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Abstract

The aim of this study was to 1investigate the response of
noradrenergic sympathetic efferent fibres to injury in a peripheral
nerve, and to attempt to elucidate the cytochemical basis for the
abnormal interaction between sympathetic efferent and sensory afferent
fibres which develops in experimental neuromas. The painful nerve
injury model used throughout was the experimental neuroma. The numbers,
distribution and morphological relationships of sympathetic efferent
fibres in normal and injured rat sciatic nerve were studied.
Noradrenaline (NA) was localized in fluorescence studies by a glyoxylic
acid technique. Ultrastructural 1localization involved treatment of
animals with a monoamine oxidase inhibitor, nialamide, followed by a
'false' transmitter, 5 - hydroxy dopamine (5-0H DA); or alternatively,
cytochemical reaction according to a modified chromaffin technique,
followed by x-ray microanalysis. Two pharmacological manipulations were
employed. The first involved treatment with guanethidine, a sympathetic
blocking agent, and secondly, neonatally administered capsaicin, which
selectively destroys afferent C fibres. The development of alpha
adrenoreceptors and opiate receptors 1in the spinal cord, normal and
transected sciatic nerves was studied, using autoradiography with
tritiated para amino clonidine, an alpha-2 adrenoreceptor ligand and
tritiated diprenorphine, an oplate receptor ligand.

The fluorescence studies showed an accumulation of fluorescent
material, NA, at the distal end of the proximal stump of the sectioned
nerves, which was maximal 3 days after section. The number of
sympathetic axons fell to below normal 14 days after section and
returned towards normal by 8 weeks. NA could also be seen
ultrastructurally, following pretreatment with nialamide and 5-0OH DA,
localized to electron-dense cored vesicles within sympathetic axons.
Optimal localization of NA followed subsequent fixation in chromate
containing fixative and electron probe X—-ray microanalysis.
Guanethidine treatment caused NA depletion, which was more marked in
neuromas than normal nerves, especially at the distal tip of the
proximal stumps, and varied between animals. Capsaicin treatment
resulted in a loss of unmyelinated afferent axons, the effect being
more obvious in the normal nerves. Autoradiographic studies showed a
depletion of opiate receptors on the lesioned side of the spinal cord,
but a slight increase in the number of alpha adrenergic receptors on
this side. The neuromas appeared to have increased numbers of both
types of receptors when compared to the normal sciatic nerves, which

were not labelled.
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STATEMENT OF PROBLEM

Physical injuries to peripheral nerves and a variety of other
mononeuropathies and polyneuropathies may be associated with pain. In
many instances pain may be the major and most disabling symptom, and in
such cases it is often chronic and intractable. Treatment of the pains
associated with peripheral nerve disease remains largely empirical and
the consequences unpredictable, reflecting our poor understanding of

the underlying pathophysiology.

There 1s substantial clinical evidence that sympathetic efferent
activity is important in contributing to, and maintaining, pains
associated with peripheral nerve damage in many patients. In regions of
nerve damage an abnormal catecholamine sensitivity develops in sensory
fibres and it has been shown in physiological experiments that an

interaction develops between noradrenergic efferent and sensory fibres.

One of the most puzzling features of painful peripheral nerve
injury 1is the variability of involvement of the sympathetic nervous
system in similar types of nerve lesion, as judged by differences in
pain relief, following sympathetic blockade. While this is likely to be
due in part to central factors, independent of the sympathetic nervous
system, the variable response of pain with peripheral nerve injury to
regional sympathetic blockade indicates that peripheral factors may
also be important in explaining this variability of therapeutic

responsee.

The objective of the work described in this thesis was to examine
the cytochemical basis of the abnormal interaction between
noradrenergic sympathetic efferent fibres and sensory fibres using
light microscopic and electron microscopic techniques, in one type of
nerve injury, nerve section with neuroma formation. It was considered
possible that the clinically observed differences in the importance of
sympathetically maintained pain following nerve injury might, in part,
be explained by cytochemical variation of this abnormal interaction

within the region of nerve damage.



