
position of the cell in the dorsal horn. (B) A camera lucida reconstruction of the cell shown in (A). (C)
An electron micrograph illustrating B1 and B2. B1 is in synaptic contact with a dendrite (Den) of the
labelled cell. Note the HRP granules within it (arrows). (D) A magnified view of B1 [(boxed area shown
in (C)]. Note the circular agranular vesicles and the synaptic junction (arrows). Den, dendrite of labelled

cell.
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Fig. 12. (A) A light micrograph illustrating three contacts (Bl, B2 and B3) formed by a group la muscle
spindle afferent axon (la) and a labelled cell. (C, capillary.) Inset illustrates position of cell in the dorsal
horn. (B) A camera lucida drawing of structures shown in (A). (C) An electron micrograph illustrating
Bl and the soma (P) of the retrogradely labelled neurone. Note the HRP granules contained within the
soma (arrows). [Nuc, nucleus of cell; C, capillary shown in (A); box, magnified area shown in (D).] (D),
despite intense labelling, Bl can be seen to contain vesicles and forms a synaptic junction (arrows) with

the perikaryon (P) of the cell.

389



l4jm m 1yum
Fig. 13. (A) Electron micrograph illustrating B3 (Fig. 12). The axon of the la afferent (arrows) is
myelinated and sheds its myelin sheath prior to forming B3. (Den, dendrite of the labelled cell.) (B) A
magnified view of B3. Note the synaptic junction (arrows). An unlabelled axon terminal (Ax) is closely
apposed to B3 and probably forms an axoaxonic contact. Note the diffuse HRP reaction-product within
the dendrite (Den). (C) An electron micrograph of B2. Note the synaptic junction (arrows). B2 appears
to be postsynaptic to another bouton (Ax) which is also closely apposed to the dendrite (Den) of the
labelled cell. (D) Analysis of serial sections shows that B2 is associated with other unlabelled axons (Ax)
which are closely apposed to it and probably form axoaonic contacts. (Den, dendrite of labelled neurone.)
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Primary afferent fibres formed both terminal and
en passant (Figs 2-6) axonal swellings. An individual
branch of a collateral axon could give rise to single
or multiple contacts with proximal dendrites and/or
the somata of labelled cells. Often axons could be
seen to follow the curvature of dendrites or somata.

Terminations of slowly adapting (Type I) afferent
axons frequently formed clusters which appeared to
make multiple contacts with somata and dendrites of
labelled neurones (Figs 6 and 7).

Electron microscopy
Ultrastructural examination of neurones retro-

gradely labelled with HRP demonstrated that they
contained reaction-product which was "packaged" in
electron-dense membrane-bound bodies (see Figs 7C,
9C, D, 11C and 12C). Such electron-dense bodies are
typical of retrogradely transported HRP and have
been described in a number of studies.I9'25'26 In addi¬
tion to membrane-bound HRP some neurones con¬

tained diffuse reaction-product which was low in
intensity and was usually associated with mem¬
branous structures (Figs 13A, B). Transported HRP-
containing bodies resembled lysosomes although they
were usually greater in electron density. On a number
of occasions boutons were seen to contact dendrites

containing electron-dense bodies and yet correlative
light-microscopical analysis indicated that such bou¬
tons were not in the vicinity of labelled cells. Al¬
though these dendrites may have belonged to labelled
neurones which were not obvious on light-
microscopical inspection, it is possible that the dense
bodies contained within them were lysosomes and not
transported HRP. For the purposes of this in¬
vestigation, these boutons were not considered to
contact labelled cells.

Electron-microscopical analysis of swelling of
intra-axonally labelled primary afferent fibres
revealed that they were invariably boutons. The
ultrastructural appearances of these boutons were

comparable with those reported in previous stud¬
ies.5'28,30'31'37,42,43 Some hair-follicle boutons, however,
formed more complex synaptic arrangements than
those previously described by us.

Using correlated light and electron microscopy, we
are able to confirm that four classes of afferent fibre
formed monosynaptic contacts with labelled cells
(Figs 7-13). These were: (1) slowly adapting (Type 1)
afferents (Figs 7 and 8), (2), hair follicle afferents
(Figs 9 and 10), (3) Pacinian corpuscle afferents (Fig.
11) and (4) group la muscle spindle afferents (Figs 12
and 13).

Ultrastructural investigation demonstrated that six
boutons from the slowly adapting (Type I) afferent
fibre illustrated in Figs 7(A) and (B) formed synaptic
contacts with a labelled neurone. All of these synaptic
contacts were with the soma of the cell. Some of these
boutons were postsynaptic to other axon terminals
(Fig. 8) Hair follicle boutons (Figs 9 and 10) made
synaptic connexions with dendrites of a labelled

neurone and one bouton (Fig. 10B) was postsynaptic
to another synaptic knob which was also closely
apposed to the labelled dendrite. A bouton from a
Pacinian corpuscle afferent contacted a dendrite of
the cell illustrated in Fig. 11 and this appeared to be
the only synaptic association that it formed. Finally,
three boutons from a group la muscle spindle afferent
formed synaptic contacts with a neurone in lamina VI
(Figs 12 and 13). Two of the boutons formed
synapses with a dendrite (Fig. 13) while the third
formed an axosomatic contact (Figs 12C, D). All
three boutons were associated with other axon termi¬
nals which probably formed axoaxonic synapses

(Figs 13B-D). Some of the associated axons were also
closely apposed to the dendrite of the labelled cell.

On two occasions axonal swellings which formed
apparent contacts at the light microscope level were
found not to make synaptic associations with retro¬
gradely labelled structures when examined under the
electron microscope.

DISCUSSION

The identity of retrogradely labelled neurones

The electrophysiological studies of Angaut-Petit
(1975)' indicate that 87% of ascending second-order
axons in the thoracic dorsal columns project as far as
the first cervical segment. Enevoldson17 compared
retrograde labelling of dorsal column neurones from
CI and T9 in the lumbar cord and concluded that

14% of neurones with axons in the dorsal columns at
T9 did not project as far as CI. There is good
correlation between these two studies indicating that
about 87% of ascending second-order axons in the
dorsal columns of thoracic spinal cord belong to the
PSDC system. The agar-HRP implantation technique
employed in this study depends upon uptake of HRP
by the severed ends of axons but not by axons of
passage. Considerable discussion supporting this
claim has been presented in a number of publica¬
tions.7J8-2''34 Examination of our lesion sites indicated
that there was some spread of HRP into the dor¬
solateral funiculi. However, as no damage of the
dorsolateral funiculi was observed in any of the
sections surrounding the lesion site, it is unlikely that
any significant labelling of axons in this tract oc¬
curred. Retrograde labelling studies were performed
by Enevoldson17 and Bennett et aid who employed
HRP-pellet implanation techniques in the dorsal col¬
umns of the thoracic spinal cord. These investigators
performed control experiments involving lesions of
the dorsolateral funiculi caudal to the site of the

implant. Both studies revealed that there was no
alteration in retrograde labelling as a result of the
additional lesions and concluded that HRP had not

been taken up by axons in the dorsolateral funiculi.
It is also possible that spread of HRP into the grey
matter surrounding the lesion site could result in
labelling of propriospinal neurones with axons termi-
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nating in this region. Bennet et al.1 performed elegant
experiments to test this possibility; a second lesion
was made in the dorsal columns caudal to the implant
and examination of the lumbar grey matter revealed
that no neurones were retrogradely labelled. These
experiments indicate that most, if not all, of the
transported HRP is taken up by severed axons in the
lesion. On the basis of the studies cited above (i.e.
Angaut-Petit1 and Enevoldson,17 we can conclude
that about 87% of the neurones that we have retro¬

gradely labelled belong to the PSDC system. Further
evidence supporting this view comes from the obser¬
vation that the distribution of neurones in the lum¬
bosacral grey matter was similar to that reported in
previous studies for neurones of the PSDC
tract.7-17'33-41

Monosynaptic contacts with labelled neurones

Ultrastructural observations of this study show,
unequivocally, that slowly adapting (Type I),
Pacinian, hair follicle and group la muscle spindle
afferents form monosynaptic connexions with
labelled neurones. Light-microscopical observations
also suggest that rapidly adapting afferents inner¬
vating Krause corpuscles form monosynaptic inputs
with them.

Electrophysiological studies10-14-27 indicate that
PSDC neurones receive inputs from the four classes
of large-diameter cutaneous afferent fibres listed
above and that some or all of these inputs may be
monosynaptic.24 The findings presented here there¬
fore agree with and extend these previous reports. Of
the total number of axons labelled a greater propor¬
tion of slowly adapting (Type I) and Pacinian cor¬

puscle afferents formed contacts than was the case
with hair follicle afferent axons. This may suggest
that input to the PSDC system from the former two
classes of afferent is more powerful. However, esti¬
mates of frequency of contacts are probably limited
in this study for two reasons. (1) Our previous
ultrastructural5-30'31 studies indicated that the majority
of synaptic contacts formed by boutons of large-
diameter primary afferents are on fairly small den¬
dritic shafts (about 1.5 ^m in diameter) which are
probably distal dendrites. In the entire series of
studies we only observed one axosomatic contact
which was formed by a Pacinian corpuscle bouton31
and Ralston36 has estimated that only 2% of boutons
in the dorsal horn form synapses with somata. As the
approach employed in this study resulted in the
labelling of somata and proximal dendrites only, it
was inevitable that the majority 0f contacts between
primary afferent fibres and PSDC neurones would
not be detected. (2) It is also probable that only a
fraction of PSDC neurones were actually labelled.
Dorsal columns were not entirely ablated and it was
not possible to acertain if all PSDC axons were
severed and took up the label. In combined light and
electron-microscopical experiments, high concen¬

trations of paraformaldehyde used in fixatives, along
with PCPD as the chromogen, would also reduce the
number of labelled cells.

In view of the study by Jankowska et al.,24 showing
that PSDC neurones have monosynaptic inputs from
group I muscle spindle afferents, it was surprising
that only one out of eleven group la muscle spindle
afferents formed contacts with a retrogradely labelled
cell. Our previous ultrastructural study of group la
muscle spindle afferent boutons in lamina VI28 indi¬
cated that they tended to form synaptic associations
with large dendrites (2.9-10.2 pm) and somata.
Therefore it is improbable that incomplete labelling
of PSDC neurones can account entirely for this
failure. Muscle spindle afferents also terminate in
laminae VII as well as in the motor nucleus9-16,23 and
as a number of PSDC neurones are located in lamina
VII then this may be the region where most synapses
are formed.

Electron microscopical observations
At least two types of bouton are associated with

PSDC neurones,2,4 one class of bouton contains
flattened vesicles whereas the other type contains
circular agranular vesicles and forms asymmetrical
(Gray Type I)20 synaptic junctions. The second type
of bouton may be postsynaptic to other axon termi¬
nals and occasionally both axonal elements are pre¬

synaptic to the same dendrite and form a triad.
Contacting synaptic knobs in the present
investigation contained circular agranular vesicles
and formed asymmetrical synaptic junctions and
hence resemble the latter class of bouton. Slowly
adapting (Type I), hair follicle and probably also
group la muscle spindle afferent terminals had axoa¬
xonic synaptic boutons associated with them. Some
of these associated terminals were also closely ap¬

posed to dendrites of labelled neurones although
unequivocal examples of triads were not found. These
observations imply that much of the direct primary
afferent input to PSDC neurones is under presynaptic
control. This could account for the lability of recep¬
tive fields of some PSDC neurones.14 Receptive fields
of spinocervical tract cells, recorded under the same
anaesthetic conditions, do not exhibit lability8 and
primary afferent boutons in contact with them are
not associated with axoaxonic synapses.29

In combined light- and electron-microscopical
experiments most contacts between primary afferent
fibres and labelled neurones could be confirmed as

genuine synaptic associations when examined with
the electron microscope. These findings suggest that
the majority of contacts seen only with light micro¬
scopy were probably synapses. However, two axonal
swellings which appeared to contact labelled cells
were found not to form synapses with the cells when
viewed ultrastructurally and therefore it cannot be
assumed that all contacts observed with the light
microscope are synaptic connexions.
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Conclusions

In this study we have shown that neurones with
axons ascending in the dorsal columns receive mono¬

synaptic inputs from slowly adapting (Type I), hair
follicle, Pacinian corpuscle and group la muscle
spindle afferent axons. These neurones also receive
putative synaptic contacts from rapidly adapting
afferent fibres innervating Krause corpuscles. Many
primary afferent boutons contacting labelled neu¬
rones were postsynaptic to other axon terminals thus

suggesting that the monosynaptic input to them is
under considerable presynaptic control.
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In adult cats, 7 spinocervical tract neurones were intracellularly labelled with horseradish peroxidase and ultrastructural properties
of collateral axons of 3 of them were examined. The terminations of collateral axons formed boutons which made synaptic associations
predominantly with the somata and proximal dendrites of dorsal horn neurones. Collateral axons of one spinocervical tract neurone
formed synaptic associations with a cell which projected via the dorsal columns.

Axons of spinocervical tract (SCT) neurones in the
cat give rise to collateral branches which arborize in
laminae III—VI of Rexed18 in the same spinal seg¬
ments as parent cells5'15. Terminations of SCT col¬
lateral axons are often associated with large dorsal
horn neurones15. Jankowska et al.10 suggested, on
the basis of extensive electrophysiological investiga¬
tions, that the associated neurones were cells of the

postsynaptic dorsal column (PSDC) system which are
also located in laminae III—VII3-7-i4,i9

The primary aim of the present study was to dem¬
onstrate synaptic associations between SCT collate¬
ral axons and PSDC neurones. Thus neurones with
axons ascending in the dorsal columns were retro-
gradely labelled with horseradish peroxidase (HRP)
and, in the same animals, SCT neurones were intra¬
cellularly labelled with HRP. We also investigated
synaptic arrangements formed by labelled SCT col¬
lateral terminations and compared our findings with
those reported in the earlier study of Rastad et al.15.

A pellet implantation technique was employed to
label selectively second-order dorsal column neuron¬
es with retrogradely transported HRP (see refs. 3, 8,
13 for full details). Four adult cats of both sexes (2.4
kg) were deeply anesthetized with sodium pentabar-

bitone (40 mg/kg) and, under strict aseptic condi¬
tions, spinal cords were exposed at T9-10. Lesions of
the dorsal columns were made and HRP/agar pellets8
were placed into them and sealed in position using
small pieces of Sterispon (Allen and Hanbury Ltd.)
and a droplet of cyanoacrylate glue (Loctite, U.K.).

After 24 h survival, animals were anesthetized

again and recordings were made with glass micropi-
pettes containing HRP20 in the L6-S1 segments.
Stimulating electrodes were placed on the dorsolat¬
eral funiculi at CI and C3 and the dorsal columns

were transected at C4; SCT neurones were activated
antidromically by the electrodes at C3 but not by
those at CI6. Once an SCT neurone was impaled, its
receptive field characteristics were determined and
HRP was ionophoresed into it20. At the conclusion of
experiments animals were perfused through the left
ventricle with a fixative consisting of 2% glutaralde-
hyde and 2% formaldehyde in 0.1 M sodium cacodyl-
ate buffer12. Blocks of spinal cord were sectioned on
a Vibratome and reacted for HRP using pyrocate-
chol/p-phenylenediamine9. Sections were then post-
fixed in osmium tetroxide and prepared for combined
light and electron microscopy1112. Sections con¬

taining labelled structures were photographed under
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the light microscope, attached to blocks and sec¬
tioned on an ultramicrotome. Serial thin sections

were collected on single slot grids and ultrastructural
analysis of photographed structures was performed.

Profiles were measured from micrographs with the
aid of a Richert Videoplan system.

Dorsal column lesions from all 4 cats were exam¬

ined through series of sections (100 um) which were
reacted for HRP. None of the lesions extended into

the dorsolateral funiculi or the gray matter ventral to
the dorsal columns.

Retrogradely labelled neurones were distributed
in a broad band in laminae Ili-V and medially in lam¬
inae VI and VII of the lumbosacral spinal cord.
Usually only proximal dendrites and somata were re¬
vealed (Fig. 2A). In all. 7 SCT neurones were success¬

fully intracellular^ labelled with HRP. All neurones
could be excited by light brushing and (with the
exception of one unit) strong pressure applied to
their receptive fields. Collateral axons from 3 cells
were examined ultrastructurally. Twenty-four bou-
tons (average diameter = 1.19 ± 0.32 //m, range =
0.77-5.87 wm) were examined through series of seri¬
al sections. Boutons were dome-shaped (Fig. 2C), ir¬
regular (Fig. IE) or often highly elongated (0.5 x 6
//m) (Fig. 1C, D). They contained circular agranular
vesicles (about 40 nm in diameter) and formed asym¬
metrical synaptic junctions. Elongated boutons cor¬

responded to non-varicose regions of collateral axons
and it was not possible to predicF their presence by
light microscopical examination (see Fig. 1A, C).
The majority of boutons analyzed (14) formed synap¬
tic associations with somata (Figs. IB. C. D and 2B),
however 10 boutons contacted dendritic shafts (see
Fig. IE) which ranged from 0.55 to 6.55/<m in diame¬
ter (mean = 3.37/<m). Boutons were usually presyn¬

aptic to only one structure, but occasionally two or
three postsynaptic elements were evident. One axon
formed 11 contacts with the soma and proximal den¬
drites of the same neurone. Two boutons were post¬
synaptic to other axon terminals (Figs. IF and 2D).

Three boutons of a SCT collateral axon formed

synaptic contacts with a retrogradely labelled cell
(Fig. 2) which could easily be identified under the
light (Fig. 2A) and electron (Fig. 2B) microscope by
the presence of dense granules of HRP reaction
product.

The synaptic arrangements of boutons formed by

SCT collateral axons in the present study were simi¬
lar to those described in the previous studies15-16-1?.
However, in this study we observed that a single SCT
collateral axon could form boutons that varied con¬

siderably in profile. Dome and irregularly shaped
boutons were similar in appearance to primary affer¬
ent boutons (e.g. refs. 11 and 12) in that they con¬
tained circular agranular vesicles and formed asym¬
metrical synaptic junctions but, unlike primary affer¬
ent axons, few of them were associated with presyn¬

aptic axon terminals and they frequently formed axo-
somatic contacts. Elongated boutons resemble termi¬
nals described in an ultrastructural study of identified
PSDC neurones in lamina V2. It has been suggested
that boutons forming asymmetrical junctions and
containing circular vesicles are excitatory21 and stim¬
ulation of the SCT evokes excitatory postsynaptic po¬
tentials in PSDC neurones10. Therefore it is probable
that SCT collateral boutons mediate excitatory ef¬
fects. Labelled boutons formed 11 synaptic contacts
with the soma and proximal dendrites of a lamina V
neurone. There is therefore a very powerful input to
some lamina V cells from the SCT. A minority of
SCT collateral boutons were associated with other

axon terminals which appeared to be presynaptic to
them; this suggests that some collateral axons are un¬
der presynaptic control.

Collateral axons of an SCT neurone formed mono¬

synaptic contacts with a neurone possessing an axon

ascending the dorsal columns. As about 90% of sec¬
ond order axons in the dorsal columns belong to the
PSDC system1-7 it is probable that this is a PSDC neu¬
rone. These observations support the suggestion
made by Jankowska et al.10 that SCT axon collaterals
form synapses with PSDC neurones. Most SCT neu¬
rones are known to receive monosynaptic contacts
from hair follicle afferents4, hence information from
this class of afferent fibre may be transmitted via the
SCT to the PSDC system. Jankowska et al.10 report¬
ed that stimulation of primary afferent fibres evoked
potentials in PSDC neurones that were consistent
with both mono- and disynaptic inputs. Some of the
disynaptic input therefore could be conveyed via the
SCT.

In conclusion, collateral axons of SCT neurones

form axosomatic and axodendritic synaptic contacts
with neurones in the dorsal horn. Some of these neu¬

rones may belong to the PSDC pathway.



Fig. 1. A: part of an HRP-labelled SCT collateral axon, situated in lamina V of the cat's spinal cord. Ax, B1 and C refer to structures
illustrated in electron micrographs (Fig. IB, C, D). B: an electron micrograph illustrating some of the features shown in A. Ax refers
to the length of axon in A. Several boutons (arrows) form synaptic associations with the perikaryon (P) of a lamina V neuron. ★ a
small unmyelinated region of intervaricose axon. B1, bouton also indicated in A. C: an electron micrograph of a non-varicose region of
axon similarly designated in A. The axon consists of elongated boutons which form synaptic associations with the perikaryon of the
lamina V cell also shown in B. D: a magnified view in serial section of the bouton indicated in C. Note the synaptic junction (arrow)
and the circular, agranular vesicles. E: an irregularly shaped collateral bouton that is in synaptic contact with a small dendritic profile
(Den). In serial sections two further dendrites (*) were postsynaptic to the bouton. F: an unlabelled axon terminal (Ax) is presynaptic
to a labelled bouton (arrows indicate synaptic junction). Both boutons form synapses (arrowheads) with the same dendrite.
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Fig. 2. A: a light micrograph of a retrogradely labelled cell (in lamina V) with an axon projecting via the dorsal columns. A SCT col¬
lateral axon (Ax) gives rise to several swellings (Bl-3) which appear to be in contact with the neuron. B: an electron micrograph of the
same structures illustrated in A. The perikaryon of the neuron contains dense bodies of HRP reaction product (arrows). B1 and B3 are
boutons and form axosomatic synaptic contacts with the neuron; Ax, myelinated region of SCT collateral axon; Nuc, nucleus of cell.
C: a magnified view of Bl. Note the circular agranular vesicles contained within the bouton. Arrows indicate synaptic junctions. P,
perikaryon. D: an illustration of B2. Both B2 and another unlabelled bouton (Ax) are presynaptic (arrows) to the perikaryon of the la¬
belled cell. Ax also appears to be presynaptic to B2.
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Abstract—The lateral cervical nucleus receives input from the spinocervical tract and projects to the
thalamus and mesencephalon. The organization of this nucleus was examined using two immunocyto-
chemical methods. Pre-embedding immunolabelling was performed using an antibody against glutamate
decarboxylase, and post-embedding immunogold-reaction was performed with an antibody to glutaralde-
hyde-fixed GABA. Light microscopic analysis of material reacted for glutamate decarboxylase revealed
that punctate structures were present throughout the nucleus and were associated with large cells in the
dorsolateral region of the nucleus. Electron microscopy demonstrated that the punctate structures were
synaptic boutons which formed symmetrical synaptic junctions with dendrites and somata of cells in the
nucleus. The ultrastructural preservation of material prepared for the post-embedding immunogold
technique was superior to that prepared for pre-embedding immunostaining. Positively labelled synaptic
boutons exhibited high colloidal gold density and, like those prepared for the pre-embedding method,
formed symmetrical synaptic junctions with dendrites and somata of neurons. Labelled boutons were
densely packed with irregularly-shaped synaptic vesicles. They displayed characteristics which were
distinct from those unlabelled boutons. Boutons, revealed by both immunolabelling methods, were not
observed to form synaptic associations with other axon terminals and were presynaptic to dendrites and
somata only.

Therefore, it is probable that such boutons are responsible for postsynaptic inhibition of cells in the
nucleus. In view of this evidence, it is concluded that the lateral cervical nucleus is not simply a relay but
is actively involved in processing sensory information.

The lateral cervical nucleus (LCN) in the cat forms a

synaptic stage in the spino-cervico-thalamic pathway
(see Ref. 3 for a review). The LCN is present on both
sides of the spinal cord in the first two cervical
segments and consists of an elongated column of gray
matter in the dorsolateral funiculus, just lateral to the
dorsal horn of the spinal gray matter. In the cat, it has
been estimated that the nucleus contains approxi¬
mately 5000 neurons.1,10 However, Flink and West-
man16 recently concluded that this was probably an
underestimate and the figure was closer to 8300.
Neurons of the LCN may be classified arbitrarily into
three groups on the basis of their projections. (1)
Neurons which project to the thalamus and/or the
mesencephalon.1016 These cells are situated through¬
out the nucleus and vary considerably in size; 94% of
the cells of the LCN fall into this category. (2) Cells
which project to the spinal cord15-40 and tend to be

Abbreviations: GAD, glutamate decarboxylase; LCN, lat¬
eral cervical nucleus; NDS, normal donkey serum; NGS,
normal goat serum; PBS, phosphate-buffered saline;
PEG, polyethylene glycol; SCT, spinocervical tract;
TPBS, Tris-phosphate buffered saline.

located in the ventromedial part of the LCN. (3)
Small cells (soma diameter about 15 gm) which also
tend to be located in the ventromedial region and do
not appear to project from the nucleus.10,16 A propor¬
tion of these cells contain GABA and therefore may
be regarded as putative local circuit neurons.4 The
principal projection to the LCN comes from the
spinocervical tract (SCT),3,7,9,12,41,42 however further
afferent projections from the dorsal column nuclei,
reticular formation, and spinal trigeminal nuclei may
be present.3,9,11,18 In addition to these sources, some
axon terminals in the LCN probably originate also
from recurrent collateral axons of ascending projec¬
tion neurons16,46 and from local axon arbors of small
interneurons,4,46 but this remains to be demonstrated
conclusively. Several morphological classes of bouton
have been described in the nucleus.47 Some of these
have been positively identified as terminals originat¬
ing from the SCT.41,48

Anatomical and physiological studies indicate that
the LCN is somatotopically organized.11,12,42,45 Recep¬
tive fields of LCN neurons which project through the
medial lemniscus have similar properties to SCT
neurons; i.e. most of them are excited by gentle
brushing of the hair and noxious stimulation.5 The
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majority of receptive fields of LCN neurons are

similar in size to those of the SCT although a
minority may be considerably larger.8-"-24-26-27 LCN
neurons also have inhibitory receptive fields and there
is evidence for both pre- and postsynaptic inhibitory
mechanisms.14

In view of the complex organization and physiol¬
ogy of the LCN, it seems unlikely that this nucleus is
simply a relay in the spino-cervico-thalamic pathway.
We embarked upon the present study with a view to
improving our understanding of the inhibitory mech¬
anisms that occur in the LCN by examining the
morphology and synaptic organization of GABA-
containing terminals in the nucleus. There were three
principal aims of the study. (1) To examine the
distribution of GABA-containing terminals in the
LCN and, in particular, consider the relationship of
such terminals with putative projection neurons in
the dorsolateral region of the nucleus. (2) To examine
the morphology of GABA-containing terminals
and determine if such terminals have characteristic
features which may differentiate them from the other
terminals of the nucleus. (3) In view of the evidence
for presynaptic inhibitory mechanisms in this nu¬

cleus, to establish if GABA-containing terminals
form axoaxonic relationships with other terminals.
To date there is no evidence for the existence of
axoaxonic synapses in the LCN.4-41-47

In order to achieve these aims we have employed
two different immunocytochemical techniques in con¬
junction with electron microscopy. The post-embed¬
ding immunogold technique35 was used with an

antibody raised against GABA conjugated to a car¬
rier protein.23 This technique has several advantages
over the pre-embedding method (see below). Pre-
embedding immunocytochemistry was accomplished
using an antibody raised against glutamate decar¬
boxylase (GAD),32 the enzyme responsible for the
synthesis of GABA. The pre-embedding method en¬
abled us to examine the light microscopic distribution
of labelled structures and also to compare the fine
structure of labelled profiles with those revealed by
the post-embedding technique. We also examined
LCN tissue that was fixed and processed under
standard conditions in order to compare it with tissue
processed for immunostaining.

A short report previously described some aspects
of GAD-immunoreactive terminals in the LCN.2
However, during the course of our study a larger
report was published by Broman and Westman4
describing details of GABA-labelled terminals which
were identified using pre-embedding immunocyto¬
chemistry. We felt that it was still appropriate to
continue with our study since the post-embedding
immunogold technique has two considerable advan¬
tages over the pre-embedding technique. Firstly, it
may be performed on well fixed tissue with good
ultrastructural preservation and, secondly, the gold
particles do not obscure internal details of labelled
structures. Therefore the post-embedding approach

reveals greater details of labelled structures and en¬
ables them to be assessed more accurately.

EXPERIMENTAL PROCEDURES

Pre -embedding immunocytochemistry
Two adult cats were anaesthetized with sodium pentobar¬

bitone (40 mg/kg i.p.). Animals were artificially ventilated
during the early stages of transcardial perfusion. Initially,
they were perfused with 500 ml of 0.9% saline with heparin
(100 units/ml) and sodium nitrite (0.01%) at 37°C, and then
with fixative. The fixative solution consisted of 4%
paraformaldehyde, 0.1% glutaraldehyde, 150 ml/1 saturated
picric acid in 0.1 M phosphate buffer at pH 7.4.37 One litre
of this solution was given at 37°C and subsequently, 2 1 at
4CC. Blocks of spinal segments CI and C2 were kept for 8 h
in the same fixative. Transverse sections (40 pm) were cut
from blocks with a Vibratome and washed several times in
0.1 M phosphate-buffered saline (PBS). Sections were placed
in PBS containing 10% normal donkey serum (NDS) for
30 min prior to incubation in a PBS solution containing the
primary antiserum (diluted to 1:1000) and 1% NDS for
18 h. The primary antiserum (which was generously donated
by Dr M. L. Tappaz) was raised in sheep using a GAD-anti-
GAD complex isolated from rat brain.32 Characteristics and
specificity of this antiserum have been documented else¬
where.32-43 Sections were next placed in donkey anti-sheep
biotinylated whole antibody (1:100) (Amersham) for 45 min
and finally in streptavidin-peroxidase complex (1:300)
(Amersham) for 15 min. Both dilutions were made in PBS
containing 1% NDS and sections were washed six times in
PBS between each stage of processing. The presence of
peroxidase was revealed using pyrocathechol/p-phenylene-
diamine as a chromogen22 with cobalt intensification.
Sections were then placed in a 1 % solution of osmium
tetroxide, dehydrated through a series of ethanol solutions
and cleared in propylene oxide. They were subsequently
flat-embedded in Araldite between cellulose acetate foils
and, once polymerization was complete, they were examined
with a light microscope, drawn and photographed prior to
resectioning on an ultramicrotome. Series of thin sections
were collected on single slot copper grids coated with
Formvar. Contrasting was achieved using uranyl acetate
and lead citrate according to standard procedures. Control
sections were processed similarly except that the primary
antiserum was omitted from the incubation medium.

Post -embedding immunocytochemistry
Spinal material was examined from cats which were fixed

and prepared in a number of ways. The most successful
method is outlined below and is similar to that described by
Somogyi and Hodgson.35

Adult cats of either sex were anaesthetized with sodium

pentobarbitone (40 mg/kg, i.p.). A cannula was inserted into
the trachea and animals were artificially ventilated with the
aid of a pump during the initial stages of perfusion.
Transcardial perfusion was performed with the following
solutions: (1) 500 ml 0.9% saline, with heparin (100
units/ml) and sodium nitrite (0.01%) at 37°C; (2) 1 1 of 2.5%
glutaraldehyde and 1% paraformaldehyde in 0.1 M phos¬
phate buffer (pH 7.4) at 37°C; and (3) 2 1 of solution 2 at
4°C. Spinal segments CI and C2 were identified, cut into
blocks and placed in the fixative solution for 8 h at 4°C. The
following day blocks of tissue were washed in phosphate
buffer (pH 7.4) and 40-pm transverse sections were cut with
a Vibratome. Sections were placed in 1% osmium tetroxide
in phosphate buffer for 1 h, were dehydrated through a
series of alcohol solutions, stained "en bloc" with uranyl
acetate for 1 h (a 1% solution in 70% ethanol), and cleared
in propylene oxide. The sections were flat-embedded in
Durcupan between foils of cellulose acetate.

When polymerization was complete, sections were exam¬
ined with a light microscope, the LCN was identified and
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attached to blocks for sectioning on an ultramicrotome.
Serial sections were collected on single slot gold grids coated
with Formvar. Electron microscope sections were etched by
floating grids on a solution containing 1% periodic acid
which was followed by 1% sodium periodate. Grids re¬
mained in these solutions for 7 min each and were washed
in distilled water between changes. The sections were next
floated on drops of Tris (10 mM}-phosphate (10 mM)
buffered saline (TPBS; pH 7.4) for two periods of 10 min
and then transferred to TPBS containing 5% normal goat
serum (NGS) for 30 min. They were transferred to TPBS
containing 1% NGS for a period of 10 min prior to
incubation in primary antiserum. Details of the anti-GABA
(GABA-9) serum have been published in depth else¬
where.23,35,38 Grids were floated on droplets of the primary
antiserum for 2h. Dilutions of GABA-9 in TPBS with 1%
NGS ranged from 1:1000 to 1:10,000 and the optimal
dilution (i.e. that which gave the best signal to background
ratio) was found to be 1:6000. To test method specificity the
antiserum was also used at the same dilution on some

electrom microscope sections following its solid phase
preadsorption to GABA coupled to polyacrylamide beads
(see Ref. 38). Grids were subsequently washed in 0.05 M
Tris-HCl buffer (pH 7.5) containing 0.05% polyethylene
glycol (PEG) for four periods of 5 min and then placed in
a similar solution containing goat anti-rabbit IgG coupled
to 15nm gold spheres (Janssen Pharmaceutica) for 1.5 h.
Finally, the grids were washed several times in distilled
water and stained with Reynolds' lead citrate.34

Standard procedure for electron microscopy
A further cat was prepared according to our standard

electron microscope technique (e.g. see Ref. 30) to provide
a comparison with tissue processed for immunocytochem-
istry. The animal was anaesthetized and fixed in the same
manner as those prepared for immunostaining, however the
fixative consisted of 2% glutaraldehyde and 2%
paraformaldehyde in 0.1 M sodium cacodylate buffer at
pH 7.4 with 0.025 M calcium glycerophosphate. Initially 1 1
of this was given at 37°C and subsequently 2 1 at 4°C. Blocks
were stored in fixative for 8 h and 40-/rm transverse sections
were cut on a Vibratome. The sections were then prepared
for combined light and electron microscopy in an identical
manner to that described in the pre-embedding immunocy-
tochemistry method.

Electron microscopy and quantitative analysis
Material was examined from rostral (CI) and caudal (C2)

regions of the nucleus.
Terminals examined in the post-embedding immuno¬

staining study were followed through serial sections (up to
10) to determine consistency of staining (i.e. that the same
terminal was consistently labelled or unlabelled through the
series). Although a random sampling procedure was not
adopted, thin sections of the nucleus were systematically
scanned with the microscope and all GABA-positive termi¬
nals encountered were photographed at high and low mag¬
nifications. The sample of unlabelled boutons came from the
same photographic fields as that of the labelled terminals.
In some experiments, single sections were collected on grids
in a series and alternate sections were treated with GABA-9
or serum that had been preadsorbed with conjugated
GABA. Terminals were viewed through the series of sec¬
tions for staining consistency. GAD-immunoreactive
boutons were similarly viewed through series of sections.

Several parameters were measured in this study. Maxi¬
mum diameters of boutons, diameters of dendrites in con¬
tact with them and lengths of synaptic appositions were
measured directly from micrographs with the aid of a
Reichert Videoplan measuring system. Vesicle densities and
densities of gold grains were calculated as a function of unit
area with the assistance of a Magiscan image analysis system
(Joyce Lobel). The program (written by Dr R. J. Flouchin)

enabled a profile to be defined and the number of structures
contained within it to be counted. Estimates of background
labelling were obtained by dropping a card of unit area on
micrographs from a standard height and measuring the
numbers of gold grains contained within these randomly
defined areas.

RESULTS

Light microscopy of the lateral cervical nucleus

Light microscopic analysis of thick (40 ^m) sec¬
tions established that GAD-immunoreactive struc¬

tures are present throughout the nucleus (Figs 1 A, B,
2A, B and 3A). The immunoreactive structures were

punctate in form and corresponded to boutons (see
below). Some boutons were observed to be associated
with somata in the LCN, including somata of large
cells which were 30 pm or greater in diameter (Figs
2C and 3B). However, the majority of labelled termi¬
nals were not associated with cell bodies but were

found dispersed within the neuropil.
Immunoreactive neurons were not observed in the

present material; reasons for this are discussed below.
Staining was lacking in sections incubated in the
absence of the primary antiserum.

A B
LCN

100gm

Fig. I. Distribution of GAD immunoreactivity in rostral
(CI) regions of the LCN. A and B. Camera lucida drawings
of the LCN. The dashed line demarcates the nucleus and
shaded structures represent LCN neurons. Numerous punc¬
tate structures are present throughout the nucleus. The inset
illustrates the position of the LCN shown in A relative to
the dorsal horn (DH). Note that the nucleus is continuous

with the horn at this level.
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Fig. 2. Distribution of GAD immunoreactivity in caudal
regions (C2) of the LCN. A and B. Camera lucida drawings
of the LCN in transverse section. The dashed line demar¬
cates the extent of the nucleus. Note the numerous punctate
immunoreactive structures dispersed throughout the nu¬
cleus. Shaded structures are LCN neurons. Inset in A
illustrates the position of the nucleus relative to the dorsal
horn (DH) of the spinal grey matter. C. Associations
between immunoreactive structures and three large LCN

cells.

Ultrastructure of glutamate decarboxylase-labelled
structures

GAD-immunoreactive structures were examined
with the electron microscope and were found invari¬
ably to be synaptic boutons (diameter = 1.21 ±0.36
S.D. pm; n =95). The majority of boutons formed
symmetrical (Gray20 type 2) synapses with dendritic
profiles which varied considerably in diameter
(Fig. 4A and B). Usually each bouton formed a single
synapse with one postsynaptic structure. On some
occasions, several boutons were presynaptic to a
single large dendritic profile (Fig. 4A). As predicted
by the light microscopic analysis, some of them
also were presynaptic to somata of LCN neurons

(Fig. 4C). The labelled boutons appeared to contain
irregularly-shaped vesicles which were densely packed

but it was difficult to determine this with any degree
of certainty because of the density of the reaction
product. No examples of axoaxonic synapses were
observed although labelled boutons were often
closely apposed to unlabelled and labelled axon
terminals. Also, no evidence of GAD-immunostain-
ing was observed in dendrites or somata in the
nucleus.

Ultrastructure of GABA-containing structures
identified by post-embedding immunostaining

The ultrastructural preservation of material pre¬
pared by post-embedding staining was found to be far
superior than that prepared for pre-embedding and
was of a similar quality to the tissue processed by our
standard procedure for electron microscopy (see be¬
low). Using dilutions of the antiserum at 1 :6000 it
was fairly obvious that some axon terminals were
more densely labelled with gold grains than the
background (e.g. see Fig. 6A). This became evident as
serial sections were examined; some terminals were

consistently heavily labelled whereas others were
consistently unlabelled (i.e. displayed the same den¬
sity of grains as the background) (see Fig. 8). In order
to test this in a quantitative manner, 10 micrographs
illustrating labelled boutons at relatively low magnifi¬
cations (x 16,500-21,500) were chosen at random
and the grain density of labelled profiles was assessed.
A standard 1-^m square of card was dropped from
a height of 60 cm onto the same 10 micrographs and
the number of grains contained within this area was
assessed to estimate the density of background la¬
belling. Labelled profiles had an average density of
60.7 grains/Trm2 (range 29.9-113.7 grains//tm2) and
the average background was estimated to be 15.2
grains/^m2 (range 5.4—30.7 grains//rm2). Therefore at
dilutions of 1:6000 boutons deemed to be positively
labelled for GABA contain approximately four times
the number of grains as the background.

In some experiments alternate serial sections were
treated with anti-GABA or preadsorbed anti-GABA
to test the specificity of the immunoreaction. Axon
terminals in sections treated with the primary anti¬
serum were consistently labelled with grains and
could be followed through the series; however, the
same terminals in adjacent sections treated with
control serum were devoid of gold grains (Fig. 5).
Therefore the antiserum is likely to recognize GABA
fixed in the tissue.

In total 151 labelled boutons were examined with
the electron microscope and photographed. These
boutons had an average maximum diameter of
1.43 + 0.37 (S.D.)/xm and, characteristically, were

densely packed with irregularly shaped vesicles (see

Fig. 3. A. A light-micrograph of the LCN (in transverse section at C2) illustrating punctate GAD-
immunoreactive structures. The dotted line demarcates the extent of the nucleus which is located in the
dorsolateral funiculus (DLF). A large neuron (*) is shown at greater magnification in B. Note the punctate

immunoreactive structures which surround it.
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Fig. 5. Specificity of the immunoreaction used in the post-embedding immunogold technique. The same
synaptic bouton is illustrated in A-D in a series of adjacent sections A and C were treated with antiserum
to GABA whereas B and D were treated with the antiserum after adsorption to GABA coupled to
polyacrylamide beads. Gold particles label the bouton in sections A and C but are absent in B and D,

thus indicating that the antibodies recognize conjugated GABA.

Fig. 4. Electron micrographs of GAD-immunoreactive structures. A. A large dendrite (Den) is surrounded
by immunoreactive boutons. Three of them form synaptic junctions with it (arrows). B. An immunore-
active terminal which is presynaptic to a small dendritic profile (Den). Note the symmetrical synaptic
junction. C. Two immunoreactive boutons which form synapses with the perikaryon (P) of an LCN

neuron. An unlabelled terminal (*) is also presynaptic to the cell.
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Figs 5-9). The average vesicle density of labelled
boutons was 172.2//tm2 (range 82.7-287.1), whereas
the average density of vesicles in unlabelled terminals
was 62.6/pm2 (range 40.5-89.5). Unlabelled boutons
were similar, or slightly larger in size to labelled ones,
but generally had the appearance of containing fewer
vesicles (Figs 6A, 8 and 9). Vesicles in unlabelled
boutons were often circular in profile although a

sub-population of them contained irregular or flat¬
tened vesicles. Labelled boutons invariably formed
symmetrical (type 220) synaptic junctions with den¬
drites or somata (see Figs 5-9). The average length of
the synaptic contacts was 0.77 + 0.27 (S.D.)^m.
Careful examination of serial sections revealed that
labelled boutons formed synapses with only one
post-synaptic structure. Some unlabelled boutons
formed symmetrical junctions whereas others formed
asymmetrical junctions.

A high proportion (75%) of labelled boutons ex¬
amined were presynaptic to dendrites which varied
considerably in size (Fig. 6); the average maximum
diameter of dendritic profiles was 2.29 pm and the
range was 0.43-6.07 (im. Often several labelled
boutons were presynaptic to a large dendritic profile
(Fig. 6A). Only 25% of labelled boutons were pre¬

synaptic to somata (Figs 7 and 8). These had the same
morphological characteristics as terminals in contact
with dendrites. The majority of cells contacted were

large and situated in the dorsolateral region of the
nucleus. As in the GAD study, axoaxonic synapses
were not observed, although labelled profiles were
periodically seen to be closely apposed to unlabelled
boutons (see Fig. 9) and occasionally also to labelled
axon terminals.

Occasionally a dendrite or a soma was observed
which, on visual inspection, seemed to be associated
with a greater density of gold particles when com¬
pared with the background. Such profiles were few in
number and were never as densely labelled as
boutons.

Comparison with standard electron-microscopic
material

Material prepared according to our standard pro¬
cedure for electron microscopy was identical in every

respect to that prepared for the post-embedding
study. Morphological classes of bouton were ob¬
served which corresponded to those described above;
this included a class with similar characteristics to the
GABA-labelled group. Although a careful search was
made, unequivocal examples of axoaxonic synapses
were not observed.

DISCUSSION

The post-embedding immunostaining method
The superior ultrastructural preservation of tissue

prepared for the post-embedding immunostaining
technique and the use of small gold grains as markers
enabled details of labelled structures to be described
and quantified with the same ease as material pre¬
pared for standard electron microscope studies.

A variety of dilutions of the GABA antibody was
tested on LCN tissue to determine the dilution of
serum that produced consistent and obvious la¬
belling. Quantitative analysis demonstrated that
profiles which were classified as labelled by visual
inspection usually contained four times as many
grains of gold as the background. In addition, indi¬
vidual labelled profiles were followed through series
of sections and were invariably found to be densely
labelled in each section. Therefore we are confident
that labelled structures were identified correctly.

Characteristics of the GABA antibody have been
described in a number of published accounts and
evidence from several regions of the CNS indicates
that it reacts with GABA conjugated to protein in
glutaraldehyde-fixed tissue.25-35-36'38 However, the spe¬

cificity of the procedure in spinal material has not
been documented. We observed that preadsorption of
the primary antiserum with GABA coupled to poly-
acrylamide beads with glutaraldehyde abolished
staining in profiles which could be demonstrated to
be positively labelled with the original antiserum. The
antiserum thus appears to react with aldehyde-fixed
GABA in the LCN.

Comparison ofglutamate decarboxylase- and GABA-
containing terminals in the lateral cervical nucleus

Boutons in the LCN were labelled with the GAD
and GABA antibodies. There was a small difference
between the diameters of the two populations; the
average diameter of GAD boutons was 1.21 /im

( + 0.36 S.D.) and GABA labelled boutons was
1.43 pm ( + 0.37 S.D.). Caution is required in the
interpretation of this observation as variations in
fixation methods could account for the difference.
Both populations of boutons formed symmetrical
synaptic junctions with dendrites and were organized
in a similar fashion. For example, labelled boutons
from both groups were seen to be clustered around
large dendritic profiles and terminals were associated
with large LCN cells. Boutons identified by both
methods formed synaptic associations with single
post-synaptic structures. In GABA-labelled boutons

Fig. 6. Synaptic associations between GABA-labelled boutons and dendrites. A. Two labelled boutons
(*) are presynaptic to a large dendrite. Several unlabelled boutons are also in synaptic contact with the
same dendrite. These contain vesicles which vary in shape and packing density and form symmetrical and
asymmetrical junctions with the dendrite. Note the low background staining. B and C. Labelled boutons
in contact with small dendritic profiles. Note the symmetrical synaptic junctions and the densely-packed

irregular vesicles.
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Fig. 7. A large LCN neuron. The area enclosed within the box designated 1 is shown at greater
magnification in the inset. The other box is illustrated in Fig. 8. Inset: note the bouton which is heavily
labelled with gold and forms a symmetrical synaptic junction with the perikaryon of the LCN neuron.



Fig. 8. Serial sections through a labelled bouton (*) and an unlabelled bouton (Ax) which are both
presynaptic to the LCN neuron illustrated in Fig. 7. Note the differences in vesicle packing density and
shape, the symmetrical junction formed by the labelled bouton and the asymmetrical junction formed by

Ax in A.
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Fig. 9. Appositions between labelled and unlabelled boutons. A. A labelled bouton (*) is closely apposed
to an unlabelled bouton containing circular vesicles. B. A labelled bouton (*) is closely apposed to an
unlabelled bouton containing flattened vesicles. In both examples criteria for the identification of

axoaxonic synapses are not fully satisfied.
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it was obvious that vesicles were densely packed and
irregular in shape; this seemed to be the case also with
GAD although the density of reaction product ob¬
scured much of the detail. Broman and Westman4
have described a population of GABA-containing
boutons in the LCN which were identified by pre-
embedding immunoreaction; this population had
features in common with our GAD- and GABA-

containing boutons. In studies by Somogyi et al.}> of
the cerebellar cortex, neocortex and hippocampus,
staining properties of the GABA and GAD antisera
were assessed. The authors concluded that both
antibodies labelled identical populations of neurons
and their terminals. The presence of GAD and
GABA immunoreactivity has also been demonstrated
in the same neurons of the hippocampus.'9 It seems
probable, therefore, that the same population of
boutons is labelled by the GAD and GABA antibody
methods in the LCN.

Comparison of GABA-labelled terminals with
unlabelled terminals

Boutons containing GABA appeared to form a
distinct and homogeneous population within the
LCN, regardless of their location in the nucleus; they
were densely packed with irregular vesicles
(172.2//jm2), formed symmetrical synaptic junctions
and were generally rather small (less than 2^m in
diameter). Boutons displaying these characteristics
were invariably observed to be labelled. In the study
by Broman and Westman4 of GABA labelled termi¬
nals in the LCN, they estimated that the average
vesicle density was 82.5/pm2 in labelled boutons and
61.1//(m2 in unlabelled boutons. This latter figure
corresponds well with our estimate of 62.6/pm2
for unlabelled boutons but our figure for GABA-
containing boutons is considerably larger. This prob¬
ably reflects a difference in the methods employed; the
post-embedding method used in the present study is
free from the encumbrance of dense reaction product
which obscures much of the intracellular detail of
labelled structures. Unlabelled boutons contained
circular or irregular vesicles and formed symmetrical
or asymmetrical synaptic junctions with dendrites or
somata but, in general, the most obvious difference
between them and boutons containing GABA was
the density of vesicle packing.

Clearly, the unlabelled boutons form a heteroge¬
neous population and probably originate from a
variety of sources. Some of them are similar to the
terminations of SCT cells described by Svensson et
a/.,41 others may originate from the dorsal column
nuclei, spinal trigeminal nucleus, reticular formation9
or (in the ventromedial region) collateral axons of
neurons projecting to the thalamus.16 A proportion of
the GABA terminals could arise from small cells in
the ventromedial region of the nucleus which are
known to contain GABA,4 however, it is by no means
certain if this is the only source of GABA in the LCN.
At present little is known about the neurotransmitter

content of the LCN; there is evidence for substance
P-containing fibres in the medial portion of the
nucleus,2'17 therefore a small proportion of unlabelled
boutons may contain this substance.

Postsynaptic targets of GABA-containing boutons
Terminals labelled with GABA and GAD were

presynaptic to single dendrites or somata in the LCN
and therefore probably are responsible for postsynap¬
tic inhibition in the nucleus. It is probable that a

proportion of the neurons contacted are thalamic
projection neurons. Inhibitory receptive fields for
such neurons have been described8"'19'26 but the
nature of the inhibition and where it occurs in the

pathway has not been investigated in any detail (but
see the recent report by Brown et al.,8 discussed
below). Fedina et al.14 reported that inhibitory post¬
synaptic potentials could be elicited in LCN neurons

by stimulating appropriate receptive fields which are

generally outside excitatory fields and are not of the
"surround" type encountered in the dorsal column
nuclei.'9 The presence of inhibitory postsynaptic po¬
tentials in LCN neurons therefore is consistent with
our observations of synaptic associations between
GABA-containing boutons and neurons in the nu¬
cleus.

The study by Fedina et al.'4 also produced evidence
for presynaptic inhibition in the LCN. They observed
that stimulation of contralateral cutaneous nerves

and skin areas resulted in depolarization of SCT
terminals and that the monosynaptic excitatory post¬
synaptic potentials from the SCT to the LCN could
be reduced without depressing the resting membrane
potential of LCN cells. No evidence for axoaxonic
synapses involving GABA-containing terminals or
indeed any other category of terminal was found in
this study. Previous electron microscope studies of
the LCN by Westman and colleagues4'41'47 (including
one of SCT terminals) also failed to demonstrate the
presence of such synaptic arrangements. It is gener¬
ally accepted that axoaxonic synapses are the mor¬
phological correlates of presynaptic inhibition;21
therefore we would have expected to find such ar¬
rangements in the LCN. It is difficult to reconcile
these apparently contradictory observations; the re¬
duction of excitatory postsynaptic potentials ob¬
served by Fedina et al.'4 could be accounted for by a
postsynaptic mechanism such as shunting inhibition,
but the absence of axoaxonic contacts indicates that
the changes in excitability of SCT terminals were not
mediated by a chemical neurotransmitter but oc¬
curred as a consequence of some other process such
as an accumulation of potassium ions in the extracel¬
lular space or even the generation of electrical fields
within the nucleus (for a discussion see Ref. 13). This
is an area which requires clarification.

The absence of axoaxonic synapses has also been
noted for boutons which are presynaptic to identified
SCT neurons;28-29 therefore this may be a feature of
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the organization of the spino-cervico-thalamic path¬
way.

Recurrent inhibition has been demonstrated in
LCN neurons19 following stimulation of the con¬
tralateral medial lemniscus and is thought to be
mediated through collateral axons of projection cells
which terminate in the nucleus. Flink and Westman16
have suggested, on the basis of anatomical studies,
that these collateral axons may terminate in the
ventromedial part of the nucleus, possibly on GABA-
containing putative local circuit neurons.4 Therefore
some GABA terminals in the LCN could participate
in such a circuit. Peto33 has shown that electrical
stimulation of the facial regions of cortical area 3a
causes profound inhibition in LCN neurons which
project via the medial lemniscus, but the organization
of this, and other inhibitory circuits which may utilize
GABA as a transmitter in the nucleus, is at present
obscure.

GABA-containing neurons in the lateral cervical
nucleus

In the present study, we were unable to demon¬
strate the existence of GABA-immunoreactive neu¬

rons in the LCN. However, the study of Broman and
Westman4 indicated that GABA-immunoreactive
neurons were present in the ventromedial part of the
nucleus. This apparent discrepancy between our
study and that of Broman and Westman4 is best
explained by differences in the methods employed.
For example, it is probable that omission of pretreat-
ment with colchicine resulted in the absence of la¬
belled neurons in the pre-embedding study. A similar
finding was reported by Blomqvist et al.,2 who also
used antiserum raised against GAD. Although the
occasional neuron in the post-embedding study ap¬
peared to be positively labelled for GABA, the
labelling was always equivocal; the density of gold
particles associated with such structures was never as

great as that associated with boutons. Thus our study
neither refutes or confirms the claim that GABA-

containing neurons are present in the LCN.

Function of the lateral cervical nucleus
The lateral cervical nucleus exists in a number of

species including cats, dogs and several species of
monkey (see Ref. 3 for a review) but its existence
in man is still a matter of some controversy.
The function of the LCN and, indeed, the spino-
cervico-thalamic pathway, remains uncertain. It is
one of the most rapidly conducting pathways in the
CNS5 and thus could be a rapid and general arousal
system. The existence of very large receptive fields for
some LCN neurons8,1 '•24-26'27 lends support to this
hypothesis. Information from receptors responding
to light tactile and noxious stimuli is conveyed

well et al.

through the pathway8,26 and so it probably con¬
tributes to the awareness of the external environment
and the perception of pain. The LCN is somatotopi-
cally organized,11,42,45 hence spatial representation of
this information appears to be important. It is prob¬
able that this pathway subserves several functions.

Recently a series of experiments investigated sen¬
sory processing mechanisms in the LCN8 and at¬
tempted to determine if information conveyed
through the spino-cervico-thalamic pathway was
modified by the nucleus. A similar series was per¬
formed on the SCT3 which revealed new details of the

organization of receptive fields. In particular, two
types of inhibitory process could be demonstrated to
depress excitation in the SCT. The first type of
inhibition could be elicited by stimulating receptive
fields which were adjacent to the excitatory fields of
the SCT. This "out of field" inhibition had a short
time course which appeared to correspond to a

postsynaptic mechanism. The second type of inhibi¬
tion came from within the excitatory field itself and
had a long time course which appeared to correspond
to presynaptic inhibition. Both "in field" and "out of
field" inhibition could also be detected in the LCN
but it was concluded that the LCN was simply
relaying this pattern of organization which had al¬
ready been laid down by the input circuitry of the
SCT. LCN and SCT receptive fields had similar
properties; the only difference was that some LCN
fields were considerably larger than those of the SCT
thus suggesting a degree of convergence onto LCN
neurons. In the cat it is estimated that 3000 SCT
axons enter the LCN44 and that approximately 8000
LCN neurons project to the thalamus,16 therefore
divergence of SCT input would also be expected. The
concept of a relay nucleus has largely been discredited
(e.g. see review by Brown and Gordon6) and yet, at
present, there is scant physiological evidence to sug¬
gest that the LCN performs any other function.
Nevertheless, the present study clearly demonstrates
that the LCN receives dense innervation from

GABAergic neurons. The large numbers of GABA-
containing terminals on LCN neurons indicates that
information is not simply relayed through the nucleus
but may be modified by postsynaptic inhibitory
mechanisms, but the circuitry responsible for this
inhibition and its effects upon the physiology of the
LCN remain to be determined.
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Terminals of group la primary afferent fibres in Clarke's column are
enriched with L-glutamate-like immunoreactivity
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Group la muscle spindle afferent fibres form giant terminals in Clarke's column which can be identified by morphological criteria.
Postembedding Immunogold reactions were performed on tissue from the column using antiserum which recognized fixed L-glutamate in tissue.
Giant terminals were heavily labelled with gold particles and quantitative analysis revealed that they contained significantly higher
concentrations of L-glutamate in comparison with adjacent structures. i.-Glutamate-enrichment of giant boutons is further evidence supporting
the idea that this amino acid is a neurotransmitter at la synapses.

The nucleus dorsalis of Clarke forms a continuous

column in the thoracic and first 4 lumbar segments in the
spinal cord of the cat and contains large cells of origin of
the dorsal spinocerebellar tract (DSCT)5. Collateral
axons of primary afferent fibres enter Clarke's column to
form very large axonal swellings15. Rethelyi" confirmed
the primary afferent origin of giant swellings in a
combined ultrastructural and degeneration study of
Clarke's column in the cat. Giant boutons were up to 10
//m in length, contained spherical agranular vesicles and
formed multiple synaptic junctions with large dendrites of
presumed DSCT neurons. Tracey and Walmsey16 sug¬

gested that giant boutons were terminals of group la and
lb muscle afferent fibres on the basis of observations

obtained with intrafibre staining methods. In a subse¬
quent study employing similar methods, Hongo et al.3,
concluded that 9.5% of labelled la boutons in Clarke's
column had long axes of more than 7 ,«m and therefore
could be defined as giant terminals. However only 0.3%
of labelled lb boutons had axes longer than 7 ,i<m. It
follows therefore from these observations that approx.
97% of giant terminals (i.e. those longer than 7 ^m) in
the column originate from la fibres and that terminals of
this class of primary afferent fibre in Clarke's column can
be identified using such a morphological criterion with a
reasonable degree of certainty.

It is known that la fibres form monosynaptic connec¬
tions with DSCT neurons and stimulation of single fibres
elicits monosynaptic excitatory postsynaptic potentials
(EPSPs) in these neurons'6. The substance responsible

for transmission at la synapses is at present unknown but
a number of lines of evidence suggest that, in common
with other primary afferent fibres, it may be L-gluta¬
mate12. Recently, Jessel et al.4, using in vitro prepara¬
tions of neonatal rat spinal cords, demonstrated that la
EPSPs elicited in motor neurons could be selectively
reduced and even completely blocked by application of
kynurenate. This evidence suggests that a L-glutamate-
like substance is responsible for fast transmission at la
synapses.

The aim of the present study was to determine if la
boutons are enriched with L-glutamate and thus to test
further the contention that L-glutamate may be a neuro¬
transmitter at synapses formed by this class of fibre. We
performed postembedding Immunogold reactions on thin
sections of tissue from Clarke's column using rabbit
antiserum specific for L-glutamate bound to protein with
glutaraldehyde14. A recent study, also employing the
postembedding technique, reported L-glutamate enrich¬
ment of small diameter afferent axon terminals in the

superficial dorsal horn2.
Two adult cats were anaesthetized with sodium pen¬

tobarbitone (40 mg/kg i.p.) and were rapidly perfused
transcardially, initially with 200-300 ml of physiological
saline (37 °C; 140 mm Hg) and subsequently with 1 1 of
fixative (at 37 °C; 120 mm Hg) consisting of 2.5%
glutaraldehyde and 1% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). Finally, a further 2 1 of
fixative was delivered at 4 °C and 100 mm Hg. Blocks
consisting of segments L, and L2 were removed from the
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animals and placed in the same fixative overnight.
Longitudinal sections (50 /tm) were cut on a Vibratome.
Sections were placed in a 1% solution of osmium
tetroxide in 0.1 M phosphate buffer (pH 7.4), dehydrated
through a series of alcohol solutions, cleared in propylene
oxide and flat-embedded in Durcupan between foils of
cellulose acetate. On completion of polymerization, foils
were examined with a light microscope and Clarke's
column was identified. It was attached to blocks and

sectioned on an ultramicrotome. Serial thin sections were

collected on single slot gold grids coated with Formvar.
The postembedding Immunogold procedure employed

in this study has been described elsewhere in detail6,713.
Labelling characteristics of the primary antiserum (code
GLU 03) have been determined previously with spinal
tissue1,7 and with test sections containing amino acids
fixed to brain macromolecules with glutaraldehyde8. Ex¬
tensive tests indicated that weak cross-reactivity of the
antiserum (GLU 03) with fixed aspartate and glutamine can
be eliminated by preincubating the serum in 100 ,wM of
glutaraldehyde conjugates of these two amino acids. In this
study, sections were routinely incubated in primary antise¬
rum prepared in this manner diluted to 1:1000. The antigen
antibody complex was revealed using goat anti-rabbit IgG
coupled to 15 nm gold spheres (Janssen). In some experi¬
ments alternate sections were incubated in GLU 03 pread-
sorbed as above and in GLU 03 that had been preincubated
in glutaraldehyde conjugates of L-glutamate. Labelling was
almost absent in these latter sections, whereas normal
selective labelling was observed in tissue treated with the
standard anti-glutamate serum. Test grids8 were also used
routinely in experiments; these demonstrated that pread-
sorbed GLU 03 identified fixed L-glutamate but not other
common amino acids when reacted under the same exper¬
imental conditions as tissue sections.

Giant boutons could easily be recognized (Fig. 1A) in
the neuropil along with somata and dendrites of large
dells which were presumed to be DSCT neurons. Visual
inspection revealed that giant boutons were associated
with a greater density of gold particles than surrounding
tissue (Figs. 1A,B,C; 2). Giant boutons were examined
through series of sections and were always noted to be
heavily labelled with particles (Fig. 2), whereas DSCT
cells and small terminals (P), which were in presynaptic
apposition to giant boutons (Fig. 1C), were always
weakly labelled. The strong mitochondrial labelling
observed in giant terminals (e.g. Fig. IB) was not a

consequence of non-specific interactions between the
antiserum and general mitochondrial constituents since
such labelling was usually not found in profiles which
were otherwise weakly labelled. The strong labelling of
mitochondria is likely to reflect mitochondrial localiza¬
tion of the glutamate synthesizing enzyme, phosphate-

activated glutaminase10. Quantitative analysis was per¬
formed on giant boutons which were photographed in
random EM fields. A giant bouton was defined as a

spherical vesicle-containing structure with a long axis,
greater than 7 //m, which formed synaptic junctions with
large dendritic profiles. The large dendritic profiles were

generally proximal dendrites of large neurones with
somata which were greater than 50 /^m in the long axis;
these were presumed to be DSCT neurones (e.g. see ref.
16). A Magiscan image analysis system (Joyce Loebl) was
used to calculate the average density of gold particles
associated with 30 giant boutons, 15 DSCT dendrites and
19 P terminals. Random areas were used to calculate

average particle densities of giant boutons and DSCT
cells; the large sizes of such profiles precluded measure¬
ment of the entire area at the higher magnifications
required to reveal the presence of gold particles. Measure¬
ments were made from micrographs taken at x21,500.
Random areas were defined by dropping a card of unit
area onto micrographs from a standard height and the
Magiscan was used to count the number of particles
included in the area. P-terminals were photographed at
X35,000. Such terminals contain pleomorphic vesicles
(Fig. 1C); it has been suggested that they inhibit giant
boutons by releasing GABA17. The smallness of these
boutons allowed the average particle density to be
calculated by counting all particles included in P-terminal
profiles. The average particle density associated with
giant boutons was 17.4 (±8.1) particles//rm2, that of
presumed DSCT dendrites was 7.6 (±4.6) particles(«m2
and the density for P-terminals was 6.8 (±5.7) particles/
^m2. (Figures in parentheses indicate S.D.) Student's
/-test indicated that average particle densities of giant
boutons were significantly different (P < 0.001) when
compared with average densities of DSCT dendrites and
P-terminals. P-terminal and DSCT dendritic densities,
however, were not significantly different from each
other. Ottersen9 has recently demonstrated in a model
system that there is a roughly linear relationship between
the concentration of fixed L-glutamate and the numbers
of associated gold particles resulting from Immunogold
reactions. Our findings indicate therefore that giant
boutons contain approx. 2.2 times as much L-glutamate as
DSCT dendrites and approx. 2.6 times the L-glutamate
concentration of P-terminals. Thus giant boutons are
enriched with L-glutamate in comparison with these other
structures. It is likely that the immunoreactivity observed
in DSCT neurons and P-terminals is indicative of- the

ubiquitous 'metabolic' pool of glutamate which would be
expected to be present in most CNS structures and does
not represent 'background' immunoreactivity in the usual
sense. Background levels of immunoreactivity were
examined on tissue-free resin (e.g. the lumen of blood
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Fig. 1. Glutamate immunolabelling of giant terminals: A: a giant terminal (GT) in contact with a large proximal dendrite of a presumed dorsal
spinocerebellar tract neurone (DSCT). Note the heavy labelling with gold particles associated with giant terminal and the comparatively weak
labelling associated with the DSCT dendrite. B: a synaptic junction formed by a giant terminal (GT) with a presumed DSCT neurone. Again
the giant bouton is heavily labelled whereas the DSCT dendrite is weakly labelled. C: a giant terminal (GT) is associated with numerous gold
particles whereas an adjacent terminal (P) is devoid of labelling. P forms an axo-axonic association with GT which is typical of those observed
between P-terminals and giant terminals (q.v. Ref. 10). Note the accumulation of vesicles in P and the triangular structures at the membrane
apposed to GT.

'

DSCT

vessels) and were found to be very low (approx. 0.3 The majority (about 97%) of giant boutons with long
particles///m2). axes greater than 7 /urn are la-terminals3. The present
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Fig. 2. Consecutive sections through a giant terminal (GT) illustrating glutamate immunoreactivity. The giant terminal is consistently labelled
heavily with gold particles, whereas associated terminals (T, and T2) and a dendrite of a DSCT neurone are weakly labelled in both sections.
Arrows indicate synapse formed by GT with DSCT. T2 is probably a pleomorphic vesicle-containing P-terminal but synaptic specializations
are not clearly resolved in the material illustrated.

findings therefore demonstrate an enrichment of la-
terminals with L-glutamate and it seems improbable that
elevated levels of L-glutamate are present exclusively for

metabolic purposes. This is further evidence of a prob¬
able neurotransmitter role for L-glutamate at la synapses.



350

We wish to thank Mrs. H. Anderson and Mrs. D. Hall for
excellent technical support. Thanks are also due to A.T. Bore for
purifying the antiserum used and to Dr. A.D. Short for writing the
data collection programme. We wish to express our gratitude to

1 Broman, J., Westman. J. and Ottersen, O.P., Ascending
afferents to the lateral cervical nucleus are enriched in gluta-
mate-like immunoreactivity: a combined anterograde transport-
Immunogold study, Brain Research, in press.

2 De Biasi, S. and Rustioni, A., Glutamate and substance P
coexist in primary afferent terminals in the superficial laminae of
the spinal cord, Proc. Natl. Acad. Sci. U.S.A., 85 (1988)
7820-7824.

3 Hongo, T., Kudo, N., Sasaki, S., Yamashita, M., Yoshida, K.,
Ishizuka, N. and Mannen, H., Trajectory of group la and lb
fibers from the hind-limb muscles at the L3 and L4 segments of
the spinal cord of the cat, J. Comp. Neurol., 262 (1987) 159-194.

4 Jessel, T.M., Yoshika, K. and Jahr, C.E., Amino acid receptor
mediated transmission at primary afferent synapses in rat spinal
cord, J. Exp. Biol., 124 (1986) 239-258.

5 Matsushita, M., Hosoya, Y. and Ikeda, M., Anatomical orga¬
nization of the spinocerebellar system in the cat, a study by
retrograde transport of horseradish peroxidase, J. Comp. Neu¬
rol., 184 (1979) 81-106.

6 Maxwell, D.J., Christie, W.M. and Somogyi, P., Synaptic
connections of gamma-aminobutyric acid-containing boutons in
the lateral cervical nucleus of the cat: an ultrastructural study
employing pre- and post-embedding immunocytochemical meth¬
ods, Neuroscience, 33 (1989) 169-184.

7 Maxwell, D.J., Christie, W.M., Short, A.D., Storm-Mathisen, J.
and Ottersen, O.P., Central boutons of glomeruli are enriched
with L-glutamate-like immunoreactivity in the spinal cord of the
cat, Neuroscience, submitted.

8 Ottersen, O.P., Postembedding light and electron microscopic
immunocytochemistry of amino acids: description of a new
model system allowing identical conditions for specificity testing
and tissue processing, Exp. Brain Res., 69 (1987) 167-174.

Professor A.G. Brown and Dr. C.A. Ingham for constructive
comments on the manuscript. This work was supported by a MRC
Programme Grant awarded to A.G.B. and D.J.M.

9 Ottersen, O.P., Postembedding immunogold labelling of fixed
glutamate: an electron microscopic analysis of the relationship
between gold particle density and antigen concentration, J.
Chem. Neuroanat., 2 (1989) 57-66.

10 Palaiologos, G., Hertz, L. and Schousboe, A., Role of aspartate
aminotransferase and mitochondrial dicarboxylate transport for
release of endogenously and exogenously supplied neurotran¬
smitter in glutamatergic neurons, Neurochem. Res., 14 (1989)
359-366.

11 Rethelyi, M., Ultrastructural synaptology of Clarke's column,
Exp. Brain Res., 11 (1970) 159-174.

12 Salt, T.E. and Hill, R.G., Neurotransmitter candidates of
somatosensory primary afferent fibres, Neuroscience, 10 (1983)
1083-1103.

13 Somogyi, P. and Hodgson, A.J., Antisera to y-aminobutyric
acid. III. Demonstration of GABA in Golgi-impregnated neu¬
rons and conventional electron microscopic sections of cat striate
cortex, J. Histochem. Cytochem., 33 (1985) 249-257.

14 Storm-Mathisen, J., Leknes, A.K., Bore, A.T., Vaaland, J.L.,
Edminson, P., Haug, F.-M.S. and Ottersen, O.P., First visual¬
ization of glutamate and GABA in neurones by immunocyto¬
chemistry, Nature (Lond.), 301 (1983) 517-520.

15 Szentagothai, J. and Albert, A., The synaptology of Clarke's
column, Acta Morph. Acad. Sci. Hung., 5 (1955) 43-51.

16 Tracey, D.J. and Walmsey, B., Synaptic input from identified
muscle afferents to neurones of the dorsal spinocerebellar tract
in the cat, J. Physiol. (Lond.), (1984) 599-614.

17 Walmsey, B., Wieniawa-Narkiewicz, E. and Nicol, M.J., Ultra-
structural evidence related to presynaptic inhibition of primary
muscle afferents in Clarke's column of the cat, J. Neurosci., 1
(1987) 236-243.



Neuroscience Vol. 36, No. 1, pp. 83-104, 1990
Printed in Great Britain

0306-4522/90 $3.00 + 0.00
Pergamon Press pic

IBRO

CENTRAL BOUTONS OF GLOMERULI IN THE SPINAL
CORD OF THE CAT ARE ENRICHED WITH
L-GLUTAMATE-LIKE IMMUNOREACTIVITY
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Abstract—Several lines of evidence indicate that L-glutamate may be a neurotransmitter of fine myelinated
and unmyelinated primary afferent fibres in the spinal cord. The aim of the present study was to determine
if L-glutamate was enriched in the terminals of these fibres. We performed the post-embedding
immunogold technique on sections taken from the superficial regions of the lumbar cord in two cats. An
antiserum, raised against protein-conjugated L-glutamate, was employed. Several tests on tissue and on
a model system indicated that the antiserum recognized a glutaraldehyde-fixed L-glutamate-like substance.
Terminals of fine afferent fibres were identified in the substantia gelatinosa as central boutons of synaptic
glomeruli. Central boutons were examined through serial sections following immunogold reactions and
were found to be heavily labelled with gold particles in consecutive sections. Quantitative analysis
indicated that central boutons were more than two and a half times as densely labelled with gold particles
than the tissue average. It was concluded that this represents a genuine enrichment of L-glutamate in these
structures.

Comparisons were made between L-glutamate-immunoreactive properties of central terminals and
immunoreactivity for GABA, aspartate and glutamine. Statistical analysis revealed that central boutons
in sections incubated in GABA antiserum and glutamine antiserum were associated with significantly
lower densities of gold particle labelling than the average for the same tissue. Particle densities of central
boutons in sections incubated in aspartate antiserum were not significantly different from average tissue
densities. It was concluded that central boutons were not enriched with these three amino acids.

Central boutons of synaptic glomeruli were classified into three groups on morphological criteria: (1)
dense sinusoidal boutons; (2) large dense-core vesicle-containing boutons; and (3) regular synaptic
vesicle-containing boutons. Quantitative analysis revealed that all of these groups were enriched in
glutamate immunoreactivity, however, there were differences between the groups; large dense-core
vesicle-containing boutons were associated with significantly lower densities of particles than regular
synaptic vesicle-containing and dense sinusoidal terminals.

The evidence indicates that central boutons, which most probably originate from fine myelinated and
unmyelinated primary afferent fibres, are enriched with L-glutamate which may serve as a neurotransmitter
in such fibres.

The excitatory effect of l-glutamate on spinal neur¬
ons was first described by Curtis et al.9 30 years ago
and subsequently, evidence has accrued suggesting
that l-glutamate is a neurotransmitter of primary
afferent fibres in the cord. This evidence has been

extensively reviewed elsewhere (for example see Refs
41, 51) and therefore will be briefly outlined here.
Neurochemical studies demonstrate that l-glutamate
is unevenly distributed in the gray matter of the
cord;1'5'16 24 the dorsal horn being richer than the

Abbreviations: ASP 18, aspartate antiserum; ASP-G, glu-
taraldehyde-conjugated aspartate; DSA, dense sinusoid
bouton; FRAP, fluoride-resistant acid phosphatase;
GABA 09, GABA antiserum; GLN 34, glutamine anti¬
serum; GLN-G, glutaraldehyde-conjugated glutamine;
GLU 03, glutamate antiserum; GLU-G, glutaraldehyde-
conjugated glutamate; LDCV, large dense-core vesicle-
containing bouton; NGS, normal goat serum; RSV,
regular synaptic vesicle-containing bouton; SG, substan¬
tia gelatinosa; TPBS, Tris-phosphate-buffered saline.

ventral horn. In addition, dorsal roots are richer in
l-glutamate than ventral roots;13,1416'50 this is not the
case for other amino acids. Thus, elevated levels of
l-glutamate in afferent axons are suggestive of a
function for it in these fibres which may not be
exclusively metabolic. Recent immunocytochemical
studies, employing antisera specific for l-gluta¬
mate,3'62 have reinforced the neurochemical evidence.
Between 15 and 45% of cells in dorsal root ganglia
react with glutamate antiserum in the rat and monkey
and, in animals pretreated with colchicine, this figure
may be as high as 70%. However, there is disagree¬
ment between authors concerning the identity of the
cells labelled; Wanaka et al.62 report that large cells
(which probably give rise to large diameter afferent
fibres16) predominantly react for l-glutamate whereas
Battaglia and Rustioni3 indicate that both large and
small cells are labelled. It should be remembered,
however, that labelling of somata for glutamate may
be strongly influenced by levels of "metabolic"

83



84 D. J. Maxwell et al.

glutamate present. Small dorsal root ganglion neur¬
ons take up [3H]glutamine with high affinity" and
Cangro et al.1 reported elevated levels of glutaminase
(the enzyme responsible for the conversion of gluta-
mine to glutamate) in populations of small dorsal
root ganglion cells but not in large ones. This lends
support to the contention that small cells are enriched
with L-glutamate. It seems probable, therefore, that a

proportion of fine primary afferent axons arising
from small somata and, perhaps also, some coarse
axons emanating from large cells in dorsal root
ganglia are enriched with L-glutamate which could
serve as a neurotransmitter. Some glutamate-
enriched dorsal root ganglion cells also contain
substance P3 which is a putative neurotransmitter
associated with fine primary afferent axons.

Pharmacological evidence has fostered the suspi¬
cion that L-glutamate is a neurotransmitter of large
afferent fibres in the spinal cord (e.g. see Refs 9, 12,
23, 41, 51, 66) but recent evidence, derived mainly
from in vitro studies52'53-54 suggests that amino acids
may be released also from the terminals of fine
myelinated (A3) and unmyelinated (C) fibres. The
superficial dorsal horn is rich in binding sites for
L-[3H]glutamate17 and neurons in laminae I and II are
excited by ionophoretic application of L-glutamate
and aspartate. The majority of these neurons are also
excited by C-fibre and/or A(5 components of dorsal
root volleys. Responses evoked by stimulation of A3-
and C-fibres can be reduced by excitatory amino acid
antagonists such as glutamylglycine54 or kynurenic
acid.53 This is evidence supporting the proposition
that amino acids are neurotransmitters of fine pri¬
mary afferent axons if it is assumed that transmission
from them to the recorded neurons is monosynaptic.
The possibility that fine diameter afferent axons
utilize L-glutamate as a neurotransmitter is of clinical
significance, since many of these fibres are selectively
activated by noxious stimuli and thus are involved in
the generation of pain (e.g. see Ref. 40).

In the cat, afferent input from the periphery to the
substantia gelatinosa (lamina II) comes principally
through fine diameter unmyelinated fibres (for refer¬
ences see Ref. 31). These fibres form a variety of
synaptic arrangements in the neuropil, including a
distinctive type of arrangement known as the
glomerulus.42-49 This arrangement consists of a central
bouton surrounded by axons, dendrites and vesicle-
containing dendrites which form complex synaptic
associations with each other. It has been estimated
from anterograde degeneration studies and studies
involving anterograde transport of radio-labelled
amino acids, that most, if not all, central boutons of
glomeruli originate from primary afferent axons.8'43'55
Glomeruli are distinctive and may be identified in the
neuropil without recourse to special staining pro¬
cedures. As the majority of central boutons in lamina
II probably originate from fine diameter afferent
fibres, they provide convenient models to test the
proposition that axon terminals of fine afferent fibres

are enriched with L-glutamate. We have examined
central boutons of glomeruli in the cat's superficial
dorsal horn using the post-embedding immunogold
technique34-61 with antiserum which was raised in
rabbits against L-glutamate conjugated to protein
with glutaraldehyde.58 This technique is performed
directly on thin sections and has the particular advan¬
tage that preservation is of a similar quality to tissue
prepared for routine ultrastructural studies of the
CNS. Weinberg et al.63 reported, in a pre-embedding
immunochemical study, that central boutons of
glomeruli in the rat spinal cord reacted for L-gluta-
mate, and more recently, De Biasi and Rustioni10
confirmed this in a post-embedding study. These
studies employed a different antiserum20 to the one
used here and, to date, no investigation of L-gluta¬
mate enrichment of central boutons in the cat spinal
cord has been reported. Furthermore, in contrast to
the studies cited above, we adopted a quantitative
approach to determine the degree of L-glutamate
enrichment of central boutons and compared L-gluta-
mate immunoreactivity of the superficial dorsal horn
with immunoreactivity for GABA, aspartate (ASP)
and glutamine (GLN).

There are at least three different classes of central
terminals in glomeruli of the superficial spinal dorsal
horn of the rat44 and monkey;26 these can be distin¬
guished using morphological criteria. Similar recog¬
nizable classes of glomerular complexes also exist in
the cat, although a detailed classification has not been
undertaken for this species. An additional aim of the
present study was to examine these various classes of
glomeruli for L-glutamate enrichment.

EXPERIMENTAL PROCEDURES

Post -embedding immunocytochemislry
Two adult cats were anaesthetized with sodium pentobar¬

bitone (40mg/kg, i.p.). Transcardial perfusion was per¬
formed rapidly with the following solutions: (1) 500 ml of
0.9% saline, heparin (100 units/ml) and sodium nitrite
(0.01%) at 37°C; (2) 1 1 of 2.5% glutaraldehyde and 1%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at
37°C, and (3) 2 1 of solution 2 at 4°C. Animals were
artificially ventilated during the initial stages of perfusion.
Spinal segments L6 and L7 were removed and placed in
fixative for 8 h at 4°C. The segment blocks were washed in
phosphate buffer (pH 7.4) several times and transverse
sections (40 /im thick) were cut with a Vibratome. Sections
were placed in a 1% solution of osmium tetroxide for 1 h,
dehydrated through a series of ethanol solutions and stained
en bloc with uranyl acetate. Finally, they were cleared in
propylene oxide and flat-embedded in Durcupan between
cellulose acetate foils.

On completion of polymerization, sections were examined
with a light microscope. The substantia gelatinosa (SG) was
identified as a lucent band, weakly stained with osmium, in
the superficial dorsal horn. The superficial horn was at¬
tached to blocks, trimmed to include the entire SG and
sectioned on an ultramicrotome. Series of thin sections were

collected on single-slot gold grids coated with Formvar. The
post-embedding technique employed has been described in
detail elsewhere.32-56 Briefly, sections were etched in 1%
solutions of periodic acid and sodium periodate for 7 min
each. They were washed in distilled water between changes
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and transferred to droplets of Tris (10 mM)-phosphate
(10 mM (-buffered saline (TPBS; pH 7.4) for two periods of
10 min and then placed in TPBS containing 5% normal goat
serum (NGS) for 30 min. Sections were next placed on
droplets of TPBS containing 1% NGS for 10 min prior to
incubation in primary antiserum. Details of the preparation
and properties of the anti-glutamate serum (code GLU 03)
have been published elsewhere.34-37'39'5'1 The final purification
step in solid phase (i.e. the step against Sepharose-coupled
bovine serum albumin-glutaraldehyde-glutamine; see Ref.
37) was omitted for the batch of glutamate antiserum used
in this study. Antiserum preparations that had been sub¬
jected to more extensive purification in solid phase produced
rather weak labelling with the immunogold procedure,
presumably due to a loss of high affinity antibodies. In the
majority of experiments GLU 03 was used after preincuba¬
tion with 100/rM of glutaraldehyde-conjugated aspartate
(ASP-G) and 100/<M of glutaraldehyde-conjugated gluta-
mine (GLN-G) to eliminate weak cross-reactivities with
aspartate and glutamine (see below). This shall be referred
to in the text as standard glutamate antiserum. Grids were
floated on droplets containing the primary antiserum for
2 h. Several dilutions were tested but the optimal dilution
(i.e. the dilution that produced the best differential labelling)

was found to be 1:1000. Grids were subsequently washed in
0.05 M Tris-HCl buffer (pH 7.5) containing 0.05%
polyethylene glycol for four periods of 5 min and then
placed in a similar solution containing goat anti-rabbit IgG
coupled to 15 nm gold spheres (Janssen) for 1.5 h. Finally
the grids were washed in distilled water and contrasted with
lead citrate.

Specificity of the reaction
Test sections34 were employed to examine the specificity

of the antiserum (see Figs 1 and 2). These were incubated
in GLU 03 or standard preadsorbed glutamate antiserum
under the same conditions as experimental tissue. Test
sections consisted of "sandwiches" of amino acid conjugates
with brain macromolecules. They were embedded in Durcu-
pan (ACM). Each section contained the following conju¬
gates: (1) GABA; (2) glutamate; (3) taurine; (4) glycine; (5)
none (i.e. no amino acid was added to the conjugate reaction
mixture); (6) aspartate and; (7) glutamine. For practical
reasons, the number of test substances in the sandwich was
limited to these six most abundant free amino acids in the
CNS. A larger list of compounds was tested previously.39 In
addition, test sections contained strips of normal brain
tissue interposed between each of the conjugates.34

GLU 03

NONE

Fig. 1. Electron micrographs of amino acid-glutaraldehyde-brain macromolecule conjugates from a test
section incubated with GLU 03 (not preadsorbed) at a dilution of 1:1000. Note the heavy labelling of
the glutamate conjugate, weak labelling of the glutamine and aspartate conjugates and the poor labelling

of the others (see Table 1 for statistics). Conventional abbreviations are used for amino acids.
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GABA

STANDARD GLU

GLU: ; Ik tauH gly

1

NONE

Fig. 2. Electron micrographs of amino acid-glutaraldehyde-brain macromolecule conjugates incubated
with the standard glutamate serum (GLU 03 preadsorbed with 100 /iM GLN-G and 100 pM ASP-G) at
1:1000. Note the heavy labelling of the glutamate conjugate and poor labelling of the others (see Table

1 for statistics). Conventional abbreviations for amino acids.

A number of experiments were performed to test the
specificity of the immunoreaction on spinal tissue. For this
purpose, untreated anti-GLU 03, or preadsorbed GLU 03
(standard antiserum preparation, see above) was substituted
with the following sera or solutions. (1) Glutamate anti¬
serum diluted to 1:1000 which was preadsorbed with
100/jM glutaraldehyde-conjugated l-glutamate (GLU-G)
in TPBS with 1% NGS. Conjugates were made according
to the method of Ottersen et al,39 (2) Antiserum (code
GABA 09) specific for aldehyde-conjugated GABA. This
antiserum was kindly donated by Dr P. Somogyi (MRC
Anatomical Neuropharmacology Unit, Oxford) and was
used at dilutions of 1:6000. Its characteristics and specificity
have been documented elsewhere " and it has been tested on

spinal material previously.32 Alternate pairs of serial sections
were treated with GLU 03 and GABA antiserum. This
enabled consistency of labelling to be examined for each of
these antisera, and a comparison to be made of tissue-
labelling properties of the two antisera. (3) Aspartate anti¬
serum (code ASP 18)38 diluted to 1:50 and preadsorbed with
50 /(M GLU-G. Test grids14 were used to assess the specifi¬
city of the reaction. (4) Glutamine antiserum (code GLN
34)28.36 diluted to 1:500 and preadsorbed with 100/<M

ASP-G. Test grids34 were also used with this antiserum. (5)
TPBS with 1% NGS and normal rabbit serum diluted to

1:1000. (6) TPBS with 1% NGS only.
Several variants of this type of experiment were per¬

formed; for example, alternate serial sections were incubated
in GLU 03 that had been previously adsorbed with GLU-G
or standard glutamate antiserum (see Fig. 5).

Electron microscopy
For the purposes of these experiments the substantia

gelatinosa included all of lamina II and also some interme¬
diate regions of laminae 1 and III.

Sections were scanned at random, and when a labelled
terminal was identified it was followed through two to five
serial sections and examined for consistency of gold particle
labelling (i.e. to determine if a single terminal was consis¬
tently labelled heavily or weakly throughout the series). In
all, 72 heavily labelled central boutons in material treated
with GLU 03 and 27 central boutons in tissue incubated
with the standard, preadsorbed glutamate antiserum, were
examined through series of sections. Quantitative analysis
was performed on a further 90 boutons, treated with the
standard GLU antiserum, and 30 boutons treated with
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GLU 03. Twenty boutons were analysed quantitatively
from tissue incubated in GABA 9 and 25 from each of the

experiments with ASP 18 and GLN 34.
Central boutons of glomerular complexes were identified

easily in the neuropil by their distinctive morphology;
equivocal structures were ignored. They were classified
according to the scheme of Knyihar-Csillik el al.2fl which
was originally developed for the monkey.

Dense sinusoid axon terminals (DSAs) contain agranu¬
lar synaptic vesicles which vary considerably in diameter.
They have dense cytoplasm and form sinusoidal profiles.
Mitochondria are sparse, but when present often have a
swollen appearance.

Large dense-core vesicle terminals (LDCVs) are easily
recognized by the presence of numerous dense-core vesicles
within them in addition to small agranular vesicles.

Regular synaptic vesicle terminals (RSVs) have light
cytoplasm and contain regular spherical agranular vesicles
of uniform diameter (40 /<m). They usually contain a num¬
ber of mitochondria and, occasionally also, neurofilaments.

Ninety boutons, treated with the standard antiserum
preparation, were classified into these three groups
from randomly selected fields and photographed at
x 21,500 for quantitative analysis. This procedure was
performed regardless of the density of particle labelling
associated with individual boutons and was repeated until
photographs of 30 boutons from each class had been taken
(see Table 3).

Quantitative analysis
Densities of gold particles were estimated from micro¬

graphs (x 16,500-27,500) of experimental tissue and test
sections using a Magiscan Image Analysis System (Joyce
Loebl). The program enabled a profile to be defined and
the number of gold particles contained within it to be
counted manually. The particle density was calculated and
expressed in terms of numbers of particles per square
micron. Estimates of average tissue densities were obtained
by dropping a card of unit area onto micrographs from a
standard height and measuring the numbers of grains
contained within these randomly defined areas. Tissue
measurements were made from the same micrographs as
profile measurements. Groups of measurements were com¬
pared statistically using Student's (-test. Estimates of back¬
ground labelling were made by measuring areas occupied
by the lumen of blood vessels and counting the number of
gold particles contained within these profiles, or in the
case of test grids, estimates were made directly from tissue-
free resin.

RESULTS

Test grids
Results obtained with test grids using the GLU 03

antiserum and the standard (preadsorbed) antiserum
at the working dilution (1:1000) are illustrated in Figs
1 and 2 and Table 1. These results indicate that GLU
03 recognizes glutamate bound with glutaraldehyde
to brain macromolecules with high affinity but there
is some cross-reactivity with aspartate and glutamine,
fixed in a similar manner. The particle density associ¬
ated with other conjugates did not differ significantly
from the "none" conjugate. Preadsorption of GLU
03 with 100 /(M ASP-G and 100/iM GLN-G abol¬
ished cross-reactivity and only glutamate conjugates
were labelled with significantly higher particle den¬
sities than the "none" conjugate (Fig. 2; Table 1). In
view of this propensity to cross-react with aspartate
and glutamine, GLU 03 was routinely preincubated

Table 1. Gold particle densities of amino acid conjugates
(particles/p m2)

GLU 03 Standard GLU

Conjugate
GABA (8)0.90+1.6 (10) 1.78 + 3.2
GLU (9) 121.25 ±45.2* (10) 82.36 + 22.4*
TAU (7)2.83 + 4.9 (10) 0.46 ± 1.0
GLY (10)3.14 + 4.6 (10)0.49+ 1.6
None (6) 2.00 + 2.6 (10) 1.12 + 1.8
ASP (10) 23.76 ±20.9 (10) 1.56 ± 2.1
GLN (9) 17.35 + 5.2* (10)5.6 + 7.4

This table illustrates gold particle densities for GLU 03
diluted to 1:1000 (left column) and GLU 03 at 1:1000,
preadsorbed with 100/iM ASP-G and 100 /iM GLN-G
(standard glutamate; right column) on test sections
containing amino acids conjugated to brain macro-
molecules with glutaraldehyde (Figs I and 2). There is
some cross-reactivity with aspartate (ASP) and glu¬
tamine (GLN) when untreated GLU 03 is used (Fig. 1)
but no significant cross-reactivity with preadsorbed
GLU 03 (Fig. 2). Figures in parentheses indicate number
of profiles measured in each group. Background meas¬
urements (i.e. particle densities associated with tissue-
and conjugate-free resin) were very low (approximately
1.2-0.3 particles//! m2) and were not deducted from the
figures in the table. GLU, glutamate; GLY, glycine;
TAU, taurine.

"Student's /-test indicates P <0.001 when compared with
the "none" conjugate in the same column.

All other comparisons with "none" in each column were not
significant (P > 0.05).

with glutaraldehyde conjugates of aspartate and glu¬
tamine; this was adopted as the standard antiserum
preparation for quantitative analysis.

Staining properties of centra! boutons in glomeruli
When sections were examined with the electron

microscope at low power it became obvious that the
majority of central boutons of glomeruli were heavily
labelled with gold particles when GLU 03 was used
at a dilution of 1:1000 (Fig. 3). This visual impression
was confirmed by statistical analysis comparing parti¬
cle labelling of central boutons with the tissue average
(Table 2). Seventy-two central boutons (46 RSV, 15
DSA and 11 LDCV) were examined through a series
of sections and were found to be consistently labelled
with a greater density than most other structures in
the neuropil (Fig. 4). In addition to central terminals,
a large number of non-glomerular boutons, which
contained spherical agranular vesicles, and occa¬
sional perikarya of lamina II neurons (see Fig. 3)
were also noted to be heavily labelled with gold
particles.

In some experiments a comparison was made
between sections treated with GLU 03, GLU 03
which was preadsorbed with GLU-G, and the stan¬
dard antiserum preparation. Boutons treated with
antiserum, which had been previously preincubated
with GLU-G, were sparsely labelled (Fig. 5A), but in
sections treated with antiserum, preadsorbed with
ASP-G and GLN-G (standard antiserum prepar¬
ation), boutons continued to display selective heavy
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Fig. 3. Electron micrograph at low magnification illustrating selectivity of labelling with GLU 03. Central
boutons of glomeruli (C) are heavily labelled with gold particles whereas most other structures are weakly

labelled. The perikaryon of a lamina II neuron (top right) is also labelled heavily.
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Table 2. Average gold particle densities of central boutons in glomeruli compared
with tissue average (particles///m2): comparison of antisera

Central
Antiserum n boutons Tissue average Ratio P<

Standard
GLU 90 14.92±5.7* 5.80 1 5.8t 2.6 0.001
GLU 03 30 23.77 +10.1* 8.87 1 4.6+ 2.7 0.001
GABA 09 20 4.0513.1 7.51 16.2 0.54 0.05
ASP 18 25 12.3614.7 11.61 +5.9 1.06 N.S.
GLN 34 25 2.7512.3 5.42 + 2.6 0.51 0.001

Standard antiserum is GLU 03 preadsorbed with 100//M ASP-G and 100//M
GLN-G. GLU 03 was used at dilutions of 1:1000 in both conditions. GABA 09
was used at dilutions of 1:6000. ASP 18 was used at 1:50 and was preadsorbed
with 50 //M GLU-G. GLN 34 was used at 1:500 and was preadsorbed with
100 ;iM ASP-G. Background ranged from 0.38 to 0.35 particles///m2 and was not
subtracted.

*Average particle density of central boutons labelled with GLU 03 and Standard
glutamate (GLU) was significantly different (P <0.001) (Student's /-test).

tAverage tissue density was significantly different between GLU 03 and Standard
glutamate (P <0.001) (Student's /-test).

labelling (Fig. 5B) and the central bouton to average
tissue particle density ratio was 2.6 (Table 2). The
particle density associated with central boutons and
the average tissue density in sections treated with the
standard antiserum preparation was significantly re¬
duced when compared with similar material incu¬
bated in GLU 03 (Table 2) although the ratio
between the two values remained constant. This was

probably due to unspecific interactions between the
primary antibodies and the glutaraldehyde complexes
used for adsorption.

Analysis of tissue incubated with GABA 09 anti¬
serum demonstrated that 20 randomly selected cen¬
tral boutons were associated with significantly lower
particle densities than the average tissue density
(Table 2) and the bouton to tissue density ratio was
0.54. Alternate pairs of serial sections were examined
after treatment with GLU 03 and GABA 9 (Figs 6
and 7). Fourteen pairs of RSV boutons were exam¬
ined under these conditions and were found to be

heavily labelled following treatment with GLU 03
(25.7 + 5.2 particles///m2). Boutons, which were pos¬
itive for GABA in adjacent sections, were weakly
labelled for glutamate (12.7 + 8.1 particles///m2)
when compared with central boutons and the particle
density ratio for central boutons to GABA boutons
was 2.0 in sections treated with GLU 03. The density
of labelling for GABA-positive terminals when
treated with GLU 03 was higher than the average
tissue density (12.7 compared with 8.87 parti¬
cles///™/) but this difference was not statistically
significant. Some terminals, which were presynaptic
to central boutons in glomeruli, were observed to be
labelled for GABA (Fig. 6A).

Sections treated with ASP 18 displayed an even
distribution of particle labelling which was not
usually associated with particular structures in the
neuropil (Fig. 8A). There was no significant differ¬
ence between particle densities of central boutons and
the tissue average (Table 2). Examination of test grids
incubated with ASP 18 under the same experimental

conditions as tissue revealed that the immunogold
reaction was specific for aspartate bound to protein
with glutaraldehyde. Tissue incubated in GLN 34
displayed heavy labelling which was associated with
the glial cells, neuronal somata and occasional dend¬
ritic processes. Central boutons, however, were al¬
ways weakly labelled (Fig. 8B) and statistical
comparison indicated that particle densities associ¬
ated with such terminals were significantly weaker
than the tissue average (Table 2). Test grids also
confirmed the specificity of the glutamine im¬
munogold reaction.

Sections treated with normal rabbit serum diluted
to 1:1000 in place of GLU 03 displayed weak
undifferentiated labelling and if GLU 03 was omitted
from the incubation medium, sections were devoid of
particles.

Glutamate enrichment of central boutons in glomeruli
Experiments to determine glutamate enrichment of

central boutons in glomeruli were performed exclu¬
sively with the standard antiserum preparation to
avoid possible misinterpretations arising from weak
cross-reactivity with aspartate and glutamine.
Twenty-seven central boutons were followed through
serial sections and were noted to be heavily labelled
in consecutive sections.

A further 90 central boutons (30 from each class)
were photographed at random and analysed quanti¬
tatively. These boutons were classified according to
the system of Knyihar-Csillik et alrk Quantitative
analysis revealed that all classes of bouton were
heavily labelled with gold particles (Table 3) but the
density of labelling varied depending upon the class
of bouton.

RSV boutons (Fig. 9) were heavily labelled with
particles; the bouton to tissue density ratio was 2.6.
These were generally located in ventral regions of the
SG and lamina III. Quantitative analysis demon¬
strated that DSA (Fig. 10) boutons were the most
heavily labelled class; the bouton to tissue density
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Fig. 5. Serial sections through a central bouton. A was treated with GLU 03 that was preadsorbed with
100 (iM GLU-G. Note the absence of labelling. B was treated with standard GLU. Note the heavy

labelling of the central bouton.

Fig. 4. A and B are consecutive serial sections treated with GLU 03 illustrating a central terminal of a
glomerulus which is heavily labelled with gold particles in both sections. D, dendrite; Ax, axon terminal.
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GABA 09
• %

«#

Fig. 6. Serial sections through a central bouton (1). A was treated with GABA 09 and B was treated with
GLU 03. 1 and 2 are terminals labelled for GLU but not for GABA and 3-5 are terminals enriched in
GABA-like immunoreactivity but not in glutamate-like immunoreactivity. Bouton 2 is a central terminal

and boutons 3-5 are non-glomerular axon terminals.
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GABA 09

Fig. 7. Another example of serial sections through a central bouton which were labelled for (A) GABA
and (B) glutamate (GLU). Note the absence of GABA-like immunoreactivity in the central bouton. The
axon terminal (arrow) which is presynaptic to the central bouton (A) is labelled for GABA. D, dendrites;

Dv, vesicle-containing dendrites.

NSC 36/1—D
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Table 3. Comparison of average gold particle densities (particles//! m2) for
three classes of central bouton with tissue average using standard gluta-

mate antiserum

Class n Boutons Tissue average Ratio P <

RSV 30 15.38 ±4.1 5.73 + 3.4 2.6 0.001
DSA 30 17.57 + 6.4 5.70 + 3.5 3.1 0.001
LDCV 30 11.81 + 5.1* 5.95 + 3.5 2.0 0.001

Standard glutamate antiserum (GLU 03 preadsorbed with 100 /!M ASP-G
and 100GLN-G) was used at dilutions of 1:1000. RSV, regular
synaptic vesicle-containing bouton; DSA, dense sinusoidal bouton;
LDCV, large dense core vesicle-containing bouton; P, probability due
to chance (Student's Mest). Background was 0.35 particles//! m2 and
was not deducted.

*Particle densities of LDCV boutons are significantly different from RSV
(P <0.005) and DSA (P <0.001) boutons. RSV and DSA are not
significantly different. Tissue averages are not significantly different
(Student's r-test).

ratio being 3.1. DSA boutons predominated in dorsal
regions of the SG. Of the three groups, LDCV
boutons (Fig. 11) were the most weakly labelled and
the bouton to tissue particle density ratio was 2.0.
They were located mainly in superficial regions of the
SG and lamina I.

Quantitative analysis indicated that there were

significant differences between particle densities asso¬
ciated with LDCV boutons and RSV and DSA

boutons, but differences between RSV and DSA
boutons were not statistically significant. The average
tissue particle density was also not significantly differ¬
ent across the three groups (Table 3). Data from
Table 3 are illustrated in the form of histograms in
Fig. 12. The histograms illustrate that average tissue
particle densities form different distributions than
particle densities associated with the three classes of
central bouton. The histograms also show that there
is some overlap between average tissue density dis¬
tributions and distributions of particle densities for
central boutons in all three classes. In individual

measurements, the ratios between central bouton
densities and tissue densities were usually maintained,
although a small number (less than 3%) of central
boutons in each class were weakly labelled and had
particle densities which were identical to, or less than,
the tissue estimate.

DISCUSSION

Characteristics of the glutamate antiserum
The use of test grids indicated that GLU 03 binds

to glutaraldehyde-fixed glutamate with high affinity
under the experimental conditions used in this study.
A slight cross-reaction with glutamine and aspartate
was only observed when the preadsorption step (with
ASP-G and GLN-G) was omitted. In consequence,
some of the labelling observed in tissue incubated
with untreated GLU 03 may have been due to these
compounds. Nevertheless, preadsorption of the anti¬
serum with 100 /rM GLU-G abolished most labelling
in tissue and experiments with ASP 18 and GLN 35
antisera produced no evidence for enrichment of
these substances in central boutons. It is probable,
therefore, that even in the case of the untreated
antiserum, most or all of the staining was due to the
recognition of a fixed glutamate-Iike substance in
spinal tissue. In agreement with this contention, the
two different serum preparations produced the same

particle density ratios when central boutons were
compared with the tissue average (Table 2).

When GLU 03 or the standard antiserum prepar¬
ation was omitted from the incubation mixture or

substituted with normal rabbit serum, immunoreac-
tivity was abolished or sparse and undifferentiated,

Fig. 8. Aspartate and glutamine labelling of central boutons. (A) An example of a central bouton from
tissue treated with ASP 18 at 1:50. The density of particle labelling associated with the central bouton
does not differ significantly from the tissue average (see Table 2). (B) A central bouton (C) after treatment
with GLN 34 at 1:500. Labelling of the central bouton is absent but heavy particle densities are associated
with glial cells (Gl) and weak labelling is associated with some dendritic processes (see also Table 2).
Fig. 9. (A and B) Two examples of RSV boutons which were treated with the standard glutamate
antiserum. Note the heavy particle labelling associated with both (see Table 3 and Fig. 12 for quantitative

assessment).

Fig. 10. Examples of DSA boutons treated with the standard glutamate antiserum. (A) A heavily labelled
DSA bouton. Note the variations in vesicle size and the swollen appearance of mitochondria. (B) Two
further examples of DSA boutons (asterisk) which are heavily labelled (see Table 3 and Fig. 12 for

quantitative assessment).



COQlCO

*»

Ik.4,'4

*

=1£>Q.

1

\

f

X
'

o

'

}hm
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Fig. 12. Histograms comparing average tissue particle den¬
sities (black bars) with densities for DSA, LDCV and RSV
terminals (white bars) after incubation with the standard
GLU antiserum. Tissue averages were estimated from the
same micrographs as terminals. In all three groups statistical
analysis confirmed that the two populations were signifi¬

cantly different from each other (Table 3).

respectively. This indicates that the presence of GLU
03 or the standard serum is required for a dense,
differentiated immunoreaction to occur.

It is worth noting that the tissue average values
obtained in these experiments probably do not repre¬
sent "background" labelling in the usual sense, but
are likely to represent genuine glutamate-immuno-
reactions, mainly with the ubiquitous pool of
"metabolic" glutamatc in the CNS.15

Comparison of glutamate immunoreactivity of central
boutons with immunoreactivity for GABA, aspartate
and glutamine

After incubation in GABA 09, central boutons
were associated with a significantly weaker average
density of particles when compared with the tissue
average. A number of GABA-positive terminals
would inevitably be included in the estimated average
particle density of the spinal tissue and therefore such
a result would be expected. It is clear from this
observation, that central boutons contain very low
levels of GABA. Sections, immunolabelled for

GABA resembled "mirror images" of adjacent sec¬
tions stained for glutamate; elements, such as central
boutons were usually devoid of gold particles,
whereas structures such as terminals presynaptic to
central boutons were selectively labelled for GABA.
A similar finding was reported by Somogyi et alp in
a post-embedding immunostaining study of the cere¬
bellum. They found that mossy and parallel fibre
terminals displayed significantly higher levels of glu¬
tamate immunoreactivity (approximately twice the
density) that Golgi cell terminals which were iden¬
tified in serial sections by GABA immunoreactivity.
This evidence, taken in conjunction with our observa¬
tions, indicates that there is little overlap of GABA
and glutamate enrichment in the cerebellum and
spinal cord. Such a segregation would be anticipated
for GABA and glutamate which perform distinctive
inhibitory and excitatory roles as neurotransmitters.
Although GABA-immunolabelled terminals were not
intensely labelled for glutamate, they did display a
weak immunoreactivity for glutamate which was

slightly higher than the tissue average; this could be
indicative of the presence of a precursor pool of
glutamate in GABAergic terminals.

An additional finding was that terminals, presyn¬
aptic to central boutons, were enriched with GABA.
This observation confirms previous findings.2 How¬
ever, some presynaptic vesicle-containing structures
did not appear to contain GABA, thus raising the
possibility that another transmitter such as

enkephalin4-22 is contained within them.
Glutamine is a precursor of glutamate. Small dor¬

sal root ganglion cells are rich in glutaminase, the
enzyme which converts glutamine to glutamate, and
[3H]glutamine is accumulated by small dorsal root
ganglion cells in considerably greater quantities than
large ones." The presence of glutamine would be
expected in small dorsal root ganglion neurons that
manufacture glutamate, but our data indicate that
central boutons which arise from such cells are weak
in glutamine immunoreactivity. A probable explan¬
ation for low levels of glutamine detected in central
boutons is that it is efficiently converted by gluta¬
minase to glutamate. Glia often displayed heavy
immunoreactivity for glutamine; this supports the
suggestion that glutamate is converted to glutamine
in glial cells by glutamine synthetase.33

Aspartate has been mooted as a neurotransmitter
in its own right but was considered unlikely to be a
serious transmitter candidate at primary afferent
synapses since dorsal and ventral roots contain simi¬
lar levels of this amino acid.1314-16'50 Furthermore,
Duggan12 has demonstrated that spinal interneurons,
which are activated with a short latency by stimula¬
tion of peripheral nerves, are more sensitive to L-glu-
tamate than L-aspartate. Renshaw cells, on the other

Fig. 11. (A and B) Examples of LDCV boutons treated with the standard GLU antiserum. Both examples
are heavily labelled (see Table 3 and Fig. 12 for quantitative assessment).
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hand, were more sensitive to L-aspartate. Duggan12
concluded that it was likely that primary afferent
fibres utilized glutamate as a neurotransmitter
whereas excitatory interneurons in the cord were
more likely to use aspartate. No reports of enrich¬
ment of aspartate in dorsal root ganglion cells have
been made to date,64 but the presence of aspartate in
a subpopulation of dorsal root fibres has recently
been reported.64 However, our observations revealed
that aspartate immunoreactivity was found generally
in tissue of the superficial dorsal horn and was usually
not associated with particular structures in the neuro¬

pil. Densities of immunogold reactions associated
with central boutons were similar to those associated
with dorsal horn tissue in general and no evidence
for enrichment of aspartate in central boutons
was found. It therefore follows that aspartate is
unlikely to perform a transmitter role at synapses
formed by fine afferent fibres in the superficial dorsal
horn.

Identity of central boutons

Knyihar-Csillik et al.,2b-21 in their studies of the
superficial dorsal horn of the rhesus monkey, sug¬

gested that DSA and LDCV boutons originated from
unmyelinated (C) primary afferent fibres, whereas
RSV terminals originated from larger myelinated
fibres. This assertion was based on the locations and

degeneration patterns of these various types of
bouton in the dorsal horn; RSV boutons were gener¬
ally found close to the border between laminae II and
III where the larger fibres terminate whereas DSA
and LDCV were found in more superficial regions
where unmyelinated fibres terminate. A similar
conclusion was formed by Riberio-da-Silva and
Coimbra44 from observations in the rat dorsal horn,
although a different form of classification was

adopted by these authors. Their type I glomeruli
correspond to a combination of DSA and LDCV
terminals and type II correspond to RSV terminals.
In a subsequent paper,46 type I is subdivided into
three further groups: (1) those that contain substance
P; (2) those that do not contain substance P and have
less than three dense-core vesicles; (3) those that do
not contain substance P and have more than three
dense-core vesicles. Subgroups 1 and 3 probably
correspond to LDCV terminals, whereas subgroup 2
corresponds to DSA terminals.

It is difficult to demonstrate the origins and fibre
types of RSV, DSA and LDCV terminals directly.
The most suitable approach is to combine intracellu¬
lar recording and staining methods to provide
anatomical and physiological information on the
same structure. This has proved to be particularly
difficult in the case of small unmyelinated (C) fibres,
but Sugiura et al.,59 in a most elegant study of the
guinea-pig lumbar and cervical cord, intracellularly
labelled several physiological classes of C-fibres in¬
nervating cutaneous receptors. The majority of ter¬
minal arbors were found in the superficial dorsal

horn, thus confirming the long held suspicion that
this region was their principal projection site. Unfor¬
tunately, this study was not extended to the ultra-
structural level and the important question of
whether different classes of C-fibre give rise to differ¬
ent morphological types of bouton has yet to be
answered with certainty. Nevertheless, Rethelyi47 has
reported ultrastructural observations on a single C-
fibre in the monkey. The fibre arborized in the outer
(dorsal) regions of lamina II and in lamina I. Boutons
formed glomerular synaptic complexes and contained
spherical agranular vesicles and large dense-core vesi¬
cles and thus corresponded to the LDCV class of
central bouton. Approaches based on chemical char¬
acteristics of afferent fibres have been adopted to
identify specific classes of C-fibre terminals. For
example DSA terminals in rodents, appear to contain
fluoride-resistant acid phosphatase (FRAP) which
may be revealed by histochemical reaction.8,25,45
FRAP is exclusively located in the SG where cuta¬
neous C-fibres terminate and disappears after rhiz¬
otomy. Furthermore, some LDCV terminals contain
substance P46 a putative neurotransmitter long associ¬
ated with fine afferent axons (see below). Unfortu¬
nately, these methods are limited in that they forego
direct correlations of physiology (including estimates
of conduction velocities) and morphology of fibres.
Nonetheless, combined evidence from intracellular
staining and histochemical studies, lends credence to
the contention that DSA and LDCV terminals origin¬
ate from C-fibres. It is probable, therefore, that most
DSA and LDCV terminals observed in this study
originate from C-fibres.

