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ABSTRACT

An electrophysiological and morphological study has been 
made of the postnatal development of innervation in the skin of 
the rat hindpaw.

Extracellular recording from a total of 213 units at 
P(postnatal day) 3, P 10 and P20 revealed that receptive field 
properties are mature shortly after birth, and undergo only 
slight maturation thereafter. The mean receptive field size of 
units and their von Frey threshold to low-intensity cutaneous 
stimuli are similar at each age studied. It was found that from 
PIG to P20 rapidly adapting units in hairy skin fire more action 
potentials (response amplitude) to a fixed stimulus. There was 
a general increase in peak frequency of firing and conduction 
velocity.

An attempt was made to alter these receptive field 
properties by extirpating a single dorsal root ganglion at PC. 
This presents neurons in adjacent ganglia with a greater amount 
of target tissue. The manipulation was found to produce an 
increase in receptive size and peak frequency of firing, 
restricted to units innervating hairy skin. The results from the 
developmental survey suggest that receptive field properties such 
as receptive field size and von Frey threshold are intrinsic to 
neurons. However, when the number of axons innervating an area 
of hairy skin is reduced by ganglionectomy, these properties 
exhibit a greater degree of plasticity.

A variety of staining methods were used to investigate the 
anatomical development of sensory endings over this period. 
Winkelmann silver stain was used describe the development of
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endings on hair follicles and parvalbumen to describe that of 
Merkel cell-neurite complexes in glabrous skin. Maturation of 
these receptor-neurite complexes is not complete at P3 at which 
time receptive field properties are similar to those found at 
later ages. Calbinden D-28k and PGP (protein gene-product 9.5) 
are less specific neuronal markers and gave more generalized 
descriptions of the development of cutaneous innervation.

The effect of the ganglionectomy described above on the 
morphology of endings was investigated, using PGP immunostaining. 
The results obtained suggest that endings of peripheral fibres 
maintain their original density of innervation when presented 
with an increased amount of target tissue, presumably as a result 
of local sprouting of endings.

The overall conclusion from the project is that responses 
to skin stimlation are mature shortly after birth and probably 
before that (Fitzgerald, 1987). The later anatomical maturation 
of endings may produce discrete changes to the functional 
properties of neurons. Some functional plasticity of their 
receptive field properties is possible and this appears to be 
most marked for units in hairy skin.

The early development of responses to skin stimulation may 
have considerable importance for the development of higher levels 
of the somatosensory system.
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INTRODUCTION

Section 1» Primary sensory neurons.
The somatosensory system is the part of the nervous system 

concerned with the transmission and processing of the sensory 
signals giving rise to either the modalities of cutaneous 
sensation, or muscle sense/proprioception. The former relates 
to the conscious sensations of light touch, vibration, as well 
as different categories of painful stimuli. Proprioception on 
the other hand relates to the unconscious ability to judge joint 
position and movement. The first step in the process consists 
of sensory neurons that transduce mechanical or chemical events 
taking place at their terminals into distinct patterns of 
activity relayed to the central nervous system (CNS).

This thesis describes a study of cutaneous sensory neurons 
in the rat and this first section of the introduction provides 
background information of these neurons.
1.1. Gross anatomv.

The major part of the somatosensory supply of the rat face 
and rostral parts of the head is maintained by neurons in the 
trigeminal ganglia outside the CNS at the level of the pons. The 
peripheral branches of these neurons reach their targets via the 
opthalmic, maxillary and mandibular branches of the trigeminal 
nerve. Other primary sensory neurons (non-somatosensory) are 
located in the ganglia of cranial nerves VII, VIII, IX, and X.

The supply of the rest the body surface is supplied by 
neurons whose cell bodies are in the 34 dorsal root ganglia 
segmentally arranged along the length of the spinal cord, within 
the spinal canal (Grant, 1985). The peripheral branches of these
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reach the trunk via segmentally arranged anterior and posterior 
spinal nerves. The paw, hindpaw and sacral area are
innervated by processes reaching peripheral tissues via branches 
of the brachial, lumbar and sacral plexuses (Grant, 1985).

1.2. Functional classification of cutaneous sensorv neurons. 
The most commonly used functional classification of primary

sensory neurons is by the conduction velocity of their axons, 
resulting from the extent of their myelination. In the rat, 
axons conduct impulses in the ranges: A-alpha (3 0-55ms'*) , A-beta
( 14-30ms'*) , A-delta (2.2-8ms'*) and C-fibre (<1.4ms'*) (Harper and 
Lawson, 1985).

The fastest conducting (A-alpha and A-beta) neurons have 
specialized endings on non-neuronal structures in the periphery. 
They respond mainly to low-threshold stimuli. Units conducting 
in the A delta range have smaller diameter myelinated axons and 
subserve both high and low threshold mechanosensivity, and 
temperature.

Most C fibres are polymodal nociceptors that respond to
noxious or high threshold stimuli generally whether mechanical,
heat, or chemical. Smaller numbers have low-threshold receptive
fields (Lynn and Carpenter, 1982). C-fibres also have an

let alefferent function (see Kruger, 1989).
1.3. Cutaneous receptor-neurite endings.

The endings sensory neurons form in the periphery can be 
classified into five types: mechanoreceptors with encapsulated 
endings; lanceolate endings of hair follicles; mechanoreceptors 
associated with specialized cells; mechanoreceptors with capsules
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enclosing other tissues; and free-nerve endings.

1.3.1. Encapsulated endings.
These are Pacinian, paciniform, Meissner's, and Krause 

corpsucles. The shared structural characteristics of the endings 
include: an outer capsule of varying complexity produced by
layers of perineurial cells; a capsular space containing cells 
and processes separating the outer capsule and inner core of the 
receptor; an inner core comprising Schwann cells surrounding the 
unmyelinated nerve terminal. To some authors encapsulated 
endings represent a morphological continuum of endings with the 
above shared features, rather than distinct morphological 
entities.

Pacinian corpuscles have an outer capsule of 2 0-70 lamellae 
and other typical features of encapsulated endings. They are 
found in skin, and in a modified form in various types of 
connective tissue (Tracey, 1985). Responses recorded from them 
are rapidly adapting (RAII), that is, activity is produced only 
during the initial application of a stimulus and not throughout

5bo.l:«Ca continuously appliedistimulus. There are fewer lamellae in the 
outer capsule of Meissner's corpuscles and the capsular space is 
less clearly defined. The outer capsule or inner core is 
attached via collagen fibrils to the basal layer of the epidermis 
(Iggo and Andres, 1982).

Nerve terminals in Meissner's corpuscles are believed to 
have rapidly adapting responses (Munger et al, 1979).

Krause corpuscles are smaller in size than the above 
endings. In cat pawpad they had a mean diameter of 27um 
(Malinovsky, 1966). Correlating responses from cutaneous endings
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and morphological endings in this region has identified them as 
rapidly adapting (Iggo and Andres, 1982). They may also be 
present in rat hairy skin, where they are probably innervated by 
A-delta axons (Cunningham and Fitzgerald, 1982).

Ruffini endings are spindle shaped endings described in cat 
and human skin. Whilst in glabrous skin they may^located in the 
dermis, in hairy skin there is the possibility that they surround 
hair follicles at the level of the sebaceous gland (Chamber et 
al, 1972; Millard and Woolf, 1989). Ruffini endings are found 
in joint capsules (Tracey, 1985).

They have been identified as slowly adaping (SAII) receptors 
in the cat (Chambers et al, 1972).

1.3.2. Hair follicle endings.
These are the longitudinally arranged endings running along 

the long axis of vibrissae or the different types of body hairs 
(Andres, 1966) . At the E.M. level they are found to be the 
unmyelinated endings of myelinated nerve terminals. Schwann cell 
proceses surround the endings (Yamamoto, 1966). In order of 
decreasing size and increasing frequency of occurrence the types 
of body hair are trylotrich, guard and vellus hairs. Of these 
the first two are thought to be innervated by A-beta and the last 
by A-delta axons.

A survey of hair follicle innervation of rat hairy skin 
showed that whereas down hairs comprised 87% of the total number 
of hairs on the rat hindpaw, only 1-2% were innervated. Guard 
hairs make up 12% of the total hair number and 90% are 
innervated. Trylotrich hairs comprise only 1% of all hairs on 
the hindlimb, and are all innervated (100%). Guard hairs are
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therefore the most important sensory endings in hindpaw hairy 
skin (Millard and Woolf, 19^8).

Responses recorded from the endings are rapidly adapting and 
can be subdivided according to the type of hair innervated (G,D 
or T-type responses).

1.3.3. Merkel cells.
Merkel cells are specialized epithelial cells found in the 

deepest layers of the epidermis. In hairy skin of rats they are 
found mainly as clusters at the dermo-epidermal boundary in 
elevations of the skin called Haarscheibe or touch domes, which 
frequently have a large trylotrich follicle associated with them 
(Straile, 1961). They are also found outside the epidermis in 
the follicle sheath of vibrissae. In glabrous skin they are 
often found in clusters located more superficially than in hairy 
skin (English et al, 1980).

The axons associated with Merkel cells (Merkel disc endings) 
give rise to slowly adapting responses (SAI) (Iggo and Andres, 
1982) .

1.3.4. Mechanoreceptors with capsules enclosing other 
tissue.

Ruffini endings could be considered to be contained in this 
category, otherwise these endings are muscle spindle, and Golgi- 
tendon organs giving rise to slowly adaptng responses. These will 
not be discussed here.

1.3.5. Unmyelinated endings.
Unmyelinated endings are found largely in the dermis. A 

single Schwann cell surrounds several axons. Recently it has 
become possible to selectively visualize these endings with
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et alpeptide markers (see Kruger, 1989) . Most are described as 

terminating close to the epidermis, which few penetrate (Cauna, 
1976).

Unmyelinated (C-fibre endings) can respond to a wide variety 
of stimuli. They can be high or low-threshold mechanosensors, 
respond to a variety of noxious stimuli, or heat.
1.4. Summarv of receptive field properties.

Lynn and Carpenter (1982) have described receptive field 
properties of units on skin of the adult rat hindpaw.

In hairy skin of the rat hindpaw guard hairs had small 
receptive fields, and responded to brisk movement of hairs. Down 
hairs had large receptive fields and responded to slow movement 
of hairs. A-fibre units not responding to movement of hairs are 
also found. Some of these respond to light touch, others are 
relatively insensitive (von Frey threshold 2-4mN) with diffuse 
receptive fields. Axons conducting in the A-beta range subserved 
both types of receptive field.

In glabrous skin two types of rapidly adapting ending were 
found, corresponding to sensitive and insensitive units in hairy 
skin.

Slowly adapting (SAI) units with very sensitive, small 
receptive fields (von Frey threshold 0.04mN) were found. SAII 
units which responded to stretch over a large area were also 
present. Both types of slowly adapting unit were rare.

Seventy-three percent (73%) of C-fibre units were polymodal 
nociceptors. They had small receptive fields and responded to 
pressure and heating. Others were sensitive mechanoreceptors 
(12%), cold thermoreceptors (4%), or very insensitive (11%).
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Cell bodies of primary sensory neurons can be distinguished 

by: size and ultrastructural appearance, biochemical
characteristics and electrophysiological properties.
1.5. Size and ultrastructural appearance.

The sizes of primary sensory neuron cell bodies fall into 
two overlapping categories, small dark (20-50um) and large light 
(40“75um) cells. Small, dark cells outnumber large, light cells 
aproximately 2:1 (Harper and Lawson, 1985). Axons conducting in 
the A-alpha or A-beta (14-3 0m’*) range arise from large light 
cells. Axons conducting in the A-delta or C range are from 
small, dark cells (Harper and Lawson, 1985).

Using additional ultrastructural criteria cell bodies can 
be divided into 6 types (Hambourg and Clermont, 1983).
1.6. Biochemical characteristics.

There are a large number of peptide, enzyme or carbohydrate 
markers for primary sensory neurons. Several of these may co
exist within the same cell (reviewed by Dodd and Jessell, 1985).

1.6.1. Peptide markers.
The most widely distributed peptide in dorsal root ganglion 

cells is calcitonin gene related peptide (CGRP). 
Immunoreactivity for this peptide is present in forty seven 
percent of rat lumbar DRG neurons, mainly in small to medium 
sized cells (McCarthy and Lawson, 1989). Substance P-like 
immunoreactivity is present in a smaller number (20%) of mainly 
small and some medium-sized cells (McCarthy and Lawson, 1989; 
Hokfelt et al, 1976). Somatostatin-like immunoreactivity is 
present in a small group (5-10%) of small cells (Ju et al, 1987). 
Other peptides found in DRG cells include opioid peptides.
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cholecystokinin, galanin, and Neurokinin-A. Several more have 
been identified. Nearly all substance P labelled cells also show 
evidence of expression of CGRP (Ju et al, 1987). Somatostatin 
co-localizes with CGRP in the rat, but not with substance P.

1.6.2. Enzvme and protein markers.
Fluoride-resistant acid phosphatase (FRAP) and thiamine 

monophosphatase (TMP) are found in similar populations of small 
DRG neurons, and may be the same enzyme (Knyihar-Csillik et al., 
1986). There is little overlap between these and substance P 
containing neurons (Hunt and Rossi, 1985).

Carbonic anhydrase (CA) is present in large and medium-sized 
neurons, particularly muscle afferents (Peyronnard et al, 1988). 
There is extensive overlap between these neurons and those 
containing the calcium-binding proteins Calbindin D-28k or 
parvalbumin. Calbindin D-28k is found in large and medium sized 
DRG neurons, parvalbumin in large neurons. The calcium binding 
proteins may be necessary to sequester intracellular calcium 
released during prolonged periods of neuronal activity. They, 
along with carbonic anhydrase and other enzymes such as 
cytochrome oxidase, indicate high levels of metabolic
or electrical activity in subpopulations of DRG cells, 
particularly muscle afferents (Carr et al, 1989 ; Wong-Riley,
1989).

The high affinity receptor for nerve growth factor is found 
on nearly all CGRP and substance P containing cells, but not 
those containing TMP. A role for nerve growth factor (NGF) in 
regulating expression in adult DRG cells of these peptides has 
been described (Lindsay et al, 1989). A further role for NGF
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in regulating electrophysical properties of neurons is discussed 
in section 2.8).

1.6.3. Carbohydrate markers.
Cell-surface glygonjugate markers can be recognised by a 

range of lectin or antibody markers. A number of lectins can be 
used to label DRG cells, particularly different populations of 
small cells some of which overlap. Markers specific for large 
cells have also been identified. The different chemical 
subgroups recognized by these markers may play a role in axon 
guidance and cellular recognition, especially during development 
(reviewed Dodd and Jessel, 1985).
1.7. Electrophysiological characteristics.

1.7.1. Duration and type of action potential.
Intracellular recording from adult rat dorsal root ganglion 

cells has shown that cells with axons conducting in the A-beta 
and C fiber ranges have action potentials (APs) with durations 
of 0.6-2.9 and 0.6-7.4 ms respectively. Action potentials of 
shorter duration are shown by A-alpha and A-delta cells. They 
range from 0.49-1.35 in the case of A-alpha cells and 0.5-1.7 ms 
in A-delta cells.

About a third of A-beta neurons have an inflexion on their 
repolarizing phase and these have action potentials of
longer duration. A larger proportion of A-delta cells with 
longer action potential durât ion (about 60%) exhibit the 
inflexion. An inflexion is found on the action potentials of 
all C cells (Harper and Lawson, 1985; Waddell and Lawson, 1990).

Koerber et al. (1988), have related soma action potential 
properties to the peripheral receptive field in adult cats. They
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determined that A-beta cells with low threshold mechanosensory 
receptive fields differed from those with high-threshold 
mechanosensjj^e fields (HTM) in the same way that A-delta LTM 
cells differed from A-delta HTM endings. Moving from low 
threshold to high threshold, both types of cells had action 
potentials of larger amplitude and longer duration.

Thus, whilst all C cells regardless of receptive field type 
have an action potential with an inflexion on the falling phase, 
this inflexion is only present in those A-beta and A-delta cells 
with a high-threshold receptive field.
1.7.2. Ion channels in DRG cells.

The action potentials of shorter duration described above, 
without an inflexion on their falling phase are carried by fast, 
tetrodotoxin-sensitive Na'*' channels. The longer duration action 
potentials (with an inflexion) are carried by both slower, 
tetrodotoxin resistant Na"*" channels and Ca^^ channels (Matsuda et 
al, 1978; Waddell and Lawson, 1990).

A wide range of calcium and potassium channels are present 
in rat DRG neurons. The distribution of these is different in 
small, medium and large neurons (see table below).
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Presence of calcium/potassium channels in neurons

Cell
Size

Calcium Potassium

Small L,N some T.
nimodipine/co
notoxin
insensitive
channel.

Medium 40%nimodipine
/conotoxin 
insensitive 
channel 3 0% T 
channel

slow,TEA-
sensitive
outward
rectifier,
rapid 4-AP
sensitive
outward
rectifier,
slow inward
rectifier.

Large non-T/N or L 
channel

Ref. Scroggs and 
Fox (1992).

Baker et al, 
(1987)

There are a number of suggestions as to what significance 
the different expression of ion channels has to the function of 
DRG cells.

McCobb and Beam (1991) have studied calcium entry into chick 
DRG cells using action potential waveform voltage-clamp commands. 
Because the T current is activated at -30mv wheras the HVA (high 
voltage activated; either N or L) current is activated maximally 
with steps to +10mv, more Ca^^ entry takes place through T 
channels. HVA channels have a greater sensitivity to AP duration. 
They can result in APs of different duration resulting in 
markedly different calcium influxes. Whereas T channels will be 
more reliable as reporters of frequency, the range of calcium 
inflow HVA channels carry may be important in modifying calcium- 
dependent processes such as neurotransmitter release. The 
potential significance of a developmental shift in calcium
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channel expression is described later.

Baker et al (1987) suggest different functions for the 
rectifying currents, carried mainly by K"'" ions found in 
myelinated dorsal root axons. The slow outward rectifier blocked 
by TEA is too slow to block AP duration, but may prevent a 
maintained depolarization from producing repetitive firing. The 
fast 4-AP sensitive outward conductance reduces the depolarizing 
after potential and in doing so prevents a single stimulus from 
evoking a burst of action potentials. The inward rectifier may 
serve to prevent hyperpolarizations caused by trains of impulses 
from blocking conduction.
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Section 2 . Development of the somatosensory system.

2.1. Origin of the peripheral nervous system.
The cell bodies of somatosensory primary sensory neurons 

located in the dorsal root or cranial ganglia arise from two 
sources. These are the neural crest and neural placodes.

The neural crest gives rise a large number of cell types. 
These include dorsal root ganglion cells, sensory neurons in the 
medio-dorsal portion of the Vth nerve ganglion, sympathetic 
postganglionic neurons in the sympathetic trunk, and their 
associated glial cells. It also gives rise to melanocytes, 
chromaffin cells, cartilage and other connective tissue cell 
types. It originates from precursor cells in the neural plate, 
which it separates from and comes to lie alongside. Other 
primary sensory neurons in the peripheral nervous system arise 
from the cranial placodes derived from cranial ectoderm. These 
placodes give rise to somatosensory neurons in the ventrolateral 
neurons of the Vth nerve ganglion (trigeminal), and primary 
sensory neurons in the sensory ganglia of cranial nerves VII, 
VIII, IX, and X (reviewed Purves and Lichtman, 1985; Le Douarin, 
1982) .
2.2. Birth of DRG cells.