INTRODUCTION

Pain is often an important symptom following peripheral nerve
lesions. A wide range of conditions which affect the primary sensory
neurone may lead to pain. These include traumatic injuries, other
mononeuropathies and some polyneuropathies. These are reviewed here,
with particular attention to the clinical observations which indicate

sympathetic involvement.

A. Pain with Peripheral Nerve Lesions

1. TRAUMA

Traumatic injuries of peripheral nerves, ranging from compression
to complete nerve section, may result in chronic pain, often associated
with other persistent sensory disturbances. These may include
hyperaesthesia, an increased sensitivity to stimulation, hyperalgesia,
an increased response to a normally painful stimulus, allodynia, a
painful response to a non-noxious stimulus, and hyperpathia,
characterized by an increased pain threshold and then an increased
reaction to a stimulus, especially of a repetitive type and an after
sensation when the stimulus has stopped. In addition to these abnormal
evoked sensations, there may also be continuous pain, taking the form
of a deep ache, superficial burning, stinging or pricking, sometimes
accompanied by paroxysms of lancinating pain which may spread widely
throughout the affected limb (Scadding, 1989). The burning component of
the pain associated with peripheral nerve damage is termed causalgia,
and is of importance to this thesis, since it was one of the first
painful conditions in which sympathetic activity was recognised as a

contributing factor.

a) Causalgia

The International Association for the Study of Pain (IASP)
definition of causalgia is 'a burning pain, with allodynia and
hyperpathia, usually in the hand or foot, after partial injury of a

nerve or one of its major branches'. Restriction of the use of the term
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causalgia to refer only to burning pain with peripheral nerve injury is
not agreed by all clinicians, and in this thesis the word will be used
merely to refer to pain with é burning quality, without any implication
about underlying cause. Although causalgia, i.e. burning pain, and the
associated features of sympathetic dysfunction were originally
described by Weir Mitchell (1864) in relation to peripheral nerve
injury, exactly the same type of pain and associated features may
develop in situations where there is no evidence of nerve injury (see

Reflex Sympathetic Dystrophy, below).

The clinical features of causalgia were first described in 1864 by
Weir Mitchell, Morehouse and Keen, in a monograph 'Gunshot wounds and
other injuries of nerves'. They then introduced the term 'causalgia'
in 1867 to describe the condition in which the pain was "burning, like
fire, like a red hot wire."” It was seen to vary in intensity from "the
most trivial pain to a state of torture”. The monograph of 1864
contained several case histories, including detailed descriptions of
patients, all of whom suffered varying degrees of severe intractable
burning pain. Although Mitchell et al were the first surgeons to
describe causalgia, the case of a soldier in the Peninsular War with
burning pain in the median nerve, whose arm was amputated to relieve

the pain, had previously been reported (Denmark, 1813).

Although the clinical features of what later came to be called
causalgia were first described in 1864 and the condition given a name
in 1867 in an article in the United States Sanitary Commission Memoirs
by Weir Mitchell, it was not until 1872 that symptoms and signs of
sympathetic dysfunction were described with causalgia. Mitchell
observed that the skin of the affected limbs of patients with a nerve
injury producing causalgia was frequently red and glossy, and often
warmer than that of the contralateral normal 1limb. There was also
often profuse sweating of the limb. The pain is usually located in the
cutaneous distribution of the affected nerve (Kirklin et al, 1947), but
may spread diffuéely beyond that distribution (Nathan, 1980). Another
important characteristic of causalgia is that it can be evoked by many
external stimuli, including 1ight touch, heat, dryness, noise,

excitement and emotion.