The terminal arbors of cutaneous primary afferent
fibres in the Aa/I and AS conduction velocity ranges
have been studied extensively at the light and electron
microscopic levels using intracellular staining tech¬
niques. Rethelyi et al.48 described details of A<5 fibre
arborization patterns in the dorsal horn of the cat.
Axons of mechanical nociceptors formed arbors in
laminae I and V. Some of the axons in lamina I
formed scalloped, central terminals in glomeruli
which were similar in appearance to DSA boutons. A
few of the DSA central boutons, located at the lamina
I/II border in this study, could have originated from
these fibres. Axons innervating down hairs terminate
in laminae III, IV and the inner SG and form central
boutons which bear a striking resemblance to RSV
terminals and therefore it is highly probable that a

proportion of them originate from down-hair affer-
ents. Large (Aotp) fibres have also been extensively
studied by intra-axonal labelling techniques in the cat
(see Ref. 6). These fibres, however, arborize in lam¬
inae III—V and do not penetrate the SG. Moreover,
although all classes of Aotfl fibre form central termin¬
ations of glomeruli, such arrangements are in the
minority and the most frequent type of arrangement
is relatively simple.37 A small proportion of RSV
terminals in lamina III seem to originate from these
large fibres.
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In conclusion, it is probable that the majority of
DSA and LDCV terminals observed in this study
originate from C-fibres. As in the monkey,26-27 they
were located in the outer regions of the SG, but some
DSA central boutons of the outer SG and lamina I
in the cat may also originate from mechanical noci¬
ceptors in the Ad conduction velocity range. Many
RSV terminals could arise from A5 fibres innervating
down hairs which generally terminate in the inner SG
and lamina III.48 A few RSV terminals in lamina III
could also originate from Aot/i fibres and it cannot be
excluded that a proportion of RSV terminals in
lamina II are of C-fibre origin.

Glutamate as a neurotransmitter offine primary affer¬
ent fibres

Ottersen35 has demonstrated that there is roughly
a linear relationship between gold particle density
and the concentration of antigen in post-embedding
immunogold reactions identifying glutamate. It is
probable therefore that the increased particle densi¬
ties associated with central boutons demonstrated in
this study indicates a genuine enrichment of gluta¬
mate in these structures. Weinberg et al.6i recently
reported that central terminals of glomeruli react for
glutamate in a pre-embedding immunostaining study
in the rat, and De Biasi and Rustioni10 confirmed this
in a post-embedding study. Our study also demon¬
strates that central boutons of glomeruli, which prob¬
ably emanate predominantly from fine primary
afferent fibres, are enriched with a glutamate-like
substance. It seems unlikely that the observed abun¬
dance of glutamate in central terminals simply reflects
cellular metabolic needs for this molecule. Evidence

supporting this assertion comes from observations on
hippocampal and cerebellar slices which demonstrate
that the categories of terminals which are enriched in
glutamate-like immunoreactivity are identical to
those that sustain release of glutamate.36-39a The ob¬
served enrichment of glutamate in axon terminals of
fine primary afferent axons, if considered in conjunc¬
tion with the evidence reviewed above in the intro¬

duction, strengthens the case for glutamate as a
neurotransmitter of fine afferent axons.

The levels of glutamate enrichment differed be¬
tween the three classes of central bouton and statisti¬
cal analysis indicated that enrichment of LDCV
boutons was significantly weaker than DSA and RSV
enrichment. As estimates of tissue average for each of
these groups did not differ significantly from each
other (see Table 2), this difference in enrichment of
LDCV boutons appears to be genuine and not due to
variability of particle labelling between the groups.
LDCV boutons were associated with twice the den¬

sity of gold particles than average and therefore the
elevated levels of glutamale in these structures are still
suggestive of a transmitter function for this substance
at synapses formed by LDCV boutons. These obser¬
vations may indicate differences in ability of the
various fibre types to manufacture and/or accumulate

glutamate. Similar differences in glutamate immuno¬
reactivity have been noted between different popula¬
tions of presumed glutaminergic terminals in the
hippocampus.393 A small number (less than 3%) of
central boutons were weakly labelled. It is difficult to
assess the significance of this observation; it could
imply that a small number of central terminals are
weak in glutamate, or have sustained glutamate
depletion, or it may simply reflect a limitation in the
detection method employed in this study.

Fine afferent fibres in the cord have been associated
with a variety of peptides including, substance P,
somatostatin, vasoactive intestinal peptide and chole-
cystokinin (see, for example, Refs 29, 30, 51). Im-
munohistochemical studies indicate that LDCV
terminals in the superficial spinal cord stain positively
for many of these compounds including substance
P.46 Recently, Battaglia and Rustioni3 and De Biasi
and Rustioni10 demonstrated co-localization of sub¬
stance P and glutamate immunoreactivity in small
dorsal root ganglion cells and axon terminals which
resembled LDCV boutons. These findings may indi¬
cate that these substances act as co-transmitters at

some synapses formed by fine afferent fibres. Recent
evidence demonstrates that stimulation of small affer¬
ent fibres generates both fast and slow excitatory
postsynaptic potentials in dorsal horn neurons.53-60-65
Peptides, such as substance P can evoke slow excita¬
tory potentials when applied ionophoretically to
neurons, including those of the spinal cord.21-60 In
consequence, it is tempting to suggest that fast poten¬
tials are mediated by glutamate and slow transmis¬
sion is mediated by substance P, or some other
peptide, at synapses of fine afferent fibres. However,
Yoshimura and Jessel65 suggested recently that excita¬
tory slow potentials in the superficial dorsal horn
were generated in the main by AS fibres but not by
C-fibres; this therefore raises doubts about the role of
substance P as a neurotransmitter of C-fibres and its

precise function in these fibres remains a matter of
controversy. Yoshimura and Jessel65 also indicated in
their study that stimulation of most AS and C-fibres
could elicit fast excitatory postsynaptic potentials in
neurons of the SG; this view is reinforced by our
observations that all classes of central boutons in

synaptic glomeruli are enriched with L-glutamate
which is presumed to be an excitatory transmitter
which mediates fast transmission.

CONCLUSION

Glutamate has been regarded for some time as the
universal excitatory neurotransmitter in the verte¬
brate CNS. In this study we have demonstrated that
boutons of fine primary afferent axons, which are

presumed to exert excitatory actions on their post¬
synaptic target neurons, are enriched with a gluta¬
mate-like substance. It is highly probable therefore,
that glutamate serves as a neurotransmitter in most
fine primary afferent fibres.
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Single group la muscle afferent fibres in the lumbar spinal cord of the cat were impaled with microelectrodes and labelled with horseradish
peroxidase. Two collateral axons were prepared for combined light and electron microscopy. Arbors selected from lamina VI were processed
by the postembedding immunogold technique with antiserum which specifically recognizes GABA in glutaraldehyde-fixed tissue. Twelve la
boutons were examined through series of thin sections with the electron microscope and all of them were associated with presynaptic axon
terminals which were positively labelled for GABA. Some la boutons received synaptic contacts from several GABAergic terminals. The
present study establishes that a GABA-like substance is present in axon terminals presynaptic to la afferent boutons in lamina VI of the spinal
cord. This evidence provides a morphological basis for presynaptic inhibition of la afferent input into lamina VI.

INTRODUCTION

Collateral axons of group la muscle afferent fibres
form characteristic branching patterns in the L6-S1
segments of the cat's spinal cord4-6,17. In these segments,
they terminate in 3 distinct regions: (1) lamina IX (the
motor nucleus); (2) lamina VII (the la inhibitory inter-
neuron region); and (3) lamina VI (where numerous
interneurons in reflex pathways are located9'11,18-19-27'29).
Ultrastructural observations on la boutons in laminae VI

and IX demonstrate that they are postsynaptic to small
terminals (the P terminals of Conradi5) which contain
irregulary-shaped agranular vesicles614'20. Primary affer¬
ent depolarization has been recorded from group I
fibres12'19'26'28 and ionophoretic application of GABA
into the ventral horn or intermediate nuclei mimics this
effect7'8'26. It seems likely therefore that the depolarizing
action is mediated through P terminals which contain
GABA.

In the present study we combined intra-axonal label¬
ling of group la fibres with horseradish peroxidase (HRP)
and the postembedding immunogold technique31-34 using
antiserum which specifically recognizes the presence of
glutaraldehyde-fixed GABA in electron microscope sec¬
tions16-31"33. We examined la boutons in lamina VI in
order to determine if GABA was located within their

associated P terminals.

MATERIALS AND METHODS

Experiments were performed on two adult cats anaesthetized with
choralose (70 mg/kg) following induction of anaesthesia with
halothane. The animals weie paralyzed with gallamine triethiudide
and artificially ventilated throughout the experiments. End-tidal
C02, carotid arterial blood pressure and rectal temperature were
monitored continuously. The level of anaesthesia was assessed from
the continuous blood pressure record and by examining the degree
of pupillary constriction. End-tidal CO, was kept between 3.5-4.0%
by adjusting the stroke volume of the respiratory pump and rectal
temperature was maintained with an electric blanket under the
animal.

Glass microelectrodes containing 8% horseradish peroxidase
(HRP) in Tris-HCl buffer with 0.2 M KC1 added were used to
impale single la muscle afferent fibres near their dorsal root
entrance zone in the L6 and L7 segments30. When a succesful
impalement was made, putative la fibres were identified according
to their characteristic resting discharges which altered in response to
gentle manipulation of muscle4 and HRP was injected by passing
depolarizing pulses through the electrode. A final classification was
made on the basis of collateral morphology (see refs. 3 and 4). The
two collateral axons examined in this study displayed characteristic
morphological features of la fibres and each of them formed
terminations in laminae VI, VII and IX (for further details on the
identification of muscle afferent axons see ref. 3).

At the conclusion of experiments animals were rapidly perfused,
initially with a saline flushing solution consisting of 300 ml of 0.9%
saline, heparin (100 units/ml) and sodium nitrite (0.1%) at 37 °C,
and subsequently with 1 litre of fixative containing 2.5% glutaral-
dehyde and 1% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4) at 37 °C and 2 litres at 4 °C. Blocks of cord containing identified
la axons were stored in the same fixative for approximately 8 h and
were washed several times in phosphate buffer (pH 7.4) before
transverse sections (50 /on) were cut with a Vibratome. Sections
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were reacted to reveal the presence of HRP using diaminobenzidine
(DAB) as a chromogen. Finally, they were immersed in a solution
of osmium tetroxide, dehydrated through a series of ethanol
solutions, cleared in propylene oxide and flat-embedded in Durcu-
pan between foils of cellulose acetate.

Labelled collateral axons were photographed, drawn and recon¬
structed and 2 collaterals (one from each animal) were selected for
combined electron-microscopic and immunochemical analysis. Lam¬
ina VI was identified in osmium-treated sections according to the
criteria formulated by Rexed25, who defined it as a broad band
occupying the base of the dorsal cell column with a medial zone
containing small or medium sized cells and a lateral zone consisting
of large star-shaped cells. Sections were attached to blocks and cut
on an ultramicrotome. Series of thin sections were collected on

Formvar-coated single slot gold grids. The postembedding immu-
nogold procedure has been described elsewhere in detail22,31.
Briefly, sections were etched and deosmificatcd using 1% solutions
of periodic acid and sodium periodate. They were washed in
distilled water between changes and were transferred to droplets of
Tris-phosphate-buffered saline (TPBS). Sections were incubated in
normal goat serum prior to placing them on droplets containing the
primary antiserum. The primary antiserum (GABA-9) was kindly
supplied to us by Dr. P. Somogyi (University of Oxford) and was
used at dilutions which ranged from 1:2000-1:6000. This antiserum
is known to recognize fixed GABA in tissue 16'31~33 and its labelling
properties with spinal material has been characterized previously .

Following incubation in primary antiserum, grids were washed in
Tris-FICl buffer containing polyethylene glycol and placed in a
similar solution containing anti-rabbit IgG coupled to 15-nm gold
spheres. Finally the grids were contrasted with lead citrate.

Criteria for the identification of synapses between P terminals and
la boutons were similar to those of Conradi5: (1) cell membranes of
boutons displayed immediate appositions which were often associ¬
ated with contrast-rich material; (2) synaptic vesicles accumulated
next to the membrane appositions in presynaptic boutons; (3)
triangular electron-dense structures were present at presynaptic
appositions. All synapses were examined through series of thin
sections and, where necessary, a goniometer was used to tilt the
section in order to resolve the active zone.

Quantitative analysis of electron micrographs was performed
using a Reichert Videoplan and a Magiscan Image Analysis System
(Joyce Loebl). The Magiscan program (see ref. 23) enabled la and
P terminal profiles to be delineated and numbers of gold particles
contained within outlined profiles were counted manually. Particle
density was calculated and expressed in terms of numbers of
particles per gm2. Estimates of average tissue particle densities were
made by dropping a card of unit area from a standard height onto
the same micrographs from which la and P terminal data were
gathered and measuring the numbers of particles contained within
these randomly defined areas. Measurements were compared
statistically using Student's /-test.

RESULTS

In all, 12 la boutons from lamina VI (7 from one
afferent fibre and 5 from the other) were examined
through series of thin sections. The sample contained 7
en passant and 5 terminal boutons and their long axes

ranged in length from 1.24 //m to 4.15 ^m (mean ± S.D.
= 2.97 ± 0.9). Boutons formed synaptic associations with
between 1 and 3 postsynaptic structures. These structures
consisted of somata (2 contacts), spines (3 contacts) and
dendrites (13 contacts) (see Figs. 1-3). Dendrites ranged
in diameter from 1.0,wm to 14.6//m (mean ± S.D. = 3.99
± 3.71).

Examination of serial sections revealed that synapses
were formed by P terminals on la boutons which satisfied
the criteria outlined above in the methods section (e.g.
see Fig. 2C). All P boutons exhibited accumulations of
vesicles and dense triangular structures at their apposi¬
tions with la terminals, thus indicating that they were

presynaptic to la boutons and confirming previous claims
that P boutons are presynaptic in axo-axonic arrange¬
ments with terminals of muscle afferent axons5,6,14,20.
Occasionally, a few vesicles in la boutons were seen to be
associated with regions of membranes apposed to P
terminals (e.g. see Fig. 2E). Despite careful analysis of
serial sections, junctional specializations were not appar¬
ent at these sites of apposition and therefore they did not
fully satisfy the criteria for the identification of synapses.
At present, the significance of this observation is unclear.

A characteristic feature of all la boutons examined was

that each received at least 1, and up to 3, synaptic
contacts from P terminals; 8 la boutons received 1
contact from a P terminal, 2 received 2 contacts and 2
received 3 contacts. P terminals ranged in size from 0.42
fim to 1.26 //m (mean ± S.D. = 0.88 ± 0.25; n = 18).
As expected from the previous study20 these small
boutons contained irregularly-shaped agranular vesicles.
Some boutons formed complex synaptic arrangements,
for example on 4 occasions P terminals appeared to be
presynaptic to la boutons and dendrites which were also
contacted by the same la boutons and thus formed triadic
arrangements (Figs. 1 and 2). Although the majority of
la boutons were organized relatively simply, a few were

complex and were found to be presynaptic to several
structures and postsynaptic to a number of P terminals
(Figs. 1 and 2).

Postembedding immunolabelling demonstrated that all
P terminals in contact with la boutons were enriched with
GABA-like immunoreactivity. Through series of sections
P terminals were consistently strongly labelled with gold
particles whereas associated structures, such as la bou¬
tons, were always weakly labelled (Fig. 2A,B). Quanti-

Fig. 1. A terminal swelling in a la axon (B,) is illustrated in the light micrograph (C). B, is associated with a neuron (N) of lamina VI. The
same structures are illustrated in the electron micrograph (B) and B, is illustrated at a higher magnification in A. B, is apposed to the perikaryon
(P) of N and is postsynaptic to a small houton (3) which is heavily labelled with gold particles indicating the presence of GABA within it.
D illustrates B, further through the series of sections. B, is no longer apposed to the perikaryon (P) of N but is now presynaptic to a dendrite
(Den) and to a small spine (Sp). Three boutons (1, 2 and 3) which display heavy immunoreactions are associated with B,. Bouton 3 is the
same bouton designated 3 in A through serial sections and bouton 1 is presynaptic to B, and the dendrite (Den) and so forms a triad. These
structures are illustrated in more detail in Fig. 2.
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Fig. 2. Further details of immunoreactive boutons illustrated in Fig. 1. A and B show B,, bouton 1 and Den in 2 consecutive serial sections.
Bouton 1 is consistently labelled heavily with gold particles in both sections whereas B, and Den are weakly labelled. C: a magnified view
of the apposition between bouton 1 and B, which has been tilted to reveal a synaptic junction (arrow). Note: (i) the immediate apposition
between the two boutons and the slight increase in contrast along the region of apposition; (ii) the accumulation of vesicles in bouton 1 at
the region of apposition (also seen in serial section Fig. 2A), and (iii) the triangular presynaptic density at the region of apposition. Bouton
1 was also found to be presynaptic to Den (synaptic specializations are not clearly resolved in the material shown here). D: bouton 2 is heavily
labelled with gold particles and is presynaptic to B,. Part of the synaptic junction formed by B[ with Den is also shown in this illustration
(between the arrows). E: details of bouton 3. This is presynaptic to B, and is heavily labelled with gold particles.
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Fig. 3. A: a light micrograph illustrating part of a la axon that was labelled with horseradish peroxidase. Several swellings are evident. One
of them (B2) is illustrated in the electron micrographs (B,C,D). B2 was found to be an en passant bouton and is located at some distance from
a neuron (N) of lamina VI. B: an electron micrograph illustrating B2 (boxed area: illustrated in greater detail in C). B2 is associated with a
large proximal dendrite which through serial sections was found to emerge from N. Ax = axon of N. C: a magnified view of the structures
contained within the box in B. B, is associated with a small bouton (boxed area) which is shown at higher magnification in D. D: the small
bouton is heavily labelled with gold particles which indicate that it contains GABA and is presynaptic to B, (junction is shown between the
arrows).
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tative analysis confirmed specific differential labelling of
P terminals. P terminals were associated with a mean (±
S.D.) particle density of 40.21 (± 27.93) particles/)/m2 (n
= 18), la boutons with 5.01 (± 3.69) paricles/^m2 (n =

12) and the average tissue density was 6.52 (± 7.64)
particles/)zm2 (n = 18). Student's f-test demonstrated that
the particle density associated with P terminals was
significantly different from the average tissue density and
la densities (P < 0.001) but the two latter densities were
not significantly different from each other. From these
figures it follows that P terminals are associated with 8.03
times the particle density of la boutons and 6.16 times the
particle density of tissue in general.

DISCUSSION

The immunogold procedure
Labelling properties of the antiserum used in this study

have been described in detail elsewhere16-31"33 and it has

been rigorously tested on spinal material22. Preadsorp-
tion of the primary antiserum with GABA coupled to
polyacrylamide beads with glutaraldehyde abolishes the
immunoreaction whereas preadsorption with other com¬
mon amino acids prepared in a similar manner has no
effect16. Therefore the antiserum specifically recognizes
GABA fixed in tissue with glutaraldehyde and so it is
likely that the immunoreaction observed in the present
study is due to a GABA-like molecule.

The postembedding immunogold procedure has a
number of advantages over the pre-embedding method
and is particulary suitable for studies involving combina¬
tions of intracellular staining and immunolabelling (see
ref. 33). The ultrastructural preservation of material
treated in this manner is of superior quality to material
prepared for pre-embedding immunolabelling and diffi¬
culties encountered as a consequence of penetration are

largely overcome since the immunoreaction is performed
on thin sections. Furthermore, the immunogold reaction
does not obscure internal details of structures such as

vesicles and junctional specializations; thus synaptic
relationships between immunolabelled structures and
processes labelled with HRP can be established with a

greater degree of certainty than in similar studies using
pre-embedding immunostaining methods (e.g. see ref.
21).

Labelling in the neuropil of lamina VI was differential
and heavy labelling of gold particles was confined to
particular structures such as P terminals and a proportion
of other boutons and somata in this region. This
impression was confirmed by analysis of serial sections;
heavy immunoreactions were usually confined to partic¬
ular structures which were always heavily labelled
through the series. Other structures, such as la boutons,

were weakly labelled. It has been suggested recently that
the density of particle labelling in postembedding immu¬
nogold reactions reflects the concentration of antigen24.
It is likely therefore that the observed intense immuno¬
gold reaction associated with P terminals is indicative of
high concentrations of GABA within them.

The function of P terminals
Some years ago Gray15 postulated that axo-axonic

synaptic arrangements provided the morphological basis
of presynaptic inhibition. Barber and his colleagues1, in
a study of the superficial dorsal horn, extended these
observations and demonstrated immunoreactivity for
glutamate decarboxylase (GAD) in boutons which were

presynaptic to degenerating primary afferent terminals
and concluded that the presynaptic boutons were GABA-
ergic. Similar evidence has been presented for identified
hair follicle-afferent axon terminals21 which are postsyn¬
aptic to boutons which show a positive immunoreaction
for GAD. However, until the present report, little
information was available on the relationships between
the GABAergic systems and identified primary afferent
fibres and no information was available on the relation¬

ships formed by GABA-containing boutons with primary
afferent fibres which terminate in regions of gray matter
outside laminae I-IV. Observations made in previous
ultrastructural studies614 20 of identified la boutons in
laminae VI and IX demonstrated that they were post¬
synaptic to other axon terminals but the identity of the
neurotransmitter associated with the P terminals was not

known although it was suspected to be GABA. The
present study demonstrates that boutons which are

presynaptic to terminals of Group la afferent axons in
lamina VI contain a GABA-like substance.

Activity in segmental and descending axons can de¬
polarize central terminals of Gp I fibres in lamina
yjn.27,28 ancj ionophoretic application of GABA into
lamina VI mimics this effect7-8,26. Evidence has occurred

suggesting that this primary afferent depolarization
(PAD) is a specific effect which is mediated by GABA
through bicuculline-sensitive (probably GABAa) recep¬
tors7,8'26. However, there is evidence for the existence of
another type of GABA receptor on la terminals which is
insensitive to bicuculline but may be activated by the
antispasticity drug, baclofen8 '3. These GABAb recep¬
tors are thought to reduce the calcium influx into nerve
terminals and thus to inhibit synaptic transmission by
reducing the amount of neurotransmitter released10,13. It
follows therefore that GABA contained within P termi¬

nals is likely to inhibit transmission from la terminals in
lamina VI by acting presynaptically through GABAa and
GABAb receptors.

Previous observations20 on la boutons in lamina VI



221

revealed that most (92%) of them were associated with
one or more P terminals. In the present study similarly,
all la houtons examined were associated with at least one

P terminal. In this respect la boutons in lamina VI may
differ from those in the motor nucleus where approxi¬
mately a quarter of boutons are associated with P
terminals6 (but see also ref. 14) and in Clarke's column
where even fewer la boutons are associated with presyn¬

aptic structures35.
P terminals containing GABA were observed to be

presynaptic to both terminal and en passant boutons thus
suggesting that transmission may be inhibited at terminal
boutons and/or at en passant boutons located at some
distance from terminals. Ia afferent input to lamina VI
therefore appears to be under considerable presynaptic
control and the nature of this control may vary depending
upon the organization of the GABAergic interneurones
responsible for it. A proportion of single la boutons
receive synaptic contacts from several GABA-containing
boutons. At present the significance of this observation is
unclear; these multiple contacts could originate from
several different interneurons or, alternatively, they
could originate from a single interneuron. The location of
these interneurons is at present unknown but it is likely
that they are local circuit neurons; microstimulation of
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ABSTRACT
Three spinocervical tract neurons in adult cats were physiologically characterized and

intracellularly labelled with horseradish peroxidase. The neurons were reconstructed and
examined with the light microscope and were prepared for postembedding immunochemical
analysis by using an antiserum which specifically recognizes GABA in glutaraldehyde-fixed
tissue. Semithin sections were tested and examined with the light microscope. Somata,
proximal, and distal dendrites of all three cells were associated with numerous punctate
GABA-immunoreactive structures. Immunoreactive perikarya of small neurons in the vicinity
of spinocervical tract cells were also observed. Ultrastructural analysis, with the immunogold
technique, revealed that somata and proximal dendrites of all three neurons received synaptic
contacts (about 37% of total synapses) from GABA-immunoreactive boutons and that distal
dendrites were also associated with substantial numbers of immunoreactive structures (about
27% of synapses). Immunoreactive boutons were small (about 1 p,m in diameter), contained
irregularly shaped agranular vesicles, and formed symmetrical synaptic junctions with
identified neurons. An additional group of immunoreactive boutons was observed to be
associated with one of the cells only; these contained many large dense-core vesicles in addition
to small agranular vesicles. Boutons containing round agranular vesicles and flattened
agranular vesicles were not observed to be immunoreactive.

The evidence supports the idea that much of the postsynaptic inhibition observed in
spinocervical tract neurons is mediated by GABA and that even the most distal dendrites of
these neurons receive inhibitory inputs.

Key words: intracellular staining, immunohistochemistry, inhibition, somatosensory system

The spinocervical tract (SCT) in the cat is an ascending
somatosensory pathway which projects to the lateral cervi¬
cal nucleus (Brown, '81a). Most SCT cells are located in the
cervical and lumbosacral enlargements of the spinal cord in
laminae III-V of Rexed ('52). The morphology and ultra-
structure of these neurons have been studied extensively by
using intracellular horseradish peroxidase techniques
(Brown et al., '77). The ultrastructural studies reveal that
SCT neurons are associated with at least three classes of

synaptic bouton (Maxwell et al., '82, '84). The first type of
bouton is generally quite large, contains spherical agranu¬
lar synaptic vesicles, and degenerates as a consequence of
dorsal rhizotomy. This type of bouton therefore arises from
primary afferent fibres and a considerable body of evidence
suggests that they are A(3 fibres innervating hair follicles
(Brown et al., '87). The second type of bouton is similar in
morphology to the first type but survives rhizotomy and

therefore does not originate from primary afferent fibres.
The third type of bouton also is not affected by rhizotomy
but differs from the second type in that it contains pleomor¬
phic or elongated agranular vesicles. Boutons of the second
and third type are likely to originate from spinal interneu-
rons although a few of them may also come from axons of
supraspinal neurons (Harrison and Jankowska, '84). To
date, none of the boutons in synaptic contact with SCT
neurons have been observed to participate in axo-axonic
synaptic arrangements.

The vast majority of SCT neurons have excitatory recep¬
tive fields which respond to light brushing and/or pressure
(Brown, '81a). They also possess inhibitory receptive fields
which are not of the surround type but are located eccentri¬
cally to the excitatory fields and may overlap part of the
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excitatory field (Hongo et al., '68; Brown et al., '87).
Brushing of these inhibitory fields is known to generate
inhibitory post-synaptic potentials (I.P.S.P.s) and therefore
some of the synaptic boutons associated with SCT neurons
would be expected to release an inhibitory neurotransmit¬
ter.

The aim of the present study was to determine if boutons
in contact with SCT neurons contain y-aminobutyric acid
(GABA), which is a likely candidate as an inhibitory trans¬
mitter in this region. We labelled SCT neurons with HRP
intracellularly and processed tissue containing HRP-
labelled structures immunohistochemically for light and
electron microscopic analysis using an antiserum which
specifically recognizes GABA in fixed tissue (Hodgson et al.,
'85). A preliminary abstract of this work has been published
(Brown et al., '90).

MATERIALS AND METHODS

Experiments were performed on two adult cats anaesthe¬
tized with chloralose (70 mg/kg) following induction of
anaesthesia with halothane. The animals were paralyzed
with gallamine triethiodide and artificially ventilated
throughout the experiments. End-tidal C02, carotid arterial
blood pressure, and rectal temperature were monitored
continuously. The level of anaesthesia was assessed from
the continuous blood pressure record and by examining the
degree of pupillary constriction.

Glass micropipettes, containing 8% horseradish peroxi¬
dase (HRP) in Tris-HCl buffer with 0.2 M KC1 added, were
used to impale single SCT neurons in the L6 and L7
segments (Snow et al., '76). SCT neurons were identified
using antidromic stimulation. Stimulating electrodes were
placed on the dorsolateral funiculi at CI and C3 and a lesion
of the dorsal columns was made caudal to C3. SCT neurons

were defined as those which could be antidromically acti¬
vated by the C3 electrodes at frequencies of 500 Hz but not
by electrodes at CI even when stimuli were applied which
were several times the threshold for activation with the C3
electrodes. The collision test was also applied and antidro¬
mic impulses were observed to collide when natural stimuli
were applied to receptive fields. When a SCT neuron was
identified the latency of the antidromic impulse was re¬
corded and the receptive field of the neuron was mapped by
using a hand-held brush and a clip which applied a constant
noxious pressure to the skin. HRP was injected into neu¬
rons by passing depolarizing pulses through recording
electrodes.

When this procedure was completed, animals were rap¬
idly perfused with a saline flushing solution, which was
followed by 1 liter of fixative containing 2.5% glutaralde-
hyde and 1% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) at 37°C and finally a further 2 liters of fixative at
4°C. Blocks of cord, containing labelled SCT cells were
stored in the same fixative for 8 hours, were washed several
times in phosphate buffer (pH 7.4) and transverse sections
(50 p.m) were cut with a Vibratome. Sections were reacted
with diaminobenzidine (DAB) to reveal the presence of
HRP. Finally, they were immersed in a solution of osmium
tetroxide, dehydrated through a series of ethanol solutions,
cleared in propylene oxide, and flat-embedded in Durcupan
between foils of cellulose acetate.

Labelled cells were photographed and reconstructed from
series of sections with the aid of a drawing tube attachment
on the microscope. Three SCT neurons were chosen for

immunochemical analysis with light and electron micros¬
copy. Two protocols were followed: 1) For light microscopic
analysis, 50 gm thick sections were attached to blocks and
0.5 p,m semithin sections were cut on an ultramicrotome
and collected on glass slides coated with egg white and kept
in an oven at 56°C overnight. HRP-labelled structures
contained within the semithin sections were photographed
and the sections were processed according to the post-
embedding immunochemical method of Somogyi and Hodg¬
son ('85) with a few modifications. The resin was etched
using ethanolic sodium hydroxide for 40 minutes and after
washing in distilled water, sections were immersed in 1%
sodium metaperiodite for 7 minutes to remove osmium
from the tissue. They were washed again in distilled water
and transferred to TRIS (10 mM) phosphate (10 mM)-
buffered saline (TPBS). Sections were next incubated in
20% normal goat serum (NGS) for 20 minutes, washed in
TPBS, and placed overnight at 4°C in the primary antise¬
rum (GABA 9), which was diluted to 1:200. This antiserum
was kindly donated by Dr. P. Somogyi (University of
Oxford) and is known to recognize fixed GABA in tissue
(Hodgson et al., '85). Sections were again washed in TPBS
and incubated in biotinylated goat anti-rabbit IgG (Vector)
at 1:200 for 1 hour. After a further wash the sections were

incubated for an hour with standard peroxidase Vectastain
ABC reagent diluted to 1:50. The presence of peroxidase
was revealed using DAB as a chromogen and the reaction
product was intensified by incubating sections in 1% os¬
mium tetroxide for 10 minutes. The sections were washed,
dehydrated, and coverslipped. Sections were rephoto-
graphed when processing was complete. 2) For electron
microscopy, series of thin sections were cut on an ultrami¬
crotome and collected on Formvar-coated single slot grids.
The postembedding immunogold procedure has been de¬
scribed in detail elsewhere (Somogyi and Hodgson, '85;
Somogyi and Soltesz, '86; Maxwell et al., '89). Briefly,
sections were etched, deosmificated, and floated on droplets
containing primary antiserum. The primary antiserum
(also GABA-9) was used at dilutions which ranged from
1:1,000 to 1:6,000. Labelling properties of this antiserum
with spinal material has been characterized previously
(Maxwell et al., '89). Control sections were incubated in
GABA-9 which had been preadsorbed with GABA coupled
to polyacrylamide beads with glutaraldehyde. Sections
treated in this way were devoid of immunogold reactions.
Following incubation in primary antiserum, grids were
washed and placed on droplets containing anti-rabbit IgG
coupled to 15 nm gold spheres. The grids were contrasted
with lead citrate. Occasionally, alternate sections from
series were collected on copper and gold single-slot grids.
Those on copper grids were not processed with the immu¬
nogold reaction and were used as reference sections to
assess the effects of etching and deosmification on the
tissue. Sections on gold grids were reacted normally.

Quantitative analysis of micrographs was performed by
using a Reichert Videoplan and a Magiscan Image Analysis
System (Joyce Loebl). The Magiscan program enabled
putative GABA-containing boutons to be delineated and the
numbers of gold particles within them to be counted
manually (Maxwell et al., '90c). Gold particle densities were
calculated and expressed as numbers of particles per square
micron. Estimates of average tissue particle densities were
made by dropping a card of unit area onto the same
micrographs as measurements for immunolabelled boutons
and counting the numbers of particles contained within the
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randomly defined areas. An estimate of the proportion of
boutons in synaptic contact with SCT cells which were
GABA-immunoreactive was made from electron micro¬

graphs containing labelled processes photographed at low
magnifications (x 12,500-21,500). Initially, all synaptic
boutons in contact with the somata and dendrites of each
SCT neuron were counted and subsequently, those that
displayed a dense immunogold reaction were counted sepa¬
rately and expressed as a percentage of the total. Proximal
and distal dendrites were examined in this way. Proximal
dendrites were defined as those which were located less
than 300 gm from their parent somata and distal dendrites
were defined as those which were greater than 400 gm from
somata. Synaptic contacts were determined by using three
criteria: 1) the presence of a synaptic cleft, 2) the presence
of pre- and post-synaptic densities, and 3) the presence of
an accumulation of synaptic vesicles at the presynaptic
membrane. All synapses were examined through series of
test sections and some were also examined in adjacent thin
sections which were not processed with the immunogold
method. In addition, sections were tilted with a goniometer
when the synaptic cleft was not clearly resolved.

RESULTS
Electrophysiology and light microscopy

of SCT neurons

In total, three SCT neurons were labelled; two came from
one of the animals (cells 1 and 3) and the third (cell 2) came

from the other cat. Properties of these neurons are outlined
in Table 1 and are illustrated in Figures 1, 2, and 3. Each of
the three cells satisfied the criteria outlined above for the
identification of SCT neurons and had conduction velocities
which ranged from 32.1 to 43.1 ms All three cells could be
excited by gently brushing receptive fields with hand-held
brushes or by applying noxious pressure with a clip with
serrated jaws. These receptive fields were located on the
foot or leg of the animal ipsilateral to the recording site (see
Figs. IB, 2B, and 3B). Spontaneous activity in one of the
cells (cell 2) could be inhibited by applying a tuning fork
(vibrating at 512 Hz) to the central foot pad and by
brushing hairs which were adjacent to the excitatory field
(see Fig. 2B). It was not possible to determine inhibitory
fields in the remaining two cells which had low levels of
background activity.

All three cells were heavily labelled with HRP and no
evidence was seen of extracellular leakage of the enzyme.
The SCT neurons had somata which were located within
laminae III-V and their axons could be traced to the lateral
funiculus. Reconstructions of the three neurons from serial
sections demonstrated that all three of them had dorsally
directed dendrites which penetrated lamina III but did not

TABLE 1. Characteristics of SCT Cells Labelled With HRP

Conduction
velocity Location
(ms-1) Receptive field of soma Dendritic arbor

Cell 1 43.1 Excited by brushing Lamina Dorsally in III and IV,
(Fig. 1) hair and pressure. V ventrally in V

Cell 2 32.1 Excited by brushing Lamina Dorsally in III
(Fig. 2) hair and pressure.

Inhibited from foot
pad and adjacent
hair.

III

Cell 3 41.6 Excited by brushing Lamina Dorsally in III and IV
(Fig. 3) hair and pressure. IV

enter lamina II. One of the neurons (cell 1) also had
ventrally directed dendrites which ramified in lamina V.

Light microscopy of GABA-immunoreactivity
associated with SCT cells

Semithin sections incubated in GABA-9 displayed in¬
tense immunoreactions. Immunoreactivity was observed to
be associated with neuronal perikarya and punctate struc¬
tures which were presumed to be synaptic boutons (see
below). Immunoreactive perikarya were observed through¬
out laminae III-V in the vicinity of the three SCT neurons
that were examined (Fig. 4A). These tended to be rather
small (15 gm in diameter) in comparison with nonimmuno-
reactive perikaria located in the same region of the cord. As
would be anticipated (Broman et al., '90), perikarya of SCT
neurons were not immunoreactive (e.g., Figs. 4A, 5B and
5D). Somata of all three SCT neurons were associated with
numerous immunoreactive punctate structures (Figs. 4B,
5B, and 5D) and dendrites of all three neurons were also
contacted by many GABA-immunoreactive structures (Fig.
4C).

Ultrastructure of GABA-immunoreactive
boutons associated with SCT neurons

Although some reduction in the quality of ultrastructure
occurred as a consequence of the immunolabelling proce¬
dure, the neuropil of the dorsal horn was sufficiently well
preserved to enable identification of its component parts
with reasonable ease. In addition, intense immunogold
reactions could be observed within the neuropil which were
predominantly associated with axon terminals. Structures
containing HRP reaction product could also be detected in
the neuropil although the density of the reaction product
was weaker than usual as a consequence of deosmification
which is necessary for the immunogold reaction. It was
usually possible to relate HRP-labelled structures viewed
with the electron microscope to light micrographs and
reconstructions of labelled cells and hence to identify the
structure in question. Somata and dendrites from the three
SCT neurons were examined for contacts from GABA-
immunoreactive boutons. Particular regions of dendrites
from cells 1,2, and 3 examined with the electron microscope
are indicated by letters in Figures 1, 2, and 3.

Immunoreactive boutons were examined through series
of sections (between 2 and 10) for consistency of immunola¬
belling. Boutons which were associated with dense gold
particle labelling usually displayed a heavy reaction through¬
out the series, whereas those that displayed weak, or no,
labelling were consistently weakly labelled or unlabelled
(Fig. 6). Quantitatively, immunolabelled boutons had an
average particle density of 31.4 particles/gm2, whereas the
average value for tissue was 7.6 particles/gm2. Student's t
test indicated that this difference is highly significant
(P < 0.001; n = 25 for both groups). Thus the particle
density of these boutons is 4.2 times greater than the
average particle density of the tissue.

As we would have predicted from the light microscopic
observations, GABA-immunoreactive boutons were located
on somata (Fig. 7), proximal (Fig. 8), and distal dendrites
(Fig. 9) of SCT cells. Data for each of the three cells is
provided in Table 2. Dendrites examined ranged in diame¬
ter from 0.58 to 3.17 gm. Immunoreactive boutons were
relatively small (0.62-1.81 gm) and formed symmetrical
(type II: Gray '59) synaptic junctions with SCT cells; these
ranged in length from 0.21 to 0.92 gm (Fig. 10). Most
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A B

Fig. 1. Cell 1: A: A reconstruction of cell 1 made from several serial
sections. The soma of cell 1 was situated in lamina V. The axon enters
the dorsolateral funiculus (DLF) which is indicated by a broken line.
A-F are dendritic regions examined with the electron microscope.

B: Excitatory receptive field of cell 1 (cross-hatched area). This was
located on the cat's lower hind limb and was activated by brushing hair
and pinching the skin. C: A photomontage of cell 1.
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A B

100/cm
Fig. 2. Cell 2: A: A reconstruction of cell 2 made from several serial

sections. The soma of cell 2 was located in lamina III. A-D indicate
dendritic regions examined with the electron microscope. B: Receptive
fields of cell 2 were located on the hind paw. The excitatory field (cross-

hatched area) was activated by brushing and pinching. Inhibitory fields
(stippled areas) were activated by brushing hairy skin and vibration on
the central footpad. C: light micrograph of cell 2.

immunoreactive boutons contained pleomorphic agranular
vesicles and occasional dense-core vesicles (e.g., Fig. 10B)
but some (approximately 18%) of the GABA-immuno-
reactive boutons associated with cell 2 contained several
(i.e., more than five) dense-core vesicles in addition to small
agranular vesicles (Fig. 11). The agranular vesicles in
immunoreactive boutons were predominantly irregular in
shape but were not significantly flattened or elongated.

Approximately 37% (see Table 2) of boutons associated
with somata and dendrites (up to 300 pirn from somata) of
SCT cells were GABA-immunoreactive and even the most
distal dendritic processes received synaptic contacts from

GABA-immunoreactive boutons. Unlabelled boutons in syn¬
aptic contact with SCT neurons could be divided into three
groups; the most common type (about 50% of contacts)
contained spherical agranular vesicles (e.g., see Fig. 6). The
second class of unlabelled bouton contained highly flat¬
tened vesicles (Figs. 9 & 12); these were observed infre¬
quently (about 4% of contacts) and were present on somata,
proximal, and distal dendrites. Finally, very occasionally,
large nonimmunoreactive boutons containing spherical
agranular vesicles and many large granular vesicles were
also observed (about 2% of contacts). Despite a careful
search, it was not possible to establish the presence of
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B

Fig. 3. Cell 3: A: Reconstruction of cell 3 from several serial sections. A-C indicate areas of cell 3
examined with the electron microscope. The soma of cell 3 was located in lamina IV. B: The excitatory
receptive field of cell 3 was located on the dorsum of the hind foot and was activated by brushing and
pinching. C: Photomontage of cell 3.
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Fig. 4. Light micrographs illustrating GABA immunoreactivity in of cell 1 in the same semithin section prior to the immunoreaction. B: A
semithin sections. A: Immunoreactivity of tissue in the vicinity of cell 1 magnified view of cell 1. The soma has numerous immunoreactive
(1). Numerous immunoreactive punctate structures and several reac- punctate structures closely applied to it (arrows). C: An adjacent
tive somata (arrows) are apparent. A number of nonreactive somata are section to B. Proximal dendrites (region D in Fig. 1) are also associated
also indicated (*). The inset illustrates the soma and proximal dendrites with numerous GABA-immunoreactive structures.
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Fig. 5. GABA immunoreactivity in semithin sections. A: Soma of
cell 2 prior to the immunoreaction. B: After the immunoreaction
numerous punctate structures are seen to be closely applied to the soma
of cell 2. A large immunoreactive dendrite, close to cell 2, is indicated

with an arrow. C: Cell 3 prior to the immunoreaction. D: Again many
immunoreactive structures are associated with the soma and proximal
dendrites.
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Fig. 6. Electron micrographs illustrating GABA immunogold reac¬
tions of two consecutive thin sections. A and B: Strong immunogold
reactions which are considerably greater than background levels are
associated with a synaptic bouton (*) in contact with a dendrite of cell 1.

An adjacent bouton, containing round vesicles (Ax.R), is associated with
weak particle labelling in Figure 6A and is devoid of labelling in Figure
6B. The immunoreactive bouton contains irregularly shaped vesicles
and forms a symmetrical synaptic junction with cell 1.
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Fig. 7. Axosomatic contacts formed by GABA-immunoreactive bou- associated with dense immunogold reactions and form axosomatic
tons. A: Illustrates the soma of cell 1, which contains dense HRP synapses with cell 1 (arrows). The positions of the insets indicate the
reaction product. The insets (B and C) show boutons which are approximate locations of the two boutons on the soma of cell 1.



Fig. 8. Synapses formed by GABA-immunoreactive boutons on indicates an immunoreaetive bouton in synaptic contact with cell 2 and
proximal dendrites. B: The soma of cell 2 and proximal dendrite B (see the boxed area is shown in detail in A. A small immunoreactive bouton
Fig. 2). A magnified view of the boxed area is shown in C. The asterisk is presynaptic to cell 2 (arrows) and a small unlabelled dendrite (Den).

GABA SYNAPSES ON SPINOCERVICAL TRACT NEURONS



Fig. 9. Synapses formed by GABA-immunoreactive boutons with
distal dendrites. A: A distal dendrite of cell 1 (region F: Fig. 1) receives a
synaptic contact from a GABA-immunoreactive bouton (*). Several
other boutons containing either round vesicles (Ax.R) or flattened

vesicles (Ax.F) also form synapses with the dendrite. B illustrates an
adjacent section that was not subjected to the immunogold reaction.
Vesicular morphology can be confirmed using this section.

DJ. MAXWELL ET AL.
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TABLE 2. Distribution of GABA-Immunoreactive Boutons (GABA+) on

SCT Cells

Somata and proximal dendrites (< 300 |xm from soma)

Total Percent of
GABA+ Somata Dendrites total synapses

Cell 1 51 19 32 40
Cell 2 42 12 30 37
Cell 3 22 11 11 37

Distal dendrites (> 400 |xm from soma)

Total Percent of
GABA+ total synapses

Cell 1 8 30
Cell 2 3 27

axo-axonic contacts on any class of bouton in presynaptic
apposition to SCT cells. Occasionally, boutons, including
GABA-immunoreactive ones, were closely apposed to axon
terminals contacting SCT neurons but criteria for the
identification of synapses were never fully satisfied at such
sites of apposition.

DISCUSSION
Combination ol postembedding immunogold

procedures with intracellular staining
The combination of immunostaining techniques with

intracellular staining offers the attractive possibility of
investigating the identities of putative neurotransmitters
associated with synaptic boutons in contact with physiolog¬
ically characterized neurons. In the present study we have
investigated the relationships formed by GABA-immunore-
active axon terminals with spinocervical tract neurons.
Light microscopic analysis of semithin sections revealed
that somata and dendrites of SCT neurons were associated
with numerous GABA-immunoreactive structures. Ultra-
structural analysis confirmed that these were boutons in
synaptic contact with SCT cells. Some reduction of the
quality of ultrastructural preservation was experienced;
this occurred as a consequence of the additional processing
required for the post-embedding immunogold procedure. In
particular, etching of resin and removal of osmium from
tissue compromised the ultrastructural appearance, but
the general quality of tissue preservation was better than
that obtained in pre-embedding immunochemical studies
which attempted to make similar combinations (Murakami
et al., '83; Maxwell and Noble, '87) and profiles within the
neuropil could be identified without much difficulty.

The labelling characteristics and specificity of the CABA
antiserum employed in this study have been documented in
detail elsewhere and extensive tests on model systems and
on nervous tissue, including spinal cord, indicate that it
specifically recognizes GABA which has been fixed to
protein by glutaraldehyde (Hodgson et al., '85). This was
confirmed by the observation that preadsorption of the
GABA-9 antiserum with GABA coupled to polyacrilamide
beads abolished immunolabelling. Furthermore, the use of
serial sections in the present study clearly demonstrates
that some structures are consistently heavily labelled
throughout series of thin sections, whereas other struc¬
tures are consistently weakly labelled. The ratio of particle
density of immunoreactive boutons compared with the
average tissue density was 4.2. This figure may be com¬
pared with ratios of 4.0 obtained for GABA-immunoreac¬

tive boutons in the lateral cervical nucleus (Maxwell et al.,
'89) and 6.2 for GABA boutons in lamina VI, which are
presynaptic to axon terminals of group la muscle afferents
(Maxwell et al., '90b). It has recently been demonstrated
that a relationship exists between the density of gold
particle labelling in immunogold reactions and the concen¬
tration of antigen present in tissue which is approximately
linear (Ottersen, '89). On this basis, our study indicates
that GABA-immunoreactive boutons are enriched with
about 4.2 times the concentration of GABA in comparison
with the average concentration for dorsal horn tissue. It is
probable, therefore, that this enrichment reflects the pres¬
ence of a transmitter pool of GABA.

Morphological appearance of
GABA-immunoreactive boutons

The majority of GABA-immunolabelled boutons contact¬
ing the three SCT cells displayed similar morphological
features. They were generally quite small, formed symmet¬
rical (type II: Gray '59) synaptic junctions with SCT cells
and contained irregularly shaped vesicles which were often
densely packed. Occasionally, a granular vesicle was also
present. These boutons are similar in appearance to GABA-
immunoreactive boutons that have been identified using
the pontcmbcdding immunogold method in studios of spinal
dorsal horn (Merighi et al., '89), lateral cervical nucleus
(Maxwell et al., '89), cerebellum (Ottersen et al., '88), visual
cortex (Somogyi and Soltesz, '86), and basal forebrain
(Ingham et al., '88). In particular, a common feature noted
for all GABA-immunoreactive boutons in these studies is
that they form symmetrical (Gray type II) synaptic junc¬
tions. It has been proposed that boutons forming symmetri¬
cal junctions are inhibitory (Uchizono, '65), and although
such a rule may not be universally applicable, it appears to
have some validity in the case of the GABA-containing
boutons described in this and similar post-embedding stud¬
ies. From our previous studies, it would be predicted that
GABA-immunoreactive terminals would correspond most
closely to the third type of bouton on SCT cells (see
Introduction), which contain elongated or pleomorphic
vesicles and constitute approximately 37% of the total
contacts on the SCT (Maxwell et al., '84). However, immu¬
noreactive terminals did not contain notably elongated
vesicles and often it was not possible to distinguish between
vesicle populations in GABA-labelled terminals and those
that were not GABA-immunoreactive. Furthermore, bou¬
tons which contained highly flattened vesicles were not
GABA-immunoreactive. These observations emphasize the
importance of identifying axon terminals according to their
neurotransmitter content and indicate that voEiclo morphol
ogy is an unreliable criterion for the identification of
inhibitory and excitatory synapses.

A second type of GABA-immunoreactive bouton was
observed to make synaptic contact with cell 2 only. This
type of bouton shared many of the features of the first type
but, in addition, contained numerous large granular vesi¬
cles. It appears to be a class of bouton not previously
described to contact SCT neurons. GABA has been co-

locallized with a number of peptides in CNS neurons
(Somogyi et al., '84; Jones and Hendry, '86) and there is
increasing evidence indicating that peptides may be stored
in granular vesicles (De Biasi and Rustioni, '88; Merighi et
al., '89). However, a recent double post-embedding immu¬
nogold study of the rat dorsal horn indicated that GABA
was not co-localized in the same axon terminals as calcito-
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Fig. 10. Details of GABA-immunoreactive boutons in contact with SCT cells. A and B illustrate
immunoreactive boutons (*) which form symmetrical synaptic junctions (arrows) with a dendrite of cell 1
(Fig. 1: region E). Both boutons contain irregularly shaped agranular vesicles and, in addition, the one
illustrated in B also contains a dense-core vesicle.
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Fig. 11. Immunoreactive boutons containing many dense-core vesi¬
cles. A shows part of a dendrite of cell 2 (Fig. 2: region B). The
immunoreactive structure in the boxed area is shown further through a

series of sections in B. The bouton contains numerous large dense-core
vesicles in addition to agranular vesicles. Examination of serial sections
revealed that it formed a synaptic association with cell 2.
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A
Cell 2 B

£ m

Fig. 12. Boutons containing flattened vesicles. A: A GABA-
immunoreactive bouton (*) forms a synaptic association with cell 2 (Fig.
2: region B). A bouton containing highly flattened vesicles (Ax.F) and
one containing round vesicles (Ax.R) are also associated with cell 2.

These boutons exhibit weak levels of gold particle labelling which are
similar to the background. B: The soma of cell 2 also receives contacts
from GABA-immunoreactive boutons (*) and boutons containing flat¬
tened vesicles (Ax.F) which are labelled at background levels only.
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nin gene-related peptide, substance P, neurokinin A, and
somatostatin (Morighi et al., '89). It is of course probable
that GABA is co-localized with other peptides which were
not included in this group. The significance of the presence
of granular vesicles in thoso GABA immunopositivo bou
tons remains to be determined.

Origin of GABA-immunoreactive boutons
It is probable that GABA-immunoreactive boutons origi¬

nate from local circuit neurons as the presence of GABA in
primary afferent fibres or supraspinal neurons with axons
terminating in the lumbosacral cord has not been demon¬
strated. In the rat lumbar cord, cell bodies which are
immunoreactive for GABA or glutamic acid decarboxylase
have been reported to be present throughout the dorsal
horn (Barber et al., '82; Kosaka et ah, '88; Todd and
Sullivan, '90). Observations presented in the present study
confirm that numerous GABA-immunoreactive perikarya
are also found in the dorsal horn of the cat. These tended to
be small cells and therefore it is probable that they are local
circuit neurons. Inhibitory receptive fields of SCT neurons
may overlap excitatory fields, or may be located close to
excitatory fields (Brown, '81a), and I.P.S.P.s can be evoked
in the SCT with disynaptic latencies by stimulating cutane¬
ous nerves electrically (Hongo et ah, '68). It would be
expected that the internenrnns which generate these inhib¬
itory receptive fields would be located in similar regions of
the cord to the SCT cells themselves since the cutaneous
afferent fihres which terminate in the cord and drive the
local circuit neurons form a precise somatotopic map in the
dorsal horn (Brown and Fuchs, '75; Brown, '81b). Our
evidence indicates that GABA-immunoreactive neurons are

indeed located close to SCT neurons

JNonimmunoreactive boutons in contact
with the SCT

The majority of nonimmunorcactivc boutoii3 contacting
SCT cells contain spherical vesicles and therefore are
similar in appearance to the first and second types of
bouton described in the Introduction. Boutons of the first
type originate from primary afferent fibrco and would not
bo expected to contain CABA (Maxwell et ah, '81). Recent
evidence indicates that many of the primary afferent fibres
terminating in the cord contain L-glutamate (Maxwell et
ah, '90a, '90c) Preliminary investigations have indicated
that spherical vesicle containing terminals which contact
SCT cells also are enriched with L-glutamate (Maxwell et
ah, unpublishod observations). Thoroforo it soomc likoly
that spherical voeiclo containing terminals form a class of
bouton which can be distinguished from those that contain
GABA using immunochemical criteria.

The second typo of unlabollod bouton contacting SCT
neurons contains highly flattened vesicles and corresponds
to a type of terminal described in a previous publication on
the ultrastructuro of tho SCT (Maxwell et ah, '81). The
vosiclos in thoso boutonc wore more olongated than those
observed in GABA containing boutonc and they also appear
to represent a subpopulation of boutons which is distinct
from the GABA-containing ones. Finally, a class of bouton,
not previously described in association with SCT neurons,
contained numerous dense core vesicles in addition to

spherical agranular ones. It is necessary to exercise some
caution in the interpretation of this data. For example,
flattened vocicloc may occur ac a concoqucnce of aldehyde
fixation (Valdivia, '71) and it is by no means established

that all GABA-immunoreactive boutons are detected by the
poet embedding immunogold technique. Aloo, a proportion
of the terminals observed were equivocal and could not
easily be classified. It will be necessary to perform further
immunogold analyses with a variety of antiscra to demon
strate that GABA-immunonegative boutons with similar
morphological characteristics constitute particular classes
of bouton.

Functional implications of GABA boutons
in contact with the SCT

The present study demonstrates that SCT cells receive
substantial numbers of synaptic contacts from GABA-
containing neurons. Light and electron microscopic observa¬
tions revealed that somata and proximal dendrites were
heavily innervated by GABA-immunoreactive terminals
and that approximately 37% of all synaptic boutons con¬
tained GABA. The most distal dendrites also received a

substantial number of GABA-immunoreactive terminals
(about 27% of all contacts). Intracellular recordings from
SCT neurons have shown that I.P.S.P.s may be evoked by
electrical stimulation of cutaneous nerves (Hongo et al.,
'68). Application of appropriate natural stimuli to regions
within excitatory receptive fields also evoke I.P.S.P.s; such
regions arc usually part of larger inhibitory fields which
extend beyond the excitatory field (Brown, '81a; Brown et
al., '87). Additional inhibitory regions from which I.P.S.P.s
can be olicitcd include glabrous skin and regions of hairy
skin which are located outside excitatory fields. Recently,
Short et al., ('90) examined aspects of the inhibition evoked
from outside the excitatory fields of single SCT neurons.
Pairs of stimuli wore used; an air jet stimulus was applied to
tho excitatory field and the second stimulus (either air jet or
vibration) was applied to inhibitory fields. The evoked
inhibition was profound and had a short latency indicating
that it was postsynaptic and acted directly on SCT neurons.
Data presented in this study suggest that it is likely that
much of this inhibition is due to the action of GABA.

The high density of GABA terminals on distal dendrites
deserves further comment. Inhibitory boutonc situated
such a considerable distance from cell bodies might not be
expected to exert any great influence on transmission.
However it is likely that such boutons would exert local
effects such as shunting inhibition and may be expected to
influence the activity of excitatory inputs on distal den
drites. It is known that distal dendrites of SCT neurons

receive monosynaptic contacts from hair follicle afferent
fibres which innervate the most peripheral areas of their
excitatory receptive fields (Brown and Noble, '82). Excita¬
tory fields of many SCT cells exhibit gradients of sensitivity
when tested with air jets and the centre of the field usually
exhibits a greater degree of sensitivity than the periphery
(Brown et al., '86). It is likely therefore that the balance of
excitation and inhibition on distal dendrites would to some

extent govern the sensitivity of peripheral regions of the
excitatory field to natural stimuli and may even alter the
sensitivity profile itself.

Finally, in keeping with our previous ultrastructural
observations (Maxwell et al., '84), terminals, including
GABA-immunoreactive ones, were not presynaptically ap¬
posed to other boutons in synaptic contact with the SCT;
this implies that if such arrangements are present they are
comparatively uncommon. The absence of such axo axonic
arrangements may explain why it is not possible to suppress
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the monosynaptic input to the SCT from primary afferent
fibres presynaptically (Brown et al., '87).

In conclusion, SCT neurons receive a dense innervation
from GABA-containing neurons which are probably located
close to the SCT cells themselves in the dorsal horn. It is
probable therefore that CABA ic responsible for much of
the postsynaptic inhibition that has been observed in the
SCT.
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CATECHOLAMINERGIC INNERVATION OF THE SPINAL
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ELECTRON MICROSCOPIC ANALYSIS OF
TYROSINE HYDROXYLASE-IMMUNOREACTIVE
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Abstract—The ultrastructural organization of presumed catecholamine-containing boutons, in the dorsal
horn of the cat lumbosacral spinal cord, was examined in an immunocytochemical study using an
antiserum against tyrosine hydroxylase. The study was restricted to the first four laminae of Rexed. Light
microscopic inspection revealed numerous, varicose, tyrosine hydroxylase-immunoreactive axons through¬
out this region of the spinal cord. Within laminae I and II the fibres exhibited a prominent rostrocaudal
orientation, while in laminae III and IV they were organized predominantly dorsoventrally. Correlated
ultrastructural analysis confirmed that these varicosities were synaptic boutons. Forty-five of these
structures were examined through serial sections and they were found to form symmetrical (Gray type
II) synaptic junctions with dendrites (95%) and somata (5%). Immunoreactive boutons were not observed
to be either presynaptic or postsynaptic to axon terminals.

These findings suggest that catecholamines within the spinal dorsal horn act through a postsynaptic
action upon dorsal horn neurons.

Catecholamine-containing nerve terminals have been
shown to innervate the spinal gray matter of a
number of species, including the rat,11"82'0 cat,"-56
opossum60-61-70 and primates.16-" Although these struc¬
tures are distributed throughout the gray matter, they
are particularly abundant within the superficial layers
(laminae I and II) of the dorsal horn.

Lesion studies in combination with biochemical or

histochemical analysis, together with retrograde
transport techniques have demonstrated that these
terminals arise from neurons whose cell bodies are

located in supraspinal sites (see Ref. 92 for review).
The pontine locus coeruleus (A6), nuclei of the A7
group, A5 and A4 groups all send descending nor¬
adrenergic projections to the dorsal horn. The dopa¬
minergic innervation to the spinal cord is thought to
be derived solely from the diencephalic All cell
group.8-45-83,84 Evidence suggests that in mammals
the axons of descending catecholaminergic neurons
course through the dorsolateral funiculus and ventro¬
lateral and ventral quadrants before terminating in
the dorsal horn.3-11-" Recently, however, it has been
proposed that most coerulospinal fibres in the rat
may descend through the gray matter.32

Behavioural studies have shown that intrathecal
administration of sympathomimetic drugs produces

*To whom correspondence should be addressed.
Abbreviations: DAB, 3,3'-diaminobenzidinc; HRP, horse¬

radish peroxidase; 5-HT, 5-hydroxytryptamine, sero¬
tonin; NA, noradrenaline; NDS, normal donkey
serum; PBS, phosphate-buffered saline; TH, tyrosine
hydroxylase.

potent analgesia.4850"54-72 Furthermore, ionophoretic
application of catecholamines depresses the activity
generated in dorsal horn neurons following periph¬
eral stimulation.4-20-25,29'30,4146,80 This is consistent with
results from brainstem stimulation studies, in which
electrical activation of A642,65-77'78-97 and A7 35,97 nor¬

adrenergic cell groups and the dopaminergic All cell
group29 produces similar effects.

A number of authors have proposed that the
predominant action of catecholamines in the spinal
cord is to selectively inhibit responses to noxious
stimuli.4,20,29-30-41 However, others have found that
catecholamines depress activity generated by both
high and low threshold stimuli.46,80 Electrical acti¬
vation of the locus coeruleus42-65,97 and the dopamin¬
ergic All cell group29 has been found to depress
nociceptive transmission much more powerfully than
responses to innocuous cutaneous stimulation, infer¬
ring some degree of selectivity in the actions of these
catecholaminergic nuclei. In contrast, stimulation of
the A7 cell group produced a non-selective regulation
of sensory transmission.46,97

The circuitry underlying these effects is very poorly
understood, but both presynaptic13-17-40-49,55,94 and
postsynaptic4 25-48-68 mechanisms have been suggested.
The present study was prompted by the need to
improve our understanding of the mechanisms
through which catecholaminergic neurons terminat¬
ing within the spinal dorsal horn regulate somatosen¬
sory transmission in the cat.

Tyrosine hydroxylase (TH) is the enzyme which
converts tyrosine to dihydroxyphenylalanine
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(DOPA), and is the first enzyme in the catecholamine
biosynthetic pathway. Therefore, it is an endogenous
enzyme of dopaminergic, noradrenergic and adrener¬
gic neurons. To characterize the ultrastructural or¬
ganization of the catecholaminergic innervation to
the spinal cord, we have examined catecholaminergic
nerve fibres in a correlated light and electron micro¬
scopic analysis, using TH as an immunocytochemicai
marker. The ultrastructural analysis was restricted to
the first four laminae of the dorsal horn. A prelimi¬
nary abstract of some of these findings has been
published.24

EXPERIMENTAL PROCEDURES

Fixation of tissue
Five cats were anaesthetized with sodium pentobarbitone

(40 mg/kg, i.p.), and perfused through the heart with warm
saline (37°C) containing 100 U/ml heparin and 0.1 % sodium
nitrite. This solution was delivered at a pressure of
120mmHg and, once the blood had cleared, 1000 ml of
warm fixative (37°C) was introduced at the same pressure.
The fixative consisted of 4% paraformaldehyde, 0.1% glu-
taraldehyde and 15% saturated picric acid in 0.1 M phos¬
phate buffer, pH 7.4. A further 2000 ml of fixative was
delivered at 4°C.

Following perfusion, the lumbosacral region (L7-S1) of
the spinal cord was removed and kept in the same fixative
(with the omission of glutaraldehyde) for a further 6 h. The
blocks were washed and stored overnight in phosphate-
buffered saline (PBS). Tissue from the striatum was also
removed to assess the immunocytochemicai procedure (see
later). Transverse and sagittal sections (40 ^m) of spinal
cord were cut with a Vibratome, and rinsed overnight in
several changes of PBS to ensure complete removal of
fixative prior to incubation with the primary antiserum.
Sections were also cut from the striatum.

Immunocytochemicai procedure
Vibratome sections were immersed in 10% normal don¬

key serum (NDS) with 0.01% sodium azide in PBS for
30min to reduce nonspecific (background) staining by
antisera. For immunostaining, sections were incubated in
the TH antiserum diluted 1:1000 for 18-24 h at 4°C. The TH
antiserum employed in this study was raised by van den Pol
et al., and its characteristics and specificity have been
described elsewhere.89 TH was visualized in test sections
using the avidin-biotin-peroxidase complex (ABC) tech¬
nique.4' Following treatment with the primary antiserum the
sections were incubated for 45 min in anti-rabbit biotiny-
lated antibody (Amersham) diluted 1:100 at room tempera¬
ture, followed by 15 min in streptavidin peroxidase complex
(Amersham) diluted 1:300 at room temperature. The tissue
was washed between each step in PBS and dilutions were
made in PBS containing 1% NDS. The presence of peroxi¬
dase was visualized by reacting with 3,3'-diaminobenzidine
(DAB) and hydrogen peroxide.
Electron microscopy

Following the DAB reaction, sections were postfixed in
1% osmium tetroxide for 1 h and dehydrated through a
series of ethanol solutions. "En bloc" staining was per¬
formed with a 1% solution of uranyl acetate in 70%
ethanol. After dehydration they were cleared in propylene
oxide, flat-embedded in Durcupan between plastic foils and
polymerized at 60°C for 48 h. When polymerization was
complete, the sections were examined then photographed or
drawn with the aid of a drawing tube.

Sections were subsequently attached to Durcupan blocks
and thin sections cut on an ultramicrotome. Ribbons of

serial thin sections were collected on single-slol copper grids
coated with Formvar and stained with Reynold's lead
citrate for 2-3 min. Immunostained axons within the dorsal
horn of the spinal cord were examined with the electron
microscope through the series in order to determine the
synaptic arrangements that they formed. Bouton diameters
were measured using a Reichert videoplan system from
micrographs where the profiles were at their largest

Effects offixation and Triton T-100
Two techniques were employed to improve accessibility of

the antisera to catecholaminergic fibres. (1) Berod el al.6
have shown that increasing the pH of fixative enhanced TH
immunohistofluorescence in the caudate nucleus. Therefore
one of the cats was perfused with a solution of 4%
paraformaldehyde in 0.1 M borate buffer at pH 9.0. (2)
In a second series of experiments, penetration of immuno¬
globulins was increased by incubation of the sections in up
to 0.3% Triton X-100 for 1 h, prior to incubation with the
TH antiserum.

Controls

TH antiserum was omitted from the incubation medium
in control experiments. In addition, sections from the
striatum were incubated in primary antiserum and processed
identically to the spinal cord test sections. This region
possesses a dense catecholaminergic innervation,58 and is
known to react strongly with this antiserum.3' These
sections were used for comparative purposes.

RESULTS

Light microscopic observations of tyrosine hydroxyl¬
ase-immunoreactive axons

Nerve fibres exhibiting TH immunoreactivity were
found in all laminae of the spinal dorsal horn, but
within each lamina differences were noted with

respect to the density and trajectory of the axons and
varicosities.

In transverse sections, TH-immunoreactive fibres
were most abundant in the medial part of laminae I,
II and IV (Fig. 1). Additional axons were seen to
form a dense plexus around the central canal. Inner¬
vation in the remainder of the gray matter, including
the ventral horn, was relatively sparse. Within lami¬
nae I and II of the dorsal horn, TH immunoreactivity

Fig. 1. A composite drawing illustrating the distribution of
the TH-immunoreactive axons throughout five 40-pm trans¬
verse sections of cat lumbosacral (L7-S1) spinal cord. Note
the particularly high density of fibres in laminae I, II and IV

and around the central canal in lamina X.
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was observed primarily as isolated punctate profiles
or short axons with few "en passant" varicosities
(Fig. 3B). Long strands of catecholaminergic axons
were occasionally seen travelling in the transverse
plane (Fig. 3B, C). In lamina IV, TH immunoreactiv-
ity was observed primarily as short varicose axons
running in both the dorsoventral and mediolateral
planes. Throughout laminae I-IV, terminals and
varicosities were seen in contact with somata (Fig. 4).

Analysis of the distribution of immunolabelled
axons in the sagittal plane revealed large numbers of
rostrocaudally orientated axons within laminae I and
II (Fig. 2). These axons were most numerous in
lamina I. Large numbers of immunoreactive fibres
were also found in laminae III and IV, but these
structures were predominantly orientated dorsoven-
trally. In contrast to the large numbers of labelled
fibres in the first four laminae of the dorsal horn, the
remainder of the gray matter, including the ventral
horn, contained very few TH-immunoreactive axons

(Fig. 2).

Effects offixation and Triton Jf-100
The high pH fixation regime recommended by

Berod et al.6 only marginally improved the intensity
of immunolabelling within the spinal dorsal horn. In
addition, this fixation produced poor ultrastructural
preservation.

Pre-treatment of tissue sections with Triton X-100

greatly enhanced the density of immunolabelling.
Particularly noticeable were the large numbers of
rostrocaudally orientated fibres revealed within lami¬
nae I, II and the outer portion of lamina III. These
fibres were highly varicose and could often be fol¬
lowed for several millimetres (Fig. 5). Most immuno¬
labelled axons ran parallel with the dorsal border of
the dorsal horn. The rostrocaudal orientation was

most prominent in lamina I. In lamina II and the
outer portion of lamina III the predominant orien¬
tation of the TH-immunoreactive axons was still
rostrocaudal, but many axons travelled at an angle to
the dorsal border of the dorsal horn, and some axons
followed a highly curved path (Fig. 5B). Frequently,
these axons ran for long distances without branching
(Fig. 5A). In the inner portion of laminae III and IV
the fibres travelled dorsoventrally. Treatment with
Triton X-100 produced a marked deterioration in
tissue preservation, and these sections were not used
for ultrastructural analysis.

The TH-immunoreactive fibres may be classified
into at least two distinctive populations on the basis
of the size of their varicosities. The most common

type of axon had both large and small varicosities
intermingled along its length (Fig. 6A), while the
second, less common type was characterized by small
varicosities, which were only slightly larger than
their intervaricose axons (Fig. 6B). Pre-treatment
with Triton X-100 revealed large numbers of im¬
munoreactive varicosities which were in contact with
neuronal somata (Fig. 5).

Since treatment with Triton X-100 results in
tissue deterioration, these sections were not used for
ultrastructural analysis.

Controls

Sections which had been incubated in a medium
from which the primary antiserum had been omitted
displayed no immunolabelling. Sections from the
striatum which had been treated with the TH anti¬
serum displayed an intense immunoreaction.

Ultrastructural observations of tyrosine hydroxylase-
immunoreactive axons

In all, 45 boutons exhibiting TH immunoreactivity
were examined through serial sections with the elec¬
tron microscope. Terminals were predominantly
round or oval in shape and varied in size from 0.40
to 1.83 pm in diameter. A frequency distribution
histogram of bouton diameters is shown in Fig. 10A.
The majority (85%) of profiles fell within the range
0.6-1.2 /im (0.94 /jm mean diameter). Catecholamin¬
ergic boutons characteristically formed single
synapses on dendrites (95% of synapses) or neuronal

Dorsal columns

Ventral quadrant

Fig. 2. A composite drawing illustrating the distribution of
TH-immunoreactive axons throughout four 40->tm sagittal
sections of cat lumbosacral (L7-S1) spinal cord. Note the
very dense innervation in laminae I-IV compared to the rest
of the gray matter. In lamina I and the outer region of
lamina II the fibres exhibit a prominent rostrocaudal orien¬
tation. In laminae III and IV this orientation changes, and

most axons are organized dorsoventrally.
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Fig. 4. A light micrograph showing two TH-immunoreactive terminals (arrows) in lamina II contacting
small neuronal cell bodies (asterisk).

cell bodies (5% of synapses). They were not observed
to form axo-axonic synapses, although they were
occasionally found closely apposed to other un-
labelled vesicle-containing structures. Intact boutons
when followed through serial sections invariably
formed synaptic specializations. However, it was
often difficult to demonstrate the presence of an
active zone if the bouton was disrupted. The boutons

were characteristically packed with small, irregularly
shaped, agranular vesicles (Figs 3D, 7-9) together
with several dense-core vesicles (Fig. 9). The possi¬
bility that some dense-core vesicles were immuno-
reactive for TH was difficult to assess because of the
intensity of the electron-dense reaction product. The
boutons usually also contained at least one mitochon¬
drion. Synaptic junctions formed by these axonal

Fig. 3. (A) An outline of the dorsal horn of the L7-S1 region of the spinal cord in transverse section.
Higher magnification of the area enclosed by the box is shown in B. The distribution of TH-immuno¬
reactive axons within laminae I and II of this region is illustrated for a single 40-^m section. In this
particular section the density of immunolabelling is similar for both superficial laminae. Surrounded by
a small box is an immunolabelled fibre travelling in the dorsoventral plane. The highly varicose appearance
of this axon is shown at higher magnification in C. The varicosity marked by an asterisk is shown in an
electron micrograph (D). This bouton forms a symmetrical (Gray type II) synaptic junction (between the

arrowheads) with a medium-sized dendrite (D).
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terminals were of the symmetrical type (Gray type II),
and were small (mean + S.D. = 0.33 + 0.10 //m),
when compared to the diameter of the bouton. The
immunoreactive material within labelled boutons
was most obvious along vesicle membranes and
mitochondrial outer membranes (Figs 8, 9). It is

possible, therefore, that the presynaptic densities were
exaggerated by the immunoreaction.

Axo-dendritic synapses were found throughout
laminae I-IV of the dorsal horn. Immunolabelled
boutons formed synapses most commonly with
medium-sized (0.5-2.0/tm diameter) dendrites
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Fig. 5. A pair of drawings, constructed from sagittal sections treated with Triton-X 100, illustrating the
morphology and patterns of distribution of TH-immunoreactive axons within lamina II and the outer
region of lamina III. (A) TH-immunoreactive axons travel for considerable distances in a rostrocaudal
direction without branching. Most fibres are characterized by regularly spaced varicosities. (B) Typical
features of immunolabelled axons at the lamina II—III border. Many fibres run rostrocaudally while others
travel at an angle to the laminar boundary. Further axons follow a highly curved path. Throughout this

region, immunolabelled axons are found in contact with neuronal cell bodies.
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25 pm

Fig. 6. Drawings of TH-immunoreactive axons typical of
those found in the first four dorsal horn laminae. At least
two different morphological types of axon can be distin¬
guished by the dimensions of the varicosities which occur
along the axonal strands. Axon type B is fairly unusual.

(Figs 3D, 8C, D, 10B). Large calibre dendritic shafts
(>2.0 pm diameter) also received synapses from
TH-immunoreactive axonal endings (Figs 7D, 8E, F,
10B), as did very small (<0.5 jim diameter) dendrites
or spines (Figs 7E, 8A, B, 10B).

Symmetrical axosomatic synapses were present in
laminae II, III and IV. No examples were observed
in lamina I, but few immunolabelled boutons were

sampled in this region. A small immunoreactive
bouton in lamina IV in association with a large
neuronal perikaryon is shown in Fig. 9B. At higher
magnification (Fig. 9C) the prominent active zone is
revealed.

DISCUSSION

Characteristics and specificity of the primary anti¬
serum

The primary antiserum used in this study was
raised by van den Pol et al., in rabbits, from TH
extracted from bovine adrenal glands. The character¬
istics of this antiserum have been described else¬
where.89 Briefly, its specificity for TH was determined

by precipitation of enzyme extracts from a crude cell
homogenate (Western blot); only a single band of
62,000 mol. wt was recognized by this antiserum.
Immunohistochemical specificity was confirmed by
the abolition of immunostaining following pre-incu-
bation with TH, but not any other antigens. In our
study, sections which had been incubated in a
medium lacking TH antiserum displayed no immuno-
labelling, suggesting that the axons observed in the
test sections were immunoreactive for TH. The ap¬
pearance of the catecholaminergic axons observed in
the striatal sections was similar to those observed
by Freund et al.,31 who used the same antiserum.
These two observations, in conjunction with the
specificity findings of van den Pol et al.,*9 strongly
suggest that the structures labelled in the spinal cord
were immunoreactive for TH.

Origins of tyrosine hydroxylase-immunoreactive fibres
The original evidence indicating that the catechol¬

aminergic innervation to the spinal cord arose from
cell bodies located in supraspinal sites came from
observations that catecholamine histofluorescence
almost completely disappeared following transection
of the cord.1119'59 Dahlstrom and Fuxe18 mapped the
distribution of catecholamine-containing perikarya in
the rat brainstem, and it was proposed that the spinal
catecholaminergic terminals originate from one or
more of these nuclei.19 Subsequent studies have
shown that these terminals originate from cells in the
noradrenergic A4-A7 cell groups (see Ref. 92 for
review), and the dopaminergic All cell group.M5'83M
A spinal projection may also arise from the medullary
Al/Cl and A2/C2 cell groups,1927'36 although some
authors do not support this idea.90,91

A chronic spinal cord transection which severs the
descending axons would deplete the spinal cord of
catecholamines derived from supraspinal sites. How¬
ever, catecholamine may still be detected caudal to
this type of lesion,1119,59 but the concentrations are

very low, and make only a modest contribution to the
spinal cord catecholamine content. In the cat, it is
likely that all of the TH-immunoreactive axons found

Fig. 7. Correlated light and electron microscopic analysis of a TH-immunoreactive axon. (A) Location
of the axon in lamina II of the dorsal horn. (B) Light microscopic appearance of the immunocytochemi-
cally stained axon. (C) A low power electron micrograph of the same fibre. Note the presence of the two
boutons marked 1 and 2. (D, E) At higher magnification the symmetrical (Gray type II) synapses formed
by these structures are resolved (between the arrowheads). Bouton I synapses with a large calibre dendrite

(D), while the dendrite (D) contacted by bouton 2 is small.

Fig. 8. Electron micrographs showing TH-immunoreactive terminals making symmetrical synaptic
contacts (between the arrowheads) with small (A, B), medium (C, D) and large (F) dendritic profiles. The
bouton in F is shown at lower magnification in E (asterisk). At this magnification the very large calibre

of this dendrite (D) is revealed. Scale bars for A-D, F = 0.25 fim; for E = 2.0 pm.

Fig. 9. Electron micrographs showing a TH-immunoreactive bouton forming a symmetrical (Gray type
II) synaptic junction with a large neuronal perikaryon in lamina IV. (A) Location of the cell body within
the dorsal horn. (B) Low power electron micrograph of the bouton (B) apposed to the large soma. Note
the presence of the nucleus (Nuc). (C) At higher magnification the prominent active zone is revealed

(between the arrowheads).
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£ g r
Bouton diameter (pm)

Fig. 10. (A) Frequency distribution histogram of immunola-
belled bouton diameters. The majority (85%) of profiles fall
within the range 0.6-1.2 fim (mean diameter = 0.94 /im). (B)
Frequency distribution histogram of postsynaptic dendritic
diameters. Immunolabelled boutons synapse most com¬
monly with medium-sized (0.5-2.0 gm diameter) dendrites.
Large calibre dendritic shafts (>2.0 (im diameter) also
receive input from TH-immunoreactive axonal endings, as

do very small (<0.5 gm diameter) dendrites.

in the lumbosacral region belong to descending
systems, since we did not observe any catecholamine-
containing neuronal perikarya in this region. This is
consistent with previous studies in the cat.54 In the
rat, catecholaminergic perikarya have been demon¬
strated in the upper sacral cord whose axons project
locally and contribute to the catecholaminergic fibre
network of this region.23,67

It is possible that a small number of dopamine-con-
taining terminals in the dorsal horn may be derived
from sensory neurons. Price and Mudge71 have
reported that a small population of adult rat dorsal
root ganglion cells are immunoreactive for TH,
but not dopamine-/?-hydroxylase. However, due
to the paucity of these cells, they are unlikely to
make a significant contribution to the spinal cord
catecholamine content.

Distribution and orientation of tyrosine hydroxylase-
immunoreactive fibres

The present study was restricted to the first four
laminae of the spinal dorsal horn. Throughout this
region large numbers of axons immunoreactive for
TH can be localized, laminae I, II and IV possessing
a denser innervation than lamina III.

Within the superficial laminae (laminae I and II), the
axons exhibit a prominent rostrocaudal orientation,

with the highly varicose fibres travelling for consider¬
able distances without branching. This pattern of
descent for fibres in these layers has been described
previously.11,19,32 The dendritic arbors of neurons in
this region are orientated in a similar way (see Ref.
93 for review), and it seems reasonable to suggest that
the TH-immunoreactive fibres form synaptic contacts
with these parallel-arranged dendrites.

Sugiura el al." have shown using a Phaseolus
vulgaris -leucoagglutinin intracellular staining tech¬
nique in the guinea-pig that cutaneous unmyelinated
(C) fibres within lamina I distribute as long, rostro-
caudally orientated strands, with relatively few
branches. Similarly, Gobel et al?1 observed that
ultrafine varicose axons within lamina I, labelled
following application of horseradish peroxidase
(HRP) to cut dorsal roots, travel for considerable
distances in the rostrocaudal direction without

branching. It has been suggested that the similar
orientation of catecholaminergic axons and fine pri¬
mary afferent axons within lamina I could imply a
close association between the two groups. However,
our ultrastructural observations did not reveal im¬
munolabelled boutons synapsing with other axon
terminals.

Within laminae III and IV, the orientation of the
immunolabelled axons changes from a rostrocaudal
to a dorsoventral orientation. Many laminae III and
IV cells possess dorsally directed dendrites, which
extend upwards, penetrating laminae I—III (see
Ref. 93 for review). The orientation of the immuno¬
labelled axons therefore appears to change to accom¬
modate the different arborization pattern formed by
the cells in this region. In this way, the catecholamine-
containing varicose fibres may remain parallel to
their target dendrites.

TH-immunoreactive axons were not uniformly dis¬
tributed across the mediolateral extent of the dorsal
horn. In a similar way to the distribution of corti¬
cospinal axons,15 the catecholamine-containing fibres
were predominantly located in the medial part of the
horn. This heterogeneous arrangement of the dorsal
horn in the mediolateral direction may help us to
appreciate the interesting findings of Swett and
Woolf88 and Molander and Grant.66 These authors

mapped the distribution of hind-limb nerves in the
rat, and found that the tibial nerve that innervates
the glabrous skin on the hind-foot projects to the
medial third of the horn. Furthermore, Rethelyi
el al.1* have observed differences in axonal sprouting
between medial and lateral sectors following neonatal
capsaicin treatment. All of these findings suggest a
unique structure for the medial sector of the spinal
dorsal horn onto which selective primary afferent,
corticospinal, and catecholamine-containing axons
all terminate.

Ultrastructural observations

Our observations with the electron microscope
demonstrate that the descending catecholaminergic
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projections to laminae I—IV of the cat spinal dorsal
horn form symmetrical (Gray type II) synaptic
specializations with their postsynaptic targets.

The majority of immunolabelled boutons (95%)
was found in association with dendrites, while the
remainder (5%) were seen in contact with neuronal
somata. On no occasion were axo-axonic synapses
observed. We cannot state conclusively that catechol-
amine-containing boutons do not contact other axon
terminals, but if this type of synaptic arrangement
does exist in the cat lumbosacral spinal cord then it
is extremely rare. Hagihira et al." also reached this
conclusion in the rat using a similar technique. The
majority of axodendritic synapses was found on
medium-sized dendrites but contacts upon large cal¬
ibre dendritic shafts and small diameter dendrites
were not uncommon. It appears, therefore, that
contacts are found throughout the dendritic arbors of
dorsal horn cells.

Boutons immunolabelled for TH were found to

contain two distinct types of vesicle: (i) small, irregu¬
larly shaped, agranular vesicles, and (ii) prominent
dense-core vesicles. The small agranular vesicles are

likely to contain catecholamine since they are ren¬
dered electron dense by permanganate fixation.79 This
type of precipitation reaction is selective for
monoaminergic neurotransmitters.43'44 Dense-core
vesicles can be demonstrated in axon terminals con¬

taining transmitters other than catecholamines.44 Re¬
cent evidence indicates that some of these vesicles
contain neuropeptides,64 and a number of studies
have demonstrated the co-existence of catechol¬
amines with neuropeptides in the central nervous
system.14,26,63,95 The locus coeruleus, Al/Cl, A2/C2
and A4 noradrenergic cell groups have been shown to
be immunoreactive for neuropeptide Y,26-95 and, in
addition, the majority of A6 profiles are also positive
for galanin63 and enkephalin.14 Therefore, the dense-
core vesicles observed within TH-immunoreactive
boutons may contain some or all of these peptides.
The functional significance of co-existence between
catecholamines and neuropeptides will be discussed
below.

The findings reported in this study are in contrast
to those described by Descarries et al.21 and Seguela
el a/.81 for ascending catecholaminergic systems in the
rat cerebral cortex. These authors found that the

majority of catecholamine-containing terminals
(80-95%) lacked the membrane specializations of
typical synaptic contacts. In this respect, it was
proposed that the ascending projections exert a
diffuse effect on postsynaptic structures. In contrast,
we propose that the catecholamine-containing termi¬
nals in the spinal cord of the cat are organized with
a high degree of specificity. An earlier report by Satoh
et al,79 concluded that most noradrenergic terminals
within the substantia gelatinosa (lamina II) of the rat
did not form identifiable synaptic junctions. How¬
ever, the potassium permanganate fixation technique
used by these authors results in poor ultrastructural

preservation and is not selective for the noradrenergic
terminals. Hokfelt et al.*1'44 have shown that a num¬

ber of monoamines can reduce permanganate to
manganese dioxide, the strongest reaction of all being
achieved with serotonin (5-HT). Since 5-HT is two to
six times more abundant within the spinal cord than
noradrenaline (NA),2,98 and immunocytochemical
studies have shown a dense network of serotoninergic
axons to be present within the dorsal horn,76 the
majority of boutons observed by Satoh et al,79 could
have been serotoninergic. Consistent with this idea.
Maxwell et al.62 reported that many 5-HT-immuno-
reactive axons within the substantia gelatinosa in the
rat lack the membrane specializations of typical
synaptic contacts. Studies using autoradiography75
and immunocytochemistry1,39 have shown that most
catecholaminergic terminals within the spinal cord do
form typical synaptic contacts. The approach used by
Ruda et al.7> was based upon the ability of neurons
which use NA as a transmitter to take up tritiated NA
[3H]NA at their axonal endings. In the rat trigeminal
dorsal horn, many labelled axons were found which
formed asymmetrical (Gray type I) synapses.
Although the autoradiographic approach used by
these authors75 probably resulted in accumulation of
[3H]NA within noradrenergic processes it has been
shown that a nonspecific uptake by other terminals is
possible. There is good evidence that dopamine-con-
taining neurons can accumulate [3H]NA21-33,69,73,85 and
under particular conditions an uptake of [3H]NA
might also take place with serotoninergic nerve
cells.33'34 On this basis, uptake studies may not allow
autoradiographic distinction of noradrenergic nerve
endings. Immunocytochemical studies in the rat dor¬
sal horn have also demonstrated that noradrenergic
terminals exhibit membrane specializations of typical
synaptic junctions.1-39 Junctions were mostly.' or ex¬
clusively,39 asymmetrical (Gray type I). In the present
study we report that contacts made by catecholamin¬
ergic boutons in the cat dorsal horn are symmetrical
(Gray type II), thus indicating that differences may
exist between species in the morphology of synaptic
specializations formed by catecholamine-containing
boutons. Significantly, the patterns of termination
and the postsynaptic targets are similar in both
species.

Functional considerations

A number of groups have investigated the actions
of sympathomimetics upon dorsal horn neurons
which were activated by peripheral stimulation. In
general, the predominant effect is an inhibition of
activity,4'20-25'29'30'41'46'80 although occasional excitation
is also seen.446-80 These findings are consistent with the
effects of electrically stimulating brainstem nuclei
known to contain catecholaminergic cell bod¬
ies.29,35,42-65r,-783>7 On the basis of electrophysiological
evidence, it appears that catecholamines exert both
presynaptic13-17'40,49'55,94 and postsynaptic4,25'48,68 ac¬
tions in regulating sensory transmission through the
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dorsal horn. In our present study we did not find any
examples of immunolabelled boutons forming synap¬
tic junctions with other axon profiles and conclude
that in the cat, catecholaminergic axons do not
directly act upon primary afferent terminals to pro¬
duce presynaptic inhibition. Nevertheless, presyn¬
aptic actions may be exerted through an inhibitory
local circuit neuron. Wohlberg et al,,94 using an
isolated frog spinal cord preparation, obtained
evidence that NA acts indirectly to produce hyper-
polarization of primary afferent terminals. When
synaptic transmission was blocked by application of
Mn2 + , Mg2 + , procaine or tetrodotoxin, the hyper-
polarization to NA was subsequently reduced or
abolished. Furthermore, mephensin, a reported
blocker of polysynaptic pathways, also attenuated
with hyperpolarization evoked by NA.94

Ultrastructural analysis confirms that TH-im-
munoreactive boutons form synaptic contacts with
the dendrites and somata of cells throughout laminae
I-IV. These observations favour the idea of a post¬
synaptic mechanism of action for catecholaminergic
axons within the spinal dorsal horn. Furthermore,
our analysis of TH-immunoreactive boutons in the
spinal dorsal horn suggests that catecholamines may
regulate the responses of a number of different neur¬
onal cell types. Lamina I contains projection neurons
of the spinothalamic tract12 in addition to local circuit
neurons.5 The high density of catecholaminergic
fibres in this region could depress activity of thalamic
projection neurons as well as inhibit local circuit
neurons. Lamina II of the dorsal horn is composed
almost entirely of local circuit neurons. The two
major types of cell are the stalked cells and the islet
cells (see Ref. 93 for review), each of which could
receive contacts from catecholaminergic boutons.
The neuropil of the superficial dorsal horn also
contains dendrites of neurons with cell bodies in
deeper lamina of the dorsal horn, such as laminae
III-V (see Ref. 93 for review). Therefore it is possible
that distal dendrites of these cells receive catechol¬
aminergic input via laminae I and II. Lamina IV
contains many projection neurons of the spinocervi-
cal tract and postsynaptic dorsal column system (see
Ref. 9 for review). An inhibitory action by catechol¬
amines upon these cells would modify spinal input to
the lateral cervical nucleus and the dorsal column
nuclei.

A number of authors have reported that
ionophoretically applied catecholamines depress no¬
ciceptive responses with greater efficacy than re¬
sponses to innocuous stimuli,4,2<U9J0,41 and it has been
proposed that the descending catecholaminergic
neurons selectively depress activity generated by nox¬
ious stimuli. Other authors, however, have failed to
demonstrate any selectivity.44,80 The postsynaptic
target neurons of TH-labelled axons were not ident¬
ified in the present study. However, on the basis of
the primary afferent inputs to the different laminae of
the dorsal horn, several inferences may be drawn. The

high density of TH-positive boutons within laminae
I and II, where high threshold A8 and C fibres
terminate,7,57,87 infers that a depression of nociceptive
transmission may occur in this region. Furthermore,
in laminae III and IV, where Aa/J fibres terminate (see
Refs 9, 10 for review), the catecholaminergic axons
may depress transmission of innocuous input. Until
the precise nature of the postsynaptic targets of
catecholaminergic fibres is resolved, interpreting the
effects observed during NA ionophoresis will
remain difficult. This would include knowing whether
catecholamine-containing axodendritic synapses on
distal dendrites are adjacent to excitatory synapses
conveying nociceptive information. A selective inhi¬
bition of nociceptive pathways may be achieved by
such a local circuit through shunting inhibition.

Brainstem stimulation studies indicate that a

selective inhibition of nociceptive pathways can
be achieved through activation of the locus
coeruleus42,65,97 and dopaminergic All group.29 The
subcoeruleus-parabrachial nuclei35 and Kolliker-
Fuse nucleus97 produce non-selective inhibition of
sensory transmission. An intriguing finding to emerge
from these studies is the insensitivity of coerulospinal
inhibition to reversal by adrenergic antagonists.42,97
Hodge et al.*2 found that inhibition from the locus
coeruleus was unaltered by depletion of brain and
spinal cord NA with reserpine (l-2mg/kg, i.p.).
Furthermore, Zhao and Duggan97 found that while
idazoxan antagonized NA-induced inhibition, it
failed to block the inhibition of dorsal horn neurons

induced by stimulation of the locus coeruleus or
Kolliker-Fuse nucleus. One possible explanation of
these results is that other transmitters are co-released
with NA, and depletion of NA alone is insufficient to
reduce a postsynaptic action. It has been discussed
earlier that the dense-core vesicles observed within
TH-immunoreactive boutons are likely storage sites
for candidate transmitter substances such as en¬

kephalin, galanin or neuropeptide Y. It is significant,
therefore, that a co-release of NA with neuropeptide
Y has been reported in the peripheral nervous sys¬
tem,84 and galanin has been shown to depress no¬
ciceptive reflexes in the isolated spinal cord-tail
preparation of the newborn rat.96

CONCLUSION

Our analysis of TH-immunoreactive axons in lami¬
nae I-IV of the spinal dorsal horn of the cat indicates
that boutons form symmetrical (Gray type II) synap¬
tic specializations upon dorsal horn neurons, but not
other axon terminals. This favours the idea of a

postsynaptic action of catecholamines to regulate
sensory transmission through the dorsal horn.
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Noradrenaline-containing nerve terminals within the cat spinal dorsal horn were studied by immunocytochemical localization of dopamine¬
s-hydroxylase. Immunoreactive terminals formed symmetrical (Gray type II) synaptic specializations with dendrites and somata throughout
laminae I-IV, but no junctions were formed with other axons. These findings suggest that noradrenaline regulates sensory transmission
through the dorsal horn via a postsynaptic action.

Noradrenaline (NA) containing axons and terminals
in the dorsal horn of the spinal cord of mammals3,14,18,
21, are derived from the nucleus locus coeruleus, nucleus
subcoeruleus and other pontine NA cell groups15,21,22.
These regions correspond to the A5-A7 cell groups orig¬
inally described by Dahlstrom and Fuxe2. Ionophoresis
of NA6,9,10 and stimulation of pontine NA cell groups15,22
has been shown to depress sensory transmission through
the spinal dorsal horn, an effect which may be selective
for activity generated by noxious stimuli6,9,15,22. Results
from electrophysiological studies suggest that NA regu¬
lates spinal sensory transmission through both a presyn¬

aptic action upon primary afferent terminals1,13 and a

postsynaptic12,16 action upon dorsal horn neurons. How¬
ever, ultrastructural evidence from immunocytochemical
studies favours a postsynaptic action5,8. In a previous
study we used an antiserum against tyrosine hydroxylase
(TH) to label presumed catecholamine (CA) containing
axons in the cat spinal dorsal horn5. Since TH is the first
enzyme in the CA biosynthetic pathway, an immunocy¬
tochemical analysis of NA axons may be complicated by
labelling of dopaminergic fibres. Owing to this difficulty,
and the recent discovery of neurons in the brain that
contain TH but not CA20, we have re-examined the ul¬
trastructural features of NA axons in the dorsal horn us¬

ing an antiserum to dopamines-hydroxylase (DBH), the
enzyme which converts dopamine to NA.

Three female cats were anaesthetized with sodium

pentobarbitone (40 mg/kg) and fixed by transcardial per¬

fusion as described previously5. The lumbosacral (Ly-S^
spinal cord was dissected out and 40 transverse and
sagittal sections were cut on a Vibratome. The antise¬
rum to DBH was purchased from Eugene Tech (New
Jersey), and diluted 1:1000 in phosphate buffered saline.
Tissue sections were incubated overnight in this primary
antiserum supplemented with 1% donkey serum, 0.05%
sodium azide and 0.3% Triton X-100. Although ultra-
structural preservation is compromised by the addition
of Triton X-100 in the incubation medium, its inclusion
is necessary for successful DBH immunocytochemical
staining. The presence of DBH was visualized using the
avidin-biotin-peroxidase complex (ABC) technique11 us¬

ing 3,3-diaminobenzidine as a chromogen. The sections
were then processed for electron microscopy as previ¬
ously described5.

Light microscopic inspection revealed large numbers
of DBH-immunoreactive axons throughout the first 4
dorsal horn laminae. The distribution and patterns of
termination of these structures was similar to that re¬

ported previously for fibres immunoreactive for TH5,
with laminae I, II and IV possessing a greater innerva¬
tion than lamina III. This distribution has also been de¬

scribed in the caudal spinal cord of rat18. Analysis of the
superficial dorsal horn (laminae I and II) revealed an
extensive plexus of very long, varicose, rostrocaudally-
orientated DBH axons. Lamina II also contained a num¬

ber of shorter axons extending in a dorsoventral direc¬
tion. In laminae III and IV, DBH fibres were short with

Correspondence: C.A. Doyle, Department of Preclinical Veterinary Sciences, University of Edinburgh, Summerhall, Edinburgh, EH9 1QH,
U.K.
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Fig. 1. Correlated light and electron microscopic analysis of a dopamine-/9-hydroxylase (DBH)-immunoreactive axon (Triton X-100 treated
material). A: position of the axon in lamina II of the dorsal horn (■). B: light microscopic appearance of the axon. Boutons 1-5 are illus¬
trated in the electron micrographs (C-G). These boutons formed symmetrical (Gray type II7) axo-dendritic synaptic junctions. Active zones
(between the arrowheads) of boutons 2-5 and their post-synaptic dendrites (D) are shown in D-G. Bouton I additionally formed a punctum
adhaerens (arrowheads) with a dendrite, D, (C). Synaptic contacts were observed upon small (< 0.5 /<m diameter: D and F) and medium-
sized (0.5-2.0 fim diameter: E) dendrites, as well as dendritic spines (G). In G; B.V.. blood vessel.
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Fig. 2. Correlated light and electron microscopic analysis of two further DBH-immunoreactive axons (Triton X-100 treated material). The
first fibre was located at the lamina I—II border (■) (A), and its light microscopic appearance is shown in (B). Boutons 1 and 2 are illustrated
in electron micrographs C-F. C: a low power electron micrograph showing close appostition between bouton 1 and a perikaryon (P), nu¬
cleus, N. D: at higher power a symmetrical synaptic junction is revealed (between the arrowheads), n, Nissl substance. E, F: serial sections
of an axo-dendritic synapse formed by bouton 2. The morphology of this junction changed as it was followed through serial sections: in
micrograph E it appears symmetrical, whereas in F it is asymmetrical. G: the position of a DBH-fibre in lamina III (■). H: light micrograph
of the immunocytochemically stained axon. The varicosity marked (1) is shown in an electron micrograph I. This bouton forms a symmetrical
synaptic junction (between the arrowheads) with a small dendrite (D).
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few 'en passant' varicosities. Most axons were organized
dorsoventrally, but axons running in both the mediolat-
eral and rostrocaudal planes were also seen.

Correlated ultrastructural analysis confirmed that
these varicosities were synaptic boutons. Tissue preser¬
vation at the electron microscope level was not optimum
due to treatment with Triton X-100. However, sufficient
detail was retained to examine synaptic organization. In
all, 23 boutons exhibiting DBH-immunoreactivity were
examined through serial sections with the electron mi¬
croscope. NA-containing boutons usually formed single
synapses on dendrites (95% of synapses) or somata (5%
of synapses). Two boutons, however, formed synapses
with more than one post-synaptic target. DBH-positive
boutons formed synapses most commonly with medium-
sized (0.5-1.0 nm diameter) dendrites (Figs. IE, 2E,F,
I), but contacts upon small (<0.5 fim diameter) den¬
drites (Figs. 1D,F) and dendritic spines (Fig. 1G) were
not uncommon. Immunolabelled boutons were not ob¬
served to form axo-axonic arrangements, although they
were often found adjacent to vesicle-containing struc¬
tures. Synaptic junctions formed by these axonal termi¬
nals were usually of the symmetrical type (Gray type
II7), with a slight accumulation of electron dense mate¬
rial on the presynaptic and postsynaptic sides of the junc¬
tion. One synapse (Fig. 2F) appeared to be Gray type I7
(asymmetrical), although in a serial section it looked
symmetrical (Fig. 2E). Non-synaptic, puncta adhaeren-
tia were also seen (Fig. 1C).

Boutons were characteristically packed with small, ir¬
regularly-shaped, agranular vesicles (Figs. 1 and 2) to¬
gether with several dense core vesicles (Figs. 1D,E). Im-
munoreactivity appears to be associated with both types
of vesicle.
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In order to identify synapses between hair-follicle afferent axons and glycine-containing structures in cat spinal cord, semithin sections
containing physiologically identified primary afferent boutons which had been filled with horseradish peroxidase (HRP) were reacted with
anti-glycine antiserum, while adjacent ultrathin sections were examined for synaptic contacts. Four axodendritic synapses between hair-fol¬
licle afferent boutons and glycine-immunoreactive dendrites and 4 axoaxonic synapses in which HRP-filled boutons were postsynaptic to
immunoreactive axons were identified. These results suggest that glycine is involved in the spinal processing of input from Af) hair-follicle
afferent axons.

The intra-axonal recording and injection technique
has provided much information about the morphology
and ultrastructure of large diameter (A/J) hair-follicle af¬
ferent fibres in the cat spinal cord. These axons give off
collateral branches which arborize in laminae III and IV
of the spinal dorsal horn3. The boutons form asymmet¬
ric synapses, mainly with dendritic shafts, and are fre¬
quently postsynaptic at symmetric synapses to axons
which often possess flattened synaptic vesicles7-10. Some
presynaptic axons at these axoaxonic synapses are im¬
munoreactive with antiserum to glutamic acid decarbox¬
ylase and it has therefore been concluded that hair-fol¬
licle afferents are under presynaptic control mediated by
GABA8. Although the source of these presynaptic ax¬
ons is not known, they are likely to be derived from lo¬
cal interneurones, since many dorsal horn neurones have
been shown to possess GABA-like immunoreactivity in
other species1-4-6-16-19.

Glycine-like immunoreactivity is particularly concen¬
trated in laminae III and IV of the rat dorsal horn18 and

many neurones in this region appear to contain both
GABA and glycine17. The ultrastructural distribution of
glycine-like immunoreactivity has been investigated by
using pre-embedding immunocytochemistry14. Immuno¬
reactive axons were sometimes presynaptic at axoaxonic
synapses and immunoreactive dendrites were frequently
postsynaptic to large boutons which resembled those be
longing to low-threshold mechanoreceptive primary af¬
ferents9. Because the distribution of glycine corresponds

to the areas where low-threshold mechanoreceptors ter¬
minate2 it has been suggested that glycine may be im¬
portant in the processing of information conveyed by
these afferents14. To investigate this, we have carried out
a combined immunocytochemical and intra-axonal injec¬
tion study in order to search for synapses between la¬
belled hair-follicle afferent boutons and profiles contain¬
ing glycine-like immunoreactivity. Postembedding
immunocytochemistry was used to overcome the prob¬
lem of penetration of antibodies into the tissue, which
would restrict the likelihood of finding such synapses.
The immunocytochemical procedure was carried out on
semithin sections12 since this is a very sensitive technique
and it is frequently possible to detect immunoreactive
cell bodies and dendrites, as well as axons17. Adjacent
ultrathin sections were then examined in order to con¬

firm synaptic contacts.
Two adult cats (2.9 and 2.2 kg) were anaesthetized

with chloralose (70 mg/kg) and paralysed with gallamine
triethiodide. End-tidal COz, carotid arterial blood pres¬
sure and rectal temperature were monitored continu¬
ously. The level of anaesthesia was assessed from the
blood pressure record and by examining the degree of
pupillary constriction. The lumbosacral enlargement of
the spinal cord was exposed and primary afferent axons
in the dorsal columns were impaled with microelectrodes
containing HRP. The conduction velocity of the afferents
was measured by electrical stimulation of the sciatic
nerve. Hair-follicle afferent axons, identified according

Correspondence: A.J. Todd, Department of Anatomy, University of Glasgow, Glasgow. G12 8QQ, U.K.
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to standard criteria3 and with conduction velocities in the
Aa/1 range, were labelled by ionophoretic ejection of
HRP. At the end of the experiment the animals were

perfused with 0.9% saline followed by 1 1 of fixative con¬

taining 2.5% glutaraldehyde and 1% formaldehyde in 0.1

M phosphate buffer at 37 °C and a further 2 1 of the
same fixative at 4 °C. Blocks of spinal cord were re¬
moved and stored in the same fixative for at least 8 h.
Transverse sections (40 /urn) were cut with a Vibratome,
reacted with diaminobenzidine (DAB) to reveal the

Fig. 1. An axodendritic synapse between an HRP-fi]]ed hair-follicle afferent bouton and a glycine-immunoreactive dendritic shaft, a: a semi-
thin section through the labelled bouton (arrow), b: the same semithin section after reaction with anti-glycine antiserum. The HRP-filled
bouton is still visible (arrow) and lies next to a strongly immunoreactive profile (between arrowheads), c: a low magnification electron mi¬
crograph from a section adjacent to the semithin shows the HRP-labelled bouton (HFA) and the strongly immunoreactive profile present in
b is seen to be a large dendritic shaft (D). d: in a nearby ultrathin section the labelled bouton (HFA) forms a synapse (between arrowheads)
with the same dendritic shaft (D). Bars = 10 pim a; 1 //m c; 0.5 /jm d.
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presence of HRP, osmicated, dehydrated and flat-em¬
bedded in Durcupan. Sections containing labelled bou-
tons were then mounted onto blocks of cured resin and

successive series, each consisting of 4 or 5 ultrathin sec¬
tions followed by a single semithin section (0.35-0.5 ^m)
were cut with diamond or glass knives. Ultrathin sections
were collected on grids and stained with uranyl acetate
and lead citrate, while semithin sections were mounted
on gelatinised slides.

The semithin sections were searched for labelled bou-

tons, which were photographed (Figs, la, 2a) and slides
containing these boutons were then immunostained with
anti-glycine antiserum as described previously17. The
resin was etched in sodium ethoxide and the sections
were treated with sodium metaperiodate to remove os¬
mium tetroxide, incubated overnight in anti-glycine an¬
tiserum20 (a gift from Dr R. Wenthold; diluted 1:100)
and processed according to the avidin-biotin (ABC)
method (ABC Elite kit, Vector). Peroxidase activity was
visualized by using DAB and the reaction product was
intensified with osmium tetroxide. After the reaction the

HRP-filled hair-follicle afferent boutons were still visi¬

ble, but were now present amongst numerous immuno¬
stained profiles (Figs, lb, 2b).

Ultratin sections immediately preceding and following
the immunostained semithin sections were then exam¬

ined with the electron microscope, in order to identify
profiles which were in synaptic contact with the labelled
hair-follicle afferent boutons, and photographs of these
boutons and the surrounding neuronal profiles were
taken. It was frequently possible to identify the same

profiles in both light and electron micrographs. In 4
cases a labelled hair-follicle afferent bouton formed an

asymmetric synapse onto a large or medium-sized den¬
dritic shaft which could be identified on the adjacent
semithin section and which showed glycine-like immuno-
reactivity (Figs. 1, 2b,e). In addition, at 4 axoaxonic syn¬
apses involving hair-follicle afferent boutons the pre¬
synaptic axon could be identified on the semithin section
and was strongly immunoreactive (Fig. 2b,d). In each
case the presynaptic axon contained flattened vesicles
and formed a symmetric synapse onto the HRP-labelled
bouton. In one case a triadic arrangement was found

(Fig. 2) in which a hair-follicle afferent bouton was
postsynaptic to a glycine-immunoreactive axon and pre¬
synaptic to a large proximal dendrite that was also im¬
munoreactive. The immunoreactive axon was also pre¬

synaptic to the dendrite.
Control semithin sections from the same material were

processed according to the same immunocytochemical
procedure, except that the primary antiserum was re¬

placed with antiserum that had been incubated for 1 h
with glycine or GABA conjugated to bovine serum al¬
bumin (BSA)13 (0.05 ^1 of conjugate solution containing
5 mg protein/ml added to 50 u\ of antiserum at 1:100 di¬
lution). Addition of glycine conjugated to BSA com¬

pletely abolished immunostaining, while addition of a

conjugate of GABA had no effect (Fig. 3).
The combination of immunocytochemistry carried out

on semithin sections, with intracellular staining is possi¬
ble because the HRP reaction product resulting from the
injection is not affected by the immunostaining proce¬
dure. The quality of the ultrastructure in the adjacent
ultrathin sections is not compromised by the procedure,
thus allowing identification of synapses. This approach is
particularly suitable for the study of synapses involving
large or medium-sized dendritic shafts, since these can

readily be identified on adjacent sections (Figs. 1, 2b,c)
and are more likely to be immunostained with this
method than with the immunogold procedure. However,
it was also possible to identify immunoreactive axons,
especially when these were large relative to the thickness
of the semithin section.

The antiserum used in this study has been well-char¬
acterized and shows only a very weak cross-reactivity
with GABA20. In this material staining was abolished by
incubation of the antiserum with conjugated glycine, but
was unaffected by treatment with GABA and this, to¬
gether with the staining pattern seen within the dorsal
horn17, makes it likely that the antiserum was detecting
fixed glycine. The present results therefore suggest that
hair-follicle afferent boutons provide a direct synaptic
input to inhibitory neurones in the dorsal horn which use

glycine as a transmitter, and that they are themselves
postsynaptic to axons which contain glycine. Since there
is evidence that at least some of the axons presynaptic

Fig. 2. A synaptic triad involving a HRP-fllled hair-follicle afferent bouton and an axon and dendrite both of which show glycine-like im-
munoreactivity. a: a semithin section through the HRP-labelled bouton (arrow) which lies close to a capillary (C). b: the same section after
reaction with anti-glycine antiserum. The hair-follicle afferent bouton (arrow) lies next to a large proximal dendrite (D), which is moderately
immunoreactive, and also next to a smaller strongly reactive profile (small arrow), c: on the last ultrathin section cut before the semithin
section shown on a and b, the hair-follicle afferent bouton (HFA), the capillary (C) and the large proximal dendrite (D) are visible. The
other profile next to the HRP-fillcd axon is a smaller bouton (b), which corresponds to the small strongly immunoreactive profile marked
with the small arrow in b. d: a higher magnification of this section shows that the bouton (b) contains a cluster of vesicles (arrow) and is
presynaptic to the hair-follicle afferent bouton (HFA). e: on the previous section the hair follicle afferent bouton (HFA) is presynaptic to the
large dendrite (D) between arrowheads, f: on the second ultrathin section after the semithin, bouton (b) is larger and is presynaptic to the
dendrite (D) at a symmetric synapse (arrow). Bars = 10 um a; 1 «m c: 0.5 um d. d-f are at the same magnification.
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Fig. 3. Immunocytochemical controls, a: a semithin section reacted
with anti-glycine antiserum shows an immunoreactive soma (S) as
well as other stained profiles (2 of which are marked with arrows),
b: pretreatment of the antiserum with glycine conjugated to BSA
completely abolishes the immunostoining. c: pretreatment with
GABA conjugated to BSA has no effect. Bar = 10 /tm.
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to hair-follicle afferent boutons contain GABA8 and that

many dorsal horn neurones in the rat contain both
GABA and glycine17 it is likely that these two transmit¬
ters coexist within some of the axons that form axoax¬

onic synapses. Choline acetyltransferase-like immunore-
activity is present in some presynaptic axons at axoaxonic
synapses in rat dorsal horn and the postsynaptic targets
at these synapses may include hair-follicle afferent ax¬

ons". Since glycine and acetylcholine appear to be
present in different populations of GABAergic neurones
in lamina III of rat dorsal horn15 it is possible that ace¬

tylcholine is present in some axons which are presynap
tic to hair-follicle afferent boutons, and glycine is present
in others.