Dorsal root ganglion cells are born over a four day period 
in the rat. At lumbar levels the peak of production is at E14 
(where El is the day of sperm positivity), (Lawson et al, 19^4; 
Altman and Bayer, 1984) . According to Lawson et al, (19(74) the 
peak of production of large cells occurs one day before the peak 
of production of small cells. The mean size of cells increases 
steadily up to birth, is constant from E21 to P3, and grows
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rapidly before levelling out around P3 3 (Harper and Lawson, 
1974) .
2.3. Neurite outgrowth.

At cervical levels, DRG cells extend axons to the cord at 
E13, one day after the first birthdays of DRG cells. Over the 
next four days the first stages of the formation of 
intrasegmental, intersegmental and suprasegmental connections are 
formed (Altman and Bayer, 1984). Peripheral branches of DRG 
neurons have been observed in sensory nerves at Ell at cervical 
levels, and E12 in lumbar levels (Reynolds et al, 1991) . At E14 
in the leg, axons began to branch from the plexus formed at the 
base of the leg into peripheral nerves directed towards the skin. 
A day later, at E15, axons entered muscle nerves (Reynolds et 
al, 1991). In this paper the first skin innervation observed was 
a subdermal plexus formed rostrocaudally down the leg from E17 
(upper leg) to E20 (toes). At this early stage the peripheral 
targets of these neurons have not begun to be formed.
2.4. Axon guidance.

Sensory nerves in the chick grow from the outset to their 
appropriate position in the limb (Honig, 1982; Scott, 1982; see 
Scott, 1987). Axons sort themselves out in the hindlimb plexuses 
to join the nerves that their ganglion of origin 
characteristically contributes. There are regions of the 
hindlimb that axons appear to selectively avoid, partially 
characterized by showing binding for cell-surface markers such 
as lectin peanut agglutinin (PNA), (Tosney and Oakley, 1990). 
These may be general guidance cues, affecting different types of 
axons such as autonomic and motor axons.
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After small rotations of neural tube sensory axons project 

to the target expected on the basis of their original position 
on the neuraxis. Motoneurons can also respond by innervating 
their normal target. Rotations above a certain size result 
however in abberrant peripheral innervation patterns being
formed (Lance-Jones and Landmesser, 1980; Scott , 1986).
It is possible that motor axons may guide sensory axons. 
However, cutaneous nerves can form normally when motoneurons 
are removed before the period of axon outgrowth; whereas muscle 
afferents do not innervate muscle (Scott, 1988). A different 
guidance mechanism is suggested by the finding that cutaneous 
sensory axons in the trigeminal nerve respond to a diffusible 
target factor released specifically from their target epithelium, 
which is distinct from NGF (Lumsden and Davies, 1983; 1986). A 
number of mechanisms and a large number of different molecules 
are likely to be involved in axon guidance.

Competition between axons is an important feature of the 
development of peripheral sensory innervation, and operates at 
a number of different levels. Removing segments of neural crest 
in chicks results in the absence of ganglia normally derived from 
that level of crest tissue. Neighbouring ganglia respond by 
projecting a greater number of axons into those nerve trunks that 
they and the absent ganglia normally contribute to (Scott, 1984; 
Honig et al, 1986). In addition, the neighbouring ganglia 
contain more cells either as a result of more cells being saved 
during the period of cell death or alternatively their receiving 
a signal resulting in increased proliferation of ganglion cells 
(Carr , 1984). Changes to the nerve trunks that ganglia
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project into also changes the dermatome supplied by the ganglia. 
The dermatomes of intact ganglia are enlarged (Scott, 1984) .
2.5 Dependence on Neurotrophic factors.

Whilst a large number of factors operate in determining 
neuronal phenotype, neurite outgrowth and the final pattern of 
connections with targets, particular attention has been paid to 
factors promoting survival of these neurons. The neurotrophic 
theory explains how the phenomenon of cell death is regulated in 
embryos by interaction with the target tissues of neurons. These 
release molecules that promote the survival of neurons at 
critical periods in their development, and in this way influence 
the final pattern of connectivity.

2.5.1. Neural Crest-Derived Neurons.
Beta-Nerve Growth Factor (NGF) is one of a family of related 

molecules - the neurotrophin family - that have been shown to 
promote survival of neurons in vivo or in vitro. The results 
of adding exogenous NGF to embryos or depriving them of it in 
vivo remain the best described. NGF is necessary for the 
survival of all sympathetic neurons, and most neural crest 
derived sensory neurons (Levi-Montalcini, 1982; Thoenen and 
Barde, 1980). The mechanism by which it promotes cell survival 
is unknown but involves binding to a high-affinity receptor in 
the periphery and subsequent retrograde transport of the factor 
to the cell body (Yip and Johnson, 1984).

The levels of NGF and NGF mRNA have been measured in mouse 
whisker pad embryos. Levels of the factor itself rise shortly 
after innervation of the whisker pads begin and then fall, 
although are independent of the innervation. In contrast, levels
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of the messenger rise steadily (Davies et al, 1987) . This is 
consistent with an initial period of NGF-independent outgrowth, 
followed by a period in which neurons may take up NGF from the 
target field. Competition for this and other factors may 
regulate cell survival and the period of cell death begins. Work 
in the chick suggests that cells initially express the low- 
affinity receptor for NGF before innervating their target, but 
that expression of the high affinity receptor correlates with 
their becoming responsive to NGF (Sutter et al, 1979; Davies

1986) . After this period neurons pass into an NGF- 
independent phase. There is a decrease postnatally in the number 
of DRG cells expressing NGF receptor mRNA (Buck et al, 1987), 
presumably leading to the situation in the adult when only a 
subpopulation maintain expression of the (high) affinity receptor 
(Verge et al., 1989).

Some neural crest-derived neurons may not require NGF. For 
instance, in mouse treatment with anti-NGF antibodies does not 
completely remove all dorsal root ganglion cells (Johnson et al, 
1980;19^3). Applying anti-NGF antibodies to fetal rats has also 
been shown to remove almost all unmyelinated fibres and thinly 
myelinated A fibres from spinal dorsal roots, but without having 
a marked effect on the number of large diameter fibres (Goedert 
et al, 1984). Proprioceptive neurons of the trigeminal 
mesencephalic nucleus cannot be supported in cell culture by NGF 
(Davies et al, 1987) and there is little NGF in skeletal muscle, 
the target of proprioceptive neurons (Shelton and Reichardt, 
1984) . This subgroup of neurons may then respond to other 
factors (eg.NT-3 described below). NGF may therefore be a
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trophic factor for neurons innervating the skin particularly
those with unmyelinated or thinly myelinated fibres but it is
less certain to what extent the population of large diameter is
effected by the factor. Some large diameter cells possess the

i et alhigh-affinity NGF receptor (Verge, 1990). It is unknown whether 
these are cells with a particular type of peripheral receptive 
fields.

2.5.2.Neural placode-derived neurons.
Neural placode derived neurons, that do not require NGF for

survival, respond to brain-derived neurotrophic factor both in
I et al

vitro and in vivo (Hofer and Barde, 1988; Lindsay, 1985). The 
factor is likely to be concentrated within the CNS and available 
to sensory neurons via their central branches (Maisonpierre et 
al, 1990). Whilst the cell death of placode-derived neurons is 
reduced by BDNF but not NGF, BDNF and NGF may still have an 
additive effect in promoting survival of NGF-responsive neural 
crest derived neurons (Lindsay et al, 1985).

Another member of the neurotrophin family, Neurotrophin-3 
(NT-3) promotes survival of all trigeminal mesencephalic nucleus 
neurons, and a few trigeminal ganglion neurons (Hohn et al, 
1990). Its mRNA is found in skeletal muscle (Maisonpierre et al,
1990). These neurons are also responsive to BDNF. As is the 
case with NGF and BDNF responsive neurons derived from the neural 
crest, there may be an additive effect in promoting survival of 
these (presumably) centrally and peripherally derived trophic 
factors.
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2.6. Development of cutaneous innervation.

2.6.1. Early nerve endings in the skin.
In the rat fetus hindlimb peripheral nerves grow towards the 

skin at E14 in the proximal limb. They reach the toes at E19. 
Nerve branches grow towards the epidermis in an organized 
fashion, without mingling extensively with axon terminals of 
neighbouring branches. Endings initially extend into the 
epidermis, but shortly afterwards retract to occupy a sub- 
epidermal location (Fitzgerald, 1966; Reynolds et al, 1991). 
These findings suggest that the epidermis itself is the first 
sensory surface, before specialized endings on hair follicles or 
other end-organs in the skin are formed (see below).

2.6.2. Encapsulated endings.
Pacinian corpuscles in the rat hindlimb develop from the 

first week onwards (Zelena , 1990). Meissner's corpuscles
in mouse hindlimb develop over this period as well (Ide, 19^2). 
The main feature of the development of both types of receptor 
being the gradual increase in lamellae in their extraneuronal 
sheath, after initial contact with an axon. Muscle spindles, 
Golgi-tendon organs and Pacinian corpuscles all are arrested in 
their development by neonatal neurotomy (Zelena, 1976).

2.6.3. Hair follicle endings.
The primordia of hair follicles begin to form prenatally 

(Mann, 1962). Their main period of growth is in the first three 
postnatal weeks. The onset and development of hair innervation 
in the hindlimb has been described by Rice and Munger (1986) in 
intervibrissal fur of the rat. In this study the longitudinal 
palisade and circumferential endings around guard follicles
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developed from the end of the first week onward, and were mature 
by three weeks of age. Endings on vellus hairs develop later, 
from 3 weeks onwards.

Nerve endings also are found in close association with the 
primordia of hair follicles (Van Exan and Hardy, 1981; Bressler 
and Munger, 1983). Whether they are necessary for induction of 
hair follicles is unknown, although hair follicles can be grown 
in culture without access to nervous tissue.

2.6.4. Merkel cells.
Merkel cells have been identified in rat skin as early as E17 

rostrally on the body axis but are likely to appear later on the 
hindlimb. Unmyelinated axons enter the epidermis and terminate 
on Merkel cells at PO (English et al, 1980). Merkel cell endings 
may be the first endings formed by cutaneous axons in the 
periphery. This early onset of innervation has led to 
suggestions that Merkel cells play a prominent role as a source 
of trophic signals, for example Nerve Growth Factor (Vos et al,
1991). This component of skin innervation may have an important 
patterning effect on later formed endings such as Meissner's 
corpuscles (Dell and Munger, 1986).

Merkel cell development is only partially dependent on 
afferent innervation. Denervation carried out at PO resulted in 
a marked reduction of the number of Merkel cells on the hairy 
hindpaw of the rat, but had considerably less effect on Merkel 
cells in a paw-pad (Mills et al, 1989).

2.6.5. Unmyelinated endings.
The C-fibre component of cutaneous innervation has been 

studied most often at the level of the DRG, mostly by the
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appearance of peptides characteristic of these neurons. 
Substance P, somatostatin, and CGRP have first been identified 
at E17 in lumbar DRGs. Appearance in the skin of these peptides 
has been shown slightly later at E19 (Marti et al, 1986; Senba 

1982) . TMP and FRAP are observed in DRG neurons as early 
as E15 (Schoenen, 1978).
2.7. Functional Development.

2.7.1. Mvelination.
The sequence of events that results in myelination of these 

cells has been described as follows a) initially axons are found 
in fetal bundles with several axons to a single Schwann cell b) 
axons from this bundle become separated by individual Schwann 
cells to form promyelin fibres c) myelinating fibres with 
increasing numbers of lamellae are formed from these.

At birth most fibres are in fetal bundles, with promyelin 
fibres present. In the first three weeks postnatally the numbers 
of Schwann cells increase, and the main rise in numbers of 
lamellae around myelinating fibres takes place. Axons in 
promyelin bundles are of larger diameter than those that remain 
in fetal bundles. From PI to P90 the range of axon diameters 
found in a rat hindlimb nerve rose from a range of 0.5 to 1.5um 
to one of 1.5 to 12.5um (Friede and Samorajski, 1968; Vejsada et 
al, 1985) . At PI, the maximum conduction velocity found for 
fibres in rat tibial nerve was 1.4ms’; this rose to 35ms’ at P30 
(Vejsada et al, 1985).

2.7.2. Receptive field development.
Extracellular recordings of units innervating the rat 

hindlimb have been made from as early as E17, when all are
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unmyelinated and inseparable on the basis of conduction velocity.
At this age there are units that fire discrete bursts of action
potentials to pressure stimuli, and units stimulated by stronger
pressure stimuli that fire more prolonged bursts of action
potentials. A day later units could be recorded from that fired
bursts of action potentials in response to low-threshold
brush/touch of the skin. At E19 units were recorded from that
responded to heat, or chemical stimulation, presumptive C-fibre
responses. Postnatally there is continued development of units
as they become capable of giving more sustained responses, at
greater frequency and with more delineated receptive fields

and Rowe
(Fitzgerald, 1987). Ferrington (1980) has described the 
functional development of peripheral cutaneous receptors in 
newborn kitten. Both RA and SA receptive fields were very mature 
at birth. However, SA cells adapted in seconds rather than 
minutes whilst the rapidly adapting (dynamic) cells had higher 
sensory thresholds and a reduced ability to follow electrical 
stimuli at higher frequencies. From PI to PIG the percentage of 
muscle stretch receptors that could respond for 5s to stretch 
increased from 50% to 90%. By 18 days postnatally their 
discharge frequency had attained its adult value (Vejsada et al, 
1980).
2.8. Changes to membrane properties.

Which ion channels underlie these changing firing properties 
has been studied by intracellular recordings of DRG cells in the 
postnatal period. At birth DRG cells can be divided into three 
categories according to conduction velocity (which is dependent 
on axon diameter as well as myelination) and soma action
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potential properties. Action potentials of C cells are mature 
at birth. They are long-lasting, have an inflexion on the 
falling phase; the inward component is carried both by calcium 
and a tetrodotoxin-resistant Nâ "̂  current. One group of A cells 
have properties similar to C cells. In the other group the 
sodium component of the action potential shows tetrodotoxin 
sensitivity. Postnatally the number of cells expressing the 
fast, tetrodotoxin-sensitive Na’*' current rises

(Schwartz et al, 1990) . This shift in Na"̂  channel 
expression is likely to underlie the shortening of the rising 
stage of action potentials and partly their overall shortening.

The table below shows the number of myelinated/ummyelinated 
A cells that showed inward rectification (IR), and its mean 
amplitude (from Fulton, 1987).

PI P7 P14
myelinat
ed

unmyelin myelinat
ed

unmyelin myelinat
ed

6 14 16 4 20
number
showing
IR

2 2 13 1 16

mean
amplitud
e

9.25% 12.5% 21% 11% 38%

The absence of inward rectification (IR) in a large 
proportion of A cells at PI may be one reason for the poor 
following characteristics on repeated stimulation of neonatal 
afferent fibres. Myelination may produce inward rectification 
in neurons (Fulton, 1987).
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Calcium is involved as a second messenger in a wide variety 
of processes including growth cone elongation and stability, 
repetitive firing of neurons, and neurotransmitter release. 
Changes to calcium channels during development may be of 
particular importance to neurons.

Synaptosomal fractions of E18 rat brain are enriched in N 
and L-type calcium currents compared to growth cone fractions 
suggesting that on synaptogenesis their expression is increased 
(Vigers and Pfenninger, 1991). During development calcium 
currents are initially mainly of the T-type in chick sensory and 
motor neurons and Xenopus spinal neurons (McCobb et al, 1989; 
Gottman et al, 1988 and O'Dowd et al, 1988). The switch from T 
to N/L Câ '*’ channels takes place when neurites have just grown to 
their target and the period of cell death begins (McCobb et al, 
1989) . It may therefore be triggered by reaching the target and 
mark the change in the neurite from development to function. For 
example, increased expression of the channels may lead to greater 
calcium influx, that stabilizes growth cones (eg Mattson and 
Kater, 1987) . The N and L channels have also been shown to 
control neurotransmitter release (Perney et al, 1986; Atchison 
and O'Leary, 1987), not needed during the period of axon 
outgrowth.
2.9. Factors controlling functional development of neurons.

A major aim of research into the development of primary 
afferent neurons is to find out what factors may influence the 
development of both the receptive field and the firing properties 
of primary sensory neurons.

Firstly a great many of these may be intrinsic to the cell
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body and presumably controlled by differentiative events early 
in embryonic development. For example, even when all cells are 
unmyelinated some cells respond specifically to noxious stimuli; 
others are rapidly adapting or slowly adapting at a time when 
they have yet to form anything like mature endings in the 
periphery (Fitzgerald, 1987).

A number of studies have shown that culturing cells
in the presence or absence of the NGF (Nerve Growth Factor) 
produces populations of cells with selective changes to membrane 
properties. One effect shown is on the expression of voltage- 
gated sodium channels. In these studies adding NGF to the 
culture medium of cells from PO pups increased expression of the 
tetrodotoxin-sensitive sodium channel, an effect found 2hrs after 
adding the factor to the cultures (Omri and Meiri, 1990). A 
similar experiment using adult DRG cells also resulted in an 
increase of tetrodotoxin sensitivity (Aguayo and White, 1992).
Removing NGF from cultures of neurons maintained in culture for
3-9 weeks has also been reported to produce a marked lengthening
of the action potential duration; presumably by an effect on the
expression of either an inward Câ "̂  or outward channel

et al(Chalazonitis, 1987).
c Results from experiments investigating the effect of axotomy 

on membrane properties of neurons are consistent with the idea 
that at least some of these are maintained by a supply of target- 
derived trophic factors. Peripheral but not central axotomy of 
sensory nerves in the cat petrosal ganglion resulted in several 
changes in membrane properties. AP duration increased, with a 
decrease in amplitude and duration of the spike after
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hyperpolarization. These may result from a decrease in a Câ * 
dependent current. A decrease in an inward rectifying current 
was also found. Only the latter alteration was found in a study
of changes to membrane properties produced by peripheral axotomy

Ç'-a'--of DRG neurons (Czeh,/’1977) .
An in vivo study of the development of A-delta units in 

hairy skin indicated that treatment postnatally with NGF 
antibodies prevented intra-epidermal A-delta fibres from becoming 

HT mechanoreceptor units (Lewin et al, 1992; Ritter et al, 
1993)•
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Section 3. Aims of the Present Study.

The aim of the study was to obtain information about how 
primary sensory neurons form mature sensory endings in the 
periphery. To achieve this, a number of approaches were used. 
Firstly, a survey was made of primary afferent receptive field 
and firing properties during development using single unit 
extracellular recording. The survey provided control data for 
an experiment attempting to find whether these properties are at 
least partly target-dependent. This was combined with 
histological studies of the development of endings over the same 
period, using a variety of neuronal labelling methods. As well 
as trying to find functional plasticity, an attempt was also made 
to find out whether primary sensory neurons exhibit anatomical 
plasticity at their peripheral end.

As well as providing information about the nature and extent 
of such plasticity, the study also suggests what sort of 
mechanisms might be involved in producing it.
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Section 2. Methods.

1.1. Electrophvsioloqy.
1.1.1. Animal preparation.
Rat pups at ages P3, PIO and P20 were initially anesthetized 

using i.p.urethane (2 0% solution in distilled water, O.lml/lOg 
body weight). Animals were left for 5-10 minutes for the effect 
of the drug to develop and small additional doses of urethane 
were given until an acceptable level of anesthesia was achieved. 
This was found to be when pinch reflexes were suppressed but not 
entirely absent. Completely areflexic animals were found to 
survive the rest of the preparation poorly.

