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Abstract

An Influence of the peripheral target tissus on primary afferent
neuron phenctype 1in the adult dorsal root ganglion has been studied

using in vive and In vitro techniques.

Firstly the chemical phenotype of dorsal root ganglicn neurcns
innervating skin, muscle or joint of the rat hindlimb, was studied by
retrogradely labelling afferent neurcns from the different target
tissues with fluorescent dye. The target-identified afferents were
then counterstained, in sections of dorsal root ganglia, for four
putative transmitters or transmitter-related markers of
gubpopulations of primary afferent neurons: the enzyme thianmine
monophosphatase, and the neuropeptides substance P, calcitonin gense-
related peptide and somatostatin, Retrogradely-identified afferents

were also immunostained with RT97, which labels large light neurons.

The distribution of the four markers among primary sensory
neurons was found to be related to the peripheral target they
innervated, as was the proporftion of largs light neurons labelled

from each tissue.

The distribution of low-affinity recepters for nerve greowth
factor was studied among retrogradely-labelled skin and muscle
afferents. A higher propertion of muscle alferents than skin

afferents were immunoreactive for the NGF receptor.

The poesibility that the target-phenotype relationship was
modifiakle in response to a change in the peripheral environment, was
studied by producing a chronic sterile inflammation in an area of
skin from which skin afferents were retrogradely labelled. The
results suggest that sn increased proporticn of RT97-positive skin
afferents contained substance P immuncreactivity ipsilateral to the

inflammation.

An alternative system was used to investigate dynamic target
influences on chemical expression by retrogradely-labelled senscry

neurons: maintenance of dissociated dorsal root zanglia



(incorperating the tasrget-identified neuronsd iIn vitro, where
diffusible factors representing target-derived influences could be
added to, or removed from, the culture medium The first experiment
indicated that nerve  growth factor nay regulate thisnine
monophosphatase enzyme activity In vitro in the total neuron
population <(as suggested previcusly Zn vivo), sand 1n muscle
afferents. In the second experiment, medium conditioned by myotubes
was found to increase neuronsal survival, with a selective effect on
RTS7-positive neurons, and any effects on peptide expression by skin

af ferents were secondary to this,

A relatiocnehip between phenctype and peripheral target has
therefore been demonstrated in adult rat primary afferent neurons,

along with the possibility that this relationship is plastic,
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*all that is human must retrograde if it does not advance"

Edward Gibbon

The Rise and Fall of the Roman Emplre
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CHAPTER ONE: Introduction

1.1 The problem under investigation

Chemical phenotype i1in neurons, although broadly defined by
genotype, 1s under environmental control. This conclusion has been
reached as a consequence of experiments involving neurons from both

the central and peripheral nervous systems.

Most of the experiments examining this topic have been performed
on developing systems, including migrating neural crest cells (Le
Douarin & Teillet, 1974) and embryonic rat mesencephalic raphé
neurons (Foster et al., 1988) 1In vivo, and neonatal rat sympathetic
ganglion neurons (Patterson & Chun, 1974)> and embryonic chick sensory
neurons (Mudge, 1981) iIn vitro. There 1s, however, evidence that
mature neurons, both Iin vitro (Kessler & Black, 1982) and 1In vivo
(McMahon & Gibson, 1987; McMahon & Moore, 1988; McMahon et al.,
1989), can, when presented with a novel environment, alter thelr

phenotypic expression.

The environment of a neuron is complex and dynamic, including
such influences as: synaptic activity, neurotransmitters and
modulators from local neurons and terminals; neurohumoral signals
from distant neurons; trophic and other factors produced by non-
neuronal (glial) cells, macrophages and other unidentified components
of tissues; local gradients of metabolites; electrical fields; and

exogenous stimuli.

The particular problem addressed in this thesis is whether, in
the case of adult rat primary sensory neurons, the peripheral target
tissue - 1incorporating the influences i1n the environment of the
afferent terminals which are peculiar to the tissue type -
contributes to determining neuronal chemical phenotype. This has
been investigated both in the ‘control' i1In vivo situation, and after
manipulation of environments both in vivo and in vitro to assess the

plasticity of the relationship.
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1.2 Why the problem is interesting

The primary sensory neuron is specialized to provide a passage
for information about the external and internal environments, to the
central nervous system (CNS). It 1s important for the correct
functioning of the somatosensory system that primary sensory neurons
are specialized to perform different tasks and make appropriate
connections to particular peripheral receptors or target tissues and

to central, second-order, neurons.

The heterogeneity of primary afferent neurons has been examined
extensively at different levels of the neuron, for instance: the type
of sensory receptor and axon, the presence of putative
neurotransmitters and modulators in the cell body in the dorsal root
ganglion (DRG) and 1in peripheral and central terminals, the
peripheral target, electrophysioclogical properties, and branching
patterns of central terminals. By any of these characteristics, the
population of primary sensory neurons may be classified into a range
of subgroups which, in some cases, correspond to subgroups defined by
a different characteristic. For example, various inter-relationships
between characteristics such as functional <class, peripheral
receptor, central terminals and peripheral target of the primary
sensory neuron have previously been investigated in some detail

(described in Chapter 2).

Meanwhile, the relationship between the presence of certain
chemical markers found in primary afferents, and the neuron's
function within the somatosensory system, is less well understood.
‘Chemical markers' refers to a wide range of intracellular peptides,
enzymes, hormones and structural components, and surface antigens and
receptors, which have been found in subgroups of the primary afferent
population <(aleso described in Chapter 2>. An examination of marker
subgroups in relation to the peripheral target tissue innervated by
those neurons may provide 1insight into the specialization of

different primary afferents with particular functions.

The markers chosen for study here were the neuropeptides

calcitonin gene-related peptide (CGRP), substance P and somatostatin
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which are putative neurotransmitters/modulators, and the enzyme
thiamine monophosphatase (TMP) which may be involved in the synthetic
or degradation pathway of a putative nucleotide transmitter,
adenosine triphosphate (ATP). If such markers were found to be
restricted to (d.e. label specifically) different target-classes of
primary sensory neurons, the knowledge of which afferents contain
which markers might help unravel the tunction both ot the afferents

and of the transmitter-related narkers.

Such knowledge might be used to develop pharmacological agents
that could modulate, selectively, sensory information from one type
of peripheral tiesue. Furthermore, if a relationship between markers
and peripheral target was capable of plasticity in the mature animal,
such that the spectrum of neuronal markers changed if the target
environment of the neuron was changed, this would enable the
investigation of the signale responsible for neuronal specification
and response to injury, with respect to function and neurotransmitter
type. Some appreciation of the relative contribution of intrinsic
and epigenetic determinants would further the wunderstanding of
development, of the extent of adaptation and compensatory mechanisms
operating in injury, and of the scope and results of neuronal

transplant experiments.

1.3 The approach to the problem

The experimental approach employed in this work was that of
retrograde labelling of primary afferent neurons from different
target tissues such as skin, muscle and joint, in combination with
histochemistry to demonstrate TMP activity, and immunocytochemical
localization of neuropeptides, 1in neuronal cell bodies. An
important, additional method of characterizing the target-identified
neurons, was the use of RT97 immunostaining (Lawson et al., lgm,z"?odam')qSD
indicate whether neurons were large light (myelinated fibres; RT97
positive) or small dark <(unmyelinated fibres; RTS7 negative). In
this way, the proportions of fibre types retrogradely labelled from
the different tissues could be examined, along with the distribution
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of the chemical markers between large light and small dark neurons,
and thus more information was provided about the functions of the

different target classes of primary sensory neurons.

The development of the technique, along with accompanying basic
methods, 1s described in Chapter 3. The technique was extended, as
described in Chapter 7, to include maintenance of retrogradely-
ldentified neurons i1n vitro Here the neuronal environment was
manipulated wusing different culturing medis, with subsequent

phenotypic characterization of neurons.

1.4 Why this approach was used

Retrograde identification of afferents from peripheral tissues
was necessary because a morphological examination of primary sensory
neurons at the level of the dorsal root ganglion, where chemical
phenotype was to be examined, yields no information about the target
to which each cell body sends a peripheral axon. Reasonable numbers
of neurons can be identified with which to generate a chemical
profile of afferents supplying different targets. Molander et al.
(1987) performed a similar study of the distribution of the same four
markers among target classes of DRG neurons which had been
retrogradely identified after application of tracer to the cut ends
of relatively pure peripheral nerves. In the present work the
complications introduced by axotomizing the afferent axons were
avoided, because tracer was injected into peripheral target fields.
Molander et al. (1987) did not wuse RT97 immunostaining to
characterize the target-identified neurons, and did not perform
detailed counts but instead made estimates of the distribution of
markers. The present work is therefore an improvement upon theirs in

the above three respects.

While intracellular recordingVand exploration of peripheral
receptive filelds [és in the work of Lawson et al., 1987; McCarthy &
Lawson, 198§] is the definitive method for identifying the specitic
peripheral target area, and, in addition, the receptor type, of

single neurons in the ganglion for subsequent chemical
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characterization, such a technique cannot easily generate data on

chemical phenotype for a large sample of neurons.

Maintaining target-identified neurons 1in vitro provides a system
for 1investigating a certain type of environmental influence on
neuronal chemical expression: that of diffusible factors.
Neurotrophic substances and conditioned medium, chosen to represent
the sorts of target-derived instructive factors which might be
encountered by neurons in vivo, can be added to, or removed from, the
culture medium, thus altering the neurons' environment. To perform
similar experiments on neurons iIin vivo would be very much more
difficult, and the results would not be easy to interpret because of
the possibility of unknown interactions with other cells and systems
in the whole organism. This last point, however, also indicates one
drawback of working with simplified systems iIn viiroc a relationship
seen to operate in the culture dish may not represent the true 1in
vivo situation precisely because other influences, which would

operate in vivo, have been removed.

1.5 Specific questions addressed by this

work
The questions addressed in each chapter were as follows:

To what extent is the primary sensory neuron's expression of
chemical markers (Chapter 4> and neurotrophic factor receptor

(Chapter 5), related to peripheral target in the adult rat?

Can the target-phenotype relationship be changed iIn vive by

altering the environment at the peripheral terminals? (Chapter 6).

Is transmitter-related enzyme (Chapter Eight) or neuropeptide
(Chapter Nine) expression plastic in target-identified neurons under

novel conditions in vitro?

Conclusions are presented in Chapter 10.
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CHAPTER TWO: The primary afferent neuron

This chapter is divided into three sections: (2.1) Development,
(2.2) Physiclogy and (2.3) Chemistry of primary afferent neurons.

2.1 Development

2.1.1 Genesis of sensory neurons and formation of dorsal root

ganglia

Dorsal root ganglia develop from the neural crest, which arises
from the neural tube in the neurula (at about E2 in the chick).
While spinal cord and brain develop from the neural tube, neural
crest cells migrate to colonize variously distant sites, which will
become spinal and autonomic ganglia, glial cells of the PNS and some
non-neuronal tissues. One theory suggests that somites are also the
origin of part of the DRG cell population (Altman & Bayer, 1984). A
third source of neural tissue in the embryo is the sensory placodes
in the head region, which contribute along withn'a\e neural crest
cells to formation of cranial sensop;\m&auton r;!lqc ganglia.
Trigeminal ganglia are analogous to spinal sensory ganglia, but

contain both crest and placode-derived neurons.