Evidence for the involvement of glycine in spinal so¬
matosensory processing has been obtained by using the
antagonist strychnine. When strychnine is applied by
ionophoresis, it partially blocks the inhibition of neu¬
rones in laminae IV and V which results from electrical

stimulation of myelinated primary affcrcnts5. Intrathecal
administration of stry chnine in rats appears to cause a
hyperalgesia, in which the animals become particularly
sensitive to stimulation of hairs21. This effect is thought
to be specific for low threshold mechanoreceptive affer-
ents and it has been suggested that this may be due ei¬
ther to presynaptic inhibition of these afferents by gly
cine, or else result from specific activation of glycinergic
inhibitory interneurones by low threshold affcrcnts. The
present results suggest that either or both of these mech¬
anisms may occur.

We are grateful to Dr R. Wenthold for the generous gift of an-
tiglycine antiserum and to Mrs H. Anderson, Mrs W.M. Christie,
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ABSTRACT
Four spinocervical tract cells in lumbosacral spinal cords of adult cats were physiologically

characterized and intracellularly labelled with horseradish peroxidase. The neurones were
examined with a light microscope and reconstructed. Selected regions were chosen for
ultrastructural analysis. Thin sections were treated to reveal the presence of L-glutamate by
using the postembedding immunogold method. Two antisera, which specifically recognise the
presence of fixed glutamate in tissue, were used in the study. Somata, proximal, and distal
dendrites of all four neurones received synaptic contacts from boutons which displayed an
obvious immunogold reaction. These boutons formed between 35% and 48% of all synaptic
contacts onto spinocervical tract cells. Glutamate-enriched boutons were associated with gold
particle densities which were 2-3 times greater than the average densities associated with the
surrounding neuropil. Their profiles had a mean diameter of 1.68 pm, contained round
agranular synaptic vesicles, and formed asymmetrical synaptic junctions. However, not all
boutons displaying these characteristics were enriched with glutamate.

Immunogold studies of alternate thin sections, which were incubated with glutamate or
GABA antiserum, demonstrated that synaptic boutons on spinocervical tract cells were either
enriched with GABA or with glutamate and formed two separate populations which had distinct
morphological characteristics. GABA-containing boutons contained irregularly shaped agranu¬
lar vesicles and formed symmetrical synaptic junctions, whereas glutamate-enriched boutons
corresponded to those described above. A further population of boutons, containing highly
flattened vesicles, was not immunoreactive for GABA or glutamate.

The evidence supports the idea that much of the excitatory transmission into the SCT is
mediated by L-glutamate. 0 1992 Wiley-Lisa, Inc.

Key words: somatosensory system, intracellular staining, excitatory amino acids,
immunohistochemistry, dorsal horn

The spinocervical tract (SCT) is an ascending somatosen¬
sory pathway which projects to the lateral cervical nucleus
(see Brown, '81 for a review). SCT neurones are located
primarily in laminae III-V of Rexed ('52) and form den¬
dritic arbors which only rarely enter lamina II (Brown et
al., '77). Most SCT neurones are excited by moving the
hairs of the coat and a majority is also excited by noxious
mechanical pressure. Some excitation is monosynaptic and
comes directly from hair-follicle afferent fibres (Brown and
Noble, '77; Brown, '81; Brown et al., '87); however much of
it is mediated through interneurones excited by hair follicle
afferent axons and primary afferent axons activated by

noxious pinching of the skin (Brown, '81; Brown et al., '87).
The identity of the neurotransmitter (or neurotransmit¬
ters) responsible for this excitation is at present unknown
but L-glutamate is a likely candidate. There is a consider¬
able body of literature documenting the excitatory effects of
this substance on spinal cord neurones (see Headley and
Grillner, '90 for a review) and ionophoretic investigations
by Zieglgansberger and Herz ('71) suggest that L-glutamate
has a direct excitatory effect upon SCT cells. In addition,
recent evidence indicates that many classes of primary

Accepted August 10, 1992.
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afferent axons have terminals which are enriched with
L-glutamate (De Biasi and Rustioni, '88; Maxwell et al.,
'90a,b; Merighi et al., '91) and its presence has been
described in perikarya ofsome dorsal horn neurones (Hunt,
'83; Ottersen and Storm-Mathisen, '84; Weinberg et al.,
'87). Therefore it is likely that some of the excitation
observed in the SCT arrives via glutamatergic primary
afferent axons and spinal interneurones.

Ultrastructural studies demonstrate that SCT neurones

are associated with a variety of morphological types of
synaptic bouton (Maxwell et al., '82a, '84, '91). The most
common type of synaptic bouton forms approximately 50%
of the synaptic contacts onto SCT neurones and contains
round agranular vesicles with an occasional granular vesi¬
cle. Boutons of this type originate from at least two distinct
sources. Half of them degenerate as a consequence of
rhizotomy and hence are terminals of primary afferent
fibres (Maxwell et al., '84). The majority of round vesicle-
containing boutons which survive rhizotomy originate from
spinal interneurones but a few may also come from axons of
supraspinal neurones (Harrison and Jankowska, '84). We
have already established that some of the synaptic boutons
associated with SCT cells are immunoreactive for y-ami-
nobutyric acid (GABA; Maxwell et al., '91). GABA-immuno-
reactive boutons are small (about 1 gm in diameter) and,
unlike the boutons described above, contain irregularly
shaped (but not flattened) agranular synaptic vesicles. Most
of them also contain occasional granular vesicles. In some
SCT neurones a subgroup of GABA-immunoreactive bou¬
tons contain several granular vesicles. Approximately 37%
of synaptic boutons associated with somata and proximal
dendrites of SCT neurones contain GABA. Further types of
boutons associated with the SCT contain flattened vesicles
(about 4% of boutons) and a combination of round agranu¬
lar and dense-core vesicles (less than 2% of boutons).
However, approximately 7% of terminals are difficult to
classify and do not clearly fit into any of the above catego¬
ries (see Maxwell et al., '91).

The aim of the present study was to determine whether
synaptic boutons in contact with SCT cells are enriched
with L-glutamate and, if so, to determine whether such
boutons correspond to any of the morphological classes of
terminal identified in the previous ultrastructural studies.
A special feature of this study is that two anti-glutamate
antisera were used to identify L-glutamate enriched bou¬
tons.

MATERIALS AND METHODS

Experiments were performed on three adult cats anaes¬
thetized with chloralose (70 mg/kg) following induction
with halothane. The animals were paralyzed with gallamine
and artificially ventilated throughout the experiments. End
tidal C02, carotid arterial blood pressure, and rectal temper¬
ature were monitored continuously. The level of anaesthe-

Fig. 1. Cell A. A: A reconstruction of cell A made from several serial
sections. B: A photomontage of cell A. C: A drawing ofcell A showing its
location in the dorsal horn. Its soma is situated in lamina IV and the
axon can be traced to the dorsolateral funiculus (DLF). D: Excitatory
receptive field of cell A (cross-hatched area). This was located on the
dorsal surface of the ipsilateral hind paw and was activated by brushing
hair and pinching the skin.

TABLE 1. Gold Particle Densities (Particles/V-m2) of Amino Acid
Conjugates1

Conjugate Density ± S.D.
GABA 13.8 ± 12.7
GLU 375.5 ± 112.6
TAU 9.9 ± 8.5
GLY 20.9 ± 9.7
NONE 18.5 ± 10.0
ASP 27.8 ± 20.6
GLN 30.9 ± 24.9

'This table illustrates gold particle densities for GLU 607 diluted to 1:900 and
preadsorbed with 100 pM ASP-G, 200 U.M GLN-G and 200 pM B-ALA-G on test sections
containing amino acids conjugated to brain macromolecules with glutaraldehyde (Fig. 3).
Measurements were made from ten profiles for each amino acid-macromolecule conju¬
gate. Only the glutamate conjugate was associated with a significantly higher density
when compared with the "none" conjugate (Student's t test indicates P < 0.001). All
other comparisons with "none" were not significant (P > 0.05). The background
labelling associated with resin was 5.7 ± 4.5 particles/pm2 and was not deducted.
Standard abbreviations are used for amino acids. In "none" no amino acid was added to
the conjugate reaction. The absolute gold particle densities above are not comparable to
those in the tissue sections, since the conjugates contained very high concentrations of
fixed amino acids (about 200 mM) compared to tissue.

sia was assessed from the blood pressure record and by
examining the degree of pupillary constriction.

The methods for identifying, labelling, and preparing
SCT neurones for combined light and electron microscopy
have been fully described in a previous publication (see
Maxwell et al., '91). Briefly, glass micropipettes containing
an 8% solution of horseradish peroxidase (HRP) were used
to impale SCT neurones in the L6 and L7 segments which
were identified according to strict antidromic criteria (Brown
and Franz, '68). Receptive fields of SCT neurones were
determined by applying natural stimuli to the skin and
HRP was introduced by passing depolarizing pulses through
recording electrodes. On completion of this procedure,
animals were rapidly perfused at first with a saline solution
(at 200 mm Hg) until the perfusate was clear of blood and
then with a fixative which contained 2.5% glutaraldehyde
and 1% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). Transverse sections (50 pm thick) were cut with a
Vibratome and processed with diaminobenzidine (DAB) to
reveal the presence of HRP. Sections were treated with
osmium tetroxide, dehydrated, and flat-embedded in Durcu-
pan between sheets of cellulose acetate. Labelled neurones
were photographed and reconstructed from series of sec¬
tions.

Four SCT neurones were used in the present analysis;
two of them were also used in our previous study of GABA
immunoreactive boutons (cells 1 and 2 from Maxwell et al.,
'91). Vibratome sections containing labelled processes were
attached to blocks and series of thin sections were collected
on gold single slot grids coated with Formvar. The post-
embedding immunogold procedure employed is similar to
that originally described by Somogyi and Hodgson ('85),
and has been described in detail elsewhere (Maxwell et al.,
'89). Two anti-glutamate sera were used in the study (see
Storm-Mathisen et al., '83; Ottersen et al., '84, '86; Ot¬
tersen, '87, for details of the preparation and properties of
these sera). Properties of one of the sera (GLU 03) have
been described by us in a previous study of the spinal cord
(Maxwell et al., '90b). It was found to be necessary to
preincubate this serum with 100 gM of glutaraldehyde-
conjugated aspartate (ASP-G) and 100 pM of glutaralde-
hyde-conjugated glutamine (GLN-G) in order to eliminate
weak cross reactivities with aspartate and glutamine. GLU
03 was always used after preincubation in the present study
at a dilution of 1:500. The other glutamate antiserum (GLU
607) was used at a dilution of 1:900 and was routinely
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GLU 607

*

Fig. 3. Electron micrographs of amino acid-glutaraldehyde-brain
macromolecule conjugates incubated with GLU 607 which was pread-
sorbed with 100 pM ASP-G, 200 pM GLN-G, and 200 pM B-ALA-G and
used at a dilution of 1:900. Note the heavy labelling with the glutamate

conjugate and the poor labelling with the others (see Table 1 for
statistics). Conventional abbreviations are used for amino acids. Magni¬
fication: x 35,500.

Fig. 2. Cell B A: A reconstruction ofcell B made from several serial
sections. The main axon gives rise to a collateral axon (arrows) which
branches in the grey matter adjacent to the soma of cell B. B: A
photomontage of cell B. C: The location ofcell B in the dorsal horn. Cell
B has a soma in lamina IV. Its axon courses towards the dorsolateral
funiculus (DLF) but fades before entering it. D: The excitatory
receptive field of cell B (cross-hatched area) is situated on the ventral
surface of the ipsilateral hind paw. It was activated by brushing hair
and pinching the skin.

preadsorbed with glutaraldehyde conjugates of aspartate
(ASP-G; 100 pM), glutamine (GLN-G; 200 pM), and (3-ala-
nine (200 pM; B-ALA-G). Test sections (Ottersen, '87) were
employed to examine the specificity of both antisera for
L-glutamate (see Fig. 3 and Table 1). The test sections
consisted of sandwiches of brain macromolecules conju¬
gated to amino acids embedded in resin (see Ottersen, '87
for details) and antisera were tested at normal working
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Fig. 4. A: An electron micrograph illustrating a bouton (*) which is
associated with an SCT cell. The tissue was incubated with GLU 607.
The bouton displays an immunogold reaction indicating enrichment of
L-glutamate within it. An adjacent bouton containing irregularly

dilutions (following preadsorption with appropriate glutar-
aldehyde conjugates) under the same conditions as the
experimental tissue. In addition, in some experiments,
adjacent sections were treated with glutamate antiserum
and glutamate antiserum that had boon proadsorbed with
glutaraldehyde conjugates of glutamato (GLU G). In othor
experiments alternate pairs of serial sections (see Maxwell
et al., '90b for further details) were treated writh glutamate
antiserum and an antiserum that specifically recognises the
presence of GABA in fixed tissue (GABA 09; Hodgson et al.,
'85) to determine if the glutamate and GABA immunoreac-
tive boutons which make synaptic connections with SCT
neurones form two separate populations. The GABA anti¬
serum was kindly donated by Dr. P. Somogyi (MRC Anatom¬

shaped vesicles (Ax) displays a weak immunogold reaction which
indicates that it is not enriched with glutamate. B: This shows the same
bouton in a serial section. The GLU 607 antiserum was preincubated
with 100 pM GLU-G and immunogold labelling is greatly reduced.

ical Neuropharmacology Unit, Oxford) and was used at a
dilution of 1:1,000.

Putative glutamate-immunoreactive boutons in synaptic
contact with SCT cells were examined through series of
thin sections in order to octabliGh if the pattern of immuno
gold labolling was consistent. Boutons displaying a consis
tent pattern of immunogold labelling throughout series
were selected for further analysis. Quantitative analysis of
micrographs was performed by using a Reichart Vidcoplan
and a Magiscan Image Analysis System (Joyce Loebl). The
Magiscan program enabled estimates of gold particle densi¬
ties associated with putative glutamate-enriched boutons to
be made and expressed as numbers of particles per square
micron (see Maxwell et al., '90b). One profile was selected



GLUTAMATE SYNAPSES ON SPINOCERVICAL TRACT 491

Fig. 5. A-D: Labelling properties of GLU 607. A large bouton which C = 6.6; D = 8.2 (tissue average = 4.8). A spine head (SP) is
ic presynaptic to a proximal dendrite of cell B io consistently labollod invaginatod into the bouton. The arrows in D indicate the presence of a
with gold particles through consecutive serial sections. Particle densi- postsynaptic density,
ties (particles/gm2) for each profile are as follows: A = 9.3; B = 10.1;
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Fig. 6. Labelling properties of GLU 03. A-D: illustrate serial bouton is associated with heavy gold particle labelling throughout the
sections through a bouton which is presynaptic to a proximal dendrite series. Particle densities for each profile (particles/pm2) arc as follows:
of cell 2 (SCT). A postsynaptic density is indicated by arrows in B. The A = 54.0; B = 64.7; C = 43.1; D = 59.0. The tissue average is 5.6.
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Fig. 7. Histograms comparing random gold particle densities for
dorsal horn tissue (black bars) with gold particle densities for boutons
presynaptic to SCT neurones (white bars) following treatment with
GLU 03 or GLU 607 antisera. Statistical analysis confirmed that

and measured from each series. This was done by taking all
the micrographs from each series and randomizing their
order; the first micrograph from these random series was
then chosen for analysis. Particle densities associated with
25 profiles treated with GLU 03 and 25 profiles treated with
GLU 607 were calculated. Estimates of average tissue
particle densities were made by dropping a card of unit area
onto the same micrographs as the measurements for immu-
nolabelled boutons and counting the numbers of particles
contained within the randomly defined areas. Particle
densities associated with boutons and tissue averages were
compared statistically by using Student's t test and were
plotted as histograms (see Fig. 7). Average densities of
background labelling with GLU 03 and GLU 607 were
assessed by measuring the number of gold particles associ¬
ated with resin in the lumina of ten blood vessels for each
antiserum. The proportion of glutamate-immunoreactive
boutons in contact with SCT cells was estimated from
electron micrographs photographed at low magnifications
(see Maxwell et al., '91). In order to estimate this objec¬
tively, particle densities for boutons in synaptic association
with two SCT cells (cells 1 and B) were calculated for GLU
03 and GLU 607. Boutons with particle densities which
were one standard deviation greater than the average tissue
density were considered to be enriched with glutamate.
Finally, particle densities of model conjugates on test grids
were also measured with the Magiscan program.

RESULTS
Electrophysiology and light microscopy

of SCT cells
Four SCT cells were used in the present analysis. Two of

the cells (cells 1 and 2) were also used in an earlier study
(cells 1 and 2 from Maxwell et al., '91). The other two cells
(cells A and B) are illustrated in Figures 1 and 2. These two
neurones had axonal conduction velocities of 53 ms 1 and

493

GLU 607
20 -i

5 10 15 20 25 30 35 40 45 50

2

Particles/pm

particle densities associated with boutons were significantly different
from those associated with tissue after treatment with each of the
antisera (see text for details). N = 25 in each group.

58 ms"1, respectively. Cells A and B had somata which were
located in lamina IV and dorsally directed dendrites which
penetrated lamina III but did not enter lamina II. All four
neurones had excitatory receptive fields which were located
on the leg or foot and could be excited by gently brushing
receptive fields with hand-held brushes and by applying
noxious pressure with a clip with serrated jaws.

Specificity of the antiserum
The specificity of the GLU 03 antiserum has been

described in detail in a number of previous publications (see
for example Maxwell etal., '90b; Jietal., '91) and will not be
discussed in detail here. The use of test grids (see Ottersen,
'87) which were reacted under the same conditions as

experimental tissue revealed that GLU 03 specifically recog¬
nised glutamate conjugated to brain macromolecules. In
addition, most immunogold labelling was abolished if the
antiserum was preincubated in 100 pM of GLU-G.

The GLU 607 antiserum has not been so well docu¬
mented in the literature and therefore will be described in
some detail. Test grids show that after preincubation with
100 pM ASP-G, 200 pM GLN-G, and 200 pM B-ALA-G,
GLU 607 specifically recognises glutaraldehyde-conjugated
glutamate in test sections (see Fig. 3 and Table 1). Statisti¬
cal analysis of gold particle densities associated with amino
acids conjugated to brain macromolecules indicates that
there is a highly significant difference (P < 0.001; Stu¬
dent's t test) between particle densities associated with
glutamate-conjugated macromolecules and those associ¬
ated with macromolecules where no amino acid was added
to the conjugate reaction (i.e., the none conjugate). All other
comparisons with the none conjugate proved not to be
significant (see Table 1). This affinity for L-glutamate has
been confirmed by screening the antiserum against 40
small molecules on filter spots (Ottersen and Storm-
Mathisen, unpublished observations). Furthermore, if GLU
607 is preincubated with 100 pM GLU-G alone, specific
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Fig. 8. A bouton (*) is associated with an immunogold reaction and is presynaptic to the soma of cell A.

The inset is taken from a serial section and illustrates a synaptic junction (between the arrows) formed by
the bouton with cell A. Magnification for inset: x37,950. (GLU 607.)

immunolabelling associated with spinal tissue is greatly
reduced (Fig. 4). Therefore it is likely that GLU 607
specifically recognises fixed L-glutamate in tissue provided
that weak cross reactivity is abolished by preincubating it
with ASP-G, GLN-G, and B-ALA-G at appropriate concen¬
trations.

Ultrastructure of glutamate-immunoreactive
boutons associated with SCT neurones

Presumed immunoreactive boutons were examined
through three or more consecutive thin sections to deter¬
mine if the immunolabelling pattern was consistent. Usu¬
ally, certain boutons in contact with the SCT were found to
be consistently labelled with GLU 607 (Fig. 5) and GLU 03
(Fig. 6) but some boutons displayed a labelling pattern that
was not consistent. These boutons were considered not to
be enriched with glutamate.

Quantitative analysis (see Fig. 7) revealed that the
average particle density (±S.D.) of boutons labelled with
GLU 03 was 16.8 ± 7.6 particles/pm2 which is significantly
different (P < 0.001; n = 25) from an average value for
tissue of 5.6 ± 4.9 particles/gm2. The background particle
density over resin in the lumina of blood vessels was 0.94

particles/pm2 and was not subtracted from estimates for
boutons and tissue. Thus glutamate-enriched boutons la¬
belled with GLU 03 are associated with a particle density
which is three times greater than the average for the tissue.
For GLU 607 the average particle density (±S.D.) associ¬
ated with boutons in contact with SCT neurones was 10.3 ±

3.6 particles/pm2 and the average value for tissue was 4.8 ±
4.2 particles/pm2. A t test revealed that the difference
between these two values was highly significant (P < 0.001;
n = 25). The particle density associated with boutons la¬
belled with GLU 607 was 2.1 times greater than the average
for the tissue. The background density was 0.99 particles/
pm2 and was not subtracted.

Glutamate-enriched boutons were found to be located on

somata (Fig. 8), proximal dendrites (Fig. 5), and distal
dendrites (Fig. 9). However the numbers of glutamate-
enriched boutons observed varied with the antiserum that
was used. Immunoreactions with GLU 03 on cell 1 revealed
that 48% of boutons (n = 100) associated with the soma
and proximal dendrites (up to 300 pm from the soma) and
56% of boutons (n = 41) associated with distal dendrites
(further than 400 pm from the soma) were enriched with
glutamate. However GLU 607 reactions on cell B revealed
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Fig. 9. A and B illustrate boutons (*) which are presynaptic to distal
dendrites of cell 1. Both boutons are obviously labelled with gold
particles indicating that they are enriched with glutamate. They
contain round agranular synaptic vesicles and the bouton in A also

contains a granular vesicle. A bouton (Ax) associated with the dendrite
illustrated in B contains irregularly shaped vesicles and is not heavily
labelled with gold particles. Arrows indicate synaptic junctions. (GLU
03.)
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that 35% of boutons (n = 39) associated with the soma and
proximal dendrites and 36% of boutons (n = 22) associated
with distal dendrites were enriched.

Profiles of enriched boutons ranged in diameter from 0.7
to 3.4 p.m with a mean (±S.D.) value of 1.68 ± 0.51 p.m. At
test indicated that there was no significant difference
between diameter measurements of boutons labelled with
GLU 03 and GLU 607 (P > 0.05). Enriched boutons con¬
tained agranular vesicles, which were usually round in
appearance, and occasional granular vesicles (Fig. 9a).
However not all boutons displaying these characteristics
were associated with obvious immunogold labelling and
boutons containing flattened or irregularly shaped vesicles
were not usually observed to be heavily labelled. The
presence ofa heavy HRP reaction product in SCT neurones
made it difficult to assess the type of synaptic junction
formed by glutamate-enriched boutons but the impression
was that postsynaptic densities were present (e.g., see Figs.
6A, 8, 10) and that the junctions were asymmetrical.

Relationships of GABA- and
glutamate-immunoreactive boutons

with the SCT
Alternate pairs of serial sections containing labelled

processes from cells 1 and 2 were treated with GLU 03 or
GABA 09 antisera. Comparisons were made between pairs
of sections taken from eight different regions of SCT
dendrites which were associated with boutons (n = 30)
displaying GABA and glutamate immunoreactivity. Usu¬
ally GABA and glutamate enriched boutons were observed
to form quite separate populations (Fig. 10) and individual
boutons did not display immunoreactivity for both sub¬
stances. There were morphological differences between the
two populations; GABA positive neurones contained irregu¬
larly shaped agranular vesicles whereas glutamate-labelled
boutons usually contained round vesicles.

DISCUSSION
Properties of the L-glutamate antisera

The use of test grids indicate that GLU 03 and GLU 607
bind to glutaraldehyde-fixed glutamate with high affinity
and that weak cross reactions with other amino acids can be
eliminated by preadsorption with glutaraldehyde conju¬
gates of the appropriate amino acids. Preadsorption of both
the antisera with 100 p.M GLU-G abolished almost all of the
immunogold labelling associated with spinal tissue. There¬
fore it is probable that a substantial part of the immunogold
reaction was due the recognition of a fixed glutamate-like
substance in the tissue.

It is important to demonstrate enrichment of L-gluta¬
mate in putative glutamatergic boutons since glutamate is
also present in nervous structures for metabolic and other
non-transmitter purposes. We have demonstrated in this
study that a proportion of the boutons presynaptic to SCT
cells are associated with densities of gold particles after
treatment with both GLU 03 and GLU 607 antisera which
are significantly higher than average densities for tissue.
Ottersen ('89) demonstrated in a model system that there is
roughly a linear relationship between gold particle density
and the concentration of antigen in immunogold reactions.
Therefore our results imply that there is a genuine enrich¬
ment of glutamate in some terminals which contain approx¬
imately 2-3 times more L-glutamate than tissue in general.

This enrichment in certain boutons is indicative of the
presence of a transmitter pool of glutamate. It is probable
that the average density values for tissue principally repre¬
sent labelling of metabolic glutamate by the antisera (see
Storm-Mathisen and Ottersen, '90 and Ottersen et al., '92
for a discussion of this point) but some enriched structures
(i.e., those containing a presumed transmitter pool of
glutamate) were inevitably included in this estimate and
therefore the true metabolic level may be somewhat lower.

Morphology of glutamate-enriched boutons
The majority of glutamate-enriched boutons labelled

with GLU 03 and GLU 607 displayed similar morphological
features. They usually contained round vesicles and an
occasional granular vesicle. The interpretation of synaptic
junctions was complicated by the presence of dense HRP
reaction product but glutamate-enriched boutons appeared
to form asymmetric synaptic junctions with SCT neurones.
Thus these boutons have characteristics in common with
other glutamate-enriched boutons in the spinal cord (De
Biasi and Rustioni, '88; Maxwell et al., '90a,b; Merighi et
al., '91) and in other regions of the central nervous system
(Somogyi et al., '86; Ji et al., '91; Ottersen et al., '92) which
also contain round agranular vesicles and form asymmetri¬
cal synaptic junctions.

In material treated with GLU 03 about 48% of boutons
presynaptic to proximal dendrites of SCT neurones were
enriched with glutamate but the figure for GLU 607 was
lower (about 35%). This difference can probably be ex¬
plained by the relative insensitivity of GLU 607 antiserum
when compared with GLU 03 (see Fig. 7). In experiments
with GLU 03 and GLU 607 some boutons containing round
vesicles did not appear to be enriched with glutamate.
There are two interpretations of this observation; the
glutamate-negative boutons could contain another transmit¬
ter which is at present unknown, or the immunogold
procedure may have failed to detect the presence of gluta¬
mate in these boutons. It is not possible at present to decide
which of these interpretations is correct but it seems likely
that in experiments with GLU 607 the numbers of enriched
boutons were underestimated. It must also be remembered
that the animals used in these experiments were subjected
to extensive surgery, including exposure of most of the
lumbosacral spinal cord, and were kept alive under deep
anaesthesia for a minimum of 10 hours before the spinal
tissue was fixed. This treatment could have resulted in a

reduction of glutamate levels in spinal tissue. A final
difficulty was that it was not always possible to make
unequivocal classifications of vesicle shapes and to classify
all boutons according to vesicular morphology. In spite of
these difficulties, we are able to conclude that a significant
proportion of synaptic boutons associated with SCT neu¬
rones is enriched with L-glutamate.

The experiments comparing GABA and glutamate immu¬
noreactivity in boutons associated with the SCT indicated

Fig. 10. Serial sections through a dendrite of cell 1 incubated in
GLU 03 (A) and GABA 09 (B). A bouton (1) displays an immunogold
reaction for glutamate but not for GABA. An adjacent bouton (2) is
labelled for GABA but not glutamatc. Bouton 1 contains round
agranular vesicles and forms an asymmetrical synaptic junction with
the SCT cell (indicated by the arrows in B). Bouton 2 contains
irregularly shaped vesicles and forms a symmetric junction which is
indicated by arrows in an adjacent serial section (B inset).
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that there was little overlap of bouton populations labelled
for GABA or glutamate and confirms the general impres¬
sion that the two populations are separate in the spinal cord
(Maxwell et al., '90b). In keeping with our previous observa¬
tions (Maxwell et al., '91), GABA immunoreactive boutons
contained irregularly shaped vesicles, whereas glutamate
containing boutons appeared to possess round vesicles.

Terminals containing highly flattened vesicles were not
observed to be immunopositive for glutamate or GABA and
appear to form a distinct morphological class. The transmit¬
ter contained within these boutons is unknown but a

possible candidate is glycine. Application of strychnine
reduces some of the postsynaptic inhibition of dorsal horn
neurones (Game and Lodge, '75), including identified SCT
neurones (A.G. Brown, D.J. Maxwell and A.D. Short,
unpublished observations) and immunochemical studies
suggest that glycine is associated with boutons containing
highly flattened vesicles (Ottersen et al., '90; Holstege and
Bongers, '91; Todd et al., '91).

Functional implications and origins of
glutamate-enriched boutons

Electrical stimulation of skin and single dorsal root
ganglion cells of primary afferent axons evokes EPSPs in
SCT neurones which have mono- and poly-synaptic compo¬
nents (Hongo and Koike, '75; Brown et al., '87). The
neurotransmitter, or neurotransmitters, responsible for
this excitation is at present unknown; our observations
suggest that L-glutamate may be responsible for some of it.
Ionophoretic application of L-glutamate is known to in¬
crease the excitability of SCT neurones (Zieglgansberger
and Herz, '71), but it is not known if L-glutamate acts
directly on the SCT neurones themselves, or on interneu-
rones which project to the SCT, or both. Pharmacological
studies of afferent input to spinal neurones indicate that
monosynaptic inputs from primary afferent fibres are medi¬
ated by non-NMDA glutamate receptors whereas polysynap¬
tic inputs may involve NMDA receptors (Davies and
Watkins, '83; Davies and Lodge, '87). Thus primary affer¬
ent fibres (see below) and excitatory spinal interneurones
may use L-glutamate and/or L-aspartate as a neurotrans¬
mitter. Duggan ('74) has suggested that the transmitter of
dorsal root axons is principally L-glutamate whereas L-as¬
partate is the transmitter of interneurones; this appears to
be in keeping with the idea that NMDA receptors are
associated with interneurones in polysynaptic pathways.

Evidence from immunogold studies indicates that termi¬
nals of a variety of classes of primary afferent fibres
including C, AS and group la muscle fibres are enriched
with L-glutamate (De Biasi and Rustioni, '88; Maxwell et
al., '90a,b; Merighi et al., '91). Electrophysiological and
morphological studies suggest that SCT neurones receive

Fig. 11. A schematic diagram illustrating the morphological appear¬
ance and chemical composition of synaptic boutons associated with the
SCT. Boutons containing round agranular vesicles arc enriched with
glutamate. These boutons are likely to originate from primary afferent
fibres (1) and/or local circuit neurones (2). Boutons containing irregu¬
larly shaped agranular vesicles are enriched with GABA (3) some of
these may also contain many granular vesicles (4). These boutons
probably originate from local circuit neurones in the dorsal horn.
Boutons containing flattened vesicles (5) comprise of approximately 4%
of synapses and those containing a mixture of round agranular and
dense-core vesicles (6) form approximately 2% of contacts. The chemi¬
cal composition and origins of boutons 5 and 6 is unknown at present.

monosynaptic contacts from primary afferent fibres which
are exclusively hair-follicle afferent axons in the Acrfl conduc¬
tion velocity range (Hongo and Koike, '75; Brown and
Noble, '82; Brown et al., '87). Ultrastructural studies of the
terminations of these axons (Maxwell et al., '82b) show that
they have similar morphological characteristics to the
glutamate-enriched boutons associated with SCT cells;
both contain round agranular vesicles and form asymmetri¬
cal synaptic junctions. Approximately one half of round
vesicle-containing boutons in contact with the SCT neu¬
rones originate from primary afferent axons, since they
degenerate as a consequence of dorsal rhizotomy (Maxwell
et £il., '84). Therefore the evidence suggests that some of the
glutamate-enriched boutons in synaptic contact with the
SCT may be terminations of hair-follicle afferent axons.

Perikarya of small local circuit neurones in laminae I and
II of the dorsal horn take up [3H]-D-aspartate (Rustioni and
Cuenod, '82; Hunt, '83) and display immunoreactivity for
glutamate (Weinberg et al., '87). However, much of this
glutamate may be present for metabolic purposes and it is
not possible on the basis of current evidence to conclude
that L-glutamate is necessarily present at elevated levels in
the terminals of these neurones (see Zhang et al., '90 for a
discussion of this problem). In addition, these studies reveal
that few glutamate-containing perikarya are present in
lamina III where hair follicle afferent fibres form most of
their central terminations. Therefore it remains uncertain
if local circuit neurones in polysynaptic pathways of the
SCT employ glutamate as a neurotransmitter.

A third source of the glutmatergic boutons may be the
pyramidal tract. Harrison and Jankowska ('84) have re¬
ported that stimulation of the pyramids evokes EPSPs with
monosynaptic latencies in SCT neurones. The pyramidal
tract may use glutamate as a neurotransmitter. Pyramidal
cells in layer V of the somatosensory cortex, which project
to the dorsal horn of the spinal cord, are immunoreactive
for glutamate and accumulate [3H]-D-aspartate (Rustioni
and Cuenod, '82; Giuffrida and Rustioni, '89). However, it
is not known if the terminals of corticospinal tract neu¬
rones, themselves, are enriched with glutamate. Therefore
the same reservations expressed concerning glutamatergic
spinal interneurones also apply to the corticospinal tract.

Chemical organization of synaptic boutons
associated with spinocervical tract neurones
A picture of the chemical organization of synapses associ¬

ated with SCT neurones is now beginning to emerge (Fig.
11). The present study shows that many of the round-
vesicle containing boutons presynaptic to SCT neurones are
enriched with L-glutamate. Our previous study (Maxwell et
al., '91) demonstrated that GABA-immunoreactive boutons
contain irregularly shaped vesicles and form a population
that is distinct and usually quite separate from the boutons
that are enriched with L-glutamate. They form about 37%
of synapses with the SCT. On some SCT neurones a
proportion of GABA-immunoreactive boutons (about 17%
of synaptic boutons) also contain granular vesicles. Finally
there are boutons with highly flattened vesicles and those
containing a mixture of round agranular vesicles and large
dense-core vesicles; the chemical transmitters contained
within these two classes are unknown.
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Ascending the Dorsal Columns in Cat
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ABSTRACT
Previous ultrastructural studies have shown that catecholamine-containing nerve termi¬

nals in the spinal dorsal horn form synaptic junctions with dendrites and somata, but the
identity of the neurons giving rise to these structures is largely unknown. In this study we have
investigated the possibility that spinomedullary neurons, which project through the dorsal
columns to the dorsal column nuclei, are synaptic targets for descending catecholaminergic
axons.

Neurons with axons ascending the dorsal columns were retrogradely labelled after uptake
of horseradish peroxidase by their severed axons in the thoracic (T10-T12) or cervical (C2-C3)
dorsal columns. After the retrogradely labelled neurons were visualized, the tissue was
immunocytochemically stained with antisera raised against tyrosine hydroxylase or dopamine-
p-hydroxylase.

Three hundred forty-three retrogradely labelled neurons within laminae III-V of the
lumbosacral dorsal horn were examined under high power with the light microscope. In Triton
X-100 treated material, over 60% of cells were found to have dopamine-p-hydroxylase-
immunoreactive varicosities closely apposed to their somata and proximal dendrites. The
number of contacts per cell varied from 1 to 22, with a mean number of 4.5. Fewer cells (34%)
received contacts from axons immunoreactive for tyrosine hydroxylase as a consequence of the
weaker immunoreaction produced by this antiserum. Correlated light and electron microscopic
analysis confirmed that many of these contacts were regions of synaptic specialization and that
immunostained boutons contained pleomorphic (round to oval) agranular vesicles together
with several dense core vesicles.

These observations suggest that catecholamines regulate sensory transmission through
this spinomedullary pathway by a direct postsynaptic action upon its cells of origin. Such an action
would be predicted to suppress transmission generally through this pathway, c 1993 Wiley-Liss, Inc.

Ke.v words: descending inhibition, HRP retrograde-transport, immunocytochemistry, somatosensory
system, ultrastructure

Catecholamine (CA)-containing nerve terminals have
been shown to innervate the spinal gray matter of a number
of species including cat (Doyle and Maxwell, '91a,b; Lack-
ner, '80), rat (Fritschy and Grzanna, '90; Schroder and
Skagerberg, '85), opossum (Pindzola et al., '88), and pri¬
mates (Westlund et al., '84). Retrograde tracing techniques
have demonstrated that these terminals arise from neurons

whose cell bodies are located in supraspinal sites (Bjorklund
and Skagerberg, '79; Blessing et al., '81; Fritschy and
Grzanna, '90; Hokfelt et al., '79; Skagerberg et al., '82;
Skagerberg and Lindvall, '85; Stevens et al., '82; Westlund
et al., '81, '83, '84). The pontine locus coeruleus (A6) and
subcoeruleus (A7), Kolliker-Fuse nucleus (A7), and A5 and
A4 groups all send descending noradrenergic projections to

the dorsal horn, while dopamine-containing terminals are
derived from the diencephalic All cell group.

Recent ultrastructural studies have demonstrated that
CA-immunoreactive axons form synaptic junctions with
dendrites and somata of dorsal horn neurons (Doyle and
Maxwell, '91a,b; Hagihira et al., '90). Westlund et al. ('90)
have shown contacts between these terminals and spinotha¬
lamic tract neurons, but at present the identity of most of
the neurons contacted by CA-containing terminals is un¬
known. Laminae III-V of the dorsal horn contain an

appreciable density of CA-containing axonal varicosities
(Doyle and Maxwell, '91a; Fritschy and Grzanna, '90;
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Lackner, '80; Pindzola et ad., '88; Schroder and Skagerberg,
'85), in addition to the perikarya and dendritic arbors of
somatosensory neurons with axons that project through
the dorsal columns to the dorsal column nuclei (postsynap¬
tic dorsal column [PSDC] neurons) (Angaut-Petit, "75a,b;
Bennett et al., '83, '84; Brown et ah, '83; Brown and Fyffe,
'81; Enevoldson and Gordon, '89a; Giesler and Cliffer, '85;
Giesler et ah, '84; Rustioni, '73, '74, '76; Rustioni and
Kaufman, '77; Uddenberg, '68). Hence, there is opportunity
for interaction between these two systems. Furthermore,
noradrenaline can alter the cutaneous response characteris¬
tics of PSDC neurons when ionophoresed into the dorsal
horn (Fleetwood-Walker et al., '85), and electrophysiologi¬
cal studies have also shown that PSDC neurons are regu¬
lated by descending systems from the brain (Angaut-Petit,
'75b; Noble and Riddell, '89).

It therefore follows that PSDC neurons might be one of
the targets of descending CA-containing axons. Conse¬
quently, we have retrogradely labelled neurons in the
dorsal column pathway by means of a horseradish peroxi¬
dase (HRP) pellet implantation technique (Enevoldson et
al., '84) and immunocytochemically stained CA-containing
axons by using antisera raised against tyrosine hydroxylase
(TH) and dopamine-p-hydroxylase (DBH). TH is the en¬
zyme that converts tyrosine to dihydroxyphenylalanine
(DOPA) and is thus the first enzyme in the CA biosynthetic
pathway Therefore, it is an endogenous protein of dopa¬
mine-, noradrenaline-, and adrenaline-containing neurons.
DBH catalyses the conversion of dopamine to noradrena¬
line and is thus present only within noradrenergic and
adrenergic neurons. Putative synaptic contacts between
labelled cells and immunostained terminals within laminae
III-V were analysed by combined light and electron micros¬
copy. A preliminary abstract of this work has been pub¬
lished (Doyle and Maxwell, '92). Nishikawa et al. ('83),
using a similar method, have demonstrated serotoninergic
synaptic contacts upon PSDC neurons.

MATERIALS AND METHODS
Four adult cats (2.4—3.9 kg) of either sex were used in this

series ofexperiments.

Retrograde labelling
Postsynaptic dorsal column neurons were retrogradely

labelled according to the method described by Enevoldson
et al. ('84). Cats were deeply anaesthetized with sodium
pentobarbitone (40 mg/kg, i.p.) and a dorsal laminectomy
was performed at T10-T12 (3 animals) to expose the spinal
cord. Strict aseptic conditions were maintained throughout
this procedure and normal body temperature was main¬
tained by an electric blanket controlled by a rectal probe. An
incision was made in the dura mater and excess cerebrospi¬
nal fluid was removed by suction. The spinal cord was kept
dry by using tissue paper wicks. Small bilateral lesions were
made in the midline region of the dorsal columns with the
aid of a razor blade knife, and one or two small agar-HRP
pellets were placed into the lesion with dry watchmaker's
forceps. When the pellet was in position, the lesion was
plugged with small pieces of Sterispon (Allen and Hanbury,
Ltd., UK) and a drop of quicksetting cyanoacrylate glue
(Loctite, UK) was used to seal the implant site. At the
conclusion of surgery animals were given intramuscular
injections of penicillin (100,000 units) and allowed to
recover from the anaesthetic.

In one cat, a unilateral HRP implant was made in the
dorsal columns of the rostral cervical cord (C2-C3). A lesion
was then made in the ipsilateral dorsolateral funiculus
(DLF) one segment caudal to the implant site to ensure that
neurons projecting to the lateral cervical nucleus with
axons in the DLF were not transporting HRP.

Fixation of tissue
The animals were allowed to survive for 36-72 hours

(T10-T12 implants) or 96 hours (C2-C3 implant). They
were then deeply anaesthetized with pentobarbitone (40
mg/kg, i.p.) and transcardially perfused with warm saline
(37°C) containing 100 U/ml heparin and 0.1% sodium
nitrite. The solution was delivered at a pressure of 120
mmHg and, once the blood had cleared, 1,000 ml of warm
fixative (37°C) was introduced at the same pressure. The
fixative consisted of4% paraformaldehyde, 0.1% glu taralde¬
hyde, and 15% saturated picric acid in 0.1 M phosphate
buffer, pH 7.4. A further 2,000 ml of fixative was delivered
at 100 mmHg and 4°C.

After perfusion, the lumbosacral spinal cord (L6-S1) and
the segments containing the agar-HRP implants (T10-T12
or C2-C3) were removed and kept in the same fixative (with
the omission of glutaraldehyde) for a further 4-6 hours.
The blocks were washed and stored overnight in phosphate
buffered saline (PBS). Transverse and sagittal sections (40
pm) of lumbosacral spina) cord wore cut with a Vibratomo
and rinsed with several changes of PBS to ensure complete
removal of excess fixative. The segments containing the
implant sites were embedded in 0.3% agar and sectioned
transversely with a freezing microtome at 90 pm. The C4
segment containing the control DLF lesion for the high
cervical implant was postfixed for 4 days and frozen sec¬
tions were cut at 90 pm.

Processing of tissue
Serial frozen sections of the implant sites were treated

with 3',3-diaminobenzidine (DAB) and hydrogen peroxide
for visualization of HRP around the implant site. They
were then mounted and counterstained with neutral red.
Sections from the DLF lesion were treated similarly, except
that they were not processed for peroxidase.

Retrogradely labelled neurons within Vibratome sections
of lumbosacral cord were visualized also with DAB as the
chromogen. The sections were then wet-mounted in buffer
on glass slides and scanned with the aid of a light micro¬
scope. Sections containing labelled neurons were processed
for CA-immunocytochemistry.

CA-containing axons were labelled with primary antisera
that specifically recognise TH or DBH. The TH antiserum
was raised in rabbit and its characteristics and specificity
have been described by van den Pol et a). ('84). The
antiserum to DBH was purchased from Eugene Tech (New
Jersey), and its characteristics and specificity have been
described elsewhere (Chang, '89). Vibratome sections were
immersed in 10% normal donkey serum (NDS) with 0.01%
sodium azide in PBS for 30 minutes to reduce nonspecific
(background) staining by secondary antisera. This was
followed by overnight incubation in the primary antiserum
at 4°C. The antisera were diluted 1:1,000 in PBS supple¬
mented with 1% NDS and 0.01% azide. For anti-DBH this
solution was also supplemented with 0.3% Triton X-100.
Although ultrastructural preservation is compromised by
the addition of this agent to the incubation medium, its
inclusion is essential for successful DBH-immunocytochem-
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ical staining (Chang, '89; Doyle and Maxwell, '91b; Lewis
and Morrison, '89). As Triton X-100 also increases antibody
penetration, a number of sections to be treated with
anti-TH were pretreated with 0.3% Triton X-100 for 1 hour
prior to incubation in the primary antiserum.

TH and DBH were visualized in the test sections by using
the avidin-biotin-peroxidase complex (ABC) technique (Hsu
et al, '81). This involved incubation for 45 minutes in
donkey anti-rabbit biotinylated immunoglobulin G (Amer-
sham) diluted 1:100 at room temperature, followed by 15
min in streptavidin peroxidase complex (Amersham) di¬
luted 1:300 at room temperature. The tissue was washed
between steps in PBS and dilutions were made in PBS
containing 1% NDS. The presence of peroxidase was visual¬
ized by reaction with hydrogen peroxide in the presence of
DAB.

Controls
The primary antiserum was omitted from the incubation

medium in control experiments. In addition, sections from
the striatum were incubated with anti-TH or anti-DBH and
processed identically to the lumbosacral test sections. This
region possesses a dense dopaminergic network (Lindvall
and Bjorklund, '83) and may thus be used to assess the
specificity of the antisera. It would be anticipated that the
anti-TH would produce a strong immunoreaction in striatal
sections, while anti-DBII would produce a negative result.

Electron microscopy
After the DAB reaction, the immunostained sections

were postfixed in 1% osmium tetroxide for 1 hour and
dehydrated through a series of ethanol solutions. En bloc
staining was performed with a 1% solution ofuranyl acetate
in 70% ethanol. After dehydration sections were cleared in
propylene oxide, fiat-embedded in Durcurpan between cellu¬
lose acetate foils, and polymerized at 60°C for 48 hours.
When polymerization was complete the sections were exam¬
ined with the light microscope for possible contacts between
retrogradely labelled neurons and immunostained axons. A
site was designated a region of contact when no space could
be discerned between the varicosity and the cell at a
magnification of x 1,000. The contacts were then photo¬
graphed or drawn with the aid of a drawing tube.

Sections were subsequently attached to Durcurpan blocks
and thin sections cut on an ultramicrotome. Ribbons of
serial thin sections were collected on single-slot copper
grids coated with Formvar and stained with Reynold's lead
citrate for 2-3 minutes. Contacts between TH- and DBH-
immunoreactive boutons and HRP-labelled neurons were

examined through these series, with the electron micro¬
scope, to confirm the presence of synaptic junctions.

RESULTS
Implant sites

The implant sites from all four cats are shown in Figure
1. Drawings were constructed from a number of serial
sections through the lesion and thus represent the maxi¬
mum extent of the lesion. Although there was a little
damage to the dorsal regions of the gray matter in some
sections, the transections were otherwise confined to the
dorsal columns. The lesions never extended as far as the
central canal and never involved the lateral funiculi. These
reconstructions confirmed that the thoracic implants (T10-
T12) were bilateral (Fig. 1A-C) and that the cervical
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implant (C2-C3) was confined to the left hand side of the
cord (Fig. ID). The reaction product of HRP from the pellet
was most intense in the region of the implant, but some
reaction product was usually observed surrounding it in the
gray matter and the DLF. The control lesion, caudal to the
cervical implant, was accurately made in the DLF at C4
(Fig. IE).

Retrograde labelling
The distributions of retrogradely labelled neurons were

comparable to those reported in previous studies (Bennett
et al., '83; Enevoldson and Gordon, '89a; Giesler et al., '84;
Rustioni, '76; Rustioni and Kaufman, '77), but differences
may exist between labelling produced by implants at the
two regions of the spinal cord. Bilateral HRP implants in
the thoracic cord produced large numbers of labelled neu¬
rons within laminae III, IV, and medial V. A much smaller
second concentration of labelled cells was found in the
medial portions of laminae VI and VII and an occasional cell
was observed in lamina I. These cells were found in roughly
equal numbers on both sides of the cord. The unilateral
cervical implant produced a much more restricted distribu¬
tion of labelling, although a much smaller population of
neurons was sampled. With the exception of a single neuron
in lamina VII, all retrograde labelling was confined to
laminae III-V.

The retrogradely transported HRP granules were pre¬
sent in the perikarya and proximal dendrites of labelled
neurons (Figs. 3, 4). Labelled primary and secondary
dendrites were observed routinely but tertiary dendrites
were rare. Axons were sometimes labelled, but their collat¬
erals were not apparent. It was noted that cells labelled
from the cervical implant (Fig. 4) usually contained less
HRP reaction product than those labelled from the more
caudal implant (Fig. 3).

Light microscopic observations of
immunoreactive varicosities and postsynaptic

dorsal column neurons

Large numbers of axons immunoreactive for TH and
DBH were observed throughout the lumbosacral spinal
dorsal horn, but in accordance with our previous studies
(Dovle and Maxwell, '91a,b), they were particularly abun¬
dant within the superficial layers (laminae I and II) and
medial lamina IV. It was noted that the density of immuno-
staining produced with the DBH antiserum was greater
than that observed with the anti-TH, even when comparing
TH-labelled material treated with Triton X-100. This was

not due to the Triton X-100 incubation period being longer
for DBH-immunocytochemistry, since reducing it to 1 hour
did not alter the immunoreaction.

All retrogradely labelled neurons examined for immuno¬
reactive contacts were within laminae III-V. Sixty-seven
out of 107 cells (62.5%) labelled following the thoracic
implants possessed DBH-immunoreactive terminals closely
apposed to their perikarya and/or proximal dendrites (mean
number of contacts per cell = 4.4, range = 1-16). Exam¬
ples are shown in Figure 3E,F. Twenty-three out of 39 cells
(59.0%) labelled from the cervical implant received contacts
from DBH-immunostained axons (mean number of con¬

tacts per cell = 4.9, range = 1-22). Examples are shown in
Figure 4. One hundred ninety-seven cells labelled from the
thoracic implants were examined for contacts from TH-
immunoreactive axons. Analysis of tissue that had been
treated with Triton X-100 revealed that 34% of neurons had
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Fig. 1. Drawings of thoracic (A-C) and cervical (D,E) spinal cord, illustrating the area of destruction
associated with the dorsal column implant sites (A-D) and the cervical dorsolateral funiculus (DLF) lesion
(E). The drawings show the maximum extent of each lesion.

terminals apposed to their somata and/or proximal den¬
drites (mean number of contacts per cell = 3.2, range = 1-
13). Examples are shown in Figure 3A-D (see also tissue
prepared for combined light and electron microscopy: Figs.
5, 6). The apparent lower innervation from axons contain¬
ing TH is a consequence of the weaker immunoreaction
observed with this antiserum.

Fibres immunoreactive for TH and DBH formed both
terminal and en passant axonal swellings, and individual
collaterals gave rise to both single (Fig. 3A) and multiple
(Figs. 3, 4) contacts. Frequently, axons could be seen to
follow closely the curvature of dendrites or somata (Figs.
3C-F, 4). Many retrogradely labelled neurons were inner¬
vated by several immunostained axons (Figs. 3, 4A). In
accordance with our previous findings (Doyle and Maxwell,
'91a) at least two different morphological types of axon can
be distinguished by the dimensions of the varicosities that
occur along the axonal strands. Both types of axon appear

to innervate PSDC cells. The more common type of axon
had both large and small varicosities intermingled along its
length (Figs. 3A-D, 4), while the second, less common type
was characterized by small varicosities that were only
slightly larger than their intervaricose axons (Fig. 3E,F).

The laminar locations of 44 labelled cells, observed in
transverse sections, receiving contacts from TH- or DBH-
immunostained contacts are shown in Figure 2. Approxi¬
mately 70% of the cells are located in the medial half of
laminae III-V, where most of the CA-containing fibres are
found.

Controls
Sections that had been incubated in a medium from

which the primary antiserum had been omitted displayed
no immunolabelling. Sections from the striatum that had
been treated with the TH antiserum displayed an intense
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Fig. 2. The laminar locations of 44 retrogradely labelled neurons,
found within laminae III-V, which received contacts from catechol¬
amine (CA)-containing axons. The position of each cell body has been
placed on a standard dorsal horn according to its relative position both
dorsoventrally and mediolaterally in its own dorsal horn. Note that
most of the innervated cells (70%) were found within the medial half of
the dorsal horn. Five labelled cells receiving contacts from CA-
containing boutons that were confirmed ultrastructurally to be synap¬
tic associations are indicated (asterisks).

immunoreaction, which was absent from the sections incu¬
bated with anti-DBH.

Electron microscopic observations of
immunoreactive varicosities and postsynaptic

dorsal column neurons

Ultrastructural examination of retrogradely labelled neu¬
rons demonstrated that they contained HRP reaction prod¬
uct that was sequestered within membrane-bound granules
(Figs. 5, 6). Such electron-dense bodies are typical of
retrogradely transported HRP (La Vail and La Vail, '74). In
addition to membrane-bound HRP some neurons contained
diffuse reaction product that was low in intensity and
usually associated with membranous structures.

Varicosities observed with the light microscope were
revealed by electron microscopic analysis to be synaptic
boutons. The appearance of these boutons was comparable
with those reported in our previous studies (Doyle and
Maxwell, '91a,b). They contained large numbers of small
pleomorphic (round to oval) agranular vesicles together
with several dense core vesicles. By using correlated light
and electron microscopy, we were able to confirm that 12
CA-containing boutons formed synaptic specializations with
the dendrites (Fig. 6) and somata (Fig. 5) of labelled cells.
These synapses could be followed for up to 9 serial sections.

On 8 occasions, axonal swellings that formed apparent
contacts at the light microscopic level were found not to
make synaptic associations with retrogradely labelled struc¬
tures when viewed with the electron microscope. Seven of
these structures synapsed upon an adjacent, unlabelled
structure. The remaining bouton did not form an identifi¬
able synaptic j unction and lay closely apposed to the soma of
a retrogradely labelled cell.

DISCUSSION
Identification of PSDC units

The electrophysiological studies of Angaut-Petit ('75a)
have shown that 87% of ascending second-order axons in
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the thoracic dorsal columns project to the first cervical
segment. At C2-C3, it is probable that all dorsal column
axons originating in the lumbar cord belong to this pathway.

Anatomical studies in the cat have shown differences in
the laminar distribution of labelled cells after HRP applica¬
tions to the thoracic dorsal columns and the dorsad column
nuclei (DCN). Rustioni and Kaufman ('77) and Enevoldson
and Gordon ('89a) found that lumbar retrograde labelling
was almost entirely confined to laminae III-V after HRP
was applied to the DCN. The cells labelled by Rustioni and
Kaufman ('77) also included the small population of spino-
DCN cells ascending the DLF (Enevoldson and Gordon,
'89b), since these authors made no lesion in the DLF. When
HRP was placed into the dorsal columns at T9-T12, an
additional cluster of cells was revealed in medial laminae
VI-VII, as well as a few cells in lamina I (Bennett et al., '83).
We also observed this pattern of retrograde labelling, and
concluded that the cells labelled in laminae I, VI, and VII
are long propiospinal neurons and correspond to the small
population (13%) of non-PSDC, second-order cells observed
ascending the thoracic dorsal columns by Angaut-Petit
('75a). On this basis, we confined our examination to
labelled cells within laminae III-V, since these neurons
probably project to the DCN. In this context, it may be
significant that Rustioni and his colleagues only found
retrograde labelling within laminae I and VI-VII when
their medullary HRP injections were not restricted to the
DCN (Rustioni, '76; Rustioni and Kaufman, '77). However,
despite these precautions, we cannot eliminate the possibil¬
ity that a few of the cells examined may have been
propiospinal.

The agar-IIRP implantation technique employed in this
study depends upon uptake of HRP by the severed ends of
axons but not by axons of passage. Considerable evidence
supporting this claim has been presented in a number of
publications (Bennett et al., '83; Enevoldson and Gordon,
'89a; Enevoldson et al., '84). Enevoldson and Gordon ('89a)
and Bennett et al. ('83) performed control experiments
involving lesions of the DLF caudal to the site of the
implant. Both studies revealed that there was no alteration
in retrograde labelling as a result of the additional lesion
and concluded that HRP had not been taken up by axons in
the DLF. In addition, Enevoldson et al. ('84) found a critical
relationship between the number of cells labelled and the
extent of the dorsal column lesion. Examination of our

lesion sites indicated that there was some spread of HRP
into the DLF. However, as no damage of the DLF was
observed in any of the sections surrounding the lesion site,
it is unlikely that any labelling of axons in this tract
occurred.

It is also possible that spread ofHRP into the gray matter
surrounding the lesion site could result in labelling of
propiospinal neurons with axons terminating in this region.
This is unlikely, however, since Bennett et al. ('83) found
that lesioning the dorsal columns caudal to the implant
resulted in a total absence of retrograde labelling.

Innervation of postsynaptic dorsal column
neurons by catecholamine-containing axons
The combined light and electron microscopic data pre¬

sented in this report indicate that lumbosacral PSDC
neurons in the cat are innervated by CA-containing axons
originating in the brain. Light microscopic observations
suggest that about 60% of cells possess CA-containing
terminals closely apposed to their somata and/or proximal
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Fig. 3. A, C, E: Drawings of 3 retrogradely labelled postsynaptic dorsal column (PSDC) neurons
observed after horseradish peroxidase (HRP) implantation into thoracic spinal cord. The arrows point to
tyrosine hydroxylase (TH)-immunoreactive (A, C) or dopamine-$-hydroxylase (DBH)-immunoreactive (E)
varicosities, which are also shown in the corresponding light micrographs (B, D, F).
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Fig. 4. A,C: Drawings of 2 retrogradely labelled PSDC neurons, observed after implantation of HRP
into cervical (C2-C3) spinal cord, that were innervated by axons immunoreactive for DBH. The arrows
point to varicosities, which are also shown in the corresponding light micrographs I B,D).



Fig. 5. Correlated light and electron microscopic analysis of a PSDC
neuron from lamina IV that received a TH-immunoreactive axosomatic
contact. A: Drawing of the retrogradely labelled neuron and immuno-
stained bouton (B). B: Electron micrograph of the neuron. The bouton

(B) directly apposes the perikaryon (P), which contains a granule of
retrogradely transported HRP (asterisk). C: At higher magnification
the synaptic junction formed by this bouton is revealed (between the
arrowheads).

dendrites, with some cells receiving up to 22 contacts.
However, estimates of frequency of contacts are likely to be
limited in this study for several reasons. 1) Our previous
ultrastructural studies (Doyle and Maxwell, '91a,b) indi¬
cated that the majority of synaptic contacts formed by
boutons of CA-containing fibres are on fairly small (less
than 2 pm diameter) dendritic shafts, which are probably
distal dendrites. As the retrograde labelling technique
employed in this study resulted in the labelling of somata
and proximal dendrites only, it is probable that the majority
of contacts between CA-containing fibres and PSDC neu¬
rons would not be detected. 2) The presence of glutaralde-
hyde in the fixative reduces immunocytochemical staining

by denaturing the target antigen. Hence it is unlikely that
all of the catecholaminergic innervation to the dorsal horn
was actually labelled. In addition, the high concentrations
of paraformaldehyde in the fixative, along with using a
relatively insensitive chromogen (DAB), would also reduce
the number of labelled cells.

Although light microscopy revealed that over 60% of
PSDC neurons receive contacts from CA-containing axons,
its resolution (0.2 pm) is not sufficient to exclude the
possibility that structures in apparent apposition are actu¬
ally separated by an intervening neuronal or glial process,
or that a varicosity in contact with a labelled cell is actually
synapsing on some adjacent unlabelled structure and not
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Fig. 6. Correlated light and electron microscopic analysis of a PSDC
neuron receiving a TH-immunoreactive axodendritic contact. A: Light
micrograph of the retrogradely labelled neuron and the immunostained
bouton (B) contacting it. Note the presence of HRP granules within the
cell body and proximal dendrites. The area enclosed by the box is shown

at a higher magnification in electron micrograph C. Note the granules
of retrograde HRP (arrows) within the dendrite (D) and the contact
from the immunostained bouton (B). B shows the location of the cell
body in lamina V. At higher magnification (D) the synaptic junction
formed by this bouton is revealed (between the arrowheads).
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the cell itself. Correlated ultrastructural analysis, however,
verified that many contacts between CA-containing fibres
and labelled neurons (12/20) were regions of synaptic
association. These findings suggest that many of the con¬
tacts seen with the light microscope alone were regions of
synaptic interaction. However, 8 axonal swellings that
appeared to contact labelled cells were found not to form
synapses with the cells when viewed ultrastructurally and
therefore it cannot be assumed that all contacts observed
with the light microscope are synaptic connections. Seven
of these boutons synapsed on an adjacent, unlabelled
dendrite and one bouton did not form a synaptic junction.
Descending CA-containing boutons that do not form identi¬
fiable synaptic junctions are rare (Doyle and Maxwell,
'91a,b), but a few examples have recently been found
(unpublished data).

Functional considerations
Previous studies have suggested that the spinal CAergic

system plays an important role in controlling the transmis¬
sion of nociceptive information to supraspinal sites. For
instance, behavioural studies have shown that intrathecal
administration of sympathomimetic drugs inhibits reflexes
evoked by noxious cutaneous stimuli (Jensen and Smith,
'83; Kuraishi et al., '79; Reddy et al., '80; Yaksh and Reddy,
'81). In addition, electrophysiological recordings from uni¬
dentified dorsal horn neurons (Belcher et al., '78; Davies
and Quinlan, '85), spinocervical tract neurons (Fleetwood-
Walker et al., '85, '88), PSDC neurons (Fleetwood-Walker
et al., '85), and neurons of the spinothalamic and spinomes-
encephalic pathways (Fleetwood-Walker et al., '88) have
demonstrated that excitation induced by noxious cutaneous
stimulation may be inhibited by CAs. In these studies
nociceptive responses were depressed to a much greater
extent than responses to innocuous stimuli, and the au¬
thors proposed that the descending CA pathways act selec¬
tively to inhibit nociceptive transmission. However, other
groups have found that noradrenaline attenuates the re¬
sponses to noxious and non-noxious stimuli with equal
potency (Howe and Zieglgansberger, '87; Satoh et al., '79).
Hence, the precise effects of catecholamines in the spinal
cord are at present uncertain. In this study we have shown
that spinal neurons that project to the dorsal column nuclei
via the dorsal columns (PSDC neurons) are innervated by
CA-containing axons. Electrophysiological studies have dem¬
onstrated that most of these neurons (62- 77%) respond to
a wide range of stimuli including hair movement, noxious
pinch, and heat, and only a very small minority are
nociceptive specific (about 3%) (Angaut-Petit, '75b; Brown
et al., '83; Giesler and Cliffer, '85). Hence, the predicted
effect of the CAergic axons innervating most PSDC neurons
would be to suppress excitation generated by both light-
tactile and nociceptive stimuli. Headley et al. ('78) recorded
from multireceptive neurons in laminae III and IV and
compared the effect of ionophoresing noradrenaline in the
substantia gelatinosa with ejection in the vicinity of the
neuron being tested. Although ionophoresis in the substan¬
tia gelatinosa produced a specific inhibition of nociception,
ionophoresis close to the cell body resulted in a much less
selective action. This nonspecific inhibition by noradrena¬
line of laminae III-IV neurons is therefore compatible with
the suggestion that the direct action of CA-containing
axons on PSDC neurons would be a general suppression of
excitation and not selective inhibition of nociceptive input.

Results from brainstem stimulation experiments suggest
that CAergic axons in the dorsal horn may operate via two

separate mechanisms. Stimulation of the nucleus locus
coeruleus (Hodge et al., '83; Mokha et al., '85; Zhao and
Duggan, '88) and the dopaminergic All cell group (Fleet¬
wood-Walker et al., '88) has been shown to depress nocicep¬
tive responses with far greater potency than responses to
innocuous stimuli, while activation of the subcoeruleus-
parabrachial nuclei (Girardot et al., '87) and Kolliker-Fuse
nucleus (Zhao and Duggan, '88) produces a nonselective
inhibition of sensory transmission. In the cat, the Kolliker-
Fuse nucleus is the primary source of CA in the lumbar
spinal cord (Stevens et al., '82). Hence, most of the termi¬
nals examined in the present study will have originated
from this nucleus. In this context, our present findings
provide a good morphological correlate for the nonselective
inhibition of nociceptive and non-nociceptive responses
that Kolliker-Fuse nucleus stimulation evokes in the cat
(Zhao and Duggan, '88).

CONCLUSIONS
Our analysis of postsynaptic dorsal column neurons in

laminae III-V of the cat spinal dorsal horn indicates that
over 60% of cells receive contacts from catecholamine-
containing terminals upon their somata and proximal
dendritic arbors. Ultrastructural analysis confirmed that
many of these contacts were regions of synaptic specializa¬
tion. These observations suggest that catecholamines regu¬
late sensory transmission through this spinomedullary
pathway by a direct postsynaptic action upon its cells of
origin. Such an action would be predicted to suppress
transmission generally through this system.
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Neuropeptide Y-immunoreactive terminals form axo-axonic synaptic
arrangements in the substantia gelatinosa (lamina II)

of the cat spinal dorsal horn
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The ultrastructural organization of nerve terminals containing neuropeptide Y-immunoreactivity was studied in the substantia gelatinosa of the
cat spinal dorsal horn. Seventy immunoreactive boutons were examined through serial sections and 67 of them were found to form between one
and five synaptic junctions with dendrites (59.5% of synapses), somata (3% of synapses) and other axon terminals (37.5% of synapses). The
postsynaptic axon terminals were often the central boutons of glomeruli. These findings suggest that neuropeptide Y regulates spinal sensory
transmission through both a postsynaptic action upon dorsal horn neurons and a presynaptic action upon primary afferent terminals.

Neuropeptide Y (NPY) has been shown by immuno-
cytochemical and radioimmunoassay techniques to be
one of the most abundant and widely distributed pep¬
tides within the mammalian central nervous system1,4.
Examination of the spinal cord has revealed that axon
terminals immunoreactive for NPY are particularly
concentrated within the substantia gelatinosa (layer II)
of the dorsal horn in a wide range of species3,7'12,16.
These fibres probably originate from descending path¬
ways3,8 and intrinsic spinal neurons12,16. NPY is gener¬

ally thought to be absent from primary sensory neu¬

rons7,18, but a report by Lindh et al.13 suggests that a
few dorsal root ganglion cells in the cat may contain it.
Microinjection of NPY into the cat dorsal horn has
been shown to reduce the release of substance P that

occurs following electrical stimulation of unmyelinated
primary afferents6. Following an initial period in which
substance P release over the whole dorsal horn is

reduced, inhibition subsequently becomes restricted to
laminae I and II. Furthermore, NPY can reduce the
depolarization-evoked release of substance P from dor¬
sal root ganglion cells in culture17. In addition, the

number of NPY binding sites in the superficial dorsal
horn is dramatically reduced when the primary afferent
input to this region is removed10. These findings sug¬

gest that NPY can act presynaptically upon the termi¬
nals of primary sensory neurons.

At present, there are no ultrastructural studies of
the relationship between NPY-containing axons and
other structures in the neuropil of the superficial dor¬
sal horn. The aim of the present study was to examine
the fine structural organization of NPY-containing ter¬
minals in lamina II of the cat dorsal horn, with particu¬
lar attention being given to the presence or absence of
axo-axonic synaptic junctions.

Two female cats were anaesthetized with sodium

pentobarbitone (40 mg/kg) and fixed by transcardial
perfusion as previously described5. The lumbosacral
(Ly-S,) spinal cord was dissected out and 40 /zm
transverse and saggital sections were cut on a Vi-
bratome. The antiserum to NPY was purchased from
Cambridge Research Biochemicals (Cambridge), and
diluted 1:2,000 in phosphate buffered saline (PBS)
containing 1% donkey serum and 0.05% sodium azide.
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Fig. 2. A shows an NPY-immunoreactive bouton which forms an asymmetrical synaptic junction (between the arrow heads) with a large
unlabelled axon terminal (Ax). In the serial section B, the synaptic junction (between the arrow heads) can be defined by the following criteria: (i)
a well-defined synaptic cleft; (ii) a marked postsynaptic specialization producing an asymmetrical synaptic junction; and (iii) an accumulation of
vesicles adjacent to the presynaptic membrane. C shows an NPY-containing terminal which is presynaptic to a central glomerular bouton which
contains spherical vesicles of uniform diameter (RSVU). The symmetrical synaptic junction formed between these structures can be seen

(between the arrow heads), but it is more clearly resolved at higher magnification (D).

After a 30 min pre-incubation in 10% donkey serum,
sections were incubated overnight in the primary anti¬
serum. This primary antiserum was supplemented with
0.3% Triton X-100 in sections that were to be exam¬

ined by light microscopy only. In control sections, the
NPY antiserum was omitted from the overnight incu¬
bation medium. The presence of NPY was visualized
using the avidin-biotin-peroxidase complex (ABC)
technique using 3,3-diaminobenzidine as the chro-
mogen. Sections were then processed for electron mi¬
croscopy as previously described5.

Light microscopic inspection revealed large numbers
of NPY-immunoreactive terminals in laminae I and II
with a second, much smaller cluster, being found in
lamina IV. This is in accord with previous studies3,7'1216.
NPY-terminals were present predominantly as single,
isolated, punctate structures (especially in transverse
sections), and axonal strands were only observed occa¬

sionally. No immunoreactivity was seen in control tis¬
sue which was incubated without the NPY antiserum.

Ultrastructural analysis confirmed that these im-
munostained varicosities were synaptic boutons. In to-

Fig. 1. Serial sections of an NPY-immunoreactive bouton which forms an axo-axonic synaptic junction (between the arrow heads) with an
unlabelled axon terminal (Ax). The polarity of this synapse is from the NPY-containing terminal onto the unlabelled axon. A shows a section of
the bouton which was taken mid-way through the synaptic junction. Note the obvious widening of the synaptic cleft and symmetry of the
membrane specializations. B shows the final section of the bouton in which the synaptic junction was present. Note the accumulation of vesicles
adjacent to the presynaptic membrane and the marked postsynaptic thickening which gives the junction an asymmetric appearance in this

particular section. This NPY-immunostained terminal also forms a synaptic junction with the dendrite D (arrow in Fig. B).
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tal, 70 boutons exhibiting NPY-immunoreactivity were
examined completely through serial sections with the
electron microscope and 67 of them formed synaptic
junctions. These junctions were usually symmetrical
(Figs. 1A, 2C, D), but axo-axonic associations were
often asymmetrical (Fig. 2A, B). The ultrastructural
organization of these structures was highly complex,
with 40% of terminals forming more than one synapse.
Almost 60% of synaptic junctions were found upon
dendrites (0.35-3.0 /im diameter; see Fig. IB), 37.5%
were found upon unlabelled axon terminals (Figs. 1A,
B, 2A-D) and 3% upon somata. Approximately 10%
of the NPY-terminals formed axo-axonic junctions
alone. Analysis of NPY axo-axonic associations re¬
vealed that NPY-containing terminals were usually
presynaptic to the unlabelled terminal (Figs. 1, 2).
Post-synaptic terminals to NPY-labelled axons were
frequently central boutons of glomeruli (Fig. 2C). NPY
boutons were characteristically packed with small, ir¬
regularly shaped agranular vesicles (Figs. 1, 2), to¬
gether with several dense core vesicles. Although im-
munoreactivity was homogenously scattered through¬
out the cytoplasm, it was particularly associated with
the dense core vesicles.

The present study demonstrates that almost all
NPY-containing nerve terminals in lamina II of the cat
spinal dorsal horn form synaptic specializations. NPY-
positive cells have been observed in the dorsal horn
after pretreatment with colchicine12'16, which could give
rise to vesicle-containing dendrites. However, in the
present study no NPY-containing cells were observed
and all of the NPY-containing structures that were

present were probably axon terminals. Many of these
boutons formed synaptic junctions with the dendrites
and somata of dorsal horn neurons (62.5% of synapses),
but a large proportion were presynaptic to other axon
terminals (37.5% of synapses), including central
glomerular boutons and the appearance of these
synaptic junctions was similar to that of axo-axonic
synapses previously described in the spinal cord2'14.
Almost all central glomerular boutons degenerate fol¬
lowing dorsal rhizotomy11, thereby demonstrating that
they are primary afferent in origin. Hence, the present
study suggests that NPY-containing axons in lamina II
may regulate spinal sensory transmission through a

presynaptic action upon primary afferent terminals in
addition to a post-synaptic action upon dorsal horn
neurons. Moreover, the finding of NPY-containing
boutons in presynaptic apposition to central glomerular
boutons, many of which contain substance P15, may

help explain the observation that when NPY is injected
into lamina II it reduces the evoked release of sub¬
stance P from C-fibres6. Thus, these axo-axonic ar¬

rangements may provide a morphological basis for the
analgesia produced when NPY is administered in-
trathecally9.

The authors gratefully acknowledge the expert technical assis¬
tance of Heather Anderson. The study was supported by the Medical
Research Council.
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Hair follicle afferent boutons in the spinal dorsal horn of the cat were examined for L-glutamate enrichment. Two hair follicle afferent axons
were labelled intra-axonally with horseradish peroxidase, and post-embedding immunogold reactions for L-glutamate were performed on thin
sections containing horseradish peroxidase-labelled boutons. Quantitative analysis showed that hair follicle boutons were associated with
immunogold reactions for L-glutamate which were almost twice as dense as average values for dorsal horn tissue. Further analysis revealed that
hair afferent boutons displayed 2.3-times the average gold particle density associated with post-synaptic dendrites and 3-times the average
immunogold density for L-glutamate of structures which were known to be immunoreactive for GABA. This enrichment of L-glutamate in
identified hair afferent terminals supports the idea that the amino acid is a neurotransmitter of hair follicle primary afferent axons.

The hair follicles of the skin are innervated by
primary afferent axons which form central terminations
in the spinal cord1. The boutons of these hair follicle
afferent (HFA) fibres establish monosynaptic connec
tions with various classes of dorsal horn neurons which
include the cells of origin of the spinocervical tract
(SCT)2,3, spinomedullary neurons projecting through
the dorsal columns to the dorsal column nuclei11 and
small local circuit neurons which contain glycine21.
HFA axons have an excitatory effect upon their target
neurons; for example electrical stimulation of single
HFA axons elicits monosynaptic excitatory post-syn¬
aptic potentials in SCT neurons3. The identity of the
neurotransmitter responsible for this excitatory action
is not known but a possible candidate is l glutamate19.
The excitatory effect of l-glutamate on dorsal horn
neurons has been known for many years (see refs. 8,19
for reviews) and excitatory amino acid antagonists such
as 1 -hydroxy-3 amino-pyrrolid-2 one (HA 966), d a

aminoadipate, m-2,3-piperidine dicarboxylate and y-

d-glutamylglycine greatly reduce excitatory responses
of dorsal horn4, cuneate5 and trigeminal neurons9
evoked by movement of hairs and antagonize the cxci
tatory action of l-glutamate on the same neurons.

Furthermore, enrichment of l-glutamate immunoreac¬
tivity has been demonstrated in a variety of presumed
primary afferent boutons6'12,18. Thus it is probable that
the excitatory neurotransmitter released by HFA ter¬
minals is l-glutamate and the aim of this study was to
test this possibility by looking for enrichment of l-

glutamate in terminals of identified HFA axons.

Experiments were performed on two adult cats which
were anaesthetized with chloralose (70 mg/kg) follow¬
ing induction of anaesthesia with halothane. End-tidal
C02, carotid arterial blood pressure and rectal temper¬
ature were monitored continuously. The level of anaes¬
thesia was assessed from the continuous blood pressure
record and by examining the degree of pupillary con

Fig. 1. A, B: electron micrographs of two adjacent serial sections thiough a hair follicle afferent bouton which was labelled intra axonally with
horseradish peroxidase. The sections were incubated with the GLU 03 antiserum and an obvious immunogold reaction is associated with both
profiles. Structures surrounding the labelled bouton are associated with weak and inconsistent immunogold labelling. The hair follicle bouton is

presynaptic to a dendrite (Den).
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striction. Single hair follicle afferent fibres were im¬
paled in the lumbosacral spinal cord with mi-
cropipettes containing an 8% solution of horseradish
peroxidase20 (HRP: Sigma type VI). Hair afferent ax¬
ons were identified and labelled with HRP according
to the standard procedure used in this laboratory1. The
two HFA axons used in this study were activated by
gentle manipulation of hairs and had conduction veloc¬
ities in the A a/3 range which were determined by
stimulating the sciatic nerve electrically. At the conclu¬
sion of these experiments, animals were rapidly per¬

fused, initially with a flushing solution consisting of 300
ml of 0.9% saline, heparin (100 U/ml) and sodium
nitrite (0.1%) at 37°C, and subsequently with 1 1 of
fixative containing 2.5% glutaraldehyde and 1%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)
at 37°C and 2 1 at 4°C. Blocks of spinal cord containing
identified axons were stored in the same fixative for

approximately 8 h and were washed in phosphate buffer
(pH 7.4) before 50 /xm transverse sections were cut
with a Vibratome. Sections were reacted in the pres¬
ence of diaminobenzidine (DAB) to reveal HRP. They
were then immersed in a solution of osmium tetroxide,
dehydrated through a series of ethanol solutions,
cleared in propylene oxide and flat embedded in Dur-
cupan between cellulose acetate foils. Sections contain¬
ing terminal arbors of HFA axons were attached to
blocks and thin sections were cut on an ultramicro-
tome. Series of thin sections were collected on Form-
var-coated single-slot gold grids. The immunogold pro¬
cedure was a variation of the method described by De
Zeeuw et al.7. Grids were floated on droplets of Tri¬
phosphate buffered saline (TPBS; 0.05 M at pH 7.6)
containing 1% normal goat serum, 0.2% Triton X-100
and the rabbit L-glutamate antiserum (GLU 03) at a
dilution of 1:500 for 18 h at 4°C. GLU 03 specifically
recognizes L-glutamate when it is fixed to protein with
glutaraldehyde13'16. Weak cross-reactivities with aspar¬
tate and glutamine can be greatly reduced by preincu-
bating the primary antiserum with 100 /xM glutaralde¬
hyde conjugates of these two amino acids13; the anti¬
serum used in this study was treated in this manner.
Test sections14 containing brain macromolecules conju¬
gated to amino acids with glutaraldehyde were em¬

ployed to confirm that the antiserum was recognising
L-glutamate under the particular experimental condi¬
tions used in this study (Table I). In some experiments,
the GLU 03 primary antiserum was preincubated with
100 /xM of glutaraldehyde-conjugated i.-glutamate
(GLU-G); this resulted in almost a complete abolition
of the immunogold reaction. Some grids were alter¬
nately incubated with GLU 03 or a rabbit antiserum
which specifically recognizes fixed GABA10 (GABA 09;

TABLE I

Gold particle densities associated with amino acid conjugates for
immunogold reactions with GLU 03 antiserum

This table illustrates gold particle densities for GLU 03 diluted to
1:500 after preincubation for lh with 100 p.M of glutaraldehyde-re-
acted aspartate and 100 /iM of glutaraldehyde-reacted glutamine on
test sections containing amino acids conjugated to brain macro-
molecules with glutaraldehyde'4. The antiserum displays a high affin¬
ity to GLU (* Student's t-test indicates P < 0.001 when compared
with the conjugate containing no amino acid; the "None" conjugate)
but there is weak cross-reactivity with GLN (** Student's /-test
indicates P < 0.005 when compared with "None" conjugate). All
other comparisons with "None" were not significant (P > 0.05).
Background labelling over tissue-free resin was negligible (0.8 parti¬
cles/yum2) and was not subtracted. Standard abbreviations are used
for amino acids, (n = 10 for each group).

Conjugate Mean ± S.E.M.
(particles/ p. m

GABA 8.0 ±6.2
GLU 249.5 ±57.9 *
TAU 10.7 ±13.5
GLY 15.9 ±12.7
None 6.8 ±8.3
ASP 13.8 ±10.2
GLN 23.7 ±13.2 **

this was kindly donated by Dr. P. Somogyi, MRC
Anatomical Neuropharmacology Unit, Oxford) in or¬
der to determine if the immunogold labelling of HFA
profiles was specific for GLU 03.

Following incubation in primary antiserum, grids
were rinsed in Tris-HCl buffer containing polyethylene
glycol (PEG) and then placed in PEG solution contain¬
ing anti-rabbit IgG coupled to 15 nm gold spheres
(Amersham International pic.) for 2 h. Grids were

contrasted with lead citrate.
Eleven boutons from the two HFA axons were ex¬

amined and photographed through series of sections.
In all, 43 HFA profiles were photographed from the
series at magnifications which ranged from x 16,500 to
X 27,500. Gold particle densities were estimated from
micrographs with the aid of a Magiscan Image Analysis
System (Joyce Loebl). The analysis program13 enabled
a HFA profile to be delineated and the number of gold
particles associated with it to be counted and expressed
in terms of particles/jum2. Particle densities associated
with dendrites in post-synaptic apposition to identified
HFA boutons and densities associated with vesicle-

containing structures close to HFA axons were calcu¬
lated in the same way. Average particle densities were
estimated by dropping a card of unit area from a
standard height onto the same micrographs. The num¬
bers of particles contained within the randomly defined
areas outlined by the card were counted and the parti¬
cle density was also expressed as particles/p.m2.

Synaptic vesicles and mitochondria of HFA boutons
were associated with obvious gold particle labelling
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0-5/um
Fig. 2. A: electron micrograph illustrating a hair afferent bouton in a thin section that was incubated with GABA 09 antiserum. B: micrograph of
non-consccutivc serial section through the same bouton as in A which was incubated with GLU 03. The bouton shows few gold particles after
exposure to the GABA antiserum, but shows a strong immunogold reaction for glutamate. Two axons (*) associated with the bouton display

strong immunoreactions for GABA but not for L-glutamate.
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(Figs. 1 and 2B) and the pattern of immunogold la¬
belling was consistent throughout the series of sections
examined (see Fig. 1). Mitochonodrial labelling was not
observed in unidentified boutons which were otherwise

weakly labelled with gold particles, and probably re¬
flects mitochondrial localization of the glutamate syn¬

thesizing enzyme, phosphate-activated glutaminase17.
The average particle density associated with 36 HFA
profiles (7 profiles out of the total sample of 43 were
contaminated with dirt and were not measured) was

calculated as 11.6 ±4.7 (S.D.) particles//zm2 and the
average tissue density for 36 unit areas was 6.1 ± 4.4
(S.D.) particles//im2. Student's r-test indicated that
these means were significantly different from each
other (P< 0.001). Dendrites in post-synaptic apposi¬
tion to HFA boutons (n = 47) were associated with an

average particle density (5.0 ± 3.3 (S.D.) particles/
fim2) which was also significantly different from the
value for HFA profiles (P < 0.001). Four boutons were
examined through series of sections which were alter¬
nately incubated with GLU 03 or GABA 09 antisera.
HFA boutons were associated with glutamate im-
munoreactivity but were not associated with obvious
immunoreactivity for GABA (average particle density
3.1 ± 1.9 (S.D.) particles//zm2). However, some struc¬
tures containing vesicles close to HFA boutons (Fig. 2)
exhibited GABA immunoreactivity (average particle
density 29.5 ± 9.3 particles//xm2). In adjacent sections,
L-glutamate-immunogold reactions associated with
these profiles (n = 9) were found to be weak (3.8 + 3.9
(S.D.) particles/ixm2) and significantly different from
the average for HFA boutons (P < 0.001).

The use of test grids in this study shows that GLU
03 antiserum recognizes aldehyde-fixed L-glutamate
with high affinity but a weak cross-reaction with glu-
tamine was detected (Table I). It is unlikely that much
of the labelling associated with HFA boutons is due to
the presence of glutamine since glutamine immunore¬
activity in the dorsal horn is mostly associated with
neuroglia, and axon terminals are usually very weakly
labelled for this substance13 (see also ref. 16). Signifi¬
cant cross-reaction with glutamine by GLU 03 after
preadsorption with glutaraldehyde-conjugated glu¬
tamine was not reported in earlier studies with this
antiserum (e.g refs. 13,16). However, the Triton incu¬
bation method was not used in these studies and there¬
fore differences in the incubation procedure may ac¬
count for this discrepancy between the earlier findings
and the present study.

Preincubation of GLU 03 with GLU-G resulted in
almost complete abolition of immunogold labelling of
dorsal horn tissue. Therefore it is probable that most,
if not all, of the immunogold reaction associated with

HFA profiles is due to the presence of L-glutamate.
Furthermore, HFA boutons did not display significant
immunogold reactions in tissue incubated with GABA
09 under the same experimental conditions as GLU 03,
although structures in the surrounding neuropil did
(Fig. 2A). This confirms that the immunogold reaction
associated with HFA profiles only occurs after expo¬
sure to the GLU 03 antiserum.

There is roughly a linear relationship between the
concentration of fixed L-glutamate and the numbers of
gold particles resulting from immunogold reactions15.
HFA boutons are associated with immunogold reac¬
tions which are approximately twice as dense as the
average tissue value. Therefore it follows that HFA
boutons are enriched with L-glutamate when compared
with other dorsal horn structures. It is probable that
this enrichment is indicative of a transmitter pool of
the amino acid, and this is further evidence supporting
the idea that L-glutamate is a neurotransmitter at

synapses formed by HFA boutons.
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Abstract—The organization of neuropeptide Y-containing profiles in the dorsal horn of cat lumbosacral
spinal cord was examined in an immunocytochemical study employing a specific antiserum against
neuropeptide Y. Light-microscopic inspection revealed heavy concentrations of immunoreactive axons
and varicosities within the superficial layers of the dorsal horn (laminae I and II) and only low to moderate
numbers of positive terminals in the deeper layers (laminae III—VI). Neuropeptide-Y immunoreactivity
in the superficial laminae occurred primarily as single punctate terminals, although in sagittal sections long
rostrocaudally orientated fibres were also found. Immunoreactive fibres in the deeper layers were usually
long and beaded.

Two-hundred and eight neuropeptide Y-immunoreactive profiles throughout laminae I VI were
examined through serial sections with the electron microscope, and the overwhelming majority (n = 194)
was confirmed to be axon terminals, most of which (95%) formed synaptic junctions. These terminals were
packed with small irregularly shaped agranular vesicles, together with a number of large dense-core
vesicles. Immunoreactivity was homogenously scattered throughout the cytoplasm, and was also
associated with the dense-core vesicles. A few neuropeptide Y-containing profiles (n = 14) were difficult
to classify but they could have been vesicle-containing dendrites.

The postsynaptic targets of neuropeptide Y-positive terminals were similar throughout each dorsal horn
lamina. Most frequently, neuropeptide Y-positive boutons formed axodendritic and axosomatic synaptic
junctions (range = 64% of synapses in laminae V/VI to 83% in lamina III). A smaller proportion of
synapses were found upon other axon terminals and in laminae I—III the postsynaptic axon terminals were
sometimes the central boutons of glomeruli. A number of terminals, especially those in lamina II, formed
multiple synapses which often comprised a triadic arrangement.

These findings suggest that neuropeptide Y regulates spinal sensory transmission through both a
postsynaptic action upon dorsal horn neurons and a presynaptic action upon primary afferent terminals.

Neuropeptide Y (NPY) is a 36-amino acid peptide
which was first isolated from extracts of pig brain by
Tatemoto and his colleagues in 198261-63 and is closely
related to pancreatic polypeptide36,40 and peptide
YY.62 NPY has been demonstrated by immunohisto-
chemical1,2,14,15,59,7' and radioimmunoassay1,2 '4 tech¬
niques to be one of the most abundant and widely
distributed peptides within the mammalian CNS.

Examination of the spinal cord of various species
including rat,14-17-23-29-"'34-57-67 cat,23,38 rabbit,9 guinea-
pig,23 horse,23,50 pig,50 marmoset23 and human3 has
revealed that NPY-immunoreactive (NPY-IR) axons
and terminals are found throughout the gray matter
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at all segmental levels of the cord. However, they are
more abundant in the lumbosacral region than in
more rostral segments. Within the dorsal horn of
most species a heavy concentration of NPY-IR axons
and varicosities is found within the superficial layers
(laminae I and n),3,9,17,23,29,33.34,50,57,67 although there is
some disagreement concerning the precise distri¬
bution of immunoreactivity in this region in the rat.
Hunt el al.14 and Sasek and Elde57 reported that the
highest concentration was in lamina I and the outer
(dorsal) part of lamina II, whereas Hokfelt et al.19
found that immunoreactive fibres were less dense in
lamina I than in lamina II. In the cat lamina I has
been reported to be devoid of NPY-positive termi¬
nals,38 with the highest numbers of structures being
found in laminae II and III.23-38 The remainder of the
dorsal horn contains only low to moderate numbers
of NPY-containing axons. This distribution of NPY
terminals is similar to that of NPY receptors mapped
by autoradiography.35

Spinal NPY-containing fibres may originate from
descending pathways9,30 and intrinsic spinal neur-
ons.9,17,23,29,33,34,38,50,57 NPY is generally thought to be
absent from primary sensory neurons23,29,33,34,50,67,69
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but a report by Lindh el a/.41 suggests that a few
dorsal root ganglion cells in the cat may contain it.

Microinjection of NPY into the cat dorsal horn has
been shown to reduce the release of substance P that
occurs following electrical stimulation of unmyeli¬
nated primary afferents.2' Following an initial period
in which substance P release over the whole dorsal
horn is reduced, inhibition subsequently becomes
restricted to laminae I and II. Walker et al,68 have
demonstrated that rat sensory neurons in culture
possess high concentrations of specific receptors for
NPY and that their activation reduces the depolariz¬
ation-evoked release of substance P from these cells.

Furthermore, the number of NPY receptors in the
superficial dorsal horn (laminae I and II) is dramati¬
cally reduced when the primary afferent input to this
region is removed by neonatal capsaicin treatment,
dorsal rhizotomy or sciatic nerve section.35 These
findings suggest that NPY can act presynaptically
upon the terminals of primary sensory neurons in the
superficial dorsal horn and inhibit neurotransmitter
release. It would be anticipated that the major effect
of NPY would be upon the small myelinated (A<5)
and unmyelinated (C) nociceptors which terminate
there39,60 and on this basis it is significant that in¬
trathecal administration of NPY has been shown to

produce analgesia in rats.32
Very little is known about the ultrastructural or¬

ganization of NPY-containing nerve terminals in the
spinal dorsal horn and the present study was
prompted by the need to improve our understanding
of the mechanisms through which NPY regulates
sensory transmission through this region. In a pre¬
liminary paper,20 we reported the presence of NPY in
boutons which were presynaptic to unlabelled axon
terminals in lamina II. In the present paper, we des¬
cribe the relationships that exist between NPY-con¬
taining profiles and other structures throughout the
neuropil of laminae I-VI of the spinal dorsal horn.

EXPERIMENTAL PROCEDURES

Fixation of tissue
Two cats were anaesthetized with sodium pentobarbitone

(40 mg/kg, i.p.) and transcardially perfused with warm
saline (37°C) containing lOOIU/ml heparin and 0.1%
sodium nitrite. The solution was delivered at a pressure of
120mmHg and, once the blood had cleared, 1 1 of warm
fixative was introduced at the same pressure. The fixative
consisted of 4% paraformaldehyde, 0.1% glutaraldehyde

and 15% saturated picric acid in 0.1 M phosphate buffer,
pH 7.4. A further 2 1 of fixative was delivered at 100 mmHg
and 4:,C.

Following perfusion, the lumbosacral spinal cord (L6- SI)
was removed and kept in the same fixative (with the
omission of glutaraldehyde) for a further 4-6 h. The blocks
were washed and stored overnight in phosphate-buffered
saline (PBS). Transverse and sagittal sections (40 /rm) of
spinal cord were cut with a Vibratome and rinsed with
several changes of PBS to ensure complete removal of excess
fixative.

Immunocytochemical procedure
Vibratome sections were immersed in 10% normal

donkey serum (NDS) with 0.01% sodium azide in PBS
for 30 min to reduce nonspecific staining. For immuno-
staining, the sections were incubated overnight in the
primary antiserum at 4"C. The antiserum to NPY was
purchased from Cambridge Research Biochemicals Ltd.
and diluted 1:2000 in PBS containing 1% NDS and
0.05% sodium azide. For material that was to be examined
by light microscopy alone, the primary antiserum was
supplemented with 0.3% Triton X-100. The characteristics
and specificity of this antiserum for NPY were described
by Polak and Bloom;53 negligible cross-reactivity was
observed with other members of the pancreatic polypeptide
family and immunostaining was only produced in tissue
known to contain NPY.

NPY was visualized in spinal cord sections using the
avidin-biotin-peroxidase complex (ABC) technique.31 This
involved incubation for 45 min in donkey anti-rabbit bi-
otinylated IgG (Amersham) diluted 1:100 at room tempera¬
ture. followed by 15 min in streptavidin-peroxidase complex
(Amersham) diluted 1:300 at room temperature. The tissue
was washed between steps and dilutions were made in PBS
containing 1% NDS. The presence of peroxidase was visu¬
alized by reaction with hydrogen peroxide in the presence of
3,3'-diaminobenzidine (DAB).

In control experiments, the NPY antiserum was omitted
from the incubation medium.

Electron microscopy
Following the DAB reaction, the immunostained sections

were postfixed in 1% osmium tetroxide for 1 h and
dehydrated through a series of ethanol solutions. En bloc
staining was performed with a 1% solution of uranyl acetate
in 70% ethanol. After dehydration, sections were cleared
in propylene oxide, flat-embedded in Durcurpan between
cellulose acetate foils and polymerized at 60°C for 48 h.
When polymerization was complete the sections were
examined and then photographed. Sections were sub¬
sequently attached to Durcurpan blocks and thin sections
cut on an ultramicrotome. Ribbons of serial thin sections
were collected on single-slot copper grids coated with Form-
var and stained with Reynold's lead citrate for 2-3 min.
NPY-immunostained boutons within the dorsal horn were

examined through these series to determine the synaptic
arrangements that they formed. The areas of boutons and
postsynaptic dendrites were measured using a Reichert
videoplan system.

Fig. 1. Light-microscopic appearance of NPY-immunoreactivity throughout the feline spinal dorsal horn.
Micrographs A-F were taken from transverse sections, whereas G-J were taken from sagittal sections.
Large numbers of NPY-IR axons and varicosities are present in laminae I and II (A) (between the
arrowheads), whereas the innervation to laminae III and IV is much sparser. The dorsomedial border of
the dorsal columns (DC) is shown for orientation. In transverse sections (B) NPY terminals in laminae
I and II occur as single, isolated, punctate structures (arrowheads), whereas in sagittal sections (G, H) long,
rostrocaudally oriented NPY-fibres are also found. Moderate numbers of long, beaded NPY-IR axons
are found in laminae III and IV (C, D, J), which often collect into bundles (C) (between the arrowheads).
Occasional NPY fibres are present in laminae V and VI (E, F). NPY-IR terminals (arrowheads) were
found in contact with neuronal cell bodies (*) in the superficial (G) and deeper (E, I) dorsal horn laminae.

Scale bars 0.25 mm (A); 20 pm (B, D, G); 10 pm (E, F, H-J); 50 ^m (C).
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Table 1. Numbers of neuropeptide Y-immunoreactive structures examined within
each dorsal horn lamina and their postsynaptic targets

Number
Number of forming Number of Number of Number of

profiles synaptic axodendritic axoaxonic axosomatic
Lamina examined junctions contacts contacts contacts

I 42 42 38 12 0
II III 106 105 44 4
III 21 20 18 4 2
IV 20 18 14 50
V and VI 14 12 9 5 0
All 208 198 184 70 6

RESULTS

Light-microscopic observations ofneuropeptide Y-im-
munoreactive profiles

The distribution of NPY-IR fibres, throughout the
spinal dorsal horn (laminae I—VI) is shown in Fig. 1.
NPY-IR axons and varicosities were found in all six

laminae, but within each lamina differences were
noted with respect to their density and appearance.

A dense plexus of NPY-containing axon terminals
was observed throughout the superficial laminae (Fig.
1 A, B, G, H) with laminae I, IIo and Hi receiving a
similar innervation. Moderate numbers of NPY-IR
axons were found in laminae III and IV (Fig.
1C, D, I, J) but only occasional scattered fibres were
observed in laminae V and VI (Fig. IE, F).

Within transverse sections of laminae I—III the
NPY terminals were present predominantly as single
punctate structures (Fig. IB) and varicose axons were
only occasionally observed. Axonal strands within
laminae I—III were more common in sagittal sections
where they were usually orientated rostrocaudally
(Fig. 1G, H). The varicosities dispersed along the
length of such strands were usually small and discrete
(Fig. 1G). Long beaded immunoreactive fibres were
more common in the deeper layers of the dorsal horn
(Fig. ID, F, J), particularly in lamina IV, where they
often collected into prominent bundles of fibres (Fig.
1C). These bundles were particularly evident in trans¬
verse sections and they sometimes extended into
laminae III and V. Throughout the dorsal horn.

NPY-IR terminals were found in contact with neur¬

onal cell bodies (Fig. IE, G, I).
The remainder of the spinal gray matter, including

the ventral horn, was rather sparsely innervated by
NPY-containing axons, with the exception of the
region adjacent to the central canal (lamina X) which
contained a moderate innervation of NPY varicose
axons.

NPY-IR cell bodies and dendrites were not ob¬
served in the cat spinal cord in these experiments.
Control sections, which had been incubated in a

medium from which the primary antiserum had been
omitted, displayed no immunolabelling.

Ultrastructural observations of neuropeptide Y-im¬
munoreactive profiles

In total, 208 profiles exhibiting NPY-immunoreac-
tivity were examined through serial sections with the
electron microscope (Table 1). The overwhelming
majority of these structures (n = 194) were confirmed
to be axon terminals, and most of these (95%) formed
synaptic junctions. NPY axon terminals were pre¬
dominantly round or oval in shape and varied from
0.4 to 2.1 pm in diameter. However, some terminals
were highly flattened and only slightly wider than
their intervaricose axons (Fig. 2D; see also Fig. 1G).
These long, thin axons were particularly common in
lamina II. Boutons immunostained for NPY were

characteristically packed with large numbers of small
round or oval vesicles and often contained one or

more large dense-core vesicles. Immunoreactivity

Fig. 2. (A-E) Electron micrographs of axo-dendritic synaptic junctions formed by NPY-IR boutons in
laminae I and II. (A-C) NPY-IR terminals form symmetric synaptic junctions (between the arrowheads)
with small (A), medium (B) and large (C) dendrites. The synaptic junction formed by the NPY bouton
in (C) is shown at higher magnification in the inset. These micrographs were taken from transverse
sections. (D, E) In sagittal sections, NPY-IR terminals commonly synapse (between the arrowheads) with
rostrocaudally oriented dendrites. (F) Electron micrograph of an axo-axonic synaptic junction formed by
an NPY-IR bouton in lamina I. The NPY-IR bouton forms a symmetric synaptic junction (between the
arrowheads) with a small, unlabelled axon terminal (Ax). The inset shows the synapse at higher
magnification. Note the widening of the synaptic cleft, the symmetry of the membrane specializations and

the accumulation of vesicles adjacent to the presynaptic membrane.

Fig. 3. Electron micrographs of NPY-IR boutons forming symmetric synaptic junctions with neurons in
laminae I and II. (A). A small NPY-IR axon terminal in lamina I (arrow) is adjacent to a proximal dendrite
(D) of a large neuronal perikaryon (P). Note the presence of the cell nucleus (N). At higher magnification
(B), the synaptic junction can be seen (between the arrowheads). (C). A large NPY-IR terminal in lamina
II (arrow) is apposed to a neuronal perikaryon (P). Note the presence of the nucleus (N). At higher

magnification (D), a number of active zones can be seen (between the arrowheads).
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Fig. 4. (A) Frequency distribution histogram of immunola-
belled bouton diameters. The majority (90%) of profiles fell
within the range 0.5-1.2 fim (mean diameter = 0.75 ftm). (B)
Frequency distribution histogram of postsynaptic dendritic
diameters. Immunolabelled boutons synapsed most com¬
monly with medium-sized (0.5-2.0 pm diameter) dendrites.
Large calibre dendritic shafts (>2.0 diameter) also
received input from NPY-immunoreactive axonal endings,

as did very small (<0.5 /rm diameter) dendrites.

was homogenously scattered throughout the cyto¬
plasm and was also associated with the dense-core
vesicles (Figs 2E, F; 3B; 6D, E, F). The cores of the
small, clear vesicles were not immunoreactive. A
frequency distribution histogram of bouton diam¬
eters is shown in Fig. 4A. The majority of profiles
(90%) fell within the range 0.5-1.2 ^m (mean diam¬
eter = 0.75 (im).

Many more labelled axon terminals were seen in
the superficial dorsal horn when compared with
deeper laminae (III—VI), as would be anticipated
from the light microscopic observations described
above for Triton X-100-treated material. Within
laminae I and II, 141 NPY-containing nerve termi¬
nals were examined through serial sections and 136
(97%) formed synaptic junctions. The organization
of these structures was complex, with 40% of termi¬
nals forming more than one synapse. Most labelled
terminals were presynaptic to dendrites (70% of
synapses) (Fig. 2A-E) but some were presynaptic to
other axon terminals (28% of synapses) (Fig. 2F) and
a few contacted neuronal cell bodies (2% of synapses)
(Fig. 3).

Axodendritic synaptic junctions formed by NPY-
immunolabelled boutons were symmetric (Fig. 2A-E)
and occurred most commonly with medium-sized
(0.5-2.0 urn. diameter) dendrites (Figs 2B, 4B). Large
dendritic shafts (>2.0 ^m diameter) also received
synapses from NPY-IR axonal endings (Figs 2C, D,
4B), as did very small (<0.5 ^m) dendrites and
spines (Figs 2A, 4B). In transverse sections, postsyn¬
aptic dendrites were usually found in cross-section
(Fig. 2A-C), whereas in sagittal sections they were
often oriented rostrocaudally (Fig. 2D, E). Approxi¬
mately 25% of NPY-IR terminals which formed an
axodendritic synapse also formed synapses with
unlabelled axon terminals and about one-half of these

arrangements were confirmed to be synaptic triads
(Fig- 5).

Analysis of NPY axoaxonic associations revealed
that NPY-containing terminals were presynaptic to
the unlabelled terminal (Fig. 3F). These unlabelled
terminals were sometimes the central boutons of

synaptic glomeruli. As already mentioned above,
many NPY axoaxonic synapses were components of
triads or complex synaptic arrays (Fig. 5). However,
50% of the NPY-boutons which formed axoaxonic

arrangements synapsed only upon a single axon
terminal. NPY axoaxonic synaptic junctions of both
symmetric (Gray type II)24 (Fig. 2F) and asymmetric
(Gray type I)24 types were observed. No NPY
boutons resembling central boutons of glomeruli
were found.

Four NPY-IR terminals in lamina II formed sym¬
metric synaptic junctions upon cell bodies (Fig. 3).
Two of these boutons were large and formed multiple
active zones with neuronal perikarya. In the example
shown (Fig. 3C, D), the axosomatic synaptic junction
was examined in over 30 serial sections.

NPY-IR terminals were much less numerous in
the deeper dorsal horn (III-VI) than in the
superficial laminae but 55 immunostained profiles
were examined through serial sections. NPY-positive
terminals formed axodendritic (Fig. 6A-D),
axoaxonic (Fig. 6E-H) and axosomatic synapses
with roughly the same frequency as observed within
laminae I and II. The complexity of the
organization of NPY boutons in laminae III-VI was
less than seen in lamina II but similar to that found
in lamina I.

Fourteen vesicle-containing NPY-positive profiles
examined with the electron microscope were
difficult to classify but they may have been vesicle-
containing dendrites. These structures were found
within laminae I (n = 2), II (« = 10) and IV (n = 2)
and were postsynaptic to a number of unlabelled
axon terminals, including a central glomerular
terminal of the dense sinusoidal axon (DSA) type31 in
lamina II (Fig. 7C). In addition, they were usually
presynaptic to one or more dendrites (Fig. 7A).
Although these NPY-IR structures contained small
round vesicles and large dense-core vesicles, they were
few in number.
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Fig. 5. Synaptic triad formed by a NPY-IR bouton in lamina II. (A) The NPY-IR bouton is presynaptic
to a presumed axon terminal (Ax), and the synapse is shown between the arrowheads. Ax is itself
presynaptic to a dendrite (D: arrow). In a serial section (B) the NPY-IR bouton is presynaptic to the same

dendrite (between the arrowheads).

DISCUSSION

Light -microscopical observations
The present study demonstrates that NPY-contain-

ing axons and terminals within the cat lumbosacral
spinal dorsal horn are concentrated within the
superficial layers (laminae I and II). This corresponds

to observations made by other authors in
rat,''.23.29..14,57,67 ant| a number of other species,3-''23-50
but is not entirely consistent with what has been
previously described for cats.23-38 In these latter stud¬
ies, the authors concluded that there was a heavy
NPY innervation to lamina III in the cat, but exam¬
ination of their figures shows that only a few NPY

Fig. 6. Electron micrographs of the synaptic relationships formed by NPY-IR boutons in laminae III—VI
of the dorsal horn. (A-D) NPY-IR boutons form symmetric axo-dendritic synaptic junctions (between
the arrowheads) with large (A), medium (B, C) and small (D) dendrites (Den). (E-H) NPY-IR boutons
also form symmetric synaptic junctions (between the arrowheads) with unlabelled axon terminals (Ax).
The axoaxonic synapse formed by the NPY bouton in (E) is shown at higher magnification in the inset.

Fig. 7. (A). Electron micrograph of a vesicle-containing NPY-IR profile which formed a symmetric
synaptic junction with an unlabelled dendrite D, (between the arrowheads). In a serial section (B), the
postsynaptic dendrite is no longer present and the NPY-IR profile is apposed to a dense sinusoidal axon
terminal (DSA). In a subsequent serial section (C), the NPY-IR profile is postsynaptic to the DSA axon.

The asymmetric synaptic junction is shown between the arrowheads, and in the inset.
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terminals are located in that region. The heaviest
innervation, in accordance with our findings, was in
the superficial laminae.

In transverse sections of laminae I and II, NPY-
containing terminals were present predominantly as
single, isolated punctate structures and axonal
strands were only occasionally observed. This de¬
scription of NPY-IR terminals is in accord with
previous studies.3'29 34 " In sagittal sections, however,
superficially located NPY axons were often long and
varicose. Sugiura et a/.60 have shown, using an intra¬
cellular staining technique, that cutaneous unmyeli¬
nated (C) fibres, within laminae I and II of the
guinea-pig dorsal horn, frequently distribute as long,
rostrocaudally oriented strands. This similar orien¬
tation of NPY-containing axons and fine primary
afferent axons could imply a close association be¬
tween the two groups. The dendritic arbors of neur¬
ons in this region are also orientated rostrocaudally,70
which provides an opportunity for NPY-IR fibres to
form synaptic contacts with them.

Ultrastructural observations

Serial section analysis of NPY-IR profiles through¬
out laminae I-VI of the dorsal horn confirmed that
the majority of structures were axon terminals,
although a few NPY-IR structures were observed
that were equivocal. Axon terminals immunostained
for NPY contained two distinct types of vesicle. Most
vesicles were small, clear and usually round, but
occasional large dense-core vesicles were found that
were intensely immunoreactive. This corresponds to
previous descriptions of NPY-positive terminals in
the cortex,4-26 striatum,4 hypothalamus52 and thoracic
sympathetic lateral horn.42

Almost all NPY-IR axon terminals (95%) formed
synaptic specializations. Most synaptic junctions
were formed on the dendrites and somata of dorsal
horn neurons (73% of synapses throughout laminae
I-VI). This observation is compatible with a postsyn¬
aptic action of NPY on local circuit neurons and/or
projection neurons. The majority of axodendritic
synapses was found on medium-sized dendrites but
contacts on large calibre dendritic shafts and small
diameter dendrites were not uncommon. It appears,
therefore, that contacts are found throughout the
dendritic arbors of dorsal horn cells.

Many NPY-IR terminals within all six dorsal horn
laminae, formed synaptic junctions with other axon
terminals and the appearance of these synaptic junc¬
tions was similar to that of axoaxonic synapses
previously described in the spinal cord.49-64 In laminae
I—III, NPY-containing nerve terminals were some¬
times presynaptic to the large central boutons of
synaptic glomeruli. Almost all central glomerular
boutons degenerate following dorsal rhizotomy,37
thereby demonstrating that they are primary afferent
in origin. Hence, the present study suggests that
NPY-containing axons in the dorsal horn regulate
spinal sensory transmission through a presynaptic

action upon primary afferent terminals. In this study,
several regular synaptic vesicle (RSV) type central
boutons37 were found to be postsynaptic to NPY
terminals, but NPY synapses were not observed upon
dense sinusoidal axon (DSA) and large dense-core
vesicle (LDCV) types of central bouton.

Although most of the NPY-IR profiles examined in
this study (194/208) were typical axon terminals, 14
vesicle-containing structures were examined that were

equivocal. These profiles had some features of vesicle-
containing dendrites but no obvious NPY-IR cell
bodies and dendrites were observed in this study with
the light microscope. It is a difficult task trying to
classify NPY-IR vesicle-containing profiles as den¬
drites due to the fact that the immunoreaction

product obscures the presence of ribosomes and
neurofilaments in the cytoplasm. However, after fol¬
lowing these profiles through large numbers of serial
sections their diameters gradually increased or de¬
creased as might be expected when moving proxi-
mally or distally through a dendrite. Ralston54
described profiles, which he presumed to be vesicle-
containing dendrites, as having vesicles that occupied
less than one half of the total area of the dendritic

profile. Applying this morphological criterion to our
data would lead us to draw the same conclusion.

However, it is only possible to unequivocally classify
a structure as a vesicle-containing dendrite when it
can be followed back toward the cell body, to the
point where organelles such as rough endoplasmic
reticulum are visible. Since it was not possible to trace
any of our vesicle-containing profiles back to this
point, we cannot make any definitive statements
about their nature.