Causalgia due to peripheral mnerve injury 1is most frequently, but
not exclusively, a painful sequel of partial lesions of peripheral

nerves {(Nathan, 1947). Complete transections of peripheral nerves



cause causalgia less often than partial lesions - of 22 patients with
causalgia studied by Nathan (1947) only 4 had complete lesions of the
nerve. Shumacker et al (1948) reported that 11 out of 90 patients with
causalgia had complete nerve lesions, as determined by the complete
paralysis of muscles distal to the nerve lesion, but on surgical
exposure it was found that there were not gaps between the ends of the
nerves, and neuromas in continuity existed. Causalgia most often occurs
as a complication of injuries involving the median nerve (35%) or the
sclatic nerve (40%), or their brachial and lumbar plexus components
(Nathan, 1947; Sunderland, 1976). The suggestion has been made that
this may be because these two nerves carry the majority of the sensory
and postganglionic sympathetic fibres which supply the hand (median
nerve) and foot (sciatic nerve), Sunderland (1976). Causalgia is not
uncommonly seen with ulnar nerve lesions too, and may occur with injury
to small peripheral nerves, e.g. digital nerves (Scadding, personal
communication). Wynn Parry (1988) reports that the operation of
mobilizing and transposing the ulnar nerve runs the risk of causing
causalgia. Causalgia 1is, however, an unusual consequence of nerve
injury, though the reported incidence of causalgia following peripheral
nerve lesions varies widely. Nathan (1947) studied 160 nerve lesions,
of which 96 involved the sciatic, ulnar or median nerve, and reports an
incidence of causalgia of 14%. Richards (1967) reviewed nine studies
conducted in the 1940's and calculated an overall incidence of 3.9%,
and Warfield (1984) and Hodges and McGuire (1988) report an incidence
of between 2 and 5%. Wynn Parry (1988), in a review of peripheral nerve
injuries, reports a slightly higher incidence; 5 - 10Z of patients with
a repair of a peripheral nerve with a large sensory component develop

causalgia.

The onset of pain is often immediate, and causalgia starts in most
patients who are to develop this type of pain within one week of the
injury. Tasker and Dostrovsky (1989) report that in 43%Z of patients
onset was immediate, in 16Z%Z during thé first day after injury, 217%

between days 2 - 7, 15% between days 7 - 30, and after one month in 5Z.

b) Reflex Sympathetic Dystrophy

Another important pain syndrome in which the sympathetic nervous
system is involved is Reflex Sympathetic Dystrophy (RSD), but this is
not necessarily a consequence of peripheral nerve injury. The IASP

define RSD as a condition with 'continuous pain in a portion of an
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extremity after trauma which may include fracture but does not involve

a major mnerve, associated with sympathetic hyperactivity'. This
definition is, 1like that of causalgia, not universally accepted, and
many clinicians consider causalgia resulting from peripheral nerve

injury to be one type of RSD.

There are three main types of symptoms and signs in RSD. Firstly,
pain, which may be of a burning type (causalgia), often associated with
allodynia and hyperalgesia. Secondly, there is a dystrophic component,
present as soft tissue swelling initially, then as glossy, mottled
skin, and atrophied soft tissue and bone (Sudeck's atrophy). Lastly,
there 1is sympathetic hyperactivity, manifested as increased 1local
sweating and decreased skin temperature, due to vasoconstriction. The
onset of pain in this condition is gradual and variable. It may begin
hours, days or weeks after the initial injury (Mitchell, 1864; Homans,
1940; Steinbrocker and Argyros, 1958).

Three main stages are commonly seen in this syndrome, but these
are by no means uniform in occurrence amongst patients, do not appear
always in this order and are not inevitable. For convenience they are

divided as follows (Janig, 1985):

l. Acute Changes - Weeks after onset. Severe pain, disproportionate to
the severity of the injury may occur, in the form of causalgia,
hyperpathia, hyperaesthesia, and allodynia. This pain 1is generally
restricted to the territory of the nerve. The overlying skin is dry,
red and warm initially, but later turns pale, cold and cyanotic, with
increased sweating. There is 1local oedema and increased hair/nail

growth.

2.Dystrophic Changes - 3-6 months after injury. Pain may gradually
subside, but increase on movement. Nails are cracked and brittle, and

there is hair loss. Osteoporosis may begin.

3.Atrophic changes - more than 6 months after injury. Spontaneous pain
is wusually rare, but there are now irreversible changes. Bony

demineralization begins and ankylosis sets in. The skin is smooth.