When anaesthesia was established an incision was made in the 
neck along the line of trachea. This was exposed by dividing 
overlying muscle and connective tissue and a length of 3/0 thread 
(Mersilk) was passed behind it. A tracheotomy was performed and 
a plastic cannula inserted into the trachea and secured by 
ligating the thread. Immediately afterwards the animal was 
connected to the ventilator. The EGG and heart rate was 
monitored by pin electrodes inserted into the forepaws. The 
latter was a very sensitive indicator of the physiological state 
of the animal and adjustments were made throughout the experiment 
to the ventilation and temperature in order to maintain a heart 
rate of about 120 beats per minute. The animal was secured in 
a rack by two pairs of bars, one in the ears and one across the 
hips. In addition the hindlimbs were raised by passing a length 
of 3/0 thread through both heels and attaching them to a bar 
behind the animal. The ventral surface of the animal rested on 
a thermostatically controlled heating blanket (CFP 8185)
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maintained at 37 °C and overhead heating was provided by lamps. 
Again, heart rate was a sensitive indicator of body temperature.

Once on artificial ventilation, a neuromuscular blocker 
(Flaxedil: O.lml/lOg body weight) was administered i.p. and
dissection began.

A vertical incision was made on the dorsum of the animal and 
the skin pulled to one side. Next a dorsal laminectomy was 
performed by cutting away the dorsal and lateral vertebral arches 
and overlying longitudinal muscle. The minimum amount of tissue 
was removed to clearly expose a ganglion, usually L4 or L5. The 
operation site was cleaned with saline and bathed in paraffin oil 
to prevent it drying out. Before commencing recording a clamp 
was inserted around the spinal column rostral to the operation 
site to further stabilize the animal.

1.1.2. Recording.
The indifferent and recording electrodes used for single 

unit recording were tungsten plated platinum microelectrodes 
( Merrill and Ainsworth 1972), , kindly supplied by A. Ainsworth. The 
indifferent electrode was inserted into nearby muscle surrounding 
the exposed ganglion. The recording electrode was lowered onto 
the surface of the ganglion and then penetrated vertically into 
the ganglion in 10 um steps using a microstepper (Neurolog S.Cat 
01) . Responses were amplified and filtered using standard 
electrophysiological equipment (Neurolog). Action potential 
waveforms could be observed on a storage oscilloscope (Gould type 
4041) and also used to trigger pulses made audible through a 
loudspeaker. Records of action potential waveforms or the output 
from the spike trigger were made using a Gould 'Windograph'



Unresponsive neurons were stimulated either by pinching the skin with fine forceps, or by use 

of the thicker von Frey hairs. High threshold mechanosensitive endings conducting in the A - 

beta range may be represented here by those units show in figure 12) w ith the highest von 

Frey thresholds. They were included in the sample as some were found to respond to 

movement o f hairs, and when brush stim uli were used the difference in stimulus intensity 

needed to stimulate the endings appeared to lessen markedly.

The rapidly adapting units under study always fired discrete bursts of spikes to a brief 

stimulus and never fired action potentials, even at a low-frequency, to a constantly applied 

static stimulus. The size o f the bursts o f spikes that could be elicited was taken to be a 

measure o f response amplitude. The duration o f the stimulus is unknown as it was applied 

by hand.

It might have been possible to map receptive fields with graded stim uli using von Frey hairs. 

However, in the conditions o f the experiment it was found that it was difficult to reproducibly 

stimulate endings w ith the pressure stimulus applied by the hairs, particularly when it was 

apparent that the units responded best to brush stim uli across the receptive field. Although 

the intensity o f the stimulus is unknown in each case a sharp boundary between the area in  

which the unit could be stimulated and adjacent non-responsive areas could be identifed. In  

all cases the stim uli used were clearly non-noxious.
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thermal printer. Units were searched for by moving the electrode 
up and down in the ganglion whilst brushing/touching the skin, 
until action potentials from units innervating the skin could be 
isolated from the background noise. When a unit had been 
isolated its receptive field on the skin was mapped under a 
dissecting microscope (Leitz) . The area on the leg)in which it could 
be stimulated by light touch with fine forceps was marked with 
a felt-tip pen. The length and width of this receptive field 
were measured using a pair of Vernier calipers. The threshold 
to stimulation of units was measured with a range of calibrated 
von Frey hairs. Values for the response amplitude of units and 
peak frequency of firing (spikes/second) were found after storing 
groups of action potentials (APs) on the oscilloscope and 
measuring the minimum distance between adjacent APs and the 
maximum number fired to a single, brief stimulus.

Electrical stimulation of the units was investigated by
stimulating endings in the skin using a stimulus isolator
(Neurolog) . The current was passed to the skin of the animal
between two insect pins inserted around the position of the
unit's receptive field. The conduction latency was measured as
the time between the stimulus artefact produced by the
stimulating current, and the appearance of the action potential
on the oscilloscope. This and the distance of the receptive
field to the ganglion was used to find the unit's conduction
velocity. Units were also stimulated at different frequencies ifrequency-
to test their following characteristics.

Typically, up to six units could be isolated during each 
experiment before it terminated usually due to a decline in the
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condition of the animal. This was nearly always preceded by a 
period of not finding responses to natural stimulation in the 
ganglion.
1.2. Anatomy.

1.2.1. Tissue Fixation.
All animals were perfused intracardially with normal saline, 

followed by either 4% paraformaldehyde (silver stained sections) 
or PLP fix (immunohistochemistry).
4% paraformaldehyde: 40g paraformaldehyde (Sigma) in 450mg

dist.H20. Solution heated gently, two 
drops of conc. sodium hydroxide added 
to dissolve. Add 500ml O.IM phosphate 
buffer, make up to 11 with dist.HgO.

PLP fix: 20g paraformaldehyde (Sigma) in 450ml
dist.H2O. Solution heated gently, one 
drop of conc.sodium hydroxide added to 
dissolve. Add 500ml O.IM phosphate 
buffer, make up to 11 in dist .H2O . 
Solution cooled then add 18.316g lysine 
(Sigma), 2g sodium periodate (Sigma).

Tissue used for silver-staining consisted of pieces of skin
dissected away from the feet and leg of rat pups. Whilst this 
was done for animals used for immunohistochemistry at older ages 
(P10-P20), before this small blocks of foot were taken, including 
both hairy and glabrous skin.

1.2.2. Post-fixation.
Tissue used for silver-staining were post-fixed for a 

minimum of 7 days in Winkelmann post-fix. Tissue for 
immunohistochemistry was post-fixed for 12-24 hrs in PLP fix and 
stored in 2 0% sucrose/O.IM phosphate buffer.
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Winkelmann post-fix: 10ml formaldehyde solution (Sigma) ; 1ml
35% NH): 15g sucrose. Add to 50 ml 0.2M 
phosphate buffer. Make up to 100 ml 
with dist.HjO.

20% sucrose 20g sucrose (Sigma) . Add to 50 ml 0.2M
phospate buffer. Make up to 100 ml with 
dist .H2O.

1.2.3. Defatting tissue.
Tissue for silver staining was defatted by passing pieces 

of tissue through the following solutions: from 70% to 95% and
then 100% ethyl alcohol (BDH) , for a minimum of an hour each and 
then into histoclear (Sigma) for at least Ihr. Rehydration was 
carried out by passing tissue back through the alcohols from 100% 
to 70% ethyl alcohol, Ihr in each.

1.2.4. Crvoprotection and cutting.
Tissue for silver-staining was mounted in Tissue Tek (BDH) 

for cryoprotection and cut as free-floating sections using a 
freezing microtome. Tissue for use in immunohistochemistry was 
left for 12-24hrs in a solution of 20% Tissue Tek in O.IM 
phosphate buffer, for additional cryoprotection before cutting 
sections.
1.3. Winkelmann silver stain.

The method used was taken from Millard and Woolf (19^8). 
It is a modification of the method described originally by 
Winkelmann (19 60).
Solutions used.
Silver solution: 20g silver nitrate in lOOg dist.H20.

Solution keeps indefinitely but must be
filtered before use.

Developer: O.lg hydroquinone (sigma), 0.5g sodium
sulphite (Sigma). Made up in 50ml dist.H20. 

Toner: Ig gold chloride (Sigma) in 11 dist.H2O. Use
once only.

Sodium thiosulphate 5g in 100 ml dist.H20.
Protocol.
1. Rinse sections in 3 changes of distilled water, 10 minutes 

for the last change.
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2. Place sections in 20% silver nitrate for 20 minutes.
3. Rinse in 3 changes of distilled water, 3 second each. The 

timing of this step was crucial.
4. Sections placed in developer for 3-5 minutes, or until 

sections were judge^to have darkened sufficiently.
5. Rinse in 2 changes of distilled water.
6 . Sections placed in 0.2% gold chloride solution for 2 

minutes.
7. Rinse in 2 changes of distilled water.
8 . 5% aqueous sodium thiosulphate for 5 minutes.
9. Rinse in 2 changes of distilled water.
10. Dehydrate through 70%, 95%, 100% ethyl alcohol, then

histoclear. One minute in each solution. Sections mounted 
in DPX (Sigma).

1.4. Immunocvtochemistrv.
Antibodies to Protein Gene Product9.5 (Sigma), parvalbumen and 
Calbinden D-28k (both from Piers Emson) were used.
Solutions used.
PBS: Phosphate buffered saline, 9g sodium chloride

(Sigma) in 11 O.IM phosphate buffer.
Tris: 6.61g/litre dist.H2O Trizma HCl; 0.97g/litre

dist.H2O Trizma base (Sigma). Diluted X 5. 
Triton: Concentration of 0.04% in solutions above. Stock

solution of 20% Triton in PBS.
DAB mixture: l O m g d i - a m i n o b e n z i d i n e ( D A B ; S i g m a ) , 4 . 5ul

H2O2(Sigma)/50ml Tris.
Protocol.
1. Incubate sections in 10%normal goat serum/PBS.Triton.3Omin.
2. Wash x3 PBS.Triton. Ihr.
3. Incubate primary antibody 1:1000/PBS.Triton. 24hr.
4. Wash x3 PBS.Triton. Ihr.
5. Incubate biotinylated secondary antibody Ihr.

(sheep anti-goat, 1:250/PBS.Triton (Vectorstain kit).
6 . Wash x3 PBS.Triton. Ihr.
7. Incubate in avidin:biotin mixture/PBS.Triton

(Vectorstain kit). Ihr.
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8 . Wash xl PBS.Triton; x2 Tris Ihr.
9. Colour reaction: 5-7min
10. Quench with Tris;dist.H2O
11. Sections mounted on gelatinized slides, then taken through

ethanol/dist. H2O :
70%, 95%, 100%, Histoclear (1 mins each).

12. Sections mounted in permount (Sigma).
1.5. Methods for section 3).

1.5.1. Dorsal root aanglionectomv.
Dorsal root ganglionectomy was performed on 25 animals at

PO. Animals were anaesthetized by cooling them on ice. Usually
this took from 5-10 minutes for the animals to become immobile 
and stop responding to pinching the foot with forceps.

A laminectomy was performed under a dissecting microscope 
with aseptic conditions to expose an L4 or L5 ganglion. This was 
then completely removed or extirpated. Afterwards the skin over 
the operation site was sutured with 5/0 Mersilk thread. Animals 
were allowed to recover on a thermal blanket and then placed back 
with the mother.

The operated animals were used for experiments at 18-22 days 
postnatal age. Receptive fields of low-threshold sensory cells 
(A-cells) were mapped as described above. In addition, in 3 
animals a more extensive laminectomy and dissection was carried 
out around the operation area to expose the remaining dorsal root 
ganglia and their roots. The dorsal roots were cut as close as 
possible to the dorsal root entry zone and placed on silver-wire 
electrodes for recording. The dermatomes were mapped using 
multiunit responses to low-threshold touch/brush of the skin. 
Dermatomes were also mapped out in the same way for dorsal roots 
left in unoperated, control animals at the same age.

1.5.2. Histological analysis.
Six animals not used for electrophysiological experiments
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were used for histological analysis.
These were prepared and sections stained for the presence 

of PGP-like immunoreactivity as previously described. Whilst 
sections were cut from a number of different regions on the 
hindpaw, more detailed analysis was carried out on 50um sections 
cut perpendicularly to the skin surface of the same pawpad in 
each animal. This was always the large pawpad opposite toe 2. 
Counts were made of the number of axons transecting a line 
parallel to and immediately below the basal layer of the 
epidermis, as indicated in figure 57 a).

In addition, a length of proximal sciatic nerve from animals 
with an extirpated ganglion was removed and immediately placed 
in Winkelmann post-fix. Transverse sections were cut from these 
at 40um thickness and stained by the Winkelmann silver-staining 
method (figure s?b). A count of the number of myelinated axons 
contained in the nerves wokb made by drawing an outline of the 
whole nerve on graph paper using the drawing tube. This outline 
was divided into small portions using the divisions on the graph 
paper and the number of axon profiles (50-200) were counted in 
each. From 3 0% to 50% of the sciatic nerve was covered in this 
way. The cross-sectional area of the nerve and the area in which 
axons were counted was calculated by measuring the number of 
squares on the graph paper. Where squares on the graph paper 
were more than half filled by the outline of the nerve, they were 
counted as being completely filled. Those less than half filled 
were counted as being empty. The total number of axons was 
calculated as:

no. of axons counted X (area not counted/ area counted) + no. of 
axons counted.



A t certain electrode positions spike activity from muscle afferents was the largest or only 

response found. Data was not compiled from these units and the electrode was repositioned 

until this activity was eliminated.
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RESULTS

Section 1. The Postnatal Development of Physiological Properties 
of Cutaneous Primary Afferents.

1.1. General Introduction.
A total of 213 units were recorded with receptive fields on 

the hindlimb of rat pups at ages postnatal day (P)3, 10 or 20. 
The great majority of these (n=159) were rapidly adapting, low- 
threshold mechanoreceptors. Only occasional slowly adapting 
cells were found. These cells gave a maintained response to a 
prolonged stimulus, rather than firing a discrete burst of 
spikes only at the beginning of the stimulus. Slowly adapting 
type I and type II units could be distinguished by the larger 
receptive field and stretch sensitivity of the latter. Other 
slowly adapting units were muscle spindle afferents that fired 
prolonged bursts of action potentials in response to joint 
movement or stretch of the leg. Some of these responded to 
indentation of the skin over a large area of the leg.
1.2 Afferent population at postnatal day (P3).

1.2.1. Hairv Skin.
A total of 37 units were recorded from animals at this age. 

Three were slowly adapting units. Two of these had cutaneous 
receptive fields responding best to stretch of the skin over a 
large area. Light touch of the skin was also an effective 
stimulus, but in a smaller area. Firing could be maintained for 
only 3-5 seconds. The third one responded to stretch of the leg 
as well as touch of the skin and was likely to be a muscle 
afferent. Figure la) shows the pattern of firing of one cell 
with a SA cutaneous field.



The stimulus was applied to the slowly adapting unit in A ) throughout the entire period in  

which action potentials were recorded. The unit in B) fired discrete bursts o f spikes to a 

brush stimulus, or only at the beginning o f a constantly applied static stimulus. As the 

stimulus was applied by hand it ’s timing is unknown.



Figure 1). Units in P3 hairv skin.
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Figure 1 A) Action potentials from slowly adapting cell at P3 on hairy skin (SAJI). Response 
to light touch of the skin. Sweep duration in i) = 100ms; ii) =500ms; iii) = 1000ms. B) 
Rapidly adapting unit in hairy skin. Response to light touch of the skin. Sweep duration i) 
= 100ms; ii) = 500ms. C) Rapidly adapting unit in hairy skin. The unit fired fewer spikes 
than the unit in B). Sweep duration i) = 100ms; ii) =500ms.
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Three cells were found that responded maximally to pinching the 
skin with forceps. These had conduction velocities of 0.19,
0.72, and 0.93 ms'\ Figure 20) shows the distribution of 
conduction velocities of units at this age and it can be seen 
that all three values are at the lower end of the distribution 
found at this age. The unit with the lowest conduction velocity 
produced spikes of small amplitude and is likely to be a C-fibre 
recording. The conduction velocities and high-threshold 
mechanoreceptive receptive fields of the other two units are 
consistent with their being A-delta units.

The largest group of units had low-threshold rapidly 
adapting receptive fields. The distribution on the skin of the 
hindlimb of these units is shown in figure 2). At P3, only very 
occasional hairs protrude from the skin and these are fine, 
making it difficult to say what type of hairs they are. The 
sparseness of hair makes the surface of the skin the most 
important sensory surface. Because of this the RA cells can be 
considered field units. The bursts they fired in response to 
light brushing/touch of the skin were, however, very similar to 
responses recorded from units responding to brush of single or 
groups of hairs at ages PIO and P20.

Figure lb) shows the response from a low threshold RA cell 
at P3. The unit responded to light touch/brush of the skin, its 
von Frey threshold was low (0.277g) and conduction velocity 
(1 .2ms-l) towards the higher end of the range of values found at 
this age. Trace Ic) is from a cell with higher von Frey 
threshold (1.2g) and conduction velocity 1.6ms' .̂ This unit fired 
fewer spikes to a brush stimulus than that in figure Ic.
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Figure 2) Location of receptive fields on the hindpaw at P3 
A) Lateral view; B) Medial; C) Inferior. Scale bar =lcin.
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1.2.2. Glabrous Skin.
Thirty-two units were recorded in glabrous skin. 5 were 

slowly adapting. The remaining 26 were rapidly-adapting cells 
with low-threshold receptive fields. The distribution of these 
on the skin is shown on figure 2).

Two of the slowly adapting cells responded to stretch of the 
skin similarly to those found in hairy skin. The remaining three 
had much smaller receptive fields (less than Imm^) . Two 
responded to light touch of their receptive field and responded 
only weakly to stretch. One had a small receptive field on one 
of the toe claws, responded to touch but also gave a strong 
response to pinch. Figure 3a) is of one of the cells responding 
to light touch. Figure 3b) shows the pinch sensitive cell 
responding to different intensity von Frey hairs, showing that 
the cell is capable of some stimulus/response coding. Figure 3c) 
is an example of a rapidly adapting cell.
1.3. Afferent population at PIO.

1.3.1. Hairv Skin.
Thirty-three units were recorded from hindlimb hairy skin 

at postnatal day 10.
Three slowly adapting cells were found. Two responded to 

stretch of the skin, having fairly large receptive fields. 
Another with a smaller receptive field fired irregular bursts of 
spikes to low intensity stimuli and adapted more rapidly than the 
others.



Figure 31 Units in P3 glabrous skin.
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Figure 3 ) Slowly adapting unit at P3 in glabrous skin. Responses from i-iii) were elicited 
by von Frey hairs at 0.44g, 0.99g and 1.2g respectively. The unit shows stimulus-response 
coding, iv ) shows the response to pinch. B) Slowly adapting units w ith small light touch 
receptive fie ld  at P3 (S A I), on glabrous skin. Sweep duration i) = 100ms; ii) =500ms. C) 
Rapidly adapting unit in P3 glabrous skin. Response is to touch of the skin. Sweep duration 
i) = 100ms; ii) =500ms. Sweep duration 3 i-iv ) = 100ms.
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Of 31 rapidly adapting cells, 26 responded to movement of 
hairs whilst 5 responded only to brush/touch of the skin 
directly.