Migration of neural crest cells (after E2 in the chick) 1s under
environmental influence (Moden, 1975), controlled by the transient
availability of pathways lined with extracellular matrix proteins,
such as fibronectin, laminin and collsgen (reviewed in Sanes, 1983;
also see Jessell 1988; Lander 1989). When crest cells have
aggregated at appropriate sites, differentiation begins. The
experiments of Le Douarin in particular demonstrate that neural crest
cells possess a range of developmental potentialities (discussed in
Le Douarin, 1984a,b), but they differentiate according to the
environment at which they arrive after migration, into sensory or
autonomic cells (Le Douarin & Teillet, 1974; Le Douarin, 1980).

Neural crest precursors are still undergoing division during

migration and the early stages of colonization, This can be
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demonstrated by 1labelling dividing cells with 2H-Thymidine, which
when 1injected 1into a pregnant rat 1s incorporated into newly-
synthesized DNA in cells in the developing fetus. The 'birthdays’ of
DRG cells (i.e. the last cycle of mitosis) can be determined by

labelling fetuses at successive ages.

Most DRG neurons are generated over the period Eil to El4 in the
rat (Lawson et al., 1974; Altman & Bayer, 1984, say Ei2 to EI15
because they called the first detected day of gestation El, instead
of EO), with a slight rostral-to-caudal gradient in the proportion
formed on successive days. At each level, the large diameter neurons
stop accumulating label before the small diameter neurons, i.e. large
diameter neurons are born earlier. In the avian embryo, two
populations of DRG cells are segregated in the ventrolateral (large
diameter, proprioceptive neurons) and dorsomedial (small diameter
neurons) halves of the DRG, and birthdate studies (Carr & Simpson,
1978) indicate that the dorsomedial neurons are not all born until 1

day after the ventrolateral neurons have become post-mitotic.

Neural crest precursors also give rise to the satellite (glial)
cells of the DRG, which by ®H-Thymidine labelling are still seen to
be dividing at E18 (Altman & Bayer, 1984),

2.1.2 Axonal growth and target projection

After birth of the neuron, morphology alters as the central and
peripheral projection axons appear from opposite poles of the cell,
which begins at El1l in the rat as indicated by GAP-43 J{growth-
associated protein) 1labelling of growing axons <(Reynolds et al.,
1989), i.e. =almost immediately the first neurons are born. The
initial portions of each axon eventually fuse to form one stem axon,
an event which was shown by Mudge (1984) to occur in embryonic chick

DRG cultures under the influence of embryonic rat Schwann cells.

Growth of individual axons depends on locomotive activity of the
specialized structure at the neurite tip, known as the growth cone.
The growth cone probably interacts with extrinsic tactors (such as

adhesion, mechanical routes, chemotaxis and electric fields, all of
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which are known to be important In vitro) to produce and stabilize

local membrane extensions (reviewed by Letourneau, 1985).

It is also unclear how, on a larger scale, developing axons reach
their appropriate targets. Again, it seems that generation of the
stereotyped pattern of nerves in the 1limb 1s influenced by the
environment which the growing axons traverse, as on the smaller scale
of neurite growth: mechanical guidance, differential adhesiveness,
electrical activity and tropic gradients emanating from target
tissues probably all play a part. Some of the facts we do know are

illustrated by the following work:

In the rat, spinal nerves (containing motor and sensory axons)
form at E12 (Reynolds et al. 1989; Altman & Bayer 1984) and are found
walting at the base of the 1limb bud at EI13. Here they apparently
intermix and reorganize into peripheral nerves, and at El14 innervate
the 1limb bud as it 1s beginning to differentiate. The tirst nerve
branches are clearly directed out towards the peripheral epidermis
rather than into the centre of the 1limb, which contains
undifferentiated muscle masses. Axons penetrating the epidermis down
about half the length of the limb are first seen at E15. At E15 the
first muscle nerves are seen to grow towards proximal muscle tissue,
forming fine branches at E15-16 and clusters of terminals at E17
(Reynolds et al., 1989).

The finding by Reynolds et al. (1989) that innervation of the
epidermis in the rat occurs 1-2 days ahead of that of muscle at the
same proximodistal level 1s interesting in the light of evidence from
the chick that sensory fibres follow the pathways in the developing
limb bud formed by motor axons <(Scott, 1986; Landmesser & Honig,
1986; but see Scott, 1988).

However unlikely it may seem that axons can tind their targets in
an environment of semi-differentiated tissue, the adult projection
pattern of peripheral nerves is established in the embryo under these
conditions, as suggested by recording from embryonic nerves (Scott,
1982), and retrograde labelling of motor and sensory neurons achieved

by injection of HRP into muscle and skin of the embryonic mammal
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(Smith & Hollyday, 1983) and chick (Scott 1982; Honig 1982).
Reynolds et al. (1989) suggest that factors such as epidermal growth
factor may be released by developing skin in a timed proximodistal
fashion, encouraging proximal innervation to occur before distal.
Other unknown factors may similarly be released by muscle as part of

the differentiation process.

For sensory neurons with their bifurcating axons, two types of
target projection and connection must be made - <central and
peripheral, and there must be some correlation between the two so
that in the adult the appropriate central pathways or effector cells
receive the peripheral sensory information they are best equipped to
use. There are two classes of relationship between central and
peripheral terminals -~ first that fibres innervating different
receptor types have characteristic branching patterns in the spinal
cord with respect to the three-dimensional shape and space that the
branching occupies, and second, the correlation between peripheral
receptor or target and the specific laminar location of the central
terminal arborization and especially of synaptic boutons. Examples of
the different sorts of terminations are provided by the hair follicle
afferent in the rat (myelinated; Shortland et al., 1989) and the
polymodal nociceptor in the guinea pig (unmyelinated; Sugiura et al.,
1986).

The hair follicle afferent exhibits a flame-shaped arbor with a
restricted mediolateral spread of up to 75um, with the dorsoventral
extent of the ’'flame' being long at about 150pm. Rostrocaudally, the
arbours of adjacent collaterals are continuous for 300pm. The
specific site occupied by the flame of terminals in the spinal cord
extends from lamina IV to inner II (Woolf, 1987),

The polymodal nociceptor, in contrast, has central terminals with
a mediolateral spread of 200um which is greater than the spread in
the dorsoventral axis (150um). Rostrocaudally, only a few
collaterals exhibited arbours as extensive as the area just
described, with distant collaterals having minimal, discontinuous
branching patterns. Most of the arborizations and boutons are

located in laminae I and II. These two types of receptors are
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therefore provided with distinct patterns and sites of central
terminations, so that different second order neurons will be involved

in receiving their information.

Fitzgerald et al. (1889) found that afferent collaterals first
penetrated the dorsal horn grey matter at E15, at the same time that
peripheral skin innervation begins. Flame-shaped arbors of hair-

follicle afferents are first observed at E19 (Beal, 1982).

2.1.3 Neuron-target interactions

The next event in the development of sensory innervation is a
phase of neuronal death, which in the chick embryo DRG and ciliary
ganglion, for example, occurs over the same period that growing axons
reach their target - E5 to E12. Even before the phenomenon of
natural cell death was discovered (Hamburger & Levi-Montalcini, 1949;
Hamburger & Oppenheim, 1982), the idea had already been suggested by
various other groups that a positive correlation existed between the
number of cells Iin nerve centres, and the size of their projection
targets. The changes in neuron number resulting from removal or
addition of 1limb buds in embryos suggested that neuron survival
involved the acquisition of a target-derived agent that was in short
supply. Rather than being due to failure to reach their targets, it
seems that competition between neurons on reaching targets is the

cause of neuronal ‘'pruning’.

The target-derived neurotrophic factor hypothesis has developed
in tandem with work on Nerve Growth Factor (NGF), the most studied of
neurotrophic factors. NGF promotes the survival of embryonic sensory
and sympathetic neurons iIn vitro (see Levi-Montalcini & Angeletti,
1968, for review of early work), and prevents loss of these neurons
in vivo if administered during the period of natural neuronal death
(Hamburger et al., 1981; Oppenheim et al., 1982). The target fields
of sensory and sympathetic neurons contain trace quantities of NGF
protein, and messenger (m)RNA for NGF, 1in proportion to their
sympathetic innervation density (Heumann et al., 1984; Shelton &

Reichardt, 1984). A current theory uggést that sensory axons are
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subject to pruning due to restricted availability of NGF in their
target fields. Neurons which compete successfully for NGF will

survive.

The innervating neurons possess specific cell surface receptors
which mediate the uptake of NGF in the target tissue (reviewed in
Thoenen & Barde, 1980). The internalized receptor-ligand complex is
conveyed by fast axonal transport to the cell body (Johnson et al.,
1987), where the mechanism of action on cell metabolism is unknown.
One suggestion (Martin et al., 1988) is that NGF inhibits endogenous
destruction mechanisms, because sympathetic neurons deprived of NGF
in vitro survive longer in the presence of protein synthesis
inhibitors. The specific action of NGF on sensory neurons appears to
be restricted to those neurons which are of neural crest origin, not

of placodal origin (Davies & Lindsay, 1985).

In addition to target-derived support of neurons, a relationship also
exists 1n the reverse orientation, whereby the presence of
innervation is necessary to maintain some aspects of the target - for
instance the contractile properties of skeletal muscle fibres can
switch from slow to fast and vice versa if the appropriate type of
motoneuron 1s allowed to innervate them (Buller et al., 1960).
Similarly, the presence of taste buds depends upon the integrity of
an afferent nerve supply (Zalewski 1969, 1974), and human skin shows

remarkable changes after denervation (Sunderland, 1978).
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2.2 Physiology

In this section, four ways in which the heterogeneous population of
DRG neurons has been examined and classified by physioclogy and
function are discussed, along with the relationships between such

classifications.

2.2.1 Fibre types and cell sizes

Two classifications are currently used for peripheral nerve
fibres, which depend on fibre diameter and conduction velocity. The
first, by Erlanger & Gasser (1937), deals with all the fibre types
found in a peripheral nerve (sensory, motor and autonomic)> and is
st11ll used for cutaneous fibres (AB, A3 and C fibre categories). The
second, by Lloyd (1953), classifies only afferents, and is used for
muscle sensory fibres. Deep tissue and visceral afferents may be

grouped according to either system.

There 1is a positive correlation between fibre diameter and
maximum conduction velocity (CV). The smallest diameter tibres - C
or Group IV, lack an insulating myelin sheath, while A3 or Group III
fibres are thinly myelinated, and the remaining fibres are thickly
myelinated,

It has long been thought that size of the afferent neuron cell
body 1is proportional to the axon diameter, and thereby related to
presence of myelin <(Ranson, 1912). A section of a DRG viewed by
light or electron microscopy exhibits two morphological classes of
DRG neuron, the 1large 1light and the small dark <(reviewed by
Lieberman, 1976). Each type has 1its characteristic size
distribution, but the two distributions partly overlap, both in mouse
(Lawson, 1979), and rat (Lawson et al., 1984) where cross-sectional
areas of small dark neurons range from 80 to 460 pm® and the large
light neurons from 220 to 1440 pm=, Harper & Lawson (1985) found a
positive correlation between CV and cross-sectional area of soma in
rat DRG, suggesting that the myelinated fibres, having higher CVs,
also had larger cell bodies. Lee et &al. (1986) examined single

lumbosacral DRG neurons in cat, and found a positive correlation
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between soma size and periphersl CV only for A cells, and not for C

cells of 35-50 um in diameter. (NB. ol dnamudrg V%M?W;Ogewﬁmwg

A further aspect of the relationship is the staining pattern
obtained with a monoclonal antibody, RT97 (Wood & Anderton, 1981), on
DRG neurons. There are three species of neurofilament 1in nerve
cells: 200, 158 and 60 kD MW, and RT97 reacts with phosphorylated
epitopes of the two higher molecular weight forms. Neurofilaments
are a subset of intermediate filaments found in all neurons, but RT97
was found to 1abgﬁmevc§fic subpopulation of dorsal root ganglion
neurons - the large light population (Lawson et al., 1984). Friede &
Samorajski (1970) also showed, by counting neurofilaments in rat and

mouse sclatic nerves, that axon diameter correlated with number of

neurofilaments Unam GXONA) SEIVON .