There are many causes of RSD. The most common cause of RSD is soft
tissue injuries, such as sprains and cuts, which do not involve any

nerve damage. Approximately 30% of RSD follows from this type of injury



(Pak et al, 1970; Patman et al, 1973). Fractures account for at least
another 30% of RSD. Myocardial infarction may, extremely rarely,
produce RSD known as the shoulder-hand syndrome, which may account for
about 10Z of cases of RSD. Peripheral nerve damage accounts for a
minority of cases with RSD. Pak et al (1970) analysed the incidence of
peripheral nerve injury in RSD in the reports of 140 patients referred
to the Mayo clinic with RSD, and found that of the 40 cases with soft
tissue trauma, 8 had peripheral nerve 1lesions, an incidence of 6%.
Patman et al (1973) conducted a similar study, and found 25 patients
with causalgia with a confirmed major nerve injury out of 113 cases of
post-traumatic pain syndrome, an incidence of 22%. Although the
incidence of RSD with beripheral nerve injury may be low, the pain may

be very severe.

Sympathectomy and sympathetic blockade as a treatment for

post—-traumatic neuralgiase.

a) Causalgia

The effeéts of sympathetic dysfunction in causalgia were
recognised by Weir Mitchell in 1872, but it was not until the twentieth
century that surgeons began to recognize the value of sympathectomy in
the treatment of causalgia. Rene Leriche, a French surgeon, introduced
regional sympathetic block during the First World War (1916), by means
of infiltration with local anaesthetic, and periarterial sympathectomy
as a treatment for causalgia. This method did not give consistently
good results, and it was not until the Second World War, when many
patients again presented with causalgia following nerve injuries from
high velocity missiles, that progress was made. Just before this time,
Spurling (1930) described a patient with causalgia following a gunshot
wound of the brachial plexus, in which the pain was relieved by
cervicothoracic sympathetic ganglionectomy after other local surgical
procedures had failed. Ross (1932) and Kwan (1935) reported similar
results. Three further studies following the Second World War
(Shumacker, 1948; Slessor, 1948 and Barnes, 1953), emphasised the value
of sympathectomy in the relief of causalgia, 49% of patients with upper
1imb and 28% of patients with lower limb causalgia being provided with
excellent pain relief. Thereafter sympathectomy became established as
the treatment of choice in causalgia (Richards, 1967, and Bonica,

1979). Doupe et al (1944) suggested that the relief of pain following



sympathectomy, either by surgical intervention, or by anaesthetic
infiltration of the 1local sympathetic ganglion, 1is the cardinal
diagnostic feature of causalgia, i.e. definition on the basis of
therapeutic response, but this is by no means generally agreed, and
does not feature in the IASP definition of causalgia. Transient or
lasting relief of causalgia was reported in 967 of patients following a
sympathetic block (Richards, 1967, Bonica, 1979). If causalgia is
relieved, then permanent surgical or chemical sympathectomy may be
considered (Bonica, 1979). However, sympathectomy often has only a
transient effect, or no effect at all on causalgia. This may, in part,
be due to the technical difficulties of achieving a complete
sympathectomy. In particular, the burning pain may be relieved, but
other pains and paraesthesiae may persist (Nathan, 1947). White and
Silverstone (1956) in a follow-up study of 66 patients with injuries
from the Second World War who had undergone a sympathectomy to treat
causalgia, found that the burning pain was relieved in 30 for between 2
and 3 years, but in 16 felief was afforded for less than 2 years. The
reports of the effectiveness of surgical preganglionic sympathectomy
are very variable, the success rate ranging from 12 - 97% ( Nathan,
1947; Bonica, 1979; Tahmoush, 1981; Rowlingson, 1983; Shumacker, 1985
and Payne, 1986).

b) Reflex Sympathetic Dystrophy (RSD)