Origins of neuropeptide Y-containing axons in the
dorsal horn

Immunocytochemical studies in the rat, guinea-pig,
horse, pig and marmoset23'29,50'67 have produced no
evidence for the presence of NPY in dorsal root
ganglion cells, despite the fact that other peptides
such as substance P, calcitonin gene-related peptide
and galanin were readily detected29,50 and it is now
generally accepted that NPY is not present in these
structures, at least in the species noted above.69
Furthermore, no changes are seen in the density and
distribution of NPY immunostaining following pro¬
cedures which destroy primary afferent input to the
dorsal horn of rats.23-29-33'34 Therefore, NPY axons in
the dorsal horn of most species are derived from
spinal and/or supraspinal neurons. In the cat, how¬
ever, a small proportion of spinal NPY-containing
fibres may be derived from primary afferent neurons.
Lindh et a/.41 have shown that a few dorsal root

ganglion cells in the cat contain NPY and NPY-con¬
taining fibres have been observed in Lissauer's tract
and in the dorsal roots in this species.23

An obvious potential source of NPY terminals in
the dorsal horn are neurons with cell bodies located
in the brain. Immunocytochemical studies have
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shown that NPY-IR perikarya are found in several
brain regions which are known to project to the
spinal cord, including the cortex and the brain¬
stem noradrenergic nuclei.I-2-8-9-13 15.17.22j5-28.jo.33.43.58.66.71
However, cortical NPY perikarya correspond to
the non-pyramidal neurons which are intrinsic or
local circuit neurons26 and, of the noradrenergic cell
groups, only a few NPY neurons located in the
CI group and the locus coeruleus (A6) project to
the dorsal horn.9-30 It has been suggested, on the
basis of the extensive co-localization of NPY with
catecholamines in spinally-projecting brainstem
nuclei, that many fibres in the dorsal horn may
contain both neurotransmitters.31 However, this
does not seem to be the case. For instance, the
caudal distribution and density of NPY-IR fibres
in the dorsal horn is not altered following a complete
section or hemisection of the spinal cord,29 34 whereas
catecholamine levels fall to zero."16-44 Furthermore,
double-labelling studies have found no evidence for
NPY terminals in the dorsal horn that co-contain
catecholamines.9 Our results also suggest that there is,
at best, only limited co-localization of catecholamines
and NPY in the dorsal horn. For instance, there are

notable differences in the morphology and distri¬
bution of axonal swellings stained for the two neuro¬
transmitters. Many NPY boutons are highly
flattened, whereas catecholamine-containing termi¬
nals are almost always round or oval.'819 Further¬
more, the catecholaminergic innervation to the
superficial laminae1819 is not as great as that observed
with NPY, nor is it as punctate. In addition, catechol¬
amine-containing axons within the deeper dorsal
horn are not organized into the prominent fibre
bundles observed with NPY. Further, ultrastructural
studies have found that NPY-IR boutons form
axoaxonic associations, whereas CA-containing
nerve terminals do not.18-'9 Thus, the two axonal
networks seem to have different origins within the
CNS, dorsal horn NPY terminals being derived
principally from local circuit neurons and catechol¬
aminergic terminals originating entirely from
supraspinal sites. However, NPY and catecholamine
are extensively co-stored in axon terminals within the
thoracic intermediolateral cell column.9-65 These
axons are derived mainly from the rostral ventro¬
lateral medulla (CI catecholamine nucleus),65 and
degenerate following cervical cord transection.29

Large numbers of NPY-synthesizing perikarya
have been revealed within the spinal cord of rats
and cats, following the injection of colchicine
into the dorsal horn33-34 or intrathecally.'7-38-57 In
rats,'-7-33-34-57 IR perikarya were detected in large
numbers in laminae I—III throughout the cord.
This finding has recently been confirmed with a
sensitive immunostaining procedure which does
not require the use of colchicine.56 In cats,38 the
distribution of NPY perikarya was markedly
different; cells were only present caudal to segment
T2, where they were concentrated in lamina VII, with

additional cells in laminae VI, VIII and IX. In
the rabbit9 and pig50 a few NPY-IR cell bodies
have been observed in laminae 1—III of the dorsal
horn without the use of colchicine. Rowan et ai."h
have shown that all NPY-IR neurons in the rat

spinal cord co-contain GABA. In view of the fact
that NPY in the dorsal horn originates mainly
from spinal neurons and, assuming that this co-
storage pattern also exists in the cat, it is possible
that the majority of NPY-IR nerve terminals
examined in this study were also GABAergic.
Accordingly, NPY-positive boutons, like those
immunostained for GABA,5-6-45-49-51-64 were presyn¬
aptic to other axon terminals, including primary-
afferent terminals, as well as to dorsal horn neurons.

Functional considerations

The presence of high numbers of NPY axons and
NPY receptors35 in the superficial dorsal horn
suggests that NPY may regulate sensory information
flowing into the CNS. Furthermore, since this region
receives much of the cutaneous afferent input from
A(5 and C nociceptors,39-60 and little input from low-
threshold afferents,10-39-60 this regulation may be most
prominent upon activity generated by noxious stim¬
uli. It is significant, therefore, that NPY has been
shown to produce analgesia in conscious rats follow¬
ing intrathecal administration.32

There are several lines of evidence which suggest
that the analgesic effect of NPY may be brought
about, at least in part, by a presynaptic inhibitory
action upon the terminals of nociceptive primary
afferent axons within the dorsal horn. For instance,
it has been demonstrated that rat sensory neurons in
culture possess unusually high concentrations of
specific binding sites for NPY and that activation of
such receptors inhibits the K3 -stimulated release of
substance P from these cells.7-68

A similar effect has been demonstrated in the cat

dorsal horn in vivo.2' Furthermore, the number of
NPY binding sites in the superficial dorsal horn is
dramatically reduced when the primary afferent input
to this region is removed by dorsal rhizotomy or
neonatal capsaicin treatment.35 Our ultrastructural
observations are also consistent with a presynaptic
inhibitory action of NPY, since boutons immuno-
reactive for NPY often synapse onto other axons,
including the central boutons of glomeruli. More¬
over, the presence of NPY in axons which are
presynaptic to central boutons, many of which con¬
tain substance P,55 may help explain the observation
that when NPY is injected into lamina II it reduces
the release of substance P from C-fibres.21

At present little is known about the effects of NPY
upon dorsal horn neurons, and it is not known if the
axodendritic and axosomatic synaptic junctions ob¬
served in the present study are excitatory or inhibi¬
tory. However, since GABA is likely to be
co-localized with NPY in these terminals, they would
be predicted to be inhibitory.
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CONCLUSIONS

The present study has shown that NPY-IR axon
terminals in the cat spinal dorsal horn are presynaptic
to dendrites, somata and other axon terminals, in¬
cluding the central boutons of synaptic glomeruli.
This suggests that NPY regulates spinal sensory

transmission through both a postsynaptic action
upon dorsal horn neurons and a presynaptic action
upon primary afferent terminals.
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Abstract—The organization of catecholamine-containing axons in the cat lateral cervical nucleus was
examined by immunocytochemical methods using a specific tyrosine hydroxylase antiserum. Light
microscopic examination revealed numerous tyrosine hydroxylase-immunoreactive axons and varicosities
throughout this nucleus, and some of these structures were found in contact with neuronal cell bodies.
Correlated ultrastructural analysis showed that these varicosities were synaptic boutons which formed
symmetric synaptic junctions with dendrites and somata.

This evidence suggests that catecholamines exert a postsynaptic action upon neurons within the lateral
cervical nucleus.

The lateral cervical nucleus (LCN) consists of an
elongated column of neurons situated in the dorso¬
lateral funiculus (DLF) of the first two cervical
segments of the spinal cord.4 It is a synaptic stage in
the spino-cervico-thalamic pathway.I9,30,32'43 There are
about 8300 neurons in the feline LCN,27 which may
be divided into three distinct cell populations. The
largest group of neurons are the thalamic and/or
mesencephalic projection cells,218-27 which form
91-97% of the neurons of the LCN. However, there
are also descending neurons which project to the
spinal cord44 and LCN interneurons.27 Most of the
internuncial cells are positive for GABA.6

The principal afferent projection to the LCN comes
from the spinocervical tract (SCT), which originates
at all levels of the spinal cord10'17'23 and ascends
ipsilateraily in the dorsomedial part of the DLF.12-19'23
This projection, at least in the cat, is somatotopically
organized.719-43 Little is known about the descending
inputs to the LCN, but it has been shown to receive
axons from the dorsal column nuclei and possibly

several other medullary nuclei.17-20 It also contains
a dense plexus of serotonin-positive axons which
originate from the brainstem5 and there is possibly an
input from the cortex.39

The aim of the present study was to improve our
understanding of the descending synaptic inputs to
the LCN by examining whether this nucleus is
innervated by descending catecholaminergic axons.
Craig17 has shown that cells in the feline solitary tract
and lateral reticular nuclei (location of the A1 and A2
catecholamine cell groups) can be retrogradely
labelled following injection of horseradish peroxidase
into the region of the LCN. Hence, there may be a
descending catecholaminergic projection to the LCN
from these, and possibly other, brainstem nuclei. We
have used an antiserum against the catecholamine
synthetic enzyme tyrosine hydroxylase (TH), in a
correlated light and electron microscopic study, to
demonstrate and characterize the distribution of
catecholamines in the LCN of the cat.

*To whom correspondence should be addressed at: School
of Biological Sciences, Division of Neuroscience,
1.124, Stopford Building, Oxford Road, Manchester,
M13 9PT, U.K. (present address).

fPresent address: Department of Physiology, University of
Goteborg, Medicinaregatan 11, S-41390 Goteborg,
Sweden.

Abbreviations: CA, catecholamine; DAB, 3,3'-diamino-
benzidine; DLF, dorsolateral funiculus; LCN, lateral
cervical nucleus; NDS, normal donkey serum; PBS,
phosphate-buffered saline; SCT, spinocervical tract;
TH, tyrosine hyroxylase; TH-IR, tyrosine hydroxylase-
immunoreactive.

EXPERIMENTAL PROCEDURES

Fixation of tissue
Two cats were anaesthetized with sodium pentobarbitone

(40 mg/kg, i.p.) and transcardially perfused with warm
saline (37°C) containing 100 U/ml heparin and 0.1 % sodium
nitrite. The solution was delivered at a pressure of
120mmHg and, once the blood had cleared, 11 of warm
fixative was introduced at the same pressure. The fixative
consisted of 4% paraformaldehyde, 0.1% glutaraldehyde
and 15% saturated picric acid in 0.1 M phosphate buffer,
pH 7.4. A further 21 of fixative was delivered at 100 mmHg
and 4°C.
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Following perfusion, cervical spinal cord CI and C2 were
removed and kept in the same fixative (with the omission of
glutaraldehyde) for 4-6 h. The blocks were washed and
stored overnight in phosphate-buffered saline (PBS). Trans¬
verse sections (40 gm) of spinal cord were cut with a
Vibratome and rinsed with several changes of PBS to ensure
complete removal of excess fixative.

Immunocytochemical procedure
Vibratome sections were immersed in 10% normal

donkey serum (NDS) with 0.05% sodium azide in PBS for
30 min to reduce non-specific staining. For immunostaining,
the sections were incubated overnight at 4°C in the primary
antiserum diluted 1:1000 in PBS containing 1% NDS and
0.05% sodium azide. The antiserum to TH was raised in
rabbit by van den Pol el al„ and its characteristics and
specificity have been described by these authors.45

TH was visualized in spinal cord sections using the
avidin-biotin-peroxidase complex (ABC) technique.35 This
involved incubation for 45 min in donkey anti-rabbit
biotinylated immunoglobulin G (Amersham) diluted 1:100
at room temperature, followed by 15 min in streptavidin-
peroxidase complex (Amersham) diluted 1:300 at room
temperature. The tissue was washed between steps and
dilutions were made in PBS containing 1% NDS. The
presence of peroxidase was visualized by reaction with
hydrogen peroxide in the presence of 3,3'-diaminobenzidine
(DAB).

Controls

The primary antiserum was omitted from the incubation
medium in control experiments. In addition, tissue from the
striatum and the locus coeruleus was removed and sections
were cut, incubated with anti-TH and processed identically
to the cervical cord test sections. The striatum possesses a
dense dopaminergic network37 and is known to react
strongly with this antiserum,2" while the locus coeruleus
contains large numbers of noradrenergic perikarya.36'4''47
These sections were used for comparative purposes.

Electron microscopy
Following the DAB reaction, immunostained sections

were postfixed in 1% osmium tetroxide for 1 h and

dehydrated through a series of ethanol solutions. En bloc
staining was performed with a 1 % solution of uranyl acetate
in 70% ethanol. After dehydration, sections were cleared in
propylene oxide, flat-embedded between cellulose acetate
foils and polymerized at 60 C for 48 h. When polymeriz¬
ation was complete, the sections were examined and then
drawn or photographed. Sections were subsequently
attached to Durcurpan blocks and thin sections cut on an
ultramicrotome. Ribbons of serial thin sections were

collected on single-slot copper grids coated with Formvar
and stained with Reynold's lead citrate for 2-3 min. TH-
immunostained boutons within the rostral (CI) and caudal
(C2) LCN were examined through these series with the
electron microscope to determine the synaptic arrangements
that they formed. Boutons were also examined from the
mediolateral extent of the nucleus. Maximum diameters of
boutons, diameters of dendrites in contact with them and
lengths of synaptic appositions were measured directly from
micrographs with Reichert Videoplan measuring system.

RESULTS

Light microscopic observations in the lateral cervical
nucleus

TH-immunoreactive (TH-IR) profiles were seen
throughout the LCN (Fig. 1). Long strands of
TH-positive axons were occasionally observed
(Fig. 2A), but most profiles appeared as isolated
punctate varicosities (Figs 2B, 3) or short axons with
few en passant swellings (Fig. 2B-D). Throughout the
LCN, TH-IR varicosities were seen in contact with
neuronal somata (Fig. 3), including large cells
(30-50 pm diameter) in the lateral two-thirds of the
nucleus. However, the majority of labelled terminals
were not associated with cell bodies but were found

dispersed within the neuropil.
TH-IR neurons were not observed in the LCN (or

in the cervical spinal cord) in these experiments.

10Optrn

Fig. 1. Distribution ofTH immunoreactivity in rostral (A), middle (B) and caudal (C) regions of the LCN.
Numerous punctuate varicosities and short axons were present throughout the nucleus, and some of these
contacted neuronal somata (shaded structures). Some of these cells were large (soma diameter = 50 /im).

The insets show the position of the LCN relative to the dorsal horn (DH).
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Fig. 2. Light microscopic appearance of TH-1R varicose axons (arrowheads) in the feline LCN. Long
strands of TH-positive axons were sometimes seen (A), but most profiles appeared as single varicosities

(B) or short axons with few en passant swellings (B-D). Scale bars= 10pm (A, B); 5pm (C, D).

Controls

Spinal cord sections which were not incubated in
the antiserum to TH displayed no immunolabelling.
Sections from the striatum and the locus coeruleus
which were incubated in the TH antiserum displayed
prominent labelling of fibres and neuronal cell bodies,
respectively.

Ultrastructural observations in the lateral cervical
nucleus

In total, 54 boutons exhibiting TH immunoreactiv-
ity were examined through serial sections with the
electron microscope. Terminals were predominantly
round or oval in shape and varied in size from 0.49
to 1.25 pm in diameter (mean diameter = 0.77pm).
The frequency distribution of bouton diameters is
shown in Table 1. The boutons were packed with
small round or oval agranular vesicles (Figs 3B,

4B-D, F, 5), and often contained one or more large
dense-core vesicles (Figs 3B, 4B, 5C, E, F,).

The majority of TH-IR boutons (87%) formed
synaptic junctions, which were of the symmetric type
(Gray type II)3' and were small (mean ± S.D. —

0.27 + 0.07 pm) in relation to the diameter of
the bouton. Catecholamine (CA)-containing boutons
com monly formed synapses with medium-sized
(0.5-2.0pm diameter) dendrites (85% of synapses;
Figs 4B-D, 5C, D; Table 1. Large dendrites (>2.0 pm
diameter) also received synapses from TH-IR axonal
endings (3% of synapses; Figs 5E, F; Table 1), as did
small (<0.5 pm diameter) denrites and spine-like struc¬
tures (6% of synapses; Figs 4D, 5A, B; Table 1).
Synapses were also found upon small (<20pm diam¬
eter; Fig. 3) and large (>20pm diameter; Fig. 4E, F)
LCN neuronal cell bodies (6% of synapses).

TH-positive boutons were not observed to form
axo-axonic synaptic junctions, although they were
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Table 1. Frequency distributions of im-
munolabelled bouton diameters (A) and

postsynaptic dendritic diameters (B)
Bouton diameter

(|im) Frequency (%)
(A)

<0.4 4
0.4-0.59 26
0.6-0.79 44
0.8-0.99 9
1.0-1.19 13
>1.2 4

Dendrite diameter

(irm) Frequency (%)
(B)

<0.4 7
0.4-0.79 23
0.8-1.19 37
1.2-1.59 17
1.6-1.99 13
>2.0 3

The majority of profiles (73%) fell
within the range 0.6-1.2 pm (mean
diameter = 0.77 ftm). Immunolabelled
boutons synapsed most commonly
with medium-sized (0.5-2.0 pm diam¬
eter) dendrites (91% of axodendritic
synapses). Large dendrites (> 2.0 pm
diameter) also received input from
TH-1R axonal endings (3% of axoden¬
dritic synapses), as did small (< 0,5 p m
diameter) denrites (6% of axodendritic
synapses).

often found closely apposed to other unlabelled axon
terminals.

DISCUSSION

Light and electron microscopic observations
The results of the present study show that the LCN

of the cat is innervated by CA-containing axons and
varicosities and that these structures are present

throughout the entire nucleus. The density of this
innervation is similar to that found in the superficial
spinal dorsal horn with the same antiserum.-3

Ultrastructural analysis ofTH-IR profiles through¬
out the LCN confirmed that these structures were

varicosities and most (87%) formed synaptic
junctions. The postsynaptic targets of CA-containing
boutons were dendrites and somata but not other
axon terminals, which suggests that CA neuro¬
transmitters act upon local circuit neurons and/or
projection neurons within the LCN, but do not
directly influence the axons of SCT cells which
terminate there. The absence of axo-axonic synaptic
junctions is in keeping with the results of previous fine
structural studies of the LCN.6'38'42'48

It has been shown that the internuncial cells of the
LCN are small (mean diameter 15 pm) and located in
the medial third of the nucleus,27 whilst the thalamic
and mesencephalic projection neurons of the LCN
are large (mean diameter 30 pm) and are most
numerous in the lateral two-thirds of the nucleus.218'27
Although the postsynaptic target neurons of TH-IR
axons were not identified in the present study,
labelled terminals were found in synaptic contact
with neuronal somata exhibiting typical features of
local circuit cells (Fig. 3) and ascending projection
neurons (Fig. 4E, F).2-18'27 The majority of axo¬
dendritic synapses was found on medium-sized den¬
drites, but contacts upon large and small dendrites
were not uncommon. It appears, therefore, that
contacts are found throughout the dendritic arbors of
LCN neurons.

The origin of CA-containing axons in the LCN is
unknown, but it is likely to be from neurons with
cell bodies located in the brain." I6-2,4M7 Retrograde
labelling studies17 have suggested that some of the
CA-containing axons in the LCN may be derived
from the lateral reticular nucleus and the nucleus
tractus solitarius (locations of the A1 and A2
noradrenergic and CI and C2 adrenergic nuclei of the

Fig. 3. Correlated light and electron microscopic analysis of a TH-IR axon terminal which formed an
axo-somatic synaptic junction with a small LCN neuron (10 pm diameter) in the medial part of the
nucleus. A shows the ultrastructural appearance of the small LCN neuron. Note the presence of the small
TH-IR bouton (arrow) in contact with the perikaryon (P; N, nucleus). The light microscopic appearance
of this arrangement is shown in the inset. The small TH-positive terminal (arrow) is adjacent to the
neuronal cell body (*). At high magnification (B), the symmetric synaptic junction formed between the
TH-IR bouton and the neuronal perikaryon (P) can be seen (arrowheads). This synapse is shown in serial

section in the inset.

Fig. 4. Correlated light and electron microscopic analysis of TH-IR boutons in the lateral LCN. (A) The
position of the terminals in the LCN (circle) and a camera lucida drawing of their light microscopic
appearance is illustrated in the inset. The boutons marked a-d are illustrated in the electron micrographs
B-F. (B-D) Three of these boutons (a-c) formed symmetric synaptic junctions (arrowheads) with
dendrites (Den). (E) The fourth bouton (d; arrow) contacted a large (> 20 pm diameter) LCN neuron.
P, perikaryon; N, nucleus. At higher magnification (F), the symmetric axo-somatic junction formed by

this bouton can be seen (between the arrowheads).
Fig. 5. Electron micrographs showing TH-IR boutons making symmetric axo-dendritic synaptic contacts
(arrowheads) in the LCN. Small dendrites (A) and spine-like processes (B) were postsynaptic to
CA-containing axon terminals, as were medium-sized (C, D) and large (E) dendrites. The bouton in E

is shown at higher magnification in F.
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medulla). However, the numbers of neurons labelled
from the LCN were quite small and it seems unlikely
that the catecholaminergic innervation to the LCN is
derived entirely from these loci. Most CA-containing
axons in the spinal dorsal and ventral horns are
derived from cells located in the A5-A7 groups of the
pons,3 14 16-41-46-47 but it is not known if these nuclei
also project to the LCN.

Functional considerations

The LCN is a synaptic stage in the spino-cervico-
thalamic pathway4 and, accordingly, its major
afferent input is from the SCT.1017-23 The response
properties of LCN neurons" are very similar to those
of SCT cells.8'9

Little is known about the effects of descending
pathways, including those containing CAs, upon
sensory transmission through the LCN. Dostrovsky21
has shown that electrical stimulation of the nucleus

raphe magnus, periaqueductal gray and several other
brainstem nuclei can inhibit the cutaneous responses
of LCN neurons but, since stimulation from these
regions only weakly affected excitation produced by
stimulating the DLF, it was concluded that these

descending pathways act upon inputs to SCT
neurons. Craig17 has demonstrated the existence of
descending connections to the LCN from the dorsal
column nuclei and there may be additional inputs
from other medullary nuclei, including the regions of
the Al-Cl and A2-C2 CA nuclei, but nothing is
known about the effects that these descending
noradrenergic or adrenergic pathways have upon
LCN neurons. Catecholaminergic axons in the spinal
dorsal horn have an inhibitory action upon sensory
transmission,l,24_26'33'34'40 and it might be expected that
CA-containing axons in the LCN would have a
similar effect.

CONCLUSION

The results show that the feline LCN is innervated

by CA-containing axon terminals which synapse with
denrites or somata and therefore influence trans¬

mission through the LCN by a postsynaptic action
upon LCN neurons.
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Abstract

The cell bodies and proximal dendrites of postsynaptic dorsal column neurons were examined for synaptic boutons which
displayed immunoreactivity for the principal excitatory and inhibitory neurotransmitters, glutamate and GABA. The neurons
were labelled by retrograde transport of horseradish peroxidase and GABA or glutamate-containing boutons were revealed by
performing postembedding immunogold reactions on electron microscope sections. Five neurons were examined and all of them
were postsynaptic to boutons which contained either GABA or glutamate. Quantitative analysis of two of the cells revealed that
more than 90% of the synaptic profiles associated with them displayed immunogold reactions for these transmitters. Analysis of
series of alternate sections, which were reacted for either GABA or glutamate, showed that there was no overlap in the
populations of immunoreactive boutons. Furthermore, GABA and glutamate immunoreactions were associated with boutons
which had different morphological characteristics. In addition, some large glutamate-enriched boutons were postsynaptic to small
boutons which displayed immunogold reactions for GABA. This study demonstrates morphological hases for direct excitation,
postsynaptic inhibition and presynaptic inhibition of postsynaptic dorsal column cells.

Keywords: L-Glutamate; y-Aninobutyric acid; Spinal cord; Retrograde tracing; Immunogold reaction; Spinomedullary neuron

1. Introduction

In addition to primary afferent fibres, the dorsal
columns of the spinal cord contain axons of
spinomedullary neurons which project principally to
the dorsal column nuclei [1,2,21,39,41-43,48], The cells
of origin of this post-synaptic dorsal column (PSDC)
pathway are located in lamina IV and medial laminae
III and V of the dorsal horn, with additional cells in
laminae I and VII and are concentrated in the lum¬
bosacral and brachial enlargements. The pathway has
been identified in a variety of species including cats,
rats and monkeys [5,17,19,43]. The receptive fields of
PSDC neurons are complex in their organization and
there is usually considerable convergence from cuta¬
neous and muscle afferents [2,10-12,31,48]. They are
excited by mono- and di-synaptic excitatory inputs [24]

"
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from low threshold cutaneous mechanoreceptors, which
include Pacinian corpuscles, Krause corpuscles and
slowly adapting type I receptors and group I muscle
afferents. Most PSDC neurons are also excited by high
threshold cutaneous afferents which are activated by
noxious stimuli but a small minority is only excited by
noxious stimuli. They have, in addition, inhibitory re¬
ceptive fields which operate through di- and poly-syn-
aptic pathways and tend to surround and overlap the
excitatory receptive fields [11]. The inhibitory fields are
activated by noxious and light tactile stimuli applied to
the skin. These neurons therefore receive excitatory
and inhibitory synaptic connections from a variety of
primary afferent sources and the organization of their
receptive fields is complex. Ultrastructural studies [3,30]
have shown that PSDC neurons are associated with

complex synaptic arrangements, which may, in part,
account for the complex organization of their receive
fields. Several types of boutons form synapses on these
cells and they can be classified according to certain
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Fig. 1. A: an electron micrograph of a retrogradely labelled PSDC neuron taken at low power. The neuron can easily be recognized by the
presence of electron-dense packages of reaction product within it (arrows). This section was reacted for GABA and the area demarcated by the
box is shown at a higher magnification in (B). Three GABA-immunoreactive boutons are illustrated (1,2,3). Note the intense immunogold
reaction associated with them. A further bouton is shown (») which is devoid of gold particles. This bouton contains spherical vesicles and forms
an asymmetrical synaptic junction whereas the GABA-immunoreactive boutons contain irregular vesicles and form symmetrical junctions. Arrows
indicate synaptic junctions.

morphological criteria. These include small boutons
which contain irregular or elongated vesicles (type 2
boutons of Bannatyne et al. [3]) and a distinctive large
type of bouton which contains spherical vesicles (type 4
boutons of Bannatyne et al. [3]). Type 4 boutons are
frequently postsynaptic to other small axons which
contain irregularly shaped vesicles. Unfortunately, little
is known about the neurotransmitters contained within
these various classes of boutons and, consequently,
their probable actions on PSDC neurons. The purpose
of the present study is to investigate the synaptic
relationships of boutons which provide excitatory and
inhibitory inputs to the PSDC pathway. As the princi¬
pal neurotransmitter involved in excitatory processes is

likely to be glutamate and the principal inhibitory
transmitter is likely to be GABA, we have performed
immunoreactions to identify the presence of these
transmitters in boutons which make synapses with
PSDC neurons.

2. Materials and methods

Three adult cats (2.5-3.5 kg) were used in the
present study. They were deeply anaesthetized with
sodium pentobarbitone (40 mg/kg, i.p.) and surgery
was performed under strictly sterile conditions. Post¬
synaptic dorsal column neurons were retrogradely la-

Fig. 2. A: an electron micrograph illustrating a PSDC neuron in a section that was reacted to reveal glutamate. Arrows indicate electron-dense
reaction product within the cell. The area demarcated in the box is illustrated at a higher magnification in (B) which shows a small bouton which
displays an immunogold reaction for glutamate. Note the spherical vesicles and the asymmetric synaptic junction (arrows). A serial section of the
same bouton is shown in (C). Note the consistency of the immunogold reaction.
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belled by inserting agar-HRP pellets into the cervical
spinal cord at C3. A single unilateral lesion was made
in the left dorsal column with a fine gauge needle and
a pellet was inserted. A further lesion was made in the
left dorsolateral funiculus at C4 with a razor blade
knife to ensure that the sample of PSDC neurons was
not contaminated with neurons which project through
the dorsolateral funiculus. Details of the surgery and
preparation of agar-HRP pellets have been published
[3,16,18,30] and the procedures employed in this study
were identical to those in these previous reports. At
the conclusion of surgery the animals were given a

prophylactic intramuscular injection of penicillin
(100,000 units) and allowed to recover from the anaes¬
thetic. Following a 72 h survival period, the animals
were anaesthetized again with sodium pentobarbitone
(40 mg/kg i.p.) and transcardially perfused with less
than 500 ml of warm (37° C) saline containing heparin
(100 U/ml) and sodium nitrite (0.1%) for 15 s. Fixation
was accomplished with a solution which contained 1%
paraformaldehyde, 2.5% glutaraldehyde in 0.1 M phos¬
phate buffer (pH 7.6). One litre of warm (37° C) fixa¬
tive was initially introduced into the animal at a high
pressure (180 mmHg) and two litres of cold (4°C)
fixative was subsequently introduced at a lower pres¬
sure (120 mmHg). When perfusion was complete, the
lumbosacral spinal cord (L6-S1) and the cervical cord
(C3-C5) were removed and placed in the same fixative
for 8 h at 4°C. Segments of cord were transferred to
buffer and transverse sections (50 ixm) through the
lumbosacral cord were cut with a Vibratome. Cervical
segments were embedded in agar and serial sections
were cut in the transverse plane (90 fim thick) with a
freezing microtome.

Frozen sections and Vibratome sections were re¬

acted with hydrogen peroxide in the presence of 3',3-
diaminobenzidine (DAB) to visualize HRP. The frozen
sections were counterstained with neutral red and ex¬

amined with a light microscope. Lesions in all three
animals were confined to the left dorsal column at C3
and the dorsolateral funiculus in C4. There was mini¬
mal spread of reaction product into the grey matter.

Vibratome sections were wet-mounted and exam¬

ined with a light microscope. Those containing retro-
gradely labelled cells were postfixed in 1.0% osmium
tetroxide for one hour, dehydrated through a series of
ethanol solutions, cleared in propylene oxide and em¬
bedded in Durcupan between cellulose acetate foils.
En bloc staining was performed with 1% uranyl acetate
in 70% ethanol for 40 min during the dehydration

stage. When polymerization was complete, sections
were examined with a light microscope; labelled cells
were chosen for electron microscopy and were photo¬
graphed and drawn. Sections containing the selected
cells were attached to blocks and series of thin sections
were cut with an ultramicrotome and collected on

single-slot gold grids coated with Formvar. The im-
munogold procedure was a variation of the methods
described by De Zeeuw et al. [15] and Phend et al. [40].
Grids were rinsed in 0.05 M Tris phosphate buffered
saline (TPBS) containing 0.1% Triton X-100 and 1%
normal goat serum before incubation in primary anti¬
serum. The anti-GABA antiserum, which was kindly
provided by Dr. P. Somogyi (Oxford), was used at a
dilution of 1:2000 and the anti-L-glutamate serum (code
number: 03) was used at a dilution of 1:500. Properties
of these antisera have been described previously in
detail [22,26,37,38,44]; both specifically recognize the
appropriate amino acid when it is fixed to protein with
glutaraldehyde. Test sections containing brain macro-
molecules [34-36] were used to establish if the l-

glutamate antiserum was recognising l-glutamate un¬
der the specific experimental conditions used in this
study. Weak cross reactivity for glutamine and aspar¬
tate was abolished when l-glutamate antiserum was

preincubated in 100 /rM of glutaraldehyde conjugates
of these amino acids [28]. Therefore the antiserum was

preincubated with these conjugates in all of the experi¬
ments reported in this study. Primary antisera were
diluted in TPBS with 1% goat serum and 0.1% Triton
and sections were incubated for 18 h at 4° C. Sections
were rinsed in TPBS containing Triton and incubated
for a further 2 h in anti-rabbit IgG coupled to 15 nm

gold spheres (Amersham). Finally they were rinsed in
TPBS and stained with lead citrate.

Quantitative analysis was performed on material
reacted for glutamate by using a Magiscan Image Anal¬
ysis System (Joyce Loebl). Gold particle densities asso¬
ciated with boutons were counted and expressed as
numbers of particles per /im2 [26-28]. Immunoreactive
boutons were examined through series of consecutive
sections to determine if the pattern of labelling was
consistent, and in some experiments alternate sections
were incubated to reveal GABA or glutamate. Twenty
boutons which were consistently labelled for glutamate
or GABA were chosen at random from series of micro¬

graphs and average gold particle densities (± standard
deviation) associated with those boutons were esti¬
mated. The average particle density of the tissue in
general was calculated by dropping a card of unit area

Fig. 3. A, B and C show a series of sections taken through a large bouton (»). The sections in A and B were reacted for glutamate and C was
reacted for GABA. The bouton displays a consistent heavy immunogold reaction for glutamate (A and B) but no reaction for GABA (C);
however, a small axon (Ax) is labelled for GABA. Note the asymmetrical synaptic junctions formed by the large bouton with the PSDC neuron
(arrows in C).
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Fig. 4. A: a PSDC neuron is shown at low magnification in a section which was reacted for glutamate. The area contained within the box is shown
in a serial section in B. Note the large bouton which displays an intense immunogold reaction. A synaptic junction formed by it and the PSDC
neuron is indicated by arrows. A small bouton (within the box) is presynaptic to the large bouton (see inset) and is not associated with gold
particles. This is shown at higher magnification in an adjacent section which was reacted for GABA (C). The small bouton displays a positive
immunoreaction for GABA.

onto the same micrographs and counting the numbers
of particles contained within the randomly defined
areas. Student's /-test was used to determine if sam¬

ples of data were significantly different from each
other. Numbers of GABA or glutamate immuno-
reactive synaptic profiles associated with PSDC cells
were estimated for two cells; these cells were selected
on the basis that profiles in the tissue displayed intense
immunogold reactions. Estimates were made from se¬
ries of sections taken from several locations through
each of the cells. Although care was taken to avoid
counting profiles belonging to the same bouton more
than once, it cannot necessarily be assumed that num¬
bers of synaptic profiles reflects numbers of synaptic
boutons associated with these cells since boutons can

vary considerably in size and shape [14]. The immuno¬
gold reaction with GABA antiserum was found to be
so convincing and background labelling was so low that
it was possible to estimate the numbers of GABA-posi-
tive profiles in synaptic contact with PSDC neurons by
counting the total numbers of profiles and estimating
the percentage that contained GABA. Numbers of
glutamate-enriched profiles in synaptic contact with

PSDC neurons were analyzed by using quantitative
criteria in order to distinguish between metabolic and
transmitter pools [26], Profiles with particle densities
which were greater than one standard deviation from
the tissue average were considered to be enriched with
glutamate.

3. Results

Neurons containing reaction product were dis¬
tributed in a band across laminae III-V of the dorsal
horn and were comparable to those described in previ¬
ous studies of retrogradely labelled PSDC neurons
[17,43]. Somata, first-order and, occasionally, second-
order dendrites were labelled. In the electron micro¬
scope, labelled PSDC cells could easily be identified by
the presence of membrane bound packages of reaction
product within them (Figs. 1, 2 and 4). Landmarks,
identified from the drawings and photographs made
with the light microscope, were also used to ensure
that the cells were properly identified.
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Five neurons were inspected for immunogold reac¬
tions and they all received synapses from boutons
which displayed immunogold reactions for GABA and
glutamate. GABA-immunoreactive profiles formed
42% (n = 114) and 38% (n = 67) of the synapses on

proximal dendrites and somata of the two neurons that
were analyzed quantitatively. They were small (0.75
^m in diameter) and characteristically, contained irreg¬
ularly-shaped vesicles and formed symmetrical synaptic
junctions (Fig. 1). They had an average (±S.D.) im¬
munogold particle density of 47.5 ± 13.6 particles/^m2
(n = 20) which is significantly different (P < 0.001) from
the average density for the same tissue which was
found to be 6.0 + 9.0 particles/^m2. Glutamate im-
munoreactive profiles formed 57% (n — 60) and 49%
(n = 51) of synapses associated with proximal dendrites
and somata of the two PSDC neurons that were ana¬

lyzed. These boutons characteristically contained round
vesicles and formed synaptic junctions which were

asymmetric. The average gold particle density associ¬
ated with glutamate positive boutons was found to be
37.2 ± 14.2 particles/^tm2 and this was found to be
significantly different (P < 0.001) from the tissue aver¬
age which was 6.4 ± 5.0 particles//xm2. This pattern of
labelling was consistent through series of sections (Figs.
2 and 3). In experiments where alternate sections were
labelled for GABA and glutamate, glutamate positive
boutons were not labelled for GABA and GABA la¬
belled boutons were not enriched with glutamate (Fig.
3). The most common type of glutamate positive bou-
ton was small (1.0 /xm in diameter; see Fig. 2), however
a larger type of bouton which could have a diameter of
up to 4 /xm was also observed (Fig. 3). Three of the
large glutamate-containing boutons examined were

postsynaptic to other axon terminals. Analysis of serial
sections revealed that the presynaptic boutons were
immunoreactive for GABA (Fig. 4).

4. Discussion

4.1. GABA and glutamate-immunoreactive boutons

This study provides evidence that most of the synap¬
tic profiles which contact the cell bodies of PSDC
neurons contain either GABA or glutamate. An aver¬

age of 53% of the profiles were enriched with gluta¬
mate and GABA positive profiles accounted for 40%.
Estimates of numbers of amino acid-containing profiles
on cell bodies have also been made for spinothalamic
tract (STT) neurons [13,49] where 46% of synaptic
profiles were found to be glutamatergic and 30% of
them were found to contain GABA and for spinocervi-
cal tract (SCT) cells [26,27], where the respective fig¬
ures were found to be 42% and 37%. The numbers of

synaptic profiles containing the two transmitters ap¬

pears to be slightly higher for PSDC neurons; this may

represent a genuine difference between these cells and
the other classes of projection neurons or, more proba¬
bly, reflects a difference in the methods employed; the
sample of PSDC neurons was retrogradely labelled and
fixed under optimal conditions for the retention of
GABA and glutamate-immunoreactivity. However in
the studies of STT and SCT cells, they were intra-
cellularly labelled in animals which were maintained
under anaesthesia for several hours prior to perfusion.
This procedure may have resulted in a loss of gluta¬
mate and GABA which are labile in situations where
the metabolism of the tissue is compromised and it is
therefore possible that the numbers of immunoreactive
profiles for these latter two classes of neuron were
underestimated. Nevertheless, since the two transmit¬
ters are not co-localized (see below), it can be con¬
cluded that more than 90% of synaptic profiles associ¬
ated with the cell bodies of PSDC neurons and at least
76% of those associated with STT and SCT contain
either GABA or glutamate. Furthermore the numbers
of glutamatergic profiles were always found to be
greater than the GABAergic ones. Therefore this may
be common pattern of innervation for all classes of
projection neurons.

The two transmitters were associated with boutons
which were morphologically distinct from each other.
Boutons which displayed immunoreactions for GABA
had similar morphological properties. They were rela¬
tively small, contained irregularly shaped vesicles and
formed symmetrical synaptic junctions. These boutons
correspond well with the type 2 boutons described by
Bannatyne et al. [3] in an ultrastructural study of
identified PSDC neurons. Two types of bouton were
enriched with glutamate: the first type was a small
bouton which contained spherical vesicles and formed
asymmetrical synaptic junctions and the second type
was larger and also contained spherical vesicles and
formed asymmetrical synaptic junctions. These boutons
correspond with type 1 and type 4 boutons of Ban¬
natyne et al. [3], respectively. The GABA-containing
and glutamate-containing boutons also correspond well
with the classical descriptions of inhibitory and excita¬
tory boutons [47]; glutamate-enriched boutons con¬
tained spherical vesicles and formed asymmetrical
junctions whereas GABA immunoreactive boutons
contained irregularly shaped vesicles.

Some of the boutons associated with PSDC neurons

are known to contain serotonin [32] or a catecholamine
[16] therefore a proportion of the boutons which were

negative for both GABA and glutamate may contain a
monoamine transmitter. However these are likely to
constitute only a small minority of the synapses associ¬
ated with PSDC cell bodies [16]. It is also probable that
at least a proportion of the GABA and glutamate-con¬
taining boutons contain other colocalized putative
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transmitters [45], for example, GABA and glycine are
colocalized in many neurons in the spinal cord [46],
Thus, although we have been able to account for the
transmitter content of most of the synaptic boutons
associated with PSDC cell bodies, this by no means
implies that we have accounted for the full range of
neurotransmitters associated with these cells. Further¬
more the present study provides no information about
the neurotransmitter content of boutons located on

intermediate and distal dendrites.

4.2. Origins of immunoreactive boutons

Neurons which contain GABA or glutamic acid de¬
carboxylase have been found in laminae III-V of the
cat and rat [4,25,46] and it would be expected that the
majority of GABA immunoreactive terminals synapsing
with PSDC neurons originate from such interneurons.
Jankowska et al. [24] found that inhibitory postsynaptic
potentials (IPSPs) could be evoked in PSDC neurons

by electrically stimulating cutaneous and muscle nerves.
In the case of low threshold cutaneous nerves and

group I muscle afferents, the IPSPs had latencies which
were consistent with a disynaptic input and therefore
many of the interneurons responsible for this inhibition
are driven directly by cutaneous and/or muscle pri¬
mary afferent fibres. Inhibitory receptive fields of
PSDC neurons are often proximal to, or surround,
excitatory receptive fields [11] and it would be pre¬
dicted that the interneurons which generate inhibitory
fields would be located close to the PSDC neurons

themselves as a consequence of the somatotopic ar¬
rangement of primary afferent terminations in the cord
[9]. It has recently been shown that GABAergic fibres
from the brainstem project to the ventral horn of the
lumbosacral spinal cord [23] and another potential
source of GABAergic boutons is from GABA-contain-
ing descending systems which may project also to the
dorsal horn. It seems unlikely, however, that many of
the GABAergic terminals associated with the PSDC
would originate from this source as local circuit neu¬
rons give rise to very large numbers of GABA-contain-
ing boutons in the dorsal horn and are likely to be the
principal source of these axons.

The glutamatergic boutons originate from at least
two sources which are principally primary afferents and
local circuit neurons. Jankowska et al. [24] have shown
that electrical stimulation of group I and cutaneous
afferents evokes excitatory postsynaptic potentials
(EPSPs) in PSDC neurons which have mono and di¬
synaptic latencies. EPSPs can also be evoked from
group II fibres and high threshold joint, muscle and
skin afferents. The terminals of most primary afferent
axons [6,7,28], including identified low threshold cuta¬
neous afferents and group I muscle afferents, are en¬
riched with glutamate and it is known from physio¬

logical and morphological studies that PSDC neurons
receive monosynaptic contacts from these classes of
afferent [24,30], The terminals of low threshold pri¬
mary afferent fibres [31] are very similar in morphology
to the large boutons associated with PSDC neurons

(type 4 of Bannatyne et al. [3]) and therefore it is likely
that many of the large glutamate-enriched boutons in
contact with PSDC neurons are primary afferents. Fur¬
thermore, boutons of low threshold cutaneous and
group I primary afferent fibres are associated with
axo-axonic synapses [31] and it is known that some of
the primary afferent boutons in contact with PSDC
neurons participate in this type of arrangement [30].

The smaller glutamate enriched boutons are likely
to originate from local circuit neurons which provide
disynaptic and polysynaptic input to the PSDC [24].
Unfortunately little is understood about the organiza¬
tion of excitatory interneurons in the dorsal horn. It is
known however that PSDC neurons receive monosy¬
naptic excitatory input from cells of the spinocervical
tract [12,24,29] which, in addition to their main project¬
ing axons, issue collateral axons which arborize locally
and form synapses with PSDC neurons. The boutons of
these collateral axons have a similar morphological
appearance to the small glutamate-containing boutons
associated with PSDC neurons [30] and the termina¬
tions of the SCT in the lateral cervical nucleus are

known to be enriched with glutamate [8]. Therefore it
is probable that some of the small glutamatergic bou¬
tons originate from SCT cells.

Finally, some of the glutamatergic boutons may orig¬
inate from supraspinal structures. PSDC neurons re¬
ceive synaptic contacts from descending serotoninergic
and noradrenergic fibres [16,32] but there is no evi¬
dence which demonstrates that they receive direct
synaptic contacts from other supraspinal structures.
However, other descending systems such as the corti¬
cospinal tract have axons which terminate in the dorsal
horn and these axons appear to use glutamate as a
transmitter [20],

4.3. Functional implications

In this study we have investigated the organization
of excitatory and inhibitory synapses associated with
PSDC neurons. The cell bodies and proximal dendrites
of these neurons receive substantial numbers of gluta¬
matergic and GABAergic boutons which will generate
excitatory and inhibitory receptive fields by direct post¬
synaptic actions on them. The relationships between
the excitatory and inhibitory receptive fields are com¬

plex and their properties, sensitivity and geometry can
be altered under certain conditions. For example when
tonic descending influences are suppressed during cold
block of the thoracic cord, the excitatory response to
noxious stimulation is more vigorous and the respon-
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sive area of skin increases [33]. These effects appear to
involve alterations in the balance between excitation
and inhibition. In this study we observed that substan¬
tial numbers of glutamate and GABA-immunoreactive
synaptic boutons were often located in close proximity
on cell bodies and proximal dendrites of PSDC neu¬
rons. Therefore, in addition to more global excitatory
or inhibitory effects, there is clearly scope for local
interactions between these two classes of boutons which
would result in subtle changes in the balance of excita¬
tion and inhibition and hence in properties of receptive
fields. There is, in addition evidence to support the
idea that some of the excitatory inputs to the PSDC
may be inhibited presynaptically since some of the
large glutamate-immunoreactive boutons were seen to
be postsynaptic to GABA-immunoreactive boutons. It
is probable that the large boutons are terminals of low
threshold cutaneous primary afferent fibres [30] and
therefore it would be predicted that the excitation
generated by these primary afferent fibres can be in¬
hibited selectively. This would result in selective inhibi¬
tion of particular inputs and probably a selective con¬
trol of the sensitivity of the receptive field to particular
types of stimuli.
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Abstract—Contacts between serotoninergic nerve fibres and dorsal horn dorsal spinocerebellar tract
neurons were analysed in order to investigate the morphological basis of actions of serotonin upon dorsal
spinocerebellar tract neurons. In a series of experiments dorsal spinocerebellar tract neurons were labelled
with intracellular^ injected rhodamine dextran in the cat. The neurons were monosynaptically excited by
group II muscle afferents and cutaneous afferents and were identified by antidromic activation following
stimuli applied in the cerebellum. In the second series of experiments dorsal spinocerebellar tract neurons
were labelled by retrograde transport of Fluorogold injected into the cerebellum in the rat. In both series,
serotoninergic fibres were labelled by using a specific anti-serotonin antiserum and were revealed by
immunofluorescence. Appositions between the serotoninergic fibres and the cells were inspected with a
dual channel confocal microscope. The merged images obtained with the two channels of the microscope
were viewed in single optical planes 2/rm apart and in rotated three-dimensional reconstructions.
Serotoninergic nerve fibres were found in apposition to cell bodies of all feline dorsal spinocerebellar tract
neurons (n = 7) and of 75% of rat dorsal spinocerebellar tract neurons (n = 90). The numbers of putative
contacts on cell bodies varied between less than 100 and nearly 300 (mean 160) in the cat and between
about five and 30 in the rat. Contacts with dendrites of feline neurons were seen on 96% of 72 dendrites
within 300 gm from soma and on 91% of 23 dendrites at distances of 300-500 /im. The number of such
contacts varied from less than five to 150 on a single dendrite within these ranges of distances. Their total
number within 100 /jm from the soma was comparable or exceeded the number of contacts on the soma.

Locally applied serotonin (5-HT) has excitatory, in¬
hibitory or both excitatory and inhibitory actions on
different spinal neurons (for references see Discus¬
sion) and there are indications that similar effects are
evoked by activation of descending serotoninergic
pathways (e.g. Refs 54 and 73). Excitatory actions of
5-HT on motoneurons (e.g. Refs 32, 43, 52 and 74)
are associated with a large number of 5-HT-contain-
ing nerve terminals in apposition to motoneuron
membrane (e.g. Refs 41 and 65). 5-HT-containing
nerve terminals were also found in apposition to
some of the neurons which are depressed by 5-HT.
These included neurons in pathways from nocicep¬
tors: dorsal horn interneurons2549 and spinothalamic,
spinomesencephalic and postsynaptic dorsal column
ascending tract neurons.35-53-67-71 Contacts between

(To whom correspondence should be addressed.
|| Present address: Institute of Orthopedics and Rehabilita¬

tion, A.M. 61545, Poznan, Poland.
Abbreviations-. DSCT, dorsal spinocerebellar tract; EPSP,

excitatory postsynaptic potential; FITC, fluorescein
isothiocyanate; 5-HT, serotonin; PBS, phosphate-
buffered saline.

serotoninergic nerve fibres and neurons in pathways
from group II muscle afferents have not yet been
investigated. A study of these contacts is of particular
interest, however, because the sites of modulatory
actions of monoamines in pathways from group II
afferents are much better defined than in pathways
from nociceptors and are known to involve synapses
between group II muscle afferents and their first order
spinal relay neurons.7 The analysis of the mechanisms
of the serotoninergic control of group II pathways,
and perhaps also of pain pathways, might thus be
greatly assisted by determining whether serotoniner¬
gic fibres release 5-HT at axosomatic or axodendritic
synapses made on neurons contacted by group II
afferents, at axoaxonal synapses made on the affer¬
ents themselves, or at a distance from the neurons

(through volume transmission;22 also see Refs 47 and
55). The present study is the first stage in an attempt
to answer these questions by analysing contacts be¬
tween serotoninergic fibres and dorsal horn dorsal
spinocerebellar tract (DSCT) neurons.

In one series of experiments feline DSCT neurons
with group II input'5 were labelled intracellularly
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with a marker (rhodamine-dextran10) in order to
analyse contacts between serotoninergic fibres and
somata and dendrites of these neurons at the light
microscopic level by using confocal laser scanning
microscopy. Since only a small number of neurons
could be labelled intracellularly, a larger number of
dorsal horn DSCT neurons was identified by retro¬
grade transport of Fluorogold injected into the cer¬
ebellum in the rat. The distribution of serotoninergic
contacts on these neurons was similarly analysed by
using confocal laser scanning microscopy. Prelimi¬
nary results of the latter experiments have been
reported in abstract form.48

EXPERIMENTAL PROCEDURES

Preparation
The intracellularly labelled neurons were injected in a

deeply anaesthetized cat. The anaesthesia was induced with
one dose of pentobarbital (45 mg/kg, i.p.) and was main¬
tained with several doses of chloralose (up to 50 mg/kg); its
depth was verified by monitoring any changes in the blood
pressure and withdrawal and pupillary reflexes. The prep¬
aration, the main experimental procedures and the animal
care were the same as used by Jankowska et al.36 In order
to allow identification of the DSCT neurons by antidromic
activation following stimuli applied in the cerebellum, two
electrodes were placed rostral to nucleus interpositus as
described by Edgley and Jankowska.14 Their location was
marked by a small electrolytic lesion made at the end of the
experiment. The neurons were labelled by ionophoretically
injecting rhodamine-dextran from microelectrodes contain¬
ing a 2% solution of tetramethylrhodamine-dextran (mol¬
ecular weight 3000, anionic, lysine fixable; Molecular Probes
Inc., D-3308) in saline (pH 6; tips of about 2.5 pm: resist¬
ance 13-18 MD) following the procedure of Carr et a/.,10
rhodamine was injected by passing constant positive current
of 5-10 nA, totalling 30-80nAxmin. The cat was
perfused through the descending aorta with 500 ml of 0.1 M
phosphate-buffered saline (PBS) containing 0.1% heparin
5000 IE and 0.1% sodium nitrite, followed by 2 I of 4%
paraformaldehyde in PBS at pH 7.4.

The retrogradely labelled DSCT neurons were obtained
from three rats. Before introducing the marker into the
cerebellum, the rats were deeply anaesthetized with pento¬
barbital (45 mg/kg, i.p.). The heart rate was monitored
throughout the surgical procedures and the anaesthetic was
supplemented when it increased. The skin at the back of the
head was cut in the midline and an area approximately
1.5 x 3.0 mm of the cerebellum was exposed. Small holes
were made bilaterally in the dura, about 1 mm from the
midline and about 0.5-1.0 mm caudal to the fissura prima.
Glass micropipettes with tip diameters of 30-40/im, con¬
taining a 4% solution of Fluorogold (Fluorochrome Inc.) in
0.9% saline, were introduced through these holes. The
micropipettes were lowered with a motor driven microma¬
nipulator to a depth of about 3.0 mm. Fluorogold was
injected by pressure (1-5 psi; two to 15 pulses of 50 ms
duration; 0.040-0.200/rl at each injection site) using a
Picro-injector (Medical System Corporation; PLI-100). The
exposed surface of the cerebellum was covered with gelfoam
and muscles and skin flaps were satured together. The rats
recovered from the anaesthesia usually within 4-5 h after the
surgery and started to move in their home cage (displaying
exploratory behaviour and starting to drink) within the
subsequent 3-4 h. They were re-anaesthetized with similar
doses of pentobarbital after one to two weeks and were
perfused through the heart with 50 ml of PBS and 300 ml of
the same fixative solution as in the cat.

The lumbosacral part of the spinal cord was removed and
kept in the fixative for 3 4 h and in PBS overnight. The
brainstem and the cerebellum were kept in fixative for a few
days and cut sagittally at 100pm for histological examin¬
ation of the location of the electrodes in the cat and the site
of the injection in the rat.

Immunohistoehemical procedures
Sections (50 pm) were cut through the L4-L5 segments in

the cat and L1-L3 segments in the rat with a Vibratome;
they were cut either in the coronal or in the sagittal
plane. The selected sections (those which contained
rhodamine dcxtran- or Fluorogold-labelled neurons) were
preincubated in 2% normal goat serum in PBS for 30 min
before transferring them to anti-5-HT antiserum (Immuno-
tech polyclonal antiserum 0601a) which was diluted to
1; 250 in PBS and kept at room temperature. The following
day sections were washed in PBS and incubated in goat
anti-rabbit immunoglobulin G conjugated to biotin (1:200;
Vector) for 1 h at room temperature. They were then
washed again in PBS. Sections containing Fluorogold-
labelled neurons were placed in Texas Red-streptavidin
(1:200; Vector) and sections containing rhodamine
dextran-labelled neurons were placed in fluorescein isothio-
cyanate (FITC)-streptavidin (1:200; Vector) for a further
hour at room temperature. Sections were agitated during the
incubations and all solutions contained 0.02% Triton X-
100. The sections were washed again in PBS and finally in
distilled water, mounted in Mowiol (Hoechst) and stored at
-20 C in the dark.

Confocal microscopy
Sections were scanned using two channels of a confocal

laser scanning microscope (BioRad MRC600 attached to a
Nikon FXA fluorescence microscope). The laser was an
argon/krypton mixed gas laser with excitation wavelengths
of 488 lambda (for Fluorogold and F1TC) and 568 lambda
(for Rhodamine-dextran and Texas Red). The lens magnifi¬
cation was x40 or x20, increment 10x0.2 pm or
5 x 0.4 /rm, zoom factor 1 or 2.5, and the neutral density 1
or 0 (for further details see Ref. 5). Scans were made in c.
150 x 200 p areas around the cell bodies and/or dendrites
of DSCT neurons in sections in which serotoninergic fibres
were labelled at the same focal depths as the neurons. The
intracellularly labelled neurons were scanned in a series of
15-20 2-pm optical sections and the retrogradely labelled
neurons in eight to 15 such sections. Three-dimensional
reconstructions of the images of the cells and terminals were
made using a Silicon Graphics IRIS work station with a
Voxel View/GT programme (Vital Images; Fairfield Inc.).
The single plane images were plotted directly (via Corel¬
Draw 4). The reconstructions were photographed and/or
video-filmed from the monitor screens.

Criteria to determine contacts between serotoninergic nerve
fibres and dorsal spinocerebellar tract cells

Two approaches were taken to determine if immuno-
reactive fibres were in close apposition with DSCT neurons.
Firstly, images of the neurons and the fibres from the same
focal levels were merged and examined on the monitor. A
contact was considered to be genuine if images of the two
labelled structures were juxtaposed with no intervening
space between them. In order to increase the reliability of
this kind of analysis the aperture of the confocal microcope
and the intensity of the fluorescence were reduced to the
minimum, especially when strong fluorescence of larger
profiles (soma or proximal dendrites) produced false images,
giving the illusion that the deepest and the most superficial
edges of the 2-pm sections were in the same plane. The
second approach was to examine three-dimensional recon¬
structions to determine if the fibres and the cells remained
in contact when rotated. Again, no intervening space had to
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be present between the images of the labelled structures for
an apposition to be defined as a contact.

Sample of analysed neurons

Seven intracellular^ labelled feline DSCT neurons were
located in the lateral part of lamina V of the L4 and L5
segments, within an area where the largest field potentials
were evoked by group II afferents.1415 They were antidrom-
ically activated by stimuli (75-450 p A; see Fig. 1C, F)
applied rostral to nucleus interpositus and in all of them
short-latency excitatory postsynaptic potentials (EPSPs)
were evoked by group II afferents in the quadriceps nerve
(Fig. 1A, D). The latencies of these EPSPs (1.3-1.8 ms from
group I volleys) were compatible with monosynaptic coup¬
ling.1415 Some neurons were also excited by group II affer¬
ents of the deep peroneal nerve (Fig. 1G). In all but one
neuron short-latency, most likely monosynaptic, EPSPs
were also evoked by cutaneous afferents (Fig. IB, E, H).
these EPSPs were of similar amplitudes as those evoked
from group II afferents.

RESULTS

The 5-HT-immunoreactive fibres were particularly
dense within the substantia gelatinosa, the lateral
border of lamina VII and motor nuclei, as described
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Fig. 1. Examples of intracellular records from two of the
labelled neurons (no. 2 in A-C and no. 6 in D-H). Top
records illustrate monosynaptic EPSPs evoked by group II
afferents of the quadriceps and deep peroneal nerves (A, D,
G), probably monosynaptic EPSPs evoked by cutaneous
afferents of the sural or superficial peroneal nerves (B, E, H)
and critical intervals for collision between synaptically and
antidromically evoked spike potentials following stimu¬
lation of the quadriceps nerve and the cerebellum (C. F),
respectively. The remaining records are from the surface of
the spinal cord in the L6 segment. The stimulating electrode

track in the cerebellum is indicated in the diagram.

previously.60 A lower but comparatively high density
of serotoninergic fibres was also seen in the area of
location of DSCT neurons in laminae IV and V.
These fibres included both thick and thin axons, with
larger and smaller varicosities, respectively. Their
networks around DSCT somata and dendrites are

illustrated in Figs 2 and 3.

Contacts between serotoninergic fibres and intra-
cellularly labelled dorsal spinocerebellar tract neurons

injected with rhodamine-dextran
Cell bodies of all of the seven DSCT neurons were

contacted by immunoreactive fibres. In Fig. 2. cross-
sections of somata of three DSCT cells and of
terminals of 5-HT-immunoreactive fibres in the same

optical plane are reproduced side by side. They
illustrate that the fibres encircled the somata. In

Fig. 3A-F, the images of the cells and of the immuno¬
reactive fibres are superimposed; the cells are illus¬
trated in blue and the fibres in red in order to increase
the contrast between them.

Varicosities which were apparently in contact with
the somata were present in several (six to 10) planes
through the neurons and in planes just adjacent to
them. Up to 40 contacts were seen in single optical
planes and the mean number of contacts in a plane
was between 10 and 20 for six cells and five for one

cell. By adding the number of contacts seen in all
optical planes through a neuron, the total numbers of
contacts were estimated to be 200-300 on two neur¬

ons (nos 1 and 2), 100-200 on four neurons (nos 3.
4, 5 and 6) and 50-100 on one neuron (no. 8), with
an average of 160 contacts per neuron.

These numbers are considered to be underestimates
rather than overestimates of the actual numbers of

contacts, since 5-HT labelling was more complete at
the surface of the sections and was weaker within
them. In addition, contacts made by large varicosities
were easier to detect than those made by the smaller
ones. However, some of the largest varicosities might
have been seen in two successive planes, despite
precautions taken to use the optimal resolution of the
confocal system. Inspection of contacts in three-
dimensional reconstructions generally strengthened
conclusions based on the analysis of images in single
planes but the resolution of the three-dimensional
reconstructions appeared to be inferior to that in the
single planes and interpretation was more difficult,
especially for neurons with a complex geometry. The
estimates of the numbers of contacts were therefore
made by adding together the contacts seen in series
of single planes, despite the risk of counting some
twice.

No obvious functional differences which could be
related to the different numbers of contacts of sero¬

toninergic fibres appeared between neurons of the
present sample, except the neuron with the smallest
number of contacts. This neuron differed from the

remaining ones in three respects: by nearly 30%
longer latency of its antidromic activation, a higher
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Fig. 2. Confocal microscopic images of cross-sections through cell bodies of intracellularly labelled cat
DSCT neurons. A and B, C and D, and E and F are pairs of images in the same 2-fxm optical sagittal
planes. Images on the left are of neuron nos 6, 4 and 3. They were obtained by using a laser channel with
excitation wavelengths of 568 lambda for structures labelled with rhodamine-dextran. Images on the right
are of 5-HT-immunoreactive fibres which surround the cells. These images were obtained by using a laser
channel with excitation wavelengths of 488 lambda in order to detect structures labelled with FITC.
However, weak images of structures which were heavily labelled with rhodamine could also be visualized

at this wavelength. Scale bar = 100/rm.

threshold of antidromic activation and lack of

monosynaptic excitation by the two tested cutaneous
nerves, which evoked such an excitation in all the
remaining neurons. It may thus have belonged to a
different subpopulation of DSCT neurons.

Dendrites appeared to be contacted by serotoniner-
gic fibres almost as regularly as cell bodies. The
occurrence of contacts was determined on 52 den¬
drites within 100 /im from somata, 20 dendrites
within 100-300/rm from somata and 23 dendrites at
about 300-500/rm distances. The contacts were
found on 98, 95 and 91% of dendrites at these

distances. They are illustrated in Fig. 3C-F. The
number of varicosities in apposition to a dendrite
which could be followed over about 200 /im (includ¬
ing its branches) varied from less than five to 150 and
was on average 27, 20 and 11 per dendrite for the
three ranges of distances from somata. Limitations of
the technique do not enable us to determine if the
difference was related to the smaller surface or a

weaker coupling with more distal parts of the den¬
drites. A complex geometry of the dendritic trees
precluded a more systematic analysis of the distri¬
bution of the contacts, and differences in the degree



Fig. 3. Superimposed images of cell bodies and dendrites of DSCT neurons (blue) and serotoninergic fibres
(red), illustrating contacts between these structures. In A-F are images of intracellularly labelled cat
neurons. They show contacts on cell bodies of neuron nos I and 6 (A, E) and on dendrites of neuron
no. 6 within 100-300 and 300-500/rm from the soma (C, F). B and D are details of A and C (expanded
x 5), showing that there were no intervening pixels between images of many 5-HT-immunoreactive
terminals and of the cell bodies and dendrites. These illustrations were obtained by merging images from
a single optical plane. However, the optical planes were 2 nm thick and therefore the outlines of the cells
were partly at right angles with respect to the cell membranes and partly tangential; the tangential surfaces
most likely correspond to grayish areas surrounding stronger labelled parts of the cell bodies and proximal
dendrites in Fig. 2A, C and E. Terminals in contacts with the tangential areas therefore appeared as
overlying the cells rather than apposed to them. Some red profiles within areas of blue might also represent
terminals in the neighbouring planes. G and H are images of retrogradely labelled rat DSCT neurons and
serotoninergic fibres, illustrating a smaller number of contacts on rat neurons than on cat neurons; they
were obtained by merging images from 10 optical planes. Scale bars = 100 fim (A, C, E, F); 20 ftm (B,

D, G, H).
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of immunolabelling of serotoninergic fibres around
individual neurons and at different depths from the
surface allowed only an approximate comparison of
the number of appositions associated with somata
and dendrites to be made. The most reliable counts

within 100 /im from soma suggest, however, that the
total number of contacts with dendrites may be
higher than those with soma. The total number of
contacts with proximal parts of the dendrites ex¬
ceeded, on average, the number of contacts on the
soma by nearly 30% and the similar numbers of
contacts per dendrite at 100-300/rm distances indi¬
cate that the total number of contacts at such dis¬
tances may also be considerable.

Contacts between serotoninergic fibres and retro-
gradely labelled dorsal spinocerebellar tract neurons

A search for contacts between 5-HT-labelled fibres
and DSCT neurons was made in the L1-L3 segments
of three rats. Ninety retrogradely labelled neurons
were selected for analysis; they were viewed in either
transverse or sagittal sections. The criterion for selec¬
tion was strong labelling and a location which was
equivalent to the location of feline dorsal horn DSCT
neurons which are monosynaptically excited by
group II muscle afferents;1315 this corresponded to the
location of spinocerebellar tract neurons indicated by
triangles in Fig. 6 of Matsushita and Hosoya.46 As
shown in Fig. 4A and B (for neurons viewed in
transverse sections), this location was within lamina
V, which is easily recognizable since it has a charac¬
teristically reticulated appearance because of bundles
of fibres which cross it longitudinally;50 it was clearly
outside Clarke's column. The neurons were usually
labelled less strongly than neurons in Clark's column
or ventral spinocerebellar tract neurons, and only the
most proximal parts of the dendrites were seen in
addition to their cell bodies. The neurons were in¬

spected one week (in one rat) or two weeks (in two
rats) after the injection of Fluorogold into the cer¬
ebellum, but the labelling was not improved by the
longer survival times.

Profiles of serotoninergic fibres were found in
apposition to the cell bodies of 75% of neurons.
Relationships between the serotoninergic fibres and
proximal parts of the dendrites (within 50 /im from
their base) could be estimated for only 36 neurons,
but the appositions were found in a similar pro¬

portion (80%) of dendrites. These appositions were
estimated from single scans, as in the case of intra-
cellularly labelled neurons, but in 31 of the strongest
labelled neurons their occurrence was confirmed on

rotated three-dimensional reconstructions. The
estimates based on these two approaches differed
somewhat, since a greater proportion of the three-
dimensionally reconstructed neurons were found to
be contacted by serotoninergic fibres than the neur¬
ons which were inspected in single scans (100% vs
75%) and the number of contacts appeared to be
greater on the former (see next paragraph). This

A L1 - L2 B L2 - L3

200 [im

Fig. 4. (A, B) Location of approximately half the analysed
sample of retrogradely labelled dorsal horn DSCT neurons
in the rat. These neurons were viewed in transverse sections
and projected onto typical sections of LI-L2 and L2-L3
segments. The remaining neurons were located in four to
five 50-/im-thick sagittal sections from the most lateral part
of the dorsal horn, at the same distances from the dorsal
border of the dorsal horn. (C, D) Sagittal sections through
the cerebellum of two rats, about 1 mm lateral to the
midline. Dashed areas between parallel lines indicate trajec¬
tory of pipettes used to inject Fluorogold and the arrows the
approximate site of the injection; approximate because it is
only indicated by the highest density of locally labelled
neurons. Location of retrogradely labelled Purkinje cells is
indicated by shaded parts of the lobules in the rostral part

of the cerebellum.

difference may have occurred because the appositions
could be classified with a higher degree of confidence
in the reconstructions, or it may have occurred
because neurons selected for reconstruction were

better labelled with Fluorogold than those viewed in
single scans. However, in view of this difference, the
estimate that 75% of the neurons were contacted by
serotominergic fibres may be considered as an under¬
estimate rather than an overestimate.

The number of varicosities in apposition to the
cells varied greatly. It was estimated to be less than
five varicosities on 44% (or 16%), to be five to 10
varicosities on 35% (or 48%) and 10-20 varicosities
on 20% (or 35%) of the neurons. The figures in
parentheses are for the 31 strongest labelled neurons
which were three-dimensionally reconstructed. When
compared with the observations made on intracellu-
larly labelled DSCT neurons in the cat, the numbers
of contacts made by serotoninergic fibres with DSCT
neurons in the rat appeared to be smaller. Serotonin¬
ergic fibres were never found to encircle rat neurons
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but only to contact them on one or two sides, as
illustrated in Fig. 3G and H.

Thick immunofluorescent fibres with large vari¬
cosities contacted 50% of neurons, while apparently
thinner fibres with smaller varicosities contacted 91 %
of neurons; the two kinds of fibre were often seen in
apposition to the same neurons.

DISCUSSION

Advantages and limitations of confocal microscopy for
demonstrating putative synaptic contacts

Confocal laser scanning microscopy has three
major advantages over conventional optical mi¬
croscopy for determining contacts between labelled
neurons (see Ref. 5). Firstly, it is possible to examine
sections through several focal planes and merge single
scans of the same focal planes made with the two
channels of the microscope. Thus, possible contacts
between structures which fluoresce at different wave¬

lengths can be assessed in the same focal plane. Such
contacts can be examined through a series of thin
optical sections which are only a few micrometres, or
a fraction of a micrometre, apart.8-66 Secondly, images
from single optical sections can be used to construct
three-dimensional images. These images can be
rotated and putative contacts can be examined at any

angle. In this way it is possible to investigate whether
terminals overlying the surface of the cells in the
plane of the section are in close apposition to them
or at a certain distance. Thirdly, because of its higher
sensitivity the method of confocal microscopy en¬
ables greater numbers of fine fibres to be visualized
in thin optical sections than conventional optical
microscopy. This is illustrated in Figs 2 and 3, which
show a dense network of serotoninergic fibres at
locations where they appeared to be only sparsely
labelled.-1'38'60 However, the numbers of contacts
observed are dependent on the intensity of immuno-
reaction and are still likely to be underestimated.

Confocal laser scanning microscopy also has one
major advantage over electron microscopy. It allows
large samples of putative contacts to be analysed in
a relatively short time and quantitative data about the
numbers of neurons contacted and the locations of
the putative contacts to be obtained, while in ultra-
structural studies it is usually only feasible to examine
a small sample of neurons and the analysis can take
a considerable period of time. However, with confo¬
cal microscopy it is not possible to demonstrate that
the appositions between neurons are synapses and we
are undertaking an ultrastructural study of contacts
between 5-HT-immunoreactive fibres and DSCT cells
in parallel with this one.

Site of actions of serotoninergic fibres
This study reveals that 5-HT-immunoreactive vari¬

cosities are closely apposed to a great majority of
dorsal horn DSCT neurons. Both the proportion of

the contacted neurons and the number of the putative
contacts appeared to be higher in the cat, but it is
difficult to decide whether this difference might be
secondary to the technique of labelling of the neur¬
ons, the sampling procedure and differences in the
immunolabelling, or whether it reflects genuine differ¬
ences in the innervation of DSCT neurons in the two

species. It might be also related to a smaller size of
these neurons in the rat.

5-HT-immunoreactive fibres have been found in

apposition to both cell bodies and dendrites of DSCT
neurons, especially within 300 gm from the soma.
Such a distribution would be most appropriate for an
effective modulation of synaptic actions of sensory
fibres on DSCT neurons, since EPSPs which are

evoked monosynaptically by these fibres appear to be
induced predominantly in the region of cell bodies
and proximal dendrites of these neurons. This is
indicated by the fast rising compound and unitary
EPSPs evoked in dorsal horn DSCT neurons by
group II muscle afferents (cf. Figs 1 and 6 of Edgley
and Jankowska15).

In previous morphological studies, 5-HT-immuno-
reactive terminals have been found to form contacts

with several other kinds of neurons, including mo-
toneurons,64-65,72 spinothalamic and spinomesen-
cephalic neurons71 and postsynaptic dorsal column
neurons.53'71 Electron microscopic studies of 5-HT-
immunoreactive boutons on postsynaptic dorsal
column neurons53 and on unidentified neurons in

superficial laminae of the dorsal horn in the cat57 and
in the rat47 show that they form axosomatic and
axodendritic synapses, but not axoaxonic synapses.
Therefore, it is probably that this is also the case for
appositions between 5-HT-immunoreactive terminals
and dorsal horn DSCT neurons. These observations
are in keeping with records of direct postsynaptic
actions of 5-HT6' and other indications for such
actions (e.g. Refs 4, 6 and 51) in some of the neurons
affected by 5-HT.

However, there are also indications of 5-HT bind¬
ing sites on primary afferent fibres in the superficial
laminae of the dorsal horn12-40 and in the trigeminal
motor nucleus.58 Evidence has been also provided for
actions of 5-HT on terminals of primary afferents26'59
or other presynaptic fibres.9 Therefore, 5-HT which is
released from terminals which do not form synaptic
contacts might act by volume transmission22 (also see
Refs 47, 55 and 64), not only on the neurons but also
on terminals of primary afferents which provide input
to these neurons. Despite this possibility, action of
5-HT on terminals of group II afferents is a less
plausible explanation of the depression of trans¬
mission between these afferents and DSCT neurons,

because transmission from group II muscle afferents
to neurons at different locations is affected differently
by 5-HT and noradrenaline. 5-HT and a number of
its agonists potently depress synaptic actions of group
II afferents on neurons in the dorsal horn, but their
actions are practically negligible in the intermediate
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zone, where noradrenaline and its agonists are ac¬
tive.7 These differential effects involve transmission
from axon collaterals of apparently the same fibres,
as indicated by reconstructions of single intra-
axonally labelled group II muscle afferents23'30'34 and
by other studies of their projections,2' to different
functional types of neurons in the dorsal horn and in
the intermediate zone.34" Therefore, they are easier to
explain by different properties of the affected neurons
than by assuming that various terminals of the same
fibres are selectively affected by different agonists.
Differential effects of 5-HT on transmission through
different synapses made by a single neuron have been
also found in Aplysia,63 but the mechanisms of these
effects have not yet been established.

The origin of serotoninergic innervation
The existence of thin and thick 5-HT-immuno-

reactive fibres in the dorsal horn was described

originally by Ruda et a/.57 in superficial laminae of the
feline dorsal horn. In this study we also found thick
and thin 5-HT-immunoreactive fibres in deeper parts
of the dorsal horn of both the cat and the rat, and our

observations indicate that DSCT neurons are con¬

tacted by both types of axon. One interpretation of
this observation is that DSCT neurons are innervated

by stem axons and thinner collaterals of the same
fibres. Alternatively, it may indicate a contribution of
both myelinated and non-myelinated serotoninergic
fibres68 and/or a different origin of the thicker and
thinner serotoninergic fibres. It has been shown that
neurons of several medullary raphe nuclei project to
the spinal cord" (see Refs 42 and 70 for more recent
references) and that neurons of some of these nuclei
may contain other putative transmitters co-localized
with 5-HT.37 Neurons containing both 5-HT and
thyrotropin-releasing hormone or 5-HT only have
been shown to innervate different classes of spinal
neurons.3"'72 Furthermore, it has been shown that
/7-chloroamphetamine selectively eliminates thin
serotoninergic fibres, while it spares all larger fibres.56
It is therefore possible that the thick and thin sero¬

toninergic fibres may be two classes of axon which
contain different transmitters and originate from
different raphe nuclei.

Function of contacts between serotoninergic fibres and
dorsal spinocerebellar tract neurons

5-HT has been repeatedly reported to have direct
excitatory actions on spinal motoneurons. Recently,
excitatory serotoninergic actions have been found
both before and after development of contacts be¬
tween serotoninergic fibres and motoneurons,74 and
their presence in tetrodotoxin-treated preparations in
which 5-HT could not act via presynaptic neurons
shows that 5-HT may directly affect motoneurons
(e.g. Refs 32, 43, 52 and 74).

In contrast, serotoninergic actions evoked at a

premotoneuronal level have most often been found to
be inhibitory.2'9'"'27'43'44'59'74 However, when effects of

5-HT were investigated on individual spinal inter-
neurons they were reported to be predominantly
inhibitory on interneurons located in deeper lami¬
nae,4-6'718'24 predominantly excitatory on those in
laminae I—III62 and on unidentified dorsal horn neur¬

ons with cutaneous input,17 and sometimes both
excitatory and inhibitory. For example, Belcher et a!.*
reported that 5-HT reduced excitation of some neur¬
ons in feline spinal pathways from nociceptors
evoked by noxious stimulation, but increased their
spontaneous firing and firing evoked by DL-homocys-
teic acid. Tan and Miletic,61 by using intracellular
recording in frog spinal cord, found that 5-HT may
depolarize or hyperpolarize some unidentified dorsal
horn neurons, but evoke both depolarization and
hyperpolarization in some others.

In the case of ascending tract neurons, 5-HT has
been found to depress activation of spinothalamic
and spinocervical tract neurons by noxious skin
stimulation39-69 and of dorsal horn DSCT neurons by
group II muscle afferents.35 5-HT has also been found
to facilitate activation of one population of spinotha¬
lamic neurons39 and to have not only depressive but
also facilitatory actions on many DSCT neurons, as
described in the companion paper.35

Morphological substrates of effects of 5-HT are
still greatly undefined. Ultrastructural studies re¬
vealed synaptic junctions of terminals of serotoniner¬
gic fibres with neurons which are excited by them (in
particular motoneurons,28'65 but also other neurons
(postsynaptic dorsal column neurons,53 neurons in
substantia gelatinosa,47 unidentified dorsal horn neur¬
ons,4555 some of which would be likely to be inhibited
rather than excited by 5-HT. It is therefore difficult
to relate the type of contacts with actions of the
serotoninergic fibres and it might be even more
difficult to relate them to actions which are evoked
via different 5-HT membrane receptors and trans¬
ducer subtypes (for review see e.g. Ref. 1). For
example, in spinal pathways 5-HT1A receptors appear
to be primarily involved in the selective depression of
transmission from group II afferents7 and the non¬
selective depression of transmission from nocicep¬
tors,17 while 5-HT1B receptors were concluded to be
involved in the selective depression of transmission
from nociceptors.17 Mediation of inhibitory actions
of 5-HT on different neurons through different recep¬
tors was also suggested by much more selective
depression of effects of noxious stimuli by 5-HT
applied in the substantia gelatinosa than close to the
cell bodies of the investigated neurons.24

In view of the different actions of 5-HT, the
descending serotoninergic neurons may be involved
in a highly differentiated control of various spinal
functions. For instance, serotoninergic innervation of
motoneurons and excitatory actions of 5-HT upon
these neurons would assist in switching of membrane
properties, such that either short-lasting potentials or
long-lasting plateau potentials and tonic discharges
are evoked in them.31 This may be important for the
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control of motor nuclei, which are particularly
densely innervated by serotoninergic fibres,29 in pos¬
tural or locomotor activity.16 Sertoninergic and nor¬
adrenergic innervation of spinothalamic neurons67
and actions of 5-HT and noradrenaline on these
neurons69 and on spinocervical neurons20 have been
related to the modulation of nociception. Contacts
between serotoninergic nerve fibres and DSCT neur¬
ons might thus be similarly used to modulate the
inflow of information from group II muscle afferents
to the brain, but also to allow these neurons to

discharge tonically, in a similar way as motoneurons.
It is, however, striking that the inhibitory control of
transmission between group II afferents and both
DSCT neurons and dorsal horn interneurons is con¬

trolled in parallel. If serotoninergic depressive actions
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on interneuronal pathways from group II muscle
afferents serve to adjust reflex actions of these affer¬
ents, an important function of serotoninergic fibres
on DSCT neurons may thus be to co-ordinate activity
of spinal and supraspinal networks.
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Abstract

Spinomedullary neurons of the postsynaptic dorsal column pathway in adult cats were retrogradely labelled with horseradish
peroxidase. Postembedding immunogold reactions were performed with antisera which recognise GABA or glycine to determine if
synaptic boutons in contact with these neurons contain both transmitters. Analysis of series of ultrathin sections revealed that synaptic
profiles with strong immunogold reactions for GABA usually also displayed strong immunogold reactions for glycine. Pre-embedding
immunocytochemistry was performed on sections containing labelled cells with a monoclonal antibody which recognises the glycine
receptor-associated protein, gephyrin. Many synapses onto postsynaptic dorsal column neurons were associated with gephyrin-like
immunoreactivity and these typically contained irregularly shaped vesicles. Immunogold reactions showed that synaptic profiles apposed
to gephyrin-immunoreactive junctions contained GABA and glycine. The evidence suggests that glycine is a neurotransmitter at synapses
on spinomedullary neurons and that it is colocalized with GABA.

Keywords: Gephyrin; Spinal cord; Retrograde tracing; Immunogold reaction; Postsynaptic dorsal column pathway

Spinomedullary neurons of the postsynaptic dorsal col¬
umn (PSDC) pathway are located mainly in laminae III—V
of the dorsal horn of the spinal cord and have axons which
project through the dorsal columns and terminate in the
dorsal column nuclei [14-16], PSDC neurons are excited
by mono- and di-synaptic inputs from cutaneous and mus¬
cle receptors and are inhibited through di- and polysyn¬
aptic pathways from low and high threshold cutaneous
afferents [5]. The organization of receptive fields is com¬

plex and several types of inhibitory process appear to
modify the sensitivity of excitatory fields [8]. A previous
study showed that many of the profiles which were presy¬
naptic to PSDC neurons display immunoreactivity for
GABA, while almost all of the profiles which were not
immunoreactive for GABA were immunoreactive for glu-
tamate [6] and it was therefore suggested that most of the
inhibitory boutons associated with these neurons contain
GABA. However it is probable that GABA is not the only
neurotransmitter involved in these inhibitory processes. It
is now well established that GABA is colocalized with

glycine in neurons in various regions of the central ner¬
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vous system (e.g. see [10]) including the cell bodies of
many dorsal horn neurons [18] and a recent study has
shown that these transmitters are also colocalized in synap¬
tic boutons of the dorsal horn [17]. Game and Lodge [4]
have shown that two phases of inhibition occur in cells of
laminae IV and V which are evoked by electrical stimula¬
tion of cutaneous nerves. The early phase of inhibition is
most sensitive to strychnine whereas the later phase is
more sensitive to bicuculline. This evidence implies that
glycine and GABA are both involved in the inhibition of
dorsal horn neurons.

The purpose of the present study was to investigate the
possibility that some boutons which make synaptic connec¬
tions with PSDC neurons use both GABA and glycine as
inhibitory transmitters. Two series of experiments were
carried out. Initially post-embedding immunogold reac¬
tions were performed on ultrathin sections containing ret¬
rogradely labelled PSDC neurons and boutons were exam¬
ined through series of sections to establish if they dis¬
played immunoreactivity for GABA and glycine. In a
second series of experiments pre-embedding immunocyto¬
chemistry was performed with a monoclonal antiserum
which recognises the glycine receptor associated protein,
gephyrin [11,19] in order to determine if gephyrin is
present at synapses on labelled PSDC neurons and if there

0006-8993/95/S09.50 © 1995 Elsevier Science B.V. All rights reserved
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Fig. 1. A and B are consecutive sections through part of a PSDC cell (the area within the box in C) which were reacted by using the postembedding
immunogold technique to reveal the presence of GABA (A) or glycine (B). A profile (*), which contains irregularly shaped vesicles and makes a
symmetrical synapse, shows strong immunogold reactions for both amino acids. A second bouton (☆), is negative for both amino acids. The arrows in C
indicate granules of reaction product within the PSDC neuron. Scale bars: A and B = 0.5 /tm; C = 2 fim.
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was any relationship between these synapses and GABA-
and glycine-immunoreactive profiles.

Four adult cats (2.5 kg) were used in the study. They
were deeply anaesthetized with sodium pentobarbitone (40
mg/kg; i.p.) and surgery was performed under sterile
conditions. Postsynaptic dorsal column neurons were retro-
gradely labelled by implanting agar-horseradish peroxidase
(HRP) pellets in small, unilateral lesions of the left dorsal
columns at C3. An additional lesion was made in the left
dorsolateral funiculus at C4 to ensure that the sample of
PSDC neurons was not contaminated with neurons which

project through this region of the white matter. Details of
the surgery and preparation of pellets have been published
previously [2,3,6]. Animals were allowed to recover from
the anaesthetic and, following a 72-h survival period, were
re-anaesthetized (sodium pentobarbitone; 40 mg/kg, i.p.)
and transcardially perfused for 15 s with warm saline
(37°C) containing sodium nitrite (0.1%) and heparin (100
fj./ml). This was followed by 1 1 of warm (37°C) fixative
which contained 1% formaldehyde and 1% (2 animals) or
2.5% glutaraldehyde (2 animals) in 0.1 M phosphate buffer
(pH 7.6) and two litres of cold (4°C) fixative. When
perfusion was completed, spinal segments L6-Sj and C3-
C5 were removed and placed in the same fixative for 8 h at
4°C. Transverse sections (50 /am thick) were cut through
the lumbosacral cord with a Vibratome and serial trans¬

verse sections (90 /cm thick) were cut through the implant
site with a freezing microtome. Both groups of sections
were reacted with hydrogen peroxide in the presence of
3',3-diaminobenzidine (DAB) to visualize the presence of
HRP, however the reaction product in the Vibratome sec¬
tions to be used for gephyrin immunoreactions (from
animals perfused with 1% glutaraldehyde in the fixative)
was intensified with cobalt chloride which produces a

black/dark blue reaction product [1], Implant sites at C3
were examined; lesions were confined to the left dorsal
column and there was minimum spread of reaction product
into the grey matter of the cord.

Vibratome sections were wet mounted and those con¬

taining labelled neurons were selected. Sections from ani¬
mals perfused with 2.5% glutaraldehyde fixative were
osmicated, dehydrated and flat embedded for combined
light and electron microscopy (see [6]), while sections
from animals fixed with 1% glutaraldehyde were reacted
for gephyrin immunoreactivity. The procedure was identi¬
cal to that described previously [7,17]. Briefly, sections
were treated for 30 min in 1% sodium borohydride, rinsed
several times in buffer, and incubated overnight with a
monoclonal antibody directed against gephyrin (mAb 7a;
Boehringer Mannheim) at a dilution of 1:4000. The proper¬
ties of this antibody have been described in detail else¬
where (for a full discussion see [7]). The sections were

then processed by using a Vector ABC Elite kit and
peroxidase was visualized with DAB. On this occasion the
reaction product was not intensified in order to produce a
brown colour which would contrast with the black reaction

product associated with retrogradely-transported HRP in
labelled PSDC cells. These sections were osmicated and

prepared for combined light and electron microscopy.
Labelled cells were examined with a light microscope

and sections containing selected neurons were then at¬
tached to blocks of cured resin. Series of ultrathin sections
were cut and collected on single slot nickel grids coated
with Formvar. Usually two or three sections were collected
on each grid. Alternate grids from these series were pro¬
cessed to reveal either GABA or glycine immunoreactivity
by using the postembedding immunogold method [12]. The
procedure was similar to that used by Todd et al. [17],
except that phosphate-buffered saline and Tris-buffered
saline solutions contained 0.3 M sodium chloride and the

primary antisera to glycine and GABA were diluted to
1:1000-1:4000 in phosphate-buffered saline containing 1%
bovine serum albumen. Triton X-100 (0.1%) was included
in all solutions. Anti-rabbit IgG adsorbed to 10 nm gold
spheres (British Biocell International; diluted 1:20) was
used to detect the presence of primary antisera. The two
antisera raised against glutaraldehyde-conjugated GABA
and glycine were donated by Dr. D.V. Pow. The produc¬
tion and properties of these antisera have been described in
detail elsewhere [13]. They do not cross-react with inap¬
propriate amino acid conjugates in dot-blots and preincu¬
bation of primary antisera with appropriate amino acids
conjugated to bovine serum albumen greatly reduces im¬
munogold reactions in spinal tissue (see Fig. 5 of [17]).
Profiles were examined through series of sections to assess
the quality of immunogold reactions. The same profile was
always viewed in at least two serial sections on the same

grid (i.e. reacted either with anti-GABA or anti-glycine
antiserum) to determine if the pattern of immunoreactivity
was consistent for each of the two antisera.

Cell bodies of PSDC neurons labelled with granules of
reaction product could be visualized in laminae III-V of
the lumbosacral dorsal horn in sections when viewed with
a light microscope. They had a similar appearance and
location to cells described in previous studies of PSDC
neurons [2]. The cells could easily be identified also when
viewed with the electron microscope as a consequence of
the presence of numerous electron-dense packages of reac¬
tion product within them (Fig. 1C, 2A).

Six PSDC cells (three from each of the animals per¬
fused with the higher concentration of glutaraldehyde)
were examined through series of 24-36 ultrathin sections
and boutons which were presynaptic to the cells were
examined on sections reacted with GABA and glycine
antiscra. Strong immunogold reactions for thoso amino
acids were present over synaptic vesicles and mitochondria
of some profiles and the density of labelling associated
with them was at least four times greater than the density
associated with PSDC neurons. Most of the profiles with
strong immunogold reactions for GABA also displayed
strong reactions for glycine and vice versa (Fig. 1), how¬
ever some profiles were observed which possessed only



333

duces excitability of single cutaneous primary afferent C-fibres
in the cat spinal cord, Brain Research, 219 (1981) 456-463.

14 Lackner, K.J., Mapping of monoamine neurones and fibres in
the cat lower brainstem and spinal cord, Anat. Embryol., 161
(1980) 169-195.

t 15 Mokha, S.S., McMillan, J.A. and Iggo, A., Descending control
of spinal nociceptive transmission. Actions produced on spinal
multireceptive neurones from the nuclei locus coeruleus (LC)

Y and raphe magnus (NRM), Exp. Brain Res., 58 (1985) 312-326.
16 North, R A and Ynshimnra, M The actions of noradrenaline

on neurons of the rat substantia gelatinosa in vitro, J. Physiol.,
349 (1984) 43-55.

17 Satoh, K., Kashiba, A., Kimura, H. and Maeda, T., Noradren¬
ergic axon terminals in the substantia gelatinosa of the rat spi¬
nal cord, Cell Tissue Res., 222 (1982) 359-378.

18 Schrpder, H.D. and Skagerberg, G., Catecholamine innerva¬
tion of the caudal spinal cord in the rat, J. Comp. Neurol., 242

(1985) 358-368.
19 Seguela, P., Watkins, K.C., Geffard, M. and Descarries, L.,

Noradrenaline axon terminals in adult rat neocortex: an immu-

nocytochemical analysis of thin sections, Neuroscience, 35 (1990)
249-264.

20 Vincent, S.R. and Hope, B.T., Tyrosine hydroxylase containing
neurons lacking aromatic amino acid decarboxylase in the ham¬
ster brain, J. Comp. Neurol., 295 (1990) 290-298.

21 Westlund, K.N., Bowker, R.M., Ziegler, M.G. and Coulter,
I D Origins and terminations of descending noradrenergic
projections to the spinal cord of monkey. Brain Research, 292
(1984) 1-16.

22 Zhao, Z.-Q. and Duggan, A.W., Idazoxan blocks the action of
noradrenaline but not spinal inhibition from electrical stimula¬
tion of the locus coeruleus and nucleus Kolliker-Fuse of the cat,
Neuroscience, 25 (1988) 997-1005.

x.



Neuroscience Vol. 70, No. 1, pp. 247-253, 1996
Elsevier Science Ltd

n Copyright © 1995 IBRO
i ergamon 0306-4522(95)00377-0 Printed in Great Britain. All rights reserved

0306-4522/96 $9.50 + 0.00

SYNAPTIC RELATIONSHIPS BETWEEN
SEROTONIN-IMMUNOREACTIVE AXONS AND DORSAL
HORN SPINOCEREBELLAR TRACT CELLS IN THE CAT

SPINAL CORD
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Abstract—Dorsal horn spinocerebellar tract cells were identified according to electrophysiological criteria
in adult cats and labelled intracellularly with horseradish peroxidase. Sections containing labelled neurons
were processed to reveal serotonin immunoreactivity and examined with light and electron microscopy.
Numerous contacts were observed on cell bodies, and on proximal and intermediate parts of dendrites.
Electron microscopic examination of contacts revealed that synaptic junctions were usually present at the
region of apposition.

It is concluded that serotonin has a postsynaptic action on dorsal horn spinocerebellar tract cells and
that this action is mediated through conventional synapses.

Key words', synapse, monoamine, inhibition, immunocytochemistry, electron microscopy, intracellular
staining.

Local application of serotonin (5-HT) or 5-HT1A
agonists results in a selective depression of field
potentials generated by group II muscle afferents in
the dorsal horn of the spinal cord.4-5 Similar effects
are also evoked by electrical stimulation applied
within medullary raphe nuclei which give rise to
descending serotoninergic axons.24 5-HT depresses
the synaptic excitation by group II afferents of dorsal
horn neurons which belong to the dorsal spinocere¬
bellar tract (DSCT), but it facilitates the synaptic
activity generated by cutaneous afferents.13 Its actions
on this class of neuron are therefore complex, and
postsynaptic, presynaptic or even non-synaptic mech¬
anisms12 may be involved. We previously reported, in
a quantitative confocal microscopic study of dorsal
horn DSCT neurons, that 5-HT-immunofluorescent
axons make numerous contacts with cell bodies and
dendrites of these neurons and suggested that 5-HT
has direct postsynaptic actions upon them.14 How¬
ever, our confocal microscopic study did not enable
us to determine if the contacts we observed were

synapses, and the present combined light and electron
microscopic study was undertaken to investigate this
possibility.

*To whom correspondence should be addressed.
Abbreviations'. 3,3'-diaminobenzidine; DSCT, dorsal

spinocerebellar tract; HRP, horseradish peroxidase; 5-
I IT, serotonin (5-hydroxytryptamine); PBS, phosphate-
buffered saline.

EXPERIMENTAL PROCEDURES

Intracellular staining
The preparation, experimental procedures and mainten¬

ance of animals have been described in detail in previous
publications.8"40'15 Briefly, micropipettes containing 8%
horseradish peroxidase (HRP; Toyobo, grade 1C) in Tris
buffer (pH 8.6) with 0.3 M potassium chloride were used to
record from DSCT neurons in the L4-L5 spinal segments
of three deeply anaesthetized adult cats. DSCT neurons
were identified by antidromic activation from the nucleus
interpositus and monosynaptic activation by group II
muscle and cutaneous afferents (see Fig. 1 of Ref. 10). Nine
DSCT neurons satisfied these criteria and were labelled

intracellularly with HRP. At the conclusion of the exper¬
iments, animals were perfused through the descending aorta
with phosphate-buffered saline (PBS) containing heparin
(0.1%) and sodium nitrite (0.1%). Two of the animals were
subsequently perfused with 2 1 of a fixative (fixative 1) which
contained 0.1% glutaraldehyde, 4% formaldehyde and
450 ml of saturated picric acid in 0.1 M phosphate buffer
(pH 7.4). Blocks of spinal cord from these animals were
postfixed for 4 h in the fixative solution with no glutaralde¬
hyde present. The third cat was perfused with a fixative
(fixative 2) containing 1% glutaraldehyde and 1% formal¬
dehyde in 0.1 M phosphate buffer (pH 7.4). Blocks from this
animal were postfixed for 8 h in the same fixative. Following
rinsing in PBS, sagittal Vibratome sections (50/<m thick)
were cut from blocks of spinal cord from each of the animals
and were placed in 50% ethanol for 30 min to enhance
antibody penetration.18 Neurons labelled with HRP were
detected by reacting sections with hydrogen peroxide in the
presence of 3,3'-diaminobenzidine (DAB). Sections ob¬
tained from the two animals perfused with fixative 1 were
preincubated in 5% cobalt chloride in order to intensify the
reaction product.1 Sections were wet-mounted and viewed
with a light microscope and those containing labelled cells
were selected for immunocytochemical processing.

247
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Fig. 1. Light micrographs of sections embedded in resin, illustrating dendrites of three DSCT neurons and
5-HT-immunoreactive fibres. A shows numerous 5-HT-immunoreactive fibres in the vicinity of labelled
DSCT dendrites at a low magnification. Proximal (B, C) and intermediate (D, E) dendritic branches are
shown at higher magnifications. Contacts are indicated by arrowheads. Scale bars = 50/rm (A); 10 fim

(B-E).
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Immunocytochemistry
Two immunocytochemical procedures were employed.
Protocol 1. Sections obtained from the two animals

perfused with fixative 1 were rinsed in PBS and transferred
to 10% normal donkey serum in PBS for 30min at room
temperature. Sections were incubated in rabbit and 5-HT
antiserum (Immuno Nuclear Corp. MN) diluted to 1:1000
in PBS for 18 h at 4°C. Following a further three rinses in
PBS, the sections were incubated for 45 min at room

temperature in biotinylated donkey anti-rabbit antiserum
(Amersham International pic) diluted to 1:100. They were
then rinsed again and placed in streptavidin-peroxidase
complex (Amersham International pic) diluted to 1:300 for
a further 45 min at room temperature. All dilutions were
made in a solution of PBS (pH 7.4) which contained 1%
normal donkey serum. Sections were reacted with hydrogen
peroxide in the presence of DAB.

Protocol 2. Sections obtained from the animal perfused
with fixative 2 were rinsed in PBS. They were reacted with
1% sodium borohydride in PBS for 30 min and then washed
extensively in PBS. Sections were transferred to 1% normal
goat serum in PBS for 1 h and subsequently incubated in
rabbit anti-5-HT antiserum (Incstar Ltd) diluted to 1:20,000
for 18 h at room temperature. Following three rinses in PBS,
sections were placed in biotinylated goat anti-rabbit anti¬
serum (Vector) diluted to 1:200 for 1 h. The primary
antiserum and goat anti-rabbit serum were diluted in PBS
containing I % normal goat serum. After further rinsing in
PBS, sections were reacted with avidin-biotin complex
(Vector Elite) diluted in PBS according to the manufac¬
turer's instructions. Sections were reacted with hydrogen
peroxide in the presence of DAB and the reaction product
was intensified with cobalt chloride.1

Sections obtained from both series of experiments were
postfixed in 1% osmium tetroxide, dehydrated and flat
embedded in resin between acetate sheets.20 En bloc staining
was performed by including 1% uranyl acetate in the 70%
ethanol solution used for dehydration.

Combined light and electron microscopic analysis
Sections embedded in resin were viewed with a light

microscope and examined for contacts between immuno-
reactive fibres and DSCT cells. The contacts were pho¬
tographed and drawn. Areas of sections containing these
contacts were then attached to resin blocks (see Ref. 20) and
cut with an ultramicrotome. Serial sections were gathered on
Formvar-coated single slot grids and viewed without further
staining. Labelled structures were examined through series
of 40-80 sections. Appositions between immunoreactive
boutons and DSCT cells were examined through these series
and were classified as synapses if a synaptic cleft could be
identified and vesicles were aligned at the cleft in the
5-HT-immunoreactive structure. Synaptic densities were
usually present but were often difficult to identify as a
consequence of the presence of DAB reaction product; this
was a particular problem when identifying synapses on
strongly labelled dendritic profiles.

RESULTS

Sections prepared according to protocol 1 dis¬
played a weak immunoreaction for 5-HT and im¬
munoreactive fibres were labelled only to a depth of
approximately 5/tm from the surface. Nevertheless,
it was possible to identify a number of contacts
between immunoreactive axons and DSCT cells. In
sections prepared according to protocol 2, the im¬
munoreaction was much more intense and penetrated
the entire section (Fig. 1A). Contacts were observed

on intermediate (Fig. IB, C) and proximal (Fig. 2D,
E) parts of dendrites of DSCT cells and on somata
(Fig. 2A) of all four cells processed according to this
protocol.

Electron microscopy
The ultrastructural preservation of tissue prepared

by protocol 2 was superior to protocol 1. Although
synapse-like contacts were seen on cells processed
according to protocol 1, disruption of the tissue made
these contacts difficult to assess. Two cells prepared
by protocol 2 were therefore chosen for more detailed
analysis.

One cell was lightly labelled with DAB reaction
product (Fig. 2); this was a particular advantage as

synaptic junctions could be assessed easily since DAB
reaction product did not obscure postsynaptic el¬
ements of junctions. At the light microscopic level, it
was possible to visualize numerous contacts between
serotoninergic varicosities and the soma of the cell
(Fig. 2A). Twenty of these contacts were analysed
through serial sections with the electron microscope
and all of them formed synapses with the DSCT
neuron (Fig. 2). Boutons forming axosomatic
synapses ranged in diameter from 3 to 0.5 ^m and
often contained a mixture of granular and agranular
vesicles (Fig. 2C). The synaptic junctions were usually
small (<0.2/7m) in length and only occupied a
fraction of the apposition at the site of contact.
Serotoninergic boutons formed only one synaptic
junction with the DSCT cell and did not make
additional synapses with adjacent structures.

The second cell had well-labelled distal dendrites
and contained a greater density of reaction product
than the first cell. Nevertheless, it was possible to
differentiate between immunoreactive structures and
the cell without much difficulty, because the immuno¬
reactive structures contained reaction product which
was intensified with cobalt and this was darker than
the reaction product associated with the cell
(Fig. 3A). Eight contacts on proximal and intermedi¬
ate regions of dendrites were found to form synapses
when examined with the electron microscope
(Fig. 3B, C). The 5-HT-immunoreactive boutons on
dendrites had similar morphological characteristics to
those described above. Contacts were not observed
on the most distal dendritic branches, i.e. those less
than 3 jim in diameter.

DISCUSSION

Our confocal microscopic study of contacts be¬
tween DSCT cells and 5-HT-immunoreactive axons14
provided quantitative data concerning the numbers
and locations of contacts on the cell bodies and
dendritic arbours of DSCT cells. Although it was
clear that such contacts were abundant, it was not
possible to conclude that contacts represented synap¬
tic connections. In this study we have shown that

NSC 70/1—I
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Fig. 3. Electron micrographs illustrating synapses between 5-HT-immunoreactive boutons and an
intermediate dendritic branch of a DSCT cell. A shows a section through the dendrite. Note the dense
DAB reaction product within the dendrite. Two 5-HT-immunoreactive boutons in apposition to the
dendrite are indicated by arrows B and C. B and C show the boutons at higher magnifications in serial
sections. The inset in C is taken from another section in the series and shows more details of the region
of synaptic apposition. Arrowheads indicate postsynaptic densities. Scale bars = 1 (A); 0.5 /im (B, C).

many 5-HT-immunoreactive varicosities form synap¬
tic junctions with DSCT cells. It is likely, therefore,
that most of the contacts we observed with the

confocal microscope were synapses and it may be
concluded that 5-HT modulates the activity of DSCT
neurons by direct postsynaptic actions. It has been

Fig. 2. Correlated light and electron microscopy of contacts between 5-HT-immunoreactive boutons and
the soma of a DSCT cell. A shows a light micrograph of the soma of the cell; a contact is indicated by
the arrow. B is an electron micrograph of the same cell. Note that the DAB reaction product within the
cell is very weak, but the capillary indicated by an asterisk in A and B can be used as a reference point.
The area within the box corresponds to the region of contact indicated by the arrow in A. The boxed
area is shown at higher magnification in C. The inset in C shows the region of synaptic contact between
the bouton and the cell, and is taken from another section in the series. Arrowheads indicate postsynaptic
densities. Note the dense-core vesicles (white asterisks) contained within the bouton. Scale bars = 10 /(m

(A, B); 0.5 /im (C).
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suggested that 5-HT operates in the dorsal horn
through a non-synaptic "volume transmission"12 type
of mechanism, since many 5-HT-containing varicosi¬
ties in this region do not form obvious synaptic
junctions with other structures.19,21'22 Although we
cannot exclude the possibility that 5-HT influences
the activity of DSCT neurons indirectly through such
a mechanism, our observations indicate that at least
some of its effects are mediated through conventional
synapses.

The 5-HT-immunoreactive boutons on DSCT cells
were similar in appearance to those described in
previous ultrastructural studies of the dorsal
horn.1719"21,25 Synaptic junctions weie small and many
boutons contained a mixture of granular and agran¬
ular vesicles. It is likely that granular vesicles are
storage sites for peptides,7-26 and the presence of such
vesicles suggests that 5-HT is co-localized with pep¬
tides in some terminals on DSCT neurons. It is
known that certain peptides, including substance P,
galanin, thyrotrophin-releasing hormone and calci¬
tonin gene-related peptide,2-616,23 are co-localized with
5-HT in brainstem neurons which project to the
spinal cord, and 5-HT may therefore be released at
some synapses on DSCT neurons, along with a
peptide co-transmitter which could modulate its
effects at these synapses.

Functional considerations

Ionophoretic application of 5-HT and the 5-HT1A
agonist, 8-hydroxy-2-(d 1 -n-propylamine)-tetralin,
has two distinct actions on DSCT neurons;13 it pro¬

foundly depresses the synaptic actions of group II
muscle afferents but facilitates the actions of low-
threshold cutaneous afferents. 5-HT appears to alter
the balance of input to the DSCT from these two
types of primary afferent, but the precise mechanism
of this is far from clear. The high concentrations of
serotoninergic synapses on the cell bodies and den¬

drites of DSCT neurons would place them in a good
location to modulate the actions of group II primary
afferent fibres on DSCT neurons, as monosynapti-
cally evoked excitatory postsynaptic potentials from
group II muscle afferent fibres are primarily gener¬
ated in this region.10 It would be anticipated that
serotoninergic synapses operating through 5-HT1A
receptors would profoundly depress group II synaptic
activity. However, it is not obvious how 5-HT acting
through such receptors (which are generally associ¬
ated with inhibition in the dorsal horn5,11) would
facilitate the cutaneous input to DSCT neurons and
it is likely that these facilitatory effects involve other
receptors in addition to the 5-HTIA type. It will not
be possible to determine to what extent the synaptic
contacts found in this study are involved in the
excitatory or inhibitory actions of 5-HT on DSCT
neurons until more information is available about the
locations and types of 5-HT receptors on these
neurons.

Finally, many dorsal horn DSCT neurons have
collateral axons which project to nucleus Z in the
medulla in addition to the main projection to the
cerebellum.3 Nucleus Z is believed to be a relay
nucleus which conveys information via the thalamus
to the cortex and it is likely that this pathway has an

important role in proprioception.10 5-HT therefore
not only modulates transmission of information from
group II muscle afferents from the spinal cord to the
cerebellum, but may also modify the flow of infor¬
mation from this class of afferent to the cerebral
cortex.
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ceptive pathway. We examined dhDSCT cells for NK-1
receptor immunoreactivity and investigated the relation¬
ship between these cells and SP-immunoreactive fibres
with a confocal laser scanning microscope.

2. Materials and methods

Six adult Sprague-Dawley rats (250-350 g) of either
sex were used in these experiments. The animals were
anaesthetized with a mixture of ketamine (73 mg/kg) and
xylazine (7.4 mg/kg) which was delivered by intraperi¬

toneal injection. When the animals were deeply anaes¬
thetized, the head was fixed in a stereotaxic frame and
unilateral (in experiments where sagittal sections were
taken) or bilateral injections of the B subunit of cholera
toxin (CTb; List Biological Laboratories Inc.) were made
in the cerebellum at —2.4 mm from the interaural line in
the anterior-posterior plane (see [32]). A 1% solution of
CTb in sterile water was delivered by pressure injection
through glass micropipettes. Two injection sites were made
on each side (at midline +2, +3 and -2,-3 mm), and
in each injection site 100 nl of CTb was injected at three
levels (at +4, +4.5, +5 mm above the interaural plane).

Fig. 1. Drawings illustrating bilateral (A) and unilateral (B) injection sites in the cerebellum. The black areas represent tracks made by the micropipettes
and the shaded areas represent the extent of spread of reaction product. Note that this is confined to the cerebellum or cerebellar nuclei. 4V, 4th ventricle;
DC. dorsal cochlear nucleus; icp, inferior cerebellar peduncle; g7, genu of facial nucleus; Int, interposed cerebellar nucleus; Lat, lateral cerebellar nucleus;
PFI, paraflocculus; Py, pyramidal tract; sp5, spinal trigeminal tract.
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The animals recovered from the anaesthetic within a few
hours and did not show signs of distress as a consequence
of this procedure.

Following a survival period of 5 days, animals were
anaesthetised for a second time with 1 ml sodium pento¬
barbital (60 mg/ml) and were perfused intracardially with
a rinsing solution, followed by 500 ml of a fixative which
consisted of 4% formaldehyde in 0.1 M phosphate buffer
(pH 7.4). Segments T13-L3 were removed from the spinal
cord and, along with the cerebellum and brainstem, were
placed in the same fixative for a further 2 h. Spinal
segments were then rinsed in phosphate-buffered saline
(PBS) and sections (50 p.m thick) were cut with a Vi-
bratome. Segments from four of the animals were cut in
the transverse plane and segments from two animals were
cut sagittally. Initially, sections were incubated in 10%
normal donkey serum diluted in 0.3% Triton X-100 for 1
h. This was followed by an overnight incubation in a
solution containing the following primary antisera: goat
anti-CTb (1:5000; List Biological Laboratories Inc.); rabbit
anti-NK-lR (1:10000; a gift from Dr. S.R. Vigna [35]) and
rat anti-SP (1:400; Biogenesis Ltd.). Following rinsing in
PBS, the sections were transferred for 1 h to a solution
which contained the following secondary antibodies (ob¬
tained form Jackson ImmunoResearch): donkey anti-goat
IgG coupled to lissamine-rhodamine (LRSC; 1:100), bio-
tinylated donkey anti-rabbit IgG (1:500) and donkey anti-rat
IgG coupled to cyanine 5.18 (Cy-5; 1:400). The sections
were rinsed again in PBS and placed in streptavidin-

fluorescein (FITC; 1:10000; Vector Laboratories) for 1 h
in the same diluting solution. All dilutions were made in
PBS containing 5% normal donkey serum with 0.3% Tri¬
ton X-100. Finally, sections were rinsed again in PBS,
mounted on glass slides with Vectashield (Vector Labora¬
tories) antifade mounting medium and stored in a freezer
( —20°C) until required.

Blocks prepared from the cerebellum and brainstem
containing injection sites were sectioned in the coronal
plane (90 p,m) with a Vibratome. Sections were incubated
in goat anti-CTb (1:50,000; List Biological Laboratories
Inc.) overnight. They were washed in PBS and placed in
biotinylated horse anti-goat (1:200; Vector Laboratories)
for 1 h and were washed again before incubation for a
further hour in avidin coupled to horseradish peroxidase
(1:1000; Sigma). All dilutions were made in PBS contain¬
ing 5% normal goat serum with 0.3% Triton X-100 and
sections were agitated during incubations. Sections were
reacted with nickel intensified-3,3'-diaminobenzidine, de¬
hydrated, mounted and examined with dark-field mi¬
croscopy. Injection sites were drawn and photographed.

Spinal cord sections were examined with a Bio-Rad
1024 confocal laser scanning microscope with a krypton-
argon laser which produced wavelengths at 488, 568 and
647 nm which optimally excite FITC, LRSC and Cy-5,
respectively. Labelled dhDSCT neurons were identified
according to their distinct location in the reticulated region
of lamina V (Fig. 2; see [16,27]). Other cells belonging to
the dorsal spinocerebellar tract (DSCT) were present in

T13-L1 L2-L3

segments Tjj-Lj (A) and L2-L3 (B). Filled circles indicate the locations of NK-l-immunoreactive cells and empty circles are cells which were not
immunoreactive. The extent of Clarke's column is shown by the shaded area in A.
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Clarke's column and cells of the ventral spinocerebellar
tract (VSCT) were present in the ventral grey matter. The
locations of dhDSCT cells were mapped from transverse

sections on composite outline diagrams directly from the
visual display monitor of the confocal microscope by using
a X2.5 objective to gather images at low magnifications.
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Fig. 4. A pair of confocal microscopic images illustrating two dhDSCT cells labelled with CTb (A) and their relationship with NK-1 immunoreactivity (B).
Cell 2 clearly exhibits immunoreactivity for the receptor, whereas cell 1 is not associated with receptor immunoreactivity. A dendrite of cell 2 can be
followed for a considerable distance (arrows in B). Compressed images made from four optical sections (i.e. a total thickness of 1.5 pm) in the transverse
plane. Scale bar = 50 pm.