RT97 immunoreactivity has since been directly correlated with
neurons that have myelinated axons <(with a small number of
except:ions?g by Lawson & Waddell (1985), who recorded intracellularly
from DRG neurons to classify cells according to conduction velocity,
and then filled the cells with dye, enabling each one to be
visualized 1in subsequent immunohistochemical processing. RT97
labelling of DRG sections can identify myelinated neurons by an
immunocytochemical reaction, a characterisation which otherwise

requires single-cell electrophysiological studies.

Various studies have examined possible correlations between soma
electrophysiological properties, and afferent fibre type. Cameron et
al. (1986> found action potential (AP)> duration in the soma of cat
L7 and S1 DRG neurons was inversely correlated with axon CV. Rose et
al. (1986) 1looking at the same system, found the same negative
correlation, but that for a given CV, neurons supplying low-threshold
cutaneous receptors had shorter APs than those supplying high-
threshold receptors. Harper & Lawson (1985) however, report that in
rat DRG neurons, mostAfibres with slower CVs had fast soma action

potentials.

Fulton (1987) examined the same relationship in rats during the

first two weeks of postnatal development. Because myelination of

% Lawson I QREW) New 7. of small dodk.
me?pw.) SISt vp oy, of
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afferent fibres does not begin until near the time of birth (Friede &
Samorajski, 1968), the conducting properties of A fibres change
markedly during the early postnatal period: it is not until postnatal
day (P)9 that myelin sheathing is sufticient to result in separation
of the A and C waves in the afferent volley received by the spinal
cord after peripheral nerve stimulation (Fitzgerald, 1988). Before
that time, only one wave of activity 1s seen. Similarly, Fulton
(1987) found that at P1, CVs of single neurons fell into one tri-
modal but continuous range entirely below 1 metre/second. At P14,
however, the range of CVs was spread much wider, up to 12 m/s. Soma
action potentials recorded at Pl were of three types, duration being
inversely correlated with CV, and most spikes had at least a slight
inflection on the repolarization phase. By P14, while a
subpopulation of neurons still possessed a broad spike with an
obvious inflection, the remainder displayed a variety of sharper,
faster spikes: these were the neurons with CVs now well above 1 m/s.
For neurons with CVs of less than 8 m/s, there was a negative

correlation between CV and the action potential duration.

The different membrane properties among primary atferent neurons
are due to the different 1ionic conductances operating, and
developmental changes probably reflect the incorporation of a new set
of channel types into the membrane, a process which may even be

directed by influences from the peripheral target.

2.2.2 Peripheral receptors

Peripheral sensory receptors take many anatomical forms: the
receptor may exist as a speclalized organ innervated by the end of
the sensory axon - such as the Merkel cell touch receptor in skin
(Burgess & Perl, 1973); the sensory axon may be specialized in its
terminal organization, by, for example, wrapping around the root of a
hair in the follicle in characteristic patterns (Millard & Woolf,
1988); or the axon may exhibit a °'free nerve ending' with no

structural specialization, but with a distinct function as in the
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case of unmyelinated nociceptive axons in skin (Kruger et al., 1985),

and cornea (Rosza & Beuerman 1982).

Each type of peripheral tissue boasts a unique mixture of
receptor types, innervated by a matching range of fibres. Classical
studies of nociceptive (A3 and C-fibre) afferents were performed by
Beck & Handwerker (1974) and Beck et al. (1974) in cat, Handwerker et
al. (1987 and Lynn & Carpenter (1982) 1in rat, for cutaneous
receptors, Mense & Meyer (1985) on cat muscle and tendon receptors,
and Schaible & Schmidt (1983) for cat Jjoint receptors. The major

classes of receptors have been summarized by Lynn (1989):

In skin, AB fibres supply 1low-threshold mechanoreceptors
including most hair-follicle endings <(tylotrich and guard hairs); AS
fibres innervate d-hair follicles (vellus halirs), and cold
thermoreceptors and nociceptors (mostly high-threshold
mechanoreceptors); finally C fibres innervate polymodal nociceptors

and warmth receptors.

In muscle, Group I and II fibres innervate muscle spindles and
Golgi tendon organs; Group III and IV fibres innervate a mixture of
nociceptors, low-threshold pressure receptors, contraction-sensitive
units and thermosensitive units, in decreasing proportion. Up to 75%
of skeletal muscle sensory innervation may be in the form of free
nerve endings <(Stacey, 1969), between muscle fibres, 1in connective

tissue, in blood vessel walls and in tendons.

In joints, Group I and II fibres innervate proprioceptors. Some
Group III fibres are also proprioceptive, and Group III and IV fibres
are nociceptive, supplying a mixture of mechanical and chemical
receptors. Nerve fibre counts in cat articular nerve revealed that
Group III and IV fibres predominate over Group I and II fibres
(Langford & Schmidt, 1982)

2.2.3 Central termination patterns

The patterns of terminations of primary afferent fibres in the

CNS are an important part of their function, because the site of the
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terminal synapses determines which second-order neurons can receive

fast monosynaptic inputs.

Many different techniques have been wused to map central
terminations, from classical Golgi staining to intra-axonal tracer
injection. The following account summarizes the results from studies
in which single electrophysiologically-characterized afferents were
filled with the enzyme horseradish peroxidase (HRP), which was then

reacted to form a visible deposit.

After entering the spinal <cord, many dorsal root fibres
bifurcate, sending one branch rostrally and one caudally. These give
off collaterals, most densely in the segment of root entry.
Collaterals penetrate the dorsal grey/white matter border and course

down through the laminae.

Sugiura et al. (1986) traced C fibres (using transport of a plant
lectin) in the guinea pig and showed most terminals were in lamina II
with some spread to lamina I <(but one of two polymodal nociceptors
extended to laminae III and IV). HRP-filled A8 high-threshold
mechanoreceptors from skin and deep tissues in cats were shown to
have terminals in lamina I and outer II only, or in two sites: lamina
I and more ventrally in laminae IV and V (Light & Perl, 1979; Mense &
Prabhakar 1986). Single HRP-filled 1low-threshold cutaneous
myelinated fibres have been shown by Brown (cat; 1981a,b) and Woolf
(rat; 1987) to have terminals in laminae III to VI for slow- and
rapidly-adapting mechanoreceptors, and inner II to IV for halr
follicle afferents, The more dense arborizations, and probably

synapses, are in III to V.

If, 1instead of single fibres, whole nerves or tissues are
labelled to give a mass labelling of tissue-specific terminals, the
following patterns emerge (reviewed in Fitzgerald, 1S89a). Cutaneous
afferents show a dense projection to lamina II (small diameter
fibres, corresponding to C fibres) and also to III and IV (like hair
follicle afferents). Fine muscle afferente (not proprioceptive
inputs, which go to laminae VI and VII in the ventral horn) terminate
in laminae I and V (Mense & Craig, 1988) corresponding to A5 fibre



_35_

terminations. Single muscle C fibres can, however, be antidromically
activated from inner lamina II, or III <(McMahon & Wall, 1985)
suggesting that the labelling may be incomplete. Cat knee articular
nerve projects to lamina I and laminae V and VI (Cralg et al., 1988),
very similar to the small diameter muscle afferent projection,
Visceral afferents run medially and laterally around the dorsal horn
to terminate in laminae V, VII, X and contralaterally <(Cervero &
Connell, 1984).

2.2.4 Peripheral terminals with an efferent role

Antidromic stimulation of the peripheral stump of transected
dorsal roots or sensory nerves produces vasodilatation and plasma
extravasation in the skin area supplied by those axons (first shown
by Stricker, 1876, and Gaertner, 1889). Exactly the same
inflammatory response can be produced by cutaneous application of
irritant chemicals such as capsaicin, the pungent ingredient in
capsicum species (Jancso et al,, 1967, 1968>, and this response was
named ‘'neurogenic’ inflammation because it 1s prevented by sensory
denervation (Bayliss, 1901), These findings suggest that some
primary afferent neurons have an effector role, participating in the
generation of inflammation in response to tissue injury at the

peripheral terminals.

Irritant-induced 1inflammation 1s not inhibited by local
anaesthetic or tetrodotoxin (Jancso et al., 1968; Szolcsanyi, 1884),
suggesting that generation of action potentials in the sensory axon
is /not necessary for 1its onset. If a noxious stimulus excites
sensory nerve endings, mediators (such as the neuropeptide substance
P, present in afferent terminals: see part 2.3.2) are released onto
effector tissues such as blood vessels, or have an indirect effect by
causing degranulation of mast cells (Holzer, 1988). Mast cells
release inflammatory mediators such as histamine and prostaglandins,
and factors which cause serotonin release from platelets (reviewed in
Campbell et al., 1989
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2.2.5 Conclusion

Examined by a variety of physiological criteria, subpopulations
of DRG neurons have specialized functions, and their anatomical
characteristics also differ. This heterogeneity of primary sensory
neurons is related to their functional specificity and the different

targets they innervate,
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2.3 Chemistry

In this section, further subgroupings according to chemical markers
in DRG neurons are discussed, beginning with transmitter candidates
and ending with a 1loock at <correlations between the various
classifications that have been mentioned in this and the previous

section.

2.3.1 The primary afferent transmitter

Sensory 1inputs to the dorsal horn may be coded by different
transmitters as well as by the site and nature of central terminals.
Exactly what the transmitter molecules in primary sensory neurons
are, 1is still not clear <(see Salt & Hill, 1983; Wemen®gosdman, AGL).
however there is evidence to suggest two main types of transmitter
action: fast and slow Further, the two types of transmitter
corresponding to these two types of signals may be stored in, and
released by, the same afferents, therefore the potential exists for

interactions between transmitter effects on the post-synaptic neuron.

Small clear and large granular vesicles coexist in the same
terminals in lamina I and outer lamina II, and in identified C and A3
fibre terminals. Small clear vesicles alone in terminals are seen in
laminae I-IV and in identified AB, A3 and C fibres (Maxwell &
Rethelyl, 1987; Jessell & Dodd, 1989).

Low-intensity stimulation of spinal cord dorsal roots in vitro
elicits a fast excitatory post-synaptic potential in dorsal horn
neurons, while higher-intensity stimulation evokes a slow-onset, slow
excitatory potential <(Urban & Randic, 1984; Yoshimura & Jessell,
1989). The "fast" transmitter(s) is believed to be glutamate or a
similar amino acid. There are three types of receptor for glutamate,

one of which, the N-methyl d-aspartate receptor, may mediate long-

lasting changes in post-synaptic efficacy. MRWB JAWW\I'\ lfnu\
owReA Wit~ SENEEVY oy, and fn-tine, EVVTANGIA geldadunoia (

The "slow" transmitter candi ates are the neuropeptides, which I12§E)J
produce slow depolarizations when iontophoresed onto spinal neuronsv(“uumqn

Presumably because their breakdown/reuptake is similarly slow, they

1986
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can diffuse from the synapse into which they are released, and have
the potentiél to modify the responses of second-order neurons to
other input over a long range (many pm) and time scale (minutes).
For this and other reasons the neuropeptides have been termed

' neuromodulators'.