Because of the evidence of the involvement of the sympathetic
nervous system in RSD, the approach to treatment has been very similar
to that for causalgia. It has been claimed that if treatment is begun
early, sympathetic blocks may be the most effective treatment for this
disorder (Bonica, 1979; Hannington-Kiff, 1979, 1982; Wang et al, 1985),
but these were not adequately controlled studies. Betcher et al (1953)
made the first systematic study of sympathetic blockade using 1local
anaesthetic block of the sympathetic chain, in painful peripheral
states which included peripheral vascular disease such as thrombosis,
arterial embolism, frostbite and conditions such as post-traumatic
neuralgia, postherpetic neuralgia, phantom 1imb pain and fractures
which had resulted in RSD. A later report by Loh and Nathan (1978) is a
study of pain relief by stellate ganglion block and regional
guanethidine block, in patients with hyperpathia. The guanethidine
block (Hannington-Kiff, 1974) uses the Bier block method and involves
application of an inflated cuff proximal to the pain site, occluding

the arterial circulation of the affected limb, followed by intravenous
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injection of guanethidine. The cuff is subsequently deflated after 20
minutes. In their study, Loh & Nathan (1978) found that sympathectomy
relieved or partially relieved the pain and hyperpathia in 5 out of 7
patients with-RSD.

A controlled study by Bonelli et al (1983) of 19 patients with
severe RSD following peripheral nerve lesions, suggests that eight
daily stellate blocks with local anaesthetic are equivalent to four
guanethidine blocks every four days. The therapeutic efficacy of the
blocks was assessed by changes in pain scores and clinical signs of
hyperpathia, allodynia, vasomotor disturbances and trophic changes.
Guanethidine 1induces a greater degree of sympathetic block, as
determined by the pharmacological effects on skin temperatures and
amplitude of plethysmographic waves. A surprising finding is that the
duration of the analgesia may outlast the duration of action of the
drug. This finding applies to local anaesthetic blocks as well as to
guanethidine or reserpine regional blocks. Fields (1987) reports that
the local anaesthetic effect of xylocaine lasts 2 - 3 hours, but it is
not unusual for relief of the pain of RSD in the upper limb of patients
treated by stellate ganglion block to last more than 12 hours. Repeated
blocks may provide pain relief which lasts days or weeks or even
permanently (Fields, 1987). Permanent surgical sympathectomy 1is often
not successful, and may only be used if severe causalgia is present, or
if the temporary blocks are good but only provide transient relief (Loh
and Nathan, 1978; Loh et al, 1981; Driessen et al 1983; Schutzer and
Gossling, 1984; Wang et al, 1985). Increasingly, clinicians are
recommending persistence with repeated sympathetic blocks rather than
methods to produce permanent sympathectomy (Scadding, personal

communication).

c¢) Phantom limb and amputation stump pain

Phantom limb pain is a very common experience in amputees. Most
amputees have phantom sensations, the incidence ranging from 80 7%
(Jolly, 1960) to 100%Z (Carlen et al, 1978). An early study by Browder
and Gallagher (1948) reported that of amputees with phantom limb
sensations, 30% experienced pain. Jensen et al (1983, 1985) reported
that 72 per cent of amputees suffered from phantom limb pain 8 days
after amputation, and in 65 % it was still present 6 months later.
Another study (Krebs et al, 1984) found that 7 years after amputation

some 60%Z of patients still suffered pain. Phantom limb pain is



sometimes causalgic in nature. Of the patients with painful limbs in
the study by Carlen et al (1978), 10% of lower limb and 4% of upper
limb amputees described burning pains. The pain may also be described
as cramping, shooting or crushing (Melzack and Wall, 1982). The pain
may be felt in localised parts of the missing 1limb together with the
experience of abnormal or changing posture in the phantom. For example,
a phantom hand may be felt as if it were attached directly to the
shoulder and the pain felt as the fist being clenched and the thumb
nail digging into the palm (Livingston, 1943). The occurrence or
persistence of the pain is often unpredictable, it may be latent for
months or years (Melzack and Wall, 1982). Sunderland (1978) reports
that the pain may be transient in some patients and persistent for

years in others.