Cells were then examined with a X60 oil-immersion

objective. Sections were scanned sequentially with the
three wavelengths and series of images which consisted of
10-20 single optical sections were collected at 0.5-gm
intervals through each of the cells examined. The relation¬
ship between dhDSCT cells, immunoreactivity for the
NK-1 receptor and SP-immunoreactive profiles was as¬
sessed by merging the three images obtained at each
optical plane. Compressed images comprising of 4 to 8
merged optical sections were also examined; on some
occasions, compressed images were rotated and viewed

from several angles. Cells from the other components of
the spinocerebellar tract (Clarke's column DSCT cells and
VSCT cells) were also examined for NK-1R immuno¬

reactivity.

3. Results

Injection sites from all six animals were examined with
dark-field microscopy. All injection sites were confined to
the cerebellum and cerebellar nuclei. Reaction product was

Fig. 3. Confocai microscopic images of immunoreactivity for the NK-1 receptor (A and C) and CTb-labelled dhDSCT cells (B and D) in transverse
sections. A and B are a pair of compressed images made from eight optical sections (i.e., a total thickness of 3.5 pm). The dhDSCT cell exhibits strong
immunoreactivity for the NK-1 receptor which is present mostly on the plasma membrane of its cell body and dendrites. C and D are also compressed
images made from six optical sections (i.e. a total thickness of 2.5 pm). This cell has an apical dendrite which is immunoreactive for NK-1 (arrows). The
dendrite can be followed for a considerable distance and some of the distal branches are strongly immunoreactive. Scale bars = 50 pm.
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seen surrounding injection sites; this did not extend to the
brainstem (Fig. 1).

Forty-eight dhDSCT cells were examined in transverse
sections and 23 of them clearly displayed NK-1 receptor
immunoreactivity (Fig. 2). The immunoreaction was asso¬
ciated with the plasma membranes of cells and could be

detected on cell bodies and dendrites (Fig. 3A,B). It was
often possible to follow NK-lR-immunoreactive dendrites
for several hundreds of microns (Fig. 3C,D). Spinocerebel¬
lar tract cells which were not NK-lR-immunoreactive, or

very weakly immunoreactive, were seen in the same opti¬
cal sections as dhDSCT cells which displayed strong posi-

w * * * y

fc ★

/
Fig. 5. Compressed three-colour merged images made from six optical sections (i.e., a total thickness of 2.5 p.m) in the sagittal plane showing the
relationship between NK-lR-immunoreactive dhDSCT cells (★) and SP-immunoreactive profiles. A: two dhDSCT cells appear as red and NK-1
immunoreactivity is shown in green. Many SP-immunoreactive profiles (blue profiles) are present in lamina V in the vicinity of labelled dhDSCT cells:
some of these are quite large (arrows). B: at higher magnifications, small SP-immunoreactive profiles can be seen to form contacts (arrows) with the cells,
but many SP-immunoreactive fibres located in the vicinity of the cells do not form contacts. C: an unidentified NK-lR-immunoreactive dendritic profile
receives multiple contacts from SP-immunoreactive axons (arrows). A dendrite of a NK-lR-immunoreactive dhDSCT cell is also present (★), but is not
associated with SP-immunoreactive profiles. Scale bars: (A) = 25 p.m; (B) = 25 p.m; (C) = 10 p,m.
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tive immunoreactions (Fig. 4). Cells belonging to the
ventral spinocerebellar tract and those in Clarke's column
were always negative for NK-1R immunoreactivity.

Numerous well-labelled SP-immunoreactive axons were

observed in lamina V and some of them formed contacts

with NK-lR-immunoreactive dhDSCT cells (Fig. 5A,B).
Rotation of compressed images confirmed that these con¬
tacts were genuine as SP-immunoreactive profiles were
seen to be closely applied to the plasma membranes of
NK-lR-immunoreactive cells when viewed from several

angles. However, most of the NK-lR-immunoreactive
plasma membrane of dhDSCT cells was not apposed by
SP-immunoreactive profiles (Fig. 5B) and the number of
SP-immunoreactive profiles contacting these dhDSCT cells
was often small when compared with other NK-lR-im¬
munoreactive profiles in lamina V (Fig. 5C). Cell bodies
and proximal dendrites of 10 NK-lR-positive dhDSCT
cells were examined through series of merged optical
planes and the average number of contacts was found to be
one per micron of depth in the Z plane. Cells were also
examined in sagittal sections to determine if contacts were
concentrated on distal dendrites of NK-lR-labelled dhD¬
SCT cells which are more easily visualized in the rostro-
caudal plane, but few contacts were observed.

4. Discussion

4.1. Immunoreactivity for the neurokinin-1 receptor

Our observations show that a subpopulation of dhDSCT
cells (approximately 50%) express immunoreactivity for
the NK-1 receptor. It is likely, therefore, that the activity
of these cells is influenced by substance P which is the
preferred ligand for this receptor [14,20]. Dorsal horn
DSCT cells were also observed which were negative for
NK-1R immunoreactivity. Cells with strong immuno¬
reactivity for NK-1R were located in the same optical
sections as these cells, thus it is probable that these
immunonegative cells do not express the receptor or only
express it at levels which were not detected by the meth¬
ods used in this study. The absence of the NK-1 receptor
does not necessarily imply, however, that SP has no effect
on these neurons; SP binds to the NK-1 receptor with high
affinity, but also binds with low affinity to NK-2 and
NK-3 receptors which are expressed by cells in the grey
matter of the cord [14,20] and may have weak effects
which are mediated through these receptors. It was also
often noted that the strength of the NK-1R immunoreac-
tion associated with dhDSCT cells was variable; some

cells exhibited very strong reactions, whereas others, which
were present in the same optical sections as strongly
immunoreactive cells, displayed weak reactions. It is well
known that NK-1 receptor expression is up-regulated in
response to injury or inflammation [1,34] and it is likely
that variation in the strength of the immunoreaction may

reflect up-regulation or down-regulation of receptor pro¬
duction [1]. The receptor appears to be particularly labile
and is known to change its cellular location as a conse¬
quence of interaction with SP; Mantyh et al. [26] demon¬
strated that the pattern of NK-1R immunoreactivity associ¬
ated with lamina I and lamina IV cells in rats was substan¬

tially altered following capsaicin injections or pinching of
the hindpaws.

4.2. Relationships between axons containing substance P
and neurokinin-1 receptors

The evidence discussed above implies that NK-lR-posi-
tive dhDSCT cells belong to a particular population of
cells which can be influenced by SP acting through the
NK-1 receptor. Some substance P-containing axons were
found to form contacts with NK-lR-immunoreactive dhD¬
SCT cells. It is not known if such contacts are synaptic
but, if this is so, then SP may act directly on this popula¬
tion of neurons.

Almost the entire surface of the cell bodies and den¬

drites of NK-lR-positive dhDSCT neurons displayed im¬
munoreactivity for the receptor. Many substance P-im-
munoreactive fibres were seen in close proximity to these
cells, but only a small proportion of them formed contacts.
It is possible that the SP released from fibres in proximity
to dhDSCT cells could influence activity of neurons which
express NK-1 receptors through a non-synaptic or 'volume
transmission' type of mechanism [13]. It is known that
prolonged noxious stimulation or inflammation of the skin
causes release of SP, which can be detected with

antibody-coated microprobes throughout the superficial
dorsal horn and often also in the deep dorsal horn [7,8].
The diffusion of SP through the dorsal horn is enhanced if
enzymatic degradation of SP is prevented by peptidase
inhibitors [9] and it is likely that this enhancement occurs

naturally as calcitonin gene-related peptide, which is co-re-
leased from primary afferent fibres with SP, retards the
degradation of SP [19], Furthermore, Liu et al. [23] have
shown that only a fraction of NK-lR-immunoreactive neu¬
ronal plasma membranes of dorsal horn neurons are ap¬
posed by SP-immunoreactive synaptic boutons and that the
receptor is predominantly situated at non-synaptic regions
of somata and dendrites. This evidence implies that the
receptor may operate at non-synaptic sites on the plasma
membrane.

The origin of SP axons in lamina V is obscure. Some of
them are likely to be the terminals of primary afferent
fibres. Most of the unmyelinated C fibres which contain
SP terminate in the superficial dorsal horn [15,17,24] but
many fine myelinated (AS) primary afferent fibres project
to lamina V [21] and some of these may contain SP [28].
Substance P-containing fibres could also originate from
brainstem neurons which contain both SP and serotonin.
Substance P is co-localized with serotonin in a small
number of axons in lamina V [37], Large numbers of
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serotonin-containing axons form contacts with dhDSCT
cells [16] and some of these may co-contain SP. A third
source of SP axons is cells in lamina V and other regions
of the dorsal horn which are immunoreactive for SP [24]
and express mRNA encoding SP [36].

The effect of SP on dhDSCT neurons has not been

investigated to date, but ionophoretic studies show that its
principal action on unidentified dorsal horn neurons is a

prolonged depolarization [29,38], Ionophoresis of SP or
NK-1 agonists may also produce a selective reduction of
the response to light tactile stimuli by multireceptive cells
in the deep dorsal horn [11,12] and, since dhDSCT cells
receive input from low-threshold cutaneous afferents [10],
it is possible that SP has a similar action on this group of
cells. Substance P predominantly modulates the activity of
dorsal horn nocireceptive neurons [6,20], but it does not
operate exclusively upon nociceptive systems and is also
known to facilitate sympathetic preganglionic neurons in
the intermediolateral column and motor neurons in the

ventral horn [3,18,33]. The present report provides evi¬
dence that SP may also influence transmission through a
pathway which conveys information from muscle afferents
and low-threshold cutaneous afferents to the cerebellum

[10] and, probably, also to the cerebral cortex [2]. Cells
belonging to the Clarke's column component of the DSCT
and VSCT neurons did not exhibit immunoreactivity for
the NK-1 receptor and activity of the dhDSCT pathway
may be selectively modulated by SP. Dorsal hom DCST
cells differ from Clarke's column DSCT neurons and
VSCT neurons in that they do not receive input from
group I afferents, but are powerfully excited by group II
muscle and cutaneous afferents [10]. In addition, these
cells have convergent inputs from several muscle and
cutaneous nerves and it is likely that the integration of
these diverse inputs provides information about the move¬
ments or the position of entire limbs rather than the
condition of individual muscles or joints [10]. The pres¬
ence of NK-1R on dhDSCT cells suggests that this infor¬
mation may be modified by the action of SP.
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A CONFOCAL MICROSCOPIC SURVEY OF
SEROTONINERGIC AXONS IN THE LUMBAR SPINAL

CORD OF THE RAT: CO-LOCALIZATION WITH
GLUTAMATE DECARBOXYLASE AND NEUROPEPTIDES
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Abstract—Patterns of co-localization of serotonin with glutamate decarboxylase (the synthetic enzyme for
GABA) or each one of eight neuropeptides (calcitonin gene-related peptide, dynorphin, enkephalin,
galanin, neuropeptide Y, neurotensin, substance P and somatostatin) were investigated with dual-colour
confocal laser scanning microscopy in the lumbar spinal cords of three adult rats. Four regions of the gray
matter were studied (laminae I—II, V, IX and X). The extent of co-localization was estimated by direct
assessment of merged pairs of optical sections and by automated image analysis. Co-localization of
serotonin and glutamate decarboxylase was found only in a few axons of laminae I—II but was not
detected in other laminae. Peptides were not co-localized with serotonin in the superficial dorsal horn but
considerable co-localization was found in motor nuclei and sparse co-localization was found in laminae V
and X. Galanin and substance P frequently co-existed with serotonin in lamina IX but some co-
localization with dynorphin, somatostatin, [Met]enkephalin and neuropeptide Y was also detected.
Galanin, substance P and dynorphin were also co-localized with serotonin in a few axons of the deep
dorsal horn and in the gray matter around the central canal. Neurotensin and calcitonin gene-related
compound did not co-exist with serotonin in any of the laminae investigated.

This evidence suggests that di erent populations of serotoninergic axons project to di erent regions of
the spinal gray matter. Those containing glutamate decarboxylase terminate in the superficial dorsal horn
and are likely to be involved in antinociception. whereas those containing peptides terminate principally
in motor nuclei and are likely to modulate motor activity. Copyright © 1996 IBRO. Published by Elsevier
Science Ltd.

Key words: 5-hydroxytryptamine, GABA, bulbospinal axons, co-existence, immunofluorescence, image
analysis.

Serotonin (5-HT) has various actions on the
activity of neurons in the spinal cord. It selectively
inhibits neurons in the dorsal horn10-11-17-20,24 but
facilitates synaptic activity of a-motor neurons.22,23
Serotoninergic axons in the cord originate from
raphe nuclei (magnus, pallidus and obscurus) and
the nucleus paragigantocellularis in the brain¬
stem.5'6,8'9,43 Certain populations of medullary sero¬

toninergic neurons contain the inhibitory
neurotransmitter GABA3,27,32,33'37,44 or neuro¬

peptides',2,5-7,14,26,27,30,31,34,35,38,39 which include
substance P (SP), galanin, enkephalin (ENK), thyro-
tropin-releasing hormone, somatostatin and calcitonin
gene-related peptide (CGRP). Tract-tracing studies
have shown that a proportion of these
neurons project to the spinal cord.5-7,14,26,34,35,38,39

*To whom correspondence should be addressed.
Abbreviations: 5-HT, serotonin (5-hydroxytryptamine);

CGRP, calcitonin gene-related peptide; ENK, enkepha¬
lin: FITC, fluorescein isothiocyanate; GAD. glutamate
decarboxylase; LRSC, lissamine-rhodamine sulphonyl
chloride: NPY, neuropeptide Y; PBS. phosphate-bu ered
saline; SP, substance P.

However, there is disagreement about the extent of
co-localization of GABA or its synthetic enzyme,

glutamate decarboxylase (GAD), with 5-HT, and
estimates suggest that between 4 and 40% of neu¬
rons of the nucleus raphe magnus (the B3 cell group
of Dahlstrom and Fuxe16) contain both transmit¬
ters.27,33,44 Cells containing GABA and 5-HT
project to the spinal cord32 but, in view of the
considerable variation in estimates of numbers of
these cells, it is uncertain whether these projections
are significant. There is greater agreement about
patterns of co-existence of peptides with 5-HT in
cell bodies of medullary neurons but much of this
knowledge was obtained from studies where colchi¬
cine was used to block axonal transport. Colchicine
is known to have e ects on protein synthesis15,42
and the production of peptides could have been
altered by this treatment. Therefore information
about co-existence obtained from experiments
where colchicine was used must be regarded as
unreliable.

The most satisfactory method of demonstrating
co-localization is to show that a single axon terminal
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contains two or more transmitters (e.g., see Ref.
46). Few studies have attempted to determine the
peptide content of 5-HT-immunoreactive axons in
the spinal cord2,39'45"48 and no information is
apparently available about co-localization of 5-HT
and GABA in spinal axons. The present study was
undertaken to rectify these gaps in the knowledge.
We used two-colour confocal laser scanning
microscopy to investigate co-existence of 5-HT with
GAD or each of the following neuropeptides: SP,
galanin, [Met]ENK, somatostatin, CGRP,
dynorphin-A, neuropeptide Y (NPY) and neuro¬

tensin, in axons of rat L4 spinal segments. This
approach has considerable advantages over stan¬
dard dual-colour immunofluorescent methods.12
Firstly, immunofluorescent axons can be examined
in single thin optical sections and images of axons
which display immunofluorescence for two trans¬
mitters can be viewed simultaneously in the same

optical plane. This facilitates the assessment of co-
localization and enables data to be collected for

quantitative image analysis. This is particularly rel¬
evant to the superficial dorsal horn where it is
di cult to investigate the extent of co-localization
by conventional dual-colour immunofluorescence
because of the presence of high concentrations of
immunofluorescent profiles. Secondly, by using
appropriate excitation wavelengths and filter combi¬
nations in combination with sequential gathering of
images, problems of bleed-through fluorescence (i.e.
cross-talk) between fluorophore signals can be elimi¬
nated. Profiles can erroneously be interpreted as
double labelled, if steps are not taken to eliminate
bleed-through fluorescence. In addition, by scanning
tissue with a point of light, fading of the fluoro¬
phore signal occurs very gradually and little of the
signal is lost. This enables a large amount of data
to be gathered from a relatively small number of
sections.

EXPERIMENTAL PROCEDURES

Three young adult (250 g) male Albino Swiss rats (ob¬
tained from the colony of the Laboratory of Human
Anatomy, University of Glasgow) were used in the present
study. They were deeply anaesthetized with sodium pento¬
barbital and perfused with a rinsing solution, followed by
500 ml of fixative which consisted of 4% formaldehyde in
0.1 M phosphate bu er (pH 7.4). The L4 segments were
removed from the spinal cord and placed in the same
fixative for a further 2 h. Segments were rinsed in
phosphate-bu ered saline (PBS) and transverse sections
(50-pm thick) were cut with a Vibratome. Sections were
initially placed in 10% normal donkey serum with 0.3%
Triton X-100 in PBS (pH 7.4) for 30 min at room tempera¬
ture. They were incubated overnight at room temperature in
a diluting solution which consisted of 5% normal donkey
serum and 0.3% Triton X-100 in PBS containing a 1 :200
dilution of rat anti-5-HT antiserum (Eugene Tech.) and one
of the following antisera diluted to 1 : 500: goat anti-GADJI
(kindly supplied by Dr M. L. Tappaz). rabbit anti-
neurotensin, rabbit anti-somatostatin, rabbit anti-NPY,
rabbit anti-methionine-ENK, rabbit anti-dynorphin A, rab¬
bit anti-SP, rabbit anti-galanin (all obtained from Peninsula

Laboratories), or rabbit anti-CGRP (A niti). The next day,
sections were rinsed in PBS and placed for 1 h at room
temperature in diluting solution containing biotinylated
donkey anti-rat IgG (1 :500) and either lissamine-
rhodamine sulphonyl chloride (LRSC) donkey anti-goat
IgG at 1 : 100 (for sections incubated in anti-GAD serum)
or LRSC anti-rabbit IgG at 1 : 100 (for sections incubated
in anti-peptide serum). These were obtained from Jackson
ImmunoResearch. Sections were washed for a further
period in PBS and placed for 1 h at room temperature in
diluting solution containing avidin-fluorescein isothio-
cyanate (FITC; 1 : 5000; Vector Laboratories). Finally, they
were washed again in PBS, mounted on glass slides with
Vectashield antifade medium (Vector) and stored at — 20°C
until required.

The following control experiments were also performed.
(1) Sections were processed according to the protocol above
except that anti-peptide/GAD or anti-5-HT antiserum was
omitted. (2) Sections were incubated with peptide primary
antisera which were preadsorbed with 1 and 5 pg/ml of the
appropriate peptide (obtained from Sigma) for 1 h before
use.

Sections were examined with a Bio-Rad 1024 confocal
laser scanning microscope mounted on a Nikon Optiphot
II. They were viewed initially at low magnifications with
dark-field illumination and the laminae of the spinal gray
matter were identified according to the criteria of Molander
et al.*6 Four regions were chosen for analysis: laminae I—II,
lamina V, lamina X, and lamina IX. Images from these
regions were obtained with a X60 oil-immersion lens. The
microscope was equipped with a krypton-argon laser which
produced wavelengths of 488 nm and 568 nm which opti¬
mally excite FITC and LRSC, respectively. Images were
gathered sequentially to avoid problems of cross-talk and
were scanned from an area which measured 107 x 107 pm.
Series of images (Z-series) which consisted of five pairs of
optical sections were gathered at increments of 0.5 pm from
the four regions of gray matter for all nine conditions (i.e.
GAD plus eight peptides); this was repeated for all three
animals. Thus 480 pairs of optical sections were gathered in
total.

The data were assessed in the following two ways.

(1) Estimates of the extent of co-localization for each
peptide or GAD with 5-HT were obtained by merging
pairs of optical sections (Table 1). The amount of
co-localization was assessed directly from the visual
display monitor by estimating the numbers of yellow
profiles in red (GAD or peptide) and green (5-HT)
images which had been merged (see Fig. 1); if half, or
more than half, of the 5-1 IT profiles appeared yellow,
co-localization was judged to be strong, if a quarter
were yellow, co-localization was judged to be moderate
and if only a small number of yellow profiles was
present, co-localization was judged to be weak. When
no yellow profiles were present, co-localization was
judged to be absent. Merged images were also exam¬
ined through Z-series to gain a three-dimensional
impression of the relationships between immuno-
reactive fibres.

(2) Images obtained from Z-series were analysed with a
Kontron KS400 image analysis system. The analysis
programme used the first, third and fifth pairs of
images from each Z-series. Initially, they were con¬
verted into binary images and filtered to extract very
small profiles (less than 2 pixels) to detect fluorescent
varicosities. The programme calculated the area occu¬
pied with immunoreactivity for 5-HT and peptides or
GAD. Images were then merged by the programme;
areas of 5-HT profiles which were masked by peptide
or GAD-immunoreactivc profiles were expressed as a
percentage of the total area of 5-HT immunoreactivity,
and the areas of peptide or GAD-immunoreactive
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Table 1. Co-localization of eight peptides and glutamate decarboxylase with serotonin
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Direct examination Computer analysis
Peptide or GAD Region Co-localization % 5-HT % Peptide/GAD

GAD I-II + 24.08 1.02
GAD V 0 6.82* 0.19
GAD X 0 0.74 0.05
GAD IX 0 1.03 0.36
NT I-II 0 2.47 0.47
NT V 0 0.04 0.35
NT X 0 0.24 1.01
NT IX 0 0.03 2.86
SOM I-II 0 0.83 0.15
SOM V 0 0.33 0.75
SOM X 0 0.65 0.21
SOM IX + 1.98 18.03
NPY I-II 0 2.45 0.50
NPY V 0 1.45 0.82
NPY X 0 0.61 0.33
NPY IX + 3.37 26.23
ENK I-II 0 2.07 0.42
ENK V 0 3.50 0.89
ENK X 0 2.75 0.48
ENK IX + 5.65 8.80
DYN I-II 0 2.21 0.38
DYN V + 6.50 1.25
DYN X + 8.45 2.57
DYN IX ++ 17.92 34.93
SP I-II 0 4.20 1.24
SP V ++ 25.09 5.47
SP X ++ 24.96 8.24
SP IX +++ 63.12 56.67
CGRP I-II 0 9.71* 0.77
CGRP V 0 1.74 0.66
CGRP X 0 0.42 0.32
CGRP IX 0 0.29 3.83
GAL I-II 0 3.29 0.82
GAL V ++ 28.32 21.28
GAL X + 7.97 5.56
GAL IX +++ 42.98 85.68

The data in this table were obtained by direct inspection or by automated computer analysis of
pairs of optical sections obtained from three rats. Direct analysis was performed by merging
pairs of single optical sections: 0, no co-localization; +, weak co-localization; ++, moderate
co-localization; +++, strong co-localization. Image analysis was performed with a Kontron KS
400 system: % 5-HT, area of 5-HT immunofluorescence masked by immunofluorescence for
GAD or a peptide expressed as a percentage of the total area of 5-HT immunofluorescence; %
peptide/GAD, area of peptide/GAD immunofluorescence masked by immunofluorescence for
5-HT, expressed as a percentage of the total area of peptide/GAD immunofluorescence. Each
figure is the average of nine readings (three from each of the animals). DYN, dynorphin-A;
GAL, galinin; NT, neurotensin; SOM, somatostatin.

♦These figures are at variance with estimates obtained by direct inspection and it is probable that
they reflect regions of apposition formed by 5-HT-immunoreactive profiles rather than co-
localization.

profiles which were masked by 5-HT-immunoreactive
profiles were expressed as a percentage of the total area
of peptide/GAD immunoreactivity. Figures for the
three pairs of images from each of the three animals
(i.e. nine pairs of images in total) were then averaged
(Table 1).

RESULTS

The results obtained in this study are summarized
in Table 1. In most cases, direct assessment of
co-localization was confirmed by quantitative esti¬
mates and vice versa. There were some discrepancies
between the two approaches and reasons for these
will be discussed below.

Co-localization of glutamate decarboxylase with
serotonin

Direct inspection of merged pairs of images
revealed that a small number of profiles in laminae I
and II contained immunoreactivity for both transmit¬
ters (see Fig. 1A). Such profiles were particularly
prominent in lamina I. Quantitative analysis indi¬
cated that approximately 25% of 5-HT fibres in
superficial laminae contained GAD, but these fibres
represent only a very small percentage of the total
number of GAD-immunoreactive fibres. We could
not find evidence for co-localization of GAD
and 5-HT immunoreactivity in the other laminae
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1881888f1

Fig. 1. Merged two-colour images made from single optical sections of GAD-immunoreactive axons (red)
and 5-HT-immunoreaclive axons (green). Some profiles in the superficial dorsal horn (A) display
immunoreactivity for GAD and 5-HT (yellow), whereas profiles in the deep dorsal horn (B), the motor
nucleus (C) and around the central canal (D) do not display immunoreactivity for both antigens. I—II, V.

IX, V, laminae of gray matter;*6 cc, central canal; dc, dorsal columns. Scale bar = 10 (tm.

examined (see Fig. 1) but according to the com¬
puter analysis, 6% of 5-HT fibres in lamina V also
contain GAD. This was not confirmed by direct
inspection (Fig. IB) and reasons for this finding are
discussed below.

Co-localization ofpeptides with serotonin
The most convincing evidence for co-localization

of peptides with 5-HT was found in lamina IX (Figs
2, 3A, B). Many galanin-immunoreactive profiles
were also immunoreactive for 5-HT and quantitative
estimates indicate that 85% of such profiles contain
5-HT and that 42% of 5-HT profiles contain galanin.
Co-localization of SP was also strong, with approxi¬
mately 56% of SP profiles containing 5-HT and 63%
of 5-HT profiles containing SP. Moderate co-
localization was detected for dynorphin (35%) and

weak co-localization was found in this lamina for
ENK, NPY, and somatostatin. Double-labelled
profiles were often seen to surround somata and
proximal dendrites of large cells which were

presumed to be a-motor neurons.
In lamina X, SP and galanin were present in

5-HT-immunoreactive profiles. SP (Fig. 3E, F) was
moderately co-localized with 5-HT and was present
in approximately 25% of 5-HT fibres, and 5-HT
was present in 8% of SP fibres. Evidence of co-
localization was also detected for SP and galanin
(Fig. 3C, D) in lamina V. Direct inspection and
quantitative analysis indicated that a small amount
of dynorphin was co-localized in 5-HT profiles of
laminae V and X. Evidence for co-localization of

peptides with 5-HT in laminae I and II was not
detected by direct analysis. This was confirmed
by quantitative analysis with the exception of
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1881888f2

Fig. 2. Pairs of single optical sections illustrating co-localization of peptides and 5-HT in the motor
nucleus (lamina IX). (A, B) Co-localization with galanin; (C, D) co-localization with SP; (E, F)
co-localization with dynorphin-A (DYN). Arrows indicate profiles which are immunoreactive for both

antigens. Scale bar = 20 pm.
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1881888f3

Fig. 3. Pairs of single optical sections illustrating co-localization of peptides and 5-HT in various laminae.
(A, B) Co-localization with NPY in lamina IX; (C, D) co-localization with galanin in lamina V; (E, F)
co-localization with SP in lamina X. Arrows indicate profiles which are immunoreactive for both antigens.

Scale bar = 20 pm.
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CGRP; reasons for this latter finding are discussed
below.

Control experiments

Immunofluorescence was not detected for LRSC
when anti-peptide/GAD antiserum was omitted
but normal FITC immunofluorescence was present.
Similarly, immunofluorescence was not detected for
FITC when the anti-5-HT antiserum was omitted
but normal LRSC immunofluorescence was present.
Immunofluorescence for peptides was abolished
when anti-peptide antisera were preadsorbed for 1 h
before incubation with the appropriate peptide.

DISCUSSION

Methodological considerations
Confocal laser scanning microscopy is particularly

well suited for demonstrating that two antigens co¬
exist in the same structure, but it is important to
show that the double-labelled profiles which we
detected did not occur as a consequence of bleed-
through fluorescence (cross-talk) or a non-specific
interaction between antisera. Sequential collection of
images largely eliminates the problem of cross-talk12
and even when double-labelled profiles were detected,
substantial populations of axons displaying each of
the two types of immunofluorescence were also
detected. When one of the primary antisera was
omitted from the incubation mixture, only immuno-
ofluorescence associated with the remaining anti¬
serum was detected. The double-labelled profiles
which we observed, therefore, cannot be attributed
to non-specific interactions between secondary
antibodies and an inappropriate primary antibody
or to non-specific interactions between secondary
antibodies themselves.

Two methods were used to assess the extent of
co-localization or its absence. In the first method,
series of merged images were examined and the
amount of co-localization was estimated from the
numbers of double-labelled profiles present. Al¬
though this approach is not quantitative, it is import¬
ant to make such assessments in order to appraise the
automated image analysis method. In the second
method, automated image analysis was used to ex¬
tract quantitative information from confocal images
about the extent of co-localization. The analysis
programme enabled us to collect a large amount of
data which would have been di cult to obtain other¬
wise. The results produced by these two approaches
usually agreed with each other; e.g., peptides esti¬
mated by direct inspection to be strongly co-localized
with 5-HT in lamina IX (i.e. galanin and SP) were
shown by image analysis to mask 5-HT profiles by
more than 50%. However, some profiles which were
assessed to be moderately or weakly co-localized
exhibited a greater variation in the percentage of
masking estimated by the programme. In addition,

when direct inspection did not reveal evidence of
co-localization, a value of zero was not recorded by
image analysis, although the value obtained was
usually small (< 5%). The most likely explanation of
this is that regions of close apposition between axons
would have been recorded as areas of masking.
Absolute confocality cannot be achieved and some

masking may have occurred as a consequence of the
thickness of the optical section. This is probably the
explanation for the anomalous values obtained for
GAD in lamina V and CGRP in lamina II; very
large numbers of GAD- and CGRP-immunoreactive
profiles are present in these laminae and 5-HT-
immunoreactive profiles were often seen to be closely
apposed to them. The figures obtained by quantita¬
tive analysis therefore should be regarded as esti¬
mates of the amount of co-localization and not as

definitive values.

Co-localization of glutamate decarboxylase with
serotonin

Although GAD- and 5-HT-containing axons be¬
longed to separate populations in most of the spinal
laminae investigated, evidence for co-localization was
found in laminae I—II. Profiles containing both GAD
and 5-HT were particularly prominent in lamina I
and quantitative analysis indicated that approxi¬
mately 25% of 5-HT fibres in the superficial dorsal
horn contained GAD. These observations are in

keeping with the findings of Milhorn et alP and
Stamp and Semba,44 which show that the majority of
GABA/5-HT-containing neurons are located in the
nucleus raphe magnus (B3 cell group16) which has
projections to the dorsal horn.43 Electrical stimula¬
tion of the nucleus raphe magnus or local application
of 5-HT to the cord results in profound analgesia.4
Lamina I is particularly concerned with processing
nociceptive information and, on the basis of our
observations, it is probable that descending axons
which release both GABA and 5-HT have any
influence on neuronal activity in this lamina.

No evidence was found for co-localization of GAD
and 5-HT in the other laminae investigated (laminae
V, IX and X). Brainstem neurons which contain
GABA are known to project to motor nuclei of the
rat lumbar spinal cord21 but we did not find evidence
for co-localization of GAD and 5-HT in lamina IX
and hence this system originates from a population of
brainstem GABAergic neurons which do not contain
5-HT.

Co-localization ofpeptides with serotonin

It is already well established that galanin and SP
are co-localized with 5-HT in lamina IX. We estimate
that 86% of galanin-immunoreactive fibres in rat
motor nuclei contain 5-HT; this is similar to the
estimate of 90-95% obtained by Arvidsson et al.2 for
the cat motor nucleus. Previous estimates for co-

localization with SP in lamina IX, however, are larger
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than those obtained in the present study; Wessendorf
and Elde46 estimated that 99% of 5-HT fibres in
motor nuclei of the L4 segment in rats contain SP,
whereas the figure which we obtained was 63%.
Although the reasons for this di erence are not
obvious, Wessendorf and Elde used standard dual-
colour fluorescence microscopy and the limitations of
this method may have resulted in overestimates of
co-localization. We also found evidence for co-

localization of somatostatin, dynorphin, NPY and
ENK with 5-HT in lamina IX, but these peptides
were present in fewer 5-HT profiles than galanin and
SP. Many peptides in lamina IX are concentrated in
5-HT terminals which surround presumed a-motor
neurons and it is likely that they are co-released with
5-HT. 5-HT is known to facilitate motor neurons and

may modify their membrane properties.22,23 Peptides
co-released with 5-HT may modulate such actions;
e.g., application of SP is known to cause a prolonged
increase in synaptic excitability of motor neurons.29
If SP and 5-HT operate in tandem on motor neurons,
then the predicted e ect would be considerable facili¬
tation. Such phenomena may be of importance in the
production of postural or locomotor activity.

Co-localization of SP and galanin in 5-HT axons
of laminae V and X was anticipated on the basis of
studies by Ardvisson et al.2 and Wessendorf and
Elde;46 however, the presence of dynorphin in 5-HT
axons has not been previously reported. 5-HT is
known to modulate the activity of neurons in the
deep dorsal horn.20,25 Its e ect in this region is
predominantly inhibitory and co-release of peptides
would presumably modify these inhibitory actions. A
number of projection cells are found in the deep
dorsal horn, including neurons belonging to the
spinothalamic tract which convey nociceptive infor¬
mation to the brain. Serotoninergic axons containing
SP form contacts with these cells48 and it has been

suggested that co-release of SP and 5-HT may regu¬
late nociceptive transmission through this pathway.
Lamina X contains projection neurons and proprio-
spinal neurons13,18,28 and the activity of these cells
may be modulated by peptide co-transmitters.

We could not detect evidence for the co-existence
of peptides and 5-HT in laminae I—II. These obser¬
vations confirm most previous investigations which
report little or no co-localization in these laminae.2,46
However, it was reported by Tashiro et al45 that

leucine-ENK is present in a population of 5-HT
axons in the cat spinal cord which are concentrated in
the superficial dorsal horn. We could not find evi¬
dence to support the idea that ENK and 5-HT are
co-localized in laminae I—II and double-labelled
axons containing ENK and 5-HT were only detected
in lamina IX. This may represent a substantial species
di erence between the rat and cat. However, our

findings are consistent with those of Millhorn
et al.,34,35 who demonstrated that most 5-HT/ENK
cells in the medulla of the rat are located in the
nucleus raphe pallidus which projects predominantly
to the ventral horn.43

Finally, we anticipated that there would be no
co-localization of 5-HT in neurotensin-containing
axons which are derived from a population of dorsal
horn interneurons40 and in CGRP-containing axons
which are derived from primary a erent fibres.19
These predictions were confirmed, with the exception
of the anomalous result for CGRP in the superficial
dorsal horn which is probably artefactual (see
above).

CONCLUSIONS

The evidence obtained in this study indicates that
di erent subsets of 5-HT-containing axons project to
di erent regions of the gray matter of the spinal cord.
Serotoninergic axons containing GAD terminate
specifically in the superficial dorsal horn, whereas
those containing peptides are concentrated in motor
nuclei. Therefore it is probable that the seroton¬
inergic systems which contain peptides are principally
involved in the control of motor activity, whereas
those containing GAD are involved in antinocicep-
tion. A minority of 5-HT axons around the central
canal and in the deep dorsal horn also contain
peptides. These fibres are located in regions of the
spinal gray matter which perform both sensory and
motor tasks and hence may influence both motor and
sensory activity.
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ABSTRACT
Five dorsal horn interneurons with monosynaptic input from group II primary afferent

fibres were physiologically characterized and intracellularly labelled with horseradish
peroxidase. The cells were prepared for combined light and electron microscopy, and synaptic
arrangements formed by axon collaterals of interneurons and synapses formed with their
dendrites and somata were examined with the electron microscope. Immunogold reactions for
y-aminobutyric acid, glycine and glutamate were performed to determine if these synapses
were excitatory or inhibitory. Axon collaterals in lamina VI formed synapses with somata and
dendrites of other neurons, and collaterals of one cell also formed axoaxonic synapses. It was
concluded that one cell from the sample was inhibitory, whereas the remainder were probably
excitatory. Dendrites and cell bodies of interneurons were contacted by several types of
synaptic bouton. The first type of bouton displayed immunoreactivity for glutamate, the
second type contained both y-aminobutyric acid and glycine, the third type contained glycine
alone, and the fourth type contained y-aminobutyric acid alone. Some large glutamatergic
boutons were postsynaptic to other boutons. Presynaptic boutons at these axoaxonic synapses
always contained y-aminobutyric acid but a minority also contained glycine.

The results of this study demonstrate the heterogeneity of dorsal horn group II
interneurons and provide evidence that they include inhibitory and probably also excitatory
neurons. Boutons originating from several chemically different classes of neuron are
responsible for postsynaptic inhibition of these interneurons, and the presence of axoaxonic
synapses indicates that their excitatory input is also controlled presynaptically. J. Comp.
Neurol. 380:51—69, 1997. © 1997 Wiley-Liss, inc.

Indexing terms: intracellular staining: immunogold reaction; y-aminobutyric acid; glycine;
glutamate

Many neurons in midlumbar and sacral segments
of the cat spinal cord are involved in relaying informa¬
tion on muscle length from group II muscle afferent
fibres. Some of these neurons are cells of origin of
ascending tracts such as the spinocerebellar tract
and the spinocervical tract (Edgley and Gallimore, 1988;
Edgley and Jankowska, 1988: Hammar et al., 1994; Rid¬
del! et al., 1994), hut most of them are interneurons or

propriospinal neurons with short axons which are compo¬
nents of various spinal networks. These interneurons
contribute to a number of spinal reflexes, postural reflexes
and locomotion (see Jankowska, 1992; Lundberg et al.,
1987).

First-order interneurons in group II afferent pathways
have been found in three regions of the spinal grey matter:
in laminae IV-V (the dorsal horn; Rexed, 1952), in laminae
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VI-VII (the intermediate zone) and in lamina VIII. Elec¬
trophysiological (Cavallari et al., 1987; Edgley and
Jankowska, 1987; Edgley et al., 1988; Jankowska and
Noga, 1990; Shefchyk et al., 1990; Bajwa et al., 1992;
Jankowska and Riddell, 1993, 1994, 1995), morphological
(Brasetal., 1989; Jankowska et al., 1993b) and pharmaco¬
logical (Bras et al., 1990) studies show that these groups
of interneurons form distinct functional populations. Inter-
neurons located in the intermediate zone or lamina VIII
are interposed in disynaptic pathways between group II
afferents and motor neurons and include both excitatory
and inhibitory interneurons (Bras et al., 1989; Cavallari
et al., 1987; Jankowska and Noga, 1990; Bajwa et al.,
1992). In contrast, those located in the dorsal horn do not
project to motor nuclei but have axons which arborize in
the ipsilateral or contralateral dorsal horn and intermedi¬
ate zone (Bras et al., 1989; Jankowska et al., 1993b).
Little is known about the function and the mode of
operation of dorsal horn group II interneurons, but it is
likely that they constitute a heterogeneous population
and have inhibitory or excitatory postsynaptic actions. In
addition, some of them may contribute to presynaptic
inhibition (Jankowska and Riddell, 1995). The input to
these neurons is also complex. They are, for instance,
excited not only by group II muscle afferents but also by
cutaneous and joint afferents (Edgley and Jankowska,
1987; Jankowska and Riddell, 1994). They are inhibited
postsynaptically through disynaptic and polysynaptic
pathways which are activated by primary afferents (Edg¬
ley and Jankowska, 1987; Jankowska and Riddell, 1994),
and excitatory input may also be controlled by presynap¬
tic inhibition (Riddell et al., 1993, 1995). Since both
presynaptic and postsynaptic inhibition of group II inter¬
neurons is generated by the same classes of primary
afferent fibres that excite them, it is likely that interac¬
tions between different subgroups of these interneurons
are responsible for these inhibitory effects.

In this study, we have combined intracellular labelling
of electrophysiologically identified group II interneurons
with electron microscopic and immunogold labelling tech¬
niques in order to investigate synapses formed by the
axon collaterals of these neurons and synapses formed
with the neurons themselves. The morphological appear¬
ance and neurotransmitters associated with synapses
formed by axon collaterals were examined to establish if
they are likely to have inhibitory or excitatory actions. In
addition, ultrastructural evidence was sought in support
of the possibility that some interneurons belonging to this
population operate through axoaxonic synapses and thus
may produce presynaptic inhibition. Synaptic boutons in
contact with dorsal horn group II interneurons were also
classified according to their morphological characteristics
and the neurotransmitters contained within them. The
aim of this part of the study was to determine which types
of inhibitory neurons produce postsynaptic inhibition of
group II interneurons and to establish if axoaxonic syn¬
apses are formed with excitatory boutons in contact with
them.

MATERIALS AND METHODS

Three adult cats (4-2.1 kg) were anaesthetized with
sodium pentobarbital (40 mg/kg), and anaesthesia was
subsequently maintained with doses of chloralose (up to
50 mg/kg). Animals were paralysed with gallamine trieth-

iodide and artificially ventilated. The depth of anaesthesia
was assessed by monitoring withdrawal reflexes, changes
in blood pressure and pupillary constriction. The blood
pressure was kept above 100 mm Hg and the end tidal CO2
at about 4% by adjusting the volume of artificial respira¬
tion and by a continuous infusion of 100 mM sodium
bicarbonate containing 5% glucose. The procedures em¬
ployed were approved by the ethical committee of the
University of Gothenburg and by the British Home Office.

Electrophysiology and intracellular staining
Nerves of the left hind limb were prepared for electrical

stimulation. Nerve branches to the quadriceps were dis¬
sected free, transected and mounted in a tunnel electrode.
Other hindlimb nerves including deep peroneal, posterior
biceps and semitendinosus, anterior biceps and semimem¬
branosus, gastrocnemius and soleus, sural, superficial
peroneal and saphenous were dissected free and mounted
on silver wire electrodes following transection. The spinal
cord was exposed from L3 to the sacral segments and at Th
12 and 13 levels. Pairs of silver ball electrodes were

mounted on the contralateral and ipsilateral lateral fu¬
niculi at thoracic levels. These were used to stimulate
axons of ascending tract neurons to allow differentiation
between interneurons and ascending tract neurons.

A silver ball electrode placed on the cord dorsum was
used to record the afferent volleys evoked from peripheral
nerves as they entered the spinal cord. The dura mater
was left intact except for small holes made to enable
insertion of electrodes. Interneurons were searched for in
dorsal horn regions where field potentials evoked by group
II muscle afferents were large. They were intracellularly
labelled by ejecting horseradish peroxidase (HRP, Toyobo,
grade C, 8% in Tris buffer containing 0.3 M KC1 solution,
pH 8.6) from glass micropipettes with tip diameters of
about 1.5 pm and resistances of approximately 10 Mil.
HRP was ejected ionophoretically with a constant positive
current of 10 nA for 7-9 minutes. Group II interneurons
were defined as those neurons in which postsynaptic
potentials could be evoked by stimulating muscle nerves at
strengths five times the electrical threshold for the most
excitable group I fibres but not at twice this threshold. The
cells included in this report were activated principally by
quadriceps afferents. None of them were activated anti-
dromically by stimuli up to 1 mA applied through the
electrodes placed at the Thl3 level (see Fig. 1).

Processing for combined light
and electron microscopy

At the end of experiments, cats were perfused through
the thoracic aorta with a rinsing solution which consisted
of 0.9% saline with 0.1% sodium nitrite at 37°C. This was

followed by 1 litre of a fixative solution at 37°C which
consisted of 2.5% glutaraldehyde and 1% paraformalde¬
hyde in 0.1 M phosphate buffer at pH 7.4 and 2 litres of the
same solution at 4°C. The spinal cord was then removed,
cut into blocks and fixed for a further 8 hours in the same

fixative solution at 4°C. Transverse or sagittal sections
(50-pm-thick) were cut with a Vibratome, collected in
serial order and reacted to reveal the presence of HRP by
using diaminobenzidine (DAB) as a chromogen. Sections
were washed several times in phosphate buffer, were
wet-mounted in buffer and viewed with a light microscope
in order to select labelled neurons for combined light and
electron microscopy. Selected sections were placed in a 1%
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Fig. 1. Records from a dorsal horn interneuron and a reconstruc¬
tion of the neuron in the sagittal plane. Upper traces show responses of
the neuron just before (A, B, C) and after (D, E, F) penetration. Lower
traces are from the cord dorsum. The records show that the neuron

was not activated antidromically by stimuli (500 mA, 0.2 ms) applied
at the thoracic level and that only synaptically induced responses (A,
E) were evoked by stimulation of the ipsilateral lateral funiculus
(i Th). Stimulation of the quadriceps (Q) nerve at a strength near-
maximal for group II afferents (5T) activated the neuron (B) and
induced excitatory postsynaptic potentials (F) while subthreshold for

group II afferents (2T) were ineffective (D). The excitatory postsynap¬
tic potentials were evoked at a latency (1.5 ms from the incoming
volleys) which is consistent with monosynaptic activation by group II
afferents. G shows a partial reconstruction of the neuron. The neuron
is illustrated in the sagittal plane and axon collaterals were recon¬
structed from five (50 pm) sections. The dendritic arbor is drawn as it
appears in one section. Arrows indicate collateral arbors which give
rise to numerous swellings in lamina VI of the dorsal horn. Scale bar =
50 pm.



54 D.J. MAXWELL ET AL.

Fig. 2. A dorsal horn interneuron illustrated in the transverse
plane. A: A photomicrograph showing the appearance of the cell in an
osmicated section embedded in resin. The arrow indicates the axon of
the cell. B: A reconstruction of the cell made from seven sections (50

pm) (arrow indicates axon). The axon of the cell gives rise to several
collaterals which form axonal swellings. The collaterals arborized in
lamina VI ventral to the location of the cell body which is located in
lamina V (C). Scale bars = 50 pm.

solution of osmium tetroxide for 1 hour, dehydrated through
graded alcohol solutions, stained en bloc with uranyl
acetate, cleared in propylene oxide and mounted on ac¬
etate foils with Durcupan. When the Durcupan had poly¬
merized, labelled neurons were examined with a light
microscope, photographed and reconstructed by using a
drawing tube. The sections were attached to blocks and
ribbons of serial ultrathin sections were cut with an

ultramicrotome. Series of ultrathin sections were collected
on single-slot copper grids coated with Formvar and
contrasted with lead citrate. Individual dendrites and
collateral boutons were examined through series consist¬
ing of 20 10 sections (for further details sec Maxwell,
1992).

Immunogold procedure
Immunogold reactions were performed on pairs of ultra¬

thin sections collected on nickel single-slot grids coated
with Formvar. Grids were reacted with antisera which

recognize y-aminobutyric acid (GABA), glycine (both do¬
nated by Dr. D. Pow, Australia) or L-glutamate (donated by
Drs. O.P. Ottersen and J. Storm-Mathisen, Norway) in
fixed tissue. The properties of these antisera have been
described elsewhere (Ottersen, 1987, 1989; Ottersen and
Storm-Mathisen, 1984; Pow and Crook, 1993; Storm-
Mathisen et al., 1983; Todd et al., 1995); all of them are

specific for the antigens investigated under the exporimon
tal conditions used in this study (e.g., see Maxwell et al.,
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Fig. 3. An electron micrograph of a bouton from the cell illustrated in Figure 2. The bouton forms a
symmetric synaptic junction (arrows) with a dendrite (DEN) and contains pleomorphic vesicles. Scale
bar — 0.5 pm.

1995a,b). The sections were rinsed in Tris and phosphate-
buffered saline (TPBS) with 0.1% Triton X-100 and incu¬
bated in primary antiserum (anti-y-aminobytyric acid
(anti-GABA): 1:2,000; anti-glycine 1:4,000; anti-glutamate
1:500) in TPBS with 1% bovine serum albumen (BSA) and
0.1% Triton X-100 overnight at 4°C. Grids from series were
reacted alternately with either anti-GABA and anti-
glycine or anti-GABA and anti-glutamate antisera or were
reacted sequentially with each one of the three antisera.
The following day, they were rinsed in TPBS again and
placed for 2 hours at room temperature in anti-rabbit IgG
gold (10 or 15 nm in diameter) diluted 1:10 in TPBS which
also contained 0.1% Triton X-100. Finally, the sections
were rinsed in TPBS and washed in distilled water.

Sections prepared for immunogold labelling were not
contrasted with lead citrate. Profiles were examined

through series of sections with the electron microscope to
compare the patterns of immunoreactivity for each of the
antisera. Pairs of sections on the same grid were also
examined to determine if immunogold reactions were
consistent for individual antisera.

Image analysis
Images were collected at a magnification of X 11,000

directly from the screen of a Phillips BioTwin CM 100

microscope equipped with a video camera. The densities of
immunogold reactions associated with individual profiles
were measured by using a Kontron KS 400 image analysis
system. The area of a profile was delineated manually and
the number of gold particles over the profile was counted.
The number of particles per pm2 was then calculated.
Average background densities for GABA immunoreactiv¬
ity and glycine immunoreactivity were estimated by count¬
ing the numbers of gold particles over boutons forming
asymmetric synapses on the same grids used to collect test
data. For glutamate immunoreactivity, average back¬
ground densities were estimated by counting particles
over boutons forming symmetric synapses. A bouton was
not considered to be positively labelled unless it displayed
at least twice the average background density (see Todd et
al., 1995). Populations of test and background densities
were compared by using Student's t-test. It was not the
purpose of this study to estimate the proportions of
boutons displaying the three types of immunoreactivity
which formed contacts with interneurons; we were primar¬
ily concerned with identifying boutons according to their
immunocytochemical properties and examining the synap¬
tic arrangements made with dorsal horn group II interneu¬
rons.
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Fig. 4. Adjacent profiles (A, B) from a series of sections through a analysis indicated that the gold particle density over these profiles
bouton of the cell shown in Figure 2. These profiles displayed a was more than twice the average background value (see text for a full
consistent immunogold reaction for glycine (GLY) and quantitative discussion). Scale bar = 0.5 pm.
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Fig 5 An axoaxonic arrangement between a bouton of the cell
shown in Figure 2 and a glutamatergic bouton. The synaptic junction
is indicated by the arrows (note the presence of a presynaptic
structure). The postsynaptic axon (asterisk) shows positive immuno-
gold labelling for glutamate (GLU). Scale bar = 0.5 pm.

RESULTS

Five cells which satisfied the identification criteria (Fig.
1A-F) were stained with HRP. Their cell bodies were
located in the lateral part of lamina V and their dendritic
arbors extended both to deeper and more superficial
laminae (Fig. 2). Two cells were examined in sagittal
sections (Fig. 1) and three cells were examined in trans¬
verse sections (Fig. 2). Four of the cells gave rise to axon
collaterals which arborized in lamina VI just ventral to the
locations of their cell bodies. These collateral axons were

observed to form numerous "en passant" and terminal
axonal swellings; some of these were closely applied to
neuronal cell bodies (Fig. 7A).

Synaptic contacts formed by axon collaterals
of interneurons

Axon collaterals of four cells were investigated with the
electron microscope. In total, 62 axonal swellings were
examined through series of sections. These were small (< 1
pm) and commonly formed only one synapse with den¬
drites or cell bodies of unidentified cells. Ail of the swell¬

ings examined formed synapses and none of them were
postsynaptic to other axons.

Boutons of the first cell (n = 34) were morphologically
different from those of the other three cells; they formed
symmetrical junctions with dendrites and cell bodies of
other neurons and contained pleomorphic vesicles (Figs.
3,4). Cytoplasmic and mitochondrial labelling for glycine
immunoreactivity was evident over these profiles but they
did not display labelling for GABA or glutamate which was
stronger than background levels. Quantitative analysis
indicated that axons of this neuron had an average gold
particle density for glycine immunoreactivity which was
2.8 times the average background density (estimated from
21 pairs of profiles). Student's t-test showed that this
difference was highly significant (P< 0.001) and it is
likely that these profiles are enriched with glycine. Four
axon terminals were seen to form axoaxonic synapses with
other boutons (Fig. 5). Two of the postsynaptic boutons at

axoaxonic synapses displayed immunogold reactions for
glutamate (the other two were not tested for glutamate
immunoreactivity).

Boutons from the other three cells (n = 28) were similar
to each other in morphology; they contained vesicles which
were round, had wide synaptic clefts, and formed asym¬
metrical synaptic junctions with dendrites (Fig. 6). Bou¬
tons also formed synapses with cell bodies of neurons but
in this type of arrangement the postsynaptic density was
not so pronounced (Fig. 7). None of these boutons were
seen to form axoaxonic associations. Some profiles had
heavy mitochondrial labelling for glutamate immunoreac¬
tivity (Fig. 8) but gold particles were not observed fre¬
quently over cytoplasmic regions. The average gold par¬
ticle density for glutamate (estimated from 19 pairs of
profiles) was slightly higher than average background
level (1.3 times) but this difference was not statistically
significant. None of the boutons examined from these three
cells displayed immunogold reactions for GABA or glycine

Synaptic contacts on dendrites
of interneurons

The morphology, synaptic organization and immunocyto-
chemical properties of synapses on dendritic trees of three
interneurons (one from each of the three animals) were

investigated through series of ultrathin sections. One of
these interneurons was the inhibitory (glycinergic) neuron
while the other two were presumed to be excitatory (see
above). The same types of synaptic arrangements were
seen on cell bodies and on dendrites but those on dendrites
were easier to examine through series of sections and
therefore most of the analysis was performed on dendritic
synapses. Two types of bouton were identified on the basis
of their morphological characteristics. The first type of
bouton was often large (up to 2.5 pm in diameter) and
contained circular vesicles (Fig. 9); these profiles displayed
positive immunogold reactions for glutamate but not for
GABA or glycine. The gold particle density for glutamate
immunoreactivity was estimated from 30 pairs of profiles
(10 test and 10 control profiles for each of the three cells)
and was found to be 3.3 times greater on average than the
background density. Student's t-test revealed that this
difference was highly significant (P< 0.001). The second
typo of bouton was variable in size and contained pleomor
phic vesicles. These boutons displayed immunogold label¬
ling for glycine immunoreactivity and GABA immunoreac¬
tivity but not for glutamate immunoreactivity. The average
particle density ratios for these profiles were 4.5 for
glycine immunoreactivity and 6.7 for GABA immunoreac¬
tivity (estimated for both antisera from 10 test and 10
control profiles for each of the three cells). Both these
populations of profiles had gold particle densities which
were significantly different from background values
(P< 0.001). Analysis of series of sections revealed that
many profiles were immunoreactive for both glycine and
GABA (Fig. 10). Examination of 30 glycine-immunoreac-
tive profiles from a series of sections on grids reacted
alternately with anti-glycine and anti-GABA antisera re¬
vealed that 75% of these profiles were also immunoreac¬
tive for GABA. On the other hand, only one profile from a
series of 30 GABA-immunoreactive boutons did not dis¬

play immunoreactivity for glycine (Fig. 11).

■t
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Fig. 6. A bouton from the cell shown in Figure 1. This bouton forms an asymmetric synaptic junction
with a dendrite (DEN) and contains circular vesicles. The inset illustrates the synaptic region at a higher
magnification. Note the pronounced postsynaptic density (arrows). AX is the preterminal axon of the
bouton. Scale bars = 0.5 pm.

Axoaxonic arrangements on boutons
presynaptic to interneurons

Some boutons forming synaptic contacts with the den¬
drites of dorsal horn group II interneurons were them¬
selves postsynaptic to other axons. This type of axoaxonic
arrangement was found on dendrites of all three cells.
Fourteen axoaxonic arrangements were examined through
serial sections; all boutons in presynaptic apposition at
axoaxonic synapses contained pleomorphic vesicles and
displayed gold labelling for GABA irnrnurioreacLlviLy,
whereas the postsynaptic boutons in these arrangements
contained circular vesicles and displayed labelling for
glutamate immunoreactivity (Fig. 12). Often more than

one presynaptic bouton made contact with the same
postsynaptic axon terminal (Fig. 12) and, on one occasion,
three presynaptic boutons were seen to be present. Six
presynaptic boutons at axoaxonic synapses were also
examined for glycine immunoreactivity but only two pro¬
files displayed immunogold labelling for glycine in addi¬
tion to GABA immunoreactivity (Fig. 13). Two out of the
fourteen presynaptic boutons in axoaxonic arrangements
were also seen to be presynaptic to the same interneuron
dendrite as the postsynaptic bouton and formed synaptic
triads (Fig. 14). These boutons were immunoreactive for
CABA but did not display strong immunogold labelling for
glycine.
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SOMA

Fig. 7. A: Three axonal swellings of axon collaterals from the cell
shown in Figure 1 are closely applied to the surface of a lamina VI
cell (arrows). B: These swellings can be seen to form synapses
with the cell body (soma) of the neuron (arrows and boxed area)
when viewed with the electron microscope. The bouton contained

within the box is shown at a higher magnification in C. Note the
presence of circular vesicles within it and the synaptic junction
with a widened synaptic cleft (arrows). Scale bars =10 pm in A; 5 pm
in B, C.

DISCUSSION

Axon collaterals of group II interneurons
The majority of boutons formed by axon collaterals of

interneurons made synaptic arrangements with either
dendrites or cell bodies of spinal neurons. Such boutons
therefore are likely to influence their target neurons by
postsynaptic actions. A small number of boutons (4 out of
34) of one of the cells made synapses with other axon

terminals and these may also have a presynaptic influence
on transmission (see next section). None of the boutons
examined were postsynaptic to other axons and thus it is
unlikely that the output of this group of interneurons is
modified presynaptically. Most previous ultrastructural
studies of axon collaterals of identified spinal interneurons
have concentrated upon neurons in the superficial laminae
of the dorsal horn (e.g., Light and Kavookjian, 1988;
Rethelyi et al., 1989). These studies show that the termina-
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Fig. 8. A, B: Adjacent profiles from a series of sections through a

bouton of the cell shown in Figure 1. These profiles display heavy
mitochondrial immunogold labelling for glutamate immunoreactivity
but little cytoplasmic labelling. Quantitative analysis indicated that

tions of interneurons are organized in a simple fashion;
i.e., they tend to form axodendritic or axosomatic synapses
and are not postsynaptic to other axons. This latter feature
may represent a major difference between the axon termi¬
nals of spinal interneurons and primary afferent axons
which are frequently postsynaptic to other boutons (e.g.,
see Conradi et al., 1983; Maxwell and Bannatyne, 1983;
Fyffe and Light, 1984; Maxwell and Rethelyi, 1987; Nicol
and Walmsley, 1991; Pierce and Mendell, 1993; Walmsley
et al., 1995). However, recent observations of Edgley and
his colleagues on intermediate zone group II interneurons
suggest that axon terminals of these interneurons are
subject to presynaptic depolarization and therefore may be
postsynaptic to other boutons (Aggelopoulos et al., 1995). If
this is so. then synaptic actions of intermediate zone group
II interneurons and dorsal horn group II interneurons will
be gated by different mechanisms.

Little is known about the identity of postsynaptic target
neurons of dorsal horn group II interneurons; some of
them may be interneurons which mediate presynaptic
inhibition (Jankowska and Riddell, 1994, 1995) or other
interneurons in polysynaptic pathways from group II and

the gold particle density over these profiles was slightly elevated when
compared with the average background value but that this difference
was not statistically significant. Scale bar = 0.5 pm.

skin afferents (see Lundberg et al., 1987), whereas others
may be ascending tract cells, such as those giving rise to
the spinocervical tract or spinocerebellar tract which are
not only monosynaptically excited by group II afferents but
are also disynaptically excited and disynaptically inhib¬
ited by them (Edgley and Jankowska, 1987; Hammar et
al., 1994).

Postsynaptic actions via axon collaterals
Our observations provide a morphological basis for

previous indications (see Jankowska and Riddell, 1995)
that dorsal horn group II interneurons belong to a hetero¬
geneous group of cells and may have either inhibitory or
excitatory actions upon their target neurons. Boutons of
one of the cells contained pleomorphic vesicles and made
symmetrical synaptic junctions; these characteristics cor¬
respond closely to the classical morphological description
of inhibitory boutons (Uchizono, 1965). Quantitative analy¬
sis of immunogold reactions showed that these boutons are
enriched with glycine, and thus confirms that they are
inhibitory. On four occasions it was noted that axon
terminals of this cell formed synapses with other boutons
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Fig. 9. A dendritic profile of a dorsal horn interneuron (IN). Three
consecutive profiles are illustrated. Those illustrated in A and B show
iirimunoreactivity for glutarnate (GLU) and the profile shown in C
shows immunoreactivity for y-aminobutyric acid (GABA). Three pro¬
files are presynaptic to the dendrite: 1 and 3 are immunoreactive for
glutamate, whereas 2 is immunoreactive for GABA. Note the consis¬
tent pattern of immunogold labelling for glutamate in A and B, the
absence of significant immunogold labelling for glutamate over 2 and
the absence of significant GABA immunogold labelling over 1 and 3.
Scale bar = 1 pm.

and that the latter were immunoreactive for glutamate.
Although this type of arrangement may be the morphologi¬
cal substrate of presynaptic inhibition (Eccles et al., 1962;

Gray, 1962), the presence of glycine immunoreactivity in
these terminals is not in keeping with their involvement in
presynaptic inhibition, because it is generally accepted
that GABA is the principal neurotransmitter mediating
presynaptic inhibition (Curtis and Lodge, 1982; Rudomin
etal., 1981; Rudomin, 1990). Glycine is thought not to have
direct actions upon the terminals of axons but it is possible
that it is colocalized with other transmitters in presynap¬
tic terminals of axoaxonic synapses; several transmitters
or neuromodulators, including acetylcholine, neuropeptide
Y and dynorphin-B in addition to GABA, have been
reported to be present in boutons forming axoaxonic
synapses (Cho and Basbaum, 1989: Riberio-da-Silva and
Cuello, 1990; Doyle and Maxwell, 1994) and may be active
at such synapses. Alternatively, GABA may have been
colocalized with glycine in these axon terminals but not
detected by the methods used in this study (see below).

Boutons of the other three cells contained circular
vesicles, had wide synaptic clefts and formed asymmetri¬
cal synaptic junctions with dendritic profiles. Although
these boutons have morphological characteristics which
correspond to the classical description of excitatory synap¬
tic boutons (Uchizono, 1965), we were unable to show that
they were enriched with glutamate, which is generally
accepted to be the excitatory transmitter mediating fast
synaptic transmission (e.g., see Puil, 1983). Following
immunoreactions with anti-glutamate antiserum, concen¬
trations of gold particles were seen over mitochondria in
DAB-labelled profiles but few particles were associated
with the cytoplasm. It was reported by Todd et al. (1994)
that DAB reaction product in axon terminals greatly
reduces immunngnld reactions and hence the immunoreac¬
tivity of the cytoplasm may have been suppressed by the
presence of dense reaction product. This possibility is
supported by the observation that unidentified profiles in
the surrounding neuropil with strong mitochondrial immu
nogold labelling usually also displayed strong cytoplasmic
labelling. Furthermore, profiles from the first cell which
displayed positive immunogold reactions for glycine con¬
tained weak DAB reaction product. It is therefore possihle
that boutons of these three cells are enriched with gluta¬
mate but that enrichment was not detected by the immuno¬
gold procedure because of the presence of DAB reaction
product.

Postsynaptic inhibition of group II
interneurons

Inhibitory boutons in apposition to group II interneu¬
rons were classified according to irnmunocytochemical
properties. Two types were often observed: the first class of
bouton displayed immunogold labelling for both GABA
and glycine; 75% of glycine-immunoreactive boutons and
97% of GABA-immunoreactive boutons were of this type.
The second type of bouton was immunoreactive for glycine
only. Although GABA-immunoreactive boutons which were
not immunoreactive for glycine were observed in the
surrounding neuropil, few examples of this type of bouton
were seen to make synapses with interneurons. It is
generally accepted that GABA and glycine are the major
inhibitory neurotransmitters of the spinal cord (e.g., see
Curtis and Johnston, 1974) and it follows that these two
types of bouton are likely to have postsynaptic inhibitory
influences on the activity of dorsal horn group II interneu¬
rons. Boutons displaying immunoreactivity for both GABA
and glycine have previously been reported in the spinal
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Fig. 10. Consecutive profiles of a dendrite of a dorsal horn interneu-
ron. A shows immunoreactivity for y-aminobutyric acid (GABA) and B
shows immunoreactivity for glycine (GLY). Five profiles are presynap¬
tic to the dendrite: 1 and 4 are strongly immunoreactive for GABA and

glycine: 2 is strongly immunoreactive for glycine but not for GABA; 3 is
not significantly immunoreactive for GABA or glycine and 5 is not
significantly immunoreactive for GABA but is weakly immunoreactive
for glycine. Scale bar = 1 pm.



Fig. 11. Consecutive profiles of a dendrite of a dorsal horn interneu-
ron A shows immunoreactivity for-ynaminohntynr arid (CARA) and R
shows immunoreactivity for glycine (GLY). A small profile (1) is
presynaptic to the dendrite and is immunoreactive for GABA but not

for glycine, whereas a large profile (2) is immunoreactive for glycine
hut not for GARA A third profile (3) is not significantly immunnrpar-
tive for GABA or glycine. Scale bar = 1 pm.

cord of the rat (Todd et al., 1995, 1996) and cat (Ornung et
al., 1994; Taal and Holstege, 1994; Maxwell et al., 1995b).
A form of postsynaptic inhibition has also been described
in the spinal cord which can be abolished only by applica¬
tion of strychnine and bicuculline together (Game and
Lodge, 1975; Cullheim and Kellerth, 1981; Schneider and
Fyffe, 1992; Yoshimura and Nishi, 1995) and therefore it is
probable that glycine and GABA are both involved in
postsynaptic inhibition of some spinal neurons. Immunore¬
activity for the p3 subunit of the GABAa receptor and
gephyrin (the glycine receptor-associated protein) can be
detected at the postsynaptic region of some synapses
which are apposed by profiles enriched in GABA and
glycine (Todd et al., 1996), thus indicating that GABA and
glycine act as transmitters at synapses formed by axons
which contain both amino acids.

Most of the neurons which give rise to GABA- and
glycine-containing boutons are probably located within the

spinal cord itself. Electrical stimulation of primary affer¬
ent fibres, including group II muscle afferents and cutane¬
ous afferents, evokes inhibitory postsynaptic potentials
(IPSPs) in group II interneurons at latencies which are
only a fraction of a millisecond longer than those of
monosynaptically evoked excitatory postsynaptic poten¬
tials (EPSPs; Edgley and Jankowska, 1987). Thus, a
proportion of first-order dorsal horn group II interneurons
should have inhibitory actions upon other group II inter¬
neurons. As one out of our sample of four group II
interneurons had axon terminals which were enriched
with glycine immunoreactivity, it follows that some of
these first-order interneurons are glycinergic. It is known
that group II afferents form collateral arbors in laminae
IV-VI (Fyffe, 1979; Ishizuka et al., 1985; Hoheisel et al.,
1987) and much of the disynaptic inhibition observed will
be mediated through interneurons located in this region.
Todd and Sullivan (1990) have described neurons in lami-
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A GLU
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Fig. 12. Axoaxonic synapses on a dendrite of an interneuron (IN).
A shows glutamate (GLU) immunoreactivity and B shows y-aminobu-
tyric acid (GABA) immunoreactivity. A large glutamatergic bouton
(asterisk) is presynaptic to the dendrite. This bouton is itself postsyn¬

aptic to two GABA-immunoreactive profiles (1 and 2). Axoaxonic synapses
are shown at higher magnifications in the insets (arrows). The arrow¬
heads in the inset in A shows a synaptic junction formed between the large
glutamatergic profile and the interneuron. Scale bars = 0.5 pm.

nae IV-VI of the dorsal horn of the rat which are immuno-
reactive for GABA and glycine or glycine alone but,
significantly not for GABA alone these two classes of
interneuron are very likely to be the source of many of the

inhibitory boutons in contact with dorsal horn interneu-
rons. It is not known if both types of interneuron are driven
by all classes of primary afferent fibres or whether particu¬
lar classes of primary afferent fibres drive particular
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Fig. 13. An axoaxonic arrangement on a dendrite of an interneu-
ron (IN). A shows immunorcactivity for y aminohutyric ncid (CABA)
and B shows immunoreactivity for glycine (GLY). A bouton (1) forms
an axoaxonic synapse with another bouton (2) which is presynaptic to
the interneuron. Bouton 1 is immunoreactive for GABA and glycine,
whereas bouton 2 is not significantly labelled for both amino acids.

classes of these interneurons. Game and Lodge (1975)
have shown that electrical stimulation of low-threshold
cutaneous afferents produces a biphasic inhibition of dor¬
sal horn cells which is sensitive to both strychnine and
bicuculline and therefore cutaneous afferents might drive
interneurons which contain GABA and glycine.

Some inhibitory boutons may also originate from neu¬
rons in the brain. Supraspinal systems containing GABA
or glycine have been reported to project to the ventral horn
of the lumbar cord (Holstege, 1991: Holstege and Bongers,
1991) but it is not known at present if such systems also
project to the dorsal horn and, in view of the large numbers
of GABA and glycine terminals originating from local

Arrowheads in B indicate a synapse formed between bouton 2 and the
intcrncuron. A further bouton which is positively labelled for CABA
but not for glycine is indicated with an asterisk. The arrows in the
inset indicate the axoaxonic synapse. Scale bars = 0.5 pm in A. B; 0.75
pm in inset.

circuit neurons, it is unlikely that this is a significant
source of inhibitory boutons. It is more likely that most
descending pathways act on group II interneurons through
inhibitory interneurons in a similar way to corticospinal
and rubrospinal tract neurons which evoke disynaptic
IPSPs in intermediate zone group II interneurons (Edgley
et al., 1988: Davies and Edgley, 1994). Descending sero-
toninergic systems might also be a source of inhibition
because serotonin has profound inhibitory effects on trans¬
mission from group II afferents to these neurones (Bras et
al., 1990; Jankowska et al., 1993a; Noga et al., 1992; Skoog
and Noga, 1991). Although the presence of synaptic con¬
tacts between serotonin-immunoreactive fibres and dorsal
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Fig. 14. A synaptic triad on a dendrite of an intcrneuron (IN). A
shows immunoreactivity for y-aminobutyric acid (GABA) and B shows
immunoreactivity for glycine (GLY). A bouton (1) is immunoreactive
for GABA but is not significantly labelled for glycine. This bouton is
presynaptic to another bouton (2) which, in turn, is presynaptic to the

interneuron (arrows in inset in A indicate axoaxonic synapse). Bouton
1 is also presynaptic to the dendrite (arrowheads in inset in B indicate
synaptic junction) and forms a synaptic triad. The asterisk indicates a
further bouton which is positively labelled for glycine. Scale bars = 0.5
pm in A, B; 0.25 pm in insets.
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horn group II interneurons (Jankowska et al., unpublished
observations) makes it likely that much of this inhibition is
direct, some of it may be indirect and be mediated through
dorsal horn interneurons which are excited by serotonin
(Todd and Millar, 1983).

Presynaptic inhibition of group II
interneurons

Large boutons in synaptic contact with dorsal horn
group II interneurono were often postsynaptic to other
boutons. These large boutons are enriched with glutamate,
and therefore are presumed to be excitatory, whereas the
small boutons in presynaptic apposition to them wore
invariably found to be immunoreactive for GABA. It was
suggested many years ago by Ecries et al. (1963) and Gray
(1962) that the morphological substrate of presynaptic
inhibition is the axoaxonic synapse and a considerable
body of evidence now supports this idea. It has been shown
by a combination of intra-axonal marking and electron
microscopy that the terminations of a variety of cutaneous
and muscle afferents are postsynaptic to other axons (see
Conradi et al., 1983; Maxwell and Bannatyne, 1983; Fyffe
and Light, 1984; Maxwell and Rethelyi, 1987; Nicol and
Walmsley, 1991; Pierce and Mendell, 1993; Walmsley et
al., 1995) and that GABA is present in presynaptic boutons
at some of these synapses (Maxwell and Noble, 1988;
Maxwell et al., 1990). Ionophoretically applied GABA is
known to induce primary afferent depolarization (PAD) in
sensory fibres (Curtis and Lodge, 1982; Rudomin et al.,
1981; see also Rudomin, 1990) and it is generally accepted
that GABA mediates presynaptic inhibition. On this basis,
our observations provide strong evidence that some of the
excitatory input to group II interneurons is presynapti-
cally inhibited by GABA-containing neurons. The large
glutamatergic boutons have characteristics which are
ultrastructurally similar to the terminations of primary
afferent axons (see Gonradi et al , 1983; Maxwell and
Bannatyne, 1983; Fyffe and Light, 1984; Nicol and Walms¬
ley, 1991; Pierce and Mendell, 1993; Walmsley et al., 1995)
and, because the neurons we examined were monosynapti-
cally excited by group II muscle afferents, it is likely that a
proportion of these large boutons are axon terminals of
these afferents. It would be anticipated that axoaxonic
synapses exist on some terminals of group II axons be¬
cause electrical stimulation of brainstem nuclei or of

primary afferent fibres is followed by PAD in this class of
afferent and by depression of monosynaptic field potentials
evoked by them (Riddell et al., 1993, 1995; Noga et al.,
1995). Two presynaptic boutons at axoaxonic synapses
woro also presynaptic to the same interneuron as the
postsynaptic bouton and formed a synaptic triad. Such
triads have been observed to be associated with the
terminations of a variety of identified cutaneous (Maxwell
and Rethelyi, 1987) and group la afferents (Fyffe and
Light, 1984; Maxwell et al., 1990; Pierce and Mendell,
1993). The presence of such triads, together with electro¬
physiological observations (see Rudomin et al., 1987;
Jankowska, 1992), has lead to the conclusion that some
neurons modulate activity in the spinal cord by combined
pre- and postsynaptic actions. Our results indicate that
activity of group II interneurons might likewise be modu¬
lated in this way.

The origin of the presynaptic axons in axoaxonic syn¬
apses on group II interneurons is still obscure. However, it
is very likely that spinal interneurons give rise to these

axons and some dorsal horn group II interneurons may
themselves be last-order neurons in PAD pathways
(Jankowska and Riddell, 1995). Axon collaterals of one of
the cells formed axoaxonic synapses but only glycine
appeared to be present within the terminals of this cell and
no direct evidence has been found to show that dorsal horn

group II interneurons contain GABA. The presence of
glycine in boutons in presynaptic apposition at axoaxonic
arrangements in the rat dorsal horn has previously been
rppnrted by Todd et al (1995) and most if not all of these
boutons also contained GABA. Our observations suggest
that some presynaptic boutons at axoaxonic synapses on
group IT interneurons contain glycine in addition to GARA
whereas others contain GABA alone and hence these two

types of bouton are likely to originate from two different
classes of interneuron (see Todd and Sullivan, 1990).
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ment of co-localization and enables data to be collected for

quantitative image analysis. Secondly, problems of bleed-
through fluorescence (i.e. cross-talk) between fluorophore
signals can be eliminated. Finally, fading of the fluo¬
rophore signal occurs very gradually and little of the signal
is lost, thus a large amount of data can be gathered.

Six young adult (250 g) female Albino Swiss rats were
used in the present study. They were deeply anaesthetized
with sodium pentobarbital and perfused with a rinsing

solution, followed by 500 ml of fixative which consisted of
4% formaldehyde in 0.1 M phosphate buffer (pH7.4).
Segments C3-4, T7-8 and L3-4 were removed from the
spinal cord and placed in the same fixative for a further 2
h. Segments were rinsed in phosphate-buffered saline (PBS)
and transverse sections (50 |x m thick) were cut with a
Vibratome. Sections were initially placed in 10% normal
donkey serum with 0.3% Triton X-100 in phosphate-
buffered saline (PBS; pH 7.4) for 30 min at room tempera-

Fig. 1. Pairs of single optical sections illustrating colocalization of NPY and DBH in thoracic segments of the rat spinal cord. Top: immunoreactive profiles
in the intermediolateral cell column (IML); Bottom: profiles in lamina X. Arrows indicate profiles which are immunoreactive for both antigens. Scale
bar = 20 p,m.
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Table 1

Analysis of GAD or neuropeptides in noradrenergic axons

A GAD

Segment Lamina Direct %GAD %DBH

C I-II 0 0.09 1.59

C V 0 0.19 0.77

c IX 0 0.01 0.25
c X 0 0.04 1.21

T I-II 0 0.14 2.59
T V 0 0.04 0.76

T IX 0 0.02 0.39
T X 0 0.06 1.68

T IML 0 0.05 1.09
L I-II 0 0.03 0.58
L V 0 0.02 0.62

L IX 0 0.02 0.17
L X 0 0.03 1.39

B SP

Segment Lamina Direct %SP %DBH

C I-II 0 0.31 3.79

C V 0 0.72 1.56
c IX 0 0.91 1.16

c X 0 0.82 2.15
T I-II 0 1.66 1.76

T V 0 1.14 1.46

T IX 0 1.08 1.01
T X 0 3.32 4.25

T IML 0 3.7 3.38
L I-II 0 0.76 3.3
L V 0 0.24 0.51
L IX 0 0.24 0.37

L X 0 1.02 2.47

C DYN

Segment Lamina Direct %DYN %DBH

C I-II 0 0.48 3.96

C V 0 0.31 0.97
c IX 0 0.31 0.59

c X 0 0.54 2.8

T I-II 0 0.79 2.37
T V 0 0.73 1.37

T IX 0 0.44 0.37
T X 0 0.91 1.27

T IML 0 1.31 1.43
L I-II 0 1.07 3.43

L V 0 0.5 0.99

L IX 0 0.43 0.43
L X 0 0.64 2.08

D GAL

Segment Lamina Direct %GAL %DBH

C I-II 0 0.29 2.85

C V + 8.12 4.85

c IX 0 3.75 2.04

c X 0 2.3 3.99
T I-II 0 0.79 2.08
T V 0 3.23 2.16

T IX 0 2.97 1.28

T X 0 3.14 2.65
T IML 0 2.32 4.73
L I-II 0 4.07 1.88

L V 0 0.72 0.93

Table 1 (continued)

L IX 0 3.75 1.39

L X 0 3.38 2.77

E ENK

Segment lamina Direct %ENK %DBH

C I-II 0 0.44 1.86

C V 0 0.49 0.95

c IX 0 0.25 0.47

c X 0 0.46 1.32

T I-II 0 0.32 0.99

T V 0 0.29 0.42

T IX 0 0.54 1.98

T X 0 0.39 0.21

T IML 0 0.53 0.53

L I-II 0 0.63 1.6
L V 0 0.34 0.25

L IX 0 0.37 0.15

L X 0 0.24 0.65

F SOM

Segment lamina Direct %SOM %DBH

C I-II 0 0.17 1.81
C V 0 0.25 0.2
c IX 0 0.21 0.04

c X 0 0.48 0.17
T I-II 0 0.42 1.68

T V 0 0.79 0.17
T IX 0 0.63 0.09

T X 0 0.84 0.32
T IML 0 1.71 0.39
L I-II 0 0.46 1.76
L V 0 0.23 0.13
L IX 0 0.12 0.04
L X 0 0.29 0.35

G NPY

Segment lamina Direct %NPY %DBH

C I-II 0 0.32 1.62

C V 0 0.67 0.25

c IX 0 9.89 0.59

c X + 10.16 10.37
T i-n 0 0.26 1.42

T V 0 6.77 2.37
T IX 0 1.82 1.57
T X + 12.47 5.27

T IML + 13.1 6.96

L I-II 0 0.27 1.02

L V 0 0.16 0.09

L IX 0 0.32 0.29
L X 0 0.59 1.16

ture. They were incubated overnight at room temperature
in a diluting solution which consisted of 5% normal don¬
key serum and 0.3% Triton X-100 in PBS containing a
1:500 dilution of mouse anti-dopamine /3-hydroxylase an¬
tiserum (Chemicon) and one of the following antisera
diluted to 1:500: rabbit anti-somatostatin; rabbit anti-neu-
ropeptide Y; rabbit anti-methionine-enkephalin; rabbit
anti-dynorphin A; rabbit anti-substance P; rabbit anti-
galanin (all obtained from Peninsula Laboratories) or the
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same diluting solution containing a 1:500 dilution of rabbit
anti-dopamine /3-hydroxylase antiserum (Eugene Tech) and
a 1:500 dilution of goat anti-GAD [14] (kindly supplied by
Dr. M.L. Tappaz). The next day, sections were rinsed in
PBS and placed for 1 h at room temperature in diluting
solution containing biotinylated donkey anti-mouse IgG
(for sections incubated with the anti-mouse DBH anti¬
serum; 1:500) or biotinylated donkey anti-rabbit IgG (for
sections incubated with the anti-rabbit DBH antiserum;
1:500) and either lissamine-rhodamine (LRSC) donkey
anti-goat IgG at 1:100 (for sections incubated in anti-GAD
serum) or LRSC anti-rabbit IgG at 1:100 (for sections
incubated in anti-peptide serum). These were obtained
from Jackson ImmunoResearch. Sections were washed for
a further period in PBS and placed for one hour at room
temperature in diluting solution containing avidin-
flourescein (FITC; 1:10000; Vector laboratories). Finally,
they were washed again in PBS, mounted on glass slides
with Vectashield antifade medium (Vector laboratories)
and stored at — 20°C until required.

In control experiments, sections were processed accord¬
ing to the protocol above except that anti-peptide/GAD or
anti-DBH antiserum was omitted; no immunoreactivity
was observed when primary antisera were omitted.

Sections were examined with a BioRad 1024 cunfucal
laser scanning microscope mounted on a Nikon Optiphot
II. Laminae of the spinal grey matter were identified with
dark-field microscopy according to the criteria of Molan-
der et al. [13]. Four regions were analysed from each
segment: laminae I II; lamina V; lamina X and lamina IX.
In thoracic segments the intermediolateral cell column
(IML) was also examined. Images from these regions were
obtained with a X60 oil-immersion lens. The microscope
was equipped with a krypton-argon laser which produced
wavelengths of 488 and 568 nm which optimally excite
FITC and LRSC respectively. Images were gathered se¬

quentially from an area which measured 107 X 107 |xm.
Six pairs of images were gathered from three animals for

Notes to Table 1

The data in this table were obtained by direct inspection or by automated
computer analysis of pairs of optical sections obtained from six rats as
described in the text. Direct analysis was performed by merging pairs of
single optical sections. The following scale was used: 0, no colocaliza-
tion; +, weak colocalization; + +, moderate colocalization; + + +,
strong colocalization. Image analysis was performed with a Kontron KS
400 system: A-G show data for colocalization of DBH and GAD or

peptides. In A-G, %DBH is the area of DBH -immunofluorescence
masked by immunofluorescence for GAD or a peptide expressed as a
percentage of the total area of DBH-immunofluorescence; %
GAD/peptide (i.e. SP, DYN, GAL, ENK, SOM, NPY) is the area of
GAD/peptide immunofluorescence masked by immunofluorescence for
DBH expressed as a percentage of the total area of peptide/GAD-im-
munofluorescence. Values greater than 5% are indicative of colocaliza¬
tion. Each figure is the average of 18 readings (6 from 3 animals). C,
cervical; T, thoracic; L, lumbar; IML, intermediolateral cell column

each condition; thus data were obtained from a total of 18
pairs of images for each region of grey matter.

We have described the methods used to analyse images
and the validity of this approach at length in a previous
publication [10]. Briefly, two methods were used:

(1) Estimates of the extent of co-localization were

obtained by merging pairs of optical sections. The amount
of colocalization was assessed directly from the visual
display monitor by estimating the numbers of yellow
profiles in red (GAD or peptide) and green (DBH) images
which had been merged (see Fig. 1). An estimate of the
extent of co-localization was obtained by comparing the
number of yellow profiles with the number of green

profiles.
(2) Images were analysed with a Kontron KS400 image

analysis system. The programme calculated the area occu¬
pied with immunoreactivity for DBH and peptides or
GAD. Images were merged by the programme; areas of
DBH profiles which were masked by peptide or GAD-im-
munorcactivc profiles were expressed as a percentage of
the total area of DBH immunoreactivity and the areas of
peptide or GAD-immunoreactive profiles which were
masked by DBH-immunoreactive profiles were expressed
as a percentage of the total area of peptide/GAD immuno-
leactivity. Figures for the 18 pairs of images obtained from
three animals were then averaged (Table 1). Figures greater
than 5% were considered to indicate significant co-locali¬
zation (see [10] for a discussion of this criterion).

Immunoreactions for DBH, GAD and the six peptides
tested were strong and comparable with those reported in
previous studies. The results outlined in Table 1 suggest
that there is little or no coexistence of DBH with GAD or

most of the six peptides tested. This was confirmed by
direct and automated analysis and was true for all of the
segmental levels and regions of the grey matter examined.
An exception to this was NPY which was present in
5-10% of DBH-immunoreactive axons in the IML and in
lamina X of cervical and thoracic segments (see Fig. 1)
and in occasional profiles located in other laminae. A very
small number of DBH-immunoreactive profiles which were
double labelled for GAL (e.g. in lamina V of cervical
segments) were also observed.

The observation of the presence of NPY in cate-
cholaminergic axons of the IML confirms previous reports
for the rat [12,19] and rabbit [1], Very few NPY-containing
cells in the rat LC and SC project to the spinal cord [7] and
it is likely that most of the DBH axons in the cord which
contain NPY originate from the CI adrenergic cell group
in the rostral ventrolateral medulla [1,12,19]. Furthermore,
many NPY-immunoreactive profiles in the rat IML are
also immunoreactive for phcny I e th ano I am i n e -A'- me thy 1 -
transferase [19], thus confirming their adrenergic source.
Significant levels of the other five (i.e. SP, GAL, ENK,
SOM, DYN) of the six peptides examined were not found
in DBH-immunoreactive axons. These negative findings
cannot be attributed to incomplete immunoreactions; im-
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munoreactions for all the antigens tested were strong and
optimal conditions were established for each antiserum
before this study was undertaken. In addition, the methods
used were identical to those employed in a previous inves¬
tigation of spinal axons where extensive co-localization
was demonstrated between the same group of peptides and
serotonin [10]. Nevertheless, profiles which were double-
labelled for DBH and GAL were observed very infre¬
quently (e.g. in lamina V of cervical segments); this
finding is in keeping with the observations of Holets et al.
[7] who noted that a very small number of cells in the rat
LC which contain tyrosine hydroxylase and GAL project
to the spinal cord. In the cat, considerable numbers of
tyrosine hydroxylase-immunoreactive cells in the pontine
tegmentum project to the spinal cord and are also im-
munoreactive for ENK [5,15,16,20]. In the present study,
ENK-immunoreactivity was not detected in DBH-contain-
ing fibres and therefore there is a significant species
difference in the organization of noradrenergic axons in
the rat.

We were also unable to detect coexistence of GAD and
DBH in spinal axons. Iijima and colleagues [8,9] have
reported extensive co-localization of GAD or GABA in
tyrosine hydroxylase-immunoreactive neurons of the rat
LC and, on this basis, we anticipated that some spinal cord
axons may contain both GAD and DBH. Whilst reasons
for this discrepancy are not clear, it is possible that the LC
cells which contain GAD and tyrosine hydroxylase do not
project to the spinal cord but project elsewhere. According
to Holets et al. [7], the majority of NPY and GAL-contain-
ing neurons of the LC project to the hypothalamus and
very few project to the cord. Therefore, it is likely that
different subsets of I C neurons project to different regions
of the central nervous system.

The evidence obtained in this series of experiments
suggests that bulbospinal noradrenergic axons of the rat do
not contain significant amounts of GABA or the various
peptides tested and, even in the case of NPY, where some
co-localization was detected, it is likely that this peptide is
found predominantly within adrenergic fibres. It follows
therefore that these substances are not co-transmitters of

descending noradrenergic fibres. In this respect the organi¬
zation of noradrenergic fibres in the rat contrasts markedly
with serotoninergic axons of the same species which con¬
tain GAD and a variety of peptides (e.g. see [10]).
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ABSTRACT

Morphological substrates of actions of serotonin upon dorsal horn interneurons with
input from group II muscle afferents were investigated by using two experimental approaches.
Twelve interneurons were intracellularly labelled with rhodamine-dextran, and serotoniner-
gic fibres were identified by immunofluorescence. Appositions between the serotoninergic
axons and these interneurons were examined with a dual-channel confocal microscope. A
further four interneurons were intracellularly labelled with horseradish peroxidase, and
serotoninergic axons were identified by immunocytochemistry; these neurons were prepared
for combined light and electron microscopy. Confocal microscopy revealed serotoninergic
varicosities in apposition to both cell bodies and dendrites. Similar total numbers of
appositions were found on the soma, and on dendrites within 100 pm from the soma, on the
most completely labelled neurons. The number of appositions on 100-pm segments of
dendrites decreased with increasing distances from the soma (from 14.6 within 100 pm, to 3.8
and 2.4 at 100-300 pm, and more than 300 pm distances, respectively). Electron microscopic
analysis of two neurons revealed that few of the apparent contacts on cell bodies were
synaptic, but, in contrast, many varicosities apposed to proximal dendrites formed synapses.
The evidence suggests that serotonin may have more powerful synaptic effects upon the
dendrites of this class of dorsal horn interneurons than on their cell bodies. J. Comp. Neurol.
387:430—438, 1997. c 1997 Wiley-T.iss. Inc

Indexing terms: serotoninergic fibres; synaptic contacts; interneuronal relays; spinal cord

Serotonin (5-HT) has highly specific modulatory actions
on synaptic transmission from various categories of pri
mary afferents. For instance, it may counteract activation
of neurons in pathways from nociceptors by pinch or other
noxious stimuli without influencing activation of these
neurons by touch or brush (e.g., Belcher et al., 1978;
Headley et al., 1978). Serotonin may also differently
modulate synaptic actions of the same afferents on differ¬
ent functional types of neurons. For instance, synaptic
actions of low threshold skin afferents may be facilitated
on neurons giving rise to the dorsal spinocerebellar tract
(DSCT), spinocervical tract (SCT), and the postsynaptic
dorsal column pathway (Jankowska et al., 1995a, 1997),
although synaptic actions of these afferents are often not
affected on neurons with input from nociceptors. Modula¬
tion of synaptic actions of group II muscle afferents by
serotonin may also vary depending on the functional type

of the neurons because serotonin depresses these actions
on some neurons but facilitates them on other neurons

(Bras et al., 1990; Jankowska et al., 1997). The aim of this
and the preceding studies (Jankowska et al., 1995b; Max¬
well and Jankowska, 1996) has therefore been to compare
contacts of serotoninergic fibres on two types of neuron
that are affected by serotonin in different ways. Dorsal
horn interneurons are apparently only depressed by sero¬
tonin (Bras et al., 1990), but dorsal spinocerebellar tract

Grant sponsors: Swedish Medical Research Council, the European
Science Foundation, the Wellcome Trust, and Magn. Bergvalls Stiftelse;
Grant numbers: 5648, 10811, 2207, and 53.

^Correspondence to: E. Jankowska, Department of Physiology, Medicin-
aregatan 11, 413 90 Goteborg, Sweden.
E-mail: Elzbieta.Jankowska@ physiol. gu.se

Received 13 December 1996; Revised 20 May 1997; Accepted 4 June 1997

© 1997 WILEY-LISS, INC.



SEROTONINERGIC CONTACTS ON INTERNEURONS 431

neurons are under both inhibitory and facilitatory sero
toninergic control since synaptic actions of group II affer-
ents upon them are depressed, and synaptic actions of
cutaneous afferents are facilitated (Jankowska et al.,
1995a, 1997). Preliminary results of this study have been
published in an abstract (Maxwell et al., 1995).

MATERIALS AND METHODS

Preparation
Interneurons were labelled in four deeply anaesthetized

cats. Anaesthesia was induced with one dose of pentobarbi¬
tal (45 mg/kg i.p.) and was maintained with several doses
of chloralose (up to 50 mg/kg). The depth of anaesthesia
was verified by monitoring withdrawal and pupillary
reflexes and any changes in the blood pressure. The
animals were killed by perfusion with paraformaldehyde.
The preparation, the main experimental procedures, and
the animal care were the same as used by Jankowska et al.
(1995a,b). They conformed to National Institutes of Health
guidelines and were approved by the local ethical commit¬
tee.

Interneurons were searched for in the dorsal horn of the
lumbar fourth or fifth (L4, L5) segments, at the sites where
the largest field potentials were evoked by group II muscle
afferents (Edgley and Jankowska, 1987a). To distinguish
them from ascending tract cells, it was verified that they
were not activated antidromically by stimuli applied at a
thoracic level. This test was first made extracellularly, by
checking that no spikes were evoked by such stimuli, or
appeared at latencies (>1.5 msec; Fig. 1B,C), which indi¬
cated synaptic activation. The test was repeated after the
cells were penetrated; any spike potentials evoked by
thoracic stimuli were then confirmed to rise from an

excitatory postsynaptic potential (EPSP; Fig. 1E,F). The
selected interneurons were differentiated from other kinds
of dorsal horn interneurons by their short latency activa¬
tion by group II afferents stimulated in one of the muscle
nerves, at a stimulus intensity between two and five times
threshold for the most excitable fibres in this nerve, and
from intermediate zone interneurons with group I input,
which are located in deeper laminae, by the lack of EPSPs
after stimuli that were subthreshold for group II afferents.
For more details see Results.

Preparation of cells for confocal microscopy
In three cats, neurons were labelled by ionophoretically

injecting rhodamine-dextran from microelectrodes contain¬
ing a 2% solution of tetramethylrhodamine-dextran (3,000
MW, anionic, lysine fixable; Molecular Probes Inc., Eu¬
gene, OR, D-3308) in saline (pH 6; tips of about 2.5 pm;
resistance 13-18 Mil) following the procedure of Carr et al.
(1994); rhodamine was injected by passing constant posi¬
tive current of 5-10 nA, (20-60 nA X minutes, in total).
Animals were perfused through the descending aorta with
500 ml of 0.1 M phosphate-buffered saline (PBS) contain¬
ing 0.1% heparin and 0.1% NaN02 followed by 2 litres of
4% paraformaldehyde in PBS at pH 7.4. Sections (50-pm)
were cut in the sagittal plane with a Vibratome and
examined for labelled neurons. Selected sections were

preincubated in 2% normal goat serum in PBS for 30
minutes before they were transferred to anti-serotonin
antiserum (Immunotech, Marseille, France; polyclonal
antiserum 0601a) that was diluted to 1:250 in PBS and
kept at room temperature. The following day, sections

Q5T B iTh C coTh

Q2T

calibr. 500 gV A-C, G.J
10 mV D-F, H,I 5 ms

Fig. 1. Examples of extracellular and intracellular records from
one of the labelled interneurons monosynaptically activated by group
II muscle afferents and both mono- and polysynaptically by cutaneous
afferents. A-C: Responses evoked just before penetration of the
neuron by stimulation of the quadriceps (Q) nerve and by stimuli (0.5
mA) applied to the ipsilateral (i) and contralateral (co) lateral funicu¬
lus at the Th 13 level. Note that the neuron was excited by thoracic
stimuli at a latency compatible with a synaptic, but not antidromic,
activation. D-F: Action potentials and excitatory postsynaptic poten¬
tials (EPSPs) evoked by the same stimuli after penetration of the
neuron. G-I: EPSPs evoked by group II and cutaneous afferents at the
end of horseradish peroxidase injection, when action potentials were
no longer induced. Note that only stimuli suprathreshold for group II
afferents (five times threshold; 5T) but not weaker (two times thresh¬
old; 2T) stimuli (J) were effective in evoking EPSPs, or activating the
neuron. Single responses are in A-C and averages of five responses in
B-J. Records from the interneuron are in the upper traces, whereas
records of the incoming volleys from the cord dorsum are in the lower
traces. The voltage calibration pulses in the left column apply to upper
traces in the same rows, as indicated.

were washed in PBS and incubated in biotinylated goat
anti-rabbit secondary antiserum (1:200; Vector, Burlin-
game, CA) for 1.5 hours at room temperature. They were
then washed again in PBS and placed in fluorescein
isothiocyanate (FITC)-streptavidin (1:200; Vector) for 1
hour at room temperature. Sections were agitated during
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the incubations and all solutions contained 0.02% Triton
X-100. Sections were washed again in PBS and finally in
distilled water, mounted in Mowiol (Hoechst, Frankfurt
am Main, Germany) and stored at —20°C. The antiserum
used has a very high affinity for serotonin (5-HT), but very
low for 5 mcthoxytryptaminc and dopamine (Stcinbusch
ct al., 1978), and no affinity for 5 hydroxytryptophane and
5-hydroxyindolacetic acid (Gaudin Chazal et al., 1982).

Confocal microscopy
Sections were scanned with two channels of a confocal

laser scanning microscope (Bio-Rad, Hercules, CA; MRC600
attached to a Nikon FXA fluorescence microscope) as
described by Jankowska et al. (1995b). The lens magnifica¬
tion was X40, increment 2 (5 X 0.4) pm, zoom factor 1, and
the neutral density 0. (For further details see Belichenko
and Dahlstrom, 1994). The neurons were scanned in series
of eight to twenty 2-pm optical sections at depths at which
serotoninergic fibres were satisfactorily labelled. The single
plane images of the neurons and of the terminals were
merged, and the terminals were considered to be in
apposition if no intervening space between them and cells
was detected. To increase the reliability of these estimates,
the aperture of the confocal microscope and the gain were
reduced to a minimum. Small terminals were detected in

only one or two optical planes and the largest ones in two
or three planes. After the confocal analysis was completed,
the dendritic trees of the neurons were reconstructed by
using Lucivid/Neurolucida reconstruction programme (Mi-
croBrightField, Inc., Colchester, VT). The confocal images
were then localized, and the sites of the appositions were
related to the distances from the soma. The numbers of the

appositions were counted for 100-pm-long segments of the
dendrites at distances of 100, 100-300, and more than 300
pm from the soma.

Preparation of cells for electron microscopy
In one experiment, interneurons were labelled by intra¬

cellular injection of horseradish peroxidase (HRP; 8%
solution in Tris buffer, pH8 with 0.3 M potassium chloride).
The animal was perfused at the end of the experiment with
fixative containing 1% glutaraldehyde, 1% formaldehyde
in 0.1 M phosphate buffer (pH 7.4). The immunocytochemi-
cal and electron microscopic procedures have been de¬
scribed previously (Maxwell and Jankowska, 1996). Briefly,
sagittal sections (50-pm) were collected in series and
immersed in 50% ethanol to enhance antibody penetra¬
tion. Sections were reacted in the presence of 3,3'-
diaminobenzidine tetrahydrochloride (DAB) and placed in
1% sodium borohydride for 30 minutes. After blocking in
normal goat serum for 1 hour, sections were incubated
overnight in rabbit anti-serotonin antiserum (Incstar Ltd.,
Wokingham, UK) diluted to 1:20,000. Sections were rinsed
in PBS and placed in biotinylated goat anti-rabbit serum
(Vector) for i hour. After a further rinse in PBS. sections
were incubated in avidin-biotin-HRP complex (Vector,
Elite). Sections were again reacted in the presence of DAB
but, on this occasion, the reaction product was intensified
with cobalt chloride to provide a contrast between struc¬
tures intracellularly labelled with HRP and immunoreac-
tive structures. Finally, the sections were prepared for
combined light and electron microscopic analysis (see
Maxwell, 1992). Control sections were processed in an
identical manner except that the primary antiserum was
omitted; no immunoreactions were observed in these sec¬

tions. Intcrncurons wore examined with a light microscope
and were photographed and drawn. Two neurons were
selected for electron microscopic analysis, and blocks
containing cell bodies and dendrites were prepared and
sectioned with an ultramicrotome. Serial sections were

gathered on Formvar coated, single slot grids, and a series
consisting of 40 80 sections were viewed with the electron
microscope.

RESULTS

Sample of interneurons
Sixteen dorsal horn interneurons were labelled success¬

fully: twelve with rhodamine-dextran and four with HRP.
None of them were antidromically activated by stimuli
(>0.5 mA; 0.2 msec) applied ipsi- or contralaterally to the
lateral funiculus, which exceeded 4-8 times threshold of
activation of ascending spinocerebellar or spinocervical
tract neurons in the same experiments. Morphological
properties of the labelled neurons confirmed their electro
physiological identification as interneurons. Dendrites of
these cells radiated in all directions, usually less than 0.5
mm from the soma (Fig. 2B). This arrangement is unlike
that of dendrites of SCT neurons, which are most fre¬
quently directed dorsally (Brown et al., 1976, 1977) or
dendrites of dorsal horn DSCT neurons, which are predomi¬
nantly rostrocaudally directed (Edgley and Gallimore,
1988), and extend over distances of up to, or more than 1
mm. The mean soma diameters of the labelled neurons

were 42 (12 pm (n = 15) and were within a similar range as
mean diameters of dorsal horn group II interneurons
labelled previously (33 ± 6.0 pm; Bras et al., 1989) but
were smaller than mean diameters of either the DSCT
neurons (which exceed 60 pm; see Edgley and Gallimore,
1988 and Figs. 2, 3 in Jankowska et al., 1995b) or the SCT
neurons, which range between 45 and 89 pm, (mean, 61
pm) in illustrated samples of SCT cells labelled with HRP
(Brown, 1981: n = 11; Rastad et al.: 1977, n = 2). Axon
collaterals given off by several of the labelled neurons
further differentiated them from DSCT neurons which
lack such collaterals (Edgley and Gallimore, 1988) al¬
though not from SCT neurons (see Brown, 1981).

In all of the labelled interneurons short latency excita¬
tory postsynaptic potentials (EPSPs) were evoked by group
II afferents of one or more than one of the dissected muscle
nerves, most often the quadriceps and/or DP nerves, at
intensities supramaximal for activation of group I affer¬
ents (cfFig. lGwith 1 J). Latencies of these EPSPs (1.1-2.3
msec from Q group I volleys and 2.1-2.8 from DP group I
volleys) were compatible with monosynaptic coupling from
group II afferents (Edgley and Jankowska, 1987a,b). In
several of these neurons EPSPs were also evoked by
cutaneous afferents, at latencies compatible with either
monosynaptic (Fig. 1H) or oligosynaptic (Fig. II) coupling.
Both lack of input from group I affcrcnts and the location
in the lateral or medial part of the dorsal horn (see Fig. 2A)
define these interneurons as dorsal horn group II interneu¬
rons that do not have direct access to motoneurons (Edgley
and Jankowska, 1987b; Bras et al.. 1989).

Confocal microscopic analysis
Appositions between scrotonincrgic fibres and cell

bodies. The distribution of these appositions was investi¬
gated on cell bodies of 4 of the 12 interneurons because the
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Fig. 2. A: Location of interneurons used in the present study.

Neurons analysed with confocal microscopy are indicated with filled
circles. Neurons examined with light and electron microscopy are
indicated by circles with a cross. The location of these neurons is
plotted on a representative section through the rostral part of the fifth
lumbar (L5) segment, by using the lateral border of the neck of the
dorsal horn and its dorsal border as the reference points. B: A
semi-schematic reconstruction of the dendritic tree of the interneuron
illustrated in Figure 3A. The regions of the dendrites examined for
appositions of serotoninergic terminals are in black.

cell body of one neuron was damaged by the dye injection
and the 5-HT antibody did not penetrate satisfactorily
throughout the depth of location of the somata of the
remaining neurons. Immunoreactive fibres were found in
apposition to all of the four interneurons. Figure 3A-C
shows merged images of the somata and terminals of
immunoreactive 5-HT fibres in the same optical plane; one
plane through the soma of one of the neurons (Fig. 3A) and
two planes for another one (Fig. 3B,C). The planes were
partly tangential to the somata, especially at the origin of
the dendrites; which explains a number of varicosities
overlying the surface.

Varicosities in apposition to the somata were seen in 3 to
12 successive optical planes; the number of such planes
was smaller for neurons located deep in the section, or in
sections where immunoreaction was weaker. Up to 15

Fig. 3. Confocal microscopic images of cross-sections through cell
bodies and dendrites of two interneurons. Superimposed images of cell
bodies and proximal dendrites (red) and serotoninergic fibres (green)
were obtained by merging images from single 2-pm optical planes.
A: An optical section through the middle part of the soma and proximal
dendrites of an interneuron. B,C: Two optical planes 2 pm apart
through the soma and proximal dendrites of another interneuron; B
was partly through the nucleus, whereas C was tangential to the soma
at the origin of the dendrites. D: Examples of contacts on a dendrite
100-300 pm from the soma. Arrows indicate varicosities in contact
with the surface of the neurons. Scale bar = 25 pm in A-D.

appositions were seen in a single optical plane but the
mean number in one plane was only 4.2 (2.0-7.8 for
individual neurons). The total number of appositions
found on the four neurons was 69, 61, 56, and 26. By
relating these numbers to the surface of the soma of
individual neurons, 0.8-1.5 likely contacts were found on
average within 100 pm2 areas. However, Figure 3 shows
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that, in addition to the terminals which were directly
apposed to the surface of the soma, many serotoninergic
terminals were found within a few microns from the soma.

The actual numbers of serotoninergic terminals that might
influence the interneurons must however have exceeded
these numbers (see estimates in the Discussion) because
the intensity of immunolabelling was strongest near the
surface of sections and became progressively weaker in
deeper regions.

Appositions between serotoninergic fibres and den¬
drites. The distribution of appositions was determined
for 24 dendrites within 100 pm from somata (illustrated in
Fig. 3A-C), seventeen 100-pm segments of dendritic
branches within 100-300 pm from somata (illustrated in
Fig. 3D), and 18 such segments within 30U-600 pm from
somata. Appositions were found on about 70% of the
dendritic segments inspected. The number of varicosities
found in apposition to the dendrites was higher proximally
than distally and was on the average 14, 4.6, and 2 per 100
pm within the three ranges of distances from the somata.
The counts made within 100 pm distances from the somata
in addition suggested a comparable total number of apposi¬
tions on proximal dendrites and somata; these were 79 and
69, 86 and 61, 61, and 26, for the three cells where such a

comparison was possihle

Electron microscopic analysis
The four interneurons labelled with HPP were exam¬

ined in resin-embedded sections with light microscopy to
determine the location of putative contacts formed by
serotonin-immunoreactive axons with these cells. The
pattern of appositions was similar to that observed with
the confocal microscope' numerous putative contacts were
formed with intermediate and distal dendrites but fewer
contacts were formed with cell bodies (Figs. 4A, 5A).
Electron microscopic investigation of presumed contacts
viewed with the light microscope on the somata of two of
these interneurons revealed that the majority of serotonin-
immunoreactive axons were not directly apposed to cell
bodies but were separated from them by intervening glial
processes (Fig. 4B). Ten presumed contacts were examined
through complete series of ultrathin sections but only two
formed synaptic junctions with labelled interneurons (Fig.
4C). More than 20 presumed contacts were examined
through series of ultrathin sections on distal and interme¬
diate dendrites of the same two neurons. In contrast to the

appositions formed with cell bodies, most (75%) of the
varicosities formed synaptic junctions with dendrites of
interneurons (Fig. 5C,D) but the synaptic specialisations
were often very small (0.1 pm in length) and indistinct.

DISCUSSION

Comparison of contacts with dorsal horn
interneurons and DSCT cells

The results of this study show that serotonin-immunore¬
active varicosities are in synaptic contact with both the
Somata and dendrites of midlumbar dorsal horn interneu¬
rons with input from group II muscle afferents. This
pattern of innervation was also observed in our previous
studies of dorsal horn DSCT neurons (Jankowska et al.,
1995b; Maxwell and Jankowska, 1996) but two major
differences were found in the distribution and in the
characteristics of synaptic contacts associated with these

two kinds of neuron. The first of these differences was that

only single terminals were seen in apposition with cell
bodies of interneurons, whereas rings of connected 5-HT
immunoreactive varicosities apposed cell bodies of DSCT
neurons (Jankowska et al., 1995b). The numbers of synap¬
tic contacts made with intorncurons wore also smaller
than of those made with DSCT neurons. The maximum
and mean numbers of appositions seen in one optical plane
were 15 vs. 46 and 5.4 vs. 14.8 and mean total numbers
were 53 vs. 161, for interneurons and DSCT cells, respec¬
tively. On the other hand, no major differences were
apparent between the densities of these appositions be¬
cause their ranges greatly overlapped. Estimates of the
densities were made initially by relating the total numbers
of appositions that were actually observed to the areas of
spheres with the same diameter as the mean diameters of
the neurons. They were 1.1 appositions (range, 0.8-1.3)
per 100 pm2 for interneurons and 0.9 appositions (range,
0.5-1.2) per 100 pm2 for DSCT neurons. However, immuno¬
labelling for serotonin was often found to be weaker deep
in sections and the total numbers of appositions arc likely
to exceed the numbers observed. To compensate for this we
have reestimated these figures by using the maximum
numbers of apposlLluns seen in one plane and multiplying
them by the number of planes through the soma, rather
than calculating the density from the sum of appositions
seen in all of the planes Such estimates were murh higher'
4.3 appositions (range, 3.2-6.1) per 100 pm2 for interneu¬
rons and 6.9 appositions (range, 5-9) for DSCT neurons.
However, even in the case of these higher estimates, 5-HT
released from a single terminal on either type of nouron
would have to diffuse over distances of several microns to

reach most of the surface of the neuron. The distances over

which 5-HT is active may vary on neurons in different
parts of the nervous system, and may also vary in different
species or the preparation used. However, in some modula¬
tory systems, it has been estimated that G protein coupled
channels may be activated by transmitters released from
sites that are located at a distance of more than 10 pm
away from their receptors (see Hille, 1992). Therefore even
one release site with an effective radius of action of 10 pm
(i.e., one per 100 pm2) might be sufficient to account for the
modulatory actions of 5-HT on these neurons.

A more fundamental difference in contacts between
serotonin-immunoreactive varicosities and the two types
of neuron were revealed by electron microscopic analysis.
Only a very small proportion of appositions with the cell
bodies of interneurons were synaptic contacts, whereas
almost all of the varicosities apposed to somata of DSCT
cells formed synapses (Maxwell and Jankowska, 1996).
Differences have also been found in the distribution of

appositions between varicosities of serotoninergic nerve
fibres and dendrites of the interneurons and DSCT neu¬

rons. The numbers of such appositions decreased with the
increasing distance from the soma of interneurons, whereas
they were similar on proximal and distal parts of dendrites
of DSCT neurons. Electron microscopic analysis also indi¬
cates that a higher proportion of appositions on dendrites
of DSCT neurons are synaptic contacts. The results of the
two studies suggest that serotonin-immunoreactive fibres
form a different type of relationship with dorsal horn group
II interneurons and DSCT cells.



Fig. 4. Serotonin-immunoreactive boutons associated with cell
bodies of group II interneurons. A: A light micrograph of an interneu-
ron that was prepared for combined light and electron microscopy.
Several presumed contacts (arrows) are made by serotonin-immunore¬
active fibres with the soma of the neuron. Electron microscopic
analysis of the same material (B) revealed that these immunoreactive

fibres (arrows) did not form contacts with the neuron (IN) but were
separated from it by glial processes. C: A rare example of an immuno-
rcactivc bouton that formed a synaptic contact with an intcrncuron
(IN). Arrowheads in the inset indicate small postsynaptic densities
that are present at the synaptic junction. Scale bars = 20 pm in A,
1 pm in B, 0.5 pm in C.