In addition to central effects, neuropeptides may have a
peripheral role, being released from peripheral terminals of the same
neurons which contain them in cell bodies and central terminals
(first suggested by Dale, §335) 1In fact their peripheral role may be
more important than the central function. Receptors for
peripherally-released peptides are found on blood vessels, speat
glands, hair follicles, macrophages, lymph nodes, etc. (discussed
further in Chapter 4),

2.3.2 Slow transmitter candidates: the neuropeptides

More information exists about peptide location and coexistence
within the bﬁkﬁ rather than in central or peripheral
terminals. Peptides are easier to visualize in higher concentrations
in the «cell body, especially 1if <colchicine 1is administered
systemically or 1locally to block axon transport mechanisms.
Recently, however, colchicine has been shown to affect protein

verad, 1988

synthesis A‘ and any results obtained with 1its use must be

interpreted with caution.

There are more than thirty neuropeptides which have been
identified within DRG neurons, and . some a4 alsoAin the areas of
termination in the spinal cord of C fibres, ie. laminae I and II of
the dorsal horn, and in the periphery. A selection will be discussed

here in order to 1illustrate the main features of these transmitter

candidates.
Substance P

The wundecapeptide substance P was the earliest neuropeptide
discovered in primary sensory neurons (von Euler & Gaddum, 1931). It

is first seen in fetal rat DRGs at E17 (Senba et al., 1982; Marti et
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al., 1987) and 1is present in about 20% of adult lumbar DRG neurons,
of small and medium diameter (Hokfelt et al., 1975), some of which
are RT97 positive (McCarthy & Lawson, 1989). In the central
terminals of sensory neurons in laminae I and II of the dorsal horn,
substance P immunoreactivity 1s associated with 1large granular
vesicles, alongside small clear vesicles of unknown content (reviewed
in Jessell & Dodd, 1989). While substance P fulfils many of the
transmitter criteria <(Salt & Hill, 1983), the evidence 1is not
conclusive due to the lack of a specific antagonist. However,
various studies suggest that substance P-containing afferents are
involved in nociceptive transmission (reviewed in Salt & Hill 1983;
Jessell & Jahr, 1986; Hokfelt et al., 1986; Otsuka & Yanagisawa,
1987; Jessell & Dodd, 1989). Suﬁstance P is depleted from dorsal
roots <(85%), spinal cord (50-60%) and DRG neurons (50-90%) by
neonatal capsalcin treatment (reviewed in Fitzgerald, 1983; Lawson,
1987). Gamse et al. (1980) showed how such treatment also impaired
neurogenic plasma extravasation by 80%, and depleted substance P from
hind paw skin, leading them to propose that peripheral substance P
release 1s responsible for neurogenic inflammation. Intradermal
injection of substance P causes vasodilatation and ©protein
extravasation (Hagermark et al., 1978). Local application of
capsaicin to the sciatic nerve also depletes dorsal horn substance P

(Ainsworth et al., 1981}, as does peripheral nerve section (Barbut et

al., 1981). Wme,w.f o Aaflefef G Wbt as th addidien
prlstanaf, WMMWWWPGMMQWW

CGRP

By analyzing the primary RNA transcript of the calcitonin gene of
the rat, Amara et al. (1982) discovered a new 37 amino acid peptide,
which they named calcitonin gene-related peptide (CGRP). The mRNA
for CGRP as opposed to calcitonin predominates in the peripheral
nervous system, and by immunocytochemistry, CGRP has been found in a
large proportion of dorsal root and trigeminal ganglion cell bodies,
often entirely overlapping with the smaller proportion of sensory
neurons containing substance P (Lee et al., 1985; and see Dalsgaard,
1988, for 8 review, Some CGRP-positive neurons are RT97-positive
(Lawson et al., 1987). CGRP is first seen in DRGs at E17 (Marti et
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VIP

Vasoactive intestinal peptide (VIP), originally isolated from the
gastrointestinal tract (Said & Mutt, 1970), has a widespread
distribution in both the CNS and PNS (Hokfelt et al., 1982), and was
first described in sacral primary sensory neurons by Lundberg et al.,
(1978). There 1is some overlap between the substance P, CGRP or
somatostatin neurons and the VIP population (Ju et &l., 1987). VIP
was not seen in DRGS until P7 (Marti et al., 1987),. In the sacral
spinal cord, VIP-immunoreactive fibres exhibit a similar distribution
to retrogradely labelled visceral afferents (Kawatani et al., 1983).
VIP exhibits an interesting reaction to axotomy of afferent axons -
VIP expression is increased in the axotomized DRG neurons (Shehab et
al., 1986) and in the central terminals in the spinal cord (McGregor
et al., 1984). Similarly, local application of capsaicin to the
sciatic nerve 1increased VIP in the ipsilateral dorsal horn (Wall
1987).

Dyneorphin

The opioid peptide, dynorphin, is expressed in various forms in
cultured murine spinal and DRG cells, most frequently in sacral
ganglion cells (Sweetnam et al. 1982). In the cat, dynorphin
immunoreactivity was seen in axons and terminals in laminae I and V
of sacral cord, and in dorsal roots. Only by radioimmunoassay could
dynorphin be detected in DRG cells, again predominantly those of
sacral levels (Basbaum et al. 1986). The central terminal staining
pattern is similar to that of VIP. Enkephalin has a similar spinal
and ganglion distribution (Jessell & Dodd, 1989).

Vasopres d oxytocin

A further <class of peptides found 1in DRG cells are the
hypophysial hormones vasopressin and oxytocin (Kai-Kal et al. 1986).
Levels of immunoreactivity were low, although colchicine was used for
detection, and 1indeed other 1laboratories have had difficulty
repeating the finding. The two peptides were found to coexist
entirely within 50% of DRG neurons, and this staining was entirely

complementary to RTS7 immunolabelling. Immunoreactivity for
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arginine-vasopressin was present in laminae I and II of all
lumbosacral cord levels, and was demonstrated to be of sensory

origin.

2.3.3 Fast transmitter candidates and related enzymes

The candidates for mediating the fast dorsal horn cell excitatory
post-synaptic potential are the excitatory amino acids and the

nucleotides.

L-glutamate

While it 1s difficult to <collect evidence for a proposed
transmitter substance which 1is ubiquitous 1in body tissues, the
excitatory amino acid L-glutamate seems to fulfil many of the
criteria, especially in the case of large diameter primary afferents
carrying non-nociceptive information (reviewed in Salt & Hill, 1983;
Jessell & Dodd, 1989). There is an excess of L-glutamate, but not of
other amino acids, in dorsal roots compared to ventral roots (Roberts
et al., 19730, There 1is a high density of glutamate
receptors/binding sites In the superficial dorsal horn (Greenamyre et
al., 1984). Glutamate detected by an antiserum to a glutamate-
haemocyanin conjugate, 1is present in 65-70% of rat cervical DRG
neurons; most of the smaller positive neurons also contain substance
P (Battaglia et al., 1987). The two substances are colocalized in a
class of afferent terminals in the superficial dorsal horn, which

contains both small clear and large granular vesicles (De Biasl &

Rustioni, 1988), therefore they may be co-released. Cangro et al.
(1985 find immunoreactivity to glutaminase - the enzyme which
synthesizes glutamate from glutamine - to be elevated in 30-40% of

DRG cells, these always being small cells. Duce and Keen (1983)
showed DRGs 1In vitro to take up ®H-glutamate into satellite cells,
and =H-glutamine into small neurons, and the ganglia can convert

glutamine to glutamate.
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Adenosine triphosphate

Concerning nucleotides, there 1is evidence that adenosine
triphosphate (ATP) 1s released from the peripheral endings of sensory
nerves upon antidromic stimulation <(Holton, 1959). Jahr & Jessell
(1983) have examined electrophysiologicsl effects of ATP on dorsal
horn neurons in vitro and in vivo, and find it depolarizes a subset
of these neurons. Fyffe & Perl (1984) further characterized the
sensitive dorsal horn neurons in cat as A and C fibre mechanoreceptor
input. It is not known what neuronal elements are responsible for

ATP release.
Fluoride-resistant i osphatase

There are some enzymes thought to be related to metabolism of
nucleotides fulfilling a tramsmitter function, because the activity
assoclated with these enzymes is localized to dorsal root ganglia and
laminae I and II of the spinal cord. The enzyme marker most widely
studied 1is fluoride-resistant acid phosphatase <(FRAP), FRAP
activity, using the substrate f-glycerophosphate, is demonstrable at
all levels of mammalian spinal cord as a dense 'eyebrow' of staining
in inner lamina II with occasional fibres in Lissauer's tract and
lamina I, and additional reaction in ventral horn cell bodies
(Knyihar-Csillik & Csillik, 1981). Using the alternative substrate
thiamine monophosphate, a more selective staining in the spinal cord
- only the eyebrow - is achieved (Knyihar-Csillik et al. 1986>. The

endogenous substrate for the enzyme is unknown.

FRAP and thiamine monophosphatase (TMP) activities can be seen in
small DRG cells (Knyihar-Csillik & Csillik, 1981; Knyihar-Csillik et
al., 1986). The FRAP population is contained within the small dark
cell population but 1is distinct from cells d1mmunoreactive for
substance P or somatostatin (Nagy & Hunt, 1982; Price, 1985).
Dalsgaard et al. (1984) saw a slight overlap between these peptides
and FRAP, but had used colchicine. FRAP appears in the DRG at EIl5
(Schoenen, 1978).
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Adenosine deaminase
Adenosine deaminase converts adenosine, another postulated
transmitter, 1into inosine. In rat spinal cord, adenosine deaminase

immunoreactive fibres and neurons are confined to lamina I and outer
lamina II. In L4 and L5 rat DRG, small cells immunoreactive for
adenosine deaminase also contained somatostatin but not substance P
or FRAP (Nagy and Daddona 1985).

Figs. 2.1 and 2.2 1illustrate that some of +these various
transmitter candidates and markers of DRG neurons are present in
overlapping subpopulations. Data on coexistence of markers has been
taken from Lawson et al. (1987), McCarthy & Lawson (1989), Ju et al,
(1987), Nagy & Hunt (1982), Price (1985), Knyihar-Csillik & Csillik
(1981).

Fig, 2, 1: Pie chart representing the total population of primary
afferent neurons, showing the overlaps between subpopulations

expressing immunoreactivity for RT37, substance P, or CGRP

i SUBSTANCE P
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Fig, 2, 2: Ple chart representing the total population of primary
afferent neurons, showing the overlaps between subpopulations
containing Immunoreactivity for RT97, substance P or somatostatin, or

FRAP enzyme activity

RTI#+

FRAP

SUBSTANCE P

- SOMATOSTATIN

2.3.4 Other markers of dorsal root ganglion neuron subpopulations

Price & Mudge (1983) showed that from P39 a subpopulation of rat
DRG neurons is catecholarinergic (probably producing dopamine). The
segmental distribution of tyrosine hydroxylase immunoreactive DRG
neurons was very variable, being highest in L5, at 1% of total
neurons. Price (1985) went on to show that the tyrosine hydroxylase
positive neurons constituted a separate population from substance P,
somatostatin or FRAP neurons, but were still part of the small dark

(RT97 negative) populaticen.

An enzyme which 1is ubiquitous among body tissues, carbonic
anhydrase, displays a selective 1localization of activity in =a
subpopulation of large and medium diameter ADRG neurons, and 1large
diameter dorsal roots (Wong et al., 1983; Riley et al., 1984),
Satellite cells wrapping all neurons 1in the ganglia were also
reactive, Robertson & Grant (1989) showed that carbonic anhydrase
positive neurons are a subpopulation of DRG neurons expressing the

GMt ganglioside, which in turn are all RT87 positive. Staining of
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sensory endings in muscle spindles suggests that this enzyme may be a
marker for large muscle afferents (Riley et al,, 1984). In the spinal
cord, glial cells were stained but the only neurcnal components of
the grey matter which were positive were a few collateral fibres
coming from the heavily-reactive posterolateral region of the dorsal

columns.