Stump pain in amputees is more variable, reported incidences
ranging from 17.5% (Finch et al, 1980) to 71% (Krainick and Thoden,
1976). Pain often persists indefinitely if not treated, despite good
wound healing (Parkes, 1973). Browder and Gallagher (1948) studied 137
patients with surgical amputations and some of these patients described
a burning sensation in the stump triggered by 1light touch, and there
was also evidence of sympathetic changes; the stump was atrophic, cold,
cyanotic and sweating. Stump pain 1is often immediate in onset,

occurring in 57% of patients according to Jensen and Rasmussen (1989).

Phantom and stump pains are often seen together, but may occur
independently. However, phantom pain is significantly more frequent in
amputees with long-term stump pain (Jensen et al, 1985; Sherman and

Sherman, 1985).
Treatment

Sympathectomy may be an effective treatment for phantom limb pain
(Leriche, 1937; Livingston, 1938; Doupe et al, 1944; Nathan, 1947) and
amputation pain (White, 1930; Stammers, 1932), but unfortunately this
is not invariably the case. Loh and Nathan (1978) report a series of
sympathetic blocks in 7 patients with limb amputation pain, in which
pain relief was only afforded to 3. 1In some cases, phantom limb pains
may be exacerbated by sympathetic block. Walker (1942) reports a case
of a man whose phantom hand was made more painful by a Novacain block

of the cervical sympathetic chain. However, overall, sympathectomy,

either chemically or surgically produced has helped a large number of



patients with phantom limb and amputation stump pain. Kallio (1950)
observed a transient relief following sympathectomy in 437 of patients
with phantom pain, and a more recent study (Engqvist et al, 1985)
suggests that guanethidine blocks may be more useful in treating

phantom limb and stump pain.

d) Early hypotheses to explain pain with peripheral nerve injury and

reflex sympathetic dystrophy

There have been many attempts since Weir Mitchell first described
causalgia to explain the pain of neuralgias. In one of the earliest
hypotheses Letievant (1873) suggested that there were three anatomical
sites fundamental to the generation of causalgic pain; 1) The
peripheral nerve and its point of irritation, 2) The spinal cord and 3)
The sensorium. He believed that the impulses from the peripheral nerve
were transmitted to the spinal cord, where more abnormal impulses were
produced, which spread to adjacent areas, and thence to the sensorium.
The abnormal pain was produced here, and caused the peripheral changes
that had been described by Mitchell (1872).

Later, two opposing hypotheses were proposed by Leriche and Sir
Thomas Lewis, both concentrating on abnormal blood flow at the
peripheral site. Leriche (1939) proposed that local vasomotor mnerve
fibres were irritated by the neuromatous scar tissue, and caused
vasoconstriction at the injury site. This led to ischaemic tissue
damage, causing pain, more scar tissue therefore being available to
cause the vasomotor reflex, vasoconstriction, and a reflex arc of
pain-vasconstriction-pain being formed. Interruptioﬂ of this arc by
sympathectomy thus abolished the pain of causalgia. Livingston (1943)
proposed a similar 'vicious c¢ircle' hypothesis, covering not only
causalgia, but also reflex sympathetic dystrophy and certain phantom
limb pains. He also proposed the peripheral nerve injury to be an
irritating lesion, but suggested that it caused central effects, the
noxious {impulses from the 1lesion serving to set wup closed,
self-exciting neuron loops in the dorsal horn. The impulses in the
spinal cord spread out and affect the lateral and ventral parts of the
cord, activating pre- and post- ganglionic sympathetic neurones. The
post—ganglionic neurone may then sensitize and activate the primary
nociceptor, thus a vicious circle is created. Livingston therefore

emphasised central changes.



In relation to peripheral .nerve injury, Doupe et al (1944) and
Nathan (1947) reject this hypothesis and argue that if sympathectomy
only works because it causes dilatation of vessels, why do other
vasodilators not cure causalgic pain? Additionally, the initial
trigger to the generation of pain is provided from the irritation of
axons by scar tissue in the neuroma, and sympathectomy will have no

effect on this tissue.