Of the latter group, three had conduction velocities less 
than Ims'̂  and two von Frey thresholds of 0.44 and 0.27g. Two 
cells had conduction velocities of 1ms* or above, and von Frey 
thresholds of 0.99, and 1.2g.

The hair follicle afferents responded to movement of the 
different types of hairs on the skin. Of these eighteen 
responded to movement of large or guard hairs, 1 to trylotrich 
hairs, and the remaining 6 units to movement of small or down 
hairs. One clearly fired in response to movement of both a 
single guard hair and several down hairs. The number of guard 
hairs from which movement could evoke activity varied from 2-9. 
Generally speaking, the units with conduction velocities in the 
higher range of values for this age were excited by guard hair 
movement, although some guard hair sensitive units had conduction 
velocities less than 1ms*. The distribution of receptive fields 
of low-threshold rapidly adapting units on the skin is shown in 
figure 4).

Figure 5a) is an example of a unit that responded to touch 
on an area of skin on the ankle as well as movement of 1-2 guard 
hairs.
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Figure 4). Location on the hindlimb of receptive fields at PIG 
A) Lateral view; B) Medial C) Inferior. Scale bar =lcm.



Figure 5~). Units in PIO hairv/glabrous skin.
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Figure 5A) Response of a hair follicle afferent at PIG. Trace i) is after brush of the skin. 
Trace ii) after movement of a single hair. Trace iii) shows the lack of habituation to 
stimulation every 5 second for 60 seconds. Sweep duration i) and ii) = 100ms. B) 
Slowly adapting unit in glabrous skin (S A I) at PIO. Sweep duration i) = 100ms; ii) =500ms.
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1.3.2. Glabrous Skin.
A total of 40 cells were recorded from with receptive fields 

on glabrous skin. Fifteen cells had slowly adapting responses. 
Two responded only to firm pressure on the skin. Three gave 
their maximum response to pinch of the skin and could maintain 
this response for a number of seconds. Conduction velocities of 
two of the latter group of cells were 0.63ms'̂  and 0.94ms'^. Three 
responded best to stretch of the skin in a large area. The 
remaining cells had small receptive fields with von Frey 
thresholds ranging from 0.072g to 0.99g.

Figure 5b) shows a unit that responded to light touch (von 
Frey theshold 0.27g) on the first toe pad (receptive field area 
1.9mm^) . It had a conduction velocity of 3 . 2ms'^.

The population of rapidly adapting cells all had conduction 
velocities above 1 .6m s ’, except for one cell with a conduction
velocity less that 1ms’. They differed in the amount of skin
indentation needed to elicit spike activity, as shown by the 
range of von Frey thresholds of 0.019 to 0.99g.
1.4. Afferent population at P20.

1.4.1. Hairv Skin.
Thirty-eight units were recorded in hairy skin.
Of these two were slowly-adapting units that fired in

response to stretch over a small area of skin.
Two rapidly adapting units responded to touch of the skin 

but not movement of hairs. Their von Frey thresholds were 0.27 
and 0.44g.

The remaining cells all responded to movement of hairs. 
Most responded to movement of guard hairs. The number of hairs
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that could excite the unit varied from 1 to 10. Four responded
to movement of small hairs (at least 10 hairs). These had
conduction velocities of 6.9, 13, and 16ms*. The distribution
on the skin of these units receptive fields is shown in figure 
6) .

Figure 7a) shows the burst of action potentials produced by 
a unit responding to movement of guard hairs.

1.4.2. Glabrous Skin.
Thirty-one cells were recorded in glabrous skin.
Seven cells were slowly adapting. One of these had a non- 

cutaneous receptive field, responding to pressure in a small area 
of subcutaneous tissue (2mm^) . It was not activated by muscle 
stretch. Two units responded best to stretch of the skin. The 
remainder responded to touch in an area of the skin from 0.7 to
1. 8mm?.

One rapidly adapting cell responded best to pressure of the 
skin, with a low conduction velocity (3.1ms‘*). The remaining 
rapidly adapting units responded to touch of the skin in a small 
area, but with different von Frey thresholds. Figure 7b) is an 
example of such a unit that fired up to 9 action potentials to 
light touch of the skin (von Frey threshold of 0.27g).

The data in the tables given below are from the low- 
threshold rapidly adapting population of units. These are hair 
follicle afferents/field units in hairy skin, and the field units 
of glabrous skin. The parameters measured are:
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a) Receptive field size (mm̂ ) .
b) von Frey threshold (g).
c) Response amplitude - measured as the maximum number of 
spikes in a burst elicited by a discrete stimulus 
(number of action potentials).
d) The peak frequency of response (spikes/second).
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Figure 6). Location of receptive fields on the hindpaw at P20 
A) Lateral view; B) Medial view; C) Inferior view. Scale bar=lcm

a©

<s.



Figure 7 Units in P20 hairv/glabrous skin.
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Figure 7A) Hair follicle afferent at P20. Response to brush of the skin. Sweep duration i) 
= 100ms; ii) =500ms. iii) same unit stimulated electrically (large arrow), the stimulus artefact 
is shown by the small arrow. Sweep duration = 100ms. B) Rapidly adapting unit in glabrous 
skin at P20. Response to touch of the skin. Sweep duration i) = 100ms; ii) =500ms.
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1.5. Development of Receptive Field (RF) Size.
In both hairy and glabrous skin the area of skin over which 

the low threshold RA cells could be excited by light touch or 
brush was oval in shape with the long axis along the length of 
the leg. Receptive field sizes were calculated by multiplying 
the width of the receptive field by its length, and are therefore 
likely to be overestimates.

1.5.1. Hairv Skin.
The change in receptive field (RF) areas with age on hairy 

skin are shown in figure 8a) . The mean area of units on the 
thigh is greater at all ages than those on the ankle. This 
difference is most marked at P3 when it is significant at the 5% 
level (t=2.21; ;p<0.05). From P3 to PIO mean receptive field
area decreases in both areas although the reduction is only 
slight on the ankle, but is a signficant fall for thigh receptive 
fields (t=3.45; P<0.05).

1.5.2. Glabrous Skin.
Figure 8b) shows the change in mean receptive field sizes 

with age in glabrous skin. At all ages units on the glabrous 
foot have larger RFs than toe units. This difference is 
significant (t=2.39;<0.05) at P3, but diminishes at later ages. 
Receptive field areas increase in both toe and foot glabrous skin 
from P3 to P20, most markedly in toe regions, and decrease 
thereafter. None of these changes are significant however.

At P3, the mean area for all units on hairy skin is 1.69mm^ 
and significantly larger than l.Olmm^ for all glabrous units 
(t=99; p<0.05). At PIO the mean areas for all hairy and all 
glabrous skin units are the same at 1.01 and l.lmm^ respectively. 
They are also the same at P20, the values being l.Olmm^ for all 
hairy skin units and l.lmm^ for all glabrous skin units.
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Figures 9) and 10) are histograms showing the distribution 
of receptive field sizes of units on hairy and glabrous skin 
respectively. The decrease in receptive field size in hairy skin 
with age results largely from an increase in the number of units 
with receptive fields less than 0.5mm^ in diameter. Whilst the 
single large receptive field of 4.5 mm^ at P3 amplifies the 
decrease, it is still significant when this is discarded 
(t=3.25; p<0.05). All of these cells with receptive fields less 
than 0.5mm^ responded to movement of hairs, 2 to down
hairs and 3 to guard hairs.

The increase in receptive field size in glabrous skin from 
P3 to PIO is due to the appearance of a small number of cells 
with receptive fields of more than 3mm^.

UPPER LEG. Receptive Field Size (mm̂ ) .

P3 PIO P20

1.0, 1.0, 1.12, 
1.3, 1.3, 1.5, 
1.6, 2.2, 2.3, 
2.34, 2.5, 2.6, 
2.8, 4.5

0.25, 0.25, 0.25, 
0.25, 0.25, 0.4, 
0.56, 0.7, 1.0,
1.0, 1.1, 1.2, 1.2, 
1.5, 1.7, 1.7, 1.7, 
1.7, 2.5

0.25, 0.3, 0.38, 
0.4, 0.45, 0.6, 
0.8, 0.81, 0.84, 
1.0, 1.3, 1.44, 
1.5, 1.5, 1.76,
1.8, 1.9, 2.0,
2.9, 3.0

Mean =2.00 
n =14 
S.E.M. =0.26

Mean =1.04 
n =19 
S.E.M =0.15

Mean =1.23 
n =20 
S.E.M. =0.17
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ANKLE. Receptive Field Size .

P3 PIO P20
0.4, 0.5, 0.6, 
0.8, 0.81, 1.5,
2.8

0.06, 0.25, 0.25, 
0.7, 0.72, 0.9, 
1.9, 2.2

0.25, 0.4, 0.4, 
0.5, 0.56, 0.64, 
0.72, 0.8, 0.91, 
1.0, 1.0, 1.1, 
1.2, 1.5, 2.5

Mean =1.06 
n =7 
S.E.M. =0.11

Mean =0.87 
n =8 
S.E.M. =0.28

Mean =0.87 
n =15 
S.E.M. =0.14

GLABROUS FOOT. Receptive field size (mm̂ ) .

P3 PIO P20
0.64, 0.64, 0.81, 
0.88, 1.0, 1.0, 
1.0, 1.32, 1.5, 
1.5, 1.8

0.25, 0.3, 0.43, 
0.5, 1.0, 1.0, 1.0,
1.0, 1.4, 1.5, 1.8,
2.0, 2.0, 4.0

0.28, 0.4, 0.45, 
0.48, 0.5, 0.7, 
0.7, 0.7, 0.75, 
0.9, 1.12, 1.2, 
1.4, 1.7, 1.9, 
2.9. 3.2

Mean =1.1 
n =11 
S.E.M. =0.11

Mean =1.3 
n =14 
S.E.M. =0.26

Mean =1.13 
n =17 
S.E.M. =0.21

GLABROUS TOE. Receptive field size (mm̂ ) .

P3 PIO P20
0.25, 0.5, 0.5, 0.32, 0.45, 0.75, 0.5, 0.72, 0.72,
0.55, 0.84, 0.88, 0.8, 0.88, 0.9, 1.0, 1.12, 1.2,
0.96, 1.0, 1.1, 1.0, 1.0, 1.0, 1.3, 

1.4, 1.7, 4.32
1.8

Mean =0.73 Mean =1.22 Mean =1.01
n =9 n =13 n =7
S.E.M. =0.10 S.E.M. =0.28 S.D. =0.16



Figure 9). Dist r ibut ion of reoept ive f ield size 
2

( m m  ). Hairy skin.

P3

PIO

cn

"03O
"o
(DJS
E15

5

4 -  

3 

2 -  

1 -  

0
0

P20

5 

4 -  

3 -  

2 4 

1 

0
0

Thigh5

4

3

2

0
0 2 3 51 4

2

2 3 4

5

5

5 -1 

4 - 

3 -1 

2

1 -  

0
0

5 -1 

4 -  

3

1 0

0
7 -n 

6 - 

5 -  

4

3 -  

2 - 
1 _

0
0

Recept ive Field Size ( m m  )

Ankle

3

3

3

4

4

5



62

Figure 10).  D is t r ibu t ion  o f  recept ive  f ie ld s izes 
2

( m m  ) in g la b ro us  skin.
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1.6. Development of von Frev Threshold (a)
These were measured at all ages for glabrous skin units, but 

only at P3 for units in hairy skin because at later ages the 
appropriate stimulation was hair movement and it was impossible 
to apply a von Frey hair to the skin without doing this.

The mean value of the von Frey thresholds are similar for 
units on both the glabrous toe and foot at P3 and PIO. At P20 
however the threshold of units on the toe is significantly lower 
(t=2.37; p<0.05). These values are shown in figure 11). Units 
recorded from future hairy skin at P3, which resemble field units 
in that they respond to light touch of the skin itself, had a 
similar threshold of 0.59g (n=12) to that of all glabrous units 
(0.47g (n=22)) at the same age.

Figure 12) shows the distribution of von Frey threshold (g) 
at each age, showing that the distribution changes little with 
development. In particular it can be noted that at P3 units were 
found with thresholds as high and as low as those found at later 
ages. Units with von Frey thresholds in the higher range (0.8- 
l.Og) did not have significantly lower conduction velocities than 
those with lower thresholds (0-0.4g; t=1.82; p>0.05).
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Figure 11). Graph of von Frey thresho ld  (g) 
versus a g e . . 4-/ — S.E.M.
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Section 1.7. The stimulus used was touch/brush of the unit’s receptive field using fine 
forceps.
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GLABROUS FOOT. von Frey threshold (g).

P3 PIO P20
0.072, 0.072, 0.2, 
0.27, 0.44, 0.44, 
0.44, 0.99, 0.99, 
0.99, 0.99

0.072, 0.072, 0.27, 
0.27, 0.27, 0.44, 
0.44, 0.44, 0.99, 
0.99, 0.99, 0.99, 
0.99

0.2, 0.27, 0.27, 
0.32, 0.34, 0.44, 
0.44, 0.91, 0.99, 
0.99, 0.99, 0.99, 
0.99

Mean =0.54 
n =11 
S.E.M. =0.12

Mean =0.56 
n =13 
S.E.M. =0.10

Mean =0.63 
n =13 
S.E.M. -0.10

GLABROUS TOE. von Frey threshold (g).

P3 PIO P20
0.026, 0.072, 
0.072, 0.2, 0.27, 
0.34, 0.44, 0.99, 
0.99, 0.99

0.019, 0.072, 
0.072, 0.27, 0.27, 
0.99, 0.99, 0.99, 
0.99, 0.99, 0.99

0.27, 0.27, 0.44, 
0.44, 0.2, 0.27, 
0.27

Mean =0.38 
n =10 
S.E.M. =0.12

Mean =0.60 
n =11 
S.E.M. =0.14

Mean =0.31 
n =7 
S.E.M. =0.04

1.7. Development of Response Amplitude
The receptive fields of rapidly adapting low-threshold 

mechanoreceptors in hairy and glabrous skin were stimulated with 
a range of suprathreshold stimuli and the responses recorded. 
The maximal response in terms of numbers of spikes per stimulus 
was compared at different ages.

1.7.1. Hairv Skin.
At each age units on the thigh were capable of firng more 

action potentials (APs) per stimulus than those on the ankle. 
These values are shown in figure 13a). At PIO this difference 
is significant at the 5% level (t=3.335; p<0.05). The maximum 
number of spikes per stimulus is approximately equal within each 
skin area at P3 and PIO but there is a significant increase for 
units in the lateral thigh from PIO to P20 (t=3.335; p<0.05). 
For ankle units the increase is not significant (t=1.323; p<0.1).
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1.7.2. Glabrous Skin.
In the case of glabrous skin units on both glabrous foot and 

glabrous toes show a decrease from P3 to P20. From P3 to PIO 
there is a significant increase (t=2.45; p<0.05) in the number 
of spikes per stimulus from toe units. This is offset from PIO 
to P20 by a significant decrease (t=2.927; p<0.05). The increase 
from P3 to PIO for glabrous foot units is slight and the decrease 
from PIO to PIO also not significant (t=1.203; p>1.0). Figure 
13b) is a graph showing response amplitude of glabrous skin units 
during development.

From P3 to PIO units from hairy and glabrous skin fired 
similar numbers of action potentials. By P20 however units in 
hairy skin fire significantly more action potentials per stimulus 
than those in glabrous skin (t=5.54; P<0.05). Figure 13c) is a 
graph comparing mean response amplitude of all hairy and all 
glabrous skin units at each age.

Figures 14) and 15) are histograms of response amplitude at 
each age studied. Figure 14) indicates that the observed 
increase in number of spikes fired per stimulus by hairy skin 
units is due to a general shift in the distribution towards units 
firing larger numbers of spikes. This can be seen most clearly 
for thigh units. At P3 the peak in the distribution of response 
amplitude is from 5 to 10 spikes; at PIO it is from 5 to 15 
spikes; and at P20, 10 to 15 spikes. Response changes little in 
glabrous skin from P3 to P20 (figure 15).
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Figure 13). Graph of response amp l i t ude  
versus postna ta l  age (days) .
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Figure 14). Dist r ibut ion of values of 
response ampl i tude.  
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Figure 15). Dist r ibut ion of values of
response ampl i tude.
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UPPER LEG. Response amplitude.

P3 PIO P20
5/ 6^ 6̂  6̂  6, 6, 
1, 1, 8, 10, 10, 
13, 14, 16, 16, 
17, 26

5, 5, 7, 8, 8, 8,
9, 9, 9, 10, 12,
12, 12, 12, 12, 13, 
14, 14, 17, 18

9, 9, 12, 12, 12, 
12, 12, 13, 13, 
14, 14, 15, 16, 
16, 17, 17, 19, 
20, 21, 30

Mean =10.5 
n =17 
S.E.M. =1.35

Mean =10.7 
n =20 
S.E.M. =0.77

Mean =15.44 
n =25 
S.E.M =0.92

ANKLE. Response amplitude.

P3 PIO P20
5, 5, 6, 7, 8, 9, 
13

3, 5, 6, 8, 8, 9, 
9, 12, 14, 16

4, 6, 6, 6, 7, 7, 
8, 10, 12, 13, 13, 
13, 15, 17, 18,
21, 32

Mean =7.57 
n =7 
S.E.M. =0.99

Mean =9.0 
n =10 
S.E.M. =1.21

Mean =12.9 
n =17 
S.E.M. =1.46

GLABROUS FOOT. Response amplitude.

P3 PIO P20
4, 5, 5, 6, 7, 8, 
10, 11, 13, 14, 15

3, 6, 8, 8, 9, 9, 
10, 11, 12

3, 4, 4, 5, 6, 6, 
6, 9, 9, 11, 19

Mean =8.91 
n =11 
S.E.M. =1.12

Mean =9 
n =9 
S.E.M. =1.03

Mean =7.18 
n =11 
S.E.M. =0.91

GLABROUS TOE. Response amplitude.

P3 PIO P20
5, 5, 5, 7, 7, 9, 
10, 11

6, 6, 9, 9, 9, 10, 
10, 11, 14, 14, 16, 
16

4, 4, 6, 6, 7, 8

Mean =7.38 
n =8 
S.E.M. =0.79

Mean =10.8 
n =12 
S.E.M. =0.96

Mean =6.57 
n =7 
S.E.M. =0.75
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1.8. Development of Peak Frequency of Firing (spikes/second).
Peak frequency was calculated from the minimum distance 

between adjacent spikes in the bursts of action potentials 
elicited by low-threshold stimuli.

1.8.1. Hairy Skin.
At each age the mean value for units on the thigh was 

greater than that for ankle units. These values are shown in 
figure 16a). The larger value for thigh units was significant 
(t=2.7323; p<0.05) at PIO but not at P3 or P20. The increase in 
mean values is most marked from PIO to P20 in both cases. From 
P3 to P20 the increase is significant for both thigh and ankle 
units (t=3.453 and 2.160 respectively; p<0.05).

1.8.2. Glabrous Skin.
The mean value was greater at each age for units on the foot 

against units on the toes. There was a slight increase from P3 
to PIO, and a marked increase afterwards for both foot and toe 
units (t=1.886 and t=2.987 respectively; p<0.05) . Mean values are 
plotted in figure 16b).