Fig. 5. Serotonin-immunoreactive boutons associated with den¬
drites of group II interneurons. A: A light micrograph of intermediate
dendrites of an interncuron. Immunoroactive fibres were apposed to
the neuron at several sites. Regions of apposition are indicated by
arrows. B: An electron micrograph of part of a dendrite of an
interneuron (IN) shown at low magnification. Two immunoreactive

structures (arrows) are associated with the dendrite. C: One of these
immunoreactive structures (C with arrow shown in panel B) is shown
at a higher magnification. This bouton forms a synaptic junction
(arrows) with the dendrite (IN). D: A further example of a bouton that
forms a synaptic contact (arrows) with a dendrito of an internouron
(IN). Scale bars = 20 pm in A, 5 pm in B, 0.5 pm in C.
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Can differences between contacts formed by
serotoninergic fibres be related to

differences in their actions?

Since cell bodies of group II interneurons were apposed
by scattered serotoninergic varicosities, in contrast to the
rings of varicosities around cell bodies of DSCT neurons, it
is tempting to relate the rings of synaptic contacts to
differences in modulatory actions of 5-HT on the two kinds
of neuron. The main difference is in the control of transmis¬
sion from cutaneous afferents. which is facilitated in DSCT
neurons but not in interneurons, whereas transmission
from group II afferents to both these types of neurons is
depressed. Several explanations could account tor these
differences; the facilitatory actions of 5-HT on DSCT
neurons might be mediated by 5-HT nerve fibre terminals
which differ morphologically and/or cytochemically, or they
may reflect different properties of postsynaptic mem¬
branes of interneurons and DSCT neurons, or, if serotonin
operates presynaptically, they may indicate that the pre¬
synaptic terminals of cutaneous afferents in contact with
the two types of neuron have different properties. The first
of these possibilities is supported by observations of co-
localization of various putative transmitters in terminals
of serotoninergic fibres (Johansson et al., 1981; Arvidsson
et al., 1990; Wu and Wessendorf, 1992), and cells of
different raphe nuclei (Dahlstrom and Fuxe, 1964) appear
to have different components of co-localized transmitters
(see, e.g., Kwiat and Basbaum, 1992; Maxwell et al., 1996).
Different 5-HT neurons might accordingly be involved in
facilitatory and depressive actions. These different modu¬
latory actions might also be explained by the involvement
of different postsynaptic membrane receptors, as it is
likely that the facilitatory and depressive actions of 5-HT
are mediated via different receptors. Facilitatory actions
on motoneurons have been reported to involve 5-HT2 and
1C receptors (see, e.g., Yamazaki et al., 1992, for rat limb
motoneurons; Lindsay and Feldman, 1993, for rat phrenic
motoneurons; see, however, Holohean et al., 1992), or

unspecified 5-HT1 receptors (Hounsgaard and Kiehn,
1989). In contrast, 5-HT 1A and IB receptors appear to be
primarily involved in the depression of transmission from
group II afferents (Bras et al., 1990) and from nociceptors
(El-Yassir et al., 1988). The most recent observations also
show that differences in modulatory actions of serotonin
may be related to both the sites and types of contacts made
between serotoninergic nerve fibres and spinal neurons.
For example, serotonin has been found to have different
effects when ionophoresed in the region of dendrites or
soma of spinal neurons in vitro (Skydsgaard and Houn¬
sgaard, 1996). It is of particular interest that changes in
membrane properties occur when spinal motoneurons are
sufficiently strongly depolarized in the presence of seroto¬
nin acting in the region of soma. Such changes make them
respond with sustained discharges that outlast a transient
depolarization instead of being time-locked to depolariza¬
tion and are described as "bistability" (see e.g., Houn¬
sgaard et al., 1988). Serotonin induced bistability of spinal
motoneurons may be related to the rings of serotoninergic
boutons that surround the somata of these neurons (see
e.g., Kojima et al., 1983; Ulfhake et al., 1987), and it would
be of interest to determine whether DSCT neurons, but not
dorsal horn group II interneurons, display similar bistabil¬
ity in the presence of serotonin.
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volume transmission [16] type of mechanism. However
there is a close relationship between SP and some neurons

possessing NK-IR; Nairn et al. have shown that NK-1R-
immunoreative cells in laminae III and IV receive dense

synaptic innervation on their distal dendrites in lamina I
from SP-immunoreactive primary afferent axons [31].

Much of the SP in the dorsal horn of the spinal cord
originates from small-diameter primary afferent axons,

, however primary afferents are not likely to be a significant
source of SP in the IML as SPNs are not monosynaptically
activated by them [10]. Much of the SP in the IML
originates from descending bulbospinal pathways (e.g. see
Ref. [20]) and many of these descending pathways also
contain serotonin (5-HT) and other putative transmitters
[20,40]. In addition, SP axons may also originate from
intraspinal sources [11].

The aim of this study was to examine the relationship
between SP and NK-IR in the lateral horn of the rat. In

order to examine this relationship we labelled SPNs retro-
gradely with Fluorogold and sections containing cells were

processed for three-colour confocal laser scanning mi¬
croscopy to determine the relationship between SP, NK-IR
and choline acetyltransferase (ChAT) immunoreactivity on
identified SPNs. Choline acetyltransferase immunoreactiv¬
ity was used as an additional marker for SPNs bocauco
good dendritic labelling is obtained with this method. An
ultrastructural investigation was also performed to deter¬
mine the synaptic relationship between SP-immunoreactive
axons and NK-lR-immunoreactive dendrites. A prelimi¬
nary account of the work has been published as an abstract
[37]. During the final stages of our study, a paper by
LLewllyn-Smith and others [26] was published which also
considered the relationship between SP and NK-IR in the
lateral horn; our observations support many of the findings
reported in this paper, but the methods used by us were
different.

2. Materials and methods

2.1. Confocal microscopy

Three adult (three months) female Albino Swiss rats
were given intraperitoneal injections of Fluorogold (Fluo-
rochrome, Englewood; 250 pi of 2 mg/ml Fluorogold in
sterile distilled water) under Halothane anaesthesia and
allowed to survive for 7 days. This method labels all SPNs
in the rat spinal cord [1]. The animals were deeply anaes¬
thetised with 1 ml pentobarbitone (injected intraperi-
tonelally) and perfused transcardially with a rinsing solu¬
tion followed by 500 mis of 4% formaldehyde in 0.1 M
phosphate buffer (pH 7.4). Segments T8-10 were removed
and transverse sections (50 pm thick) were cut with a
Vibratome. In preliminary immunoreactions, we also used
sagittal sections but antibody penetration was always less
satisfactory in these sections and confocal microscopic

analysis was performed with transverse sections only. Ini¬
tially, sections were incubated in 10% normal donkey
serum diluted in 0.3% Triton X-100 for one hour. This was

followed by an overnight incubation in a cocktail of
primary antisera which consisted of: goat anti-choline
acetyltransferase antiserum (1 : 100; Chemicon, Inc.); rab¬
bit anti-NK-lR antiserum (1: 10000; a gift from Dr S.
Vigna) and rat anti-SP antiserum (l : 200; Affiniti). Fol¬
lowing rinsing in PBS, the sections were transferred for
one hour into a solution which contained secondary anti
bodies which were raised against immunoglobulins of the
species providing the primary antibodies (1 : 100: Jackson
Immunochemicals). The secondary antisera were coupled
to lissamine-rhodamine (LRSC) for the detection of anti-
ChAT, fluorescein (FITC) for the detection of anti-NK-1R
and cyanine 5.18 (CY5) for the detection of anti-SP. All
dilutions were made in PBS containing 5% normal donkey
serum with 0.3% Triton X-100. Finally, sections were
rinsed in PBS, mounted on glass slides with Vectashield
antifade mounting medium (Vector Laboratories) and
stored in a freezer ( — 20°C) until required.

Sections were viewed initially with ultraviolet (UV)
fluorescence microscopy to examine Fluorogold-labelled
SPNs and subsequently with a Bio-Rad 1024 confocal
laser scanning microscope oquippcd with a krypton argon
laser which produced wavelengths at 488, 568 and 647
nm; these optimally excite FITC, LRSC and CY-5, respec¬
tively. A total of 95 SPNs was examined (27, 27, 21 from
each animal). Cells were sampled from every fifth Vi¬
bratome section in the series. Six optical sections were
gathered sequentially for the three wavelengths through
each cell at increments of 0.5 pm with a X60 oil immer¬
sion lens and a zoom factor of 1.5. Only cells which
displayed a prominent nucleus were included in the sam¬
ple. The relationship between SP, NK-IR and ChAT was
assessed by merging the three images obtained at each
optical plane and this was compared with the picture
obtained with UV fluorescence to determine if the ChAT-
immunoreactve cells were also labelled with Fluorogold.
The numbers of contacts made by SP-immunoreactive
varicosities on SPNs was determined from the merged
image and the area of each cell was measured with a
Kontron KS 400 image analysis system.

2.2. Electron microscopy

Two adult (six months) female Albino Swiss rats were

deeply anaesthetised with 1 ml sodium pentobarbitone
(injected intraperitonelally) and perfused through the heart
with a rinsing solution followed by 1000 ml of fixative
which contained 1% glutaraldehyde and 1% formaldehyde
in 0.1 phosphate buffer (pH 7.4). Segments T8-10 were
removed and transverse sections (50 pm) were cut with a
Vibratome. Sections were treated with 1% sodium borohy-
dride for 30 min and following extensive washing in
phosphate-buffered saline (PBS), were placed in 10% nor-
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mal goat serum (NGS) in PBS for 1 h. The sections were
incubated next in rabbit anti-NKl (from Dr S. Vigna;
1 : 10000) and rat anti SP (Affiniti; 1 :2000) in PBS with
1% NGS for 3 days at room temperature. Following
further rinses in PBS they were then placed overnight in
goat anti-rabbit IgG coupled to 1 nm gold (Auroprobe,
Amersham) diluted to 1:200 and biotinylated anti-rat IgG
(Jackson) at 1:500 in 1% NGS in PBS. Sections were

fixed with 2% glutaraldehyde for 30 min, rinsed in PBS
and distilled water and the gold was intensified with silver

(Vector, IntenSE Kit). After further rinses, sections were

incubated in ABC reagent (Vector Elite) overnight and
reacted with diaminiobenzidine to reveal peroxidase activ¬
ity. Sections were then placed in osmium tetroxide, dehy¬
drated and flat-embedded in Durcupan between sheets of
cellulose acetate. Once the resin had polymerised, the
sections were examined with a light microscope and the
lateral horn was identified. Regions containing silver-in¬
tensified cells and SP-immunoreactive axons were chosen

,

for electron microscopy and mounted on blocks. Series of

Fig. 1. (A) A fluorescence micrograph showing Fluorogold labelled sympathetic preganglionic cells in the lateral horn. This section was examined with the
488 168 and 647 lines of the confoeal microscope (B C and T) respectively), Confocal microscopic analysis of single optical sections shows that all three
Fluorogold-labelled cells are immunoreactive for choline acetyltransferase (B). Many choline acetyltransferase-immunoreactive dendrites are visible
(arrows). Cells 1 and 2 are labelled for the neurokinin-1 receptor but cell 3 is not immunoreactive for the receptor (C). Many substance P-immunoreactive
varicosities are also present in this plane (D). A three-colour merged image of B, C and D is shown in Fig. 2A. Scale bar = 50 p,m.



Fig. 2. (A-D) Merged single optical sections showing the relationship between Choline acetyltransferase (ChAT)-immunoreactive cells (blue), the
neurokinin-1 receptor (NK-1R; green) and substance P (SP; red). (A) A merged image of the three images shown in Fig. 2B, C.D. Many
SP-immunoreactive axons are present in the surrounding tissue but not all form associations with NK-lR-labelled structures. (B) Examples of contacts
(arrowheads) made by SP-containing axons with ChAT-labelled dendrites which are also immunoreactive for NK-1R. (C) Examples of contacts
(arrowheads) made by SP varicosities with ChAT-labelled dendrites which are not immunoreactive for NK-IR. (D) Examples of ChAT-immunoreactive
sympathetic preganglionic neurons in the lateral horn which are immunopositive and immunonegative (asterisks) for NK-IR. Both types of neuron receive
contacts from SP-immunoreactive varicosities (arrowheads). Note that many SP-immunoreactive varicosities do not contact NK-1R- or ChAT-immunoreac-
tive cells and dendrites. Scale bars A = 50 p.m; B,C,D = 25 p.m.



Fig. 3. (A) An electron micrograph of the lateral horn illustrating dendrites which are labelled for the neurokinin-1 receptor with silver-intensified gold
(asterisks). Note that the silver grains accumulate at the inner membranes of dendrites. Several substance P-immunoreactive boutons containing
diaminobenzidine reaction product are also shown in the same field. The bouton labelled B is shown at a higher magnification in (B). This bouton forms a
synapse with an NK-lR-immunoreactive dendrite. Arrowheads indicate the synaptic junction. Note that this profile contains agranular and granular
(arrows) vesicles. The bouton labelled C is shown at higher magnification in (C). This bouton forms a synapse (arrowheads) with a dendrite which is not
immunoreactive for NK-IR. Scale bars = 1 p.m.
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Fig. 4. (A) A cell in the lateral horn which is immunoreactive for the neurokinin-1 receptor. Note the accumulation of silver particles at the membrane of
the cell (arrows). The cytoplasm of the cell also exhibits immunoreactivity for NK-1R. Two substance P-immunoreactive varicosities are closely apposed
to the cell (arrowheads). (B) Several NK-lR-immunoreactive dendrites (asterisks) and an SP-immunoreactive bouton. The bouton makes a synapse with
one of the dendrites (arrowheads and inset). (C,D) Serial sections showing an SP-immunoreactive bouton which forms a synaptic contact with a dendrite
which is positively labelled for NK-1R. Note the exclusion of silver grains from the active zone. The asterisk indicates a bouton which also synapses with
the dendrite and is not immunoreactive for SP. Scale bars A = 5 fxm; B.C and D = 0.5 p,m.
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ultrathin sections were examined which consisted of 40
sections on average.

3. Results

3.1. Confocal microscopic observations of SP and NK-1R

Many Fluorogold-labelled cell bodies of neurons were
observed in the lateral horn with UV fluorescence mi¬

croscopy (Fig. 1A). Confocal microscopy revealed that
these cells were immunoreactive for ChAT but that

ChAT-immunoreactivity was also present in dendrites (Fig.
IB). Most Fluorogold/ChAT-labelled cells displayed
strong NK-1R immunoreactivity which was present at the
plasma membrane (Fig. 1C) however a number of Fluoro¬
gold/ChAT-labelled cells were seen which were not im¬
munoreactive for NK-1R (Fig. 1. Fig. 2A). Numerous
SP-immunoreactive axons were present in the vicinity of
these cells (Fig. ID) and, in merged images, some of these
axons contacted NK-1R positive and NK-1R negative cells
(Fig. 2D). Confocal microscopic analysis also showed that
SP-immunoreactive axons contacted NK-lR-labelled den¬
drites which were labelled for ChAT (Fig. 2B) but ChAT-
containing dendrites which were not immunoreactive for
NK-1R also received SP contacts (Fig. 2C). The SP axons
often formed a complex plexus in the vicinity of ChAT-
immunoreactive dendrites (Fig. 2B,C) but it was not possi¬
ble to quantify the relationship between SP and dendrites
posessing the receptor. Many SP axons in single optical
sections were not apposed to NK-1R- or ChAT-im-
munoreactive structures.

In total, 95 Fluorogold and ChAT double-labelled SPNs
were examined for NK-1R immunoreactivity. Of this sam¬

ple of cells, 75 (79%) were positive for NK-1R immuno¬
reactivity and 20 (21%) were negative. The average area of
NK-1R positive cells was 210 |xm2 and the average area
of cells which were NK-1R negative was 201 p,m2; there
was no statistical difference between these two popula¬
tions. The number of contacts made by SP-immunoreactive
varicosities with the cell bodies of NK-1R positive and
negative cells was calculated from the six individual opti¬
cal sections examined for each cell. The average number
of contacts made with positive cells was 3.8 and the
average number with negative cells was 2.4. Student's
/-test revealed a significant difference between the num¬
bers of contacts made with the two populations of cells
(P<0.01) but when these figures were normalised for
area, the difference was not significant.

3.2. Electron microscopic analysis of SP and NK-1R im¬
munoreactivity

Silver-intensified gold particles were observed at the
plasma membranes of cells and dendrites in the IML (Figs.
3 and 4) and the distribution of immunoreactivity was

similar to that reported in previous ultrastructural studies
where peroxidase reactions were used to reveal NK-1R
[21,27], Occasionally, cells and dendrites not only dis¬
played an immunoreaction at the cell membrane but also
showed evidence of NK-1R immunoreactivity within the
cytoplasm itself (Fig. 4A). Axons containing immuno¬
reactivity for SP made synaptic contacts with profiles
which were both positively and negatively labelled for
NK-1R. In all, 48 SP-immunoreactive boutons, which were

presynaptic to dendritres, were examined and 16 of these
made synapses with NK-1R positive dendrites. When an
SP-immunoreactive bouton formed synapses with NK-1R-
immunoreactive profiles, immunoreactivity for the receptor
was usually not present at the synaptic junction but was
often present at a 'perisynaptic' location and at other
non-synaptic regions of the plasma membrane (Fig. 3B,
Fig. 4B,C,D,). SP-immunoreactive boutons contained
granular and agranular vesicles. Granular vesicles were not
concentrated at synaptic specialisations but were often
located at non-junctional membranes (Fig. 3B).

4. Discussion

The principal aim of this study was to examine the
relationship between SP and NK-1R in the lateral horn of
the thoracic spinal cord. Confocal microscopic analysis
showed not only that NK-lR-immunoreactive SPNs re¬
ceived contacts from SP-immunoreactive varicosities but
also that NK-lR-immunonegative SPNs received contacts
and the numbers of contacts on each type of cell were
similar. SP-immunoreactive axons also contacted ChAT-
immunoreactive dendrites which were positively and nega¬
tively labelled for NK-1R and electron microscopic analy¬
sis confirmed that SP-immunoreactive boutons formed

synapses with dendrites which were both immunopositive
and immunonegative for NK-1R. While this evidence sug¬
gests that some SP-immunoreactive boutons in the lateral
horn may influence the activity of SPNs by a direct
synaptic action, many boutons did not form associations
with structures possessing the receptor. Mismatches be¬
tween SP and NK-1R have been described in various

regions of the central nervous system including the cere¬
bral cortex, striatum and dorsal horn of the spinal cord
(e.g. see Ref. [25]). The mismatch observed in the present
study may be explained in several ways.

Firstly we may not have detected all of the receptor
present in the tissue. Although confocal microscopy is a
highly sensitive method for demonstrating the presence of
immunoreactivity [7], we cannot rule out the possibility
that low levels of the receptor were not detected. The
NK-1R immunoreaction was consistently strong, however
some structures were more intensely labelled than others
and occasional weak NK-lR-labelled structures were seen

in sections which also contained strong labelling. Variation
in the strength of the immunoreaction may reflect up-regu-
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lation or down-regulation of receptor production by indi¬
vidual neurons [19], The receptor is also known to change
its cellular location as a consequence of interaction with
SP [27] and becomes 'internalised', hence not all cells
which express the receptor will display the characteristic
NK-1R labelling of the plasma membrane. It is also known
that two isoforms of NK-1R exist [28]. The antibody used
in this study recognises the long form of the receptor

f protein but not the short form [39], Although the short
form may be present predominantly in glandular tissue, we
cannot exclude the possibility that some cells in the IML
express the short form of the receptor and do not possess
the long form. It is likely, however, that not all SPNs
possess NK-1 receptors. Electrophysiological studies have
shown that a proportion of SPNs (approximately 40%) do
not respond to SP [2,3,9,17] and this is consistent with the
finding that not all SPNs are immunoreacative for NK-1R.

A second possibility is that SP operates through a
non-NK-lR or that SP axons contain another transmitter
and it is the receptors for these transmitters which are

present at sites of mismatch. It is generally accepted that
SP is the preferred ligand for NK-1R, but SP also binds
with low affinity to NK-2 and NK-3 receptors [19] and
therefore may act through another tachykinin receptor.
Although binding sites for NK-2 and NK-3 tachykinin
receptors are present in the IML [41] it is unlikely that the
effects mediated by SP through non-NK-1 tachykinin re¬

ceptors are significant because of its low affinity with
them. All of the SP-immunoreactive boutons we observed
with the electron microscope contained agranular vesicles
in addition to granular vesicles. Postembedding immuno-
gold studies suggest that SP, and most peptides, are con¬
tained within granular vesicles whereas fast transmitters
(e.g. glutamate and GABA) are contained within agranular
vesicles [12,30]. Furthermore, much of the SP in the IML
is co localised with 5 HT and other transmitters [20,33,40]
which influence the activity of SPNs [20,23]. The evidence
therefore suggests that most SP-containing axons in the
IML contain other transmitters in addition to SP and

receptors for these transmitters may be present at synapses
where there is a mismatch for SP and its receptor.

A third possibility is that SP does not act directly on
cells possessing NK-1R but operates via a diffuse non-syn-
aptic or 'volume transmission' type of mechanism [16]. SP
is known to diffuse over considerable distances in the

dorsal horn of the spinal cord [13-15] and may interact
with receptors which are located far from its site of
release. Our electron microscopic observations provide
further evidence in support of a diffuse action of SP. When
SP-immunoreactive boutons formed synapses with NK-1R
dendrites, silver-intensified gold particles were usually ex¬
cluded from the active zone of the synapse but were
frequently present at a perisynaptic location and at other
non-synaptic regions of the plasma membrane. This sug¬
gests that NK-1 receptors may not be present in the active
zone itself but are located in the membrane adjacent to the

synapse. The perisynaptic location of the immunoreaction
may reflect a general feature of G-protein coupled recep¬
tors; sensitive immunogold techniques show that
metabotropic glutamate receptors are found at perisynaptic
locations whereas ionotropic receptors are present at the
active zone [5,34], As SP boutons are likely to contain
other transmitters in addition to SP (see above) it is
possible this type of arrangement is also present at synapses
formed by SP-containing axons. In keeping with previous
observations [12,25,30], we noted that the large SP-con-
taining granular vesicles were not aligned at release sites
of synapses but were usually present at non-junctional
regions of the bouton and therefore SP may be released at
non-junctional sites.

In conclusion, the relationship between SP and its re¬

ceptor in the lateral horn of the spinal cord is rather
obscure. SP may influence SPNs possessing NK-1R
through a synaptic mechanism, but it seems more likely
that it modulates much of the activity of these cells by an
indirect, non-synaptic mechanism.
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GluR1 and GluR2/3 subunits of the AMPA-type glutamate
receptor are associated with particular types of neurone
in laminae l-lll of the spinal dorsal horn of the rat

R. C. Spike R. Kerr, D. J. Maxwell and A. J. Todd
Laboratory of Human Anatomy, Institute of Biomedical and Life Sciences, University of Glasgow, Glasgow G12 8QQ, UK

Keywords: glutamate receptors, substantia gelatinosa, NOS, parvalbumin

Abstract

GluR1 and GluR2 subunits of the cx-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptor are
expressed at high levels by neurones in laminae l-lll of rat spinal dorsal horn, an area which contains
numerous, densely packed small neurones. In order to determine whether these subunits are expressed by
inhibitory or excitatory neurones, we combined pre-embedding immunocytochemistry with antibodies that
recognize either GluR1, or an epitope common to GluR2 and 3, with postembedding detection of y-aminobutyric
acid (GABA) and glycine. Most (78%) of the neurones with GluR1-immunoreactivity were GABA-immunoreactive,
and some of these were also glycine-immunoreactive, whereas nearly all (97%) of the GluR2/3-immunoreactive
neurones were not GABA- or glycine-immunoreactive.

We carried out double-immunofluorescence and confocal microscopy to provide further information on the
neurochemistry of cells that express these subunits. As expected, all neurotensin- and virtually all somatostatin-
immunoreactive cells (which are thought to be excitatory interneurones) were GluR2/3- but not GluR1-
immunoreactive, whereas parvalbumin-containing cells (most of which are GABAergic) possessed GluR1-, but
usually not GluR2/3-immunoreactivity. Neurones that contained nitric oxide synthase (most of which are
GABAergic) were more variable, with 57% GluR1-immunoreactive and 41% GluR2/3-immunoreactive.
Cholinergic neurones in lamina III (which are also GABAergic) invariably showed each type of GluR-
immunoreactivity.

These results suggest that neuronal populations in laminae l-lll have characteristic patterns of GluR
expression: GluR1 is particularly associated with inhibitory neurones, and GluR2 with excitatory neurones. This
makes it likely that some of the AMPA receptors present on the inhibitory interneurones lack the GluR2 subunit,
and may therefore have significant Ca2+-permeability.

Introduction

Glutamatc is the major excitatory transmitter in the mammalian CNS,
and there is considerable evidence that in the superficial laminae of
the spinal dorsal horn it is used by primary affcrcnts, excitatory
intemeurones and axons descending from the brain (Rustioni &
Cucnod, 1982; Salt & Hill, 1983; Chccma etal., 1984; De Biasi &
Rustioni, 1988; Schneider & Perl, 1988; Morris, 1989; Maxwell et al.,
1990; Yoshimura & Jesscll, 1990; Broman etal., 1993; Nasstrom
etal., 1994; Todd etal., 1994a). Glutamatc acts on ionotropic and
mctabotropic receptors, and the ionotropic receptors can be divided
into three main classes based on their preference for the following
ligands: a-amino-3-hydroxy-5-mcthyl-4-isoxazolcpropionate (AMPA),
kainic acid (KA) and A-mcthyl-D-aspartatc (NMDA). In the spinal
dorsal horn receptors of the AMPA and K.A types mediate monosynap¬
tic activation of neurones by primary affcrcnts (Evans, 1989; Morris,
1989; Yoshimura & Jcsscll, 1990; Yoshimura & Nishi, 1992; Nasstrom
eta!., 1994) and by acute noxious stimuli (Dickenson & Sullivan,
1990), while NMDA receptors appear to be responsible for the

late components of primary afferent-evoked excitatory postsynaptic
potentials (Nasstrom et al., 1994), and may be involved in polysynaptic
excitatory pathways (Evans, 1989).

The AMPA receptor is thought to have a pentameric structure and
is made up from four subunits named GluRl-4 (or GluRA-D), each
of which can exist in two forms ('flip' and 'flop') due to alternative
splicing. Although the structure of naturally occurring receptors is
not known, it is thought that both homomcric and hctcromcric
arrangements exist. The molecular structure of AMPA receptors is
highly significant, as receptors with different subunit composition
have characteristic pharmacological and physiological properties (for
review, see Harris, 1995). The distribution of AMPA receptors in the
rat spinal cord has been examined with radioligand binding, in situ
hybridization and immunocytochemistry (Furuyama et al., 1993; Tollc
etal., 1993, Pellegrini-Giampietro et al., 1994; Tachibana etal., 1994;
1995; Harris etal., 1996; Popratiloff etal., 1996; Jakowec etal.,
1995a, b). These studies have shown that there is a high density of
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GluR1 GluR2/3

Fig 1. Scmithin sections of cells which were immunoreacHve with GluRl (a-c) or GluR2/3 (d-f) antibodies. The cells were immunostaincd for the GluRs with
a pre-embedding immunopcroxidasc technique, (a) A section through two GluRl-immunoreactivc cells in lamina III (arrow and arrowhead), (b) and (c) show
nearby sections reacted with antibodies to y-aminobutyric acid (GABA) and glycine (GLY), respectively. One of the cells (arrow) is both GABA- and glycine-
immunorcactive, while the other (arrowhead) is not GABA- or glycine-immunoi cactive. (d) A section through several GluR2/3-immunoieaclivc ncuiones in
lamina II (arrow and arrowheads), (e) and (f) show GABA and glycine immunostaining on nearby sections. The cell marked with the arrow is GABA-, but
not glycinc-immunorcactive, while the remaining GluR2/3-immunorcactive cells (arrowheads) arc not GABA- or glycinc-immunorcactivc. (a) and (d) were
obtained with Nomarski optics. Scale bar = 20 |im.
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Table 1. Numbers of cells which were GluRl- or GluR2/3-immunoreactive
and showed cither y-aminobutyric acid (GABA)- and/or glycine-
immunorcactivity

GABA +/Gly + GABA +/Gly GABA -/Gly Total

GluRl 63 (52%) 32 (26%) 27 (22%) 122
GluR2/3 1 (1%) 5 (4%) 135 (96%) 141

AMPA receptors in the superficial part of the dorsal horn (laminae
1—III), with the GluRl and GluR2 subunits being expressed at
particularly high levels in this region. A recent immunocytochemical
study by Popratiloff et al. (1996) with antibodies directed against
either the GluRl subunit, or against a region common to GluR2 and
GluR3 subunits, demonstrated that the two types of immunoreactivity
showed slightly different laminar locations within the superficial
dorsal horn. Cell bodies with GluRl -immunorcactivity were present
throughout the region, but were concentrated in the central part of
lamina II, whereas GluR2/3-immunoreactivc cells (which were much
more numerous) were most common in the deep part of lamina II
and also present in large numbers in lamina III. Popratiloff et al.
(1996) suggested that at least some of the GiuRl-immunorcactivc
neurones in the superficial dorsal horn may be GABAcrgic.

By using immunocytochcmistry, it is possible to distinguish several
different types of neurone in laminae 1-1II of the dorsal horn. Between
30 and 45% of neurones in each of these laminae arc GABAcrgic
and some of these also appear to use glycine (Todd & Spike, 1993).
Parvalbumin and nitric oxide synthase (NOS) are both present in
certain cells in the superficial dorsal horn, and in each case these arc
concentrated near the border between laminae II and III (Antal et al.,
1990; Valtschanoff et al., 1990). Although both parvalbumin and
NOS arc mainly present in GABAcrgic neurones which arc glycinc-
cnrichcd, they do not coexist with each other (Antal et aL 1991:
Spike et al., 1993; Laing et al., 1994). Choline acetyltransferase
(ChAT) is present in a small number of neurones in lamina III of the
dorsal horn, and these contain GABA and NOS, but are not enriched
with glycine (Todd, 1991; Laing et al., 1994). We have previously
identified two different populations of neurones in the superficial
drosal horn which arc not GABAcrgic: cells which contain neurotensin
have cell bodies on the border between laminae II and III, whereas
somatostatin-containing cells arc present throughout lamina II (Todd
et al., 1992; Proudlock et al., 1993). Both types of cell give rise to
axons which arborise within laminae I and II. It is likely that these
cells arc excitatory intcrncurones, and we have shown that the axons
of ncurotcnsin-containing cells arc enriched with glutamate (Todd
et al., 1994a).

In the present study we have attempted to determine whether
different neuronal populations in laminae I—III of the rat dorsal horn
show characteristic patterns of expression of GluRl or GluR2/3
subunits of the AMPA receptor. Initially, pre-embedding detection of
GluRl or GluR2/3 immunorcactivity was combined with postern-
bedding detection of GABA and glycine. In uidei to provide further
information about different subpopulations of inhibitory and excitatory
neurones, we then used doublc-immunofluorcsccnce and confocal
microscopy to search for each of these subunits on neurones containing
neurotensin, somatostatin, parvalbumin, NOS or ChAT.

Materials and methods

Animals

Twelve adult Albino-Swiss rats of cithor sex (260 350 g) wore deeply
anaesthetized with pentobarbitone, and perfused through the left

ventricle with a fixative consisting of cither 1% glutaraldehydc/1%
formaldehyde {n = 4 rats; for combined pre- and postembedding
immunocytochcmistry) or 1% formaldehyde (n ~ 8 rate; for immuno
fluorescence and confocal microscopy) in 0.1 M phosphate buffer.
Lumbar spinal cord segments were removed, stored for at least 4 h
in fixative, rinsed and cut into 60-pm transverse sections with a
Vibratome. All sections were treated with 50% cthanol for 30 min
to enhance antibody penetration, and those from rats fixed with
glutaraldchyde were also treated with 1% sodium borohydride for
30 min. Formaldehyde was prepared from freshly de-polymerized
paraformaldehyde.

Combined pre and postembedding immunocytochemistry
Vibratome sections were incubated overnight in affinity-purified
polyclonal rabbit antibodies directed against GluRl (1 : 500) or
GIuR2/3 (I : 1000) (both from Chcmicon, Tcmccula, CA, USA) and
then for 1 h each in biotinylatcd donkey antirabbit IgG (Jackson
Immunoresearch, West Grove, PA, USA; diluted 1 : 500) and avidin-
biotin complex (ABC) reagent (Vector Laboratories, Peterborough,
UK; diluted 1 : 50). They were reacted with hydrogen peroxide in
the presence of 3,3' diaminobcnzidinc and the reaction product was
intensified with osmium tctroxido. The soctions wore flat embedded
in Durcupan between acetate foils. Antibodies were made up in
phosphate-buffered saline (PBS) containing 1% goat scrum and in
some eases 0.3% Triton X-100.

For each of the GluR antibodies, cells on throe Vibratomo sections
(one selected from each of three different rats), were tested for GABA
and glycine. Because the immunorcactivc cells were extremely
numerous, a dorsoventrally orientated strip of tissue 300 pm wide for
GluRl and 100 pm wide for GluR2/3 was selected from the central
part of the dorsal horn, and a camera lucida drawing was mado of
all the immunorcactivc neurones within this region. The Vibratomc
section was then cut into a complete series of 1-pm scmithin sections
which were mounted on to gelatinized slides and kept in serial order.
The GluR. immunoroactivo coll bodies woro identified on the scmithin

sections, and sections through the cell bodies were then processed
for detection of GABA or glycine LI. For each GluR immunorcactivc
cell body at least one section was tested for GABA-LI and one for
glycinc-LI.

The postcmbcdding roaction for GABA and glycine was carried
out exactly as described previously (Kemp eta!., 1996), with a
monoclonal antibody against GABA (Affiniti, Exeter, UK; diluted
1 : 500) and a rabbit polyclonal antiserum against glycine (a gift from
Dr D.V. Pow, diluted 1 : 200 000).

Immunofluorescence and confocal microscopy
Vibratomc sections were processed with a double- or triplc-immuno-
fluoresccncc method. The sections were incubated for at least 24 h

in a cocktail consisting of affinity-purified rabbit antibody to either
GluRl or GluR2/3 (as above, but each diluted 1 : 200), together with
one or two of the following antibodies: polyclonal rat antisorum to
neurotensin (Affiniti; diluted 1 : 200); monoclonal rat antibody to
somatostatin (Chemicon; diluted 1 : 100); monoclonal mouse antibody
to parvalbumin (Sigma, Poole, UK, clone PA235; diluted 1 : 100);
affinity-purified goat antibody to ChAT (Chcmicon; diluted 1 : 100)
or sheep antiserum to NOS (a gift from Dr P. C. Emson; diluted
1 : 2000). After rinsing, the sections were incubated overnight in
secondary antibodies: biotinylatcd antirabbit IgG (Jackson Immuno
research; diluted 1 : 500) together with one or two of the following
fluorescent antibodies: antimousc IgG, antirat IgG or antigoat IgG
conjugated to either lissamine rhodaminc or Cy5 (all from Jackson

© 1998 European Ncuroscicncc Association, European Journal of Neuroscience, 10, 324-333
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Fig 2. Confocal images showing the relationship between peptide containing cells and GluR subunits in superficial dorsal horn. In each case the image on the
left (a, c, e, g) shows a region of superficial dorsal horn scanned with the 568 or 647 nm laser lines to reveal rhodaminc or Cy5, representing immunostaining
with antibody to neurotensin (NT) (a* c) or somatostatin (SOM) (e, g). The image on the right (b, d, e, h) shows the same region seanncd with the 488 nm line
to reveal fluorescein, corresponding to immunostaining with the GluRl (b,f) or GluR2/3 (d, h) antibodies, (a, b) Two neurotensin-immunoreactive cells near the
horder between laminae II and TIT (arrowheads) arc not stained with GluRl antibody, (c, d) Two neurotensin immunorcnctivc cells in ventral lamina II (arrows)
arc also GluR2/3-immunorcactivc. (e, f) Two somatostatin-immunorcactivc cells in lamina II (arrowheads) arc not GluRl-immunorcactivc. (g, h) Three
somatostatin-immunoreactive rells in lamina II (arrows) arc GluR2/3 immunorcactivc. In b, d and f some cells which were not peptide immunoreactivc but
which show GluR-immunoreactivity arc also visible. Each image was produced from a single confocal scan with a 40X oil-immersion lens. Scale bar = 10 Jim.

© 1998 European Neuroscicncc Association, European Journal ofNeuroscience, 10, 324—333
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Fig 3. Confocal images of parvalbumin and GluRl (a, b) or GluR2/3 (c, d). The images were produced in the same way as those in Fig. 2. (a, b) Two
parvalhurnin.jmmunoreactive cells near the lamina II/II1 border (arrows) are also GluRl immunoreaotive. (o, d) A par/albumin immunoreaetive coll in the
ventral part of lamina II (arrowhead) is not GluR2/3-immunorcactive, but is surrounded by other cells which arc. Scale bar = 10 |im.
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Immunorescarch, raised in donkey, and diluted 1 : 100). (The antigoat
IgG also detects sheep IgG and was therefore used with the NOS
antibody.) Sections were incubated overnight in avidin conjugated
to fluorescein (Vector Laboratories, diluted 1 : 10 000), rinsed and
mounted with antifade mounting medium (Vcctashicld; Vector
Laboratories). All antibodies were made up in PBS containing 0.3%
Triton X-100 and 1% donkey serum.

Sections were examined with a Rio-Rad MRC 1034 confocal laser

scanning microscope, equipped with a Krypton-Argon laser. Sections
from three animals were examined for each combination of antibodies.
Because the number of cells detected with the non-GluR antibodies
differed between sections, the number of sections which were exam¬
ined for each combination of antibodies was adjusted so that similar
sample sizes were obtained from each animal. ChAT-immunoreactive
cells arc very infrequent (between 0 and three in lamina Ill/side/
section) and therefore a much smaller sample was obtained with this
antibody. The numbers of sections from each animal which were
examined for each of the antibodies were as follows: 2-3 for

somatostatin, 2^1 for NOS, 4—7 for neurotensin, 6-10 for parvalbumin
and 8 9 for ChAT. Each section was initially scanned with a 20 X
dry or 40 X oil-immcrsion lens and the 568 ui 647 inn laser lines, in
order to reveal rhodamine or Cy5. All of the peptide-, parvalbuniin-,
ChAT or NOS immunorcactivc cells in laminae I—III on one side of
the spinal cord were identified. The section was then scanned with a
40X oil-immersion lens and the 488 nm laser line to reveal fluorescein,
and each coll was re ojiamincd to determine whether or not it was

immunoreactivc with antibody to GluRl or GluR2/3.

Antibodies

The GlnR 1 and GluF.2/3 antibodies were raised against synthetic
peptides corresponding to the C terminus of the subunits, and have

been extensively characterized (Wenthold etal, 1992) and widely
used in immunocytochemical studies of brain and spinal cord.
Characteristics of the glycine (Pow & Crook, 1993), parvalbumin
(Tinner et al., 1990) and NOS (Herbison eta!., 1996) antibodies have
also been reported. The somatostatin antibody is reported to show no
cross-reaction with enkephalins, substance P or calcitonin gene-
rclatcd peptide (manufacturer's specification). We have previously
shown that immunootaining with the glycine antisorum and the
monoclonal GABA antibody can be selectively blocked with a
conjugate of the corresponding amino acid, but not of the othor amino
acid (Todd et al, 1994b, 1995). A control for the rat antisenim against
neurotensin was performed by prcincubating the antiserum with
neurotensin (Sigma; 10 pg pcptide/mL diluted antiserum) for 1 h
before use. This resulted in almost complete loss of specific staining.

Results

GluRl and GluR2/3 immunoreactivity
The distribution of immunoreactivity with the two GluR. antibodies
seen with immunoperoxidase staining was the same as that reported
by Popratiloff at a!. (1996). GluRl immunoreactivity was most prom
incnt in the superficial dorsal hom, although scattorod small immuno
rcactivo neurones woro soon clsewhoro in the dorsal hom and around

the central canal. In laminae I—III, GluRl-immunoreactivity was

present in both neuronal coll bodios and the intervening neuropil: the
density of immunorcactivc cell bodies was greatest in lamina II, but
cells were also present at a lower density in laminae I and III. GluR2/
3 immunorcactivity was also strongest in the superficial dorsal horn,
and again was present both in coll bodios and in the neuropil. GluP,2/
3-immunorcactivc cell bodies were more numerous than those with

© 1998 European Neurosciencc Association, European Journal ofNeuroscience, 10, 324-333
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Fig 4. Confocal images showing nitric oxide synthase (NOS) or choline acetyltransfcrasc (ChAT) and GluR immunostaining. The images were produced in the
same way as those in Figure 2. A NOS-immunorcactive neurone in the dorsal part of lamina III (arrow) is also GluRl-immunoreactive, whereas a nearby cell
with weak NOS-immunoreactivity (arrowhead) is not. (c, d) Two NOS immunorcactivc cells in the ventral part of lamina II arc scanned through the level of
the nucleus One of them (arrow) is also GluR2/3 immunorcactivc, whereas the other (arrowhead) is not. (c, g) Two ChAT-immunorcactive neurones in lamina
III (arrows) are also immunorcactive with antibodies to GluRl (f) or GluR2/3 (h). In b, d, f and h some cells which were not NOS or ChAT-immunorcactivc
but which show GluR-immunoreactivity arc also visible. Scale bar = 10 |im.
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Table 2. Percentages of cells with neurotensin-, somatostatin-, parvalbumin-,
nitric oxide synthase (NOS)- or choline acetyltransfcrasc (ChAT)-immuno-
reactivity which were immunoreactivc with antibodies to GluRl or GluR2/3
subunits of the AMPA receptor

AMPA receptor subunits

Type of neurone GluRl GluR2/3

Neurotensin 0 (n == 235) 100 (n = 260)
Somatostatin 2 (n == 310) 97 (n = 264)
Parvalbutnin 100 (n == 245) 9 (n = 290)
NOS 57 (n == 335) 41 (n = 307)
ChAT 100 (n == 57) 100 (n = 62)

GluRl, and although they were most common in lamina II, there
were also many present in lamina III.

Postembedding detection ot GABA and glycine
One-hundred and twenty-two GluRl-immunorcactive neurones in
laminae I—III were identified in semithin sections and tested with
GABA and glycine antibodies (Table 1; Fig, la-c), The majority of
these cells (95/122, 78%) were GABA-immunorcactivc, and some of
these were also glycinc-immunorcactivc (32/122, 26%). The
remaining 27 cells (22%) did not show cither GABA- or glycinc-
immunorcactivity. There was no obvious difference in laminar distri¬
bution between GluRl-immunoreactivc cells which were GABA- or

glycine-immunoreactivc and those which were not.
One-hundred and forty-one GIuR2/3-immunorcactivc cells were

also tested, and the great majority of these (135/141, 96%) were not
GABA- or glycine-immunorcactive (Table 1, Fig. ld-f). Six of the
GluR2/3-immunorcactive cells were GABA-immunorcactivc, and one

of these was also glycinc-immunorcactivc.

Immunofluorescence and confocal microscopy
The pattern of GluR 1. and GluR2/3»immunoreactivity was the same
as that seen after immunopcroxidasc staining. With the confocal
microscope, the reaction product within immunoreactivc neuronal
cell bodies had a granular appearance which filled the perikaryon and
could sometimes be followed into proximal dendrites (Figs 2^1). The
distribution of immunostaining observed with neurotensin, somato¬
statin, NOS, ChAT and parvalbumin was similar to that observed in
other studies with various antibodies directed against these com¬

pounds
Neurotensin and somatostatin antibodies both revealed a dense

plexus of axons in laminae I and II, but in addition many immunoreac-
tivc cell bodies were observed. As reported previously, neurotensin-
immunoreactive cell bodies were present in the ventral half of
lamina II and the dorsal part of lamina III, whereas somatostatin-
immunoreactive cells were almost all located in lamina II (Todd
et til, 1992; Proudlock et nl, 1993) None of the neurotensin immuno
reactive neurones which was tested was immunorcactivc with the
GluRl antibody (n = 235), whereas all of those tested (n = 260)
were GluR2/3-immunorcactive (Table 2, Fig. 2a-d). Only 6 of the
310 somatostatin-immunorcactivc cells tested (2%) were GluR I
immunorcactive, whereas nearly ail (255 out of 264, 97%) were
GluR2/3-immunoreactive (Table 2; Fig. 2e-h).

Many parvalbumin-immunorcactivc cell bodies were observed in
laminae II—III, and their distribution was similar to that reported
previously by Antal et of (1990, 1991) All of the parvalbumin
immunorcactive cells tested (/? = 245) were also GluRl immunorcac
tive, whereas the great majority (263 out of 290, 91%) did not show

GluR2/3-immunorcactivity (Table 2, Fig. 3). The distribution of NOS-
immunoreactivc cells in laminae I—III was similar to that reported
previously (Valtschanoff et al., 1992; Laing et al., 1994). The relation¬
ship between NOS and GluR immunorcactivity was less clear cut:
the majority of cells tested were GluRl-immunorcactive (192 out
of 335, 57%), whereas 127 out of 307 (41%) were GluR2/3-
immunorcactivc (Table 2, Fig. 4a-d). ChAT-immunorcactivc neurones
were present in small numbers in lamina III. All of those tested were
also immunorcactivc with antibodies to GluRl (n = 57) and GluR2/
3 (n = 62) (Table 2, Fig. 4c-h).

Discussion

GluRl and GluR2/3 on different types of neurone in laminae
/-///

The main finding of the present study was that certain populations
of neurones in laminae I III of the spinal dorsal horn, defined by the
presence of various neurochemical markers, had characteristic patterns
of expression of GluRl or GluR2/3 subunits of the AMPA receptor.
The expression of GluR2 appears to bo much higher than that of
GluR3 in the superficial dorsal horn of the adult rat (Furuyama el u/.,
1993; Tolle et al., 1993, 1995; Pellcgrini-Giampietro et al., 1994;
Jakowcc, 1995b), and it is therefore likely that the GluR2/3 antibody
is detecting mainly the GluP.2 subunit in this region. The results of
the postcmbcdding immunocytochemistry are simplest to interpret,
and suggest that GluRl is particularly associated with GABAcrgic
neurones (although it is also produced by some non-GABAcrgie
colls) whereas GluR? is expressed at high levels mainly on neurones
that do not contain GABA. The population of colls in laminae II and
III with high levels of GluR2 expression is likely to include many

excitatory intcrncurones (Todd & Spike, 1993).
In agreement with the results of the postcmbcdding study, all of

the neurotensin- and virtually all of the somatostatin-immunorcactivc
cells (which arc not GABA-immunorcactive Todd et at. 1992;
Proudlock ct al., 1993) showed GluR2/3 but not GluRl immunorcac
tivity. The situation with parvalbumin and NOS is more difficult
to interpret, because although most of these cells arc GABA-
immunorcactivo, significant numborc are not (25% of parvalbumin
immunorcactivc cells and 7% of NOS-containing cells; Spike et al.,
1993; Laing et al., 1994). The finding that all parvalbumin-immuno-
rcactive cells (presumably including those which were not GABA¬
crgic) were GluRl-immunorcactive, whereas the great majority were
not GluR2/3-immunorcactivc is consistent with the results obtained
with the poGtcmbodding method, because this demonstrated that some
cells without GABA are GluRl immunorcactive. Most NOS cello

(93%) are thought to be GABAergic, and the postembedding study
showod that few GluR2/3 immunoreactivc neurones were GABA
immunorcactivc. It was therefore surprising that 41% of NOS-
immunoreactivc neurones were also GluR2/3-immunoreactive. In

addition, all of the ChAT immunorcactivc cells (which are aloo likely
to be GABAcrgic, Todd, 1991) possessed GluR2/3 as well as
GluRl -immunorcactivity. There are two possible explanations for this
apparent discrepancy. Firstly, NOS and ChAT immunoreactivo cells
form only a small minority of the population of GABAcrgic neurones
in these laminae and therefore make a minor contribution to the

pattern of GluR expression in GABAcrgic neurones in laminae 1—III.
Secondly, it is likely that not all cells which expressed a particular
subunit were detected with the immunopcroxidasc/postembcdding
method, in which tho diaminobenzidine reaction product had to be
identified in scmithin soctions. There may therefore be a low level
of expression of the GluR2 subunit in a greater proportion of
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GABAcrgic neurones than the results of the postcmbcdding method
suggest.

Because both of the antibodies used to detect GluR subunits were

raised in rabbit, it was not possible to combine the two, and therefore
no direct evidence about the presence of one or both types of
immunorcactivity in individual neurones was obtained. However, the
results of the immunofluorescence study indicate that some cells are

likely to show only one of these types of immunoreactivity (e.g. GluRl
for most parvalbumin-containing cells, GluR2/3 for neurotensin-
containing cells), whereas others will have both GluRl and GluR2/3
immunoreactivity (for example cholinergic neurones in lamina III).
Neurones in laminae II and III generally have few if any asymmetrical
(presumed glutamatcrgic) axosomatic synapses (e.g. Todd, 1988;
Powell & Todd, 1992), and so the immunorcactivity detected in cell
bodies is likely to represent subunits undergoing synthesis or transport
(Bernard et al., 1997), rather than functional receptors. It is therefore
difficult to interpret lack of immunorcactivity in a neuronal cell body,
because it is possible that the subunit is undotoctable in the pcrikaryal
cytoplasm but present at synapses on the dendritic tree. None the
less, the presence of high levels of one subunit in the cell body,
together with the apparent absence of another, suggests that the cell
is expressing one of the subunits at a much higher level, and that
this subunit will dominate in AMPA receptors which are assembled
at the glutamatcrgic synapses that impinge on to the cell.

Significance of GluR subunits in spinal cord
Electrophysiological studies of cells with recombinant subunits, and
also studies of identified neurones recorded in brain slices, have
shown that AMPA receptors have diverse properties which can be
correlated with their subunit composition. For example, the GluR2
subunit appears to prevent Ca2+ permeability, while gating properties
are mainly regulated by GluR2 'flip' and GluR.4 'flop' subunits,
which cause slow and fast gating, respectively (Ilollmann &
Heinemann, 100/1; Jonas et al., 199/1; Geigor et at, 1995). Because
at least some GABAergic neurones in superficial dorsal horn appear
to express much higher levels of GluRl than of GluR2, it is likely
that these cells will have AMPA receptors with significant Ca2+
permeability.

Some GABAergic neurones in lamina II possess vesicle containing
dendrites, which are presynaptic at dcndrodendritic or dcndroaxonic
synapses Vesicle-containing dendrites are frequently present in typo
I synaptic glomeruli (Todd, 1996), which arc centred around the
boutons of certain unmyelinated primary affcrcnts (Ribeiro-da-Silva
et al, 1086) Within these glomeruli, GABAcrgic vesicle containing
dendrites can be pre- or postsynaptic to the primary afferent bouton,
and in many eases form a reciprocal synapso with it (o.g. Figure 1
of Todd, 1996). Popratiloff et at. (1996) reported that axodendritic
synapses in type I glomeruli were more often GluRl-immunoreactive
than GluR2 immunorcuvti w. Although they did nut mention the
presence of vesicles in dendrites at these glomerular synapses, we
have observed vesicle-containing dendrites which were postsynaptic
to glomerular central axons at GluP.l immunoroactive synapses in
material reacted with a prc-cmbcdding immunoperoxidasc method
(D I Maxwell and R, Kerr, unpublished observations). Taken together
with the results of the present study, this suggests that axo-dendritic
synapses formed by glomerular primary affercnts onto GABAergic
vesicle-containing dendrites, may possess AMPA receptors which arc
dominated by the GluRl subunit, and which therefore have significant
Ca2 +-permeability. The Ca2+ influx resulting from activation of these
receptors by glutamatc released from glomerular central axons, may
be involved in the release of GABA at the dcndro-dendritic or dcndro¬
axonic synapses formed by these dendrites.

Vesicle-containing dendrites derived from GABAcrgic neurones in
lamina II can also form dendro dendritic synapses outside synaptic
glomeruli. At these synapses, release of GABA may be dependent
on diffusion of Ca2+ which enters the presynaptic dendrite at
nearby glutamatcrgic synapses with Ca2+-pcrmeable AMPA receptors.
Parvalbumin-containing cells in the superficial dorsal horn are known
to possess vesicle-containing dendrites (Antal et al., 1990; Yoshida
et al., 1990), and the results of the present study suggest that nearly
all of these cells will have AMPA receptors with GluRl, but not
GluR2 subunits. This is consistent with the idea that transmitter
release at presynaptic dendrites involves Ca2+-pcrmcable AMPA
receptors. Interestingly, cholinergic neurones in lamina III (which
form another subset of the GABAcrgic population) do not appear to
have vesicle-containing dendrites (Ribciro-da-Silva & Cucllo, 1990),
and the present results suggest that these cells will have AMPA
receptors which arc impermeable to Ca2+.

Ca2+-permcablc AMPA receptors may also be important in patho¬
logical conditions. Chronic constriction of the sciatic nerve in rats
produces a painful neuropathy, and causos the appearance of small,
dark neurones, which arc thought to be undergoing degeneration, in
laminae I and II of the dorsal horn (Sugimoto eta!., 1990). It
has been suggested that the constriction causes selective death of
GABAergic intcmcuroncs in the superficial dorsal horn, and that the
consequent reduction in inhibitory mechanisms results in an imbalance
in neuronal activation, which underlies the resulting hyperalgesia
(Ibuki et al., 1997). Both NMDA and AMPA receptors appear to be
involved in the generation of hyperalgesia, as prior application of
antagonists acting at cither of these receptors can prevent it (Mao
et al., 1992). Kajandcr & Bennett (1992) have shown that following
nerve constriction, many primary afferents discharge spontaneously
for a prolonged period. The increased activity of those affercnts may
cause Ca2+ mediated excitotoxic death of thoso GABAorgic neurones
which possess AMPA receptors with GluRl but not GluR2 subunits.
Harris ct al. (1996) have recently demonstrated that GluR.1 immuno
staining is increased in the ipsilatcral dorsal horn following constric
tion of the sciatic nerve, and increased expression of Ca2+-pcrmeable
AMPA receptors may be an additional factor which contributes to
death of GABAcrgic neurones.

Changes in AMPA subunit expression may also bo involved in
the hyperalgesia resulting from arthritis. Pollcgrini Giampietro ct al.
(1994) reported that injection of lipopolysaccharide into the ankle
joint of rats resulted in a selective reduction in GluP,l subunit
expression in the lumbar spinal cord, especially in the superficial dorsal
horn, with a time course that matched the peripheral inflammation in
the joint. Expression of GluR2 and 3 subunits, and the NR1 subunit
of the NMDA receptor did not show any alteration from normal
levels. The results of the present study suggest that the reduction of
GluRl synthesis in superficial laminae would particularly affect
GABAeigic inteuieuioiies. In this case, a down-regulation of AMTA
receptors by these cells might result in a lower density of AMPA
receptors at synapses which they receive from primary afferents. This
may diminish the effectiveness of these colls in various inhibitory
circuits in the dorsal horn, and reduce inhibition of activity transmitted
from primary affcrcnts to projection neurones which are involved in
pain perception.
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Abbreviations

ABC avidin-biotin complex
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ChAT choline acctyltransferasc
GABA y-aminobutyric acid
KA kainic acid
NMDA N methyl d aspartate
NOS nitric oxide synthase
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Abstract

The purpose of this study was to determine if motoneurons in the spinal ventral horn express the muscarinic m2 acetylcholine receptor.
Motoneurons were retrogradely labelled in adult rats by intramuscular injection of Fluorogold and examined with confocal microscopy for
evidence of immunoreactivity for the receptor. The cells were also double-labelled for choline acetyltransferase to determine if they were
contacted by cholinergic axons. Almost all large motoneurons (diameters greater than 35 p.m) displayed intense immunoreactivity for the
receptor which was evenly distributed along the plasma membrane. Small cells were immunonegative for the receptor or weakly labelled.
As large cells probably correspond to ot-motoneurons and receive many cholinergic contacts, it is concluded that acetylcholine can
influence this type of motoneuron by acting through the m2 receptor. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Spinal cord; Motoneuron; Acetylcholine; Muscarinic receptor; Immunocytochemistry; Confocal microscopy

Cholinergic axons form synapses with motoneurons in
the spinal ventral horn [10] and although pharmacological
studies have shown that acetylcholine has postsynaptic
effects on motoneurons [7,15], information about the types
of cholinergic receptors expressed by this class of neuron
is limited. The development of a monoclonal antibody
which is specific for a peptide sequence of the muscarinic
m2 acetylcholine receptor has enabled the immunocyto-
chemical identification of neurons which express this re¬

ceptor [8], It was reported recently that m2-immunoreactiv-
ity is not present in perikarya of motoneurons, but is
associated with unidentified processes within motor nuclei
[14]. This conclusion is at variance with information ob¬
tained from in situ hybridization studies and ligand-bind-
ing investigations which indicate that motoneurons are

Corresponding author.
david.maxwell@bio.gla.ac.uk

Fax: +44-141-330-4299; E-mail:

likely to express muscarinic m2 acetylcholine receptors
[13]. It may be the case, however, that not all types of
motoneuron express cholinergic receptors. Immunocyto-
chemical studies for choline acetyltransferase (ChAT) have
shown that large motoneurons are contacted by consider¬
able numbers of cholinergic axon terminals, whereas small
motoneurons receive rare contacts or none at all [1,2,6] and
therefore cholinergic receptors may only be present on
large cells. In order to resolve the question of whether m2
receptors are present on perikarya of motoneurons, we
performed a three-colour confocal microscopic study on

retrogradely labelled motoneurons which were immunos-
tained for the m2 receptor and ChAT. As these cells were
found to be immunoreactive for the m2 receptor, we then
attempted to establish if the receptor is restricted to larger
neurons with cholinergic input.

Motoneurons supplying gastrocnemius-soleus (G-S)
muscle groups of three adult Albino-Swiss rats were

retrogradely labelled with intramuscular injections of Fluo¬
rogold (100 p.1 of 2 mg/ml; Fluorochrome). This proce¬
dure was performed under Halothane anaesthesia. After
seven days of survival, animals were anaesthetised with
pentobarbitone (1 ml of 60 mg/ml, i.p.) and perfused

0006-8993/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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transcardially with 4% formaldehyde in 0.1 M phosphate
buffer (pH 7.6). The L4-5 segments were removed and
sectioned with a Vibratome (transverse sections 50 p,m
thick). Initially, a few sections were examined with ultravi¬
olet fluorescence microscopy to determine if Fluorogold-
labelled cells were present. Subsequently, every fourth
section was collected and sections were incubated in a

blocking serum which consisted of 10% normal donkey
serum (NDS) in phosphate-buffered saline (PBS) for 1 h.
Sections were then transferred to a cocktail of primary
antibodies and were incubated at room temperature for two
days. This cocktail consisted of the following: rabbit anti-
Fluorogold (1:5000), goat anti-ChAT (1:100) and rat anti-
m2 receptor (1:1000). All primary antibodies were ob¬
tained from Chemicon. The specificity and staining proper¬
ties of the m2 monoclonal antibody have been discussed in
detail [8], Sections were rinsed in PBS and placed in a
solution containing secondary antisera for 2 h which con¬
sisted of: donkey anti-rat IgG (1:100) coupled to fluores¬
cein (FITC) to detect the m2 receptor; donkey anti-goat
IgG (1:100) coupled to lissamine-rhodamine (LRSC) to
detect ChAT; and donkey anti-rabbit IgG (1:100) coupled
to cyanine 5.18 (Cy-5) to detect Fluorogold. Secondary
antibodies were obtained from Jackson immunochemicals.

Antibody dilutions were made with 0.1 M PBS, 1% NDS
and 0.3% Triton X-100. Sections were mounted on glass
slides with Vectashield (Vector Laboratories) and stored a
— 20°C. Control sections were processed in an identical
manner except that the m2 primary antibody was omitted;
no immunoreactivity was observed for the receptor under
these conditions (Fig. 2E and F).

Sections were examined with three-colour confocal laser

scanning microscopy (BioRad MRC 1024) to determine
the relationship between G-S motoneurons, the receptor
and ChAT-immunoreactive terminals. Series of six sequen¬
tial optical sections were gathered from motor nuclei con¬

taining Fluorogold-labelled cells with a X20 lens at 1 p,m
intervals. Cells with obvious nuclei were chosen for analy¬
sis and each cell was numbered and examined for the

presence or absence of immunoreactivity for the m2 recep¬
tor. A subjective estimate of the intensity of immuno¬
reactivity was also recorded for each cell. The numbers of
cholinergic contacts on each cell was counted and aver¬
aged for each of the six optical sections. Diameters of cell
bodies were measured with a Kontron KS 400 image
analysis system and expressed as diameters of an equiva¬

lent circle. The circumference of each cell was also calcu¬
lated and numbers of cholinergic contacts for each cell
were expressed as contacts per micron of circumference.

Labelled G-S motoneurons were found typically in the
ventral horn of the 4th lumbar segment in a column
situated in a dorsal region of the lateral motor nucleus.
This corresponds well with previous descriptions of the
location of this type of motoneuron [11,12]. In all, 153
motoneurons (50, 70 and 33 cells from each of the three
animals) were examined for receptor immunoreactivity and
cholinergic contacts. Representative images obtained with
the three channels of the confocal microscope are shown in
Fig. 1. Cell bodies of large cells (approximately 50 p. m in
diameter) characteristically displayed intense immuno¬
reactivity for the m2 receptor which was evenly distributed
along the surface of the plasma membrane (Fig. IB and E).
In addition, proximal dendrites of these cells and smaller
dendrites of other motoneurons which were also im-
munoreactive for ChAT had strong labelling associated
with the plasma membrane; this could be confirmed by
merging confocal images. Small cells (less than 35 (xm in
diameter) were often not immunoreactive for the receptor
(Fig. 1A-C; Fig. 2A and B) or displayed very weak
labelling (Fig. 1D-F; Fig. 2C and D). Quantitative analy¬
sis revealed that 15 small cells from the total population
were immunonegative (Fig. 3A); however, a further 17
cells were classified as weakly positive. Therefore, 32 cells
out of a sample of 39 with diameters less than 35 fxm were
not labelled for the receptor or were only weakly labelled.
Numerous cholinergic axon terminals were closely ap¬
posed to cell bodies and proximal dendrites of large cells
(Fig. 1C and F), but few or no appositions were formed
with small cells (Fig. 3B). Immunoreactivity for the m2
receptor was not associated with cholinergic axon termi¬
nals in contact with motoneurons.

The highly sensitive confocal microscopic techniques
used in this study show that immunoreactivity for the m2
muscarinic receptor in motor nuclei is predominantly asso¬
ciated with plasma membranes of motoneuron cell bodies
and dendrites. This confirms observations made with in
situ hybridization and binding studies which also indicate
that motoneurons possess this receptor [13] and the pattern
of distribution of immunoreactivity is similar to that ob¬
served in cells of the basal forebrain [8]. Yung and Lo [14]
described m2- immunoreactive processes in motor nuclei
which they suggested were axons (see their Fig. ID).

Fig. 1. Confocal microscope images of immunofluorescence for Fluorogold (A,D), the m2 receptor (B,E) and choline acetyltransferase (C,F) associated
with two groups of motoneurons in the ventral horn. These images were gathered with the 647. 488 and 568 nm laser lines, respectively. Two series of
single optical sections are illustrated. A, B and C show large motoneurons which are immunoreactive for the m2 receptor (B) and a small cell which is not
labelled (asterisk). Note that immunoreactivity for the receptor is associated particularly with plasma membranes and is present on numerous dendrites
which are often also labelled for ChAT (C). D, E and F show further examples of a group of motoneurons. Large motoneurons are positive for the receptor
(E), but on this occasion, a small cell is also weakly positive (asterisk). The arrows in C and F indicate some of the appositions made by cholinergic axons
with large motoneurons. Note that in B and E, these axons do not exhibit immunoreactivity for the m2 receptor. Scale bars = 50 p,m.
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Although some of the processes observed by us may have
been axons, it was clear that the majority were small
dendrites of motoneurons which were also labelled for
ChAT.

It is generally accepted that a-motoneurons are larger
than y-motoneurons which are usually less than 35 |xm in
diameter in the rat [12]. On this basis, it can be tentatively
concluded that most a-motoneurons possess the m2 mus-

i

1
i
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Fig. 2. Pairs of single optical sections reacted for ChAT (A,C) and the m2 receptor (B,D). A and B show an example of a small cell which does not display
membrane labelling for the receptor. The cell shown in C and D is also small, but displays weak labelling. E and F are single optical sections taken from a
control experiment where the m2 antibody was omitted. Note the ChAT labelling in E and the absence of immunoreaction for the receptor in F. Scale bars
A.B.C.D = 25 p.m; E,F = 100 p.m.

carinic receptor, but that y-motoneurons do not possess it
at all or only express the receptor weakly. We also used a

quantitative approach to confirm previous qualitative ob¬
servations which suggested that large motoneurons are
innervated by considerable numbers of cholinergic termi¬
nals and that small cells often have no contacts of this sort

[1,2,6], Taken together, these two series of observations
suggest that acetylcholine influences ct-motoneurons at
least through an m2 muscarinic action, but is not likely to
influence y-motoneurons significantly.

Little is known about the neurons which give rise to the
cholinergic synapses on motoneurons, but at least a propor¬
tion of them are recurrent axon collaterals of motoneurons

themselves [3] and these axons may form part of a feed¬
back system between synergist motoneurons [4], If these
axons do originate predominantly from other motoneurons,
then it is probable that the m2 receptor expressed by
motoneurons does not function as a presynaptic autorecep-
tor in the motor nucleus as cholinergic axons in contact
with motoneurons were not observed to be immunoreac-
tive for the receptor. It is tempting to speculate that
recurrent cholinergic synapses may exert a priming influ¬
ence which precedes indirect recurrent inhibition of mo¬
toneurons via Renshaw cells; however, the precise nature
of this influence is obscure at present because our under¬

standing of the actions of muscarinic receptors in the
central nervous system is limited. The m2 receptor is
usually associated with inhibitory actions [5,7], but ion-
tophoretic studies have shown that acetylcholine depo¬
larises motoneurons [15]. Kurihara et al. [7] suggested that
the excitatory effects of muscarinic agonists on neonatal
motoneurons are mediated principally through m3 recep¬
tors; however, they also found evidence of m2 inhibition
as m2 antagonists potentiated this excitation. Whilst it is
not obvious why motoneurons should possess multiple
muscarinic receptors with apparently opposing actions,
these receptors are coupled to a variety of signalling
pathways and it is likely that they influence motoneurons
in a number of ways [5], The m2 receptor, like many other
metabotropic receptors (e.g., Ref. [9]), is not concentrated
at synaptic regions of the plasma membrane, but is dis¬
tributed over most of its surface. Thus, acetylcholine is
likely to interact with m2 receptors in a diffuse, non-syn-
aptic, manner and it is probable that these receptors do not
contribute significantly to fast synaptic transmission, but
may be concerned with fine-tuning of cells or altering their
metabolic properties.

In conclusion, this study shows that immunoreactivity
for the m2 muscarinic receptor is present on the plasma
membranes of motoneurons in the ventral horn. The recep-
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B contacts from cholinergic axons

21-25 26-30 31-35 36-40 41-15 4640 51-55 5660 61-65

Cell Diameter pm

Fig. 3. (A) Histogram illustrating the relationship between cell diameter
and immunoreactivity for the m2 receptor. Almost all immunonegative
cells are small. (B) Relationship between the numbers of cholinergic
contacts (expressed in terms of numbers of contacts per of p.m cell
circumference) and cell diameter. Small cells receive few or no contacts.

tor is expressed strongly by large (presumed a-) motoneu¬
rons, but small (presumed y-) motoneurons do not express
it or only express it weakly and hence it is likely that
acetylcholine acting at the m2 receptor has a significant
influence upon the activity of a-motoneurons.
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Axoaxonic synapses on terminals of group II muscle
spindle afferent axons in the spinal cord of the cat
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Abstract

The purpose of the present study was to determine if terminals of identified group II muscle spindle afferents participate in axoaxonic
synaptic arrangements and, if so, to investigate the transmitter content of presynaptic terminals in these arrangements. Group II
muscle afferents supplying the gastrocnemius-soleus or semitendinosus muscles were identified in adult cats and stained intra-
axonally with horseradish peroxidase. In total, three group II axons were labelled and processed for combined light and electron
microscopy. Group II axons gave rise to collaterals which characteristically descended through the superficial dorsal horn and formed
relatively sparse terminal arborizations in the dorsal horn (laminae IV and V) and more profuse arbors in the intermediate grey matter
(laminae VI—VII). Forty boutons were examined through series of ultrathin sections and all but four were postsynaptic to other axon
terminals. Occasionally, more than one axon was presynaptic to a single group II terminal. Immunogold studies showed that all axons
in presynaptic apposition to group II boutons contained y-aminobutyric acid (GABA) and also that glycine was colocalized in the
majority of these axons. This evidence suggests that transmission from group II muscle afferents is under strong presynaptic
inhibitory control and that it is mainly the subgroup of GABAergic interneurons with colocalized glycine which mediate this inhibition.
Seventeen group II boutons were components of synaptic triads where the presynaptic axoaxonic bouton formed a synapse with the
same dendrite as the group II axon. Therefore, a proportion of the interneurons which form axoaxonic synapses with group II axons
are also likely to have postsynaptic inhibitory actions on target neurons of group II afferents.

Introduction

Much of the sensory information conveyed by primary afferent axons
to the spinal cord is regulated by presynaptic inhibition (Schmidt,
1971; Rudomfn, 1990). Primary afferent depolarization (PAD), which
is closely associated with presynaptic inhibition, can be recorded
from many classes of primary sensory axons following activation of
various sensory and descending pathways. PAD is mimicked by
ionophoretic application of y-aminobutyric acid (GABA) and is
reduced by antagonists acting at GABAa receptors (Curtis & Lodge,
1982; Rudomtn etal., 1981) and therefore GABA is likely to be the
natural transmitter which mediates it. It is probable that GABA is
released at axoaxonic synapses on the terminals of primary afferents;
most classes of primary afferent are postsynaptic to other axons
(Conradi etal., 1983; Maxwell & Bannatyne, 1983; Fyffe & Light,
1984; Maxwell & Rethelyi, 1987) and presynaptic profiles on
terminals of some classes of afferent have been shown to be
immunoreactive for GABA (Maxwell & Noble, 1987; Maxwell etal.,
1990; Alvarez etal., 1992). Probably all of the presynaptic boutons in
axoaxonic arrangements originate from local interneurons, and these
are often referred to as last-order PAD interneurons (Jankowska,
1992; Rudomfn etal., 1993). There is good anatomical and
electrophysiological evidence supporting the idea that presynaptic
inhibitory mechanisms operate at the terminals of group la muscle
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afferents and many classes of cutaneous primary afferent (e.g.
Schmidt, 1971; Maxwell & Rethelyi, 1987; Rudorm'n, 1990;
Walmsley, 1991; Rudomfn etal., 1993). Electrophysiological evi¬
dence also shows that group II muscle afferents exhibit strong PAD
(Harrison & Jankowska, 1989; Riddell etal., 1993, 1995; Jankowska
& Riddell, 1995) but it is not known if terminals of this class of
afferent participate in axoaxonic synapses.

In an ultrastructural study of synapses associated with intra-
cellularly labelled dorsal horn interneurons with monosynaptic input
from group II muscle afferents (group II interneurons; see Jankowska,
1992), we observed examples of glutamate-containing boutons which
were presynaptic to the interneurons and were postsynaptic to other
axon terminals (Maxwell etal., 1997). These boutons were tentatively
identified as primary afferents, but they could have originated from
group II or cutaneous axons because group II interneurons in the
dorsal horn are also activated nronosynaptically by cutaneous input
(Edgley & Jankowska, 1987). All presynaptic boutons in these
axoaxonic arrangements were immunoreactive for GABA but some
also contained colocalized glycine and therefore two different classes
of interneuron may be involved in presynaptic inhibitory control of
group II interneurons. This is significant because it has recently been
shown by Todd (1996) that boutons which contain a mixture of
glycine and GABA, and those which contain GABA alone, form
axoaxonic synapses with different classes of primary afferent in the
superficial dorsal horn. Thus subtypes of PAD interneuron may target
particular classes of primary afferent. Finally, some of the boutons
which formed axoaxonic synapses with the terminals in contact with
group II interneurons were themselves presynaptic to the interneurons
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and participated in synaptic triads. Therefore the PAD interneurons
which form these synapses are not only involved in presynaptic
inhibition but are also likely to inhibit group II interneurons through
postsynaptic actions.

The initial aim of the present study was to establish if collateral
axons of group II muscle afferents are postsynaptic to other axon
terminals which contain GABA. Once this was established, group II
boutons were examined for evidence of triadic synaptic arrange¬
ments, and axons in presynaptic apposition to them were investigated
to determine if they contained GABA and glycine. In order to achieve
these aims we labelled group II muscle spindle afferents intra-
axonally with horseradish peroxidase and prepared them for
combined light and electron microscopy. Terminals belonging to
these afferents were examined with electron microscopy for evidence
of axoaxonic arrangements, and postembedding immunogold reac¬
tions were performed to determine the transmitter content of
presynaptic boutons in axoaxonic synapses. A preliminary abstract
of this work has been published (Maxwell & Riddell, 1998).

Materials and methods

Labelled material was obtained from two adult cats. Anaesthesia was

induced with halothane (4% in a 50 : 50 02 and N20 mixture) and then
maintained with chloralose (initially 70mg/Kg i.v., followed by
further doses of chloralose as required) after cannulation of a carotid
artery and radial vein. The adequacy of anaesthesia was verified by
monitoring withdrawal and corneal reflexes during preparative surgery
and by examining the diameter of the pupils and blood pressure during
recording, when the animals were paralysed with gallamine triethio-
dide and artificially ventilated. The mean blood pressure was kept
above 90mmHg (usually 110-120 mmHg) and the end tidal C02 was
maintained close to 4% by adjusting the parameters of the artificial
respiration and the rate of infusion of a solution of lOOmM sodium
bicarbonate containing 5% glucose. The core temperature was
maintained at 37-38 °C and the temperature of paraffin pools formed
from skin of the back and left hind limb at 35-37 °C. The experiments
were conducted according to UK Home Office Guidelines.

Surgery
The gastrocnemius-soleus and semitendinosus muscle nerves were
dissected in continuity with their muscles and mounted on bipolar
silver-wire electrodes for stimulation. All other branches of the sciatic

nerve distal to the hamstring branches were sectioned. The
gastrocnemius-soleus and semitendinosus muscles were freed from
surrounding connective tissue and their distal tendons sectioned and
attached to a thread so that the muscles could be stretched. The spinal
cord was exposed by laminectomy from the fifth lumbar to sacral
segments and the dura opened.

Recording and stimulating procedures
The experimental procedure used to identify group II muscle
afferents is illustrated in Fig. 1. Peripheral nerves were mounted on

bipolar electrodes and stimulated electrically with 0.1 -ms rectangular
current pulses. Afferent volleys were recorded by using silver ball
electrodes placed on the surface of the dorsal columns close to the
root entry zone. Small tears were made in the pia membrane
overlying the dorsal columns of the L7 or SI segments in order to
facilitate the introduction of glass microelectrodes into the spinal
cord. Microelectrodes were filled with 10% horseradish peroxidase
(HRP) in 0.05 M tris-HCl buffer containing 0.3 M potassium chloride
pH8.6 (1.5 pm tip diameter, 8-18Mf2 resistance) and were
introduced into the dorsal columns as close as possible to the root

entry zone. Search stimuli were applied to the muscle nerves at up to
five times threshold for the most excitable fibres, and afferent fibres
were searched for by tracking through the dorsal columns.

Records were digitized and stored on a PC (sampling rate 40 KHz).
Measurements of the delay between electrical stimulation of the
muscle nerve and the appearance of the orthodromicaly conducted
response recorded in the dorsal columns were performed on or off
line using an oscilloscope emulation program (Cambridge Electronic
Design Ltd, Cambridge, UK). Conduction distances between
stimulating electrodes on muscle nerves and the sites at which
recordings were made from afferent fibres were measured during
the experiment and their accuracy was confirmed postmortem. The
conduction velocity of afferent fibres was calculated from the
measurements of conduction time and conduction distance. Group II
muscle spindle afferents were identified by their conduction velocity
(range, 70-35 m/s) and by their response to muscle stretch, which
consisted of a regular discharge which showed little adaptation during
maintained stretch (see Matthews, 1972). Records illustrating the
criteria for electrophysiological identification of a group II muscle
spindle afferent are shown in Fig. IB and C. Identified afferents were
ionophoretically injected with HRP by passing a positive DC current
of 10-15 nA for up to 30min

Processing for combined light and electron microscopy
At the end of experiments, cats were perfused through the thoracic
aorta with a rinsing solution which consisted of mammalian Ringer's
solution with 0.1% lignocaine at 37 °C. This was followed by 1 L of a
fixative solution at 37 °C which consisted of 1% glutaraldehyde and
1% paraformaldehyde in 0.1 M phosphate buffer at pH7.4 and 2L of
the same solution at 4 °C. The spinal cord was removed, cut into blocks
and fixed for a further 8 h in the fixative solution at 4 °C. Transverse or

sagittal sections (50 pm thick) were cut with a Vibratome, collected in
serial order and reacted to reveal the presence of HRP by using
diaminobenzidine (DAB) as a chromogen. Sections were washed
several times in phosphate buffer, wet-mounted and viewed with a

light microscope in order to select sections containing labelled axons
for combined light and electron microscopy. Selected sections were

placed in a 1% solution of osmium tetroxide for 1 h, dehydrated
through graded acetone solutions, stained en bloc with uranyl acetate
and mounted on acetate foils with Durcupan (Fluka, Switzerland).
When the Durcupan had polymerized, axons were examined with a

light microscope, and photographed and/or reconstructed by using a
drawing tube. The sections were attached to blocks and ribbons of
serial ultrathin sections were cut with an ultramicrotome. Series of
sections were collected in pairs on single-slot nickel grids coated with
Formvar (Emscope, UK). Individual boutons were examined in series
consisting of 40 ultrathin sections on average. Axoaxonic synapses
were identified according to the criteria outlined by Peters etal.
(1991): (i) apposed membranes were separated by a synaptic cleft; (ii)
there was an associated density in the adjacent cytoplasm; (iii) an
accumulation of vesicles was present at the presynaptic membrane.
These criteria were verified by examination of serial sections.
However, occasionally postsynaptic densities were obscured by HRP
reaction product.

Immunogold procedure
Once an axoaxonic synapse was identified, immunogold reactions
were performed on pairs of ultrathin sections on two to four subsequent
grids in the series. Grids were reacted with antibodies which recognize
either GABA or glycine (donated by Dr D. Pow, Australia). The
properties of these antisera have been described elsewhere (Pow and
Crook, 1993; Todd etal. 1995). The sections were rinsed in tris-
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Fig. 1. (a) a schematic diagram illustrating the
experimental design used to identify group II
muscle spindle afferents. a search stimulus
was applied to nerves supplying the
gastrocnemius-soleus and semitentinosus
muscles and the cord dorsum potential was
recorded with a surface electrode. Axons were

impaled in the dorsal columns of the L7 and
SI segments and, if the conduction velocity
was in the group II range, a stretch stimulus
was applied to the muscle. (B) An intra-axonal
recording from a group II muscle spindle
afferent supplying the gastrocnemius muscle
illustrating its response to electrical stimulation
of the nerve (upper record). The arrow
indicates the timing of the stimulus. Note the
fixed latency of the response; three
superimposed sweeps are shown. The lower
record shows the primary afferent volley
recorded from the cord dorsum. Note that the

discharge of the axon occurs after the group I
volley. The conduction velocity of this afferent
was 61 m/s. (C) An intra-axonal recording
from the same afferent illustrating the response
to muscle stretch. This record is shown at a

slower time base than the one in B. Note the

regular discharge which accompanies
stretching and the absence of discharge when
the muscle is relaxed.

phosphate buffered saline (TPBS) with 0.1% Triton X-100 and
incubated in either anti-GABA (1 :2000) or anti-glycine (1 :4000)
antibody in TPBS with 1% bovine serum albumen (BSA) and 0.1%
Triton X-100 overnight at 4°C. The following day, they were rinsed in
TPBS again and placed for 2 h at room temperature in antirabbit IgG
gold (15 nm in diameter) diluted 1 : 10 in TPBS which also contained
0.1% Triton X-100. Finally, sections were rinsed in TPBS and washed
in distilled water. Profiles were examined through series of sections
with the electron microscope to compare the pattern of intmunor-
eactivity for the two antibodies. Pairs of sections on the same grids
were always examined to determine if immunogold reactions were
consistent. Images were collected directly from the screen of a Phillips
BioTwin CM 100 microscope at a magnification of x 11 000 by using
a Gatan CCD camera (resolution, 3.9nm/pixel at x 11000). The
densities of immunogold reactions associated with individual
presynaptic profiles in axoaxonic synapses were measured with a
Kontron KS 400 image analysis system. The area of a profile was
delineated manually and the number of gold particles over each profile
counted. The number of particles perpm2 was then calculated.
Average background densities for GABA-immunoreactivity and
glycine-immunoreactivity were estimated by counting the numbers
of gold particles over boutons forming asymmetric synapses on the
same sections from which test data were collected. A bouton was not

considered to be positively labelled unless it displayed at least twice
the average background density (see Todd etal. 1995).

Results

Three group II muscle spindle afferents which satisfied lite electro¬
physiological identification criteria (see records in Fig. 1) were

successfully stained with HRP. These axons had conduction velocities
47,59 and 61 m/s. Each axon gave rise to several axon collaterals and a

typical example is shown in Fig. 2. Axon collaterals characteristically
descended through the superficial dorsal horn and formed relatively
sparse terminal arborizations in lamina IV and V. The main collateral
continued into the intermediate grey matter where often more profuse
arbors were formed. Collateral axons were observed to form numerous

'en passant' and terminal swellings in the dorsal horn and in the
intermediate grey matter (Fig. 2) and occasionally these appeared to be
associated with cell bodies of neurons.

Synaptic organization of Group li axons

In all, 40 boutons (from eight to 16 per axon) were examined
through series of ultrathin sections. These could easily be
identified by the presence of HRP reaction product within them.
Eight boutons were located in the dorsal horn and the remainder
were in the intermediate grey matter. The majority of boutons
formed synaptic specializations with single dendrites in the
neuropil (Fig. 3b) although, occasionally, two postsynaptic den¬
drites were contacted by the same bouton. Two boutons formed
axosomatic contacts with cell bodies of spinal neurons in the
intermediate grey matter (Fig. 3a). The synaptic junctions formed
by group II afferent boutons characteristically had pronounced
postsynaptic specializations with associated secondary subsynaptic
dense bodies (Fig. 3b).

Axoaxonic synapses were present on 36 out of the 40 boutons
examined (Figs 4-8). Presynaptic boutons at axoaxonic junctions
were typically packed with elongated or pleomorphic vesicles
which formed accumulations at the presynaptic junction around
dense bodies. A slight widening of the synaptic cleft was usually
present adjacent to the region where the vesicles accumulated.
These boutons were generally > 1 pnt in diameter and contained
several mitochondria. The four boutons which did not participate
in axoaxonic arrangements were not even closely apposed to other
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Fig. 2. (A) A reconstruction of an axon
collateral of a group II muscle afferent shown
in the transverse plane. The dotted line
represents the outline of the grey matter. The
axon descends through the dorsal horn and
forms terminations in lamina IV and the
intermediate grey matter. The main collateral
projects towards the ventral horn and could not
be traced further. The inset shows details of
dorsal horn terminations (box). Note the
numerous 'en passant' boutons and a few
terminal boutons. Scale bar, 200pm. (B) A
light micrograph illustrating several group II
boutons in the dorsal horn.

axons and therefore there was no opportunity for them to form
axoaxonic associations. These boutons were found both in the
dorsal horn (/?=1) and the intermediate grey matter (n = 3) where
one of them formed an axosomatic synapse. Four terminals from
the sample received-two presynaptic boutons (Fig. 4c) but group II
boutons with more than two axoaxonic synapses were not
observed. Seventeen group II boutons were components of
synaptic triads (Fig. 5). In these arrangements both group II
axons and boutons presynaptic to them in axoaxonic arrangements
formed synapses with the same dendrite.

GABA and glycine in boutons presynaptic to group II axons

Forty boutons were presynaptic to group II axons, i.e. 32 group II
boutons had single presynaptic contacts and four had double contacts.
Thirty-six of these presynaptic boutons were tested for GABA
immunoreactivity, and all of them displayed strong immunogold
labelling for this transmitter (Fig. 6) which was consistent throughout
series of sections. Presynaptic boutons were associated with gold
particle densities which were considerably greater than background
levels; they had an average density of 81.8 ± 41.9 (SD) gold particles
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Fig. 4. (A and B) Examples of axoaxonic synapses formed with labelled group
II boutons. The arrows indicate postsynaptic densities at axoaxonic synapses.
Scale bar, 0.2 |im. (C) Axoaxonic synapses on a group II terminal in the
intermediate grey matter. This terminal is postsynaptic to two axons (1 and 2).
The insets illustrate regions of synaptic contact in serial sections. Note the
accumulation of vesicles at presynaptic junctions and the widening of the
synaptic cleft. Scale bar, 1 LIm

Fig. 3. (A) An axosomatic contact made by a group II axon with a cell in the
intermediate grey matter. The group II bouton can easily be identified by the
presence of HRP reaction product and the arrow indicates part of the
preterminal axon of the bouton. (soma = postsynaptic cell body). The inset
illustrates details of the synaptic junction. Note the presence of postsynaptic
specializations (arrowheads). Scale bar, 1 pm. (B) An axodendritic contact
made by a group II axon. The contact is onto a large dendrite (Den) in the
intermediate grey matter. The inset shows details of the synapse. Note the
presence of subjunctional dense bodies (arrowheads) at the postsynaptic
specializations. Scale bar. 0.5 pm.

perpm2 which is more than eight times the estimated background
value (9.1 ± 6.7 gold particles per pm2). Twenty-live GABA-ccntain-
ing boutons were also tested for evidence of glycine immunoreactivity;
the majority of these displayed strong immunogold reactions (Fig. 7).
The average particle density associated with presynaptic boutons
tested for glycine-immunoreactivity was 49.2 ±20.1 gold particles
perprrr which is more than six times the background level (7.9 ± 3.0
gold particles perpnf). Four of these boutons, however, were
associated with very weak reactions (Fig. 8) and this pattern of

immunoreactivty was confirmed in serial sections. These boutons had
gold particle densities (mean value, 9.1 gold particles perpnr) which
were less than twice background levels and were therefore considered
to be glycine-negative (see Discussion).

Discussion

The three axons labelled in this series of experiments had conduction
velocities which were well within the group II range. As they also
produced a regular discharge in response to stretching of muscles, it is
safe to conclude that they originated from muscle spindle secondary
endings (Matthews, 1972).

Axon collaterals

Axon collaterals of labelled gastrocnemius-soleus and semitentinosus
group II afferents formed fairly sparse terminations in the dorsal horn
and in the intermediate grey matter of the lower lumbar and sacral
segments. This pattern of termination is similar to that previously
described for group II axons terminating in these segments (Fyffe.
1979; Ishizuka etal., 1985; Hoheisel etal., 1989; Hongo. 1992) and is
also consistent with observations that group II held potentials can be
recorded in both the dorsal horn and intermediate region of the L7
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Fig. 5. An example of a synaptic triad. The group II bouton and an adjacent
bouton (Ax) are presynaptic to the same dendrite (Den). However, Ax is also
presynaptic to the group II bouton. The inset shows details of the axoaxonic
synapse. Arrowheads indicate synaptic junctions. Scale bar, 1 gm.

segment (Fit etal., 1974; Riddell & Hadian, 1996) and are

particularly large in the dorsal horn of sacral segments (Jankowska
& Riddell, 1993).

Although it is known that group II muscle afferents form
monosynaptic connections with homonymous motoneurons
(Kirkwood & Sears, 1974), the present sample of group II axons
did not produce any observable labelled collaterals within the motor
nuclei. There are two probable explanations for this. Firstly, previous
intra-axonal labelling studies of group II muscle afferents have shown
that a proportion of collaterals do not project into the ventral horn
(Fyffe, 1979; Ishizuka etal., 1985; Hongo, 1992) and the present
sample was located in a region corresponding to the caudal end of the
semitendinosus and gastrocnemius motor columns (Romanes, 1951;
Van der Horst & Holstege, 1997) where such projections are likely to
be less frequent. The second explanation is a technical one: the
monosynaptic actions of individual group II muscle afferents on
motoneurons are relatively weak (Kirkwood & Sears, 1974) and the
collaterals which do extend to the ventral horn are very sparse indeed
(Fyffe, 1979; Hongo, 1992). The main purpose of this study was to
label axons for electron microscopic inspection, and it was necessary
to use an approach which did not result in intense labelling of axons
(i.e. we did not use intensified DAB) as this would have obscured
ultrastructural details. Such a compromise would have inevitably
made it difficult to identify fine distal branches of collateral axons in
resin-embedded sections which were prepared for electron micro¬
scopy. One of the axons we labelled appeared to fade as it entered the
ventral horn (Fig. 2) and it is probable that the most distal branches of
this collateral were very weakly labelled and could not be detected.

Postsynaptic targets of group II axons

Group II axons were predominantly presynaptic to dendrites; only
two boutons out of the sample of 40 formed synapses with cell
bodies. These synapses were always fairly simple and usually only
one postsynaptic element was contacted. Synapses were formed with
large and small dendrites and therefore group II axons are likely to
contact both proximal and distal dendrites of target neurons. There
have been several electrophysiological investigations of the neurons
which are contacted by gastrocnemius and semitendinosus group II
muscle afferents in the lower-lumbar and sacral segments. In the
dorsal horn of the sacral segments group II afferents mono-

B GABA

Fig. 6. (A) An example of an axoaxonic synapse formed by an axon terminal
(Ax) with a group II bouton in the dorsal horn. Arrowheads indicate a synapse
made by the group II bouton with an adjacent dendrite (Den). Note the
presence of subjunctional dense-bodies. (B) An adjacent section to the one
shown in A which was processed according to the postembedding
immunogold method to reveal GABA immunoreactivity. Note the accumula¬
tion of gold particles over Ax. Scale bar, 0.5 pm.

synaptically excite both interneurons (Jankowska & Riddell. 1994)
and cells belonging to the spinocervical tract (Riddell etal., 1994). In
the intermediate grey matter of the lower-lumbar segments, group II
axons make synapses with interneurons which are likely to provide
excitatory and inhibitory input to motoneurons (Lundberg etal.,
1987; Riddell & Hadian, 1996; see also Jankowska, 1992).

A particular feature of synapses formed by group II axons was the
presence of pronounced subsynaptic or postjunctional dense bodies
(Peters etal., 1991). This type of structure has apparently not been
reported to be associated with other types of identified primary
afferent synapses (e.g. Conradi etal., 1983; Maxwell & Rethelyi,
1987), and its function is uncertain. It is interesting to note, however,
that secondary densities are associated with the M-boutons of Conradi
(Conradi, 1969) which form synapses with motoneurons. M-boutons
degenerate as a consequence of dorsal rhizotomy and therefore are

primary afferent in origin. Conradi etal. (1983) examined terminals

Ax
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GABA

Fig. 7. (A) A section through a group II bouton which was processed for
GABA immunoreactivity. An arrow indicates a bouton which forms an
axoaxonic synapse with the group II terminal. Note the accumulation of gold
particles associated with the presynaptic bouton. Several other GABA-labelled
profiles are also evident. Details of the axoaxonic synapse are shown in the
inset which is taken from an unreacted section in the series. (B) An adjacent
section to the one illustrated in A which was processed for glycine
immunoreactivity. Again, the presynaptic bouton is associated with an
accumulation of gold particles (arrow). This bouton therefore contains GABA
and glycine. The asterisk indicates an axon which is negative for glycine but is
positive for GABA (panel A). Scale bar, 1 pm.

of identified group la muscle spindle afferents in contact with
motoneurons and concluded that they correspond to S-boutons. It is
therefore possible that M-boutons are terminals of group II axons.

Axoaxonic synapses on group II axons
The major finding of this study is that «90% of group II muscle
afferent boutons are postsynaptic to other axon terminals. These
boutons were similar in appearance to presynaptic boutons
associated with other classes of identified primary afferent
(Conradi etal., 1983; Maxwell & Bannatyne, 1983; Fyffe &
Light, 1984; Maxwell & Rethelyi. 1987). As all of the
presynaptic boutons tested were immunoreactive for GABA, it
seems reasonable to conclude that transmission from group II
afferents to spinal neurons is under powerful presynaptic
inhibitory control. This conclusion is consistent with the
observations of Riddel! etal. (1995) which show that group II
muscle fibres of the gastrocnemius and semitendinosus muscles
are strongly depolarized by stimulation of group II and cutaneous
afferents.

Fig. 8. (A) GABA immunoreactivity associated with a presynaptic bouton
(arrow) which forms an axoaxonic synapse with a group II bouton. The inset
shows details of the synapse. This was taken from an unreacted section in the
series. (B) The same bouton (arrow) is almost devoid of gold particles
following a reaction for glycine on an adjacent section. Other structures nearby
(e.g. axon indicated with asterisk in A and B) are densely labelled with gold
particles. This bouton therefore contains GABA but not glycine. Scale bar,
1 pm.

The numbers of axoaxonic arrangements formed by group II
boutons is high in comparison with most other types of afferent axon; it
has been estimated thai 40-60% of boutons of low-threshold cutaneous

axons (Maxwell & Rethelyi, 1987) and 20-60% of high-threshold
mechanoreceptor boutons (Alvarez etal., 1992) are postsynaptic to
other axons. In the case of la muscle afferents, the numbers of
axoaxonic synapses vary according to the region of termination.
Axoaxonic arrangements are associated with = 86% of boutons in
motor nuclei (Pierce & Mendell, 1993), 93% of boutons in the
intermediate grey matter (Maxwell & Bannatyne, 1983) but only = 8%

GABA

%
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of boutons in Clarke's column (Walmsley etal., 1995). This evidence
suggests that presynaptic inhibiton may be weaker at some synapses
formed by la axons than at others and is supported by electro¬
physiological observations which show that PAD of single group la
axon collaterals in Clarke's column is generally weaker than that of
collaterals of the same axon in the intermediate nucleus at L6

(Quevedo etal., 1996; Lomelf etal., 1998). Axoaxonic arrangements
were present on group II boutons in the dorsal horn and the
intermediate grey matter and therefore group II transmission to
neurons in both these regions is probably subject to strong presynaptic
inhibitory control. Again, this is consistent with data showing that
there are changes in the excitability of group II terminals in both the
dorsal horn and intermediate region of midlumbar segments and that
conditioning stimuli evoking PAD produce depression of group II field
potentials at both of these locations (Riddell etal., 1995). However,
= 10% of group II boutons were not associated with presynaptic axons.
If these boutons form synapses with a particular class of cell, then it is
possible that certain group II pathways are not influenced by
presynaptic inhibition. A small number of group II boutons were

postsynaptic to two axon terminals. At present, it is not known if these
terminals originate from one PAD interneuron or whether two
interneurons are involved. Immunocytochemical labelling for GABA
and glycine did not reveal differences in these double presynaptic
elements; all were immunoreactive for both transmitters.

Properties of interneurons forming axoaxonic synapses

Very little is known about PAD interneurons, including those which
make synapses with group II muscle afferents. Group II PAD
interneurons are likely to be located in the dorsal horn and operate
principally within the same spinal segment (Jankowska & Riddell,
1995; Riddell etal., 1995). It is probable that these neurons are
activated by a variety of primary afferent and descending systems.
They are strongly excited (probably disynaptically) by group II and
skin afferents but are only very weakly excited by group I afferents
(Harrison & Jankowska, 1989; Jankowska & Riddell, 1995; Riddell
etal., 1995). Stimulation of bulbospinal systems, including those
projecting from raphe nuclei or the locus coeruleus, also produces
depolarization of group II afferents which may be mediated indirectly
through interneurons (Riddell etal., 1993). In addition, group II PAD
cells may have excitatory inputs from the sensorimotor cortex
(Carpenter etal., 1963).

On the basis of the observations made in this study, it is possible to
make some further predictions about the properties of group II PAD
interneurons.

First, it is likely that group II PAD interneurons are not only
involved in presynaptic inhibition but also have postsynaptic
inhibitory actions on spinal neurons. Seventeen of the group II
boutons examined formed axonal triads where the presynaptic
axoaxonic bouton was also presynaptic to the same dendrite as the
group II bouton. This type of arrangement is also associated with
terminals of various classes of cutaneous afferent (Maxwell &
Rethelyi, 1987) and group la muscle afferents (Conradi etal., 1983;
Maxwell & Bannatyne, 1983; Pierce & Mendell, 1993; Fyffe & Light,
1984) and may be a feature of most types of primary afferent. In
addition, Rudomin etal. (1987) have reported electrophysiological
evidence which shows that some PAD interneurons may have a dual
inhibitory action as they also inhibit certain spinal neurons
postsynaptically. The anatomical evidence obtained in the present
study indicates that a considerable proportion of group II PAD
interneurons act postsynaptically upon target neurons of group II
afferents. It is not known, however, whether all PAD interneurons have
a dual inhibitory action or if this pattern of action is restricted to a

particular subtype. Nevertheless, it is tempting to surmise that all PAD
interneurons which contain a mixture of GABA and glycine are
involved in presynaptic and postsynaptic inhibitory processes.

Although glycine has been reported to be present in several types of
axoaxonic arrangement (Todd etal., 1991, 1995; Todd, 1996), there is
apparently no pharmacological evidence to support a role for glycine
in presynaptic inhibition. However, glycine, has powerful postsynaptic
inhibitory actions on spinal neurons (Curtis etal., 1968; Game &
Lodge, 1975). Furthermore, axodendritic synapses which contain
glycine are often associated with gephyrin (the glycine receptor
clustering protein) but this protein is not present at axoaxonic synapses
where glycine is present (Todd etal., 1995). This does not, of course,

imply that other classes of PAD interneuron do not have dual
inhibitory actions. Indeed evidence obtained in this study shows that
PAD interneurons which contain GABA alone participate in triads and
are likely to have postsynaptic actions. Group II axons formed triads in
the dorsal horn and intermediate grey matter but we do not know if all
types of group II target neurons are associated with triadic
arrangements or if only specific types of cell are subject to dual
inhibition. This type of arrangement has been identified on dendrites of
dorsal horn group II interneurons in midlumbar segments (Maxwell
etal., 1997) but ultrastructural information about other classes of cell
with group II monosynaptic input is lacking.

Immunocytochemical evidence suggests that two groups of
interneurons form axoaxonic synapses with group II afferents. The
majority of presynaptic boutons tested for GABA and glycine
immunoreactivity showed evidence of colocalization, but a minority
contained only GABA. Whilst we cannot exclude the possibility that
the latter group represent 'false negatives' for glycine immuno¬
reactivity, this pattern of staining was consistent throughout series of
sections. In addition, other profiles in the same sections were
associated with dense immunogold reactions, so that it is probably
safe to conclude that this particular group of presynaptic axoaxonic
boutons does not contain transmitter pools of glycine. Furthermore,
our previous study of presynaptic boutons in axoaxonic synapses
associated with group II interneurons (Maxwell etal., 1997) showed
that some of them contained GABA but not glycine. According to
Todd & Sullivan (1990) cells which contain a mixture of GABA and
glycine are found predominantly in deeper laminae of the dorsal horn,
especially in medial regions, but cells containing only GABA are
more prominent in the superficial dorsal horn and the intermediate
grey matter. Therefore these two chemical subtypes of interneuron
are likely to be activated by different afferent and descending systems
and could belong to separate PAD pathways.
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Abstract

We investigated the possibility that monoaminergic axons make contacts with spinal interneurons which project to motor nuclei and
are monosynaptically activated by group II muscle afferents. Interneurons in midlumbar spinal segments of adult cats were
characterized electrophysiologically and intracellularly labelled with tetramethylrhodamine dextran. Serotoninergic and noradrenergic
axons were identified with immunofluorescence in sections containing labelled cells. Contacts between monoaminergic axons and
interneurons were investigated with three-colour confocal laser scanning microscopy and analysed with a computer reconstruction
program. Cell bodies and dendritic trees of five cells were reconstructed and putative contacts were plotted. The average number of
contacts formed by serotoninergic axons was 140 and the average number of noradrenergic contacts was 38. The majority (95%) of
contacts were formed with dendrites; these were distributed over the entire dendritic tree, even on the most distal branches. These
findings provide a morphological basis for the modulatory actions of monoamines on premotor spinal interneurons in pathways from
group II muscle afferents.

Introduction

Noradrenaline (NA) and serotonin (5-HT) modulate spinal pathways
involved in motor function in a selective and highly differentiated
manner (Bras eta!., 1989b, 1990: Jankowska etal., 1997a; 2000) but
the mechanisms which underlie these effects are poorly understood
and these transmitters could operate at both pre- and postsynaptic
sites. In addition, monoamines could also influence activity in reflex
pathways by volume conductance where the transmitter operates
nonsynaptically by diffusion (Fuxe & Agnati. 1991).

It is probable that the synaptic actions of 5-HT and NA are exerted
principally upon dendrites and somata of spinal neurons rather than
on axon terminals, as electron microscopic studies show that NA- and
5-HT-immunoreative axons in the spinal grey matter form axoden¬
dritic and axosomatic synapses but do not form axoaxonic synapses
(Light etal., 1982; Ruda etal., 1982; Maxwell etal., 1983; Ulfhake
etal., 1987; Westlund etal., 1990; Doyle & Maxwell, 1991).
Furthermore, pharmacological studies show that both NA and 5-HT
have direct influences upon the activity of some spinal cells (Jordan
etal., 1978; Todd & Millar, 1983; Willcockson etal., 1984), and
immunocytochemical and in situ hybridization studies show that
monoaminergic receptors are expressed by various types of spinal
neuron (see Coggeshall & Carlton, 1997 for a review). Although 5-
HT-containing axons are particularly abundant in the grey matter of
the cord, recent evidence indicates that some classes of spinal neuron
are heavily innervated by 5-HT axons whereas others receive few
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contacts. For example, a-motoneurons (Alvarez etal., 1998), dorsal
horn projection cells which possess the neurokinin-1 receptor
(Stewart & Maxwell, 1999), and dorsal horn interneurons with
monosynaptic input from group II muscle afferents (Jankowska etal.,
1997) are associated with high contact densities, whereas Renshaw
cells (Carr etal., 1999) and some subtypes of dorsal horn interneuron
(Stewart & Maxwell, 1999) are almost devoid of contacts. This
evidence suggests that 5-HT is likely to have strong postsynaptic
effects on some classes of neuron but may have limited direct
synaptic effects on others. Little quantitative information is available
about the density and distribution of NA contacts on spinal neurons;
however, some dorsal horn cells have very sparse NA contacts
(Stewart & Maxwell, 1999).

Monoaminergic systems alter the gain of particular groups of
premotor interneuron selectively (see Lundberg, 1982 for a review
and Jankowska etal. 2000) and this is likely to have a significant
effect on motor output as most of the synaptic input to spinal
motoneurons originates from interneurons (Conradi, 1969). We have
focused our attention upon a particular group of midlumbar premotor
interneurons which are monosynaptically activated by group 11
muscle afferents and project to motor nuclei in more caudal segments
(Bras etal., 1989a) where they excite or inhibit motoneurons directly
(Cavallari etal., 1987). Both NA and 5-HT are known to influence
these interneurons powerfully (Bras etal., 1989b, 1990; Jankowska
etal. 2000) but the precise mechanism of this influence is not known.
In the present study, we investigated the hypothesis that both NA and
5-HT influence activity in this type of cell through direct postsynaptic
actions. We tested this hypothesis by using intracellular staining to
label group II interneurons and combining this with immunofluores-
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Fig. 2. Locations of premotor interneurons. (A) A low-power image showing
the location of one of the cells (cell 4) in a transverse section of the L4 spinal
cord. Note the cell body in lamina VII and dendrites which extend dorsally
into lamina VI. (B) A diagram illustrating the locations of somata of all five
cells (stars) Note that all cells are located in the intermediate grey matter.
Scale bar, 200 pm.

interneurons projecting to these motor nuclei. A further laminectomy
was performed to expose the 12th and 13th thoracic segments
where silver ball stimulating electrodes were placed on both lateral
funiculi.

Interneurons were searched for in the intermediate grey matter
of L4 and L5 segments with glass micropipettes containing a 2%
solution of tetramethylrhodamine-dextran (Molecular Probes, Inc,
Eugene, OR, USA) in saline at a depth where field potentials
evoked by both group I and group II afferents were maximal
(Edgley & Jankowska, 1987). Cells which were antidromically
activated by the stimulating electrode in L7 motor nuclei and
orthodromically activated by peripheral nerves at latencies
consistent with monosynaptic input from group II or both group
1 and II muscle afferents (see Fig. 1) were defined as group II
premotor interneurons. None of the cells were antidromically
activated by the electrodes on T12-13. Once cells were
characterized they were labelled by passing constant positive
current (5-10nA) for up to lOmin to inject rhodamine-dextran.
New injection sites were a minimum of 400 pm away from
previous sites and the distance between each injected cell and its
location was carefully recorded on a diagram of the midlumbar
segments. At the conclusion of experiments, the descending aorta
was cannulated and animals were perfused initially with
physiological saline and subsequently with 2L of fixative which
consisted of 4% formaldehyde in 0.1 m phosphate buffer (pH7.4).
Segments (4-6 mm in length) containing labelled cells were
removed and placed in the same fixative for 8 h.

Immunofluorescence

Segments were rinsed several times in 0.1 m phosphate buffer and
transverse sections (50 pm) were cut from the rostral end with a
Vibratome and collected in strict serial order. Sections were placed
immediately in an aqueous solution of 50% ethanol for 30min to
enhance antibody penetration. Following this treatment, they were
rinsed several times in phosphate-buffered saline (PBS) which

Fig. 1. Examples of records used to identify the five interneurons analysed
morphologically. In each pair of traces, the upper is an intracellular record
from the cell indicated and the lower is from the surface of the spinal cord. The
intensity of the stimuli used to evoke the responses illustrated is expressed in
multiples of threshold (T) for the most sensitive afferents in a given nerve.
Filled arrowheads indicate excitatory postsynaptic potentials (EPSPs) evoked
only by near-maximal stimuli for group II afferents of the quadriceps (Q) or
deep peroneal nerves. Open arrowheads indicate EPSPs which are attributed to
group I afferents, both on the basis of threshold (< 2T) and the latency from
incoming volleys (seen in the lower records). These were evoked from Q and/
or another nerve (gastrocnemius-soleus, GS: deep peroneal; DP). The fourth
column shows blocked antidromic action potentials induced by stimuli applied
in motor nuclei (MM). Time calibrations arc 5 ms for synaptically and 0.5 ms
for antidromically evoked responses.

cence to identify monoaminergic axons. Labelled cells were
examined with three-colour confocal laser scanning microscopy to
determine if they received direct contacts from 5-HT and NA
varicosities. Quantitative analysis was performed with a computer
reconstruction programme. A preliminary abstract of this work has
been published (Maxwell etal., 1997).

Materials and methods

Surgical procedures and intracellular staining
The experiments were performed on two adult cats. Anaesthesia was
induced with pentobarbital (45 mg/kg, i.p.) and maintained with
several doses of a-chloralose (up to 50 mg/kg i.v.). The depth of
anaesthesia was monitored throughout experiments. All animal
procedures were performed in Sweden and were approved by the
local (Goteborg University) ethical committee. The preparation, main
experimental procedures and animal care have been described in
detail elsewhere (Bras etal., 1989a). Briefly, hindlimb nerves

(including quadriceps, gastrocnemius-soleus and deep peroneal) were
dissected and placed on stimulating electrodes in order to activate
axons of group II muscle afferents. A search stimulus which was five
times the threshold for the most sensitive group I afferents was used
to activate group II axons. A laminectomy was performed to expose
the spinal cord from the 4th lumbar segment to sacral segments and a
tungsten electrode was placed in the ventral horn of the 7th lumbar
segment between motor nuclei of the posterior biceps-semitendinosus
and gastrocnemius-soleus muscles to antidromically activate axons of

Cell 3
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Cell 2
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Fig. 3. Confocal microscopic images of cell I (blue) illustrating contacts formed by 5-HT (red) and NA (green) axons. (A) A projected image of the neuron at a
low magnification. This image was made from 25 single optical sections gathered at 2-pm intervals. Numerous 5-HT axons and several NA axons can be seen in
the vicinity of the cell. (B and C) Single optical sections through the soma of the neuron. Two 5-HT contacts (arrow) and a single NA contact (arrowhead) are
shown. (D-F) A series of images showing an intermediate dendrite of the cell. (D) A projected series of images of a 6-prn depth through a dendrite. Several
varicosities are associated with the dendrite. (E and F) Single optical sections taken from the series shown in D, Three 5-HT contacts are shown in E (arrow) and a
single NA contact is shown in F (arrow). Scale bar, 50pm (A), 10pm (B-F).

consisted of 1.8% NaCl in 0.1m phosphate buffer (pH7.4) and
mounted in serial order on glass slides with Vectashield (Vector
Laboratories, Peterborough. UK). Series of sections were examined
with a fluorescence microscope and cells were identified with the aid
of the diagrams made during experiments. Once cells were identified.

short series of sections (up to 10) containing cell bodies and labelled
processes were reacted individually to identify 5-HT and NA axons.
These sections were initially incubated in blocking serum consisting
of 10% normal donkey serum in PBS with 0.3% Triton X-100 for
30min at room temperature. They were then placed in a solution

© 2000 European Neuroscience Association, European Journal of Neuroscience, 12. 1271-1280
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containing rat anti-5-HT (1:200) and rabbit anti-dopamine (3-
hydroxylase (DB-H; 1:500) antibodies (both obtained from Affiniti
Research Products, Nottingham, UK) for 48 h. After several washes
in PBS, sections were placed for 2 h in a solution of donkey
secondary antibodies (obtained from Jackson ImmunoResearch,
Luton, UK), which consisted of anti-rat IgG (1 : 100) coupled to
cyanine 5.18 (Cy5) and anti-rabbit IgG (1:100) coupled to
fluorescein isothiocyanate (FITC). All dilutions were made in PBS
with 5% normal donkey serum and 0.3% Triton X-100. Sections were
mounted in serial order on glass slides with Vectashield and stored at
-20 °C.