Calbindin and calretinin, calcium binding proteins, are present
in overlapping subpopulations of chick dorsal root ganglia, staining
a part of both the large and small neuron populations (Rogers, 1989),
Calbindin immunoreactivity 1is detectable from E10, and 1is stable
until after hatching, in about 20% of DRG neurons (Philippe & Droz,
1988).

Two classes of surface antigens, the globoseries (Dodd et al.,
1984) and lactoseries (Dodd & Jessell, 1985) carbohydrates, have been
identified 1in separate populations of DRG neurons. Different
lactoseries carbohydrate antigens overlap to varying extents with
substance P, somatostatin and FRAP, and immunoreactivity is seen on
small diameter neurons and in dorsal horn 1laminae I and 1II,
suggesting these are nociceptive afferents. Globoseries carbohydrate
immunoreactivity is seen in laminae I, III and IV, where low-
threshold myelinated afferents terminate, and does not overlap with
peptides or FRAP in DRG neurons. Such cell surface determinants may
be involved in interactions with spinal cord neurons and in target

finding in development.

Various studies have been performed on the detailed
ultrastructure of DRG neurons, and have classified six types of
neurons according to cellular distribution of cytoplasmic organelles
(Duce & Keen, 1977, Rambourg et al., 1983 in rat; Sommer et al.,
1985, 1in mouse).

2.3.5 Conclusions: correlations between chemical and functional

characteristics

How can the physiological and chemical studies on DRG neuron

subpopulations be drawn together? Some laboratories have attempted
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directly to combine electrophysiological characterization of single
neurons with analysis of peptide immunoreactivity. Leah et al.,
(1985) identified the receptor properties of cat DRG neurons,
intracellularly labelled them and then stained them for substance P,
somatostatin and VIP. A complex pattern emerged with no clear
correlation between receptor type and peptides: 1in particular, gsme

nociceptive C fibres had substance P-negative cell bodies.

Lawson et al. (1988) have developed an in vitro DRG - peripheral
nerve - skin preparation which will allow a similar investigation in

rat DRG neurons.

Lynn & Hunt (1984) summarized C fibre chemistry and physiology,
concluding that there were only partial correlations: VIP was present
in visceral C fibres, substance P in some polymodal nociceptors, some
C mechanoreceptors were FRAP positive. Developments since then
include the finding of substance P and CGRP in A fibre neurons
(Lawson et al., 1987; McCarthy & Lawson, 1989) and Molander et al.s
(1987) study on nerve-specific chemical distribution <(discussed
further in Chapter 4).

Schlichter et al, (1989) examined sensory neurons in the quail
trigeminal ganglion for substance P expression or exhibition of a
Ca=*-activated chloride current. Neurons containing substance P were
found to have the current three times less frequently than those

without substance P,

Sugiura et al. (1988) looked at the ultrastructural features of
functionally identified neurons with C fibres in the guinea pig and
found that all the neurons were of the small dark 'B' type. In
addition, specific sensory modalites could be correlated with the
three subtypes of B neurons described by Duce & Keen (1977) and
Rambourg et al. (1983). High-threshold mechanoreceptors and
mechanical-cold nociceptors were type B1, polymodal nociceptors type
B2, and cooling receptors type B3. This was the first demonstration
of a correlation between detailed structural and functional

characteristics.
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CHAPTER THREE: Retrograde labelling and

histological methods

3.1 Aim

The aim was to develop a technique for retrogradely labelling
primary afferent neurons so as to provide a means of identifying, in
a sectlion of a dorsal root ganglion, those cells whose peripheral

axons projected to a distinct target tissue, such as skin or muscle.

Therefore a neurocanatomical tracing technique was employed,
whereby dyes deposited at sites of axen termination are endocytosed
and transported retrogradely by primary afferents to the DRG. Such
dyes accumulate in the cell body, and can be visualized clearly above
background, without the need for processing other than fixing and

sectioning.

Once target-related cells can be identified in this way, other
procedures can be performed on the tissue to demonstrate the
localization of cellular constituents which may be particular to

certain cell types or functions.

3.2 Background

The idea of retrogradely tracing the paths of neurons from their
terminals to their cell bodies was first proposed by Kristensson &
Olsson (1971)> and La Vail & La Vail (1972), as a way of identifying
axon pathways in the CNS.

A commonly used retrograde tracer is horseradish peroxidase, a
protein which is picked up by axon terminals and transported by
active transport mechanisms. For visualization, the enzyme must be
reacted by incubation with its substrate, hydrogen peroxide, and a
chromogenic electron donor which results in a highly insoluble
coloured deposit. The requirement to process the tissue in order to
visualize the tracer, before any further procedures to demonstrate

cellular constituents, 1s a disadvantage because it introduces the
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possibility of tissue loss, and destruction of antigenicity and

enzyme actibity.

Fluorescent dyes were first introduced as neuroanatomical tracers
by Kristensson & Olsson (1971), and Kuypers et al. (1977) and several
such dyes give similar results to HRP (Aschoff & Hollander 1982).
The advantage of fluorescent tracers is that they are visible
without further processing, and thus combining retrograde tracing
with other histochemistry - for transmitters, peptides, etc. 1is
easier. Such techniques are reviewed by Sawchenko & Swanson (1981)
and Skirboll & Hokfelt (1983).

In the peripheral nervous system, whole nerves can be labelled
with dyes by cutting the nerve and dipping the cut end into dye, or
fixing a chamber containing the dye onto the cut end. In this way
all the axons 1in the nerve retrogradely transport the dye, so 1if
nerves which are relatively pure in composition (i.e. all the axons
project to one type of tissue) are labelled, then large numbers of
retrogradely traced neurons can be identified in the DRG. Dalsgaard
et al. (1984) labelled the cut ends of the greater splanchnic nerve
or the T9 intercostal nerve in rats, and later processed fixed DRG
sections for FRAP activity. There was no difference between the
visceral or muscle afferents in terms of the percentage which were
FRAP positive.

Molander et al. (1987) similarly labelled the cut ends of the
greater splanchnic, gastrocnemius or saphenous nerves with Fast Blue,
and processed the DRGs for FRAP activity or CGRP, substance P or
somatostatin immunoreactivity. Then they estimated percentages of
retrogradely labelled neurons with counterstains, and found that

chemical markers were distributed differently according to tissue
type.

The major disadvantage of using cut nerves in order to label
neurons retrogradely, 1s that axotomy is known to cause changes in
chemical expression in the cell bodies and central terminals of those

neurons. Therefore the results obtained for the presence of chemical
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markers in such retrogradely labelled neurons may be an inaccurate

representation of the normal situation.

A way of avoiding the problems associated with axotomizing
neurons is to label the target tissue itself, so that axon terminals
at the site of dye deposition pick up the dye for retrograde
transport. Examples of the use of this technique are provided by
Kuwayama et al. (1987) and Ositelu et al. (1987). The former group
used cholera toxin f-subunit to label ocular sensory neurons in the
trigeminal ganglion from the anterior chamber of the eye, while
Ositelu et al. (1987) retrogradely 1labelled skin, tongue and
masticatory muscle afferents with injections of the fluorescent dye
True Blue into those tissues in rats. The labelled cell bodies 1in
the trigeminal ganglia were processed to demonstrate somatostatin

immunoreactivity.

If dorsal root ganglion neurons had peripheral processes which
branched, and which innervated two different tissues, then specific
retrograde identification of neurons would be a misleading concept,
and indeed the study of target-specific influences would not be
feasible. Electrophysiological experiments suggest branching may
occur in some neurons such that in the peripheral nerve, there are
pairs of axons which appear to be linked to one DRG cell body. It is
only very rarely (Devor et =zI1., 1984) that a neuron sends branches to
two distinct peripheral targets, but there may be frequent occufrences
of one neuron projecting two branches to the same target area (Taylor
& Pilerau, 1982, by fluorescent tracing of axons; McMahon & Wall,
1987, by electrophysiology, who suggested that one branch of each
dichotomizing fibre formed a non-functional sensory ending). The
frequency of occurrence of branched peripheral axons supplying two
distinct targets is therefore low enough to be ignored in the present

work.

For this project, the method of retrogradely labelling DRG
neurons from peripheral tissues has been chosen as the most useful
way of i1dentifying subpopulations of primary sensory neurons which

innervate different peripheral targets.
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3.3 Methods
This section consists of the following parts:
3.3.1 Fluorescent dye injection method
3.3.2 Tissue fixation
3.3.3 Cutting and dealing with tissue sections
3.3.4 Histochemistry
3.3.5 Immunocytochemistry
3.3.6 A note on the use of RT97

3.3.7 How neurons were counted

3.3.1 Fluorescent dye injection method

The crystalline  Fast Blue (FB) or Diamidino Yellow
dihydrochloride (DY) were dissolved 1in ethylene glycol at a
concentration of 5% (w/v). Dry powder and sclutions were stored at -
20°C,

Injections of FB and DY were made using a 30g dental needle
attached via polypropylene tubing to a 10pl syringe. Having the
needle extended in this way made 1t more flexible, and when an
injection was made, the needle could be left in place for up to a
minute to prevent dye leaking out of the tissue along the needle

track.

In the case of dye injections into skin, hairy skin was first
shaved, and both hairy and glabrous skin injection sites were treated
with hair-removing cream (Nair), which as well as removing all hair
remaining after shaving, made the skin softer. The needle was
inserted tangentially to ensure that dye was deposited only within
the skin layers. The needle and dye could both be visualized through
the top surface of the skin. The volume injected was about | or 2

plﬂ( If dye leaked back out it was cleaned away with a swab.

From one case, a piece of skin incorporating the dye injection

site was dissected after perfusioqA pé%t’fixed, frozen and sectioned.
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An area of necrosis, coloured by FB and which therefore appeared
likely to be the site of deposition of dye, was present as a
restricted zone of about 2mm diameter, well into the epidermis and

also abutting on the connective tissue underneath.

For dye injections into muscle, the skin and connective tissue
layers were opened to expose the muscle belly. The needle was
inserted tangentially, dye injected, and the needle left in place for
a while. Sometimes there would be some back leakage of dye, and this

was removed with a saline swab.

The FB injection site in a section of fixed and frozen muscle was
also examinedﬂkﬁﬂrhere was an area of necrosis where the dye was

present, similar to a skin injection site.

3.3.2 Tissue fixation

For the in vivo studies and when the labelling technique was
being developed, rats which had received injections of dye solutions
into various tissues were sacrificed, after the asppropriate survival
period, by transcardiac perfusion with 500mls of fixative, under deep
anaesthesia with pentobarbitone (Sagatal, 50 mg/kg), A fixative was
chosen that was compatible with the retrograde tracers and with
preservation of various markers which we 1intended to visualize
concurrently with them. The low solubility of the fluorescent
tracers in water allowed the wuse of an aqueous fixative.
Glutaraldehyde 1is not compatible with fluorescent tracers or
immunofluorescent labels because 1t induces autofluorescence.
Paraformaldehyde, although not as good as glutaraldehyde with regard
to structural preservation, fixes the tracers and also adequately
preserves enzymes and peptides of interest. When tissue requires
fixing for subsequent reactions to demonstrate enzyme activity or
peptide immunclocalization, there are two opposing constraints -
firstly that the protein should be sufficiently fixed to prevent
leakage 1into other cells or out of the tissue altogether, and

secondly that the degree of cross-linking of the protein structure
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does not obstruct either the catalytic activity of the enzyme or the

antigenic epltope of the protein.