A hypothesis resting the blame for the pain at the injury site on
local vasodilatation was proposed by Lewis (1936, 1937). He suggested
that antidromic impulses arising in a focus of the injured nerve caused
the hyperalgesia and burning pain, and 1liberated pain producing
vasodilator substances. These vasodilator substances reduced the
threshold of normal sensory nerves and excited a special set of
"nocifensor nerves", which were not active in normal nerves. Lewis
later discarded this hypothesis involving a special set of nerves, on

the evidence of the effects of sympathectomy.

Nathan (1947) considered that since causalgia does not arise in
the denervated or partially denervated region distal to the injury, the
peripheral blood supply cannot be of major importance. Since 1940,
several further hypotheses to explain the pathophysiology of the
neuralgias have been proposed. One such theory 1is the fibre
dissociation theory. Noordenbos (1959) suggested that certain traumatic
injuries, such as those which result in causalgia, selectively damaged
the large diameter myelinated fibres, thus altering the balance of the
different fibre groups comprising the nerve. Selective electrical
stimulation of large diameter myelinated fibres may often relieve the
burning pain of peripheral nerve injury (Meyer and Fields, 1972; Nathan
and Wall, 1974; Wall and Sweet, 1967). This relief may be even more
effective if applied proximally to the lesion (Meyer and Fields, 1972),
and the relief of pain may outlast the period of stimulation by several

hours (Melzack and Wall, 1982).

In addition to post—traumatic neuralgias a number of other
non—traumatic mononeuropathies and some polyneuropathies are
characteristically painful and may be associated with the same sensory
disturbances of hyperaesthesia, hyperalgesia, allodynia, hyperpathia

and sometimes sympathetic dysfunction.



2. PAINFUL MONONEUROPATHIES

a) Post Herpetic Neuralgia (PHN)

This condition is one of the most important painful
mononeuropathies, because of the large numbers of patients involved.
This is a sequel to an infection by the herpes zoster virus, and
results in inflammation and variable destruction of the DRG, peripheral
nerve and roots. The pain subsides in the majority of patients over a
few months, but in a substantial number, particularly elderly patients,
goes on to become a chronic pain syndrome, which is frequently
described as a burning or raw gnawing pain. It is commonly associated
with cutaneous hyperpathia and hyperaesthesia. Lhermitte and Lhermitte
(1924) found that the DRG, posterior roots and peripheral nerve were
all affected in a case of acute zoster myelitis, and that the pathology

was an acute inflammation with axonal degeneration and demyelination.

Prevention of PHN by treatment during the acute stage of the
herpes infection with a topical application of a solution of 40%
idoxuridine in dimethyl sulphoxide has been claimed to reduce the
incidence of PHN (Juel-Jensen and MacCallum, 1972). The specific herpes
virus drug, acyclovir, does not lower the incidence of PHN or
significantly affect the rate of pain subsidence (Bean et al, 1983).
Once established, PHN is wusually resistent to treatment. An initial
conservative approach with transcutaneous electrical nerve stimulation
(TENS), cold packs and other counter-irritative measures may be
effective. A combination ‘of anti-convulsant therapy, such as
carbamazepine, with anti-depressants 1is also sometimes effective,
especially if 'lancinating' or shooting bain is present (Fields, 1987).
Sympathectomy or sympathetic block has been tried, but overall the

results are disappointing.

Hyndman (1939) reported the case of a man suffering from post
herpetic neuralgia on the left side of the head, neck, chest and upper
limb, whose pain was cured (for 5 months at the time of the report) by
the surgical removal of the 1left splanchnic nerves, the 1lst and 2nd
dorsal lumbar ganglia, the stellate and upper three thoracic ganglia.
Leger and Audoly (1942) reported two cases of herpes zoster in which
pain relief was afforded following infiltration of the homolateral

stellate ganglion. Not all reports are so favourable, and in a similar

way to the preceding types of pain syndrome in which there is evidence
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suggesting a sympathetic component, sympathectomy does not always cure
pain. Loh and Nathan (1978) report 6 cases of post-herpetic neuralgia,
in which sympathetic block was transiently successful as a pain relilef
treatment in only 3. They also report a series of 31 out of 46
patients whose pain syndromes included hyperpathia. Sympathetic block
relieved the pain and hyperpathia in 21 of these patients, but in the
15 other cases without hyperpathia, sympathetic block was only an

effective treatment in 2.