Figure 16c) is a block graph showing that the mean value of 
peak frequency of firing decreases in a rostrocaudal progression 
from the thigh to the toes. This is found at all ages. The 
difference between mean values for thigh and toe units is most 
marked at PIO (t=2.311; p<0.05).

Figures 17) and 18) show the distribution for values of peak 
frequency of firing at each age. They both indicate a general 
shift towards larger values in hairy and glabrous skin with 
increasing age.
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Figure 16). Graph of peak f requency  of f i r ing 
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Figure 17). Dist r ibut ion of peak f requency  of 
response (spikes per sec.).
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f i r ing (spikes per sec.) .
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UPPER LEG. Peak frequency of firing (spikes/second).

P3 PIO P20
40, 56, 71, 80, 
83, 123, 125, 
125, 133, 143, 
222

50, 91, 91, 95,
100, 105, 107, 111, 
125, 133, 143, 154, 
154, 182, 182, 182, 
333

56, 105, 125, 125, 
125, 200, 200,
200, 200, 222,
222, 250, 250,
250, 270, 323, 400

Mean =109 
n =11 
S.E.M. =14.6

Mean =138 
n =17 
S.E.M. =14.7

Mean =207 
n =17 
S.E.M. =19.9

ANKLE. Peak frequency of firing (spikes/second).

P3 PIO P20
33, 63, 73, 100, 
100, 200

20, 50, 71, 71,
100, 111, 123, 131, 
154, 333

50 51 77 100 100 
100 100 111 133 
167 167 167 200 
200 200 222 250 
286 286 286 333 
333

Mean =94.8 
n =6 
S.E.M. =21.4

Mean =116.4 
n =10 
S.E.M. =25.8

Mean =178 
n =2 2 
S.E.M. =18.5

GLABROUS FOOT. Peak frequency of firing (spikes/second).

P3 PIO P20
33, 50, 55, 60, 
63, 69, 93, 125, 
143, 143, 150

25, 31, 53, 56, 63, 
67, 70, 83, 150, 
154, 200, 208

50 67 83 91 100 
105 111 133 143 
143 167 175 200 
250 400 500

Mean =89.5 
n =11 
S.E.M. =12.4

Mean =96.7 
n =12 
S.E.M. =17.7

Mean =169.9 
n =16 
S.E.M. =29.5
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GLABROUS TOES. Peak frequency of firing (spikes/second).

P3 PIO P20
42, 50, 53, 56, 
59, 75, 87, 142, 
143, 160

37, 50, 59, 63, 83, 
83, 99, 100, 125, 
140, 143

83, 111, 143, 167, 
167, 167, 300

Mean =86.7 
n =10 
S.E.M. =13.4

Mean =89.3 
n =11 
S.E.M. =10.3

Mean =163 
n =7 
S.E.M. =2.65

1.9. Conduction Velocity fms M .
This was measured by electrical stimulation of units using 

pin electodes inserted the skin receptive field. Mean conduction 
velocity increases significantly in all areas over the period 
studied. Generally values at a given age on each position on the 
leg were very similar and none of the differences described below 
reached significance.

1.9.1. Hairv Skin.
The mean for units innervating the thigh is greater than 

that for ankle units at P3. This difference is less at PIO 
whilst at P20, ankle units have a slightly higher mean conduction 
velocity. Figure 19a) is a graph showing these values over 
development.

1.9.2. Glabrous Skin.
Values of mean conduction velocity of glabrous skin units 

are shown in figure 19b) . Whilst the mean value for units on the 
glabrous foot and glabrous toe are almost identical at P3, at PIO 
units innervating the glabrous foot have a higher mean conduction 
velocity. This is reversed at P20.

At P3 thigh units showed the highest conduction velocity of 
any group of units. At P20 glabrous toe units have the highest
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of any group. At PIO the pooled mean for all glabrous units was 
greater than that for all hairy units; 3.05 compared to 2.09ms‘̂. 
The same is true to a lesser extent at P20 (not significant).

Figures 20) and 21) are histograms that demonstrate the 
shift in conduction velocities with age.
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-1
Figure 19). Graph of conduc t ion  ve loc i ty  (m s  ) 

versus age (days) .
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Figure 20) .  Dist r ibut ion of conduc t ion  veloci t ies 
— 1

(m s  ). Hairy skin.
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Figure 21) .  Dist r ibut ion of conduc t ion  veloci t ies 
- 1

(ms  ). Glabrous foot .
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UPPER LEG. Conduction velocity (ms**) .

P3 PIO P20
0.42, 0.44, 0.49, 
0.55, 0.66, 0.7, 
0.71, 0.71, 0.72, 
0.79, 0.86, 0.93, 
1.0, 1.1, 1.2, 
1.4, 1.6, 1.8, 
2.1, 2.25, 3.8, 
6.3

0.4, 0.54, 0.6, 
0.63, 0.64, 0.71, 
0.83, 0.96, 1.8, 
2.1, 2.7, 3.0, 3.1,
3.3, 3.7, 3.8, 4.3,
4.4, 5

2.4, 2.8, 3.1,
3.5, 3.9, 5.1, 
6.2, 6.8, 6.9, 
7.4, 8.0, 8.25, 
8.9, 12.7, 13.8, 
16

Mean - 1 .2 
n —2 2 
S.E.M. =0.29

Mean =2.24 
n =19 
S.E.M. =0.36

Mean =7.23 
n =1.01 
S.E.M. =16

ANKLE. Conduction velocity (ms**) .

P3 PIO P20
0.19, 0.45, 0.52, 
0.62, 0.7, 0.8, 
0.8, 0.96, 1.2, 
1.5

0.5, 0.76, 0.94, 
1.0, 1.8, 2.0, 2.1, 
2.1, 2.25, 2.3,
2.9, 3.5

2.6, 4.1, 4.3,
5.7, 5.9, 7.0, 
7.4, 7.5, 7.5,
7.8, 8.0, 8.0, 
9.0, 9.3, 10, 10, 
12.9, 13, 13.6, 
15.7

Mean =0.77 
n =10 
S.E.M. =0.12

Mean =1.85 
n =0.26 
S.E.M. =12

Mean =8.47 
n =0.75 
S.E.M. =20

GLABROUS FOOT. Conduction velocity (ms**)

P3 PIO P20
0.15, 0.43, 0.47, 
0.52, 0.56, 0.56, 
0.63, 0.64, 0.67, 
0.73, 0.81, 0.97, 
1.0, 1.0, 1.1, 
1.3, 1.8

1.1, 1.6, 2.0, 2.2,
2.3, 2.4, 2.4, 2.5, 
2.7, 2.8, 2.8, 3.1, 
3.1, 3.2, 3.33,
3.5, 3.7, 3.8, 3.8,
4.3, 5.0, 6.0, 6.5, 
8.0

3.1, 5.0, 5.9,
6.1, 6.4, 6.4,
7.1, 7.9, 9.0, 
9.0, 9.2, 9.5,
9.8, 10.3, 11.1,
12.8, 14

Mean =0.78 
n =17 
S.E.M. =0.094

Mean =3.42 
n =24 
S.E.M. =0.33

Mean =8.39 
n =17 
S.E.M. =0.68
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GLABROUS TOES. Conduction velocity (ms'̂ ) .

P3 PIO P20
0.47, 0.58, 0.63, 
0.68, 0.68, 0.68, 
0.76, 0.8, 0.8, 
0.97, 1.3

0.57, 0.6, 0.7,
1.5, 1.9, 2.0, 2.3, 
2.4, 2.75, 2.9,
3.2, 3.3, 3.5, 3.7, 
3.9, 4.6

5.4, 6.8, 7.2,
7.4, 7.6, 9.7, 
10.5, 11, 12

Mean =0.76 
n =11 
S.E.M. =0.07

Mean =2.49 
n =16 
S.E.M. =0.31

Mean =8.62 
n =9 
S.E.M. =0.75

2.0. Conclusion and Discussion of Section 1.
2.0.1. Developmental changes.
i) Receptive fields.
The results show that primary afferent neurons have already 

established receptive fields in the hindlimb shortly after birth, 
and that these change little during subsequent development. This 
happens despite the postnatal period being the main time period 
over which mature sensory endings are formed in the periphery 
(Payne et al, 1991; Ide, 192%).

The units have clearly delineated low threshold receptive 
fields at P3 in both hairy and glabrous skin. The size of these 
appears to be relatively stable. The only change observed was 
a decrease from P3 to PIO in mean receptive field size of units 
on thigh skin, caused by the appearance of a number of units with 
very small receptive fields (less than 0.5mm^). It is unclear 
why such a change did not occur in ankle skin where there are a 
number of units in this size range at P3. The small receptive 
fields at PIO in thigh skin were not associated with any 
particular type of hair, so it is unlikely that the different 
distribution of hair types in the two regions is the main factor.
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The mechanical properties of the skin are likely to influence 
receptive field size. Thigh skin units may be differently 
affected by changes to these.

The von Frey thresholds of cells also did not change 
significantly during development. Again the same distribution 
of thresholds was found at P3 as at later ages.

Generally speaking, this data suggests that many of the 
receptive field characteristics are intrinsic to the sensory 
neurons, and not determined by their peripheral environment. 
Whilst innervating hairs enables the units to fire with great 
sensitivity to movements of individual hairs, the units still 
respond to skin deformation in a similar sized area of skin at 
all ages. Despite the likely changes in the physical environment 
and mechanical forces on cutaneous terminals during development 
the sensitivity of the endings to mechanical deformation appears 
to be fixed at birth and changes little afterwards.

ii) Firing properties.
Developmental changes were found in the firing properties 

of units to skin stimuli. Of these most marked was a general 
increase in the peak frequency of response of units and an 
increase in the number of spikes fired per stimuli from PIO to 
P20 in the hairy skin.

The population of units in hairy skin from PIO onwards fire 
more action potentials, whilst those in glabrous skin fire 
approximately the same. This change occurs over the time period 
that hair follicle innervation is maturing and is likely to be 
related to this (Payne et al, 1991)• Innervating hair follicles 
may help to amplify responses to stimuli. It is also possible
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that hair follicles as a target have specific effects on the 
firing properties of neurons that come into contact with them. 
It may result from a more general effect due to developing 
changes in the mechanical properties of hairy skin.

The peak frequency of firing of neurons increases during 
development for all skin areas. The increase takes place earlier 
in hairy skin than in glabrous skin. In the latter mainly from 
PIO to P20. Again this appear? in all areas to take place mainly 
as a generalized shift in the population towards higher 
frequencies of firing.

Conduction velocities of units similarly are shifted to 
higher values over the period studied; mainly due to the 
increasing degree of myelination of axons (Vejsada et al, 198Ç).

2.0.2. Comparison of different skin areas.
i) Receptive fields.
Receptive fields are slightly but consistently larger on the 

thigh than on the ankle and on the foot than on the toes. This 
has previously been found for receptive fields on thigh and ankle 
in the adult (Lynn and Carpenter, 1982). At P3 the mean for all 
hairy skin units is significantly larger than that for all
glabrous skin units. The difference at later ages is still there
but is less prominent. The difference in sensitivity of endings 
in different skin areas is established at an early stage of 
development.

ii) Firing properties.
Mean maximum number of spikes fired is slightly higher at 

all ages on the thigh than on the ankle. There is no clear
pattern for glabrous skin. Only at P2 0 is there a large
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difference between hairy and glabrous skin.

The mean peak firing frequency is always higher in the order 
thigh>ankle>glabrous foot>toes. This difference is established 
at P3. The mean conduction velocity increases in a similar 
fashion for units in all areas. There is a suggestion of a 
rostrocaudal gradient in the hairy skin. The mean peak firing 
frequency reflects the general proximo-distal gradient in 
maturation of the limb. The mean for lateral thigh units is 
higher at P3 and PIO than that for ankle, before becoming 
slightly less at P20. Similarly, at PIO the mean for glabrous 
foot is higher than glabrous toe, but at P20 that for the toes 
is higher.

These differences in properties of units in different skin 
areas may be imposed on sensory neurons by the target. This 
could be due to the different mechanical properties of the skin 
in the different areas or it supplying different amounts of 
trophic factors to sensory neurons. Alternatively it could be 
due to the different skin areas being innervated by intrinsically 
different populations of cells. It is difficult to see how the 
latter possibility could be true since L5 DRG neurons innervate 
the proximal limb as well as the toes. Nevertheless some 
matching of afferents to skin areas cannot be ruled out.
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Section 2. The Postnatal Development of Skin Innervation.
2.1. General Introduction.

The most obvious postnatal change to the leg is a marked 
increase in its size. The surface area of the skin on the leg 
at each age was measured by removing the skin and outlining it 
on a glass sheet with the skin pressed down lightly and using a 
computerized bit-pad. Results from this experiment are shown in 
figure 22).

The surface area of hairy skin on the leg increased markedly 
from P3 to PIO, but less so from PIO to P20. The surface area 
of glabrous skin increases less than hairy skin but does so more 
steadily from P3 to P20.

Whilst hair follicles are formed prenatally, the main period 
of hair follicle formation is in the postnatal period (Payne et 
al, 1991). Whilst hair follicles are present at birth, they are
of shorter length and do not produce hairs. By P3-P5 the
follicles produce hairs that protrude from the surface of the 
skin.

Table 1 below shows how many follicles are less than 300um
in length at various postnatal ages (from Payne et al,
1991).
Age (days) % small follicles (<300um)

Lateral leg Dorsum of foot
0.5 67 76
3 58 74
5 70 80
7 9 7
10 0 0
12 3 0
15 14 0
19 21 26
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From PO.5 to PIO the number of small follicles decreases as the 
first follicles to mature (guard and trylotrich) elongate 
considerably (Mann, 1962). After PIO the number of follicles 
increases, presumably marking the wave of hair follicle 
production that results in formation of down or vellus hairs. 
This change shows a rostrocaudal gradient taking place later on 
the dorsum of the foot than on the lateral leg.

On the lateral thigh the mean interfollicular distance does 
not change significantly postnatally (Payne et al, 1991). This 
means that the increase in surface area of the leg is balanced 
by the rate of production of new hair follicles.

Glabrous skin changes less in the postnatal period. There 
is an increase in the number of cell layers in the epidermis and 
a slight increase in thickness of the epidermis. The main changes 
to skin morphology are found in the pawpads where the epidermis 
grows into the dermis to form rete pegs.
2.2. Winkelmann Silver Stain

This is a marker for both thinly and heavily myelinated 
fibres. At all ages studied the method gave reasonably strong 
filling of fibres with the black, silver reaction product. 
Results for the development of innervation of hairy skin using 
this stain have been previously published (Payne et al, 1991).

Innervation at P3 is present as a network of fibres 
restricted to the dermis. Only occasionally are fibres found in 
bundles of 1-3 axons that ascend towards the epidermis, running 
across but not onto hair follicles. At P5 more fibres are found 
in association with hair follicles. At P7 more direct 
innervation of hair follicles is found. Endings are found
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growing circumferentially around follicles, that are presumptive- 
Ruffini endings. Figure 23) shows the innervation being formed 
at P7 around a large guard follicle. In addition fibres are seen 
ascending to the basal layer of the epidermis, particularly at 
the mouth of the follicle. At this age a small number of endings 
can be found growing longitudinally along the hair shaft. This 
is more marked at PIO, and these endings or "palisades" can be 
clearly distinguished first at this age. The number of such 
endings increases from PIO to P12 and P19, when are they are 
completely adult-like in appearance. Figure 24) shows the 
innervation of a large guard follicle and an adjacent small 
or down hair follicle, at P19 in rat hairy skin.
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Figure 231. Hairv skin innervation at P7 (Winkelmann)

Figure 23). Photomicrograph of innervation of hairy skin at P7 
(Winkelmann silver stain). Axons (large arrow) are found growing 
onto the surface of a large guard follicle (G) . Axons (small 
arrows) also reach the epidermis (E). Section thickness=100um; 
scale bar= lOOum.



92
Figure 24). Hairv skin innervation at P19 (Winkelmann)

e A #
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Figure 24). Innervation of hairy skin at P19 (Winkelmann silver 
stain). The complexity of innervation has increased around the 
guard hair follicle (G). The small, down hair follicle (D) is 
also innervated but by a single axon. Section thickness=100um; 
scale bar= lOOum.
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Tables 2 and 3 below summarise some aspects of the 
development of this innervation. Table 2 is of the percentage 
of hair follicles innervated at different postnatal ages. Table 
3 showns the mean number of axons per hindlimb follicle.
Table 2

% of hair follicles innervated
Age lateral thigh dorsum of
0.5 - -

3 - -

5 58 52
7 70 42
10 53 78
12 80 73
19 54 97

The initial increase in number of hair follicles innervated 
up to P7-10 is followed by a decrease. This is likely to be 
because of the wave of vellus hair formation, a smaller 
percentage of which are innervated than guard or trylotrich hairs 
(Millard and Woolf, 198s).
Table 3)

Age mean number of axons per follicle n
+/- S.D.

0.5 — —
3 1.9 +/- 0.9 11
5 2.5 +/- 1.1 32
7 2.5 +/- 1.0 19
10 2.8 +/- 0.9 22
12 3.3 +/- 1.2 30
15 3.3 +/- 1.1 28
19 4.0 +/- 1.3 63
The table shows a gradual increase in the mean number of

axons innervating each hair follicle. It appears that there is
a gradual recruitment over the first three postnatal weeks of
fibres from the dermal plexus that form endings on the follicles.
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2.3. Protein Gene Product 9.5 fPGP 9.5)«
Staining with PGP was strongest at the younger ages studied

and proved a general neuronal stain (Dalsgaard et al, 1989 j .
2.3.1. Hairv skin.
At PO and P3 staining is present as a dense subepidermal 

network. Fibres are found penetrating the epidermis as well as 
in the connective tissue of the dermis. Endings are not found 
on the small hair follicles present. Figure 25a) shows the 
staining at P3 in hairy skin. At PIO and P20 hair follicles have 
grown deeply into the dermis. There is a separation of the 
stained network into the part directly beneath the epidermis, 
and that around the hair follicles (figure 26a-c).

2.3.2. Glabrous skin.
At PO and P3 the network in glabrous skin is similar in

appearance to that in hairy skin. At PIO and P20 the formation
by the epidermis of ridges and dermal papillae leads to an 
alteration of innervation, with the innervation being 
concentrated at the apex of the dermal papillae. In this location 
large diameter fibres ascending to the base of the epidermis, 
without penetrating it, are found in association with 
encapsulated end-organs or Meissner's corpuscles. Figure 25b) 
shows the innervation in glabrous skin at P3. Innervation at P20 
is shown in figures 27a,b).
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Figure 25). Innervation at P3 (PGP-like IR).

B
Figure 25). Innervation of skin at P3 (PGP-like IR). A) Hairy 
skin. Innervation consists of a network of fibres immediately 
beneath and occasionally within the epidermis (E). Fibres do not 
grow onto developing follicles (hf). B) Glabrous skin. This 
consists of a network similar to that in hairy skin. Section 
thickness =100um; scale bar =100um.
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Figure 26). Hairv skin innervation at P20 fPGP-like IR).

Figure 26). A) Hairy skin at P20 (PGP-like IR). Nerve bundles 
completely surround follicles (hf); palisade endings can be seen 
growing along them (small arrows) . B) and C) . The same section 
photographed in two different planes shows the separation of the 
innervation into a plexus (P) around hair follicles (B) at a 
level approximately 200um from the skin surface, and one (C) 
immediately beneath the epidermis (E) . Section thickness =100um; 
scale bar =100um.
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Figure 2 1 \. Glabrous skin innervation at P20 fPGP-like IR).