4% paraformaldehyde in phosphate buffer (pH 7.4, 1ce cold) was
chosen as the perfusion fixative, After dissecting the required
tissue it was post-fixed for two hours in the same solution, and then

transferred to 20% sucrose in phosphate buffer overnight, all at 4°C.

This latter procedure cryoprotects the tissue by preventing formation
of 1ce crystals 1in the cells when the tissue 1is frozen for

sectioning.

3.3.3 Cutting and dealing with tissue sections

Fixed tissue was mounted in Tissue Tek/OCT compound on metal
chucks in a liquid nitrogen bath (-80°C). Sections were cut using a
Bright cryostat, chamber temperature -30°C, Sections of 10um were
used, because at this thickness antibodies employed in immunostaining
can penetrate entirely through the section. Sections were collected

onto chrome-gelatin subbed slides.

During the development of the 1labelling technique, serial
sections were made of each identified ganglion. In later studies,
ganglia of interest were wusually pooled and sectioned together.
Then, when tissue was to be used for more than one histochemical
study, several series of alternate sections - rather than one set of

serial sections - were generated.

Migration and fading of the FB upon exposure to warmth and light
was a potential problem. It was found that dye in a recently-cut
cryostat section of a DRG, dry-mounted on a glass slide, would begin
to migrate to satellite cell nuclei initially around the labelled
neurons and eventually all over the section 1f 1left at room
temperature for more than an hour (see Fig 3.1). As can be seen in
the photograph, however, such dye leakage did not obstruct

.

identification of labelled neurons.™ When sections were being cut and
collected, slides were kept inside the cryostat cabinet (at -30°C)

and given Just 30 mins - 1| hour maximum drying time at room

¥ Wneh nanvs s wee, labelled Lyt}zmﬁ{p:‘,em‘m;' Fg-labelled ranmng
et alms g alwiyS peiund Mw(\mu\ G 5 Vitats-thain, Grivps sf-two
o MO, tefsr.  1dawdwys® akageof £ Wutain the bR was AT EVTPRCRA,



- 55 -

temperature before continuing with processing. Sometimes processing
was not to begin until the next day, 1in which case the air-dried
slides were stored in airtight boxes at -80°C.

Alternatively if sections were to be examined without further
processing, they were coverslipped with the anti-fade mountant
Citifluor and the glass sealed with nail varnish. Such slides, and
those which had been further processed and similarly coverslipped,

were stored at 4°C.

3.3.4 Histochenistry

Due to the observed effect of the histochemical procedure causing
a washing-out of the FB, freshly-sectioned and mounted but not
coverslipped DRGs were photographed using Ektachrome Daylight film,
under ultraviolet (UV) epifluorescence to record the locations of FB-
labelled neurons. While not required for photography, sections were
kept frozen rather than at room temperature. Then all sections were

left at room temperature tor 20 mins to dry before the TMP procedure.

Pre-photographed <(and some not photographed) series of DRG
sections on slides were incubated to demonstrate TMP activity
according to the method of Knyihar-Csillik et al. (1986). The
incubation medium (containing 0.05M Tris buffer pH 5.6 rather than pH
5.0 as in the standard method) was placed in Coplin jars into which
slides were fitted, and the jars immersed in a water bath at 37°C for
60 mins. Slides were rinsed gently in Tris buffer and dipped into 1%
ammonium polysulphide for 2 mins for the visualization reaction,
Then slides were rinsed in distilled water, and either kept moist
until immunocytochemical processing for RTS7 was begun, or

coverslipped immediately.
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3.3.5 Immunocytochemistry

Slides with tissue sections containing FB-labelled cell bodies
were coated, around the edge of the sections, with a line of rubber-
solution glue (Cow gum) applied with a syringe needle. The gum was
allowed to set, resulting in the creation of shallow well, in volume
about 150 pl, in which antibody solutions could be applied to the
sections. Then sections were preincubated with phosphate-buffered
saline (PBS)> containing 0.1% Triton-X-100 (PBS/TX, also used for
subsequent rinsing) for 10 mins, and then PBS/TX/ 10% horse serum
(PBS/TX/HS, also used as antibody diluent) for 10 mins.

Antibody solutions were applied overnight at 4°C 1in a humid
atmosphere, and after 3 x 5 min rinses the second layer antibody was
applied for 1 hr at room temperature. The third layer was applied,
after similar rinsing, for a further 1 hr, and after a final rinse
the slides were coverslipped with Citifluor and the edges of the

coverglass sealed with nail varnish.

The primary antibodies used in these studies were: rabbi;&ggéaRP
(CRB, 1:1000; or gift from Dr.P.K. Mulderry, 1:16,000), rabbit o-
substance P (gift from Prof.P. Keen, 1:1000}, rabbit o—-somatostatin
(gift from Dr.J. Winter, 1:4000), RT97 (mouse monoclonal, ascites
fluid, gift from Dr.J. Wood, 1:2000) and a-NGF receptor (Chandler et
al., 1984; ascites fluid obtained from Balb/C mice inoculated with
the 192-IgG-secteting hybridoma cell line, the latter kindly supplied
by Prof.E.M. Shooter, 1:1000).

For the TMP study of Chapter 4, RT97 was applied alone, with a
second layer of a-mouse immunoglobulin G (IgG) conjugated with biotin
(Amersham; 1:200) and a final layer of fluorescein isothiocyanate
(FITC)- or tetramethylrhodamine isothiocyanate <(TRITC>-conjugated
streptavidin (Amersham; 1:100). For the neuropeptide studies of
Chapters 4 and 6, each o-peptide antiserum was applied concurrently
with RT97, the second layer being biotin-conjugated o-rabbit IgG
(Amersham; 1:200), and the third layer FITC-conjugated streptavidin,
thus labellinéjgggptide staining green, with TRITC- or Texas Red-
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conjugated a-mouse IgG (Amersham, 1:100), thus labelling RT97 stain

red.

The a-NGF receptor antibody used in Chapter 5, being also raised
in mouse, could not be used in conjunction with RT97. After the
primary incubation, the second layer applied was o-mouse IgG
conjugated with biotin, and the third 1layer was Texas Red-
streptavidin.

For each of the primary antisera, and the second and third layer
antibodies, a control was performed whereby that antibody was omitted
from the antibody diluent, while all other layers were applied as
normal. In all cases, no positive labelling of sections resulted;
if the control was such that one of the first or second layers was
missing but the third layer was applied, there would often be a
background green or red colour on sections, as appropriate to the
type of label, but which was not of a strong, actually fluorescent
nature. This tendency for the labels to cause a non-specific
colouring can also be seen on sections reacted experimentally - while
positive cells stand out as brightly fluorescent, the remaining
tissue exhibits a 'background’ colouring, and is not completely black
(see, for example, Figs. 4.4-4.7 in Chapter 4.

- For neurcpeptide antisera, further controls were performed by
preadsorbing ditferent aliquots of the diluted antisera with 10-50
pg/ml of each ot the peptides for 24 hrs, 4°C, prior to application
to the tissue. Each antiserum was completely prevented from
positively staining DRG sections only in the cases where it was pre-

adsorbed with 1its specific antigen; 1in other cases the staining
pattern was unaffected by the preadsorption.

3.3.6 A note on the use of RT97

The basis of the correlation between large light DRG neurons and
RT97 1labelled <cells (Lawson et al., 1984> 1s that the size
distributions of both populations can be fitted by almost identical
normal curves, while the same 1s true for the small dark, and RT97
negative, DRG neuron population. These size measurements and curve
fitting were done with an acoustic computer-linked drawing board with

plotting program, and I was kindly allowed by Dr. Lawson to use the
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same system to assess whether RT97 staining was behaving the same way

in my project.

Serial sections of 7pum were cut at intervals of 200um from one
L5 DRG from a control, perfusion-fixed rat. After reacting with the
RT97 antibody and an indirect immunofluorescent label, every cell
sectioned at the level of the nucleus was measured in two sections by
tracing its drawing-board projection with an acoustic pen. Presence
or absence oF'RT97 label was also recorded. An observation of Lawson
et al. (1984), who used a peroxidase conjugated antibody, was that a
distinct population of very faintly-positive neurons, all of small
diameter, should be classified as negative in order to generate a
normal curve of RT97-positive cells which most closely approximated
that for large light neurons. The same was found to be true on the
DRG sections prepared with fluorescent-labelled RT97 immunostain,
therefore in subsequent studies the same protocol for classifying
RT97 positive and negative cells, where very faintly stained cells

were considered negative, was applied.

Presence or absence of neurofilaments as revealed by RT97
immunoreactivity 1s therefore not an absolute marker for large light
and small dark neurons respectively, but serves to represent a

relative difference between the two neuronal classes.

3.3.7 How neurons were counted

Examination of sections under epi-fluorescence with the UV filter
appropriate for FB (excitation wavelength 390-420 nm) revealed that
FB intensity varied between cells, and therefore labelled neurons
were classified by inspection into three categories: high, medium and
low 1intensity. High-intensity neurons were characterized by a
consistent, brilliant fluorescence which looked almost white rather
than blue. Low-intensity neurons were blue-coloured just enough to
be distinguishable from the green background characteristic of the
tissue under these optical conditions, and those of medium intensity

were of intermediate coloration.



- 60 -

In order to make counts of labelled cells without introducing the
error of repeatedly counting a cell split between more than one
section, only those cell profiles containing a nucleus were counted
(easily identified because the nucleus is unlabelled by FB, and the
cytoplasm is unlabelled by DY). Where a series of adjacent sections
were being examined, each section was compared with its predecessor
and 1its successor, to ensure that cells with nuclei split between

more than one section were scored once only.

For microscopy of immunofluorescent labels, once a cell had been
identified under the UV filter as containing FB, the filters were
switched to those appropriate for FITC (450-490 nm) and TRITC/Texas
Red (510-550 nm),and the presence of positive staining for other

markers recorded for each FB-labelled neuron.

In the case of sections pre-photographed for the TMP study, the
colour transparency record was compared with the reacted sections
under light microscopy (and if the UV light was also used to examine
FB remaining in the tissue, identification of FB-labelled neurons was
relatively easy) and presence of TMP staining recorded, followed by
RTS7 staining viewed under the FITC filter.

Positive and negative neuronal profiles after immunclabelling
with the neuropeptide antibodies were usuzally unambiguous, but if
the staining was unclear on any DRG section, e.g background colour

was high, then data from that section would not be included in the

study. Information lost in this way accounted for less than 5% of
FB-labelled atferents. However, RT97 immunolabelling was more
capricious, and results -~ particularly in the substance P and

somatostatin studies in Chaepters 4 and 5 - were compromised because

data could not be used.

The TMP histochemical procedure appeared not to affect subsequent
RT97 immunolabelling - the labelling was not diminished in intensity,
and the results of Table 4.6 show that across the four studies with
the different counterstains, nocne of the procedures drastically
affected the RT97 results because the proporticns of RT97 negative

afferents were fairly constant for a given target tissue.



_61_

3.4 Development of retrograde 1labelling

technique

The different types of tissues labelled, and control experiments

to determine reliability and specificity of the method.

3.4.1 1Initial details

Because DY 1labels only the nucleus, it 1is not as easy to
visualize as FB, and we decided to use FB rather than DY for the

major part of our studies.