Control experiments to test specificity of the antibodies were
performed on sections which did not contain labelled processes of
interneurons. These were processed in an identical manner to test
sections except that either 5-HT or DB-H primary antibodies were
omitted; no immunofluorescence was observed for the omitted
antibody under these conditions.

Confocal microscopy
Although 18 cells were recorded and labelled in these experiments
only five were suitable for analysis with the confocal microscope.
Cells were rejected from the sample because they were damaged or

weakly labelled or because penetration of antibodies was incomplete.
Initially, Vibratome sections containg labelled cells and their
processes were imaged with the confocal microscope (BioRad
MRC 1024, Hemmel Hempsted, UK) by using a wide iris setting at
a low magnification (X10 lens; zoom factor 1). These images served
as a frame of reference for the location of labelled processes within
each section and were used to make preliminary reconstructions of
the cells. Each cell was then examined systematically at a higher
magnification with the confocal microscope (X40 oil immersion lens;
zoom factor 1). Series of three-colour confocal images were obtained
by using the 488, 568 and 647 nm lines of a krypton-argon laser;
these wavelengths optimally excite FITC, rhodamine and CY-5,
respectively. Each series consisted of between 12 and 55 sections
(depending upon the thickness of labelled cell processes) and were
gathered at intervals of 1 pm. The location of each series of confocal
images was recorded on a print of the corresponding low-power
reference image and a montage was constructed for each Vibratome
section. Usually five or six series of images were collected from each
Vibratome section and processes of cells were contained within 2-7
Vibratome sections.

Monoamines and spinal interneurons 1275

Reconstruction and analysis of contacts
Cells were reconstructed with the aid of Neurolucida for Confocal

(MicroBrightField, Cholchester, VT, USA). This software package
not only provided three-dimensional reconstructions of each cell, but
also enabled us to record the locations of 5-HT and NA contacts on

cells. Reconstructions were made from stacks of single optical
sections; this was usually performed at a zoom factor of 2 or 3. The
program recorded information about dendritic diameters, dendritic
length and the 3-D location of labelled processes. Reconstructions
always began with the series containing the cell body, and dendritic
processes were systematically added from other series until
reconstruction of the dendritic tree was complete. Axons were not
reconstructed. Contacts found in these sections were examined and
their locations recorded on reconstructions with appropriate markers.
Contacts were viewed in single optical sections at a zoom factor of 3
and were defined as appositions between labelled axon varicosities
(an obvious swelling in the axon) and labelled cell processes where
no intervening dark pixels were present. The Neurolucida program

provided information about the distribution of contacts over the
dendritic tree and enabled us to perform a three-dimensional Sholl
analysis for absolute numbers of contacts and numbers of contacts/
100 pm of dendritic length contained within concentric spheres at
standard distances from the centre of the cell body of each cell. We
were also able to estimate the density of contacts per unit area
(100 pm2) of cell membrane with this program.

Results

Figure 1 shows a series of electrophysiological records illustrating
functional identification criteria for each of the cells used in the

morphological analysis. All cells were antidromically activated
following electrical stimulation within L7 motor nuclei (far right
column) and were powerfully excited by electrical stimulation of the
quadriceps nerve. In addition, three of the cells (cells 1, 3 and 5) were

weakly coexcited by group I afferents. The difference in the strength of
the input from group I and II afferents can be seen from the relative
amplitudes of the excitatory postsynaptic potentials (EPSPs) shown in
Fig. 1. All EPSPs were evoked at thresholds and latencies consistent
with monosynaptic excitation.

The five labelled cells were located within the L4 or rostral part of
the L5 segments in the middle portion of Lamina VII (Fig. 2). Cell

Table 1. Data for each of the five cells examined

Total
contacts (n)

Total
dendritic

length

Dendritic contacts

per 100 pm2
Cell body
contacts (n)

Cell body
surface
area

Cell body contacts
per 100 pm2

5-HT DB-H (pm) 5-HT DB-H 5-HT DB-H (pm2) 5-HT D-BH

Cell 1 178 61 3996.6 0.359 0.137 11 6 6647.6 0.165 0.090
Cell 2 70 24 2213.2 0.237 0.07 2 1 5026.5 0.039 0.019
Cell 3 146 22 3165.6 0.352 0.067 7 0 6361.7 0.011 0
Cell 4 149 35 4442.1 0.269 0.068 2 1 1963.5 0.101 0.05!
Cell 5 157 47 4818.8 0.279 0.102 9 2 3848.5 0.233 0.052
Mean 140 37.8 3727.26 0.291 0.082 6.2 2 4769.6 0.130 0.042
±SD ±28 ± 12.96 ± 1046.76 ± 0.053 ± 0.030 ±2.8 ±2.1 ± 1926.8 ± 0.073 ± 0.034

Fig. 4. Reconstructions of cell 1 showing the distribution of serotoninergic (5-HT) and noradrenergic (DB-H) contacts. The reconstruction was made with
Neurolucida for Confocal (MicroBrightField). The top picture shows the distribution of 5-HT contacts associated with this cell (circles) and the bottom picture
shows the distribution of NA contacts (triangles). The region indicated by the box is shown in Fig. 3D-F. The histograms show numbers of contacts within
50-pm shells from the cell body based on a Sholl analysis for each type of contact. Scale bar, 100 pm.
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bodies ranged between 25 and 45 pm in mean diameter. All cells had
radial dendritic arbors (see Figs 3-5) which extended dorsally into
lamina VI and often ventrally as far as lamina VIII. On average,
dendrites extended for up to 500 pm from somata but one of the cells
(cell 1) had dendrites which extended beyond 800 pm.

Confocal microscopic analysis revealed that all five cells were
contacted by 5-HT and NA axons (see Fig. 3 and Table 1), but 5-HT
contacts were more common than NA contacts (average ± SD,

Monoamines and spinal interneurons 1277

140.0 ± 28 and 37.8 ± 13 for 5-HT and NA, respectively). Contacts
were formed with cell bodies (Fig. 3B and C) and dendrites (Fig. 3D-
F). Noradrenergic axons tended to form single or double contacts on
dendrites but 5-HT axons were often seen to run in parallel with
dendrites and formed small clusters of contacts (Fig. 3D-F).

The reconstructions (Figs 4 and 5) showed that cell bodies were
associated with relatively few contacts (average ± SD, 6.2 ± 2.8 or
0.130 contacts/100 pm2 for 5-HT and 2.0 ±2.1 or 0.042 contacts/

5-HT contacts

8 T

Distance from soma /tin

DB-H contacts

2.5 -t

£

50 100 150 200 250 300 350 400 450 500 550

Distance from soma jim

Fig. 6. (A) A Sholl analysis showing the distribution of 5-HT and DB-H contacts for the five cells for distances of up to 550 pm from the cell body. The histograms
show the mean numbers of contacts/100 pm of dendritic length contained within concentric shells with radii which increase in 50-pm units from the centre of the
cell body. Bars show standard deviations. Note that the distribution is similar for both 5-HT and DB-H contacts and that the numbers of contacts formed by each
type of axon are similar for all regions of the dendritic tree.

Fig. 5. (A) Distribution of serotoninergic contacts on cells 2 and 3. Contacts are represented by circles plotted on reconstructions made with Neurolucida for
Confocal (MicroBrightField). (B) Distribution of noradrenergic contacts on cells 4 and 5. Contacts are represented by triangles. Scale bar, 100pm.
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100 |im2 for NA; see Table 1), and that >95% of all contacts were
found on dendrites. Both 5-HT and NA contacts were evenly
distributed over the whole dendritic tree on proximal, intermediate
and distal dendrites; this was confirmed by performing a Sholl analysis
for numbers of contacts per unit (100-pm) dendritic length for all five
cells (Fig. 6). Most dendrites were associated with contacts; however,
occasional dendritic processes were observed which were devoid of
contacts although varicosities were present in the neuropil surrounding
them. The average packing densities of 5-HT and NA contacts
associated with dendrites were 0.291 ± 0.053/100 pm2 and
0.082 ± 0.30/100 pm2, respectively. We also calculated the average
numbers of 5-HT and NA contacts per units of 100 pm of dendritic
length on proximal (defined as < 100 pm from the soma) intermediate
(between 100 and 300 pm) and distal (> 300 pm) dendrites (see
Jankowska etal., 1997b). These figures were 3.1, 4.0 and 3.8 contacts/
100 pm for 5-HT and 0.87, 1.05 and 0.81 contacts/100 pm for NA
contacts on proximal, intermendiate and distal dendrites, respectively.

Discussion

Cell bodies of premotor interneurons labelled in the present study
have a distribution in the spinal grey matter which is very similar to
those labelled by Bras etal. (1989a). The patterns of the dendritic
arbors are also similar; however, dendritic lengths were shorter on
average. This may reflect a difference in the sensitivity of the
horseradish peroxidase labelling method used by Bras etal. (1989a)
and the tetramethylrhodamine dextran method used by us.

Advantages and limitations of confocal microscopy
Confocal microscopy has a number of advantages over conventional
optical microscopy in studies of contacts between labelled neurons

(e.g. see Jankowska etal., 1995). The major advantage is that
structures which form putative appositions can be examined through
series of thin optical sections which are a fraction of a micron thick. It
is therefore very likely that two structures in apposition in a single
optical section form a contact as they cannot lie above or below each
other in the plane of focus. Nevertheless, electron microscopic analysis
is required to confirm that such contacts represent synapses; correlated
light and electron microscopic studies have revealed that some 5-HT
appositions on somata of spinal neurons are not synapses but are
separated from the postsynaptic membrane by thin glial processes (e.g.
see Jankowska etal., 1997b). However, a similar arrangement has only
been found in a very small proportion of putative 5-HT contacts on
dendrites (Jankowska etal., 1997b; Alvarez etal., 1998) and because
95% of the 5-HT contacts on neurons investigated in this study were
axo-dendritic, it is likely that most of them represent synaptic contacts.
This conclusion is also supported by a number of other observations.
Firstly, although monoaminergic axons which form nonsynaptic
varicosities have been identified in electron microscopic studies of
the rat dorsal horn (e.g. Maxwell etal., 1983; Ridet etal., 1993),
similar studies of the cat spinal cord have shown that most 5-HT and
NA axons form synapses which satisfy morphological identification
criteria (e.g. Light etal., 1982; Ruda etal., 1982, Doyle & Maxwell,
1991). These synapses are usually made with dendrites but are

occasionally found on cell bodies. Secondly, evidence obtained from
parallel electron microscopic and confocal microscopic studies of 5-
HT contacts on spinocerebellar tract cells (Jankowska etal., 1995;
Maxwell & Jankowska, 1996) suggests that the majority of contacts
viewed with confocal microscopy are synapses. Finally, Todd (1997)
has shown, by using a combined confocal and electron microscopic
technique on the same tissue, that contacts viewed with the confocal
microscope between axons and dendrites are usually synapses.

Significance of 5-HT and NA contacts
We have shown that both 5-HT and NA axons form relatively high
numbers of contacts with group II premotor intemeurons in the
intermediate grey matter. This is consistent with the profound effects
that 5-HT and NA have on these cells (Bras etal., 1989b; Jankowska
etal. 2000) and suggests that at least some of these effects are a

consequence of direct postsynaptic actions on the intemeurons
themselves. This does not imply, however, that monoamines do not
also operate through presynaptic mechanisms, either indirectly on the
intemeurons which mediate presynaptic inhibition, or directly on

primary afferent terminals via volume conductance. Indeed, such
actions may be responsible for differential influences of 5-HT and NA
on group I and group II activation of premotor intemeurons
(Jankowska etal. 2000).

In a previous study, we showed that dorsal horn interneurons with
input from group II muscle afferents have average numbers of 5-HT
contacts which decrease considerably with distance from the soma
(Jankowska etal., 1997b). The average numbers of contacts counted
over three ranges of distance from somata (< 100 pm, 100-300 pm
and > 300 pm) were 14.0, 4.6 and 2 contacts/100 pm, respectively.
Values for the same three ranges for cells in this study were estimated
as 3.1, 4.0 and 3.8 contacts/100 pm. Therefore numbers of contacts
associated with dendrites of intermediate zone premotor intemeurons
are similar in all regions of the dendritic arbor, whereas the numbers
of contacts on proximal dendrites of dorsal horn interneurons are

considerably higher. Furthermore, cell bodies of dorsal horn
interneurons have packing densities for 5-HT which are almost nine
times greater than those found on premotor interneurons (1.1 and 0.13
contacts/100 pm2, respectively). Variations in the distribution of
contacts may reflect differences in the action or efficacy of 5-HT on
these cells; serotonin powerfully inhibits group II evoked responses in
dorsal horn intemeurons but, in premotor interneurons, its action is
facilitatory. The greater concentration of 5-HT axons around somata
and proximal dendrites of dorsal horn interneurons may therefore be
related to an inhibitory action.

This study also shows that premotor interneurons have convergent
inputs from 5-HT and NA axons but that the density of 5-HT contacts
is more than three times the density of NA contacts. This may simply
be a consequence of the greater abundance of 5-HT and 5-HT fibres
in the spinal cord (Anden, 1965; Zivin etal., 1975) or it may be of
functional significance. Variations in the density of contacts may be
related to the different actions of 5-HT and NA. Responses of
premotor intemeurons evoked by group II muscle afferents are
inhibited by NA but are facilitated by 5-HT (Jankowska etal. 2000)
and therefore the greater density of 5-HT contacts may imply that the
facilitatory modulation of group II reflex pathways by 5-HT is more

powerful than the suppression by NA. It is also likely that many of the
5-HT axons in contact with premotor interneurons contain other
colocalized transmitters such as substance P, galanin and thyrotropin
releasing hormone (Wessendorf & Elde, 1987; Maxwell etal., 1996)
whereas NA axons probably do not contain significant amounts of
colocalized transmitter (Patel etal., 1997). The larger numbers of
contacts formed by 5-HT axons could therefore also be related to the
actions of these other types of transmitter.

Receptors associated with premotor interneurons
In order to have a complete understanding of the mechanisms
responsible for monoaminergic modulation of group II transmission
in the spinal cord, it is not only important to examine relationships
between monoaminergic axons and premotor interneurons, but it is
also necessary to establish what classes of 5-HT and NA receptor are
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[pressed by these cells. Recent evidence indicates that receptors for
HT and NA are present on both synaptic and extrasynaptic regions

F some neurons in the brain and spinal cord (Ridet end., 1994; Kia
al., 1996; Lee etal., 1998). This suggests that monoaminergic
ansmitters may operate not only through classical synaptic
ansmission, but also operate via nonjunctional or 'volume'
ansmission (Fuxe & Agnati, 1991). Thus, the influence of
tonoamines on activity of group II premotor interneurons could be
reater than the packing densities suggest if NA and 5-HT are
jleased extrasynaptically and interact with high-affinity receptors on
le plasma membrane of interneurons. Several classes of NA and 5-
IT receptors exist in the spinal cord, including al, a2A and a2C
drenergic receptors (Roudet etal., 1993; Roudet etal., 1994, Rosin
tal., 1996; Stone etal., 1998) and 5-HT)A, 5-HT2 and 5-HT3
eceptors (Marlier etal., 1991; Thor etal., 1993; Kheck etal., 1995;
Cia etal., 1995; Maeshima etal., 1998; Morales etal., 1998). All of
hese receptors are coupled to G-proteins with the exception of the 5-
TTj receptor which belongs to the ligand-gated cation channel
amily. It is probable that the receptor responsible for the inhibitiory
tctions of NA on group II premotor interneurons is an al receptor, as
ll agonists potently depress monosynaptic field potentials generated
3y group II muscle afferents in the intermediate grey matter (Bras
etal., 1990) and a2 antagonists reduce the depression of such field
potentials following conditioning stimuli applied within brainstem
noradrenergic nuclei (Skoog & Noga, 1991). Recent studies with
lantibodies raised against peptide sequences of a2A and a2C
receptors (Rosin etal., 1996; Stone etal., 1998) suggest that a2A
receptors are located predominantly on terminals of unmyelinated
primary afferents whereas a2C receptors are probably present on
spinal neurons, including cells in the intermediate grey matter.
Therefore noradrenaline may act upon group II premotor interneurons
via a2C receptors. The receptors responsible for mediating the effects
of 5-HT on these cells are unknown. In the dorsal horn, group II
activity is most efficiently depressed by 5-HT|A agonists (Bras etal.,
1990) and, whilst 5-HT!A receptors predominate in the dorsal horn,
binding sites have also been detected in the intermediate grey matter
(Marlier etal., 1991; Thor etal., 1993) and immunocytochemical
studies show that it is present on cells in this region (Kheck etal.,
1995). Facilitatory effects of 5-HT on motoneurons are probably
mediated via 5-HT2 receptors (e.g. Elliott & Wallis, 1992; Yamisaki
etal., 1992). Both binding sites for 5-HT2 receptors and cells which
are immunoreactive for this receptor are present in the intermediate
grey matter (Marlier etal., 1991; Thor etal., 1993; Ridet etal., 1994;
Maeshima etal., 1998) and therefore the facilitatory effects of 5-HT
an group II premotor interneurons may operate through a 5-HT2
receptor. This issue will ultimately be resolved by combining
electrophysiogical characterization and intracellular staining of
premotor interneurons with immunocytochemistry for specific
receptor subtypes.

Actions of 5-HT and NA on premotor interneurons
Monoaminergic contacts on group II premotor interneurons are

arincipally associated with dendrites and therefore may be strategi-
:ally located to influence primary afferent input which also occurs
aredominantly on dendrites (Maxwell & Riddell, 1999; D. J. Maxwell
fe E. Jankowska, unpublished observations). These actions of 5-HT,
tnd probably also NA, are likely to be selective as group II premotor
nterneurons appear to be 'targeted' by monoaminergic axons. Carr
;tal. (1999) have shown that Renshaw cells (another class of
Dremotor interneuron) receive an average of only four 5-HT contacts/
;ell whereas the cells in our sample received an average of 140
:ontacts/cell. The density of NA contacts was also considerably

greater than densities associated with other types of interneuron for
which information is available (Stewart & Maxwell, 1999).

Although monoamines are likely to alter the gain of the disynaptic
pathway between group II muscle afferents and motoneurons by
direct postsynaptic actions, group II premotor interneurons are a
heterogeneous population and exert both excitatory and inhibitory
actions on motoneurons (Cavallari etal., 1987; see also Jankowska,
1992) and the effects of descending modulation on motoneuron
activity will depend on the type of interneuron influenced. We do not
know if the population of cells we labelled have heterogeneous
actions on motoneurons but the density and pattern of distribution of
contacts was similar for each of the cells. This is consistent with the
observation that descending monoaminergic systems have similar
actions on inhibitory and excitatory group II pathways (Schomburg &
Steffens, 1988; Jankowska etal., 1993).

Acknowledgements
We thank R.Kerr, C. Morris and R. Larsson for excellent technical support.
This study was supported by the Wellcome Trust (University Award no.
039925, awarded to D.J.M.; Research Fellowship, no. 034630. awarded to
J.S.R.) the Swedish.Medical Research Council (No 05648) and the European
Science Foundation (To D.J.M., no. 53).

Abbreviations

5-HT, 5-hydroxy tryptamine; CY-5. cyanine 5.18; DB-H, dopamine (3-
hydroxylase; EPSPs, excitatory postsynaptic potentials; FITC, fluorescein
isothiocyanate; NA, noradrenaline; PBS, phosphate-buffered saline.

References

Alvarez, F.J.. Pearson, J.C., Harrington, D„ Dewey, D., Torbeck, L. & &.
Fyffe, R.E.W. (1998) Distribution of 5-hydroxytryptamine-immunoreactive
boutons on oc-motoneurons in the lumbar spinal cord of adult cats. J. Comp.
Neurol., 393, 69-83.

Anden, N.E. (1965) Distribution of monoamines and dihydroxyphenylalanine
decarboxylase activity in the spinal cord. Acta Physiol. Scand., 64, 197—
203.

Bras, H., Cavallari, P., Janowska, E. & Kubin, L. (1989a) Morphology of
midlumbar interneurons relaying information from group II muscle
afferents in the cat spinal cord. J. Comp. Neurol., 290, 1-15.

Bras, H., Cavallari, P., Jankowska, E. & McCrea, D. (1989b) Comparison of
effects of monoamines on transmission in spinal pathways from group I and
II afferents in the cat. Exp. Brain Res., 76, 27-37.

Bras, H., Jankowska, E., Noga, B.R. & Skoog, B. (1990) Comparison of
effects of various types of NA and 5HT agonists on transmission from group
II muscle afferents in the cat. Eur. J. Neurosci., 2, 1029-1039.

Carr, P.A., Pearson, J.C. & Fyffe, R.E.W. (1999) Distribution of 5-
hydroxytryptamine-immunoreactive boutons on immunohistochemically-
identified Renshaw cells in cat and rat lumbar spinal cord. Brain Res., 823,
198-201.

Cavallari, P., Edgley, S.A. & Jankowska, E. (1987) Postsynaptic actions of
midlumbar interneurones on motoneurones of hindlimb muscles in the cat.

J. Physiol. (Land), 389, 675-690.
Coggeshall, R.E. & Carlton. S.M. (1997) Receptor localization in the

mammalian dorsal horn and primary afferent neurons. Brain Res. Revs.,
24, 28-66.

Conradi, S. (1969) On motoneuron synaptology in adult cats. Acta Physiol.
Scand.. 78 (Suppl. 332), 1-115.

Doyle, C.A. & Maxwell. D.J. (1991) Catecholaminergic innervation of the
spinal dorsal horn: a correlated light and electron microscopic analysis of
tyrosine hydroxylase immunoreactive fibres in the cat. Neuroscience, 45.
161-176.

Edgley, S.A. & Jankowska, E. (1987) Field potentials generated by group II
muscle afferents in the middle lumbar segments of the cat spinal cord. J.
Physiol (Lond), 385, 393-413.

Elliott, P. & Wallis, D.I. (1992) Serotonin and L-norepinephrine as mediators
of altered excitability in neonatal rat motoneurons studied in vitro.
Neuroscience. 47, 533-544.

j> 2000 .European Neuroscience Association, European Journal of Neuroscience, 12, 1271-1280



1280 D. J. Maxwell et al.

Fuxe, K. & Agnati, L.F. (1991) Two principal modes of electrochemical
communication in the brain: volume versus wiring transmission. Adv.
Neurosci, 1, 1-9.

Jankowska, E. (1992) Interneuronal relay in spinal pathways from
proprioceptors. Prog. Neurobiol., 38, 335-378.

Jankowska, E., Riddell, J.S., Skoog, B. & Noga, B.R. (1993) Gating of
transmission to motonuerons by stimuli applied in the locus coruleus and
raphe nuclei of the cat. J. Physiol. (Lond). 461. 705-722.

Jankowska, E., Maxwell, D.J., Dolk, S., Krutki. P., Belichenko, P.V. &
Dahlstrom, A. (1995) Contacts between serotoninergic fibres and dorsal
horn spinocerebellar tract neurons in the cat and rat: a confocal microscopic
study. Neuroscience. 67. 477^187.

Jankowska, E., Hammar, I., Djouhri, L., Heden, C., Lackberg, Z.S. & Yin,
X.K. (1997a) Modulation of responses of four types of feline ascending tract
neurons by serotonin and noradrenaline. Eur. J. Neurosci.. 9. 1375-1387.

Jankowska, E., Maxwell, D.J., Dolk, S. & Dahlstrom, A. (1997b) A confocal
and electron microscopic study of contacts between 5-HT fibres and feline
dorsal horn interneurons in pathways from muscle afferents. J. Comp.
Neurol., 387. 430-438.

Jankowska, E., Hammar-Simonsberg, I., Chonicka, B. & Heden, C.H. (2000)
Effects of monoamines on interneurons in four reflex pathways from group I
and/or group II muscle afferents. Eur. J. Neurosci.. 12, 701-714.

Jordan, L.M., Kenshalo, D.R., Martin. R.F., Haber, L.H. & Willis, W.D.
(1978) Depression of primate spinothalamic tract neurons by ionophoretic
application of 5-hydroxytryptamine. Pain, 5, 135-142.

Kheck, N.M., Gannon, P.J. & Azmitia, E.C. (1995) 5-HT1A receptor
localization on the axon hillock of cervical spinal motoneurons in
primates. J. Comp. Neurol.. 355, 211—220.

Kia, H.K., Miquel, M.-C., McKernan, R.M., Laporte, A.-M., Lombard, M.-C.,
Bourgoin, S., Hamon, M. & Verge, D. (1995) Localization of 5-HT3
receptors in the rat spinal cord: immunohistochemistry and in situ
hybridization. Neuroreport, 6, 257-261.

Kia, H.K.. Brisorgueil, M.J., Hamon, M., Calas, A. & Verge, D. (1996)
Ultrastructural localization of 5-hydroxytryptamine, A receptors in the rat
brain. J. Neurosci. Res., 46, 697-708.

Lee, A., Rosin. D.L. & &. Van Bockstaele, E.J. (1998) Ultrastructural
evidence for prominent postsynaptic localization of a2c-adrenergic
receptors in catecholaminergic dendrites in the rat nucleus locus
coeruleus. J. Comp. Neurol., 394. 218-229.

Light, A.R.. Kavookjian, A.M. & Petrusz, P. (1982) The ultrastructure and
synaptic connections of serotonin-immunoreactive terminals in spinal
laminae I and II. Somatosens. Res., 1, 33-50.

Lundberg, A. (1982) Inhibitory control from the brain stem of transmission
from primary afferents to motoneurones, primary afferent terminals and
ascending pathways. In Sjolund, B. & Bjdrklund. A., (eds), Brain Stem
Control of Spinal Mechanisms, Elsevier Biomedical Press, Amsterdam, pp.
179-225.

Maeshima, T., Ito, R., Hamada, S., Senzaki, K„ Hamaguchi-Hamada, K.,
Shutoh, F. & Okado, N. (1998) The cellular localization of 5-HT2A
receptors in the spinal cord and spinal ganglia of the adult rat. Brain Res.,
797, 118-124.

Marlier, L., Teilhac, J.-R., Cerruti, C. & &. Privat, A. (1991) Autoradiographic
mapping of 5-HT1, 5-HT 1 A, 5-HT IB and 5-HT2 receptors in the rat spinal
cord. Brain Res., 550. 15-23.

Maxwell, D.J., Leranth, C. & Verhofstad, A.A.J. (1983) Fine structure of
serotonin-containing axons in the marginal zone of the rat spinal cord. Brain
Res.. 266, 253-259.

Maxwell, D.J. & Jankowska, E. (1996) Synaptic relationships between
serotonin-immunoreactive axons and dorsal hom spinocerebellar tract cells
in the cat spinal cord. Neuroscience, 70, 247-253.

Maxwell, D.J. & Riddell, J.S. (1999) Axoaxonic synapses on terminals of
group II muscle spindle afferent axons in the spinal cord of the cat. Eur. J.
Neurosci., 11, 2151-2159.

Maxwell. D.J., Riddell, J.S. & . & Jankowska, E. (1997) A confocal
microscopic analysis of contacts formed by serotoninergic and
noradrenergic axons with electrophysiologically characterized spinal
interneurons in the anaesthetized cat. J. Physiol. (Lond.), 501p. 40p.

Maxwell, L.. Maxwell. D.J.. Neilson, M. & &. Kerr, R. (1996) A confocal
microscopic survey of serotoninergic axons in the lumbar spinal cord of the
rat: co-localization with glutamate decarboxylase and neuropeptides.
Neuroscience, 75, 471—480.

Morales, R.. Battenberg, E. & Bloom. F.E. (1998) Distribution of neuro
expressing immunoreactivity for the 5HT3 receptor subtype in the rat bra
and spinal cord. J. Comp. Neurol., 402, 385^101.

Patel, R., Kerr, R. & Maxwell. D.J. (1997) Absence of co-localized glutam
acid decarboxylase and neuropeptides in noradrenergic axons of the r
spinal cord. Brain Res., 749. 164—169.

Ridet, J.-L., Rajaofetra, N., Teilhac, J.-R.. Geffard, M. & Privat, A. (199
Evidence for nonsynaptic serotonergic and noradrenergic innervation of tl
rat dorsal horn and possible involvement of neuron-glia interaction
Neuroscience. 52. 143-157.

Ridet. J.-L., Tamir, H. & &. Privat. A. (1994) Direct immunocytochemic;
localization of 5-hydroxytryptamine receptors in the adult rat spinal cord:
light and electron microscopic study using an anti-idiotypic antiserum. .

Neurosci. Res., 38, 109-121.
Rosin, D.L.. Talley, E.M., Lee, A., . Stornetta, R.L., Gaylinn, B.D., Guyene

P.G. & Lynch, K.R. (1996) Distribution of alpha 2c adrenergic receptor-lik
immunoreactivity in the rat central nervous system. J. Comp. Neurol, 371
135-165.

Roudet, C„ Savasta, M. & Feuerstein, C. (1993) Normal distribution of alpha
1-adrenoceptors in the rat spinal cord and its modification afte
noradrenergic denervation: a quantitative autoradiographic study. )
Neurosci. Res., 34. 44-53.

Roudet, C., Mouchet, P., Feuerstein. C. & Savasta. M. (1994) Norma!
distribution of alpha 2-adrenoceptors in the rat spinal cord and iti
modification after noradrenergic denervation: a quantitativf
autoradiographic study. J. Neurosci. Res.. 39. 319-329.

Ruda, M.A., Coffield, J. & Steinbusch. H.W.M. (1982) Immunohistochemica
analysis of serotonergic axons in lamina I and II of the lumbar spinal cord o
the cat. J. Neurosci.. 2. 1660-1671.

Schomburg, E.D. & Steffens, H. (1988) The effect of dopa and clonidine oi
reflex pathways from group II muscle afferents to alpha motoneurons in th<
cat. Exp. Brain Res., 71. 442^146.

Skoog, B. & Noga, B.R. (1991) Do noradrenergic descending tract fibre:
contribute to the depression of transmission from group II muscle afferent:
following brainstem stimulation in the cat? Neurosci. Lett., 134. 5-8.

Stewart, W. & Maxwell. D.J. (1999) A population of lamina 1II/IV neurokinin
1-immunoreactive cells are targeted by serotonin-immunoreactive axons ii
the rat dorsal horn. J. Physiol. (Lond), 518p. 166p.

Stone, L.S., Broberger, C., Vulchanova, L„ Wilcox, G.L., . Hokfelt. T., Riedl
M.S. & Elde. R. (1998) Differential distribution of a3A and obc adrenergii
receptor immunoreactivity in the rat spinal cord. J. Neurosci., 18, 5928-
5937.

Thor, K.B., Nickolaus, S. & Helke. C.J. (1993) Autoradiographic localizatioi
of 5-hydroxytryptamineiA, 5-hydroxytryptamine1B and 5-hydroxytrypt
amineiC/2 binding sites in the rat spinal cord. Neuroscience, 55. 235-252.

Todd, A.J. (1997) A method for combining confocal and electron microscopi
examination of sections processed for double- or triple-labelling immuno
cytochemistry. J. Neurosci. Meth.. 73. 149-157.

Todd, A.J. & Millar, J. (1983) Receptive fileds and responses ti
ionophoretically applied noradrenaline and 5-hydroxytryptamine of unit
recorded in laminae I—III of cat dorsal horn. Brain Res., 288. 159-167.

Ulfhake, B„ Arvidsson, U., Cullheim, S., Hokfelt, T., Brodin, E., Verhofstac
A.A.J. & Visser, T.J. (1987) An ultrastructural study of 5
hydroxytryptamine-, thyrotropin-releasing hormone- and substance P
immunoreactive axonal boutons in the motor nucleus of spinal con
segments L/Slin the adult cat. Neuroscience, 23, 917-929.

Wessendorf. M.W. & Elde, R. (1987) The coexistence of serotonin- am
substance P-like immunoreactivity in the spinal cord of the rat as shown b
immunofluorescent double-labeling. J. Neurosci., 7, 2352-2363.

Westlund, K.N., Carlton. S.M., Zhang, D. & Willis, W.D. (1990) Direc
catecholaminergic innervation of primate spinothalamic tract neurons, j

Comp. Neurol, 299, 178-186.
Willcockson, H.H., Chung, J.M., Hori, Y„ Lee, K.H. & Willis, W.D. (1984

Effects' of ionophoretically released amino acids and amines on primat
spinothalamic tract cells. J. Neurosci., 4. 732-740.

Yamisaki, J., Fukuda, H., Nagao, H. & Ono, H. (1992) 5-HT2/5-HTH
receptor mediated facilitatory action of unit activityof ventral horn cells i
rat spinal cord slices. Eur. J. Pharmacol.. 220. 237-242.

Zivin, J.A., Reid, J.L., Saavedra, J. & Kapin, I.J. (1975) Quantitativ
localization of biogenic amines in the spinal cord. Brain Res., 99. 293-301

© 2000 European Neuroscience Association, European Journal of Neuroscience, 12, 1J71-128



10861 Journal of Physiology (2000), 527.2, pp.213-223 213

Coupling between serotoninergic and noradrenergic neurones
and y-motoneurones in the cat
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1. Noradrenaline is known to suppress transmission from group II muscle afferents when
locally applied to y-motoneurones, and serotonin (5-HT) facilitates the transmission. The
purpose of this investigation was to search for evidence of monoaminergic innervation of
y -motoneurones.

2. Eight y-motoneurones were labelled with rhodamine-dextran, and 50 jim thick sagittal
sections of the spinal cord containing them were exposed to antibodies against dopamine
/^-hydroxylase (DBH) and 5-HT. All the cells were directly and/or indirectly excited by
muscle group II afferents from the muscle they innervated and/or other muscles.

3. Appositions between monoaminergic fibres and the labelled somata and dendrites were
located with three-colour confocal laser scanning microscopy by examining series of optical
sections at 1 or 0-5 fim intervals.

4. DBH and 5-HT varicosities formed appositions with the somata and dendrites of all the
y-motoneurones. The mean packing densities for 5-HT (1-12+ 011 appositions per
100 ym2 for somata and 0-91 + 0-07 per 100 /<m2 for dendrites) were similar to the densities
of contacts reported for a-motoneurones. Monoaminergic varicosities in apposition to
dendrites greatly outnumbered those on the somata.

5. The density of DBH appositions was consistently lower — corresponding means were 53 %
and 62% of those for 5-HT on the somata and dendrites, respectively.

6. It is concluded from an analysis of the distribution and density of varicosities in apposition
to the y-motoneurones compared with the density in the immediate surround of the dendrites
that there is indeed both a serotoninergic and noradrenergic innervation of y-motoneurones.

It has been known for some time that the activity of
y-motoneurones can be modulated by serotonin (5-HT) and
noradrenaline (NA), and by their precursors and agonists.
5-HT excited y-motoneurones, as did the precursor
5-hydroxytryptophan and agonist lysergic acid diethyl¬
amide (LSD) (Ahlman et at. 1971; Ellaway & Trott, 1975).
The effects of noradrenaline and related compounds are more
complex. Systemic l-3,4-dihydroxyphenylalanine (l-DOPA),
the NA precursor, had a differential effect on the background
discharges of dynamic and static y-motoneurones in flexors
and extensors; it was assumed that l-DOPA acted by
releasing NA from noradrenergic axons (Grillner et at. 1967;
Bergmans & Grillner, 1968; Grillner, 1969). However,
clonidine, an a2 noradrenergic agonist, diminished or
stopped background discharges of y-motoneurones (Bennett
et at. 1996).

Tt was recognised that the monoamines were not necessarily
acting directly on y-motoneurones, but could be acting on

components of pathways impinging on them. Alternative
sites of action could be in descending or spinal pathways, or

even peripherally in the muscle spindles (see for example
Ellaway & Trott, 1975; Bennett et at. 1996). Various types
of interneurones are now known to respond to locally
applied NA and 5-HT (Jankowska et at. 2000), among them
intermediate zone interneurones which are premotor to
y-motoneurones. However, NA and 5-HT do indeed have
actions at the level of y-motoneurones. Ionophoretic
application of NA and its a2 agonist tizanidine depressed
responses evoked by stimulating group II muscle afferents,
while 5-HT enhanced the resting activity of y-motoneurones
and facilitated activation by these afferents (Jankowska et
at. 1998). This suggested a serotoninergic innervation, but
the effects of 5-HT and NA on synaptic transmission could
have been presynaptic. Amines may also modulate the
activity of neurones when they are released as far as 20 /tm
away from the cell (see Bunin & Wightman, 1998); in fact,
in primitive vertebrates serotoninergic fibres do not form
synapses with motoneurones (see Jacobs & Azmitia, 1992).
No morphological information was available about any
monoaminergic innervation of y-motoneurones. Accordingly
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we labelled some cells during the experiments reported
(Jankowska et al. 1998) with rhodamine-dextran, and
processed the spinal cords to reveal the varicosities of
noradrenergic and serotoninergic axons in the immediate
vicinity of the cells by immunofluorescence.
Confocal microscopy was employed to identify the
monoaminergic varicosities and define their relation to the
labelled cells. Actual contacts between varicosities and cells
cannot be determined with complete confidence by confocal
microscopy (or non-confocal light microscopy) because it is
not possible to exclude the presence of very thin cell
processes between the fluorescences of the varicosity and
cell. However, whereas any intervening processes are
readily identified by electron microscopy, it would be
unrealistic to use this method to assess the distribution of
varicosities in relation to the y-motoneurones; electron
microscopy would be prohibitively time consuming. With
confocal microscopy we were able to map instances of close
apposition of monoaminergic varicosities. Comparison with
the density of varicosities in the immediate surround of the
cells suggested that the instances of close apposition were
more frequent than would be expected had they been
randomly distributed spatially. A preliminary abstract on
this work has been published (Sahal et al. 1998).

METHODS

Preparation
Eight hindlimb y-motoneurones were labelled in two deeply
anaesthetised cats. Anaesthesia was induced with pentobarbital
sodium (45 mg kg-1 t.p.), and supplemented with a-chloralose (about
5 mg kg-1 h-1 i.v). During recording the animals were paralysed
with pancuronium bromide (Pavulon i.v.), with initial doses of
0'4 mg supplemented by similar doses every 2-3 h. Regularly
repeated tests were made to ensure that the pupils remained
constricted to the same extent throughout the experiments and that
the animals did not respond with an increase in either blood
pressure or heart rate to any stimuli after they had been paralysed.
The care of the preparation and the general experimental procedures
were as described previously (Jankowska & Riddell, 1994). Briefly,
the blood pressure was kept above 100 mmHg, and the end-tidal
C02 about 4%, by adjusting the volume of the artificial respiration
and by a continuous infusion of a bicarbonate buffer solution. The
core temperature was kept at 37—38 °C, and the temperature in the
hindlimb oil pool between 33 and 36 °C by heating lamps. A
number of hindlimb nerves were dissected and stimulated in a

mineral oil pool (separate muscle and skin branches of the sciatic
nerve: posterior biceps and semitendinosus, PBST; anterior biceps
and semimembranosus, ABSM; medial gastrocnemius, MG; lateral
gastrocnemius and soleus, LGS; plantaris, PI; flexor digitorum
longus, FDL; deep peroneal, DP (including anterior tibial, TA, and
extensor digitorum longus, EDL). The laminectomy exposed the
spinal cord from L4 to the sacral segments, the dura was opened
and the L7 and sacral dorsal roots were reflected to provide access
to the lateral funiculus at the L7 and SI levels.

y-Motoneurones were searched for in the L7 segment and in the
rostral part of the SI segment. Their responses were first recorded
extracellularly. Antidromic responses were identified by the
following criteria: (i) constant latencies of the responses evoked by

near threshold and stronger stimuli, and by the first and later
stimuli in a train, (ii) latencies exceeding the latencies of activation
of a-motoneurones by l-5-9-2ms and compatible with conduction
velocities of 16—49 m s"', (iii) stimulus thresholds exceeding the
thresholds of activation for a-motoneurones (2-13 times the
thresholds of group la afferents in a given muscle nerve);
(iv) collision with synaptically or 'spontaneously' evoked responses at
an appropriate critical interval (twice the latency of the antidromic
responses plus about 0-7 ms, as illustrated in Fig. 2E and G).
All experiments were carried out according to Goteborg University
guidelines. The cats were killed at the end of the experiments with
an overdose of pentobarbital and formalin perfusion.

Labelling and confocal microscopy
The neurones were labelled by ionophoretically injecting rhodamine-
dextran from microelectrodes containing a 2% solution of tetra-
methylrhodamine-dextran (3000 MW, anionic, lysine fixable;
Molecular Probes Inc.) in saline (pH 6; tips of about 2-5 /tm;
resistance 13-18 Mfi) following the procedure of Carr et al. (1994).
Rhodamine was injected by passing a constant positive current of
5 nA, totally of 20-56 nA min. Neurones to be labelled were
searched for at distances of 1—2 mm. Animals were perfused with
fixative through the descending aorta. Initially they were perfused
with a rinsing solution which consisted of 200 ml of 0'1m
phosphate-buffered saline (PBS) and subsequently with a fixative
solution which consisted of 2 1 of 4% paraformaldehyde in PBS at
pH 7-4. Segments of spinal cord 5 mm and 6'5 mm long containing
the labelled neurones were removed and placed in the same fixative
for up to 8 h. Sections (50 /im) were cut in the sagittal plane with a
Vibratome, collected in serial order, mounted in Vectashield (Vector
Laboratories, Peterborough, UK) and examined with a fluorescence
microscope to identify labelled neurones. Short series of sections
containing labelled neurones were processed for immuno-
cytochemistry in serial order. Initially sections were preincubated
in 10 % normal donkey serum in PBS for 30 min. They were then
transferred to a solution containing a mixture of rat anti-5-HT
antiserum (1:200; Affiniti Research Products Ltd) and rabbit anti-
dopamine ^-hydroxylase (DBH) antiserum (1:500; Affiniti Research
Products Ltd) in a standard diluting solution consisting of PBS
with 5% normal donkey serum and 0'3% Triton X-100, and
incubated at room temperature for 48 h. Sections were washed in
PBS and placed in a solution containing secondary antisera which
consisted of fluorescein isothiocyanate (FITC)-donkey anti-rabbit
(1:100) and cyanine 5.18 (Cy-5)-donkey anti-rat antisera (1 400) for
1 h at room temperature. These were obtained from Jackson
Immunochemicals and were diluted in the standard solution. Finally,
sections were washed again in PBS and mounted in Vectashield and
stored at —20 °C.

Sections were examined with a three-channel confocal laser-

scanning microscope (BioRad MRC1024). Series of images were
gathered sequentially from single optical sections at 0*5 or 1 fim
intervals (11-30 planes per series) by using the 488, 568 and
647 nm laser lines to excite FITC, rhodamine-dextran and Cy-5,
respectively. In control experiments, where primary antisera were
omitted, there was no evidence of specific immunoreactions for
5-HT or DBH. The majority of images were obtained by using a
x60 oil-immersion lens (numerical aperture of 1-4); however, large
structures such as cell bodies were examined with a x20 dry lens
and, occasionally, large dendrites were examined with a x40 oil-
immersion lens (numerical aperture of 1*3). After the confocal
examination was completed, the dendritic trees of the neurones
were reconstructed with the Lucivid/Neurolucida reconstruction
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program (MicroBrightField, Inc., Colchester, VT, USA). The
locations of structures examined with the confocal microscope were
identified from the reconstructions and the sites of the appositions
related to the distances from the soma.

Analysis
Series of images from single optical sections were combined, by
using Confocal Assistant (version 3.10). Confocal images of the
y-motoneurone were visualised consecutively. Chains of varicosities
could be clearly distinguished. Each noradrenergic and
serotoninergic profile in the vicinity of the y-motoneurone was
followed, frame by frame, in order to find any appositions between
NA- or 5-HT-immunoreactive varicosities and the motoneurone

membrane. Images from all relevant optical sections were then
superimposed, creating a projected image. Varicosities were taken
to be in apposition with the y-motoneurone when there were no

intervening pixels between them and/or when there was an overlap
between their contours. Dendrites were almost always orientated
obliquely to the plane of the optical sections so estimates of
appositions were made from lateral relationships. Lateral resolution
with the x 60 lens should be about 0' 17 jim (theoretical resolution at
wavelength of 500 nm). The varicosities were classified into three
categories: small (s), less than 1-5 /tm in diameter; medium (m),
between 1 '5 and 3 /tm in diameter, and large (1), which were 3 /im
or over in diameter. These three categories were marked on the
projected images of the optical sections in which they were seen by
using different symbols (see Fig. 2). The larger varicosities were
present in a number of successive optical sections, so care was taken
to avoid counting them more than once. The smallest varicosities
were distinguished from any background fluorescence by checking
that the fluorescence appeared in exactly the same location in more
than one optical section. The surface areas of the analysed parts of
somata of all eight neurones (in planes in which they were
surrounded by immunoreactive fibres) were calculated from the
formulae for the surface areas of the corresponding 3-dimensional
geometric shapes, or combinations of geometric shapes — equivalent
cylinder, segment of a sphere cut by a single plane, or by two
parallel planes. By relating the number of appositions to these
areas, the density of the appositions was expressed as the number
of appositions per 100 /im!. In some cases parts of the somata were
damaged by the sectioning, or the immunoreaction was
unsatisfactory at some depths, so the whole surface of the soma
could not be analysed. In order to estimate the total number of
appositions per soma, the area of the surface of the soma explored
was first related to the surface of an equivalent sphere that had a
radius equal to the mean radius of the soma; the number of
appositions that had actually been observed was increased by the
same factor. In addition to counting varicosities in apposition,
varicosities within 5 /tm of the y-motoneurone soma and dendrites
were counted in order to quantify the density of monoaminergic
innervation in the immediate vicinity of the motoneurones.

Appositions with proximal dendrites (within about 100 /tm of the
soma) were searched for in the sections containing the soma for all
the y-motoneurones. Appositions with more distal parts of the
dendrites could sometimes be analysed in the same sections but
usually required a reconstruction of the dendritic tree from several
sections using the Neurolucida reconstruction program. The
distances of the segments of dendrites analysed were evaluated from
these reconstructions. However, the distribution of the appositions
as a function of the distance was only analysed for the two most
strongly labelled motoneurones. The segments of dendrites selected
for analysis were those that were sufficiently long in one plane and
were surrounded by immunoreactive fibres. The total length of the
analysed segments amounted to 7159 /im.

The dendritic segments analysed were allocated to four
compartments, up to 100, 100-200, 200-300 and >300 /im from
the soma. The density (number per 100 /im2) of appositions on all
suitable dendritic segments in these compartments was calculated
from the total numbers of appositions, the total lengths and the
mean diameter of dendritic segments in each compartment. The
segments of dendrites analysed belonging to the two neurones with
the best-labelled dendritic trees are indicated as thickened regions
in Fig. 3 A and B. Note that the dendrites were divided into
compartments by path length, rather than by radial distance from
the soma. The densities for individual segments of dendrite were
also calculated. In addition, in order to compare with data from
premotor interneurones (Maxwell et al. 2000) the number of
appositions with dendrites was calculated per 100 /tm length. For
comparison with data for a-motoneurones (Alvarez et al. 1998) the
total number of appositions with dendrites was estimated by
multiplying the value for unit length by the mean minimal and
maximal total dendritic length of y-motoneurones reported
previously (Moschovakis e.t al. 1991). Data are presented as
means + s.e.m. Statistical significance was determined at P< 0-05
using Student's t test.

RESULTS
Of eleven y-motoneurones injected with rhodamine-dextran,
eight were successfully labelled, three in one cat and five in
the second cat. These eight y-motoneurones included moto¬
neurones innervating muscle spindles of MG (nos 1—5, see
Table 1), LGS (no. 6) and FDL (nos 7 and 8). Their axons
conducted at 23—34 ms"1 (see Table 1). Group II afferents
provided input to all of these neurones. Two neurones
(cells 2 and 3) were excited by group II afferents at latencies
compatible with monosynaptically evoked actions, while the
remaining neurones were excited and/or inhibited at longer
latencies.

Records from the two neurones which were most extensively
studied (cells 1 and 2) are shown in Fig. 2E-J. Figure 2E
and G illustrates the collision technique used to differentiate
the antidromically evoked spike potentials from those
evoked synaptically. The antidomically propagated spike seen
in E was blocked in G on three occasions by orthodromically
propagating background discharges. After penetrating
cell 1, double stimulus pulses at short intervals were applied
to the FDL and MG muscle nerves (F and H) at strengths
sufficient to recruit group II muscle afferents. The latencies
of the postsynaptic potentials (PSPs) evoked by these
stimuli indicated that polysynaptic pathways were involved.
Note that the response in H was from the homonymous
muscle (for further details see Gladden et al. 1998). The
intracellular records shown in Fig. 21 and J were from
y-motoneurone no. 2. Figure 21 shows the blocked anti¬
dromically propagated spike recorded when the MG muscle
nerve was stimulated. In Fig. 2 J stimulation of the
hamstring nerve at group II muscle strength elicited PSPs
(arrow) at latencies too short for an interneurone to be
interposed in the pathway. These responses, and those of
the other labelled cells, were representative of the responses
shown by the whole population of 76 y-motoneurones and
already reported.
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Figure 1. Examples of appositions between 5-HT- (red) and DBH- (green) immunoreactive fibre
terminals and rhodamine-dextran-labelled y-motoneurones
A, a projected image (21 optical sections) showing part of the soma and the most proximal parts of dendrites of a
y-motoneurone (no. 1) in planes across as well as just above and just below the neurone. B, appositions between 5-HT
varicosities (arrows) and the soma shown in a single optical section across the neurone from the projected series
illustrated in A. C, a projected image of an intermediate part of one of the dendrites of the same y-motoneurone
(200-300 /im from the soma; 15 optical sections). D, one of the optical sections from the projected series in C
showing appositions between this dendrite and 5-HT axons (arrows) and a single small DBH varicosity (arrowhead).
E, a projected image of a distal part of the same dendrite as in C (> 300 fim from the soma; 18 optical sections). F, a

single optical section from the projected series in E showing appositions between 5-HT axons (arrows). G, a projected
image of a dendrite of another y-motoneurone (no. 2) 200-300 fim from the soma (20 optical sections). H, a single
optical section from the series shown in G. It illustrates appositions between large DBH varicosities and dendrites
(arrowhead). Scale bars represent 50 fim for A and B, and 20 /im for C, D, E, F, G and H.
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Aminergie fibres
Tmmunoreactive serotoninergic fibres were abundant in the
ventral horns in both cats. These are seen in Fig. 1 as red
strings and points. Both thin and thick terminal branches,
with small, medium and large varicosities (see Methods)
were seen in the vicinity of the labelled y-motoneurones.
There were fewer DBH-stained fibres (the punctate green
arena in Fig. 1).

Appositions with cell bodies
Serotoninergic and DBH-immunoreactive nerve terminals
were found in apposition to cell bodies of all of the labelled
y-motoneurones. Examples of their distribution are shown
in Fig. 2A-D. Appositions found in series of optical sections
of tho two mo3t intensively studied y-motoneuiones are
indicated on projected reconstructions of those parts of the
somata and dendritic trees present in each series.
Serotoninergic appositions present in a single optical section
of cell 1 are illustrated in Fig. 1B (arrows). 5-HT-immuno-
reaclive appositions were not evenly distributed across the
surface and they appeared to be less abundant than
varicosites around some neighbouring a-motoneurones. The

Figure 2. Distribution of 5-HT- and DBH-immuno¬
reactive varicosities in apposition to the cell bodies
and proximal parts of the dendrites of two
y - motoneurones
A-D, plots of varicosities found in apposition with the two
neurones (A and C: no. 1; B and D \ no. 2) in a number of
optical planes in single 50 /im sections. These have been
projected on 2-D reconstructions of the largest contours of
the soma and initial parts of the dendrites. Another part of
the soma of y-motoneurone no. 1 which was found in the
neighbouring section is shown in Fig. 1A and B. The three
sizes of filled circles indicate the presence of small, medium
or large varicosities. E-H, examples of responses of the
y-motoneurone illustrated in A and C. Eand G, records
just before penetration of the neurone illustrating collision
of the antidromically evoked responses by background
discharges. F and H, PSPs evoked polysynaptically by
double stimuli applied to the flexor digitorum longus and
medial gastrocnemius nerves at a strength sufficient to
recruit group II muscle afferents. Stimulus strength is
indicated as a multiple of T, the threshold for the
recruitment of la afferents. I and J, antidromically evoked
blocked spikes and monosynaptically evoked EPSPs (arrow)
in the y-motoneurone illustrated in B and D. In each pair
of records the upper ones are from the y-motoneurone, and
the lower are from the surface of the spinal cord and
indicate the arrival of the afferent volleys following the
nerve stimulation. Time calibrations: 5 ms for E-H, 2 ms

for I and 1 ms for J.

axono often followed the ourfaoo contour, providing a string
of varicosities in apposition to the surface, but in no case
was there any suggestion of a ring of contacts as is typical
for a-motoneurones. In contrast, only single DBH-immuno-
reactive varicosities were apposed to the somata of the
y-motoneurones, although they could sometimes be
connected to strings of varicosities that were frequently
aeon in tho curround. Thio wao aloo in contract to prominont
ringc of varioositios that were ceon around a number of
neighbouring a-motoneurones.
Most of the varicosities found in apposition to y-moto¬
neurones were small (diameters < 5 fim). Over 60% of the
5 HT immunoroactive varicocitioo woro email on 5 out of tho
8 cells, and over 60% of DBH-immunoreactive varicosities
were small on all the cells. Cell 1 had an unusually high
proportion of large 5-HT-immunoreactive varicosities
(Figs 2 A and 3 C), and cell 2 had the highest proportion of
large DBH-immunoreactive varicosities (Figs 2D and 3D).
Tho cizoo of varicocitioo in apposition to tho colic did not
reflect the proportions of the different sizes in the immediate
vicinity of the somata.

I | MG 7T J

2 ms

5 ms-

PBSt 51

1 ms
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Table 1. Comparison of densities of 5-HT and NA fibre appositions on somata and dendrites of eight
y-motoneurones

y-Motoneurone no. 1 2 3 4 5 6 7 8

Motor nucleus MG MG MG MG MG LGS FDL FDL
Conduction velocity (m s_1) 28 29 34 25 23 31 24 26 Mean S.E.M.

5-HT Soma 1-2 1-5 0-7 1-5 0-9 1-4 1-0 0-8 1-12 0-11

Dendrites, 0-100 /tm 1-1 1-0 0-6 0-9 1-5 0-7 1-2 1-0 0-99 0-11

Dendrites, 100-300 /tm 1-3 1-1 0-8 — — 0-6 0-6 M 0-90 0-11

Dendrites, > 300 /tm 0-58 0-59 0-58 —

NA Soma 0-85 0-72 0-59 0-36 0-75 0-08 0-39 0-83 0-59 0-10

Dendrites, 0—100 /tm 0-5 0-8 0-6 0-6 0-4 0-5 0-9 0-7 0-61 0-06

Dendrites, 100-300/tm 0-5 0-8 0-6 — — 0-6 0-4 0-5 0-57 0-05

Dendrites, > 300 /tm 0-26 0-36 0-31 —

Values are densities of appositions per 100 /tm2. The muscles innervated by the motoneurones and the
conduction velocities of the y-motor axons are indicated above the columns. The distance of the
compartment of dendrite from the soma is given.
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Figure 3. Comparison of the density of appositions of 5-HT- and DBH-immunoreactive fibres
with somata and with dendrites at different distances from the somata

A and B, line drawings of the dendritic trees of the neurones illustrated in Fig. 2 (cells 1 and 2,
respectively); the segments of dendrites analysed are indicated as thickened regions. The circles indicate
100 and 300/tm distances from the soma. C and D, density of appositions of 5-HT- and DBH-immuno-
reactive fibres with the somata of the cells shown in A and B, respectively, expressed as the number per
100 /tm2. The proportions of small (H), medium (H) and large (CD) varicosities are indicated. E and F,
packing densities of 5-HT- and DBH-immunoreactive fibres with distance from the soma for cell 1 (I) and
for cell 2 (^).
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Table 2. Comparison of the distribution of contacts between monoaminergic fibres on
y-motoneurones, a-motoneurones and premotor group II interneurones

Group II premotor
Fibre Site of contact y-Motoneurones a-Motoneurones interneurones

5-HT Soma, total number 18-7 (31-6**) 52 6-2

Soma, per 100 fim2 1-12 ±0-111 0-27-1-12* 0-130

Dendrites (<500 /im), per 100 /im2 0-97 ± 0-084 0-81 ± 0-25 0-29 ± 0-05
Proximal dendrites, per 100 fim 14-5 — 3-1

Intermediate dendrites, per 100 /im 11-3 — 4-0
Distal dendrites, per 100 /im 4-8 — 3-8

NA Soma, total number 9-4(21-7**) — 2-0

Soma, perl00/im2 0-59 — 0-052
Dendrites (<500/im), per 100/im2 0-6 ± 0-01 — 0-082 ± 0-03
Proximal dendrites, per 100 fim 9-2 — 0-87

Intermediate dendrites, per 100 fim 7-6 — 1-05
Distal dendrites, per 100 fim 2-3 — 0-81

Data for y-motoneurones are from this study, for a-motoneurones from Alvarez et at. (1998) and for the
interneurones from Maxwell e.t at. (2000). Proximal dendrites are taken to be within 100 fim of the soma,
intermediate at distances 100—200 /im, and distal, > 300 /im away. * These values were obtained by
relating the mean number of appositions per soma (52 per cell) found by Alvarez et at. (1998) to the mean
surface areas of 19 113 and 4657 /im! calculated for extremes of mean soma diameters (78 and 38-5 fim) of
a-motoneurones according to Burke et at. (1977). ** These values were obtained by scaling the actual
observed numbers by the ratio between the explored area and the calculated total area of the soma.

The mean density of serotoninorgio appooitiona was
1-12+ 0*11 per 100 /im2, and of noradronorgio appoaitiono
0-6 + 0-10 per 100 /tm2 (see Table 1). There was surprisingly
little variation between cells. The highest and lowest densities
differed by a factor of only two; tho only oxcoption was tho
very low density of DBH-immunoreactive appositions on
cell 6 from the LGS motor nucleus, which was ten times less
than that of the cell with the highest density. The mean
number of serotoninergic appositions found on tho somata
was 18-7 + 4-0, range 7-38 per cell. However, since the
entire surface area could not be reliably analysed in every
case (see Methods) a count of appositions actually seen
underestimates the total number. For some cells estimates
of the total number of appositions were thoroforo mado from
the number of contacts per 100 /im2 and the total surface
areas calculated from the mean diameters of the y-moto-
neurones. The estimated mean total number of serotoninergic
appositions per soma was 31-6 + 3-25 (range 22-44, see
Table 2). The mean number of DBH-immunoreactive
appositions was 9-3 + 3-0, range 1—25 per cell and the
estimated mean total number was 15* 1 + 3'17 (range 2—25).
Dendrites

Noradrenergic and serotoninergic appositions occurred with
the dendrites of all cells studied but there was rro obvious

relationship between them. In some dendritic segments both
types of apposition were present in close proximity, as in
Fig. 1C and D. In other areas there were serotoninergic
appositions almost exclusively, as in Fig. 1E and F, and
more rarely there were predominantly DBH-immuno¬
reactive appositions, as in Fig. 1G and H. A clustering of

appoaitiono io aDo illustrated by tho mapping of appooitiona
on tho dondritoo to tho right of tho rooonotruction of coll 1
(Fig. 2A and C). The lower right dendrite has dense
serotoninergic but sparse noradrenergic appositions, but the
roveroo io true of the distal part of tho uppor right dondrito.
This tendency for clustering of appositions resulted in a
marked variability in the densities of appositions for
individual segments of dendrite. The densities of 5-HT- and
DBH immunoreactive terminals in apposition to tho two
best-filled cells remained fairly constant within 300 /im
distance from the somata, but fell away further than
300 /im from the soma (Fig. 3E and F, and Table 1). Tn both
cases the fall was statistically significant. For the whole
oamplo of nouronoo tho mean density of 5 HT appositions
with dendrites was 0-91 + 0-07 per 100 fim2, and the value
for NA was 0-56 + 0-04, i.e. 62% of the mean for 5-HT
appositions. The densities of appositions for each of the eight
neurones studied are given in Table 1. The total numbers of
5-HT-immunoreactive varicosities designated as appositions
in each of the compartments studied (up to 100, 100-200,
200—300 and >300 /im from the soma) were 280, 189, 123
and 126. The corresponding numbers of DBH appositions
were 178, 140, 47 and 54.

Tho majority of 5 HT immunorcaotive varicosities in contact
with dendrites were small, as was the case with those in
apposition to the somata. When the percentages of the
different sizes of varicosity at the various distances from the
somata were compared for all the cells it was found that, in
the case of 5-HT, never less than 50% were small, and for
NA never less than 65%. The percentage of small appositions
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tended to rise with distance from the cell, so that over

300 /tm from the soma practically all appositions were small.
The total number of 5-HT varicosities in apposition to
dendrites was estimated to be 157—843. This was calculated
from the mean number of appositions over the first 300 /tm
(1T8 per 100/tm), and mean total lengths of 13 296 and
71 421 /tm of dendrites of small and large y-motoneurones
(according to Moschovakis et al. 1991). The total number of
DBH-immunoreactive varicosities in apposition was
estimated in the same way to be 103—552, taking into
account the mean number of appositions over the first
300 /tm of 7-73 per 100 /tm.

Varicosities in the surround of dendrites

Figure 1 shows that in addition to 5-HT- and DBH-
immunoreactive varicosities in apposition to the somata and
dendrites, many varicosities were present within a few
micrometres of the surface of the labelled y-motoneurones.
Tn order to estimate whether the density of appositions with
dendrites merely reflected the density in the surrounding
area a comparison was made with the density of varicosities
in a 5 /rm-wide volume immediately surrounding each
dendrite. If the monoaminergic varicosities were distributed
evenly, and the axons reached the dendritic surfaces by
chance, the numbers on the dendritic surface would reflect
the numbers that would have occurred in the space occupied

by the dendrites had the axons not been impeded by the
dendritic surfaces. For this comparison the numbers of
varicosities in apposition with dendrites were expressed in
terms of their volume rather than surface area. In every
case had the varicosities on the surface actually been
present in the volume occupied by the dendrites (Fig. 4.4
and B, filled symbols) their density would have been greater
than that of varicosities in the immediate surround (open
symbols). The densities for the dendrites were increased by a
mean factor of 13*8 + 0-4 for 5-HT and 10-6 + 1*5 for NA.
Factors for individual sections of dendrites are shown in

Fig. AC and D. Figure 4.4 and B also shows that the density
of serotoninergic and noradrenergic varicosities in the
immediate surround of the dendrites was similar in the
three motor nuclei (MG, FDL and LGS, indicated by
different symbols). Taking together the volumes of the 5 /im
surround of all the dendrites investigated from all the
y-motoneurones, and the total numbers of 5-HT- and DBH-
immunoreactive varicosities in that space, their densities
were estimated to be 798 and 585 varicosities mm-3.

Spines, beads and thread-like processes

Occasionally spines, beads and thread-like processes, as
described by Ulfhake & Cullheim (1981), were encountered
on the dendrites of y-motoneurones. No appositions were
observed with spines or thread-like processes, but both
5-HT and DBH appositions were found on beads.
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Figure 4. Comparison of the densities of 5-HT- and DBH-immunoreactive varicosities in the
immediate surround of the dendrites and those in apposition with distance from the soma
A and B, open symbols: the density of varicosities in the 5 /tm-wide surround of the dendrites; filled
symbols: the density of varicosities in apposition expressed as if they were distributed throughout the
volume of the dendrite. Squares: MG y-motoneurones: large filled square, cell 1; large hatched square,
cell 2; large open square, cell 1 surround; large dotted square, cell 2 surround. Diamonds: FDL
y-motoneurones. Circles: LGS y-motoneurone. Note that the density in the surround was always less.
C and D, ratios of the densities of varicosities shown in A and B - an indication of the affinity of the
dendrites for serotoninergic (C) and noradrenergic (D) axons.
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DISCUSSION

Although we cannot prove that the appositions between the
monoaminergic varicosities and y-motoneurones are synaptic
contacts, the proposal that there is a serotoninergic and
noradrenergic innervation of y-motoneurones is strongly
supported by analysis of their distribution Firstly, the
appositions were unevenly distributed. Clustering of
appositions of both types was evident especially on proximal
dendrites. This clustering did not necessarily mirror the
density of varicosities in the immediate surround because
when these were mapped on the outline of the cells the
pattern of distribution was different. On more distal
dendrites the uneven distribution was less obvious to the

eye, but was indicated by large variations in density of
appositions on different segments of dendrites, even though
the mean densities remained fairly constant with distance
from the soma (Fig. 3E and F). Secondly, the distribution of
varicosities of different sizes changed with distance from the
soma, there being scarcely any medium sized, and no large
appositions with distal dendrites, although larger appositions
were present in the surrounding areas. Thirdly, if the
varicosities judged to be on the surface of the dendrites were
distributed throughout the volume occupied by the dendrites
they would be considerably more densely packed than
varicosities found in a 5 /rm-wide shell around the dendrites.
It was estimated that the density would be 14 times greater,
on average, for serotoninergic varicosities, and 11 times
greater for noradrenergic varicosities. This suggests that the
dendrites of y-motoneurones have an affinity for mnno-

aminergic axons.

Comparison of the density and distribution of
serotoninergic and noradrenergic varicosities
Somata. The ratio of the densities of serotoninergic to
noradrenergic varicosities in apposition to the somata of the
y-motoneurones was very variable (from 1:1 to 17:1, for
values of densities see Table 1), and in the immediate
surround of the somata it was ovon more variable. Some of
this variation may be explained by sampling problems
because not all areas of the somata could be accessed.
However, there may be actual differences. For the two cells
with the most fully explored surfaces the density of DBH
appositions was 68 and 36% of the density of 5-HT
appositions, and the corresponding percentages in the
immediate surround were 48 and 19%. These wide
variations in the proportions of serotoninergic and
noradrenergic appositions may reflect functional differences
seen in the records from individual y-motoneurones. When
the effects of locally applied noradrenaline were tested on
y-motoneurones (Jankowska et al. 1998) the effects on
background discharges were variable, although noradrenaline
depressed transmission from group II afferents to all
y-motoneurones tested. It should also be remembered that
the y-motoneurones in this study could be static or dynamic
- tests to identify the functional types could not be carried
out because it was necessary for the animals to be paralysed
for intracellular recording. It is likely that most of them will

have been static because the proportion of dynamic y-moto¬
neurones is usually less than 30%, but even the static
category are not functionally homogeneous (Dickson et al.
1993; Taylor et al. 1998).
Dendrites. The overall lower density of DBH- compared
with 5 HT immunoroaotivo varicositioc in the motor nuclei
studied was obvious (see Fig. 1). The density of NA fibres in
motor nuclei is gonerally found to bo lower than that of
5-HT fibres although in some nuclei it has been reported to
be similar (Zhan et al. 1989). In the 5 /tm-wide shell around
the dendrites the density of DBH varicosities was 66% of the
density of 5-HT, but the overall percentage for appositions
with the dendrites was lower — 56 %. The mean densities of

monoaminergic appositions calculated for the whole sample
of y-motoneurones fell with distance from the somata
(Table 1). However, there was a trend in some cells for the
densities of 5-HT or DBH appositions to be higher on
intermediate dendrites than on proximal dendrites (Fig. 'iE
and F, and Table 1). It is tempting to speculate that the
monoamincrgio appooitionc chould bo atratogioally plaoed to
modulate transmission in specific pathways, and that
regional accumulations could indicate the location of
incoming traffic. Since 5-HT and NA both modulate the
synaptic actions of group II muscle afferents the location of
direct connections of these afferents on y-motoneurones,
and indirect oonnoctiono via group II intornouronos, may bo
primarily on the intermediate and distal dendrites of the
y-motoneurones. Thus it is interesting that relatively few
oontact3 from group la axono woro found on or noar the
somata of a-motoneurones (Burke & Glenn, 1996). It is
unlikely that the monoaminergic axons make presynaptic
connections with group II afferents because these axons
havo not boon found to make axo axonic contaotc with fibroo

synapsing with a-motoneurones (Ulfake et al. 1987), or other
types of spinal neurones (for references see Maxwell et al.
2000).

Comparioon of diotribution and denoity of contacts of
serotoninergic fibres on a- and y-motoneurones
Synaptic contacts of 5-HT-immunoreactive fibres with
a-motoneurones have been demonstrated by EM in several
studies (Takeuchi et al. 1983; Ulfhake et al. 1987; Holtman
et al. 1990; Alvarez et al. 1998). As with y-motoneurones
5-HT has facilitatory effects on a-motoneurones, and it is
aloo known that tho ability of a motonouronos to genorato
plateau potentials depends on continued activity in the
serotoninergic pathway from the midbrain (Hounsgaard et
al. 1988). The distribution over both the soma and dendrites
of a-motoneurones was investigated systematically by
Alvarez et al. (1998). It is interesting, therefore, to compare
the present results with theirs. However, they counted the
total number of the apparent 5-HT contacts with the somata
of a-motoneurones by light (non-confocal) microscopy. In
order to accommodate the data derived by different
approaches it was necessary to make some assumptions (see
legend to Table 2). Nevertheless the mean density and the
number of serotoninergic varicosities found in apposition to



222 M. H. Gladden, I). J. Maxwell, A. Sahal and E. Janlcowslca J. Physiol. 527.2

the somata of y-motoneurones, whether actual or estimated,
fall within the values published by Alvarez et al. (1998).
They noted a wide variation in the numbers of varicosities
contacting the somata — their range was 11—211. The
packing density of appositions with dendrites of y-moto-
neurones (about 1 per 100 /im2) is also within their range of
values (see Table 2). It is interesting that Alvarez et al.
(1998) estimated the number of serotoninergic contacts with
a-motoneurones to be in excess of the number of synapses
by la afferents.

Comparison with noradrenergic contacts on
a - motoneurones

Synaptic contacts formed by noradrenergic fibres have been
identified in some motor nuclei by EM (Holstege & Bongers,
1991; Bajaofetra et al. 1992), but there has not been a

systematic analysis of the distribution. It is therefore not
possible to make any comparisons of the distribution of
noradrenergic contacts on a- and y-motoneurones, except to
point out that noradrenergic fibres appear to contact both
somata and dendrites in both types of neurone. However,
Rosin et al. (1996) reported a2C-adrenergic receptor-like
immunoreactivity in the ventral horn at all spinal levels in
rats, and stressed that the labelling was restricted to a
fraction of large motoneurones. It may be possible to
demonstrate more significant structural correlates of the
different effects of NA on the responsiveness of a- and
y-motoneurones once the various receptor subtypes can be
localised more reliably.
Possible explanation for the richer monoaminergic
innervation of y-motoneurones compared with
premotor interneurones with input from group II
afferents

In the last column of Table 2 are data for premotor
interneurones (Maxwell et al. 2000) which are likely to be
interposed in pathways from group II muscle afferents to
both a.- and y-motoneurones. The actions of monoamines on
these interneurones are similar to their actions on y-moto¬
neurones. As with y-motoneurones NA powerfully depressed
transmission from group II afferents to these interneurones,
but 5-HT depressed transmission in about half and
facilitated it in the rest (Jankowska et al. 2000). Table 2
shows that there are some common features in the coupling
of monoaminergic fibres with these interneurones and
with y-motoneurones: a higher density of 5-HT than NA
appositions, and a greater number of these appositions with
dendrites than with somata. However, the density of
serotoninergic and noradrenergic appositions is strikingly
less on somata and dendrites than on y- or indeed a-moto¬
neurones. These intermediate zone interneurones are

nevertheless more richly endowed than some types of dorsal
horn interneurones which have scarcely any monoaminergic
contacts (Stewart & Maxwell, 1999).

The premotor interneurones are smaller cells with less
extensive dendritic trees than y-motoneurones, and far less
than those of a-motoneurones. This difference in scale

cannot explain the markedly lower density of contacts.
However, it could be an indication of fewer interaction sites
along their dendrites. It could also be related to their input.
In anaesthetised preparations group II interneurones respond
readily to muscle stretch but have hardly any resting
discharges (in contrast to non-anaesthetised decerebrate
preparations, see Shefchyk et al. 1990). On the other hand
very deep anaesthetic levels are required to silence all
y-motoneurones, and they are likely to be activated by a
greater number of descending systems. A larger number of
contacts between the modulatory NA- and 5-HT-releasing
neurones and y-motoneurones may thus be needed to adjust
the rate of their discharge.
Fusimotion contributing to integrated responses ?
y-Motoneurones become excited in arousal and stress (see
for example the responses described recently in humans by
Ribot-Ciscar et al. 2000), and in these situations activation
of the serotoninergic projection to the motor nuclei from the
raphe nuclei is expected. The increased y-activity recorded
in these conditions may in fact originate from the raphe
nuclei that lie in the medulla (the raphe pallidus and
obscurus nuclei). If this is correct the increased fusimotor
activity would be part of an integrated alerting response
which includes lowering the threshold for activating a-moto¬
neurones, autonomic changes and analgesia (see Lovick,
1997). Not only could a randomly activated fusimotor system
enhance the information content of the signals from the
muscle spindles (see Cordo et al. 1996), but also the increased
frequency of discharge of la afferents would have a priming
effect in the multitude of pathways to which la afferents
provide an input.
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SHORT COMMUNICATION
Morphological evidence for selective modulation by
serotonin of a subpopulation of dorsal horn cells which
possess the neurokinin-1 receptor
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Abstract

Serotonin selectively depresses transmission of nociceptive information through the spinal dorsal horn but the mechanisms of this
depression are poorly understood. In this study we report that serotonin-containing axons form basket-like clusters which are
intimately woven around cell bodies and proximal dendrites of a subpopulation (= 50%) of laminae lll/IV neurons which possess
the neurokinin-1 receptor. Statistical analysis confirms that cells belonging to this subpopulation have significantly higher numbers
of serotoninergic contacts on proximal dendrites when compared with the population of neurokinin-1 cells that are not associated
with clusters (mean ±SD = 13 ± 5.8 and 5 ± 2.9, respectively). Neurokinin-1 cells in laminae lll/IV project to regions of the
brain which are involved in nociceptive processing and are likely to be activated predominantly by nociceptive input. The
concentration of serotoninergic axons around proximal regions of some of these cells indicates that serotonin may have a
powerful influence on transmission through this pathway. This type of arrangement could be a morphological correlate for at least
part of the selective antinociceptive actions of serotonin.

Introduction

The depressive action of serotonin (5-HT) on nociceptive transmission
in the spinal cord is well documented (see Besson & Chaouch, 1987;
Fields et al., 1991). These antinociceptive effects have been demon¬
strated principally by pharmacological studies which have used
ionophoresis to investigate the actions of 5-FfT and its analogues
(Engberg & Ryall, 1966; Jordan et al., 1978; Headley et al., 1979; El-
Yassir et al., 1988). It has also been shown that transmission of
nociceptive information is depressed following electrical stimulation
of the nucleus raphe magnus (from which most descending 5-HT
systems in the dorsal horn originate) and that these effects appear to be
mediated principally by a release of 5-HT (Rivot et al., 1980; Sorkin.
et al., 1993). In keeping with these observations, 5-HT has been shown
in behavioural studies to produce analgesia (Basbaum et al., 1976;
Yaksh & Wilson, 1979). The mechanisms and neuronal circuits that
mediate this type of modulation are poorly understood and 5-HT could
act at both pre- and postsynaptic sites in nociceptive pathways. Dorsal
horn 5-HT axons form axo-dendritic and axo-somatic synapses but
seldom form axo-axonic synapses (Ruda et al., 1982; Light et al.,
1983; Maxwell etal., 1983) and therefore synaptic actions of 5-HT are

likely to operate through postsynaptic actions upon dorsal horn cells.
However, 5-HT could also operate through a nonsynaptic or paracrine
type of action as nonjunctional varicosities have also been described in
the dorsal horn (Maxwell et al., 1983; Marlier et al., 1991a).

Although 5-HT axons are abundant in the dorsal horn, it is not clear
if particular classes of cell are targeted specifically by 5-HT axons.
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Morphological studies demonstrate that various dorsal horn neurons
are contacted by 5-HT axons and that these contacts are often sites of
synaptic interaction (Hoffert et al., 1983; Nishikawa et al., 1983;
Miletic et al., 1984; Hylden et al., 1986; Wu & Wessendorf, 1992;
Stewart & Maxwell, 1999). Limited data are available on the
densities of such contacts but, generally, the cells studied so far do
not seem to be associated with very large numbers of varicosities.
Nevertheless, in routine immunocytochemical studies, we have often
observed dense clusters of 5-HT-immunorective axons in laminae III
and IV which form basket-like structures around somata and proximal
dendrites of neurons (see Fig. 1C). The purpose of the present study
was to determine the identity of these cells. If 5-HT baskets are
associated with neurons which are predominantly activated by
nociceptive stimuli, then this arrangement could underlie the
antinociceptive action of 5-HT. Candidates for this type of cell are
neurons in laminae III/IV which possess the neurokinin-1 (NK-1)
receptor (Bleazard et al., 1994; Liu et al., 1994; Nairn et al., 1997).
We tested the hypothesis that 5-HT clusters are associated with such
cells by using a combination of immunocytochemistry and confocal
microscopy. In addition, we investigated the relationship formed by
noradrenergic (NA) axons with these cells as noradrenaline also has
antinociceptive actions (Fields et al., 1991). A preliminary abstract of
this work has been published (Stewart & Maxwell, 1999).

Materials and methods

Seven adult female Albino-Swiss rats were deeply anaesthetized with
pentobarbatone (1 mL i.p.) and perfused with saline followed by
fixative which consisted of 4% formaldehyde in phosphate buffer
(pH 7.4). Mid-lumbar (L3/4) spinal cord segments were removed and
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Fig. 1. (A-D) A series of confocal microscope images (each projected from 21 single optical sections) showing the relationship between (B) an NK-1-
immunoreactive cell in lamina III, (C) a 5-HT basket and (D) axons stained for D(3-H. (A) Note the close association between the basket and the NK-1 cell
which is shown in a merged projection of all three images. (E) A single optical section illustrating a large proximal dendrite of an NK-1 cell (green), which
receives numerous contacts from 5-HT axons (arrows). A single contact is also formed by a D(3-H varicosity (arrowhead). (F) A single optical section
illustrating the soma of a NK-1 cell which receives three contacts from 5-HT varicosities (arrows). Scale bars, 25 pm (A-D), 10 pm (E and F).

placed in a solution of the same fixative overnight. Segment blocks
were washed extensively in phosphate-buffered saline (PBS; 1.8%
sodium chloride in 0.1 M phosphate buffer, pH 7.4) and parasagittal
sections (50 pm) were cut with a Vibratome. The sections were
treated initially with 50% ethanol to enhance antibody penetration,
incubated in 10% normal donkey serum (NDS) in PBS for 30 min
and, following a further wash in PBS, placed for 48 h in a cocktail of
primary antibodies. This consisted of guinea-pig anti-NK-1
(1 ; 1000), rabbit anti5-HT (1 : 200) and a mouse monoclonal
antibody raised against dopamine (i-hydroxylase (D(3-H; 1 : 500).
The latter antibody was included in order to identify noradrenergic
axons. These primary antibodies were obtained from Affiniti
Research Products, Nottingham, UK, and their characteristics are
well documented. The sections were next incubated for 3 h in a

solution containing secondary antibodies coupled to fluorophores in
order to identify the bound antibodies in tissue. These were donkey
anti-guinea-pig IgG coupled to fluorescein isothiocyanate (FITC),
donkey anti-rabbit IgG coupled to lissamine-rhodamine (LRSC) and
donkey anti-mouse coupled to cyanine 5.18 (Cy-5). Secondary
antibodies were obtained from Jackson ImmunoResearch, Luton, UK,
and were used at dilutions of 1 : 100. Dilutions were made in PBS

containing 0.3% Triton X-100 with 1% NDS included in the primary
antibody solution but omitted from the secondary antibody solution.
Sections were mounted on glass slides with Vectashield antifade

mounting medium (Vector Laboratories, Peterborough, UK) and
stored at -20 °C prior to examination. In control experiments, tissue
was processed according to the protocol described above except that
individual primary antibodies were omitted. Under these circum¬
stances no fluorescence was observed for the omitted antibody.

Cells were sampled from seven animals using a Bio-Rad MRC
1024 confocal laser scanning microscope (Hernmel Hempsted, UK)
equipped with a krypton-argon laser. Initially, immunoreactive cells
were identified with epifluorescence using a X20 lens. NK-1-
immunoreactive cells displayed intense immuofluorescence that
delineated the plasma membrane. Only cells that displayed this
specific pattern of immunoreactivity were included in the sample.
Cells in lamina III/IV were sampled from five sections from each of
the animals and all immunoreactive cells found were included in the

analysis. Images were gathered sequentially with a X40 oil-immer¬
sion lens (NA = 1.3) at 1-pm intervals using a zoom factor of 1.5.
Overlapping fields were scanned for each cell until series of images
had been gathered which covered the entire extent of the dendritic
arbor contained within a single Vibratome section.

Initially a montage was created for each cell from overlapping
projected series of images. Cells were reconstructed from stacks of
individual merged optical sections with the aid of NeuroLucida for
Confocal (MicroBrightField, Colchester, VT, USA). This program
not only permitted a 3-dimensional reconstruction of each cell, but
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Fig. 2. Reconstructions and images of two NK-1 cells with cell bodies in lamina IV (A and B) which lie adjacent to each other in the same section. The
upper picture shows NeuroLucida reconstructions of the cells with the locations of 5-HT contacts plotted on their dendritic trees. Cell B was associated with
a 5-HT basket whereas cell A did not possess a basket. Note the very large numbers of contacts associated with the dorsally directed proximal dendrite and
the soma of cell B. The lower picture shows a montage of the two cells made from projected confocal microscope images. Scale bar, 50 gm.

also enabled the locations of 5-HT and D(3-H contacts to be plotted on
the reconstructions and provided information about dendritic diam¬
eters and dendritic length. Reconstruction always began with the

series containing the cell body and dendritic processes were
systematically added until the reconstruction was complete.
Contacts were viewed at a zoom factor of three and were defined as

© 2000 Federation of European Neuroscience Societies, European Journal of Neuroscience, 12, 4583-4588
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appositions between labelled monoaminergic axon varicosities (an
obvious swelling in the axon) and labelled cell processes where no
intervening dark pixels were present. The NeuroLucida program

provided information about the distribution of contacts over the
dendritic tree and enabled us to perform a modified 3-dimensional
Sholl analysis for absolute numbers of contacts and numbers of
contacts per 100 pm unit length of dendrite contained within
concentric spheres with radii which increased at 25-pm intervals
from the centre of the cell body. We also used this program to estimate
the density of contacts per unit area (100 pm2) of cell membrane.

Results

In total, 33 NK-l-immunoreactive cells with somata in laminae III
and IV were analysed. The total numbers of contacts associated with
these cells ranged from 9 to 165 for 5-HT (average packing density
0.63 contacts/ 100pm2) and 1-36 for NA (average packing density
0.12 contacts/lOOpm2). Inspection of confocal microscope images
revealed that NK-1 cells could be classified into two distinct groups
on the basis of their relationship with 5-HT axons. The first group
(n = 16) were associated with 5-HT baskets which consisted of
clusters of immunoreactive axons which were intimately woven
around cell bodies and proximal dendrites. Baskets could most easily
be identified in projected series of optical sections of 5-HT-
immunoreactive axons (Fig. 1C). The second group (n = 17) were

apparently not associated with the basket arrangement although
moderate numbers of sporadic 5-HT contacts were observed on cell
bodies and dendrites. An example of a 5-HT basket and its
relationship with an NK-1 immunoreactive cell in lamina III is
shown in Fig. l(A-C). In common with all of the cells analysed in
this study, noradrenergic axons (Fig. ID) did not form any obvious
relationship with this cell although a small number of contacts were
found throughout the extent of the dendritic tree (see also Fig. 3A).
Some 5-HT contacts were present on somata of cells associated with
baskets (Fig. IF) but most were formed with large proximal dendrites
where numerous large varicosities were observed to run in parallel
with the edge of the cell membrane (Fig. IE).

Figure 2 shows two adjacent NK-I-immunoreactive cells which
were reconstructed and analysed with the Neurolucida program. One
of these cells was associated with a basket and received a large number
of contacts which were particularly concentrated around a proximal
dendrite and, to a lesser extent, around the soma (Fig. 2B). The other
cell was not associated with a basket and received fewer contacts; there
was no evidence of a concentration of contacts around the cell body or
proximal dendrites (Fig. 2A). As these cells were adjacent to each
other in the same Vibratome section and were present at a similar depth
within the section, it is not likely that the observed difference in the
organization of contacts is a consequence of inadequate antibody
penetration or variation in experimental parameters.

The distribution of mean numbers of 5-HT and NA contacts (per/
100 pm unit length of dendrite) for all 33 cells is shown in Fig. 3A.
There is a tendency for 5-HT axons to be clustered around proximal
dendrites, whereas NA contacts are relatively sparse and distributed
evenly over the dendritic tree. If the population of NK-1 cells is
divided into two groups according to the presence or absence of the
basket arrangement, statistical analysis (Mann-Whitney U-test)
confirms that the numbers of 5-HT contacts on proximal dendrites
(defined as the initial 100 pm of the arbor) of cells with 5-HT baskets
is significantly greater than the numbers of contacts on cells which do
not participate in this arrangement (mean numbers of contacts
± SD = 13 ± 5.8 and 5 ± 2.9, respectively; P < 0.001). There was
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Fig. 3. Sholl analyses of distributions of serotoninergic (5-HT) and
noradrenergic (NA) contacts on NK-1 cells. In each case the analysis is
performed for unit lengths of 100 pm of dendrites contained within
concentric shells with radii which increase in 25-pm steps from the centre
of the soma. (A) Distribution of mean numbers of 5-HT and NA contacts.
5-HT contacts tend to be concentrated around proximal regions of the
dendritic tree whereas NA contacts are sparse and distributed evenly
throughout the tree. (B) Distribution of mean numbers of contacts for cells
associated with basket-like clusters (basket) and those that were not
associated with the basket arrangement (no basket). Note that the numbers
of 5-HT contacts associated with proximal dendrites of cells with baskets is
significantly greater than the numbers for cells that do not participate in this
type of arrangement (*P < 0.00001, Mann-Whitney //-test). There was no
significant difference between the numbers of contacts at distances
> 100 pm from the soma.

no significant difference between the numbers of contacts found on
dendrites at distances beyond 100 pm from the soma (Fig. 3B).

Discussion

The principal finding of this study is that a subpopulation (approxi¬
mately 50%) of NK-1 cells in lamina III/IV receive large numbers of
contacts from 5-HT axons which cluster around their somata and
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proximal dendrites. Conversely, noradrenergic contacts, although
present, were sparse and evenly distributed throughout dendritic trees.
Serotoninergic contacts are found on a variety of dorsal horn
projection cells (Nishikawa et al., 1983; Hylden et al., 1986; Wu &
Wessendorf, 1992) and local circuit cells (Hoffert et al., 1983; Miletic
et al., 1984; Stewart & Maxwell, 1999). However, the contacts
described in these studies are generally sparse and clustering of 5-HT
axons around proximal regions of neurons was not reported. Taken
together with our findings, this evidence suggests that 5-HT axons
specifically target a subpopulation of lamina III/IV cells which
possess the NK-1 receptor. Todd & colleagues (2000) have shown
that almost all NK-1 cells in lamina II/IV project to regions of the
brainstem and thalamus which are involved in nociceptive process¬
ing. Therefore NK-1 cells with 5-HT clusters may belong to a

particular subgroup of projection neuron.
Preliminary ultrastuctural data show that 5-HT varicosities may not

form morphological synapses with NK-1 cells but are closely
associated with cell membranes with no glial processes intervening
between them (Stewart and Maxwell, unpublished observations).
Nevertheless, even if conventional synapses are not formed between
5-HT axons and NK-1 cells, it is probable that these arrangements are
of functional significance. Although 5-HT axons form synapses (e.g.
Ruda et al., 1982; Light et al., 1983), nonjunctional varicosities are
also present in the dorsal horn and these probably operate via volume
transmission (e.g. Maxwell et al., 1983; Marlier et al., 1991a). The
clustering of 5-HT axons around somata and proximal dendrites of
some NK-1 cells indicates that elevated concentrations of 5-HT are

likely to be present in the extracellular space around these cells
following release; this would presumably increase the probability of
interaction with 5-HT receptors on the cell membranes of adjacent
structures. At present, we do not know what type of 5-HT receptor is
expressed by NK-1 cells but it is likely to belong to the 5-HT1A class
because this is the predominant subtype in the dorsal horn (Marlier
etal., 1991b; Thor et a!., 1993). Furthermore, postsynaptic depression
of noxious activation of projection cells is thought to be mediated
principally via 5-HTjA receptors (e.g. see Lin et al., 1996).

Substance P-containing primary afferents form numerous mono¬
synaptic contacts with distal dendrites of lamina III/IV NK-1 cells in
the superficial dorsal horn (Nairn et al., 1997). Primary afferents of
this type contain colocalized L-glutamate (De Biasi & Rustioni, 1988)
and convey information from nociceptors (Lawson et al., 1997).
Myelinated axons which innervate receptors activated by light touch
form negligible contacts with these cells (Nairn et al., 1998) and
therefore it is likely that lamina III/IV NK-1 cells are activated
predominantly by noxious stimulation. The clusters of 5-HT axons
around proximal regions of these cells appear to be strategically
located to have a powerful influence on transmission through this
pathway. If the action of 5-HT is mediated through a 5-HT1A
receptor, then this will result in strong inhibition. This type of
arrangement could therefore form the basis of at least part of the
selective antinociceptive action of 5-HT.
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Serotoninergic and Noradrenergic Axons
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ABSTRACT
Contacts between monoaminergic fibers and electrophysiologically identified neurons of

the ventral spinocerebellar tract were investigated in the cat. Five neurons were labeled
intracellularly with rhodamine dextran, and monoaminergic fibers were revealed with anti¬
bodies against serotonin and dopamine beta-hydroxylase. The distribution of appositions
between monoaminergic varicosities and the soma and the whole length of dendrites of these
neurons was examined by using a three-channel confocal microscope. The analysis showed
that close appositions between monoaminergic fibers and labeled processes occurred over the
whole surface of the neurons. The highest percentage of such appositions was found on
proximal dendrites, for both serotonin (37%) and noradrenaline (57%). The total number of
serotoninergic contacts (66-134 per neuron) by far exceeded that of noradrenergic contacts
(3-36 per neuron). Contacts between serotoninergic fibers and two neurons were analyzed by
using electron microscopy. These neurons were labeled intracellularly with horseradish
peroxidase, and serotoninergic varicosities were identified by immunocytochemistry. Six of 10
serially analyzed boutons in apposition to proximal dendrites were found to form morphologic
synapses. The identification of the remaining four was inconclusive. These results indicate that
many of the appositions seen in confocal microscopy may represent direct synaptic contacts. They
also indicate that monoaminergic neurons may modulate activity of neurons of the ventral
spinocerebellar tract by direct postsynaptic actions in addition to any effects evoked by means of
volume transmission. J. Comp. Neurol. 443:310-319, 2002. © 2002 Wiley-Liss, Inc.

Indexing terms: spinal cord; serotonin; noradrenaline; confocal microscopy; electron microscopy

Modulatory effects of monoamines on transmission be¬
tween primary afferents and neurons in the mammalian
spinal cord have been demonstrated for several neuronal
populations, including various types of ascending tract
neurons (Jordan et al., 1978, 1979); (Fleetwood-Walker et
al., 1985; Carlton et al., 1991; Jankowska et al., 1997a;
Hammar et al., 2001) and interneurons, e.g. (Engberg and
Ryall, 1965, 1966; Jordan and McCrea, 1976; Todd and
Millar, 1983; Bras et al., 1989; Jankowska et al., 2000).
Modulation of responses of individual functionally identi¬
fied neurons of different populations by locally applied
monoamines turned out to be highly differentiated, al¬
though the modulatory effects on neurons within a popu¬
lation have been relatively consistent. There is evidence
that various types of spinal neurons express monoamin¬
ergic receptors (see Coggeshall and Carlton, 1997, for re¬
view). However, only preliminary observations have been
made as to which of the monoaminergic actions are medi¬

ated pre- or postsynaptically and whether the mono¬
amines act only by means of volume transmission (Fuxe
and Agnati, 1991; Bunin and Wightman, 1999) or also by
means of direct synaptic contacts on target neurons. By
using light and confocal microscopy, monoaminergic var¬
icosities have been shown to make appositions on soma
and dendrites in the case of dorsal spinocerebellar tract
neurons (DSCT) (Jankowska et al., 1995; Maxwell and
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Jankowska, 1996; Pearson et al., 2000), spinothalamic
neurons (Westlund et al., 1990), -/-motoneurons (Gladden
et al., 2000), a-motoneurons (Alvarez et al., 1998), Ren-
shaw cells (Carr et al., 1999), and interneurons with input
from group II afferents in the dorsal horn (Jankowska et
al., 1997b) and in the intermediate zone (Maxwell et al.,
2000). However, electron microscopy studies have shown
that these appositions may form either synaptic junctions
or nonjunctional close appositions with or without inter¬
vening thin glial processes (Westlund et al., 1990; Max¬
well and Jankowska, 1996; Alvarez et al., 1998). Part of
the modulatory actions of monoamines on spinal neurons,
thus, may be exerted by direct synaptic actions of descend¬
ing monoaminergic tract neurons on spinal neurons,
whereas others may be mediated by nonjunctional con¬
tacts.

Observations reported in the companion paper (Ham-
mar et al., 2002) show that both serotonin (5-HT) and
noradrenaline (NA) strongly facilitate activation of neu¬
rons of the ventral spinocerebellar tract (VSCT) by group
I afferents, although some 5-HT and NA receptor agonists
have an opposite effect. As discussed in this study (Ham-
mar et al., 2002), these different modulatory actions might
be mediated by means of different mechanisms, including
direct actions of monoamines on VSCT neurons. The aim
of the present study, therefore, was to investigate the
substrates of such direct actions by analyzing whether
terminals of descending 5-HT and NA tract fibers make
contacts with VSCT neurons and, if so, to characterize the
distribution of these contacts on somata and dendrites.
The study was made on electrophysiologically identified
and intracellularly labeled VSCT neurons.

METHODS

Preparation
VSCT neurons were labeled in four cats aged 6-8

months. Anesthesia was induced by a single dose of Pen¬
tobarbital i.p. (45 mg/kg) and maintained by intermittent
doses of chloralose (Alpha Chloralose, Rhone Poulenc
Sante) up to 50-60 mg/kg i.v. The depth of anesthesia was
monitored continuously during the experiments by verify¬
ing either that there was no withdrawal reflex present or,
when the animals were paralyzed, that the size of the
pupils as well as the heart rate and blood pressure re¬
mained constant. The animals were killed after the exper¬
iments by a lethal dose of pentobarbital i.v. (30 mg/kg). A
detailed description of the experimental procedures, in¬
cluding animal care, has been given previously (see Ham-
mar et al., 2001). All animal experiments were carried out
at Goteborg University, Sweden, following NIH as well
European Union guidelines, and the Animal Ethics Com¬
mittee of Goteborg University approved of the experimen¬
tal procedures.

The spinal cord was exposed by a laminectomy between
the second and seventh lumbar segments (L2-L7) and at
a low thoracic level, usually T12-13. Peripheral nerves in
the left hindleg were cut and dissected free, including
quadriceps (Q), sartorius (Sart), gastrocnemius (GS), bi¬
ceps posterior and semitendinosus (PBST), biceps anterior
and semimembranosus (SMAB), plantaris (PI), flexor digi-
torum and hallucis longus (FDL, the interosseus nerve
being removed), peroneus superficialis (SP), peroneus pro¬
fundus (DP), and suralis (Sur). The VSCT neurons were

searched for in the L4-L5 segments at depths correspond¬
ing to Rexed laminae V—VII, in the area just ventral to
that of prominent intermediate zone group II field poten¬
tials where group I field potentials from the dissected
nerves appeared. The neurons were identified by their
axonal projections as well as by their monosynaptic input
from group I afferents (see Hammar et al., 2001). The
ascending axonal projections to the contralateral ventro¬
lateral funiculus were revealed by antidromic invasion
from the T12 level, where transdural stimulation by
pulses of 0.2-msec duration was applied by a pair of silver
ball electrodes. In two cats, the neuronal projection was in
addition identified by antidromic activation from the cer¬
ebellum, evoked by 170-360 pA stimulation (Hubbard
and Oscarsson, 1961). A collision test for antidromic inva¬
sion was routinely performed and only those neurons in
which a collision wac observed at a critical interval were

included in the sample. As evidence for monosynaptic
group I input, a neuronal response to stimuli not exceed¬
ing 1.8 times threshold (T) for the most excitable fibers in
a given nerve was used (Jack, 1978), except for Q, where
thresholds up to 2.2T may be accepted (Edgley and
Jankowska, 1987) and with a minimal segmental latency
of 1.7 msec after near-maximal stimuli (Oscarsson, 1957).

Intracellular staining
Glass micropipettes filled with a 2% solution of

tetramethylrhodamine-dextran (Molecular Probes, Inc.,
Eugene, OR) in saline, pH 6-6.5, with a tip diameter of
2—2.5 pm and a resistance of 14-20 Mil were used to label
cells to be analyzed in the confocal laser scanning micro¬
scope. After the neurons had been identified, they were
labeled intracellularly by passing a constant positive cur¬
rent of 5-20 nA (56-180 nA X minutes). Cells stained for
analysis using electron microscopy were labeled by using
horseradish peroxidase (HRP; Toyoba) (15% in 0.2 M KC1
in Tris buffer, pH 8.6), by passing a constant positive
current of 5-15 nA for 80—100 nA X minutes. At the end
of the experiments, the animals were perfused through
the descending aorta with 0.1 M phosphate buffered saline
(PBS, pH 7.4) followed by fixative, 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4) for the analysis of
rhodamine-stained neurons and 1% glutaraldehyde/1%
paraformaldehyde for neurons stained with HRP. The spi¬
nal cord was immediately removed and stored in cold
fixative for 12-72 hours before cutting and sectioning.

Immunoflurorescence

Segments were cut in either transverse or sagittal 50-
pm-thick sections with a Vibratome and placed in a 50%
ethanol solution for 30 minutes to enhance antibody pen¬
etration. After rinsing in 0.1 M phosphate buffer the sec¬
tions were mounted in strict serial order. By using a
fluorescence microscope at low power magnification, the
labeled neurons were identified according to their position
in the spinal cord. Series of sections containing cell bodies
and dendrites were processed individually to reveal 5-HT
and NA immunoreactive varicosities. To block any unspe-
cific reactions, the sections were first incubated for 30
minutes at room temperature in blocking serum (contain¬
ing 10% donkey serum in PBS with 0.3% Triton X-100).
After this, they were incubated for at least 48 hours at
+8°C with primary antibodies of rat anti-5-HT (1:200)
and rabbit anti-dopamine p-hydroxylase (1:500) (both
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from Affiniti Research Products, Nottingham, UK. DBH
product number DZ 1020, 5-HT product number SZ 1011).

After thorough rinsing in PBS, donkey secondary anti¬
bodies (Jackson Immunoresearch, Luton, UK) against rat
IgG (1:100) coupled to cyanine 5.18 (Cy5) and against
rabbit IgG coupled to fluorescein isothiocyanate (FITC)
were added and allowed to react for 2 hours before rinsing
in PBS. Finally, the sections were mounted in serial order
on glass slides with anti-fade mounting medium (Vectash-
ield) and stored at —20°C.

The sections were scanned with a confocal laser scan¬

ning microscope (BioRad MRC 1024, Hempel Hempsted,
UK) by using 488, 568, and 647 nm lines of a krypton-
argon laser, which is optimal for exciting FITC, rhoda-
mine, and Cy-5, respectively. Low power images (X10
lens, zoom factor 1, iris set at maximum width) were
sampled to visualize rhodamine-labeled somata and pro¬
cesses contained within each individual section and to
create a preliminary reconstruction of each neuron. Pro¬
cesses belonging to individual neurons could be found in
up to four sequential Vibratome sections. By using the low
power images as a reference map, a series of overlapping
images were gathered at higher magnification (X40 oil
immersion lens, zoom factor 1) in steps of either 0.5 or 1
p,m. Up to 13 series of confocal images for each Vibratome
section were gathered until the extent of the dendritic
arborization in each section had been covered, each series
consisting of 10-52 optical sections.

A total of 13 neurons from three cats were intracellu¬
lar^ labeled with rhodamine. Of these, the dendritic trees
of five neurons were reconstructed in full in three-
dimensional (3D) by using the NeuroLucida for Confocal
software program (MicroBrightField, Colchester, VT). The
eight remaining neurons were eliminated either because
they were too weakly labeled or because the antibody
penetration was unsatisfactory. Cell bodies and dendrites
of neurons selected for analysis were reconstructed from
merged images of individual optical sections and the den¬
dritic diameter, length, and the 3D localization of labeled
processes were recorded. The reconstruction commenced
with the soma and labeled processes from adjacent sec¬
tions were added for as long as a dendrite could be fol¬
lowed, until the reconstruction of each dendritic tree was

complete. Varicosities reactive for either NA or 5-HT that
were close to the labeled profiles were inspected, and those
found to be in apposition were counted and their distribu¬
tion mapped. Only thooe appositions where no intervening
space between the terminal and the neuron was found
were considered as contacts and are included in the sam¬

ple. Contacts were followed through adjacent optical sec¬
tions to avoid counting them twice. The location of appo¬
sitions formed by either 5-HT- or NA-immunoreactive
varicosities was marked, and their position in relation to
the distance from the soma and branch order of dendrite
was recorded. A Sholl analysis of the numbers of dendritic
contacts contained within concentric shells, which in¬
crease in 25 gm steps from the center of the cell body along
with an estimate of the density of contacts within 100 pm2
areas of cell membrane was performed by using the Neu-
rolucida program. Data are given as mean ± SEM.

Electron microscopy
The block of spinal cord from one cat containing the

three cells labeled with HRP was cut in 50-pm sagittal
□cctiono by using a Vibratome, keeping the sections in

strict serial order. Sections were immersed in 50% alcohol
for 30 minutes to enhance the antibody penetration before
being reacted with 3,3'-diaminobenzidine tetrahydrochlo-
ride (DAB). Thereafter, the sections were washed in 0.1 M
PBS and incubated in 1% sodium borohydride for 30 min¬
utes. After multiple washes in PBS and incubation for 30
minutes in 10% normal donkey serum, the sections were
incubated for 24 hours in primary antiserum of rabbit anti
5-HT (1:2,000; Affiniti Research Products, Nottingham,
UK). The sections were then washed in PBS and incu¬
bated in biotinylated anti-rabbit IgG (diluted 1:500; Vec¬
tor Elite) for 1 hour. After rinsing in PBS, the sections
were reacted with avidin-biotin-HRP (Vector Elite) for 1
hour followed by further rinses. Thereafter, the sections
were again reacted in the presence of DAB by using nickel
intensification to increase the contrast between HRP-
labeled neurons and the immunoreactive structures.

The sections were first analyzed with standard trans¬
mitted light microscopy, and photomicrographs of the neu¬
rons at low magnification (XlO lens) as well as at higher
magnification (X40 lens) were taken. The outlines of the
neurons and the location of the monoaminergic axons and
terminals were drawn by hand with the aid of a drawing
tube. Two labeled neurons that had well-labeled cell bod¬
ies and dendritic trees were selected for further analysis.
Ultrathin sections were cut through the full extent of
labeled neurons by using an ultramicrotome and collected
in strict serial order. The sections were placed individu¬
ally on single-slot nickel grids and examined with a Phill¬
ip's BioTwin CM 100 electron microscope. Immunoreac¬
tive varicosities in apposition to the labeled neurons were
identified and followed through several sections. Only
those in which a synaptic cleft and a postsynaptic density
were clearly visible were accepted as a true synapse. The
position of each synapse was identified and recorded on
the camera lucida drawing.

The antibodies used in this series of experiments have
been used previously in a large number of studies and are
well-characterized. According to manufacturer's informa¬
tion, immunoreactions are completely blocked for both the
rabbit and rat anti-serotonin antibodies after preadsorp-
tion with the serotonin-formaldehyde condensation prod¬
uct 6-hydroxy-l,2,3,4-tetrahydro-|3-carboline. Specificity
of the anti-dopamine p-hydroxylase antibody has also
been confirmed by preadsorption with the enzyme and by
Western blotting. The pattern of immunoreactivity ob¬
tained in the present study with all three antibodies is
very similar to that reported previously. Omission con¬
trols all proved to be negative. Photomicrographs were
prepared with Photoshop; brightness and contrast were
adjusted.

RESULTS
The results are based on a total of seven successfully

labeled neurons in four cats. Of these, neurons from two
cats (cell 4 and cell 5) used in the confocal microscopic
analysis were identified by their axonal projection to the
cerebellum in addition to their projection to the contralat¬
eral funiculus and peripheral afferent input. Neurons
from one cat (cells 1, 2, and 3) used in the confocal analysis
and neurons from the cat used for the EM analysis were
identified by their projection to the contralateral lateral
funiculus at a thoracic level. No major difference with
regard to position in the spinal cord, electrophysiological
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characteristics, or morphologic data were found between
these neurons. The labeled VSCT neurons were all located
within the same region of the gray matter as previously
investigated VSCT neurons with input from group lb af-
ferents (Hubbard and Oscarsson, 1961) and had similar
morphologic features (Bras et al., 1988). The investigated
neurons had cell body diameters of 50-100 gm. Dendrites
could on average be followed up to 450 p.m from the soma
(in one neuron up to 650 p.m) and extended mainly in the
rostrocaudal direction. In three of the neurons, the axon
was labeled and could be followed for up to 450 pun; in one
of these an axon collateral was given off at a radial dis¬
tance of 350 pun from the soma. Figure 1 shows intracel¬
lular records from four of the VSCT neurons included in
this sample.

Confocal microscopic analysis
Both 5-HT- and NA-immunoreactive varicosities were

found in apposition to the soma and dendrites of all five
fully reconstructed neurons. These findings included both
small and large varicosities, the largest of which could be
followed through two or three sequential optical sections.
Monoaminergic axons with numerous varicosities were
often found to run along a stretch of the soma or a den¬
drite, but only several of these varicosities could be iden¬
tified as appositions, whereas most of them seemed to be
located at a distance from the neuron, as illustrated in
Figure 2. The total number of serotoninergic and norad¬
renergic varicosities found in apposition to individual neu¬
rons varied between 66 and 134 for 5-HT and between 3
and 36 for NA (Table 1). The total number of 5-HT appo¬
sitions exceeded that of NA by far in all of the neurons
investigated. The mean density of contacts was also con¬
siderably higher for 5-HT, because it was 0.163 ± 0.01 per
100 p,m2 of cell membrane area on soma and 0.126 ± 0.02
on dendrites compared with the mean density of NA con¬
tacts of 0.012 ± 0.01 per 100 gm2of cell membrane area on
soma and 0.03 ± 0.02 on dendrites (see Table 1).

5-HT contacts were distributed more evenly than NA
contacts, but a higher proportion of 5-HT contacts were
found on proximal parts of the dendrites (defined as
within <100 p,m from the soma) than on soma and on
more distal dendrites. On average, 25.4 ± 4.2 (33%) 5-HT
appositions were found on the soma compared with 59.8 ±
15.4 appositions over the whole dendritic tree, where 37%
of contacts were found on proximal parts of dendrite and
30% on more distal parts. On three of the neurons, sero¬
toninergic axons encircled the soma, making several con¬
tacts along their course, as illustrated in Figure 2C where
an individual optical section of a soma is shown. In con¬
trast, only a few NA varicosities (on average 1.6 ± 0.9;
12%) were found in apposition to the soma, and in two of
the five reconstructed neurons, no NA somatic contacts
were found at all. The distribution of NA contacts on

dendrites (on average 13.8 ± 5.2) was found to be concen¬
trated to proximal parts of dendrite (57%) as opposed to
31% on more distal dendrites.

The difference in both the number and the distribution
of 5-HT and NA contacts is illustrated in Figure 3 for three
of the reconstructed neurons, where positions of 5-HT
contacts are indicated by circles and NA contacts by tri¬
angles. On both proximal and distal dendrites, the con¬
tacts can quite often be seen to be localized in clusters on
certain dendrites where monoaminergic axons run along a
stretch of dendrite, making several contacts along it,

A Q2T c PI 2T coTh 80mV

D PI 2T Ccreb. 275 pA

—-A—

5mV A-B
lOmVC-D

2 ms A-B
4 ms C-D

Fig. 1. Examples of intracellular records from four of the labeled
neurons. Top records show monosynaptic responses of ventral spino¬
cerebellar tract (VSCT) neurons to stimulation of group I afferents
above threshold. Bottom records show cord dorsum records. A,B: The
same neuron as in Figure 2B-D (A) and the same neuron as in Figure
3, top neuron (B) show records taken just before the commencement of
labeling. C,D: Responses to stimulation of activation of group I affer¬
ents (PI 2T) and antidromic activation from the contralateral thoracic
spinal cord (coTh) (C) and cerebellum (cereb) (D) are shown. Time and
voltage calibrations as indicated.

whereas other sections or indeed whole dendritic branches
do not seem to have any contacts at all, despite several
labeled axons and varicosities being present in the sur¬
rounding area. The difference between the number and
distribution of 5-HT and NA contacts on dendrites is fur¬
ther illustrated in Figure 4, where histograms of the mean
number of contacts at 25-p.m intervals of both 5-HT and
NA are shown.