Figure 27). Glabrous skin innervation at P20 (PGP-like IR). A) 
Photomicrograph of glabrous skin (paw-pad region) at P20. 
Endings are found predominately in association with the epidermis 
(E). Infolding of this has produced epidermal ridges (er) that 
invaginate the dermis around the dermal papillae (dp) consisting 
of connective tissue. B) High-power photomicrograph of part of 
A) above. Thin fibres (small arrows) are mainly found ascending 
perpendicularly to the skin surface. Thicker fibres (large 
arrows) form distinct anatomical endings, mainly at the base of 
the dermal papillae, or at the base of the epidermal ridges. 
These are Meissner's corpuscles (MC) and Merkel cell-neurite 
complexes (Mer) respectively. Section thickness =100um; scale 
bar =100um.
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2.4. Parvalbumen Stain.

Figure 28 ) is a photomicrograph of a P3 dorsal root 
ganglion stained for parvalbumen-like immunoreactivity. It shows 
that a relatively small number of prédomina] ntly large diameter 
cells are stained. Figure 29a) shows the distribution of cell 
diameters in the ganglion. The peak of the distribution is for 
cells with diameter between from 40 and 50 um. The staining 
obtained was generally good at PO and P3 but became less distinct 
at later ages. In both hairy and glabrous skin, and at all ages, 
innervation found with the stain was sparse.

2.4.1. Hairv skin.
At PO and P3 fibres are found that ascend to the basal layer 

of the epidermis, and terminate there. Terminal specializations 
were not seen. As figure 30) shows bundles of 2-4 fibres could 
also be seen running horizontally across hair-shafts. In 2 
consecutive sections 6 out of 47 follicle shafts showed such an 
arrangement (12.7%). The fibres do not appear to terminate at 
this position. Fibres could still be seen to leave this 
arrangement on either side of the follicle shaft and ascend 
towards the base of the epidermis to form endings there. At PIO 
and P20 the same features could be seen with fibres found loosely 
around follicles but without forming clear palisade endings 
(figure 31), at PIO).

2.4.2. Glabrous skin.
At PO and P3 cutaneous innervation seen with the stain 

consists of fibres ascending a short distance from bundles in the 
dermis to the epidermis, where they form fine spray-like endings 
figure 32). Occasionally these endings appear to terminate at 
1-2 ovular structures, visualized by the stain. The appearance
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Figure 28). Dorsal root ganglion at P3 (PV-like IR).

#

Figure 28). Dorsal root ganglion cells showing parvalbumen-like 
IR. Only large dorsal root ganglion cells are stained (large 
arrows). Axons in the ganglion are also stained (f). Section 
thickness =100um; scale bar =100um.
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of these is similar to those found in greater numbers at PIG and 
P20. At PIO endings in glabrous skin form two possible types of 
endings. Occasional fibres are found ascending to the apex of 
the dermal papillae, and approach the epidermis there. This 
location suggests that they may terminate on Meissner' corpuscles 
there, although these could not be clearly seen. Such endings 
can be more clearly seen with PGP staining at P2 0 (figures 27b; 
large arrow). At P2 0 the only endings found are of fibres that 
ascend to the basal epidermis of the epidermal ridges and there 
form distinctive grape-like endings consisting of several axons 
or branches of axons with an ovular structure at the terminus. 
These are not found in hairy skin. Figures 33) and 34) show 
these endings at PIO and P20 respectively. This appearance is 
typical of Merkel cell-neurite complexes (eg.Aldskogius et al, 
1986; figure 12).
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Figure 30). Hairv skin innervation at P3 (PV-like IR).
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Figure 30). Innervation of hairy skin at P3 (parvalbumen-like 
IR). Most fibres (large arrows) are found ascending to the 
epidermis (E) and occasionally growing across hair follicles 
(hf). Section thickness =100um; scale bar =100um.



105
Figure 31). Hairv skin innervation at PIO fPV-like IR).

Figure 31). Drawing using camera lucida of hairy skin 
innervation at PIO (PV-like IR). Innervation (large arrow) is 
present on a guard-hair follicle (G) as well as ascending to the 
epidermis (E) shown by the small arrow. Scale bar =100um.
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Figure 32). Glabrous skin innervation at P3 (PV-like IR).

U,' s.-

Figure 32). Photomicrograph of glabrous skin innervation at P3 
(PV-like IR). The nerve bundle ( d) divides into branches that 
ascend to the basal layer of the epidermis (E) and form a plexus 
immediately underneath. Section thickness =100um; scale
bar=100um.
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Figure 33). Glabrous skin innervation at PIG fPV-like IR).

Figure 33). Innervation of glabrous skin at PIO (parvalbumen- 
like IR) . A) Photomicrograph. Staining is restricted mainly 
to thick fibres that end in grape-like clusters located at the 
apex of the epidermal ridges. These are Merkel-cell neurite 
complexes (large arrows). Some fibres reach the epidermis in the 
dermal papillae (small arrows). B) is a drawing of part of the 
same section using a camera lucida. Section thickness =100um; 
scale bar =100um.
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Figure 34). Glabrous skin innervation at P20 (PV-like IR).

Figure 34) . Glabrous skin innervation at P20 (PV-like IR) . The 
only endings found in the section were Merkel-cell neurite 
complexes (large arrows). Section thickness =100um; scale bar 
=10Gum.
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2.5. Calbindin D-28k Stain.

Staining in DRG at P3 (fig.35) shows that this marker is 
present in a sub-population of both large and small diameter DRG 
cells. The staining obtained was generally less distinct than 
that seen with antibodies to parvalbumen, especially at early 
ages when calbindin stained fibres rather than terminals 
strongly.

2.5.1. Hairv skin.
At PO and P3 in hairy skin fewer stained fibres were seen 

than with parvalbumen at the same age. Whilst fibres were found 
running along hair follicle shafts they did not appear to wrap 
themselves around the follicle shaft. Some fibres ascended 
alongside the follicle shaft to the epidermis, which other fibres 
reached more directly from the dermis. Figure 3 6) shows staining 
at P3 in hairy skin. Larger diameter fibres are most prominent 
in these, but thinner fibres can also be discerne d. At PIO in 
one batch the innervation was present as palisade endings on 
large hair follicles (figure 37a,b). More frequently the 
predominant endings in hairy skin at PIO and at P20 was a 
disorganized network around the hair follicles, not particularly 
associated with them (figure 37c).

2.5.2. Glabrous skin.
At PO and P3 endings beneath the epidermis were found 

similar to but more sparse than those seen with parvalbumen. 
Figure 38ab) shows glabrous skin at PIO. At this age, endings 
were found predominately as a disorganized network immediatedly 
below the epidermis. Generally these appeared to be of thinner 
fibres. Very occasionally, endings suggestive of those
visualized with parvalbumen were seen. Very little could be seen 
at P20.
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Figure 35). Dorsal root ganglion at P3 fCalbindin-like IR).

«
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Figure 35). Dorsal root ganglion showing Calbindin D28k-like IR. 
Large and small dorsal root ganglion cells are stained (large and 
small arrows respectively) . Fibres (f) in the ganglion are also 
stained, but not strongly. Section thickness =100um; scale bar 
=100um.
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Figure 36). Hairv skin innervation at P3 fcalbindin-like

IR) .

Figure 36). A) Photomicrograph of innervation at P3 (Calbindin 
D28k-like IR). Innervation is sparsely visible. Nerve bundles 
(nb) are found in the dermis. Loosely arranged thick fibres 
(large arrows) and some thin fibres (small arrows) are seen with 
the stain. B) Camera lucida drawing of the same section.
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Figure 37) . Innervation of hairv skin at PIO fCalbindin-likeIR).

Figure 37). Innervation of hairy skin at PIO (Calbindin-like 
IR) . A) Photomicrograph. This shows innervation around a 
single hair follicle (large arrow). B) Camera lucida drawing 
showing the palisade of endings around the follicle in greater 
detail. C) Photomicrograph showing a loose network of fibres 
around follicles at PIO. E =epidermis; hf =hair follicle; sb 
=sebaceous gland. Section thickness =100um; scale bar =100um.
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Figure 38). Innervation of glabrous skin at PIO fCA-like IR).

Figure 38). A) and B) . Innervation of glabrous skin at PIO 
(Calbindin-like IR) . Photomicrographs showing a network of 
fibres (arrowheads) ascending perpendicularly to the epidermis 
(E) .
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2.6. Conclusion and Discussion of Section 2.
The different staining methods used gave very different 

results. In particular they highlight the need for stains that 
are specific for particular subgroups of the entire innervation. 
At one extreme PGP, whilst generally a strong stain, showed only 
a very broad picture of the innervation, and was not very 
effective in distinguishing for example large fibres from small. 
Winkelmann silver stain is specific for larger diameter (A) 
fibres (Millard and Woolf, 198b) and therefore enabled a 
description of the development of the large fibre innervation of 
hair follicles in particular.

The two stains for proteins in neurons related to calcium 
metabolism gave mixed results. Staining for calbindin was 
generally difficult to demonstrate. The staining of endings in 
the skin, as suggested by the cell sizes found in dorsal root 
ganglia, appears to be of a range of fibres both large and small. 
In particular the networks of thin fibres are similar to those 
found with staining for peptides characteristic of C cells in the 
ganglion such as substance P or CGRP (data not shown). In the 
skin calbindin appears to be predominantly a thin fibre stain. 
One batch where it stained predominantly the palisade endings on 
hair follicles suggest however that this can show a considerable 
amount of variability, for unknown reasons.

Parvalbumen is much more specific for larger diameter 
fibres. In glabrous skin it is highly restricted to endings of 
a particular morphology. Some of the problems of staining the 
skin are shown by the fact that these are difficult to discern 
in glabrous skin, even with a strong neuronal marker such as PGP. 
In hairy skin at P3 it was noticeable that structures around 
follicles such as those shown in figure ^0) were not clearly
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visualized by the Winkelmann silver stain.
A consideration of the biochemical function of a protein 

such as parvalbumen would suggest a role in preventing build up 
calcium after prolonged activation of the endings, which would 
be needed particularly in slowly adapting cells. Parvalbumen 
staining in both hairy and glabrous skin is relatively sparse. 
In hairy skin for example it was not found in highly organized 
endings around hair follicles, which are likely to be mainly 
rapidly adapting units. Possibly the relatively sparse 
innervation revealed by parvalbumen staining consists of the 
endings of slowly adapting cells only. Even more spéculâtively, 
since the endings in glabrous skin are those of large diameter 
fibres on Merkel cells in the basal layer of the epidermis, 
parvalbumen may be a marker for SAI units particularly. The 
identity of SAJI units is unclear. It is possible that endings 
with some relationship to hair follicles are these units in hairy 
skin (Chambers et al, 1972), although in both skin types most 
neurites at the earliest ages appeared to be related to the 
epidermis where they may contact Merkel cells.
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Section 3. The Effect of Dorsal Root Ganglion Extirpation at 
Birth: Increasing Target Availability.

3.1 General Introduction.
The control study of the development of cutaneous receptive 

fields showed particularly that despite the large increase in 
size of the leg after birth, receptive fields sizes change only 
modestly. This suggests that the receptive field size in 
particular may be a fixed property of the peripheral processes 
of dorsal root ganglion cells. To test this a further experiment 
was undertaken to examine how changing the availability of target 
tissue could affect this and other properties of the sensory 
cells.

Because the area of skin or dermatome that a dorsal root 
ganglion innervates overlaps extensively with that supplied by 
neighbouring ganglia, removing one dorsal root ganglion will 
increase the amount of target tissue available to neighbouring 
ganglia that have processes intermingling with those of the 
extirpated ganglion. The effect of this was investigated in a 
number of different ways.

i) Single unit recording was used to find the receptive 
field and firing properties of units with cell bodies in 
adjacent ganglia.
ii) Multiunit recording from dorsal roots was used to 
determine whether extirpation produced any increase in the 
size of the dermatome of adjacent ganglia.
iii) Skin in the area affected by the extirpation was 
investigated histologically to find the effect of 
extirpation on the density and pattern of innervation there.
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3.2. Afferent population.
Thirty two units were recorded from with conduction 

velocities ranging from 3.2 to 18 ms'̂ . They therefore fell into 
the A-fibre range. Of these, 28 were classified as rapidly- 
adapting, low-threshold mechanoreceptors and 4 as low-threshold 
slowly-adapting mechanoreceptors. Figure 39) shows the
distribution of the units' receptive fields on the leg and foot. 
This corresponds well with the distribution of units' receptive 
fields at P20 on control animals (figure 6).
3.3. Receptive field size.

The mean receptive field size in extirpated animals was 
larger than in controls. Ankle units had a mean RF size of 
2.15mm^ which is significantly larger that the control group at 
0.87mm^ (t=2.14; p<0.5). The increase in receptive field size 
found in extirpated animals is also significant when the data for 
all hairy skin units are pooled (t=2.14; p<0.5). Results from 
this experiment are shown in figure 40).

Mean receptive field size in the glabrous skin is also 
larger in the extirpated group but the differences between 
glabrous foot, glabrous toe and for all glabrous units are not 
significant when compared to control (figure 41).

Figure 42) shows the distribution of units on the different 
skin areas. It can be seen that after extirpation there are no 
units on the thigh with a receptive field size less than 0.5mm^. 
The enlarged mean receptive field size on the ankle after 
extirpation is due to two cells with receptive field size greater 
that 3mm^. The cell with a very large receptive field (6mm^) was 
a hair follicle afferent with conduction velocity 6.8ms'^. If
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this unit is discarded the mean receptive field size is still 
larger than control at 1.84mm^ but this increase is then not 
significant.

On glabrous skin the increase in receptive field size is 
apparently due to the population of cells shifting as a whole 
to slightly higher values.
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Figure 39). Location of receptive fields on hindpaw of 
extirpated animals.
A) Lateral view; B) Medial; C) Inferior. Scale bar =lcm.
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Receptive field size .
Hairy skin.

Extirpation 
upper leg

Extirpation
ankle

0.7, 0.7, 
0.81, 0.84, 
0.91, 1.0, 
2.1, 2.3, 
2.3, 2.64

0.5, 0.5, 
0.88, 1.84, 
3.2, 6.0

Mean =1.43 
S.E.M.=0.25 
n= 10

Mean =2.15 
S.E.M. =0.88 
n= 6

Glabrous skin

Toes Glabrous foot

0.32, 1.1, 
1.4, 1.44, 
1.84, 1.7

0.64, 0.84, 
0.9, 0.9, 
0.96, 1.12, 
1.21, 1.54, 
1.56, 1.76, 
1.9, 2.1

Mean =1.78 
n =6 
S.E.M. =0.74

Mean =1.29 
n =12 
S.E.M. =0.47

Centro1 data.

Upper leg (control) 
Ankle (control)
Foot (control)
Toes (control)

Mean
1.23 
0.87 
I 13 
1.01

S.E.M,
0.17 
0.14 
O II 
0.16

n
22
15
I?7

All hairy/glabrous skin.
Hairy skin (control) 
Hairy skin (extirp.) 
Glabrous (control) 
Glabrous (extirp.)

1.07
1.7 
1.11 
1.29

0.12 
0.17 
0.16 
0.11

37
16
23
18
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von Frey threshold (a)

The von Frey threshold of units in extirpated animals is 
increased compared to control values, most markedly for units on 
the toe. This increase is significant (t=3.15; p<0.05). The 
increase for all glabrous skin units together is also significant 
(t=2.08; p<0.05). Figure 43) shows this data.

Figure 44) shows the distribution of thresholds on the toe. 
There are three units in extirpated animals with thresholds 
larger than any found on the control toe (above 0.6g). These had 
conduction velocities of 10.9, 6.4 and 8.7ms-l.
Glabrous skin.

Glabrous toe Glabrous foot
0.3, 0.44, 
0.99, 1.2, 
1.2

0.27, 0.27, 
0.27, 0.44, 
0.44, 0.44, 
0.99, 0.99, 
0.99, 0.99, 
1.2, 1.2

Mean =0.83 
n =5 
S.E.M. =0.19

Mean =0.72 
n =12 
S.E.M. =0.11

control data.
Mean S.E.M. n

Toe (control) 0.31 0.04 7
Foot (control) 0.63 0.1 13
All glabrous skin.
Glabrous (control) 0.52 0.19 20
Glabrous (extirp.) 0.75 0.09 17
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Graph 43) von Frey Threshold
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Figure 44) .  Dist r ibut ion of von Frey th resho lds  

(g).  Exi rpoted (con t ro l )  animals.
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Response amplitude.

There is a slight tendency for the maximum number of spikes 
fired per stimulus to be greater in extirpated animals for units 
on the ankle (figure 45) , and in both glabrous skin areas (figure 
46). There is a slight decrease however for thigh units. None 
of these changes are significant. Figure 47) is a histogram 
showing the distribution of the measurements made.

Hairy skin.

Ankle Thigh
9, 10, 12, 
18, 22, 26

6, 7, 8, 9, 
10, 12, 14, 
19, 28, 30

Mean =16.2 
n =6 
S.E.M.=2.83

Mean =14.3 
n =10 
S.E.M.=2.73

Glabrous skin

Toes Glabrous foot
3, 6, 7, 7, 
9, 14

5, 16, 4, 5, 
3, 7, 7, 14, 
7, 15, 8, 11

Average=7.67 
n =6 
S. D . =3.7

Average=8.5 
n =12 
S .D. =4.4

Control data.
Mean S .E.M. n

Upper leg (control) 15.8 1.08 25
Ankle (control) 12.7 1.5 19
Foot (control) 7.17 0.94 17
Toes (control) 6.57 0.81 7
All hairv/alabrous skin.
Hairy skin (control) 14.3 0.86 44
Hairy skin (extirp.) 15.0 1.96 16
Glabrous (control) 7.00 0.7 24
Glabrous (extirp.) 8.22 0.97 18
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Figure 45) .  Response amp l i t ude  

(sp ikes)  C o n t ro l / e x t i r p a te d .
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Figure 46) .  Graph of resonse am p l i t ude  (spikes)

Ext i rpated versus contro l .  Glabrous skin.
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Figure 47) .  Dist r ibut ion of response amp l i tude,  

spikes) .  Ext i rpated /  cont ro l  a ni mo Is.
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Peak frequency of firing fspikes/second).
The mean peak firing frequency for both ankle and thigh is 

greater in extirpated animals (figure 48). When pooled the data 
for all hairy units shows a significant increase in peak 
frequency of firing after extirpation (t=2.61; p<0.5). The peak 
frequency for all glabrous units is nearly identical for 
control/extirpated animals when data are pooled (figure 49).

Figure 50) shows the distribution of the measurements made, 
compared to the control data. It indicates that the increase in 
the mean for hairy skin units results from a shift of the whole 
population towards slightly higher values.

Hairy skin.

Thigh Ankle
143, 198, 
222, 250, 
286, 333, 
333, 333

167, 250, 250, 
250, 250, 333

Mean =262 
n =8 
S.E.M. =25

Mean =250 
n =6 
S.E.M. =21

Glabrous skin

Toes Glabrous foot
167, 184, 
200, 200, 
208, 286

50, 81, 88, 
100, 143, 
143, 154, 
185, 198, 
238, 250

Mean =208 
n =6 
S.E.M. =16.8

Mean =148.2 
n =11 
S.E.M. =19.7
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Control data.