Initially FB <(about 2pl)> was injected into the exposed sclatic
nerve trunk, forceps being used to crush the nerve 1lightly at the
point of injection. After 5 days, the rat was perfused and sciatic
nerve projection DRGs sectioned. Hundreds of —cells were
cytoplasmically-labelled with FB 1in DRG L3, 4, and 5 on the
ipsilateral side <(see Fig 3.1). The dye was therefore transported
to, and visible in, DRG cell bodies after theilr axons had been
exposed. Looking at the spinal cord of this animal revealed some
motoneuron cell bodies which were FB-labelled in the ipsilateral
ventral horn, although there was no evidence that the FB had been
transported transganglionically in primary afferents to label

terminals in the dorsal or ventral horn.

The next step was to inject FB into different target areas such
as skin, muscle or joint, and investigate the specificity of DRG cell
labelling achieved by axonal uptake of FB deposited in these tissues,

The raw data for all the experimental cases listed 1in this

chapter are given in Appendix I, each table numbered by case.

3.4.2 Fast Blue injected into skin

Injections were made into two areas of skin, in different rats or
in different limbs in the same rat: the inner thigh, supplied by the
saphenous nerve, and the sole of the foot which is mainly supplied by

the tibial nerve. Animals were perfused between 5 and 15 days later
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in order to establish the optimal time for transport of dye to the

dorsal root-ganglia.

Table 3.1 presents a summary of the experiments performed (n =1

in each case).

TABLE 32, 1: Summary of experiments where FB was
injected into different skin areas

Case no.|[Time(days> LHS RHS
1 5d Ti FB Sa FB
2 9d Ti FB Sa FB
3 15d Ti FB Sa FB
4 6d - Sa FB
5 6d - Sa FB
6 6d - Sa FB
7 8d Ti FB +scra Ti FB
8 6d Sa FB +scra Sa FB
Ti = tiblal area skin (sole of foot)

Sa = saphenous area skin (inner thigh>
scra = scraped skin at injection site

The time course of labelling from a saphenous projection area of
skin (Sa; inner thigh) and a tibial projection area of skin (Ti; sole
of foot) was investigated in cases 1, 2 and 3. Optimum labelling in
terms of total numbers of DRG cells labelled, was achieved with a 5d
survival time for Sa and 9d for Ti, which was the expected
relationship between the two sites, tibial axons having further to
transport the FB than the saphenous axons. By inspection, there were
no major differences in the proportions of large and small diameter
cells labelled at the different time points, nor in the range of
intensities of FB labelling (see Fig 3.2). Molander & Grant (1987)
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3.4.3 Specificity of skin injections

At this point the specificity of the labelling was investigated,
in terms of which afferents, and by what alternative routes, dye was
being transported to the DRG cell bodies. Some rats were injected
bilaterally in the same skin area, and the nerves known to supply
afferent axons to those skin areas were cut and ligated on one side,
immediately after the dye injection. Thus tracer transported
specifically by direct-projecting afferents would be prevented from
reaching the DRG neuron cell bodies. The projection DRGs and others
at 'inappropriate' levels of the spinal cord were examined
bilaterally.

To investigate the effect of any dye gaining access to the

bloodstream, some FB was injected directly into a vein.

Another test of specificity, to investigate leakage from one
tissue to another closely apposed, such as skin to underlying muscle,
was performed by using the two tracers, FB and DY, each in a
different tissue. After opening the skin slightly to the side of the
injection site, DY was injected into the top surface of the muscle,
Just below a skin area which subsequently received a FB injection as
normal, a few days later (because DY transports more slowly than FB).
The projection DRGs were examined for examples of double-labelled
cells, the presence of which could indicate leakage of dye from one
tissue to another, to be uptaken by the same terminal portion of an
afferent axon as had picked up the other dye. Alternatively, a
double-labelled cell might truly have two peripheral branches, each
one in one of the tissues. although as examined
electrophysiologically the occurrence of such branching 1s rare

(McMahon & Wall, 1987).

Table 3.2 presents a summary of the experiments (n = 1 in each case)
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TABLE 3., 2: Summary of experiments examining
specificity of skin FB injections

Case nolTime(days)> LHS RHS
9 6d Sa FB + cut Sa FB
10 9d Su FB Su FB + cut
11 9d Su FB Su FB + cut
12 od Su FB + all Su FB
others cut
13 7d - i.v. FB near
Su nerve
14 8d muscle DY -
6d Sa FB Sa FB
15 12d - muscle DY
8d Ti FB Ti FB
Su = sural area skin (lateral ankle)
Sa = saphenous area skin {inner thigh)
Ti = tibial area skin (sole of foot)

In case 9, cutting and ligating the LHS saphenous nerve at the
same time as FB was injected into both left and RHS Sa skin, resulted
in a massive reduction 1nlthe number of high intensity FB cells in
the LHS DRG, halving of the medium intensity cells and a similar drop
in low intensity labelled cells. This type of control experiment was
also performed with injections of FB 1nto the skin of the calf,
supplied by the sural nerve. The sural is a cutaneous branch of the
sciatic nerve, which also has a purely muscle branch going to the
gastrocnemius muscle in the calf, close to the Su skin injection
area. In cases 10 and 11, Su skin injections were made bilaterally,
with the Su nerve branch cut and ligated on the RHS. Figure 3.3
compares the L4 DRGs from each side of case 10, In case }2, FB
injections were made bilaterally into Su skin, and on the LHS the

sural neurve was kept intact while other nerves nearby were sectioned
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and ligated (other branches of sciatic and the saphenous and 6th
nerves). The majority of labelled cells in all cases were found in
L4 and LS, with some in L3. Molander & Grant (1987) find labelling
mostly in L5 and L6, with some in L4, and may be due to their
different strain of rat having a sciatic nerve which projects some
axons to L6, because other of their projection results (tibial and

common peroneal) aleo extend more caudally than in this study.

In case 11, as in case 9, the number of high intensity FB cells
in the DRGs on the cut nerve side was substantially reduced, while
medium intensity cells were reduced in number by two thirds. Thus
specific FB transport along the Su nerve had been obstructed. In
case 12, when all nearby nerves were cut but the sural was intact,
surgery did appear to reduce the number of labelled cells in the DRG,
but by an amount that could instead be accounted for by natural
variation in innervation density, and injection size. Since case 11
had shown many fewer cells to bé labelled without sural nerve
transport, such variation seemed a satisfactory explanation of the
‘reduction' in labelled cells in case 12. It was decided that high
intensity cells, almost all of which disappeared when the appropriate
nerve was sectioned, represented specifically retrogradely labelled
afferents, while medium intensity cells, up to half of which remained
after nerve section, represented a mixed population of specific and
non-specifically labelled neurons. Data for both intensities was
collected in subsequent experiments to see if any trends in the high
intensity cell population as regards distribution of chemical
markers, etc., were followed by medium intensity cells. Emphasis for
the purpose of drawing conclusions from results is, however, placed
on only high-intensity FB neurons. In subsequent studies, results
from medium-intensity FB neurons are not presented in each chapter,

but are included as an appendix.

In order to look at one cause of the FB label of different
intensities, since we suspected that low intensity labelled cells
might be the result of systemic spread of FB <(taken up into the
bloodstream>, an injection of about 1pnl FB was made directly into a

vein next to the sural nerve (case 13). Checking DRGs of lumbar and
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thoracic levels for labelling, we found many low intensity-cells in
inappropriate DRGs, but a very small number of high and medium
intensity cells in L4 on the injection side (Fig 3.4). It was
reasoned that this strong labelling was the result of FB getting
straight onto the sural nerve at the vein injection site, since there
had been some exudation of dye which had been cleaned up straight
away at the time of injection. The low intensity-labelling, however,
which appeared in other DRGs was obviously the result of systemic
spread of dye, which was then picked up by axons terminating on blood

vessels 1in all manner of other tissues.

Low-intensity labelled cells were from then on regarded as non-
specific labelling and data from these was not used 1in
counterstaining experiments. The tiny numbers of high intensity
cells remaining in DRGs where the projecting nerve had been cut may
be the result of spread of dye to the cut nerves, or dye uptake by
fibres in tissue exposed by the surgery. The number of such cells,
however, was sufficiently small that they are unlikely to introduce

errors.

Fig., 3.3 (next page): Sections of L4 DKRG showing the effect on
the number of FB-labelled neurons of cutting the sural nerve
unilaterally, after FB was injfected bilaterally into skin supplied by

the sural nerve

Under UV epifluorescence, the number of FB-labelled neurons is
greatly reduced in the ganglion ipsilateral to the cut nerve, Scale
bar = 100 pum, Case 10; RHS and LHS sural skin FB, RHS sural nerve
cut, 9 d survival. <(a) LHS L4 DRG; <(b) RHS L4 DRG.

Fig, 3.4 (next page): Sections of ipsilateral Ilumbar and
thoracic DRGs showing neurons contalning different intensities of FEB

label after FB was injected into a veln next to the sural nerve

Under UV epifluorescence, (a) the L4 DRG contained only 4 high-
intensity FB neurons believed to result from FB leaking onto the
sural nerve, while (b) thoracic DRG contained many low-intensity FB

neurons. Case 13. Scale bar = 100 pm.
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The next type of control experiment was the injection of FB into
one tissue type, and concurrent labelling of another tissue with an
injection of DY, In case 14, Sa skin 1injections were made
bilaterally, and two days previously DY had been injected into the
muscle under the same skin area on the LHS. While FB labelling was
found mainly in DRGs L2 and L3 on both sides, DY labelling was found
in neuronal nuclei in LHS L3, 4, 5 and 6, i.e. somatotopy was clearly
different. There were no double labelled cells, so FB was not

leaking from skin to underlying muscle.

In case 15, the same experiment was made for the Ti skin area,
with DY injected into the small foot muscles below the sole, While
FB 1labelling was mainly in L2, 3,"4 and 5, DY was virtually
restricted to L4 and L5. In this case, however, double labelled
cells were found (Fig 3.5) in L4 and L5, suggesting that FB had
spread to the underlying muscle. Knowing that it was difficult with
TL skin injections to insert the néedle accurately when force was

required, thus making subcutaneous deposition of dye more likely, FB

labelliif‘of skin tm this area was not continued. NBWMW
csVMd alro undicote frestiue of o diNevging penghua) bvanches
fgzum, alkhovgin for wokens alueody mendigned -trix wuvnb.hdg

3.4.4 Labelling and specificity in other tissues

Having established a general technique for skin injections of FB,
we continued by labelling other peripheral tissues - muscle, joint

and bladder, and performing similar control experiments.

Table 3.3 presents a summary of the muscle injections and control

experiments where the nerve supplying that peripheral target was cut.
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TABLE 3, 3: Summary of experiments on FB
injection into muscles, and corresponding controls

Case no.Time(days)> LHS RHS

16 7d mTA FB -

17 7d - nTA FB

18 7d - mTA FB

19 7d mTA FB  mTA FB + cut

20 7d mGa FB + cut mGa FB

21 7d mGa FB + all mGa FB
others cut

mTA
mGa

tibialis anterior muscle
gastrocnemius muscle

For identification and accessibility, the tibialis anterior and

gastrocnemius muscles were chosen for trying muscle FB injections.

In cases 16, 17 and 18, FB was injected into the tibialis anterior

mus.cle.")g The first feature to notice about the results is the much

smaller number of labelled cells that were seen, compared to the skin
injections of a similar volume of dye, 1indicating that muscle 1is
probably innervated less densely than skin. Baron et al. (1988
retrogradely labelled the saphenous and gastrocnemius soleus nerves
with HRP to study the numbers of sensory neurons projecting in these
nerves. They estimated that 3750 afferents projected into the
saphenous, compared with only 530 projecting into the gastrocnemius
nerve. Some of the difference may be accounted for by the relative
sizes of the fields of innervation, but part of the difference must

be attributable to innervation densities of the two tissues.