Electron microscopic analysis
Only contacts between 5-HT axons and VSCT cells were

examined in the electron microscope. No attempt was
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Fig. 2. Examples of confocal microscope images of three neurons
intracellularly labeled with rhodamine. A: A projected image consist¬
ing of 30 individual optical sections gathered at 1-pm intervals show¬
ing the soma and proximal dendrites of a ventral spinocerebellar tract
(VSCT) neuron (blue) surrounded by axons and terminals reactive for
serotonin (5-HT; red) and noradrenalin (NA, green). B-D: Soma and
proximal dendrites of a neuron in a projected series of 26 optical

sections gathered at 1-pm intervals (B) and examples of two single
optical sections; appositions made by 5-HT and NA axons are indi¬
cated on the soma (C) and on the dendrite (D). E-G: Examples of
proximal (E) as well as more distal (F,G) dendrites where appositions
of both 5-HT and NA are found. Arrows indicate appositions by 5-HT
varicosities, and arrowheads appositions formed by NA. Scale bars =
50 pm in A, 25 pm in C (applies to B-D), 20 pm in E-G.
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TABLE 1. Distribution of 5-HT and NA Contacts on VSCT Neurones: Data for the Five Cells From Three Cats Labeled
With Rhodamine and Reconstructed in 3D1

Soma Dendrite

Cat

(total
number) Contacts (n)

Surface area

(|xm2)

Density
(n/100 fxm2) Contacts (n)

Total dendr.

length (|Am)
Surface area

(|xm2)

Density
(n/100 |xm2)

5-HT NA 5-HT NA 5-HT NA 5-HT NA 5-HT NA

1
Cell 1 66 3 41 0 25434,00 0,161 0 25 3 2631,3 26309,8 0,095 0,011
Cell 2 134 11 26 1 14306,60 0,182 0,007 108 10 5469,0 63335,8 0,171 0,016
Cell 3 74 36 23 5 11493,20 0,200 0,044 51 31 3427,6 32869,75 0,155 0,094

Cell 4 74 20 16 0 10563,90 0,151 0 58 20 5831,8 67398,1 0,086 0,030

Cell 5 78 7 21 2 17194,70 0,122 0,012 57 5 3520,5 46733,0 0,122 0,011
Mean 25,40 1,6 15798,48 0,163 0,012 59,80 13,80 4176,0 50944,2 0,126 0,032
SEM 4,20 0,92 2656,97 0,013 0,008 13,38 5,18 620,2 8310,3 0,016 0,016

1The number of contacts given is for those fulfilling the criteria described under the materials and Methods section. The soma surface area has been calculated as the area of an
equivalent sphere from the average diameter. The total dendritic length and the surface area are only calculated for those parts of the dendrites that were used in the reconstruction
and may give a certain underestimate of the total length and surface of dendrites. 5-HT, serotonin; NA, noradrenaline; VSCT, ventral spinocerebellar tract; 3D, three dimensions;
dendr., dendrite.

made to search for NA contacts, as much smaller numbers
of contacts are formed by formed by NA-immunoreactive
varicosities with VSCT neurons when compared with
5-HT varicosities. Contacts on somata proved to be diffi¬
cult to analyze because of the presence of strong HRP
reaction product within cell bodies. Therefore, the analy¬
sis focused on contacts located on dendrites of VSCT cells.
Ten 5-HT varicosities in apposition to proximal dendrites
of two VSCT neurons from the same cat were identified
with the light microscope and mapped onto reference di¬
agrams of the two cells with the aid of a drawing tube (see
Fig. 5). The same contacts were identified with the elec¬
tron microscope and were analyzed by following each var¬
icosity through a complete series of ultrathin sections.
Varicosities forming these contacts varied between 0.4
and 2.0 pm in size and usually contained a mixture of
granular and agranular vesicles. Of the 10 appositions
examined through serial sections, 6 fulfilled criteria for
identification of synaptic junctions, i.e., they formed a
synaptic cleft, possessed postsynaptic densities and had
an accumulation of vesicles at the presynaptic region of
the specialization (Fig. 6). However, although junctional
specializations were present, they were often small (be¬
tween 0.1 and 0.2 pm in length) and as a consequence
were rather indistinct. The remaining four varicosities
proved difficult to analyze, because reaction product had
invaded the region of contact between the 5-HT varicosity
and the labeled VSCT cell, thus obscuring any synaptic
specializations that may have been present.

DISCUSSION

The results presented in this study show that modula¬
tory effects of serotonin and noradrenaline on VSCT neu¬
rons may in part be exerted by direct postsynaptic actions
on these neurons. Immunoreactive varicosities of both
monoamines were found in close apposition to both soma
and dendrites of the investigated neurons with the highest
density on proximal dendrites. Electron microscopic anal¬
ysis further revealed that the serotoninergic boutons on
proximal dendrites may form conventional synapses with
the VSCT neurons, and this might also be the case for
appositions on other parts of these neurons.

The distribution and the number of serotoninergic and
noradrenergic contacts were found to differ both with re¬

gard to the total number of appositions and their density.
The mean total number of appositions formed by 5-HT-
immunoreactive varicosities was found to be much higher
than that of NA-immunoreactive varicosities. Indeed, on
three neurons, less than 12 NA appositions were identified
as opposed to 65 or more appositions formed by 5-HT on
the same neurons. It is possible that the lower numbers of
NA contacts compared with the number of 5-HT contacts
found in this study were due to a less efficient antibody
penetration and, hence, may have led to an underestima¬
tion of the number of NA appositions. However, the large
number of axons immunoreactive for anti-DBH in the
close vicinity of the labeled neurons would argue against
this explanation.

5-HT appositions were found both on the soma and all
along the dendrites with a somewhat higher proportion of
contacts on proximal dendrites. In addition, rings of im¬
munoreactive 5-HT axons encircled the cell bodies of three
neurons, making several contacts along their trajectory
(as illustrated in Fig. 2C) in a manner similar to that
reported previously for dorsal horn DSCT neurons
(Jankowska et al., 1995). On the other hand, NA apposi¬
tions were found primarily on the proximal parts of pri¬
mary dendrites; only seven boutons were found to be lo¬
cated at 300 p.m or further away from the soma of three
neurons (see Table 1), and only single contacts were made
with the soma. A comparison between the packing densi¬
ties of contacts within 100 pm2 cell membrane areas show
that the density of 5-HT contacts on cell bodies is more
than 10 times higher than that of NA. The same compar¬
ison between dendrites reveals a density that is only four
times higher for 5-HT when compared with NA, thus
suggesting that there is a higher proportion of NA con¬
tacts on dendrites. A higher density of 5-HT contacts com¬
pared with NA contacts has been found on other neuronal
populations in the spinal cord, including group II premo-
tor interneurons (Maxwell et al., 2000) and 7-motoneurons
(Gladden et al., 2000) and may reflect a greater number of
serotoninergic fibers in the spinal cord (Anden, 1965; Zivin
et al., 1975). However, it cannot be ruled out that this
difference in distribution and density may also have func¬
tional implications. A difference in the location and den¬
sity of contacts might indicate that the modulatory actions
of 5-HT and NA are exerted in different situations and
contexts.
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Fig. 3. Reconstruction of cell bodies and dendritic trees of three of the ventral spinocerebellar tract
neurons labeled with rhodamine dextran and of the distribution of serotoninergic (red circles) and
noradrenergic (black triangles) contacts found upon them. Scale bar = 50 p.m.

In the confocal microscope, contacts formed by monoam-
inergic terminals on the soma and dendrites of neurons
can be followed through single optical sections, and appo¬
sitions of small as well as larger varicosities can be iden¬
tified and quantified. However, it is not possible to differ¬
entiate between morphologic synapses and contacts in

which the varicosities are only apposed to the soma or
dendrite, necessitating electron microscope techniques to
solve this issue for each investigated neuronal population
(Maxwell and Jankowska, 1996; Jankowska et al., 1997b).
In the present sample of VSCT neurons, 6 of the 10 appo¬
sitions between the serotoninergic-immunoreactive vari-
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Fig. 4. Distribution of serotonin (5-HT; left panel) and noradrenalin (NA; right panel) contacts on
dendrites of the five fully reconstructed ventral spinocerebellar tract neurons. The bars illustrate mean
number of contacts per 100 p,m of dendrite and SEM at intervals of 25 p,m along all of the dendrites.

Fig. 5. Reconstruction of serotonin (5-HT) appositions with prox¬
imal dendrites of one of the two neurons prepared for analysis by
using combined light and electron microscopy. A: A light photomicro¬
graph of a horseradish peroxidase-labeled neuron and some of the
dendrites. B: A camera lucida drawing of the same neuron, with

immunoreactive boutons and their relation to the labeled structures
marked. Note that serotoninergic axons run along a stretch of the
dendrite. The arrow designated 1 shows the location of the terminal
illustrated in Figure 6A,B, and the arrow designated 2 shows the
boutons illustrated in Figure 6C,D. Scale bars = 50 p.m in A,B.
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Fig. 6. Electron microscopy images of the ventral spinocerebellar
tract (VSCT) neuron shown in Figure 5. A: A low-magnification image
of the cell body and proximal dendrites. B: A higher magnification
view of the area contained within the inset box shown in Figure 6A. A
serotonin (5-HT) -immunoreactive bouton forms a synapse with the
labeled dendrite. Arrows indicate postsynaptic specialisation. C: A

serotoninergic-immunoreactive axon that forms two varicosities that
are in apposition to the labeled dendrite illustrated in Figure 5.
D: One of the boutons in C making a direct synapse with the dendrite.
Arrows indicate postsynaptic specialization. Scales bars = 20 p,m in
A, 0.5 p.m in B,D, 1 p.m in C.

cosities and dendrites examined in the electron micro¬
scope were identified as true synaptic junctions. The
outcome of the analysis of the remaining four boutons was
inconclusive due to technical problems; therefore, these
boutons may also have formed synaptic junctions. Taken
together, the results of the confocal and EM analysis sug¬
gest that some direct contacts are made between sero-
toninergic axons and VSCT neurons, making it likely that
modulation of the activity of VSCT neurons is not only
exerted by means of volume transmission and extrasyn-
aptic membrane receptors but also by direct synaptic ac¬
tions. It remains to be established if these direct synaptic
actions are associated with a particular subclass of recep¬
tor. No data on the presence of direct synaptic contacts are
available for noradrenergic contacts as yet, and, in view of
the low number of contacts found in the confocal micro¬

scopic analysis, it was not attempted within this investi¬
gation.

The differences in distribution and density of contacts
made by 5-HT and NA axons may appear not quite com¬
patible with comparable facilitatory effects of 5-HT and
NA on VSCT cells found in electrophysiological experi¬
ments, when these monoamines were ionophoresed close
to the selected neurons and their effects tested on mono-

synaptically evoked responses (Hammar et al., 2001).
Modulatory facilitatory effects of 5-HT were indeed found
to be somewhat stronger and longer-lasting than those of
NA but NA was nevertheless highly efficient in enhancing
responses of VSCT neurons. Thus, it may be possible that
the position of the NA contacts, preferentially on primary

dendrites, could explain the strong impact of NA on the
spiking probability, in some ways compensating for the
low number of contacts. However, as shown in Figure
2A,B, there were several noradrenergic axons in the im¬
mediate surrounding of the neurons, and, although these
axons seldom formed appositions, they might nevertheless
have a strong impact on VSCT neurons by means of vol¬
ume transmission to NA receptors. It has been demon¬
strated that transmitters might act on receptors at dis¬
tances up to 10 |xm from the release site (Hille, 1992;
Callado and Stamford, 2000), thus making it possible for
relatively strong noradrenergic actions, despite the small
number of appositions found in this study, as well as
stressing the importance of volume transmission.

In the accompanying paper, it is shown that in addition
to the facilitatory effects of 5-HT and NA, some of the
agonists tested had depressive, i.e., opposite effects. This
finding may reflect different pre- and postsynaptic loca¬
tion of receptors mediating these opposite effects as well
as a combination of different subclasses of receptors. To
relate the direct synaptic contacts between the monoam-
inergic axons and VSCT neurons to either the facilitatory
or inhibitory modulatory actions of monoamines on these
neurons, much more should be known about the mecha¬
nisms of these actions. However, in view of the similarities
in both the morphologic arrangements and in facilitatory
actions on alpha motoneurons (Ulfhake et al., 1987; Al¬
varez et al., 1998) and on VSCT cells, we would hypothe¬
size that direct synaptic actions of at least 5-HT are in¬
volved in facilitation of their activity.
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SPINAL LAMINA I NEURONES THAT EXPRESS NEUROKININ 1
RECEPTORS: II. ELECTROPHYSIOLOGICAL CHARACTERISTICS,

RESPONSES TO PRIMARY AFFERENT STIMULATION AND EFFECTS OF
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Abstract—Intracellular recordings were made from neurones in laminae I and II of the dorsal horn of a longitudinal,
parasagittal spinal cord slice from the neonatal rat. Their responses to peripheral nerve stimulation were first tested. Then
the responses to bath application of [Sar9,Met(C>2)"]-substance P and [D-Ala2,A'-MePhe4,Gly-ol5]-enkephalin, neurokinin
1 (NKi) and p-opioid receptor agonists respectively, were studied. Finally, the structure of each neurone was investigated
by injecting neurobiotin intracellularly following recording, and immunocytochemical studies were performed on post-
fixed tissues to reveal whether they expressed the NKi receptor. Nine lamina I neurones where shown to express NKi
receptor and these were depolarised by [Sar9,Met(C>2)"]-substance P. These neurones typically received a powerful C-fibre
input that was strongly inhibited, presynaptically, by the p-opioid receptor agonist.

The structure, afferent input, opioid sensitivity and intrinsic properties of these neurones are all consistent with the view
that they are a major relay for nociceptive information leading to intense pain. The characteristics of 10 other neurones
studied in which the NKi receptor was not found to be expressed at levels detectable by immunocytochemistry are briefly
described for comparison.

These results contribute to the emergent view that the large neurones in the most dorsal neuronal layer (lamina I) of the
spinal cord, which express the principal receptor for substance P (NKi) over their entire soma and dendrites, are a major
relay for information leading to intense pain. Inhibition of the relay of information by these neurones would be predicted
to result in analgesia and hence, a detailed knowledge of their unique neurochemical characteristics is of paramount
importance. © 2002 IBRO. Published by Elsevier Science Ltd. All rights reserved.

Key words: spinal cord, substance P, neurokinin 1, nociception, lamina I, pain.

Neurones in lamina I (LI) of the dorsal horn of the rat
spinal cord which express neurokinin 1 (NKi) receptors
appear to be a major relay for information to the thal¬
amus (Marshall et ah, 1996; Ding et ah, 1995). Spinal
and trigeminal neurones expressing NKi receptors
receive input from synapses containing substance P
(Liu et al., 1994, 2000a; Aicher et ah, 2000; Nairn et
ah, 1997). Many of the substance P containing synapses
on these neurones will be of primary afferent origin

■"Corresponding author. Tel.: +44-151-794-4227; fax: +44-151-794-
4243.

E-mail address: richardm@liverpool.ac.uk (R. Morris).
Abbreviations: ACSF, artificial cerebrospinal fluid; AHP. after-

hyperpolarisation; DAMGO, [D-Ala2,/V-MePhe4,Gly-ol5]-enke-
phalin; EPSP. excitatory postsynaptic potential; F1TC, fluores¬
cein isothiocyanate; 1PSP, inhibitory postsynaptic potential; LI/
IIo, lamina 1/11 outer; NKi, neurokinin 1; NMDA, IV-methyl-D-
aspartate; PBS, phosphate-buffered saline; RT, room tempera¬
ture; SarMetSP, [Sar9,Met(02)"]-substance P; +ve, positive for
immunolabel; —ve, negative for immunolabel.

(Nairn et ah, 1997) and nociceptive (Lawson et ah, 1997).
Hence, these NK] receptor expressing neurones are

potentially a major spinal relay of information which
would under most circumstances lead to the conscious
sensation of pain. One of the key observations pointing
to the importance of this group of neurones in pain is the
effect of application of neurotoxins conjugated to sub¬
stance P to the spinal cord surface via intrathecal injec¬
tion (Mantyh et ah, 1995). These toxin conjugates bind
to the NKi receptors which are then internalised into
these neurones and cause their death. These experiments
by Mantyh's group gave dramatic results in which cap-
saicin-induced nocifensive behaviour and mechanical and
thermal hyperalgesia were depressed by 60-90% (Mantyh
et ah, 1997). However, responses to mild noxious stimuli
remained unchanged. Careful analysis of the extent of
the neurone death revealed a highly selective loss of
NKj receptor expressing neurones in LI, whereas almost
90% of the deeper neurones expressing this receptor
remained intact (Mantyh et ah, 1995). These observa¬
tions have since been independently repeated using a
different neurotoxin (Iadarola et ah, 2000). Accordingly,
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these cells are an important potential target for the
actions of analgesics.

The present study forms part of a series of experiments
designed to characterise the morphology, physiology and
pharmacology of these neurones with a view to identify¬
ing ways in which these neurones can be selectively
inhibited. Details of our morphological characterisation
have been dealt with in an earlier paper (Cheunsuang
and Morris, 2000) which also deals more extensively
with the background theoretical rationale for the present
study.

The neurones of LI that express the NK] receptor
would be predicted to respond to the exogenous applica¬
tion of selective NK, receptor agonists. Similarly, as
these neurones must be a major target for substance P
containing C-fibre primary afferents it is predicted that
these neurones would be activated by stimulation of
these afferents. Furthermore, as substance P containing
C-fibres express p-opioid receptors (Minami et al., 1995),
and more recently NKi neurones have also been shown
to express p-opioid receptors (Aicher et al., 2000), ago¬
nists acting at these receptors would also be expected to
alter the afferent input and membrane potential of these
neurones. These predictions have been tested directly by
recording from LI neurones that were labelled by intra¬
cellular dye injection and subsequently examined by
immunocytochemistry for their expression of NK; recep¬
tors. In the process we have examined in more detail
their responses to primary afferent stimulation. Addition¬
ally some of the membrane biophysical and action poten¬
tial characteristics of these neurones have been studied.
The responses of these neurones have been compared
with those of other neurones in LI and in the outer

part of LII (LIIo), which do not express NKi receptors.
A study employing a similar approach on the NKi-pos¬
itive (+ve) neurones of the deeper dorsal horn in the
caudal trigeminal nucleus has recently been published
(Li et al., 2000b). Preliminary reports of some of the
data included in this paper have been published in
abstract form (Suthamnatpong and Morris, 2000).

EXPERIMENTAL PROCEDURES

Slice preparation and electrophysiological methods

Neonatal (14-30 days old) Wistar rats were deeply anaesthe¬
tised and killed by decapitation. In earlier experiments in this
series, younger rats (14-20 days old) were used and these were
anaesthetised with ether prior to decapitation. In later experi¬
ments that used animals in the 20-30-day-old range, anaesthesia
was induced with ketamine hydrochloride and then the animals
were cooled with ice. This has the advantage of employing a
drug that blocks A-methyl-D-aspartate (NMDA) receptors
resulting in a neuroprotective action, and lowering body temper¬
ature to reduce oxygen requirements. All experiments were car¬
ried out under UK legislation with appropriate Home Office
licences, animals were bred and supplied by the Biomedical
Services unit of the University of Liverpool. Following decapi¬
tation the vertebral column was rapidly grossly dissected leaving
the right hind limb attached. All subsequent dissection stages
were carried out in a bath perfused at over 5 ml/min with arti¬
ficial cerebrospinal fluid (ACSF; which had the following com¬
position in mM: NaCl 120, KC1 2.1, KHPO4 1.0, MgS04 1.2,

NaHCOs 25, CaCF 2.4, glucose 10 and Phenol Red 5 mg/1) that
was gassed with 95% Oi/5% COs, and cooled to 4°C. Phenol
Red was added as a pH indicator. The lumbar spinal cord with
the attached, right LIII-LV dorsal roots, dorsal root ganglia,
femoral and sciatic nerves was then dissected. The cord was

sliced using a Vibroslice (Camden Instruments) to obtain para¬
sagittal slices of approximately 350-450 pm thick and 8—12 mm
long. Cuts were positioned just medial and lateral to the dorsal
roots to yield slices with intact afferent input from the sciatic
and femoral nerves. Slices were then arranged in a multicom¬
partment tissue bath that permitted separate perfusion of the
spinal cord slice and dorsal toot ganglia and isolated stimulation
of the peripheral nerves. Peripheral nerve stimulation was via
two pairs of platinum electrodes. The slice and dorsal root gan¬
glia were perfused with ACSF of the same composition as that
used for dissection but at 28 ± 1 °C. Intracellular recordings were
made with the electrodes targeted on LI and LIIo. As the slices
were relatively thin and were transilluminatcd, electrodes could
be directly inserted under visual control into specific areas using
the substantia gelatinosa (LII), which contains few myelinated
fibres and hence appears as a translucent band, as a guide. Elec¬
trodes were filled with 3 M potassium methyl sulphate contain¬
ing 2% neurobiotin (Vector Laboratories, Burlingame, CA,
USA) (Huang et al., 1992; Kita and Armstrong, 1991), which
had resistances of 80-180 MQ as measured with the Axoclamp
amplifier used. Following impalement of a neurone its responses
to depolarising and hyperpolarising current pulses were tested.
This was followed by a preliminary test of its responsiveness to
peripheral nerve stimulation. Only neurones that showed stable
membrane potentials more negative than —50 mV in the absence
of injected current, and action potentials with rapid rise
times and peak amplitudes exceeding 0 mV, were stud¬
ied. The responses of cells to bath application of 1 pM
[Sar9,Met(02)"]-substance P (SarMetSP; Calbiochem-Novabio-
chem (UK), Nottingham, UK) were then tested. During this
drug application either peripheral nerve stimulation was applied
or short current pulses were injected. In most cells the effects of
the p-opioid receptor agonist, [D-Ala2,Ar-MePhe4,Gly-ol5]-enke-
phalin (DAMGO; Sigma-Aldrich, Poole, Dorset, UK) (10 pM)
on the membrane potential and peripheral nerve evoked
responses were then tested. Due to its prolonged action the
recovery period was frequently used to inject neurobiotin. Sub¬
sequent testing varied between neurones. In some cases, the
effects of different patterns and intensities of peripheral nerve
stimulation were more thoroughly explored. In other cases,
repeat drug applications or applications of other drugs were
tested. Overall impalement times varied from 30 min to over 3 h.

Intracellular dye injection and slice handling

These methods will be described briefly, as they have been
described in detail in an earlier paper (Cheunsuang and Morris,
2000). Neurobiotin was injected into the neurone with depolar
ising current pulses. Neurobiotin has been reported to affect
spike durations (Xi and Xu, 1996; Schlosser et al., 1998); how¬
ever, since in the present study no measurable effects on the
membrane potential, spike shape or responses to drug applica¬
tion were observed, periods of cell filling were often followed by
periods of further experimental testing.

Following cell filling the slices were fixed overnight in 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS).
We have used a range of immunocytochemical methods and
streptavidin-biotin bridge methods in the course of these stud¬
ies. Anti-NK; receptor antiserum (3 days at room temperature,
RT) (anti-NKi raised in rabbit against the rat receptor C-ter-
minal amino acids 393-407, gift from Dr S.R. Vigna, University
of Melbourne, Australia) was used to reveal the distribution of
the receptor. To colocalise with neurobiotin incubation in a
mixture of anti-rabbit IgG conjugated to Cy3 (Vector Labs,
1:50) and streptavidin-fluorescein isothiocyanate (F1TC; Vector
Labs, 1:50) (1-3 h, RT) was then carried out. After document¬
ing the fluorescent labelling, the sections were incubated in
mouse anti-FITC (Sigma-Aldrich; 1:50, 24 h, 4°C), biotinylated
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Fig. 1. Confocal microscope images showing neurobiotin-labelled cells and immunoreactivity for the NKi receptor in the same

optical planes. (A, B) A short series of projected images made from six single optical sections gathered at 1-pm intervals. A
shows the labelled cell and B immunoreactivity for NKj on the plasma membrane of the same cell (*). (C, D) A further
example of an NKi +ve cell. The images were projected from 48 single optical sections gathered at 0.5-prn intervals. (E, F) An
example of a NK[ —ve cell. Note the presence of a NKi +ve cell in the vicinity of the negative cell (arrow in F). Projected

images made from 32 individual optical sections gathered at 1-pm intervals. Scale bar=10 pm (A, B); 20 pm (C-F).
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dotted line shows the boundary of LI and the superficial tract. (A) This NKi —ve neurone had a large soma giving rise to
two principal dendrites and a few shorter dendrites from its soma. Its axon (to the right labelled ax) could not be traced
back to the soma but was filled deeper in the slice. (B) A NKi +ve neurone with multiple dendrites arising from its soma
and giving rise to an axon running ventrally away for the soma. Both drawn to the same scale. Scale bar = 20 pm. Orienta¬

tion arrows, R = rostral, C = caudal, D = dorsal, V = ventral.

anti-mouse IgG (Vector Labs, 1:500, 1 h, RT) and streptavidin-
horseradish peroxidase (Amersham Pharmacia Biotech, St
Albans, UK; 1:200, 1 h, RT). Finally the neurones were stained
according to a protocol using nickel-intensified 3,3'-diaminoben-
zidine and the action of glucose oxidase on p-D-glucose to gen¬
erate oxygen (Shu et ah, 1988). The sections were remounted on
slides, air dried, dehydrated, cleared and coverslipped with
DPX. This procedure results in intense staining of the neurone
permitting detailed reconstruction of its dendritic tree and fre¬
quently some of its axonal structure. Reconstructions were car¬
ried out with a drawing tube attachment using a X100
magnification flat field objective.

This protocol has been altered in more recent studies such
that the intracellularly labelled neurone was first stained in the
full-thickness slice using streptavidin conjugated to either FITC
or Cy3. The cell was then photographed and its precise position
in relation to the dorsal roots was mapped. Subsequently the
slice was resectioned into 80-pm-thick sections as described
above. These sections were then stained for the NK| receptor
using either FITC or Cy3 as the fluorophores (depending on
which had been used for the neurobiotin). Sections were then
mounted on glass slides and scanned with a Bio-Rad MRC 1024
confocal laser scanning microscope equipped with a krypton-
argon laser. Labelled cells were viewed initially with epifluores-
cence using a X 40 oil immersion lens. Series of optical sections
(ranging from six to 76 sections) were gathered sequentially at
0.5- or 1-gm intervals at zoom factors between 1 and 3 using the
488- and 568-nm lines of the laser to excite FITC and Cy3
respectively. Images were examined with Confocal Assistant
and series projected. Cells were examined for the presence or
absence of NKi immunoreactivity in both single optical sections
and projected series.

Data analysis

Electrophysiological data were digitised and stored on video¬
tape for later analysis. Analysis was carried out by re-digitising
the data with a CED 1401 interface and measurement with

'Spike 2' software (Cambridge Electronic Design (CED), UK).
Digitisation rates were above 2 kHz. Measurements are
expressed as means ±S.D., unless stated otherwise. P values
are based on unpaired and paired Student's t-tests as appropri¬
ate.

RESULTS

Overview of database and anatomy

Of 19 neurones meeting the criteria of this study,
located in LI and LIIo, nine were subsequently shown
to express NKi receptors (NKi +ve) (Fig. 1A-D). The
extent of neuronal filling varied and in some cases parts
of the neurone were lost in the resectioning process.
Some distal dendrites were occasionally truncated by
the original slice preparation. In one well-studied NK;
+ve neurone the cell soma was lost but the filled den¬
drites were clearly double labelled. Reconstructions of six
of these NKj +ve neurones have been illustrated in an
earlier paper (Cheunsuang and Morris, 2000), in which
NKi neurones were classified into two groups on the
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Fig. 3. Three examples of NK| —ve neurones. The continuous line shows the boundary between LI and the superficial tract.
(A) LI neurone giving rise to spine covered dendrites entering LI1 and passing through to L1II. In the classification system of
Gobel (1975) this could be considered a stalked cell but also has a morphology of type IB of Lima and Coimbra (1986).
(B) A small islet cell in the outer part of LII. (C) LI neurone again with spine covered dendrites and some descending dendrites

(type 11B) (Lima and Coimbra, 1986). All drawn to the same scale. Scale bar-20 pm. Orientation arrows as for Fig. 2.

basis of soma size, labelling intensity, dendritic spread
and the density of dendritic spines. Of the nine intracel-
lularly labelled NK| +ve neurones, seven clearly belong
to the large multipolar group that have major dendrites
confined to LI. The two remaining neurones had smaller
cell bodies, one was incompletely filled and although the
remaining neurone had most of the characteristics of
a small NKj +ve neurone, no spines were observed on
its distal dendrites. The present description does not
attempt to identify properties uniquely associated with
these small NK] +ve neurones. All the NKj +ve neu¬
rones had somata which were located in LI or even more

marginally placed in the superficial axonal tract. Their
dendrites were orientated such that they cover an oval
disc-shaped territory with its long axis in the rostral-
caudal direction. These dendrites were virtually spine-
free with only the occasional spines on some of the larger
dendrites. The dendritic tree of these cells tended to have
a low density with relatively few branches, which typi¬
cally arose as bifurcations, and was confined to LI, with

only occasional distal branches being ventrally directed.
Where an axon was filled it arose from the soma or a

principal dendrite and either ran within LI or immedi¬
ately ran ventrally towards the deeper laminae, where it
turned and ran towards the cut surface of the slice. These
axons appeared relatively coarse when compared for
example with the axons of cells in LII and could be
thinly myelinated. Collaterals of the principal axon
were sparse, i.e. only one or two branches, being given
off in either LI or LIII-LV. These collaterals also gave
rise to small numbers of terminal branches bearing vari¬
cosities. In comparison with many other filled neurones
in the dorsal horn their interlaminar connections would
have to be considered minimal. An example of a typical
LI NKi +ve neurone reconstruction is shown in Fig. 2B.

The remaining 10 intracellularly labelled neurones that
were double stained to reveal the presence of the NKi
receptor were found not to express this receptor in detect¬
able amounts and were considered negative (NK| —ve).
These neurones were more diverse and had somata
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Fig. 4. Responses of an NKi +ve neurone (cell 1 Fig. 7,
Cheunsuang and Morris, 2000) to repetitive peripheral nerve stim¬
ulation. (A) Trains of three shocks (artifacts indicated by ■) at
80-ms intervals repeated five times at 10-s intervals resulted a
short latency spike to the first shock in each train and a progres¬
sive depolarisation leading to prolonged firing. (B) Single shocks
(artifacts indicated by ■) at 5-s separations resulted in a similar
action which took longer to develop. (C-F) Samples of trace B
from the point indicated by the first star (C and E) and the sec¬
ond star (D and F) on faster time bases. A comparison of C and
D shows the overall increase in firing, E and F show that
throughout the period of stimulation a single spike was also

evoked at a relatively fixed latency (40-50 ms).

located in either LI or LIIo. Among them, three had a

very similar morphology to the large NKi neurones,
whilst six had distinctly different morphologies to either
of the NK| +ve neurones. The principal reason for
including these in the present study is to compare their
properties with those of the NKi +ve neurones and
hence, they are dealt with less comprehensively. An
example of a NKi —ve neurone in LI that had a similar
morphology as an NKi +ve neurone is shown in Fig. 2A.
Examples of other neurones that did not express this
receptor are shown in Fig. 3. In most cases the morphol¬
ogy of these neurones could be equated with earlier
descriptions of either Golgi or intracellularly labelled
neurones described in the literature. Several of the NKi
—ve neurones had clear ventrally directed dendrites,
which were covered with large numbers of spines.
These dendrites frequently extended ventrally as far as
LIII (Fig. 3A, C).
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Fig. 5. Responses of NKi +ve neurones to current injection.
(A) A single depolarising pulse (+0.1 nA, 500 ms duration) evoked
multiple spikes showing little spike frequency adaptation. At the
end of current injection a rebound hyperpolarisation occurred.
(B) Shorter hyperpolarising pulses in to the same neurone as A
(—0.1 to —0.4 nA in 0.1-nA steps) caused an almost linear
increase in membrane potential. At the end of current injection a
small rebound depolarisation was apparent. A and B are from the
same cell as illustrated in Fig. 4. (C) Responses to current injec¬
tion of cell shown in Fig. 1. Each sweep is an average of five
repeats of the injected current (+0.2 nA, —0.1 nA, —0.2 nA and
—0.3 nA). Again the depolarising pulse caused multiple firing
(spikes truncated due to averaging) with little spike frequency
adaptation. In this cell as in most of the NKi +ve neurones no
rebound hyperpolarisation is present. Hyperpolarising pulses pro¬

duce no delayed rectification or rebound depolarisation.

Response to primary afferent stimulation

In all nine NKj +ve neurones, single shock peripheral
nerve stimulation at intensities that recruited C-fibres

(> 80 V, 0.05 ms duration), evoked excitatory postsyn¬
aptic potentials (EPSPs) which were typically of long
duration (range 0.2-11.2 s, mean 3.1 s), had a large
amplitude (17.36 ±3.52 mV) and caused prolonged firing
(Figs. 4, 7B and 8B). Thresholds for the first component
of these complex excitations ranged from 10 to 46 V
(0.05 ms duration) (mean 28 ±12.8 V) and latencies
ranged from 8 to 96.7 ms (mean 30.6 ±28.7 ms). In
one NK| +ve neurone the EPSP amplitude was sufficient
to cause depolarisation block (Fig. 8B).

In the NK| —ve neurones peripheral nerve stimulation
evoked a more complex set of responses consisting of
EPSPs only, inhibitory postsynaptic potentials (IPSPs)
only and EPSPs followed by IPSPs. In eight of these,
EPSP were evoked (seven EPSP only, one EPSP followed
by IPSP), which had latencies ranging from 15.7 to 72.5
ms (41.7 ± 19.3 ms), and thresholds 8 to 35 V (15.3 ± 13.2
V). With C-fibre intensity stimulation these EPSPs were
of shorter duration (0.7 ± 0.6 s) but of a similar amplitudes
(13.3 ±9.3 mV) to those evoked in NKi +ve neurones.
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1pM Sar Met SP

10mV

Table 1. Effects of drug on evoked responses in NKi +ve
neurones

20s

B.

10mV

jt a (aIm in w il

10mV |

500ms

Fig. 6. Effects of 1 gM SarMetSP on an NK| +ve neurone (same
neurone as shown in Figs. 4 and 5A, B). (A) Slow time scale.
Small upward deflections are 10-mV calibration pulses. The solid
bar above the trace indicates the application of drug. Approxi¬
mately 30 s after the start of drug application the cell starts to
depolarise. This leads to a prolonged firing and during this there
is a small reduction in spike amplitude. The firing continues for
approximately 2 min after cessation of drug application. (B) The
start of the response to drug application is shown on a faster time
base to reveal the absence of spontaneous EPSPs. (C) This is a
sample of trace from a point during the drug induced firing. Note
the absence of EPSPs, IPSPs or filtered spikes of the type seen in

cells coupled by gap junctions.

The effects of trains or patterns of stimuli were only
explored to a limited extent. In one NK| +ve neurone,
short trains of three stimuli (three shocks, 80-ms inter¬
vals) applied five times (0.1 Hz) at C-fibre intensity (> 80
V, 0.05 ms duration), caused a gradual wind-up of activ¬
ity and a slow depolarisation very similar to that pro¬
duced by substance P (Figs. 4A and 6A). This same type
of response could be produced by single shocks but took
longer to develop (Fig. 4B). This cell also showed a short
latency response (Fig. 4A-F). Similar types of wind-up
behaviour have been observed in two other NKi +ve
neurones. We have not observed this wind-up behaviour
in intrinsic LII neurones (either islet or stalked cells).

Action potential characteristics and responses to
current injection

This was less systematically explored due to the high
resistance of the electrodes employed that inevitably

Pre-drug During drug
control application

SarMetSP (n = 3 tested)
Latency to start (ms) 18.6+ 11.1 17.1 ±6.9
Duration (s) 5.5 ±7.7 9.1 ±11.7
Rise time (ms) 27.9 ±19.2 33.4 ±31.4

Amplitude (mV) 8.7 ±3.2 12.0 ±1.6
DAMGO (« = 7 tested)
Latency to start (ms) 22.7 ±14.5 29.0 ± 18.6
Duration (s) 6.0 ±6.1 1.6 ± 1.9
Rise time (ms) 18.4 ± 11.8 26.2 ±10.7

Amplitude (mV) 13.3 ±7.1 6.6 ±2.6

caused some filtering of high frequency signals. However,
it was noted that all the NKj +ve neurones showed very
little spike frequency adaptation to depolarising current
pulses (Fig. 5A). Action potentials had depolarisation
and repolarisation slopes without discontinuities. The
after-hyperpolarisations (AHPs) following the action
potentials in NKj +ve neurones tended to be long (dura¬
tion 18.2±11.5 ms, fall time 3.3±2.3 ms, amplitude
5.6 + 3.1 mV). Hyperpolarising current pulses resulted
in a steady shift in membrane potential with no delayed
rectification. Rebound depolarisation after current injec¬
tion was not typical but was seen in one neurone
(Fig. 5B). This cell also showed a rebound hyperpolar-
isation after depolarisation (Fig. 5A). The NKi —ve neu¬
rones were much more varied and some showed

pronounced spike frequency adaptation, delayed rectifi¬
cation to hyperpolarising pulses and rebound depolarisa¬
tion. The AHPs in NKi —ve neurones were typically
shorter (8.715.1 ms, fall time 2.5+1.5 ms, amplitude
3.511.8 mV).

Effects of SarMetSP

All the NKi +ve neurones were depolarised (mean
amplitude 7.812.9 mV) by the selective NKi receptor
agonist SarMetSP (1 pM) (Fig. 6A). These depolarisa-
tions took between 17 s and 110 s to start with the
variation probably reflecting small differences in bath
flow rates, the distribution of the drug in the bath and
positions of the cells in the slices. In most cases these
depolarisations caused increased cell firing that outlasted
drug application by several minutes (up to 200 s). They
were not due to the summations of EPSPs (Fig. 6B) and
were considered to be due to direct action of the drug on
these neurones. Measurements of membrane conduc¬
tance carried out on a few cells indicated an increase in
membrane resistance during the depolarising action of
SarMetSP. Repeated application of SarMetSP at differ¬
ent time intervals revealed some desensitisation which
lasted in the order of 30 min. In a separate ongoing
study of LIII neurones we have found that one NKi
+ve neurone and two other neurones which were directly
depolarised by SarMetSP, but not tested for NKi recep¬
tor expression, were coupled to other neurones. This was
observed as labelling of a second neurone from a den¬
drite and by potentials having the characteristics of gap
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1 min.
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Fig. 7. Effects of DAMGO on the NIG +ve neurone illustrated in
Fig. 2B. (A) Slow time base to show overall change in membrane
potential and firing. It can be seen that DAMGO causes a small
direct hyperpolarisation that recovers quickly at the end of drug
application. The evoked firing of this cell (B) is also inhibited (C)
but recovers more slowly. (B) Sample of trace from the point indi¬
cated by the first star under trace A. This is prior to DAMGO
application and shows the prolonged depolarisation and firing
caused by a single C-fibre intensity shock (first deflection is the
stimulus artifact). (C) At the end of DAMGO application (second
star in A), the evoked response is much shorter. The initial short

EPSP is resistant to block.

junction filtered action potentials. We have found no
evidence of this type of coupling in LI NK] +ve neu¬
rones in this study. In Fig. 6C a sample of trace at a
fasted time base is shown and a complete absence of
EPSPs, IPSPs and filtered action potentials is apparent.

In three NK] +ve neurones the effect of SarMetSP on

synaptically evoked responses was studied (Table 1). No
change in latency to the start of the excitation was
found, however, the duration and amplitudes of the
responses were greater.

In contrast the NK] — ve neurones were much more
varied in their responses to SarMetSP. In one cell this
drug had no detectable action, in six cells it produced
small depolarisations (range 2.2-5.9 mV). In four cells it
caused a hyperpolarisation (range —2.1 to —17.1 mV).
The mean change in membrane potential in these NK]
—ve cells was 0.2 ± 6.9 mV which was significantly differ¬
ent from those of the NK] +ve cells (PCO.Ol, Student's
unpaired /-test). In some of the NK] —ve neurones Sar¬
MetSP produced a clear change in the frequency of spon¬
taneous EPSPs or IPSPs.

10mV

10mV

c.

10mV

200ms

Fig. 8. Effects of DAMGO on NK] +ve neurone (cell 3, Fig. 7,
Cheunsuang and Morris, 2000). This cell shows even more clearly
the powerful action of DAMGO on the C-fibre component of the
evoked response. (A) Slow time scale to show overall action of
DAMGO which produces a gradual hyperpolarisation of the neu¬
rone. (B) Response evoked by peripheral nerve stimulation indi¬
cated by first star. This cell was unique in showing a huge evoked
EPSP pushing the neurone into depolarisation block. (C) As
DAMGO acts (second star) the EPSP is dramatically shortened
and reduced in amplitude. With continuing application this EPSP
gets smaller but its very first component is never totally blocked.

Actions of DAMGO

The p-opioid agonist DAMGO (1 pM) caused small
hyperpolarisations in NK] +ve neurones (« = 8 tested)
(4.6 ±3.0 mV). In one case no hyperpolarisation was
detectable. This contrasts strongly with the very powerful
inhibition of the afferent evoked responses that this drug
produced in these neurones (seven tested) (Table 1).
Whilst the latency of the first part of the evoked response
was not altered, their durations and amplitudes were
markedly reduced (P < 0.05, Student's paired /-test)
(Figs. 7 and 8). Effectively the overall reduction in
these evoked responses could profoundly alter the firing
of the neurones (Fig. 7C). The early component of the
EPSP was the most resistant to inhibition. The return of
the membrane potential to pre-drug control levels after
cessation of DAMGO application was 223 ± 152 s. The
inhibition of the synaptically evoked responses fre¬
quently persisted for a long time after the recovery of

NSC 5489 19-4-02



Spinal lamina I neurokinin 1 receptor expressing neurones 431

the membrane potential and in some cases did not return
to control levels during the rest of the experiment.

In comparison the NK] — ve neurones showed more
diverse responses to DAMGO. Hyperpolarisation was

present in all seven neurones tested ranging from 3.4 to
22.7 mV (11.1 ±5.9 mV). Some of these neurones showed
very large hyperpolarisation that totally blocked all
evoked and spontaneous synaptic potentials.

DISCUSSION

The data presented in this study are all in agreement
with the view that LI neurones that express NKi recep¬
tors have a central role in the relay of information giving
rise to nocifensive behaviour (Mantyh et al., 1997). These
neurones are powerfully excited by peripheral nerve stim¬
uli that recruit C-fibre afferents. They show little spike
frequency adaptation to depolarising current pulses and
fire strongly throughout the period of depolarisation
caused by C-fibre stimulation. The durations of their
responses to these stimuli are also very prolonged even
when single shocks are applied. To the limited extent we
have studied it, they show wind-up to repetitive nerve
stimulation. All these characteristics are compatible
with the prolonged changes in response to tissue injury.

The degree of specificity in the distribution of recep¬
tors and molecules having specialised functions in sub¬
groups of dorsal horn neurones potentially offers a
means of unravelling the complex anatomy of this
region. For example, a consistent morphology has been
described for intracellularly labelled calbindin neurones
in LIII of the medullary dorsal horn (Li et al., 1999). The
anatomy of the NKi receptor expressing neurones has
been the subject of several investigations (Liu et al.,
1994; Littlewood et al., 1995; Cheunsuang and Morris,
2000). The axons of these neurones give rise to relatively
few collaterals and they probably make few local synap¬
tic contacts. Collaterals are found in LI and deeper in
LIII-LIV. In this and earlier studies (Bleazard et al.,
1994) we have found that intrinsic LII neurones (stalked
and islet cells) are not directly depolarised (or only to a
small extent), and tend to show relatively little change in
synaptic input, in response to SarMetSP. We have found
a few neurones in the deeper part of LII and in LIII,
showing increases in EPSP activity to SarMetSP appli¬
cation. In a few cases we have found that these EPSPs
can be blocked 6-cyano-7-nitroquinoxaline-2,3-dione
disodium (O. Cheunsuang, L. Bleazard and R. Morris,
unpublished observations). Tentatively we therefore pro¬

pose that these NK] neurones are glutaminergic and
excite small numbers of spinal neurones.

In the present study it was clear that some of the
labelled NKi +ve neurones gave rise to relatively coarse
axons which ran immediately away from the cell. Some
ran ventrally then turned sharply having exactly the
course that would be expected of axons decussating to
join ascending tracts in the contralateral lateral funicu¬
lus. Lamina I contains significant numbers of neurones
which project to supra-spinal structures including thala¬
mus, parabrachial area, periaqueductal grey and mesen¬

cephalic reticular formation. It has now been shown that
77% of the LI neurones that project to the thalamus
express the NK| receptor (Marshall et al., 1996), whilst
between 74% and 83% of those retrogradely labelled
from relatively large parabrachial injections also
expressed this receptor (Todd et al., 2000), although
fewer (40-45%) were found in a comparable study
(Ding et al., 1995). Many spinothalamic neurones in
the rat appear to give rise to axon collaterals that project
to the parabrachial area (Hylden et al., 1989). Hence, it
seems reasonable to propose that many LI NKi +ve
neurones have branched axons to both sites. In a detailed

study of spinothalamic neurones in the cervical dorsal
horn of the rat, 15 spinothalamic tract neurones were
localised to the superficial dorsal horn (LI) (Dado et
al., 1994). These neurones had axons giving a mean con¬
duction velocity of 18.5 m/s. Their receptive fields typi¬
cally covered the whole of the forepaw and in some cases
extended to the flank, and their receptive properties were
either nociceptive-specific or polymodal (Dado et al.,
1994). In a recent detailed study of LI neurones anti-
dromically identified from the parabrachial nucleus
they were found to show a greater range of conduction
velocities (2.8-27.8 m/s, mean 15.3 m/s). Many had small
receptive fields, frequently restricted to a single toe, and
only responded to noxious stimuli (Bester et al., 2000).
These observations combined with other data (Han et
al., 1998; Lima and Coimbra, 1988, 1989; Lima et al.,
1991) lead to the following suggestion. Large multipolar
LI NKi +ve neurones are nociceptive or wide-dynamic
range neurones that have large receptive fields and give
rise to faster conducting axons which project to the thal¬
amus and parabrachial area. Small fusiform LI NKi +ve
neurones are specific nociceptors that have small recep¬
tive fields and axons which project to the parabrachial
area and medullary reticular formation.

The intrinsic properties of the NKi +ve neurones also
showed some interesting characteristics although it is
difficult with high resistance electrodes to analyse these
properties with great precision. The action potentials
were followed by quite marked AHPs which will almost
certainly involve Ca2+ gated K+ channels (Sah, 1996)
which could regulate the pattern and peak rates of firing
of these neurones (Hille, 1992). They also show little
spike frequency adaptation which has also been observed
in LIII NK] +ve neurones in the medullary dorsal horn
(Li et al., 2000b). To repetitive afferent stimulation they
produce prolonged firing. This type of 'wind-up' phe¬
nomenon has attracted considerable attention as it is
seen as a model for hyperalgesia. A recent study has
shown that the ability to generate this type of firing
can depend critically on the expression of calcium chan¬
nels, can be produced intrinsically by current injection,
and is blocked by nifedipine (Morisset and Nagy, 2000).
The basis for prolonged responses in LI NK! receptor
expressing neurones will require a similar analysis.

Analysis of the thresholds and latencies of their
peripheral nerve evoked responses indicates that some
NKi +ve neurones may, in addition to their C-fibre
input, also receive an A8-fibre input. The shortest latency
response observed was 8 ms, which on the basis of the
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conduction distance of 25 mm gives an axon conduction
velocity of 3.1 m/s. Although this velocity is not high it
would require some correction for the tissue bath tem¬
perature and the age of the animal. Coupled with the
threshold data we would suggest that some of these neu¬
rones receive input from A5-fibres. Anatomical evidence
has been obtained for a myelinated fibre input to deeper
dorsal horn neurones expressing NK] receptors (Nairn et
al., 1998). LI spino-parabrachial neurones, many of
which will express NK] receptors, have also been
shown to receive afferent inputs in the A5-fibre conduc¬
tion range (Bester et al., 2000). None of the latencies or
thresholds in the present study were compatible with an
Aa/p-fibre input to these neurones.

All the NKi +ve neurones studied produced larger
EPSPs when the peripheral nerve stimulation was
increased to an intensity which recruited C-fibres. LI and
LIIo are a major target for C-fibres containing substance
P. The density of substance P containing synapses on dor¬
sal horn neurones expressing NKi receptors and the role
of volume transmission has been the subject of some dis¬
cussion (Liu et al., 1994; Nairn et al., 1997; Aicher et al.,
2000). However, as C-fibre intensity stimuli and noxious
stimuli both cause the release of substance P in the dorsal
horn and subsequent NKi receptor internalisation
(Mantyh et al., 1995), it is probably no longer contentious
to state that activation of some C-fibre primary afferents
containing substance P results in its release and activation
of NK| receptors on LI neurones. The dendrites of these
neurones do not receive many inputs from type 1 glomer¬
ular synapses (Cheunsuang and Morris, 2000) and synap¬
ses labelled by fluoride resistant acid phosphatase or
isolectin B4 from Griffonia simplicifolia terminate in a

higher density in Llli. Hence, LI NKj +ve neurones
receive inputs from only some types of C-fibre. Although
these neurones are clearly a target for primary afferent
released substance P it would be too simplistic to try to
account for their C-fibre evoked responses just through
the action of substance P. Substance P is contained
within dense core vesicles in primary afferent terminals.
These terminals also contain small round vesicles clus¬
tered towards synaptic densities. Double labelling studies
establish that glutamate is enriched in these terminals
(De Biasi and Rustioni, 1990). Substance P is also colo-
calised with calcitonin gene related peptide and hence,
this is another transmitter which could contribute to

the C-fibre evoked responses. Although we have not car¬
ried out antagonist studies to separate components of the
C-fibre evoked EPSPs in LI NK| +ve neurones, extra¬
polation from numerous studies suggests the following.
The first components of the EPSP is produced by gluta¬
mate acting at a-amino-3-hydroxy-5-methyl-4-isoxazide
propionate receptors, superimposed on this is a longer
depolarisation mediated by glutamate acting at NMDA
receptors and then finally a longer latency, but longer
duration depolarisation caused by substance P. To a
limited extent we have started to explore the effects of
different patterns of afferent stimulation. It is probable
that the release of dense core vesicles from synapses
requires the influx of more Ca2+ than that required to
release small clear vesicles docked at release sites. Hence,

a short train of action potentials invading these peptid¬
ergic primary afferent terminals may produce greater
release of substance P. Our preliminary observations
support this suggestion.

All the neurones expressing NKi receptors were depo¬
larised by the selective NKi receptor agonist. This depo¬
larisation was not the result of summations of EPSPs,
and where measured, was accompanied by an increase in
membrane resistance. Although we did not prove a direct
action by application of tetrodotoxin, it seems reason¬
able to assume that a direct action is occurring. The
amplitudes and durations of the responses to SarMetSP
in some cases were very similar to those produced by
repetitive nerve stimulation.

Application of the NKi agonist also caused an
increase in the amplitude of peripheral nerve evoked
responses. It has been shown that substance P applica¬
tion to dissociated spinal neurones can lead to an
increased conductance through NMDA channels
(Rusin et al., 1993). It has also been shown that sub¬
stance P can alter the response of spinothalamic neu¬
rones to the microiontophoretic application of NMDA
or afferent stimulation for relatively prolonged periods
(Dougherty and Willis, 1991; Dougherty et al., 1993).
The changes we observed in afferent evoked responses

during the application of SarMetSP and immediately
after its application, whilst compatible with these obser¬
vations, were not large effects.

In the present study the application of SarMetSP to
these neurones caused them to desensitise to subsequent
applications of this agonist. The time course of this
desensitisation would fit well with that for the internal¬
isation of the NK] receptor. In a few cells dendritic
terminals were also beaded which is often seen in den¬
drites which have internalised the NKi receptor (Mantyh
et al., 1995).

Although DAMGO produced small direct hyperpolar-
isations of NK] +ve neurones, its most profound effect
was the block of the C-fibre evoked EPSPs. The mRNA
for the |i-opioid receptor has been shown in substance P
containing primary afferent cell bodies (Maekawa et al.,
1996). This is not surprising in view of the inhibition by
p-opioid agonists of substance P released in the dorsal
horn by peripheral nerve stimulation (Jessell and Iversen,
1977). The small postsynaptic action that we observed
agrees with the limited expression of p-opioid receptors
by LI NK| +ve neurones (Aicher et al., 2000). Interest¬
ingly, some of the neurones that we classified as NKi
—ve were very powerfully directly hyperpolarised by
DAMGO. Attempts to address whether the antinocicep¬
tive action of p-opioids at the spinal level is due to an
inhibition of NK] receptor expressing neurones suggest
that this cannot account for the action of these drugs
(Abbadie et al., 1997; Trafton et al., 1999, Nichols et
al., 1999).

It is interesting to consider differences in nociceptive
behavioural responses between animals in which prepro-
tachykinin (Cao et al., 1998) or the NKi receptor (De
Felipe et al., 1998) have been knocked out, compared to
those in which the NK] receptor expressing cells have
been selectively lesioned (Mantyh et al., 1997). Clearly,
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the removal of substance P or its receptor would only
remove part of the EPSP evoked by stimulating nocicep¬
tive C-fibres containing substance P. All these manipu¬
lations did not alter withdrawal thresholds to mildly
noxious stimuli. Hyperalgesia was lost in both NKi
receptor knockout mice (De Felipe et al., 1998) and sub¬
stance P-saporin treated rats (Mantyh et ah, 1997), addi¬
tionally wind-up was absent in the knockout animals (De
Felipe et ah, 1998). Responses to intense noxious stimuli
were reduced in mice in which expression of the prepro-

tachykinin gene had been disrupted (Cao et ah, 1998).
The induction of c-fos also reveals that activation of LI
neurones expressing NKj receptors is correlated with
noxious stimulus intensity (Doyle and Hunt, 1999).
Recently it has also been shown that the NK] receptor
knockout animals show dramatically different responses

to noxious stimuli applied to the viscera that are richly
innervated by substance P containing afferents (Laird et
ah, 2000). It has now also been shown that descending
inhibition initiated by peripheral noxious stimuli is
reduced in mice in which the NKj receptor has been
knocked out (Bester et ah, 2001).

Hence, although antagonists acting at NKi receptors
are not very useful analgesics (Hill, 2000), the neurones
in LI which express NKi receptors may be an important
target for analgesics or neurotoxins designed to limit
intense pain.
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Abstract Cholinergic interneurons in laminae III/IV of
the dorsal horn contain co-localised y-aminobutyric acid
(GABA) and frequently form axoaxonic synapses with
terminals of primary afferents. They are therefore prob¬
ably last-order interneurons involved in presynaptic
inhibition. The purpose of the present investigation was
to determine if these cells receive direct input from
primary afferents. Relationships between primary affer¬
ents and interneurons were investigated in adult rats.
Myelinated primary afferents were labelled with the B-
subunit of cholera toxin (CTb). Unmyelinated afferents
were labelled with IB4 lectin and an antibody to identify
calcitonin-gene-related peptide (CGRP). Cholinergic neu¬
rons were labelled with an antibody raised against choline
acetyltransferase and examined with a confocal micro¬
scope. Cells were reconstructed with NeuroLucida for
Confocal and afferent contacts plotted. Interneurons
(N=30) received an average of 20.2± 11.9 (SD) contacts
from CTb-labelled primary afferents, which were prefer¬
entially distributed on proximal and intermediate den¬
drites. Interneurons with dendrites which extended into
lamina II (N=20) received an average of 27.4±19.0 IB4
contacts (on intermediate and distal dendrites) and
9.2±6.8 CGRP contacts. It is concluded that cholinergic
interneurons receive contacts from both myelinated and
unmyelinated primary afferents and different classes of
afferent target particular dendritic domains. Cholinergic
interneurons are likely to be components of an inhibitory
feedback pathway that is monosynaptically activated by
primary afferents.
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Introduction

The classical form of presynaptic inhibition is associated
with primary afferent depolarisation (PAD), which is
mediated by inhibitory interneurons that form axoaxonic
synapses with terminals of primary afferent axons (for a
review see Rudomfn and Schmidt 1999). Electrophysio¬
logical investigations have attempted to characterise the
input and output properties of such interneurons (e.g. see
Jankowska 1992), but identification of the neurons
themselves has proved to be difficult and very little is
known about their organisation (Rudomfn et al. 1987).
The principal neurotransmitter involved in presynaptic
inhibition is y-aminobutyric acid (GABA). Ionophoretic
application of GABA at terminals of primary afferents
mimics PAD and application of antagonists that act at
GABAa receptors substantially reduce PAD. Several
subtypes of GABAergic interneuron in the dorsal horn
have been classified according to patterns of co-localisa¬
tion with other putative neurotransmitters or chemical
markers (Todd and Spike 1993). Cells forming one of
these subgroups contain a combination of acetylcholine
and nitric oxide synthase in addition to GABA but do not
contain glycine (Spike et al. 1993). Cholinergic cells of
the dorsal horn were originally revealed by using
antibodies raised against choline acetyltransferase
(ChAT; Barber et al. 1984; Borges and Iversen 1986;
Sheriff and Henderson 1994). Their cell bodies are
located in lamina III-V and give rise to a plexus of axon
terminals in dorsal lamina III and the inner portion of
lamina II. These ChAT-immunoreactive axons also
contain GABA (Riberio-da-Silva 1995) and a consider¬
able proportion of cholinergic terminals in laminae II—III
form axoaxonic synapses (Ribeiro-da-Silva and Cuello
1990). These terminals are often presynaptic to central
boutons of type II glomeruli (which probably originate
from AS primary afferents) and also participate in type I
arrangements where the central terminals are probably
derived from C fibres. This evidence suggests that the
cholinergic subgroup of GABAergic dorsal horn cells is
likely to be last-order interneurons involved in presynap-
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tic inhibition (i.e. PAD interneurons) and may influence
activity of myelinated and unmyelinated primary afferent
axons.

The classical view of PAD interneurons is that they are
components of short polysynaptic pathways (Eccles et al.
1962; Jankowska et al. 1981). However, this view is based
principally on studies of motor control pathways in the
ventral and intermediate grey matter and very limited
information is available about the organisation of PAD
interneurons in the dorsal horn. Ribeiro-da-Silva and
Cuello (1990) observed that dendrites of ChAT-immuno-
reactive cells are often components of glomeruli where
the ChAT dendrite is in postsynaptic apposition to the
central bouton. This evidence indicates that at least some

of these neurons are activated monosynaptically by
primary afferents. The purpose of the present investiga¬
tion was to determine to what extent cholinergic in¬
terneurons receive direct input from primary afferents and
to determine what classes of primary afferent form
contacts with them.

normal donkey serum (NDS) in PBS for 30 min. Sections from the
blocks ipsilateral to the injection were incubated in a mixture of
primary antibodies which consisted of goat anti-ChAT (1:100;
obtained from Chemicon International, Harlow, UK) and mouse
anti-CTb (1:250; kindly donated by Dr. M. Wikstrom, Gothenburg)
for 48 h at room temperature. All dilutions were made in PBS with
1% NDS and 0.3% Triton X-100. Sections were washed in PBS and
placed in lissamine-rhodamine (LRSC)-donkey anti-mouse IgG
(1:100) and fluorescein (FITC)-donkey anti-goat IgG (1:100) in
diluting solution for 3 h (all secondary antibodies were obtained
from Jackson ImmunoResearch, Luton, UK). Sections from con¬
tralateral blocks were incubated for 72 h at room temperature in
IB4 lectin (Sigma-Aldrich Co., Poole, UK) coupled to biotin (1 pg/
ml) and rabbit anti-CGRP (1:5,000; Peninsula Laboratories, St.
Helens, UK) along with the goat anti-ChAT antibody at the same
dilution as above. Following a wash in PBS, sections were
incubated in avidin-rhodamine (1:500) for 6 h and subsequently in
FITC-donkey anti-goat IgG (1 TOO) and cyanine 5.8 (Cy-5) coupled
donkey anti-rabbit IgG (1:100) for 3 h. At the end of incubations,
all sections were washed in PBS, mounted on slides with
Vectashield (Vector Laboratories, Peterborough, UK) anti-fade
medium and stored in a freezer at -20°C.

Cholinergic neurons from both series of experiments were
systematically examined with a BioRad MRC 1024 confocal laser

Materials and methods

Immunofluorescence and confocal microscopy

Relationships between primary afferents and cholinergic interneu¬
rons were investigated in dorsal horns of three adult female albino
Swiss rats in a series of experiments that involved two- and three-
colour confocal laser scanning microscopy. All procedures were
performed according to British Home Office regulations. Cholin¬
ergic interneurons were identified by using an antibody raised
against choline acetyltransferase (ChAT), which labels neurons
with a Golgi-like stain revealing even the most distal dendritic
processes. Two series of experiments were performed. In the first
series, we investigated the relationship between myelinated primary
afferents and ChAT-immunoreactive interneurons by injecting the
B-subunit of cholera toxin (CTb) into the sciatic nerve (LaMotte et
al. 1991). In the second series of experiments, unmyelinated
primary afferents were labelled with the isolectin B4 (IB4) from
Griffonia simplicifolia (Silverman and Kruger 1990), which binds
predominantly to a subgroup of unmyelinated non-peptidergic
primary afferents, and an antibody raised against calcitonin-gene-
relatcd peptide (CGRP), which is a tuaikei fot peptidergic primary
afferents.

Animals were deeply anaesthetised with halothane and the left
sciatic nerve was exposed under strict aseptic conditions. A
micropipette containing a 1% solution of the B-subunit of cholera
toxin (CTb: Sigma-Aldiich Co., Poole, UK) in sterile distilled
water was inserted into the epincurium and 3—4 pi was pressure
injected into the nerve. After 3 days survival, rats were deeply
anaesthetised with pentobarbitone (1 ml i.p.) and perfused with
saline, which was followed by fixative that consisted ot 4%
formaldehyde in 0.1 M phosphate buffer (pH 7.4). Mid-lumbar (L3/
4/5) spinal cord segments were removeo attri placed in a solution ot
the same fixative overnight. Segment blocks were washed exten¬
sively in phosphate-buffered saline (PBS=1.8% sodium chloride in
0.1 M phosphate buffer, pH 7.4) and were split along the midline
with a razor blade into blocks which were either contralateral or

ipsilateral to the injection site. Material for analysis was obtained
from all three animals for each series of experiments; tissue
ipsilateral to the sciatic nerve injection was used for the first series
of experiments and tissue from the contralateral cord was used in
the second series. Parasagittal sections (50 pm thick) were then cut
with a Vibratome. The sections were treated initially with 50%
ethanol to enhance antibody penetration and then incubated in 5%

Fig. 1 A pair of projected confocal microscope images illustrating
immunoreactivity for choline acetyltransferase (ChAT) and the B-
subunit of cholera toxin (CTb). The images are taken from a
parasagittal section of the dorsal horn in the L4 segment. The top
image shows a cholinergic neuron. The cell and most of its
dendritic processes are contained within lamina III. The lower
image shows the distribution of terminals of myelinated primary
afferents in the same field which were labelled by injecting CTb
into the sciatic nerve. Note the almost complete absence of
labelling in lamina II. Scale bar 100 pm

ChAT
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Fig. 2A-I) Confocal microscope images showing the relationship
between CTb-labelled afferents and a cholinergic cell. A A
projected, merged series of single optical sections showing a
cholinergic cell in lamina III (green) surrounded by (red) terminals
of myelinated afferents. In single optical sections, it can be seen

that CTb-labelled afferents make contacts (arrows) with the soma
(C), proximal (B) and distal (D) dendrites of the cell. A
reconstruction of this cell is shown in Fig. 5 (upper left). Scale
bars 50 pm (A), 10 pm (B-D)

scanning microscope equipped with a krypton-argon laser. Sequen¬
tial images were gathered with a x40 oil-immersion lens (NA=1.3)
at 1-pm intervals using a zoom factor of 1.5. Overlapping fields
were scanned for each cell until series of images had been gathered
which covered the extent of the dendritic arbor contained within a

single Vibratome section. Cells were reconstructed from stacks of
individual merged optical sections with the aid of NeuroLucida for
Confocal (MicroBrightField, Colchester, VT). This program not
only permitted a three-dimensional reconstruction of each cell, but
also enabled the locations of contacts to be plotted on the
reconstructions and provided information about dendritic diameters
and dendritic lengths. Contacts were viewed at a zoom factor of 3
and were defined as appositions between axon varicosities and cell
processes where no intervening dark pixels were present.

Electron microscopy

In a parallel series of experiments, we attempted to examine
contacts between primary afferent terminals and ChAT cells with
electron microscopy by using a combination of the silver-intensi¬
fied gold (SIG) method (to label cells) and a diaminobenzidinc

(DAB) reaction (to label afferent terminals). The material used in
this part of the study was obtained from two adult albino Swiss rats.
Myelinated axons were labelled by injecting CTb into the sciatic
nerve as described above. Following 3 days survival, the rats were
anaesthetized with pentobarbitone (1 ml i.p.) and perfused with
saline, which was then followed by fixative that consisted of 0.2%
glutaraldehyde and 1% formaldehyde in 0.1 M phosphate buffer
(pH 7.4). Segments were fixed for a further 8 h, split into ipsi- and
contralateral blocks, sectioned in the parasagittal plane and treated
with ethanol in an identical manner to those prepared for confocal
microscopy (see above). Sections were next incubated in 1%
sodium borohydride for 30 min and washed many times in PBS.
Sections from blocks ipsilateral to the injected sciatic nerve were
incubated in mouse anti-CTb (1:2,500) and goat anti ChAT
(1:2,000) primary antiserum in PBS for 3 days at 4°C. Following
several washes in PBS, these sections were then incubated in rabbit
anti-goat IgG (1:1,000) and biotin-donkey anti-mouse IgG at 1:200
in PBS overnight. Blocks contralateral to the injection site were
incubated in goat anti ChAT antiserum (1:2.000) and IB4-biotin
(1 pg/ntl) in PBS for 3 days at 4°C and subsequently in rabbit anti-
goat IgG (1:1,000) in PBS for 24 h. All sections were incubated
overnight in anti-rabbit IgG (1:50) coupled to I nm gold in PBS,
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and following a rinse in PBS were placed in 2% glutaraldehyde in
PBS for 30 min. Sections were washed again in PBS and then in
distilled water before being placed in the intenSE reagent
(Amersham International, Little Chalfont, UK) for 14 min. Fol¬
lowing further washes in distilled water and PBS, the sections were
incubated overnight with ABC reagent (Vector Elite, Vector
Laboratories, Peterborough, UK) and reacted with DAB. Finally,
the sections were paced in 0.5% osmium tetroxide diluted in
phosphate buffer for 10 min, dehydrated in series acetone solutions
(with en bloc staining with uranyl acetate in the 70% solution) and
embedded between in acetate foils with Durcupan. Sections
containing labelled cells and axons were attached to blocks and
sectioned with a ultramicrotome. Series of sections were collected
on Formvar-coated single slot grids and examined with an electron
microscope. Sections were not contrasted with lead citrate as S1G
silver grains were found to dissolve during this treatment.

Results

Cell bodies of ChAT-immunoreactive cells were visual¬
ised with the confocal microscope in laminae III and IV in
parasagittal sections (Figs. 1. 3). Dendrites of these cells
could be traced for several hundreds of microns and were

found to ramify principally in lamina III but often extend
into more superficial laminae. At least two classes of cell
could be defined according to their morphological
properties: those that had rostrocaudally orientated den¬
dritic trees and those that had dorsally orientated dendritic
trees (see Figs. 1, 3, 5). A prominent band of ChAT
immunoreactivity was usually present in the doisal region
of lamina III and the inner region of lamina II (e.g. see
Fig. 3); this corresponded to the plexus of ChAT-
immunoreactive axons.

Myelinated primary afferent axons

Large numbers of CTb-labelled primary afferent axon
terminals were observed in laminae III, IV and more

ventral regions of the grey matter (Fig. 1). Some, lighter,
labelling was also observed in lamina I. In total, 30
ChAT-immunoreactive cells (10 cells from each of the 3
animals) were investigated for contacts from CTb-
labelled axonal swellings and reconstructed with the
NeuroLucida. All of the cells received contacts (range=8-
55 contacts/cell; mean±SD=20.2±l 1.9). The majority of
contacts were found on dendrites (see Figs. 2, 5) but a
small number were present on cell bodies (range=0-5
contacts/cell; mean±SD=0.97±l. 14). Sholl analysis indi¬
cated that there was a greater concentration of contacts
associated with proximal dendrites when compared with
distal dendrites (Fig. 6).

Fig. 3 A series of projected confocal microscope images showing
labelling for ChAT, IB4 and CGRP in the same field. The top
image shows a cholinergic neuron. The soma of the cell is located
in lamina III but its dendrites extend into more superficial laminae.
Note that the plexus of IB4 axons is found in the inner part of
lamina II whereas GGRP axons are most numerous in outer lamina
II and lamina 1. A reconstruction of this cell is shown in Fig. 5
(bottom right). Scale bar 100 pm
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Fig. 4A-G Confocal microscope images showing the relationship
between cholinergic neurons (green), CGRP-containing primary
afferents (blue) and IB4-labelled afferents (red). A A projected
series of confocal images illustrating a ChAT cell in lamina 111 with
dendrites which extend into lamina II. A reconstruction of this cell
is shown in Fig. 5 (top right). B-D Single optical sections

illustrating IB4 contacts (arrows) on intermediate and distal
dendrites of a cholinergic neuron. E, F Contacts on dendrites
formed by CGRP-containing axons (arrows). G Contacts formed
by GCRP axons with the soma of a cholinergic cell (arrows). Scale
bar 25 pm

Unmyelinated and peptidergic axons

Axons labelled with IB4 formed an obvious plexus in the
inner region of lamina II, whereas those labelled with
CGRP were located in the outer region of lamina II and in
lamina I (see Fig. 3). There was a considerable region of
overlap between the two classes of fibre and a small
number of terminals were labelled for both markers. For
the purposes of the quantitative analysis, these double-
labelled terminals were considered to be peptidergic (see

below). In total, 20 cells were analysed for contacts from
IB4- and CGRP-labelled terminals and only cells with
dendrites which crossed into lamina II were included in
the analysis (seven, nine and four cells respectively from
each of the three animals). All cells received contacts
from IB4 axons (range=l-68 contacts/cell; mean
±SD=27.4±19.0), which typically ran in parallel with
intermediate and distal dendrites (Fig. 4). Fewer contacts
were formed by CGRP axons (range=l-26 contacts/cell;
mean±SD=9.2±6.8), which typically formed sporadic
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Fig. 5 NeuroLucida reconstructions of cholinergic interneurons.
Left Red markers indicate locations of contacts from CTb-labelled
axons. Right Red markers indicate 1B4 contacts and green markers

represent CGRP Contacts. The yellow line indicates the border
between laminae II and III. Scale bars 100 pm

contacts with dendrites and cell bodies (Fig. 4). There was
a tendency for contacts to be found on intermediate or
distal dendrites (see Figs. 4, 5), but occasional contacts
were seen on proximal dendrites and even on cell bodies
(mean±SD for IB4 on cell bodies=0.15±0.37 and for
CGRP=0.45±0.89). A small number of terminals contact¬
ing cholinergic dendrites were double labelled for both

Contacts on ChAT cells
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Fig. 6 Sholl analysis of distributions of mean numbers of CTb, IB4
and CGRP contacts on dendrites of cholinergic cells. Contacts are
expressed in terms of average number of contacts per 100-prn unit
length of dendrite for the 30 cells investigated for CTb contacts and
the 20 cells investigated for IB4 and CGRP contacts. The analysis
is performed for unit lengths of dendrites contained within
concentric shells with radii that increase in 25-pm steps from the
centre of the soma. CTb contacts tend to be concentrated around
proximal regions of the dendritic tree whereas 1B4 contacts are
found generally on more distal dendrites. CGRP contacts are sparse
and often distributed throughout dendritic trees

Fig. 7A, B Electron micrographs illustrating contacts on choliner¬
gic interneurons. A A CTb-labelled axon terminal forms a contact
with a ChAT-immunoreactive dendrite. Note the presence of silver
grains within the dendrite. The inset shows a serial section
illustrating details of the region of contact (arrows). I? A terminal
labelled with 1B4 is closely applied to a ChAT-immunoreactive
dendrite. The inset shows a magnified view of the area of contact
that has been tilted to reveal synaptic specialisations. Arrows
indicate the region of synaptic specialisation. Scale bars l pm

ChAT

ChAT
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IB4 and CGRP (mean±SD 1.7+1.53). Sholl analysis
confirmed that IB4 axons tended to be distributed on

intermediate and distal dendrites (between 150 and
250 pm from the cell body) and that there were fewer
contacts from CGRP axons which were more evenly
distributed (Fig. 6).

Electron microscopy

It was necessary to make compromises with ultrastruc-
tural preservation in order to combine CTb and SIG
labelling for ChAT in the same tissue. In particular, CTb
reactions would only tolerate very low concentrations of
glutaraldehyde in fixative solutions and SIG labelling was
reduced if tissue was left in strong solutions of osmium
tetroxide for more than a few minutes. Furthermore it was

not possible to contrast the tissue with lead citrate as this
caused a reduction of SIG labelling. However, we were
able to confirm that both CTb- and IB4-labelled axons

form synaptic contacts with ChAT-immunoreactive cells
identified with the SIG method (Fig. 7). In total four
contacts from CTb-labelled axons and six contacts from
IB4-labelled axons were examined through series of serial
sections and were confirmed to be synaptic.

Discussion

In this study we have shown that cholinergic interneurons
in lamina III of the dorsal horn receive contacts from

significant numbers of primary afferent fibres. Ribeiro-
da-Silva and Cuello (1990) reported that dendrites of
these neurons in lamina II and III are postsynaptic to
central boutons of synaptic glomeruli. It is generally
accepted that central boutons are terminations of primary
afferent axons and therefore many of the contacts we
observed are likely to be sites of synaptic interaction.
Furthermore, their observation that ChAT-immunoreac¬
tive dendrites are involved in both type I and II glomeruli
is consistent with our findings that IB4- and CTb-labelled
axons form connections with these cells. Our preliminary
electron-microscopic data also indicate that CTb and IB4
contacts on ChAT cells are likely to be synaptic.

We have shown that it is chiefly primary afferents
which take up CTb and bind IB4 that form contacts with
cholinergic cells. Many fewer contacts were formed by
peptidergic primary afferents which were labelled with
CGRP even though dorsally directed dendrites of many
cells extended into the dense plexus formed by this type
of fibre in the dorsal regions of lamina II. It is likely that
most, if not all, CTb-labelled terminals originate from
myelinated primary afferents (LaMotte et al. 1991), which
convey innocuous tactile information. However, it is not
possible to differentiate between axons in the A/I
conduction velocity range and those in the A<5 range by
using this method. Large numbers of low-threshold
primary afferents terminate in lamina III (Brown 1981).
These include rapidly and slowly adapting A/3 cutaneous

afferents originating from hair follicles, pacinian corpus¬
cles and Merkel's discs and Ad down-hair afferents.

High-threshold mechanoreceptors in the Ad conduction
velocity range do not terminate in lamina III (Light and
Perl 1979) and therefore do not have the opportunity to
form contacts with these cells. Conversely, it is likely that
many axons labelled with IB4 respond to noxious stimuli.
Recently, Pang et al. (2000) have shown that a population
of dorsal root ganglion cells which bind IB4 is often
activated by noxious stimuli and gives rise to axons in the
C conduction velocity range. The majority of CGRP-
containing primary afferents also contain substance P and
would be expected to convey nociceptive information
(Lawson et al. 1997). It is known that dorsal horn
cholinergic neurons do not possess the substance P (NK-
1) receptor and receive very few contacts from substance-
P-containing axons (Nairn et al. 1997). These findings are
consistent with our observations which show that pepti¬
dergic afferents form sparse contacts with cholinergic
cells. However, this does not imply that CGRP/substance-
P-containing afferents have no influence on cholinergic
cells since these afferents also contain co-localised

glutamate (De Biasi and Rustioni 1988), which is
probably the principal neurotransmitter released by all
types of primary afferent (Broman 1994).

Contacts formed by CTb- and IB4-labelled terminals
were distributed differentially over dendritic trees, with
CTb terminals concentrated around proximal dendrites
and IB4 terminals on intermediate and distal dendrites.
This type of distribution would be expected as cell bodies
of cholinergic cells are found in lamina III, or more
ventrally, and their dendrites ramify in lamina III where
they receive CTb contacts and lamina II where they
receive IB4 contacts. Nevertheless, this type of distribu¬
tion may be of functional significance. As a consequence
of their close location to the cell body and initial axon
segment, contacts from rapidly conducting myelinated
axons may have a greater influence on these cells than the
more distally located high-threshold axons. Activation of
the C-fibre input to these cells alone may not be
particularly effective, but simultaneous activation of both
high- and low-threshold axons could result in an ampli¬
fication of the high-threshold signal. In addition, separa¬
tion of inputs conveying different modalities would also
provide an opportunity for selective modulation of these
inputs.

The finding that significant numbers of afferent
terminals form contacts with dendrites of cholinergic
neurons indicates that these cells are likely to be
components of inhibitory circuits that are monosynapti-
cally activated by primary afferents. Ribeiro-da-Silva and
Cuello (1990) demonstrated that cholinergic axons in
lamina II and III form axoaxonic in addition to axoden¬
dritic synapses and therefore are likely to mediate both
pre- and postsynaptic inhibition. The identity of cells
which give rise to dendrites in postsynaptic apposition to
cholinergic boutons is not known at present, but cholin¬
ergic axons form axoaxonic synapses with central boutons
of both type I and II glomeruli (Ribeiro-da-Silva and
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Cuello 1990). Hence they probably inhibit the same types
of primary afferent axons that activate them monosynap-
tically and therefore are components of a negative
feedback system. In this respect, these dorsal horn PAD
cells appear to differ from the population of ventral horn
PAD interneurons described by Eccles et al. (1962),
which are not activated monosynaptically. Jankowska and
Riddell (1995) have also provided evidence to support the
idea that some PAD interneurons in the dorsal horn are

excited with monosynaptic latencies. However, the cells
that they described are coexcited by group II muscle
afferents and low-threshold cutaneous afferents and

probably do not correspond to the type of neuron
described in the present report. The cells described in
this study also do not appear to belong to the group of
dorsal horn PAD interneurons described by Janig et al.
(1968). These cells are activated by low-threshold cuta¬
neous afferents and generate PAD in the same class of
afferent that activates them whereas the cells described in
our study are likely to be activated by both high- and low-
threshold primary afferents.

Although GABA is the principal neurotransmitter
involved in generating PAD and (along with glycine) is
responsible for mediating much of the postsynaptic
inhibition in the dorsal horn (Game and Lodge 1975),
acetylcholine itself is also likely to be a major dorsal horn
transmitter. Actions of acetylcholine in the dorsal horn are
mediated through both nicotinic and muscarinic receptors
(e.g. Bannon et al. 1998; Bleazard and Morris 1993;
Coggeshall and Carlton 1997), but relatively little is
known about the organisation or function of these
receptors. Muscarinic agonists, and possibly also nicotinic
agonists, have potent analgesic effects (Bannon et al.
1998; Honda et al. 2000; Naguib and Yaksh 1997).
Concentrations of both of these types of receptor are
present in laminae II and III, where they are thought to be
located on axon terminals of primary afferents and on
some dorsal horn cells (Coggeshall and Carlton 1997).
Acetylcholine therefore is likely to have a powerful
influence on activity in laminae II and III as this is also
the area where the plexus of cholinergic axons is found. It
has recently been shown by Haberberger et al. (1999) that
m2 muscarinic receptors are present on dorsal root
ganglion cells that bind IB4 but not those which contain
substance P. Cholinergic neurons form synapses with
terminals in type I glomeruli which principally originate
from the 1B4 group of fibres and acetylcholine may
influence activity at these terminals by operating through
this class of receptor. The m2 muscarinic receptor has
also been shown to be present on inhibitory local circuit
cells in lamina II and III including those which contain
acetylcholine and GABA (Stewart and Maxwell 1999). In
addition, application of carbachol (a non-specific musca¬
rinic agonist) evokes a release of GABA in the substantia
gelatinosa (Baba et al. 1998), thus indicating that
acetylcholine can activate inhibitory cells. Finally, in
addition to acetylcholine and GABA, cholinergic cells in
laminae III—IV also contain nitric oxide synthase (Spike et
al. 1993), and a further consequence of activation of this

group of cells by primary afferents could be the release of
nitric oxide which has been reported to have analgesic
effects (Xu et al. 2000).
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Inhibitory Amino Acid Transmitters
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ABSTRACT
The purpose of the present study was to characterize the transmitter content of struc¬

tures in presynaptic apposition to the central terminals of cutaneous afferent fibers in the
dorsal horn of the spinal cord. Axons in the Ac*p conduction velocity range were identified in
adult cats, stained intra-axonally with horseradish peroxidase, and prepared for combined
light and electron microscopy. In total, we labeled two slowly adapting (Type 1) axons, two
hair-follicle afferents, and one rapidly adapting (Krause) afferent. Ninety-nine labeled bou-
tons were examined through complete series of serial sections. Approximately 80% of boutons
originating from rapidly adapting and hair-follicle afferents were postsynaptic to other axons,
but only 50%; of boutons from slowly adapting axons were associated with this type of
arrangement. Postembedding immunogold reactions revealed that between 80% (for slowly
adapting axons) and 100% (for rapidly adapting axons) of boutons presynaptic to primary
afferents were immunoreactive for y-aminobutyric acid (GABA). The vast majority of these
terminals (in excess of 80%) were also enriched with glycine. Therefore, presynaptic inhibi¬
tion of these three functional classes of Aa(l cutaneous primary afferents is mediated prin¬
cipally by the subgroup of GABAergic interneuron that also contains glycine. J. Comp.
Neurol. 452:154-162, 2002. © 2002 Wiley-Liss, Inc.

Indexing terms: presynaptic inhibition; GABA; glycine; axo-axonic synapse; interneurons; intra-
axonal labeling

Primary afferent fibers convey signals from rocoptoro in
the skin, viscera, and muscles to central terminations in
the gray matter of the spinal cord where they make syn¬
aptic connections with spinal neurons. Presynaptic inhi¬
bition has an important role in the regulation of transmis¬
sion at this initial synapse. The classical form of
presynaptic inhibition is associated with primary afferent
depolarization (PAD), and it is likely that PAD is medi¬
ated by interneurons that form axo-axonic synapses with
terminals of primary afferent axons (see Alvarez, 1998;
Rudomin and Schmidt, 1999; Willis, 1999, for reviews).
Evidence from studies involving combined electrophysio¬
logical characterization, intra-axonal labeling and subse¬
quent electron microscopic examination of primary affer¬
ent terminals (e.g., see Maxwell and Rethelyi, 1987) reveal
that, with the exception of peptidergic C fibers (Alvarez et
al., 1993), most classes of muscle and cutaneous afferents
are associated with axo-axonic synapses and, therefore,

arc likely to be subject to classic presynaptic inhibition.
Pharmacological and immunocytochemical studies sup
port the hypothesis that the neurotransmitter involved in
the generation of PAD is y-aminobutyric acid (GABA).
Immunocytochemical studies confirm that GABA is
present in axon terminals apposed to myelinated muscle
afferents (Maxwell et al., 1990; Maxwell and Riddell,
1999; Watson and Bazzaz, 2001) in cats and rats and
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high-threshold mechanorecoptors in tho AS conduction ve¬
locity range in cats and monkeys (Alvarez ct ah, 1992).
However, little is known about the transmitter content of
axons that form synapses with the terminals of cutaneous
afferents. A preembedding immunocytochomical study us
ing glutamic acid decarboxylase (GAD) as a marker for
GARA (Maxwell and Noble, 1987) showed that GAD
immunoreactive profiles were apposed to terminals of
identified hair-follicle afferents, but, apart from this single
study, there is no direct evidence to support the idea that
terminals which form axo-axonic synapses with cutaneous
afferents contain GABA. The principal aim of the present
study, therefore, was to confirm that such terminals do
indeed contain GABA.

Electrophysiological investigations of PAD pathways
provide a complex picture, and most studies have focused
on interneurons in muscle afferent pathways (see
Jankowska, 1992). However, Janig et al. (1958) investi¬
gated stimuli that evoke PAD in different classes of low-
threshold cutaneous afferents. They observed that slowly
adapting fibers were most effective in generating PAD in
other slowly adapting axons, whereas rapidly adapting
axons were most effective m generating PAD in rapidly
adapting fibers. It would be predicted, therefore, that sep¬
arate systems ol interneurons evoke PAD in rapidly
adapting and slowly adapting axons. Electrophysiological
investigations have concentrated upon input and output
properties of PAD systems but our knowledge of PAD
interneurons themselves is very limited. Immunocyto-
chemical studies have shown that GABA coexists in the
dorsal horn with several other neurotransmitters (Todd
and Spike. 1993), and some of these putative cotransmit-
ters have been identified in boutons which form axo¬

axonic synapses. For example, Todd (1996) has shown that
terminals presynaptic to central boutons of type II glomer¬
uli ipresumed terminals ot fine myelinated primary affer¬
ents) tend to contain a mixture ol GABA and glycine,
whereas axons in presynaptic apposition to central bou¬
tons of type I glomeruli (presumed terminals of unmyeli¬
nated axons) contain GABA but not glycine. This evidence
suggests that some groups of PAD interneurons contain a
mixture of GABA and glycine, whereas others contain
GABA only. Furthermore, it has been shown that glycine
is present in some boutons that form synapses with ter¬
minals of identified hair-follicle afferents (Todd et al.,
1991) but it is not known whether these terminals also
contain GABA. Therefore, a second aim of the study was to
determine whether boutons in presynaptic apposition to
cutaneous afferents contain glycine in addition to GABA.

These aims were achieved by using the intra-axonal
recording and staining method to label cutaneous primary-
afferent fibers in the Act(3 conduction velocity range. Ter¬
minals of labeled fibers were subsequently examined with
electron microscopy, and the postembedding immunogold
method was used to determine whether profiles associated
with labeled terminals contained GABA and glycine.

MATERIALS AND METHODS
Labeled axons were obtained from three young adult

cats. Anesthesia was induced with halothane (4% in an

50:50 f>2 and N2 O mixture) and maintained with chlora
lose (up to 70 mg/kg i.v.). Anesthetic levels were assessed
constantly throughout all experimental procedures by
monitoring blond pressure recordings and pupil dilatation.

The animals wore paralyzed with gallaminc tricthiodido
and artificially ventilated after completion of surgical pro
cedures. Blood pressure was maintained above 90 mm Hg
and end-tidal C0.2 levels at around 4% by adjusting the
parameters of artificial respiration and the rate of an
infusion of 100 mM sodium bicarbonate containing 5%
glucose. The core temperature was kept between 37°C and
38°C by means of a thermostatically controlled electric
blanket. Experiments were conducted according to LTK
Home Office regulations.

Surgery and recording procedures
The Gpinal cord wao expoacd by performing a lnmincc

tomy between the fifth lumbar to sacral segments, and the
dura mater was opened. Cats were placed in a spinal
frame. The sciatic nerve was exposed bilaterally to allow
tho placement of stimulating cloctrodoc. Afferent volloye
wore recorded with silver ball electrodes placed close to
the dorsal root entry zone on the surface of the dorsal
columns. Small holes were made in the pia matter, and
recordings were made from the dorsal columns of the
lumbosacral region with glass micropipettes containing a
solution of 10% horseradish peroxidase (HRP) in 0.05 M
Tris HC1 buffer containing 0.3 M potassium chloride at pH
8.6. When a unit was impaled which was activated by the
search stimulus applied to the sciatic nerve, the latency of
orthodromically conducted impulses wao recorded and its
receptive field assessed. Three types of cutaneous afferent
were analyzed in the present study: (1) hair follicle affcr
ents (HF), which could be activated by gentle brushing of
guard hairs on the receptive field (see Fig. 1); (2) slowly
adapting Type I units (SA1), which could be activated with
a small probe applied to the Gkin and gave sustained,
irregular discharges in response to a clip applied to the
skin; (3) rapidly adapting (Krauoc) units (RA), which dio
charged in response to a probe with a rapid burst and
could follow a tuning fork that vibrated at 330 Hz but not
one that vibrated at 523 Hz (see Brown, 1981). Once a unit
had been characterized, HRP was introduced into it by
passing a positive DC current of 10-15 nA for up to 30
minutes. Conduction velocities were calculated from la¬
tencies of orthodromic conduction and measurements of
conduction distance.

Combined light and electron microscopy
At the end of the experiments, animals were perfused

through the thoracic aorta initially with a rinsing solution
(mammalian Ringer's solution with 0.1% lignocaine), fol¬
lowed by 1 liter of warm (37°C) fixative (1% paraformalde¬
hyde, 1% glutaraldehyde in 0.1 M phosphate buffer at pH
7.4), and 2 liters of cold (4°C) fixative. Segments containing
labeled axons were placed in the same fixative overnight and
sectioned the following day with a Vibratome (transverse
sections 50 (xm thick). Sections were collected in strict serial
order and reacted with diaminobenzidinc (DAB) to reveal
the presence of HRP. They were then wet mounted in phos
phate buffer and examined with a light microscope to select
sections for subsequent EM and immunocytochcmical pro
cessing. The selected sections were placed in a 1% solution of
osmium tetroxide for 30 minutes, dehydrated through
graded acetone solutions, stained era bloc with uranyl ace
tate, and mounted between acetate foils with Durcupan.
After the Durcupan had polymerized, axons were examined
with a light microscope, photographed, and drawn with the
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aid of a drawing tube. Sections containing labeled axons
were then attached to blocks and cut with an ultramic-
rotome. Series ofultrathin sections were collected in pairs on
single-slot nickel grids coated with Formvar. Single-labeled
boutons were examined through extensive series of sections
to characterize the synaptic arrangements associated with
them. Synapses were identified according to the following
criteria (Peters et al., 1991): (1) apposed membranes sepa¬
rated by a synaptic cleft; (2) the presence ofpre- and postsyn¬
aptic specializations on cytoplasmic surfaces; (3) an accumu¬
lation ofvesicles at the presynaptic membrane. Examination
of serial sections made it possible to establish that these
criteria had been met, although, occasionally, detail was
obscured in primary afferent terminals by HRP reaction
product.

Postembedding immunogold reactions
Once the synaptic relationships of an afferent terminal

had been established, immunogold reactions were carried
out on two to four subsequent grids. Grids were treated
with 0.1% Triton X-100 in Tris-phosphate buffered saline
(TPBS; pll 7.4) and incubated overnight (at 4°C) in solu¬
tions (TPBS with 1% bovine serum albumin and 0.1%
Triton X-100) containing antibodies specific for GABA (1:
2,000) or glycine (1:4,000). These antibodies were kindly
supplied by Dr. D. Pow (Australia), and their properties
have been described previously (Pow and Crook, 1993).
After rinsing in TPBS, they were then placed in anti-
rabbit IgG coupled to 15-nm gold particles (1:10 solution
in TPBS with 0.1% Triton X-100) for 2 hours. The sections
were washed again in TPBS and, finally, in distilled wa¬
ter. Adjacent sections were examined with the electron
microscope to determine whether the pattern of immuno-
reactivity was consistent for each of the two antibodies.
Images were collected directly from the screen of the elec¬
tron microscope by using a Gatan CCD camera, and the
donsitiee of immunogold particles (no. of particles per
pm2) were estimated by using a Konlron KS 400 image
analysis system as described previously (Maxwell and
Kiddeii, 1999). Background levels of immunoreactivity
were estimated for axonal profiles by counting the number
of gold grains over boutono forming asymmetrical syn¬
apses on the same sections from which test data were
collected. Profiles were not considered to show a positive
immunoreaction, unless the gold particle density was at
least three times the average background density.

Photomicrographs were produced by scanning the orig¬
inal negatives at high resolution and converting the
scanned images to positive. Plates wore compiled with
Adobe Photoshop version 5.5 (Adobe Systems, Inc.); con¬
trast. and brightness were adjusted.

RESULTS

Although a much larger population of afferents was
initially labeled, five primary afferent axons were finally
chosen for analysis. They were selected according to the
following criteria: (1) the axons were well labeled and
suitable for combined light and electron microscopy anal
3rsis) (9) the ultrastructural preservation of the tissue was
of an acceptable standard, and (3) the tissue displayed
good immunoreactivity for GABA and glycine. The sample
consisted of two hair-follicle afforonts, two slowly adapt
ing Type 1 afferents, and one rapidly adapting afferent
fiber These fibers had conduction volocitioc that ranged

F.I. SUTHERLAND ET AL.

A

Response to brush

100ms

Fig. 1. Electrophysiological characterisation of primary aff'eronto.
A: The upper trace shows an intra axonal recording from a hair
follicle afferent (HF) axon. An impulse is evoked orthodromically after
electrical stimulation of the sciatic nerve. The lower trace shows the
cord dorsum potential recorded simultaneously. B: The unit ro
sponded to brushing within the receptive field. Horizontal bars indi¬
cate the period for which a brushing stimulus was applied. Tire
receptive field of this fiber was situated on the dorsal surface of toe 4.

from 76 to 107 m/sec and, therefore, fall within the Aa(3
range (see also Fig. 1). The arborization patterns in the
dorsal horn were similar to those described previously for
each of these classes of afferent (see Brown, 1981), and no
attempt was made to reconstruct individual collaterals.
However, regions processed for EM were drawn and pho¬
tographed. Three representative axonal arbors for each
class of afferent are shown in Figure 2. All three classes
formed en passant and terminal boutons.

Ultrastructure of afferent terminals
A total of 99 complete primary afferent boutons wore

examined through serial sections; if a bouton could not be
followed completely through a series, it was not included
in the sample. Boutono from each class of afferent axon
could be observed participating in synaptic arrangements
ranging from single axodendritic synapses, to complexes
with several postsynaptic profiles and up to three presyn¬
aptic structures (see Figs. 3 6). Presynaptic torminals at
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Fig. 2. Montages constructed from photomicrographs taken from
single sections of hair-follicle primary (A*, rapidly adapting primary
(B), and slowlv adaptingTvne I primary (C) afferent axons The axons
predominantly formed clusters of en passan t boutons but occasional
terminal boutons were also evident. The boxes in the inset diagrams
indicate the location of labeled axons in the dorsal horn (A and B =

lamina III; C - lamina V). Scale bars — 10 pill In A—C.

axo-axonic synapses formed with primary afferent bou
tons contained pleomorphic vesicles and made symmetri¬
cal synaptic specializations. Triadic arrangements, where
a primary afferent bouton was presynaptic to a dendrite

-

* * < - hf
Den SMI' '
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J WI
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Den Den Ax

Fig. 3. Main picture: A bouton of a hair-follicle primary afferent
axun (IIF) that is piesynaplic lo a laige dendiite (Den) and a smallei
dendritic profile (*). Thio bouton is postsynaptic to anothor axon
torminal (Ax). The top insot shown dotailc of tho oynapso formed by
IIF with the small dendiitic piufile (*), and the lower inset shuvvb
details of the axo-axonic synapse between Ax and IIF. The lower two
plates show similar fields to the main picture taken from serial
sections reacted for y-aminnbut.yric acid (GARA) and glycine (Gly)
Note that Ax displays immunogold recitations for GABA and glycine.
Scale bars = 1 pm.

and axon terminals were presynaptic to both the primary
afferent and the dendrite, were observed in association
with all three classes of afferent (see Fig. 6). This arrange¬
ment was formed by 26% of boutons presynaptic to RA
terminals and 21% of boutons presynaptic to both HF and
SA1 terminals. Another type of triadic arrangement was
observed very infrequently in association with RA and HF
boutons. In this arrangement, the afferent bouton was
presynaptic to two dendrites, but one of the dendrites
contained vesicles and was presynaptic to the other den
drite. Quantitative analysis of data from serial sections
(see Table 1) revealed differences between the slowly- and
rapidly adapting axons. Boutons originating from RA and
HF afferents tended to participate in more complex syn
aptic arrangements than boutons originating from SA1
axons. Furthermore, 76% of RA and 84% of HF boutons
were observed to be postsynaptic to other axon terminals.
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GABA

Ax-*'-

Fig. 4. Main picture: A bouton of a slowly adapting Type 1 primary
afferent axon (SA1). This bouton is presynaptic to a large dendrite
(Den) and is postsynaptic to another axon terminal (Ax). The inset
shows details of the axo-axonic synapse. The lower two plates show
serial sections that were reacted for y-aminobutyric acid (GABA) and
glycine (Gly). Note that Ax is immunoreactive (arrows) for both trans¬
mitters. Scale bars — 1 p.in.

However, only 48% of slowly adapting terminals were
found to have terminals in presynaptic apposition to them.
All of the presynaptic vesicle-containing structures we
observed had typical characteristics of axon terminals.
GABA and glycine in presynaptic structures

The majority of boutons in presynaptic apposition to
primary afferents displayed strong immunogold reactions
for GABA and had average gold particle densities that
were between 5 and 10 times greater than background
estimates. Boutons displaying strong immunogold reac¬
tions consistently displayed strong reactions in adjacent
serial sections also tested for GABA. There were some

differences between the numbers of boutons that were

immunoreactive for each class of afferent. One hundred
percent of boutons presynaptic to RA terminals were pos¬
itive for GABA (average gold particle density ± SD =
85.53 ± 25.64 particles per p.m2; background = 7.99 ±
4.36 particles per gm2), whereas the percentages were
88% for HF terminals (average gold particle density ±
SD = 71.5 ± 39.49 particles per |xm2; background =
12.91 ± 9.16 particles per p.m2) and 83% for SA1 axons
(average gold particle density ± SD = 88.2 ± 51.8 parti¬
cles per |xm2; background = 15.78 ± 8.36 particles per

Fig. 5. Main picture: A bouton of a rapidly adapting primary
afferent axon (RA). This bouton is postsynaptic to another axon ter¬
minal (Ax). The inset shows details of the axo-axonic synapse. Ax is
immunoreactive for y aminobutyric acid (GABA) and glycine as is shown
(arrow) in the lower two plates, which are taken from serial sections
reacted for GABA and glycine (Gly). Note the axon terminal (*) that is
immunoreactive for GABA but not for glycine. Scale bars = 1 |j.m.

gm2). The majority of GABA-immunoreactive terminals
also displayed strong immunoreactions for glycine (see
Figs. 3-6; Table 1). For RA axons 95% of GABA-positive
boutons were glycine immunoreactive (average gold par¬
ticle density ± SD = 53.03 ± 15.32 particles per gm2;
background = 12.00 ± 5.75 particles per p,m2) and the
percentages for HF and SA1 boutons were 90% (average
gold particle density ± SD = 67.53 ± 34.99 particles per
|j.m2; background = 17.14 ± 8.89 particles per gm2) and
80% (average gold particle density ± SD = 58.78 ± 30.91
particles per gm2; background = 17.34 ± 8.26 particles
per |xm2), respectively. We did not observe any convincing
examples of presynaptic terminals that were immunore¬
active for glycine but not GABA.

DISCUSSION
Axo-axonic synapses on cutaneous primary

afferent axons

This study demonstrates that boutons of SA1, RA, and
HF primary afferents receive considerable numbers of

GABA

I V.F.v
Vxx'kl:.- '
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axo-axonic synapses This finding confirms findings of pre¬
vious studies of identified large A«p afferent axons in the
cat spinal cord (Maxwell et al., 1982a, 1984; Semba et al.,
1983, 1985; Bannatyne et al., 1984; Ralston et al , 1984),
which have shown consistently that terminals of cutane¬
ous afferents are apposed by other axons that form syn¬
apses with them. Our observations are, in general, in
agreement with these findings but, in contrast to many of
the previous studies, are based on strict analysis of serial
sections. In our view, analysis of serial sections is essen-

Fig. 6. Main picture: A bouton of a hair-follicle primary afferent
axon (HF), This bouton is postsynaptic to another anon (Ax), which is
also presynaptic to a small dendritic profile (l)en) HF is also presyn¬
aptic to Den (see inset) and thus forms a synaptic triad with Den and
Ax. Immunogold reactions of serial sections confirm that Ax is immu-
uoreactive foi y-aminobuiyric acid (GAbA) and glycine (Gly; see lower
plates). Note the myelinated axon profile (*) that is immunonegative
for both GABA and glycine. Scale bars = 1 pm.

tial to obtain reliable estimates of numbers of axo axonic

synapses associated with each class of afferent as synaptic
specializations associated with this type of arrangement
tond to bo small and indistinct and could easily be missed
in nonserial studies. As the axo-axonic arrangement is
very likely to be the morphologic basis of presynaptic
inhibition, these observations are consistent with the
demonstration that PAD can be evoked in cutaneous af
ferents (Wall, 1958; Eccles et al., 1963a) and indicate that
such fibers are subject to presynaptic inhibition.

Quantitative analysis of serial sections reveals that ap
proximately 80% of boutons originating from HF and RA
axons arc associated with axo axonic synapses, whereas
loss than 50% of slowly adapting afferent terminals were
postsynaptic to other axons. This conclusion is consistent
with the findings of Semba et al. (1983, 1985), who also
reported that RA boutons were associated with consider
ably larger numbers of presynaptic terminals when com¬
pared with SA1 boutons. Presynaptic inhibition may be
required to perform different roles in the regulation of
transmission from these two classes of afferent and, ac¬

cording to Jiinig et al. (1968), rapidly and slowly adapting
afferents are regulated by different groups of PAD inter-
neurons. As suggested by Alvarez (1998), rapidly adapting
afferentc may bo associated with larger numbers of axo
axonic synapses, because they provide input to systems
with high spatial discrimination properties that require
strong lateral inhibition. Conversely, less presynaptic in¬
hibitory control may be required in systems that continue
to transmit information over longer periods of time such
as those that are activated by SA1 afferents. Tapper et al.
(1983) concluded, from a series of elegant electrophysio¬
logical studies, that some SA1 inputs are subject to PAD,
whereas others are not. This idea is consistent with our

finding that only approximately 50% of SA1 boutons arc
postsynaptic to other axons. In addition, Koerber and
Mendell (1988) have reported that transmission at syn¬
apses formed by rapidly adapting afferents and slowly
adapting afferents with dorsal horn neurons show char¬
acteristic differences. Their approach was to record the
cord dorsum potentials evoked by intrasomatic stimula¬
tion of dorsal root ganglion neurons associated with the
two classes of afferent. As part of their study, they inves¬
tigated the effect of conditioning stimuli applied 50 msec
before test stimuli in the same afferent fiber. They found
that tho cord dorsum potentials evoked by fibers supply
ing rapidly adapting receptors were always depressed,
whereas those evoked by fibers innervating slowly adapt
ing receptors were relatively unaffected. In the light of the
prior and present findings, that boutons of RA afferents
more frequently form axo axonic synapses than those of
SA1 afferents, it is tempting to suggest that the different
effects of conditioning impulses on transmission from

TABLE 1. Boutons Presynaptic to Primary Afferent Terminals1
No. of boutons % boutons with No. of No. of boutons No. of GABA +ve % GABA

analyzed axo-axonic presynaptic reacted for % GABA +ve boutons reacted and glycine
Class of afferent (lamina location) contacts boutons GABA boutons for glycine +ve boutons

HP (n - 2, cats 1,3) 36 (lamina 111) 76.9(30/36) 52 42 88.1(37/42) 32 90.6(29/32)
RA tn 1, cat 1) 25 (lamina III) 84(21/25) 26 25 100(25/25) 20 95(19/20)
SA1 (n - 2, cats 1,2) 38 (laminae III-V) 47.4(18/38) 24 24 83.3(20/24) 20 80(16/20)

'GABA, -y- aminobotyric acid; +vc, positive; HF, hair-follicle primary afferent axon; RA, rapidly adapting primary afferent axon; SA1, slowly adapting Type 1 primary afferent axon.
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these two classes of fiber reflect differences in the degree
of presynaptic inhibitory control acting upon them.

Previous studies indicate that different functional
classes of primary afferent are associated with varying
numbers of axo-axonic synapses. Only approximately 30%
of boutons originating from high-threshold mechanorecep-
tnrs (HTM) in the AS conduction velocity rango arc
postsynaptic to other axons (Alvarez et al., 1992). There¬
fore, it is likely that HTM afferents are less precisely
controlled by presynaptic inhibition than Aaf5 fibers.
Peptide-containing C-fibers do not participate in axo¬
axonic arrangements (Alvarez ot al., 1993) and prcsum
ably are not subject to classic presynaptic inhibition. The
numbers ofaxo-axonic synapses formed on terminations of
muscle afferents vary, depending on the site of termina¬
tion; almost all bniitnns of group la muscle afforontc in
motor nuclei (Pierce and Mendell, 1993) and the interme¬
diate gray matter (Maxwell and Bannatyne, 1983) are
postsynaptic to other axons, whereas only 8% of their
terminals in Clarke's column have such arrangements
(Walmsley et al., 1995). These observations suggest that
input to some types of target neuron such as the spinocer¬
ebellar tract cells in Clarke's column are only weakly
controlled by presynaptic inhibition, whereas input to oth¬
ers such as motoneurons or interneurons involved in seg¬
mental reflexes are powerfully regulated. In this context,
it is interesting to note that previously we reported that
boutons making synapses with spinocervical tract cells
(SCT) were not associated with axo-axonic synapses,
whereas those associated with postsynaptic dorsal column
(PSDC) neurons were, and yet both of these types of cell
receive monosynaptic input from hair follicle afferents
(Maxwell et al., 1982b; Bannatyne et al., 1987). Therefore,
the hair afferents associated with PSDC cells are likely to
be regulated presynaptically, whereas those presynaptic
to SCT cells majr not be subject to this typo of inhibition.

GABA and glycine in axons presynaptic to
primary afferents

The major finding of this study is that the vast majority
of boutons in presynaptic apposition to torminalc of all
three classes of cutaneous afferent display intense immu-
nognld reactions for GABA (83%, 88%-, and 100% for SA1,
HF, and RA bniitnns, respectively). In a previous study,
Maxwell and Noble (1987) showed that identifiod HF ter
minals were associated with presynaptic boutons that
were immunoreactive for glutamic acid decarboxylase (the
enzyme responsible for GABA synthesis). The present
study confirms and extends these original observations,
firstly, by providing direct evidence that GABA is present
in such terminals, and secondly, by extending the analysis
to other types of Aafl fiber. These estimates compare well
with information on the GABA content of axons in presyn¬
aptic apposition to other classes of afferent. Alvaroz ot al.
(1992) showed that 85% of boutons presynaptic to A8
high-threshold mechanoreceptive axons contained GABA,
and slightly higher percentages of immunopositive axons
(between 95 and 100%) synapse with group la and group
IT muscle afferents (Maxwell et al., 1990; Maxwoll and
Riddell, 1999; Watson and Bazzaz, 2001). Thus, most
studies indicate that GABA is present in between 80 and
100% of the boutons that form synapses with terminals of
identified primary afferents and support the hypothesis
that. GABA is the major inhibitory transmittor involved in
classical presynaptic inhibition. However, the question

remains open regarding the significance of the small num¬
bers of presynaptic terminals that are immunonegative
for GABA. This finding could be due to a technical prob¬
lem; immunogold reactions vary considerably in their in¬
tensity and terminals deemed to be "GABA immunonega¬
tive" could simply be labeled with gold particle density
levels that do not satisfy the criteria for a positive roac
tion. It must be stressed, however, that in all tissue re¬
acted for GABA, densely labeled terminals were always
evident in the vicinity of presumed immunonegative pre¬
synaptic boutons. Furthermore, such immunonegative
terminals were observed to be consistently weakly labeled
in adjacent serial sections. A second possibility is that
these negative terminals are GABAergic but have dis¬
charged their GABA content. Amino acid transmitters are
known to bo labile and may be translocated during fixa
tion. A final possibility is that they are indeed GABA
negative but contain another transmitter. In addition to
GABA, several other transmitters have been reported to
be present in presynaptic boutons in axo-axonic synapses;
these include glycine (Todd, 1990, and see below), acetyl¬
choline (Ribeiro-da-Silva and Cuello, 1990) and neuropep¬
tide Y (Doyle and Maxwell, 1993). However, these trans¬
mitters frequently coexist with GABA (see Todd and
Spike, 1993); therefore, there is a probability that GABA
is also present in the axo-axonic synapses formed by these
types of axon.

Almost all (80-95%) GABA-containing presynaptic bou¬
tons were found also to be immunoreactive for glycine in
each of the three classes of afferent tested. Previous stud¬
ies have shown that GABA and glycine are colocalized in
boutons presynaptic to central terminals of Type II (but
not Type I) glomeruli (Todd, 1996), most terminals asso¬
ciated with cat group II muscle afferents (Maxwell and
Riddell, 1999) but only approximately 25% of terminals
presynaptic to rat la muscle afferents (Watson and Baz
zaz, 2001). This evidence indicates that different neuro¬
chemical classes of PAD interneuron target-specific types
of primary afferent. Those containing a mixture of GABA
and glycine tend to target cutaneous and group II muscle
afferento, whereas those containing GABA alone target
unmyelinated afferents that form Type 1 glomeruli and
group la muscle afferents. On this basis, it is interesting
to note that dorsal horn interneurons that generate PAD
in group II muscle affcrents are also eoactivatcd by cutn
neous afferents (Jankowska and Riddell, 1995). Janig et
al. (1968) suggested that there are at least two popula¬
tions of PAD interneurons that act upon cutaneous affer¬
ents: one group generating "tonic" PAD in slowly adapting
afferents, and a second group generating "phasic" PAD in
rapidly adapting axons. Our r esults show that GABA and
glycine are present in the majority of boutons presynaptic
to slowly and rapidly adapting afferent terminals; there¬
fore, both populations of intcrnourcn arc likely to arise
from the same chemical subtype of GABAergic neuron.

There is uncertainty as to what role, if any, is played by
glycine at axo-axonic synapses. There is apparently no
pharmacological evidence to support a role for glycine at
such synnpoos. For cxamplo, strychnine, a specific glycine
antagonist, does not reduce PAD (Eccles et al., 1963b).
Keller et al. (2001) have shown recently that, although
GABA and glycine are continually coreleased from termi¬
nals in the dorsal horn during development, a fine-tuning
of receptors occurs at the postsynaptic membrane in adult
hood so that either GABA or glycine receptors are ex-
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pressed. Therefore, the glycine present in presynaptic
boutons at axo-axonic synapses may serve no function but
cuuld be a developmental artefact. Postsynaptic mem¬
branes at axo-axonic synapses in the superficial dorsal
horn are not immunoreactive for gephyrin (the glycine
receptor clustering protein), whereas dendritic mem¬
branes that are postsynaptic to glycine-containing bou¬
tons are immunoreactive for this protein (Mitchell et al.,
1993; Todd et al., 1996). Glycine is known to have power¬
ful postsynaptic inhibitory effects on spinal neurons (Cur¬
tis et al., 19G8); therefore, it is possible that the GABA/
glycine group of PAD interneurons not only mediate
presynaptic inhibition but are also involved in postsynap¬
tic inhibitory processes. This hypothesis is supported by
the observation that terminals containing both transmit¬
ters participate in synaptic triads.

Finally, a small proportion of GABA-containing presyn¬
aptic boutons were not immunoreactive for glycine. This
result could simply be a "false negative," and the propor¬
tion of glycine-immunoreactive terminals was underesti¬
mated because they contain weak concentrations of the
transmitter, or it is possible that a small proportion of
these boutons originate from the subclass of GABAergic
intcrneuron that does not contain glycine.

CONCLUSION

In this study, we have shown that three functional
classes of Aafl cutaneous primary afferent axons receive
axo-axomc synapses from GABAergic axons, which mostly
also contain glycine. Therefore, presynaptic inhibition of
this class of primary afferent is mediated principally by
the subgroup of GABAergic interneuron that contains co-
localized glycine.
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