Mean S.E.M. n
Upper leg (control) 207 20 17
Ankle (control) 178 19 22
Foot (control) 169.9 30.5 16
Toe (control) 162.6 26.0 7

All hairv/alabrous skin.
Hairy skin (control) 191 14 39
Hairy skin (extirp.) 257 14 17
Glabrous (control) 167.7 22.3 23
Glabrous (extirp.) 169.1 15.4 17
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Figure 4 8 ) .  Graph of  peak f r e q u e n c y  of f i r ing

(sp ikes  per  sec. ) .  E x t i rpa ted  ve rsus  co n t ro l .
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Figure 49 ) .  Graph of peak  f r e q u e n c y  of  f i r ing
(sp ikes  per  sec . ) .  Ex t i rpa ted  v. c o n t ro l .
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Figure 50). Distr ibut ion of peak f requenc ies of

f ir ing (spikes per second).  Ext i rpated/ con 
animals.

Thigh Ankle

8 -j
7 -

fn
6 -

c
Z5 5 -
o 4 -
0 3 -_Q
E 2 -D
z 1 -

0 -

0 100 200 300 400 500

P e a k  F r e q u e n c y  
(spikes/sec)

Glabrous foo t

6 - 
5 - 
4 - 
3 - 
2 -

0
0 100 200 300 400 500

Toes

if)

cD
M—
o

0_Q

8
7
6
5
4
3
2

0
0 100 200 300 400 500

P e a k  F r e q u e n c y  

(spikes/sec)

5

4

3

2

1

0
0 100 200 300 400 500

\ \ ^  Control
Extirpation



141
Conduction velocity fm/s).

The mean value for conduction velocity is slightly higher 
in animals with an extirpation compared to control. The change 
in hairy skin units is slight but the increases for units on the 
glabrous foot and toe are larger (figure 51) . The change in 
glabrous foot units and in all glabrous units together is 
significant (t=2.53,t=2.35; P<0.05 respectively). This data is 
shown in figure 52).

Figure 53) is a histogram showing that whilst the values are 
in the same range as those in the control study there is a 

shift generally towards units with higher conduction 
velocities.

Hairy skin.

Thigh Ankle
3.2, 3.4, 
6.67, 7.6,
8.2, 13.3

4.2, 6.9, 7.5,
12.2, 12.4, 
15.0

Mean =7.98 
n =6 
S.E.M. =1.01

Mean =9.7 
n =6 
S.E.M. =1.68

Glabrous skin.

Glabrous toe Glabrous foot
6.4, 8.7,
10.5, 10.9,
11.5, 12.8,

5.8, 9.2, 9.4, 
10, 10.2,
10.3, 10.8, 
12.0, 13.9,
15, 18

Mean =10.13 
n =6 
S.E.M.=0.93

Mean =11.33 
n =11 
S.E.M.=0.99
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Control data.

Mean S.E.M. n
Upper leg (control) 7.23 1.01 16
Ankle (control) 8.47 0.75 20
Foot (control) 8.39 0.68 17
Toe (control) 8.62 0.75 9
All hairv/alabrous skin.
Hairy skin (control) 7.92 0.61 36
Hairy skin (extirp.) 8.62 0.88 16
Glabrous skin (control) 8.39 0.51 26
Glabrous skin (extirp.) 10.91 0.72 17
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Figure 51). Graph of conduct ion velocity
- 1

(ms ). Control  versus ext irpated.
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Figure 52). Graph of conduct ion velocity
- 1

(ms ). Ext irpated versus contro l .  
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Figure 53 ) .  D is t r ibu t ion  of  c o n d u c t io n  ve loc i t ies  
- 1

(m s  ). E x t i r p a t e d / c o n t r o l  an im a ls .
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These results are only partly predicted by experiments investigating the contribution that 

different ganglia make to hindlimb nerves (Molander and Grant, 1986). These experiments 

show that L4 ganglion contributes fibres to the sural, tibial and common peroneal nerves. L5 

ganglion supplies the sural nerve, tibial nerve and common peroneal nerve. The L4 

dermatome described here lies within the area of skin supplied by the nerves, shown in the 

rat by Swett and W oolf (1986). In  the case of the L5 dermatome, the source of afferents on 

the medial leg is uncertain as the saphenous nerve does not contain fibres from the L5 DRG. 

The source of this discrepancy is uncertain. Some fibres innervating the medial leg may 

possibly be derived from the tibial nerve or superficial peroneal nerve, or potentially the 

posterior cutaneous nerve of the thigh, a branch of the pudendal plexus that may contain L5 

axons. Experimental error may be involved such as that from incorrect identification of 

muscle or joint afferents as cutaneous receptors. The distribution of receptive field shown 

by single unit recording (figure 56) shows less discrepancy, with most L5 units’ receptive 

fields located laterally on the leg presumably in the sural nerve territory.
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3.7. Dermatomes.

The figure 54) shows the extent of the dermatomes on the 
skin mapped by recording low-threshold cutaneous afferents from 
whole dorsal roots at P2 0. Recordings from the L4 dorsal root 
showed a strong concentration of afferents on the lateral thigh, 
both medial and lateral ankles, and on hairy foot laterally and 
dorsally but not on the hairy part of the toes. Weaker activity 
was evoked from medial leg round to and just crossing the 
midline. L4 dorsal root afferents were also found on the 
glabrous foot and fewer on the glabrous toes. L5 recordings 
showed a stronger concentration of afferents on the medial leg, 
both thigh and ankle, but fewer laterally. There was no activity 
evoked by hairy skin of the dorsum of the foot except along the 
lateral and medial borders. Units were found on the glabrous 
surface of the foot, but not on the toes except for toe 5. The 
L3 dorsal root had a strong concentration on the medial ankle and 
fewer on the lateral leg and ankle. There were also many 
afferents on the dorsal surface but not the glabrous part of the 
foot and toes. Its dermatome extended rostrally to the upper 
medial leg and perineum.

These results using multiunit recordings are confirmed by 
mapping the position on the leg of the receptive fields of single 
unit recordings from identified ganglia onto the leg. This is 
shown in figures 55) and 56).

Generally then, L4 innervated the lateral leg and sole of 
the feet whilst L5 innervated the medial surface of the leg. The 
ankle is an area of strong overlap of dermatomes but this overlap 
also occurs extensively across the midline of the leg and on the 
glabrous surface of the foot.
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Figure 54). Dermatomal boundaries at P20.

A) =lateral; B) =medial; C) = inferior. Scale bar =lcm.

L4 L5

B
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Figure 55). Location of L4 receptive fields at P20. 
A) Lateral; B) Medial; C) Inferior. Scale bar =lcm.
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Figure 56). Location of L5 receptive fields at P20, 
A) Lateral; B) Medial; C) Inferior. Scale bar =lcm
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The main changes that were looked for after extirpation of 

either L4 or L5 were spread of neighbouring dermatomes into the 
denervated region on the medial or lateral leg respectively, or 
perhaps for L5 to innervate the sole of the foot more strongly 
following L4 extirpation.

In two animals with an extirpated L4 DRG the area innervated 
by L5 appeared normal. Whilst the representation was found on 
the medial leg it was weak laterally and in one case was not 
found on the lateral ankle although this is normally strongly 
represented by the L5 dorsal root. There was a weak 
representation on the glabrous foot. This finding is confirmed 
by the position on the leg of single units recordings of animals 
after extirpation of the ganglion. The units recorded from 
surviving ganglia are found in the areas normally innervated by 
that ganglion (figure 35) .
3.8. Skin Innervation.

The effect of L4 or L5 ganglionectomy on the innervation of 
the hindlimb was also examined histologically. Three aspects 
were looked at.

i) The number of myelinated axons in the sciatic nerve. 
Figure 57b) shows cross-section of sciatic nerve stained 
with Winkelmann silver stain. This was counted as a 
quantitative measure of the denervation produced by 
ganglionectomy.
ii) The density of skin innervation. This was assessed by 
counting the number of axons per mm in the superficial 
dermis of the footpad to give a measure of any change due 
to denervation or reactive sprouting following 
ganglionectomy. This is shown in figure 57a),
iii) The anatomy of cutaneous sensory endings. This was not



Chung-Bii et al (1986) have counted axon numbers in developing 
sciatic nerve using osmium tetroxide-stained thin sections 
under an electron microscope. They estimate the number of 
myelinated axon to increase from zero at PO to 8000 in the 
adult. This is higher than the figure found here, most likely 
because they could more clearly distinguish small myelinated 
fibres and include them in the count. An additional relevant 
finding in this study is that the overall number of axon 
profiles counted fell by about a third from PO to the adult 
animal. They suggest that this involves pruning of axons of 
DRG cells without death of the cells themselves. The 
maintenance of axons that would otherwise be lost may underlie 
part of the maintenance of innervation after ganglionectomy 
reported here.
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quantitative but rather an examination of the the presence 
or absensi e of mature sensory endings in ganglionectomized 
animals.

3.8.1. Myelinated axons in the nerve
The table below contains the estimates for the number of 

axons in the LHS (operated) and RHS sciatic nerves of extirpated 
animals. The results show that the number of axons in the 
sciatic nerve of extirpated animals is 50% of the number in the 
control sciatic nerve.

LHS RHS

2732 5084

3680 8644

1521 6807

2386 3042

Mean 2667 5361
n 4 4
S.E.M. 356 1069

The two columns are different at the 5% level (t=2.39). The 
means are plotted in figure 58).

3.8.2. Axon Profiles per mm Length of Tissue
The number of axon profiles were counted in 4 Gum skin 

sections from a pawpad as described in the methods. This result 
is expressed as the mean number of axon profiles found in a mm 
length of the section. It was found that the mean number of axon 
profiles in the operated side was the same as that in the control 
side. This is shown in figure 58).



57A). Transverse section of pawpad at P20 (experimental animal) stained for PGP-like IR . 
Section thickness =40um. Scale bar =100um. Dots indicate line along which axon profiles 
were counted. B). Whole sciatic nerve stained with Winkelmann silver stain. Section 
thickness =100um. Scale bar = 0.2mm.
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Mean number of axon profiles.

LHS RHS
133 87
88 69
69 93
46 75
63 99
88 83
73 71
83 71
79 80
70 83

Mean 79 81
n 10 10
SEM 7.19 3 .15

The density of skin innervation as measured by this method 
was therefore the same in the control side as the side where the 
number of axons supplying the skin was reduced by 50%,
3.9. Conclusion and Discussion of Section 3.

The results from single units recording show a number of 
changes to the mean of the values for some of the variables 
measured in the control study. In particular, receptive field 
sizes were generally enlarged and there was a shift to higher 
frequencies of firing of cells. Other parameters such as the 
number of spikes fired to stimuli, a parameter that during 
development did change in a specific fashion, were not altered. 
Interpretation of these results is difficult and hampered by the 
small number of units recorded from in the experimental group 
particularly since some of the changes such as the increase in



The statement that receptive field properties of sensory ganglion cells are intrinsic to neurons 

refers to the finding that many of these do not change during normal development. There is 

a possibility that the extirpation experiment affected neurons in novel ways. Whilst tissue 

growth and development of skin appendages appeared at the morphological level to be 

normal, there may have been changes to these not identified in the experiment. Ganglion 

extirpation also involves Wallerian degeneration of numerous axons that have grown into the 

skin. It was also not possible to control for systemic effects of the operation by investigating 

receptive fields on the unoperated side of extirpated animals. The extirpation experiment 

suggests that receptive field properties are alterable, but possibly by ways not operating during 

normal development.
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receptive field in hairy skin, were caused largely by a small 
number of cells. The results still suggest however that changes 
in the functional properties of units has occurred as a result 
of increasing target availability.

These changes may be a consequence of local terminal 
sprouting within the skin and the results of the anatomical study 
show that this is taking place. Despite a 50% loss of axons in 
the sciatic nerve, the number of terminal axons in the skin 
remained the same after ganglion extirpation. Peripheral nerves 
must send out new branches within the skin and fill up the 
available target tissue, maintaining innervation density.

The fact that there was no change in dermatomal boundaries 
confirms that this sprouting is a local event and does not 
involve axon terminals growing over large distances. The methods 
used here are not sensitive enough to detect small changes to 
boundaries that may be taking place, such as would be expected 
if an increase in receptive field size was produced in units 
adjacent to a dermatomal or nerve boundary.

It is surprising that the changes in receptive field size 
are not greater, given that a large amount of compensatory 
sprouting has been observed. This could be due to a difference 
existing between functional and anatomical sprouting, with 
functional sprouting being limited by how many terminals a neuron 
can maintain with normal trans ducing and transmitting 
properties. Some terminal extensions may not be functional. A 
further important point is that the electrophysiological 
recordings are all from the A fibre population while the fibres 
stained with PGP antibodies are likely to be both A and C-fibres.
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Given the fine nature of the fibres seen with the stain it is 
likely that many are C-fibres. Recording from single C-fibre 
units might reveal much larger receptive field changes.

It is not clear how increasing the amount of target results 
in neurons having higher frequencies of firing and a fall in 
response magnitude. The changes in target availability that 
produce sprouting seem to also affect transduction in the axon 
terminals,
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Section 4. General Discussion.

4.1. The population of units.
4.1.1. Conduction velocity.
At P20 conduction velocities have not reached adult values. 

In the rat A-beta fibres conduct at up to 3 0ms-l (Harper and 
Lawson, 1985) whereas at P20 the fastest fibres conduct at 16ms- 
1. It is likely even when myelination is incomplete that fibres 
with higher conduction velocities are going to be those that will 
have higher conduction velocities when myelination is complete,at 
around 10 weeks of age (Vejsada et al, 1985). This follows from 
findings that larger axons are myelinated first in sensory 
nerves (^yelika et al, 1986).. The distribution of conduction 
velocities has a normal distribution, similar to that seen in 
other surveys of populations of dorsal root ganglion cells (eg. 
Harper and Lawson, 1985). It is likely that at each age, units 
towards the lower end of the distribution are A-delta units and 
units at the upper end largely A-beta. Therefore it appears then 
that the extracellular recording has provided a reasonable sample 
of all A-fibre units.

4.1.2. Receptor categories.
Slowly adapting units formed a small part of the sample. 

More were found in glabrous than in hairy skin. They could be 
identified as slowly-adapting (SA) type-I units or SAII units on 
the basis of their receptive field properties, as described on 
rat hairy hindpaw by Lynn and Carpenter (1982). Most slowly 
adapting units in hairy skin have large receptive fields, respond 
well to stretch, and can be considered SAII units. On glabrous 
skin in addition to these receptors, a larger population of SA
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units are found with small touch receptive fields and low von 
Frey thresholds (less than 0.27g). Many of these, particularly 
those with the lowest von Frey thresholds, are likely to be 
Merkel cell endings. These units showed no appreciable change 
in receptive field size or von Frey threshold, although their 
frequency of firing rose and tendency to fatigue decreases 
postnatally. Some slowly adapting cells with a small receptive 
field but high von Frey threshold (up to 0.99g) do not fit 
clearly into these two categories of receptor ending. They were 
found at all ages in glabrous skin and it is not clear that their 
incidence decreased with increasing age, as might be expected for 
a population of endings with initially immature receptive fields. 
They may be deeper receptors such as muscle or joint afferents 
that are stimulated by touch over a discrete area of skin as 
previously reported by Lynn and Carpenter (1982). Responses to 
joint movement were systematically looked for but given the 
position of the animal on the apparatus it is possible that some 
of these may have been missed.

The rapidly adapting mechanosensors described here 
correspond to the categories described in rat hindpaw both in 
adult animals (Lynn and Carpenter, 1982) and pups (Fitzgerald, 
1987) . In both hairy and glabrous skin units were found with a 
range of von Frey thresholds from 0.072 to 0.99g. In the case 
of hairy skin at PIO and P20 only units not responding to hair 
follicle movement could be accurately classified according to von 
Frey threshold; which were from 0.27-0.99g. Up to three i; 
of these units conducting in the A-fibre range were found at each 
age. Because of the higher threshold, they may correspond to the
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pressure units or myelinated high threshold mechanoreceptors 
(Fitzgerald, 1987; Mendel, 1987). It is possible that such units 
represent those A-fiber units that have membrane properties more 
characteristic of C-cells, and higher threshold receptive fields 

K o erb er e t al, 1988 ; Waddell and Lawson, 1990). It is not clear what 
sort of anatomical endings such units have in the periphery.

It is possible from the data obtained in the experiments to 
make some judgement about the overall population of units 
innervating the skin. A major problem with classification of 
receptors according to von Frey threshold is that von Frey hairs 
are not the ideal stimulus for mechanosensory units. Partly this 
is because von Frey hairs are difficult to apply against the 
skin. More importantly than this units were found to respond 
particularly well to brush or rub of the skin using fine forceps; 
which was the appropriate stimulus to use to define the size of 
their receptive fields. Seen in this way, the rapidly adapting 
units in glabrous skin and early hairy skin appear to show a 
continuum of response to touch of the skin, from highly sensitive 
to relatively insensitive units. Units in hairy skin at PIO and 
P20 overwhelmingly respond to movement of hairs. However, being 
able to stimulate a unit by moving a hair does not necessarily 
imply that the unit requires only low-intensity of stimulation 
to be activated. Whilst von Frey thresholds were not measured 
systematically for hair follicle units, it was clear that many 
units responded to guard hair movement without this being a 
particularly good way to stimulate their endings. The small 
number of units in hairy skin at PIO and P2 0 that responded to 
skin stimulation only had von Frey thresholds in the upper range
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of values, from 0.27-1.2g.

The similarity between the units in different skin areas 
suggests that during development a non-specific growth of A- 
fibres into the skin has occured, and that there is no matching 
of A-fibres to the different sorts of skin. Whilst the numbers 
recorded from are small it is also worth noting that slowly 
adapting fibres are found with a similar range of 
mechanosensitivities to those of rapidly adapting units 
suggesting the possibility that the mechanosensitivity and
adaptation of neurons are regulated independently.
4.2. Receptive fields size and von Frev threshold fq).

Size of receptive field on hairy hindpaw skin of the adult 
rat has previously been studied by Lynn and Carpenter (1982). 
The measurements of receptive field size made here confirm their 
finding that receptive fields are large on the thigh than the 
ankle and that this is established at birth, although the 
magnitude of the difference is less. This survey does not 
confirm their finding that guard hair units innervated by A-beta 
axons have smaller receptive field than down hair units 
innervated than A-delta axons. Presumably this relates to the 
measurement of receptive field size in this experiment as being 
the area of skin over which axons could be stimulated. In their 
experiment this was taken to be the area containing the hair 
follicles that could be moved to excite the unit. In addition, 
some A-beta axons responded to movement of several down hairs. 
A single unit was found at PIO with a low conduction velocity 
(2.1ms-l; presumably A-delta range) that fired in response to 
movement of a single guard hair and several down hairs. The hair
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follicle responses described by Lynn and Carpenter (1982) are to 
a single sort of hair; which is true for the majority of units 
found here, but not all.