Secondly, as in case 16, both projection and inappropriate DRGs

(L4 on an uninjected side, and thoracic ganglia on the injected side’

contained many low 1intensity 1labelled cells, and this was more
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frequently a consequence of muscle FB injections than of skin
injections. Thus in a DRG sections from a muscle FB case, the ratio
of low to high intensity cells was much greater than in a skin FB
case (see Fig. 3.6, compared to Figs. 3.2 and 3.3). Densest
labelling was seen in L3 and L4, with a few more cells in L2, 5 and
6. When Molander & Grant (1987) labelled the whole common peroneal
nerve with HRP, labelled cells were virtually restricted to L4 and
L5. Similarly, Baron et al. (1988) found most neuronal labelling in
L3-4 after saphenous ‘nerve HRP application, and in L4-5 for the

gastrocnemius afferents.

With the control experiment where the common peroneal nerve was
cut and ligated unilaterally (case 19), the number of labelled cells
did not fall as much as in the skin experiments, but labelling on

both sides was less than in cases 16, 17 and 18.

Labelling the gastrocnemius muscle, and performing similar
controls by cutting the gastrocnemius nerve (case 20) or cutting all
nerves in the area except the gastrocnemius (case 21) indicated that
muscle labelling (which was predominantly in L3, 4 and 5 in these
cases) could be specific as long as injections were made carefully,
keeping the needle tangential and near the muscle surface, so the dye
could be visualized as it was deposited, away from the centre of the
limb where there are large blood vessels. Any fluid coming out at
the injection site was immediately mopped up with a cotton bud,
Additionally a technique was used where silicone oil was drawn into
the syringe system before picking up the FB, and injecting =a
sufficient volume such that some silicone oil would go into the
nuscle after the FB, so that if there was leakage out of contracting
muscles after the wound layers had been closed then the silicone oil
would leak first.

While the results of cases 19 and 20 indicated that some FB
reached the DRGs by a route other than transport up the specific
nerve, the subsequent adoptiocn of a more careful injection technique
was considered a sufficient starting point to begin the phenotypic
investigation of afferents identified by FB injections into muscle.

As with skin injections (e.g. cases 4-6), there was interanimal
variability in the distribution of FB cells between DRGs after a
muscle FB injection (compare cases 20 and 21); 6n rare occasions the
sciatic nerve (of which the gestrocnemius is a branch) was seen to

send axons to the L6 DRG, in which case that ganglion was also

collected for processing.
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Table 3.4 summarizes the experiments involving injections of FB

into joint -and bladder, and controls.

TABLE 3., 4: Summary of experiments where FB was
injected into joints or bladder, plus controls

Case no|Time(days) LHS RHS
22 6d JKFB s.c.FB in K
23 o9d JA FB + cut JA FB
24 8d s.¢c.DY in K -
6d JK FB -
25 8d jJK DY jK FB
26 5d - bladder wall FB -
27 5d ~ bladder wall FB + ligate
jJK = knee joint
JA = ankle joint
s.c. = sub cutaneous

Injections into joint were first attempted in the LHS knee joint
capsule space (by C.J. Woolf> by inserting the needle between the
fibula and femur (case 22), On the RHS, FB was 1injected
subcutaneously, and this actually labelled as many DRG cells. Next
(case 23), P.D. Wall made injections bilaterally into the ankle joint
which would be easier to denervate 1in the fashion of control
experiments. On the LHS, all the many nerves in the lower leg which
send branches to the ankle joint were cut. This completely abolished
high intensity labelling of DRG neurons, and greatly reduced medium-
intensity label. However since there is no specific 'Jjoint' nerve
which can be cut in isolation, because all nerves in the area supply

some axons to the joint and therefore have to be cut, this control
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experiment can only demonstrate how much of the labelling is due to

distant leaking rather than leakage to nearby non-specific nerves.

Knee joint injections into the capsule wall and sbace were
performed subsequently by C. Molander, who had previously noticed
that uptake of tracers by the trigeminal ganglion (TRG) provided a
reliablé indication of leakage into the circulation.

Firstly <(case 24) another double-~labelling experiment was
performed in which DY was injected subcutaneously at the knee, and FB
injected into the knee joint. Leakage occurred. and so double-
labelled DRG cells were found in lumbar ganglia, and in the TRG many
medium and faintly labelled cells were also seen. In case 25 we
halved the concentration of dyes, injecting DY in one side, FB in the
other., With this regime, while only very few DY labelled DRG cells
were seen, a reasonable number of neurons were FB labelled, with only
a few faintly-labelled cells seen in the TRG. This result
established this method as suitable for labelling Jjoint afferents.-)!t

In case 26, several FB injections were made by CJW into the
exposed bladder wall, and resulted in 1labelling of DRG cells at
levels L1, 2, 5 and 6, and S1 on both the left and RHS. If a similar
experiment was performed, and the pelvic nerve concurrently ligated
on the RHS (case 27), the number of bright FB cells on the RHS were
almost eliminated, while medium intensity cells were reduced in
number by about three fifths.

I

# and subsequently in all animals used for labelling jcint afferents,
the TRGs were removed and sectioned along with the DRGs, and the DRGs
were used for counterstaining only if the TRGs were free of FB
labelling.
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CHAPTER FOUR: The extent to which chemical
expression in adult sensory neurons is

related to peripheral target.

4,1 Introduction

Experiments were performed to examine the distribution among
skin, muscle and joint afferents of four putative transmitter (or
transmitter-related) markers known to be present in subpopulations of
DRG neurons. These were the enzyme TMP, and the neuropeptides CGRP,
substance P and somatostatin. These have previously been shown to
exhibit a different distribution among afferents retrogradely
labelled from whole nerves with different targets (Molander et al.
1987). Here we have avoided the problem associated with sectioning
of whole nerves (i.e. the cellular response to axotomy) by labelling

afferents from their target tissues.

Substance P and FRAP accumulation at a ligature in a muscle nerve
is minimal compared to accumulation in a ligated cutaneous nerve,
(McMahon et al., 1984), paralleling the capacity for neurogenic
extravasation in these tissues. Such a technique for demonstrating
presence of markeré provides no information about individual neurons,
therefore it was appropriate here to examine the distributions in the
afferent cell bodies. Ositelu et al. (1987) showed that somatostatin
in trigeminal ganglion neurons was present in facial skin afferents,
but not masticatory muscle—- or tongue-afferents, therefore it was
interesting to see if a simllar specificity was true for somatostatin

in hindlimb sensory neurons.

In the present work, the study of each marker was combined with
immunostaining by RT97, to label 1large light DRG neurons. This
enabled a determination of the proportions of large light and small
dark neurons retrogradely 1labelled from each target, and
identification of the distribution of each marker among these small

dark and large light cells.

Although originally thought to be present only in small dark

cells, substance P immunoreactivity was shown by McCarthy & Lawson
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(1989) to be present in 30% of small dark neurons and in 10% of large
light neurons (as distinguished by RT97 immunoreactivity) in rat L4
DRGs. On the basis of conduction velocities, 10% of A-fibre neurons
sampled, all of which had A3 velocitiles, contained substance P, as
did 50% of C-fibre neurons.

Lawson et al. (1987) found CGRP immunoreactivity in neurons with
conduction velocities in the C-, A5~ and AB-fibre ranges, and that a
proportion of CGRP-positive neurons were consequently also RT97

positive.

4, 2 Methods
“Two er-tigee -2

Twenty-six male Wistar rats were(givenAinjections of‘Fast Blue
into either skin (n = 7),Amuscle (n = 10) or knee joint (n = 9) of
the hindlimb, After 6 (skin), 7 (muscle) or 4 (joint) days survival,
the cell bodies of primary afferent neurons innervating these
different target tissues were identified in fixedfsections of 1L2-LG
DRGs by fluorescence microscopy. The sections were shared between
four studies, each examining the presence, in the three types of
. target-identified neurons, of one of the markers. Thus sections were
processed to demonstrate activity of TMP, or immunoreactivity to

CGRP, substance P or somatostatin, and immunoreactivity to RT97.

In the TMP study, most of the sections were photographed
immediately after being cut, to record the positions of FB-labelled

cells, in case the enzyme-histochemical procedure caused 108€§-  of
FB. RT97 immunostaining was performed directly after’ the TMP
reaction.

In the neuropeptide studies, pre-photographing was not necessary;
RT97 and neurcopeptide immunostaining were wusually performed

concurrently.

Counts were made of FB-labelled nucleated cells with and without
additional 1labels. The results presented here are for only high-
intensity FB cells; medium-intensity FB cells were also counted, and

those results are included in Appendix II.
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4,3 Results
This section has the following parts:
4,3.1 Observations on the staining patterns of the markers;
4.3.2 Markers in target-identified neurons
4,3.3 Patterns of RT97 labelling;
4.3. 4 Markers in small dark neurons; and

4.3.5 Markers in large light neurons.

4.3.1 Observations on the staining patterns of the markers

All markers stained cells distributed 'randomly' across sections
and throughout the DRGs.

TMP_study (see figure 4.1 and 4.4): Comparison of the pre-TMP
photographs with the reacted sections indicated that in every high-
intensity FB cell, enough of the fluorescent dye remained in the
cells after the histochemical procedure to allow them to be
identified, but the procedure had dimmed the FB intensity. No cells
were positive for both TMP and RT97.  About three quarters of the
small dark cells were TMP positive.

CGRP study (see figures 4.2 and 4.5): Positive staining took
several forms: large granules dotted across the cytoplasm, a bright,
even staining of all the cytoplasm, or a perinuclear ring of granules
with faint, even stain across all the cytoplasm. These patterns were
independent of the presence of FB in a cell, but the cells with
sparse large granules of CGRP immunoreactivity were frequently also
RT97 positive. Both RT97 negative and positive cells were seen to
contain CGRP. About half of all DRG cells were CGRP positive, and

positive-staining axons were often visible.

Substance P study (see figures 4.3 and 4.6): the intensity of
immunoreactive stain for substance P varied from very bright to
faint, independently of other markers. Frequently substance P-
positive axons were clearly visible. Substance P immunoreactivity

coexisted in some cells with RT97 immunoreactivity, but to a lesser

’
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extent than the overlap of CGRP and RT97. By inspection, 15-20% of

all DRG cells were substance P positive.

Somatostatin study (see figures 4.2 and 4.7): Positive cells
were characterized by a perinuclear ring of wvery  bright
immunoreactive granules. None were RT97 immunoreactive. About 5% of

all cells were somatostatin positive.

4.3.2 Markers in target-identified neurons

Figures 4.1-4.3 show examples of retrogradely-labelled skin,
muscle and joint afferents, counterstained for TMP, CGRP, substance
P, somatostatin and RT97, 1in black and white; and there are examples
in colour in Figs. 4.4-4.7).

Figs. 4,1 - 4,3 (over page): Retrogradely-labelled -skin,
muscle and Jjoint afferents In DRG sections counterstalned for TMP,

CGRP, substance P or somatostatin

Each figure comprises three series of views of one DRG section
containing FB-labelled neurons counterstained for TMP enzyme
activity, or CGRP, substance P or somatostatin immunoreactivity, and

in all cases for RT97 immunoreactivity.

In each row of three views of one DRG section, the first picture
is of FB-labelled neurons under UV epifluorescence, the second is of
the marker under study (1.e. TMP viewed by transmitted light, or
neuropeptide viewed under epifluorescence filter appropriate for
FITC), and the third 1is of RT37 immunostaining viewed under
epifluorescence filter appropriate for FITC (in TMP study) or TRITC

(in neuropeptide studies).
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