Changes to mean receptive field size are limited to a 
decrease in receptive field size found for units on the lateral 
thigh, taking place between P3 and P2 0. Apart from this, they 
stay roughly the same. Von Frey thresholds to stimulation are 
also not changed during development. This finding from 
physiological data is more surprising given that several changes 
take place to the morphological structure of the skin such as 
hair follicle growth, a generalised thickening of the epidermis 
and formation of epidermal ridges. Also it is clear that over 
this period considerable branching of axons takes place for 
example to produce palisade endings on hair follicles and the 
complex Merkel-cell neurite complexes. Freeman and Johnson 
(1982) report that the responses of both rapidly adapting and 
slowly adapting units in monkey glabrous skin can be predicted 
by a simple model of a peripheral ending that ignores the shape 
of axonal arbours in the skin, and other factors such as 
mechanisms of impulse propogation in neurons. In this case it 
would make little difference that endings early on in development 
are simpler morphologically. These findings strongly suggest 
that receptive field size and threshold to stimulation are 
largely determined by the intrinsic mechanosensitivity of the 
endings themselves. This appears to be fixed at birth, and 
possibly before that (Fitzgerald, 1987) . The results also imply 
that the number of afferents responding to a given stimulus at 
early ages may be larger due to the overlap of receptive fields
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before the number of endings in a particular area is "diluted” 
by skin growth.

A similar situation has been described in the somatosensory 
system of other animals and also in other sensory systems. 
Ferrington and Rowe (1980) have described receptive field 
properties of afferents innervating glabrous paw-pad of kittens 
in the early postnatal period. Slowly adapting fibres showed 
stimulus-response relations to varying amounts of skin 
indentation that resembled that found in adult animals. The 
receptive field properties of rapidly adapting units are not 
described in terms of size and threshold for stimulation as in 
this survey. They did however distinguish using mechanical 
stimuli applied at different frequencies between responses 
corresponding to Krause or Meissner's corpuscles and Pacinian 
corpuscles and these endings are not mature in kittens of this 
age (Zelena, 1978).

At a time when taste buds are not mature taste bud endings 
are differentially responsive to applied chemicals, although 
their responses overlap more than in the adult and postnatally 
the receptive field size of endings falls (Mistretta ,
1990). In the visual system projection fibres can be subdivided 
into subtypes (X and Y cells) at an early stage of development 
(Friedlander and Tootle, 1990).
4.3. Response amplitude and peak frequency.

This survey has shown that at each age rapidly adapting 
units in hairy skin have a greater amplitude of response than 
those in glabrous skin; and also that whilst the response is 
variable in glabrous skin, hairy skin units firing more action



163
potentials for a given stimulus with increasing age. Firing more 
action potentials is not confined to units of either higher or 
lower conduction velocity for that age or of a particular type 
of hair innervated. It appears then to be a general property of 
units in hairy skin. There is continuing anatomical development 
of endings on hair follicles from PIO to P20 (Results: 2.2.1.; 
Payne et al, 19^1) and the formation of mature endings on 
follicles may help to amplify the response to skin stimulation.

Interestingly Fulton (1987) has shown that current injection
into a population of rat A-cells during intracellular recording
results from birth in a burst of spikes that increases in
frequency and number during development. This suggests that the
increase in response amplitude found in this current survey could
be produced by changes to membrane properties of neurons, without
the mechanical effects of innervating a different receptor having
an influence on the response. Unfortunately j.t is not known what
ion channels make cells rapidly adapting, and how expression of
these are regulated. Speculatively, hairy skin produces more of
a trophic factors such as NGF that has been shown to produce a

et <xL
shortening in action potential duration (Chalazoniti^, 1987); 
uptake of this makes cells fire more action potentials.

In addition, it is unclear why units in thigh skin should 
fire more action potentials than those in ankle skin. As the 
response is still rising at P20, possibly this is due to a 
rostrocaudal gradient in the response and recordings at later 
ages would eliminate the difference. On the other hand receptive 
field sizes are larger on the thigh, more markedly so at P20 than 
•at PIO; terminal arbours of units in thigh skin may well extend
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over a greater area than those in ankle skin. They would then
have more access to any trophic factor.
Unlike response amplitude peak frequency of firing 
(spikes/second) increases steadily in all skin areas. Similar 
increases have previously been shown in rapidly and slowly 
adapting units innervating the rat hindlimb (Fitzgerald, 1987) 
and cat pawpad (Ferrington and Rowe, 1980). Frequency of firing of 
muscle afferents also increases during development (Vejsada et 
al, 1986). A steady increase in frequency of firing of 
projection neurons is common to most parts of the developing 
nervous system such as the olfactory tract (Mistretta .,
1990), and the visual and auditory systems (Friedlander and 
Tootle, 1990; Romand, 1984). It appears to be a general property 
of neurons, and is concomitant with myelination.
4.4. Role of activity in patterning somatosensorv
development.

It is apparent from these results and those of Fitzgerald 
(1987) that primary afferent neurons fire to cutaneous stimuli 
very early in their development. The central axons of dorsal
root afferents grow into the cord before birth (Altman and Bayer,
1984-; Smith, 1983) . Reflex connecfc»o«N5 with motoneurons are formed 
as early as E18 and consequently by this age cutaneous stimuli 
can participate in primitive reflex arcs (Narayan et al, 1971). 
In fact, animals up to P14 show exaggerated motor responses to 
low-threshold cutaneous stimuli (Ekholm, 1967; Fitzgerald and 
Gibson, 1984) . Part of the likely mechanism for this is that 
dorsal horn neurons have enlarged receptive fields at birth and 
fire prolonged bursts of spikes in response to skin stimulation.



165
Their receptive fields decrease in size over the early postnatal 
period. The findings in this project show that this is unlikely 
to be due to changes to receptive field properties of primary 
afferent neurons and is more likely to be a central phenomenon 
resulting from the postnatal formation of extensive inhibitory 
connections in the cord (Fitzgerald, 199 1).

Integrity of lower levels of the somatosensoryAis necessary 
for the normal anatomical development of succeeding levels. This 
has been shown in a number of ways. For example, ablation of a 
whisker follicle during a critical period of development results 
in the loss of corresponding barrels in the thalamus and 
somatosensory cortex (reviewed Woolsey, 1984; Killackey et al, 
1990). In addition, in both young and adult animals the response 
to deafferentation of a particular CNS region in young animals 
is for anatomical sprouting and functional rearrangement of 
connections resulting in new responses being generated in the 
denervated area (Fitzgerald, 1985). Whilst this can be observed 
in adults (Merzenich et al, 1983) it is considerably larger in 
neonatal animals and can be produced by capsaicin, that 
specifically removes the C-fibre component of the innervation 
(Wall et al, 1982) . It has been suggested that these fibres are 
needed during development for the formation of the inhibitory 
connections that postnatally produce the limited receptive fields 
of the adult animal (Fitzgerald, 1987).

What role impulse activity plays in patterning the 
developing somatosensory system has not been cleanly isolated in 
these lesion experiments. Afferent connections are more diffuse 
in fetal spinal cord explants in which impulse activity has been
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blocked (Baker, 1985). Removal of whisker hairs alone does not 
alter the appearance of barrels (Woolsey , 198i»-) but it does
result in a reduction to the spatial sensitivity of cortical 
neurons (Simons and Land, 1987).

The visual system develops in a number of stages involving 
the removal of aberrant connections and development of specific 
cortical responses to visual stimuli (Friedlander and Tootle, 
1990). Blocking impulse activity using tetrodotoxin (TTX) before 
birth prevents the removal of binocular responses to visual 
stimuli in the lateral geniculate nucleus (Shatz and Stryker, 
1986). After birth TTX results in failure of development of 
refined cortical responses (Dubin et al, 1986). Animals reared 
in a visual environment consisting of lines in a particular 
orientation show cortical responses only to that visual stimulus 
(Blakemore and van Sluyters, 1987). Blockade of a particular 
type of receptor (the N-Methyl D-Aspartate, NMDA glutamate 
receptor) has been shown to prevent such ocularity changes in 
kittens (Gu et al, 1989).

These results indicate the great importance for developing 
animals of afferent impulse activity and appears to be a general 
feature of developing sensory systems. Impulse activity may 
influence a number of stages of neuronal development including 
formation of arborizations on the central targets of neurons, 
elimination of neurons or parts of their axonal tree, and also 
the formation of inhibitory connections that increase the 
precision of sensory signalling. The results of this study show 
that afferent impulse activity from the body surface is available 
at birth and is therefore available to alter development of
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higher levels of the somatosensory system.
4.5. General anatomical development.

The nerve plexus beneath the epidermis in the hindpaw, seen 
by GAP-43-like immunoreactivity at birth (Reynolds et al, 1991 ), may
contain all the nerve fibres that will go on to innervate that 
particular skin area. Axon terminals would then extend the short 
distance to their peripheral targets.

There is no evidence of any additional postnatal growth of 
axons into peripheral nerves. Counts of axons in nerves 
supplying peripheral tissues suggest a postnatal decrease in 
axonal number. A decrease in the number of axons in sections of 
the infraorbital nerve or its branches innervating the mystacial

• -  Lpad was found by Jacquin et al, (1987). Chung et al, (1986) 
found that the number of axons in crossections of sciatic nerve 
decreases postnatally by approximately a third.
4.6. Formation of endings in the perioherv.

The results presented in this project show that endings in 
hairy and glabrous skin develop over the early postnatal period, 
and are mature by three weeks of age. This result was obtained 
mainly with Winkelmann silver stain in hairy skin, and 
parvalbumen in glabrous skin. Staining with calbinden D-28k was 
often fairly weak and the variety of endings stained show that 
it is likely to be staining both A and C-fibre endings in a non
specific way. Whilst staining with PGP was strong it was also 
non-specific and in addition did not highlight certain structures 
as well as the other stains; particularly palisade endings on 
hair follicles which were stained strongly with Winkelmann silver 
stain, and Merkel cell neurite complexes which were less clearly
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seen with PGP than with parvalbumen.

The findings reported here concerning development of endings 
on hair follicles are in agreement with those of Hunger and Rice
(1986) . Endings in glabrous skin could be identified as 
Meissner's corpsucles by PIO, but were not present at PO or P3. 
The elaboration of the corpuscle takes place mainly after these 
ages (Ide, 198%). Presumably the neurite part of the receptor 
complex is present at earlier ages but it is difficult to 
identify its location in the skin with the staining methods used.
Staining at intermediate age, say P7, would be valuable. 

Merkel cell endings appear to be elaborated almost entirely from 
P3 to PIO, this taking place with the formation of epidermal 
ridges.

By PIO, myelination and growth in diameter of fibres makes 
it easier to differentiate between thick and thin fibres with 
PGP. In hairy skin thin fibres are located predominately in the 
subepidermis/dermis as a loose network around follicles (figure 
37c) . In glabrous skin a greater degree of organization is found 
with fibres being arranged perpendicularly to the epidermis, as 
shown in figure 27a). This was found at PIO but not at P3. 
Fitzgerald (196 6) described the development of cutaneous 
innervation using a staining method showing predominately thin 
fibres. From shortly before birth to the end of the first week 
he described the presence of intraepidermal nerve terminals that 
retract to occupy a completely sub-epidermal location. This was 
confirmed by Reynolds et al, (1991). The early presence of 
intraepidermal nerve terminals has been shown using PGP staining 
in this study (figure 25).
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4.7. Parvalbumen as a neuronal marker.
The possibility is discussed in section 2.6 that 

parvalbumen-like IR can be used as a marker for a functional 
subgroup of fibres, in particular that it may be specific for 
Merkel cell endings (SAI receptors). One possible use of this is 
in studies of developing Merkel cell innervation or 
reinnervation. As described in the introduction, this is of some 
neurobiological interest particularly since Merkel cells may be 
a possible source of NGF and trophic or tropic guidance clues to 
neurons. It has previously been noted that Merkel cells are 
amongst the first receptors-neurite endings to be formed in the 
skin and there is speculation that they could be important in the 
development of other cutaneous endings (Bressler and Munger, 
1983; English et al, 1980).
4.8. Increasing target availabilitv.

Whether the functional properties of primary afferent 
endings can be altered has been studied here by looking for 
changes to a population of A-fibre units that have been presented 
with a greater amount of target tissue by ganglionectomy. In 
addition to this, local anatomical changes produced by the 
denervation were looked for and also any alteration in dermatomal 
organization.

4.8.1. Sinale-unit recording.
The alterations to functional properties produced by 

denervation consist of; an increase in receptive field size in 
hairy skin, more marked on the ankle; and an increase in 
frequency of response in hairy skin of extirpated animals.

The increase of receptive field size on the ankle was due
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to a small number of cells having larger receptive fields. All 
these were hair follicle afferents, firing in particular to brush 
of small down hairs. It is possible that the abnormally large 
receptive fields are the result of anatomical sprouting enabling 
the terminations of the neuron to respond to stimuli over a 
larger area. Alternatively the endings could be more highly 
mechanosensitive. The most directly comparable experiment is that 
of Lynn (1984-) who measured receptive field size of A-fibers in 
animals whose C-fiber innervation had been removed by capsaicin. 
He reported no alterations to receptive field size suggesting 
that A-fibres are unlikely to compete with C-fibres for any 
factor produced by the target field in order to establish their 
peripheral receptive fields.

Peak frequency rose in hairy skin units. This appeared to 
take place as a shift in the population towards higher values. 
Possibly peak frequency is related to receptive field size. It 
has already been noted that the slightly larger receptive fields 
on the ankle, and on glabrous foot compared to glabrous toes are 
matched by the greater mean peak frequency of firing. The change 
in one may not be able to take place without the other. If 
having larger receptive field implies physically larger terminal 
arbours, then access to any trophic factor that might influence 
peak frequency of firing would be increased. The response 
amplitude of units was unchanged. The control study showed that 
this increased specifically in hairy skin units at P20. Possibly 
this is the maximal increase in the variable possible. The 
normal increase in response amplitude that takes place during 
«development may be due to mature endings being formed on hair
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follicles and since these are still formed in extirpated animals 
(data not shown; see also Bressler and Munger, 1983) no further 
increase may be possible.

4.8.2. Anatomical changes.
The counts of axon profiles and the investigation of

terminal morphology showed that after partial denervation 
extensive local sprouting occurs. The effect makes it difficult 
to distinguish between control and partially denervated skin when 
examining labelling of axon terminals. It seems likely that much 
of this sprouting is due to C-fibres as well as A-fibres, but the
methods used here cannot distinguish the contribution made by the
two sorts of afferents.

Bressler and Munger (1983) reported a reduction in the 
number endings on hair follicles in the hand of primates after 
ganglionectomy, but used Winkelmann silver stain that does not 
stain C-fibre endings and studied the effects on adult animals 
only.

Other studies have presented neurons with an increased
amount of target tissue in a different way, by cutting nerves to 
produce a denervated area of skin adjacent to the territoryx^n 
undamaged nerve. These nerve boundaries are more discrete than 
dermatomal boundaries (Kinman, 1987).

In the adult, C-fibres are more capable of sprouting. 
IWisenfeld-Hallin et al (1989) failed to find units with low- 
threshold receptive fields from intact saphenous nerve in sciatic 
jnerve territory denervated in the neonate or adult, but found 
«evidence by measuring extravasation of Evans Blue dye that C- 
:fibres from a crushed saphenous nerve had sprouted into the
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denervated territory. Doucette and Diamond (1987) found 
sprouting in adult animals of nociceptive A-delta and C-fibres 
from intact nerves into denervated territory. Kinman (1987) 
however investigated sprouting in adult rats by applying wheat 
germ-agglutinin conjugated horse-radish peroxidase to the 
intercostal nerves of adult animals, after cutting adjacent 
nerves. He obtained a different result, that both thick and thin 
fibres identified by morphological criteria were capable of 
sprouting into denervated territory. The same anterograde 
tracing technique applied to sprouting of saphenous nerve axons 
(Kinnman and Aldskogius, 198 6), found extension only of thin 
fibres into denervated glabrous skin in adult animals. More 
extensive sprouting of thin fibres, as well as thick fibre 
sprouting, was found after neonatal denervation.

Jackson and Diamond (1984) also found that A-fibres were 
capable of sprouting after denervation in the neonate only. They 
investigated sprouting of afferents innervating nerve territories 
on the trunk. They measured the area over which multiunit 
activity could be elicited from spinal dorsal nerves after 
cutting and ligating adjacent spinal dorsal nerves that make up 
the posterior part of the dermatome on the trunk. They found an 
expansion of nerve territories of low-theshold afferents after 
deafferentation of surrounding tissues; but only when the 
«denervation took place between PIO and P20. Dermatomal 
^boundaries appeared to constrain the sprouting.

These results suggest differences between sprouting taking 
jplace from a region of hairy skin into another region of hairy 
iskin, and from hairy skin into glabrous skin. Where A-fibre
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sprouting has been identified, it has taken place in hairy skin. 
It is interesting to note that in this study the changes to 
receptive field size of A-fibre units were largest for units on 
the ankle and thigh.

Diamond et al (1987;1992) found that NGF antisera abolishes 
the sprouting of nociceptive fibres they had previously 
identified and that adding additional NGF to the skin allows the 
sprouting to recommence. There is some evidence that levels of 
NGF produced by the target tissue are unchanged by denervation 
(Shelton and Reichardt, 1986). However, how much NGF becomes 
available to neurons in the experiments above is unknown. One 
factor that is highly likely to affect it is uptake by undamaged 
fibres. In our experiments these may take up any available NGF 
and prevent sprouting over large distances, whilst local 
sprouting will occur. In other experiments there will be fewer 
of these fibres and the gradient of available NGF that promotes 
sprouting across a nerve boundary will be greater. The suggested 
explanation for the sprouting being limited to either 
unmyelinated or thinly myelinated fibers is that these are the 
main neuronal populations expressing the high-affinity NGF 
receptor (Verge et al, 1990).

There are a number of possible reasons for sprouting being 
greater in young animals. The most important is that neurons in 
young animals are in the appropriate biochemical state to 
elongate their axon. Growth associated protein (GAP-43) is a 
phosphoprotein found in increased levels in all neurons that are 
actively extending neurites (Ske and Willard, 1981). Its 
expression in rat sensory neurons is increased during the period
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of neurite outgrowth in the rat and diminishes postnatally 
(Reynolds et al, 1991; Fitzgerald et al, 1991). Its expression 
is maintained at lower levels in the adult animals when it 
presumably plays a role in the continual remodelling or turnover 
of axon terminals. Up-regulation of the protein is likely to be 
an important element in re-initiating axon elongation (Tetzlaff 
et al, 19gq).

The sprouting of central terminals of afferents after 
neonatal neurotomy is extensive. This applies to both A and C- 
fibres (Fitzgerald, 1987 ; Shortland and Fitzgerald (1991). An explanation 
for this is that a trophic factor is available to the central 
terminals after denervation, and that this has an effect on a 
wider variety of subtypes of dorsal root ganglion neurons. A 
likely candidate is BDNF that is found predominately in the CNS 
(Maisonpierre et al, 1991) although it is not certain which 
neurons express the high-affinity receptor for the factor.
4.9. SUMMARY.

The main finding in this project is that many of the 
receptive field and firing properties of neurons are established 
early in development and maintained thereafter despite 
considerable skin growth and maturation of neurite-receptor 
complexes. The results suggest therefore that many of the 
physiological properties of sensory neurons develop independently 
<of their target. Electrical activity transmitted by the neurons 
is likely to be sufficient to play an important role in 
(development of other levels of the somatosensory system, as well 
ias being behaviourally useful to the animal.

Increasing the amount of target available to A-fibre
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cutaneous afferents produces a small but significant alteration 
of their receptive field and firing properties. A considerable 
amount of sprouting has been observed anatomically in this 
situation. As much of this sprouting is likely to be due to C 
rather than A-fibre terminals it would be interesting to examine 
the physiological changes taking place in C fibre afferents under 
the conditions described in this study.
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