b) Entrapment neuropathies

It was originally thought likely that the nerve damage which
resulted in nerve entrapment was due to ischaemia, but Thomas and
Fullerton (1963) showed that beneath a region of chronic compression
segmental demyelination occurs, and proximal and distal to the 1lesion
the fibres are normal. There is characteristic myelin slippage of the
inner lamellae, and paranodal myelin tapering (Ochoa, 1972), and
unmyelinated fibres are relatively spared (Ochoa, 1978). Thus there is
a selective damage to large fibres as compared to small fibres, a
situation which will be discussed later in relation to the development
of chronic pain. Regenerating fibres in chronic entrapment syndromes
become mechanically sensitive, so that the Tinel sign may be elicited
on gentle tapping of the skin overlying the nerve lesion. Morton's
neuralgia, due to plantar digital nerve entrapment, is often associated
with severe destructive change in the nerve (Ochoa, 1976; Scadding and

Klenerman, 1987).

Pain with entrapment neuropathies is usually not severe, and
responds to relief of the compression. Occasionally, pain is
persistent, and may be associated with evidence of sympathetic
dysfunction. This 1is particularly true of painful wulnar nerve
entrapment at the elbow, treated by transposition of the nerve, which
may exacerbate the pain, possibly due to additional ischaemic damage to
the nerve produced by the immobilisation of a length of the nerve to

allow transposition.

c) Ischaemic neuropathies

Dyck et al (1972) found degenerative changes in the central
portions of nerve fascicles in the upper arm and leg, and proposed that

these changes followed ischaemia of these regions. Experiments by Parry



and Brown (1982), in which they produced similar changes in rats
following 1injection of arachidonic acid, showed that there -was
selective loss of small myelinated and unmyelinated fibres. A far more
widespread ischaemia affecting the whole limb, in patients undergoing
amputation for major vessel atheromatous disease, was shown by Eames
and Lange (1967) to cause segmental demyelination and Wallerian
degeneration in the peripheral nerves. Signs of sensory neuropathy were
found in 87.5%Z of these patients. Ischaemia may exacerbate painful
symptoms in nerves which are already damaged. Gilliatt and Wilson
(1954) demonstrated a more rapid onset of paraesthesiae following
application of a pneumatic cuff in patients with carpal tunnel
syndrome. There are no data concerning the response of the pain

associated with ischaemic neuropathy to sympathetic blockade.

d) Diabetic mononeuropathies

Mononeuropathies are common in diabetics,.affecting the cranial or
peripheral nerves including the ulnar, median, peroneal, femoral and
lateral cutaneous nerves of the thigh (Scadding, 1984). The nature of
the pain is variable. In a study of 40 cases of diabetic neuropathy,
Brown et al (1978) reported the incidence of a wide range of severity
of pain, from painless distal sensory loss with loss of tendon reflexes
and joint position sense, to cases of severe burning pain, cutaneous

hyperaesthesia and autonomic disturbances.

Dreyfus et al (1957) found maximal degenerative changes in the
centre of the third cranial nerve in a case of palsy of that nerve.
Asbury et al (1970) reported similar changes in a similar case. Raff et
al (1968) described punctate lesions in the nerves of a diabetic
patient who had developed mononeuritis multiplex in the legs six weeks
before death. In expérimental streptezotocin induced diabetes, hypoxia
reproduces some of the electrophysiological abnormalities associated
with diabetes (Low et al, 1986), whilst hyperbaric oxygen will reverse
some of these changes (Low et al, 1988). The addition of ischaemia to
experimental diabetes in rats leads to more extensive fibre

degeneration than is seen in diabetic controls (Nukada, 1986).

3. POLYNEUROPATHIES

The majority of polyneuropathies are painless, but certain types

are characteristically painful, although the incidence of pain may be



very variable. Some polyneuropathies may be classified according to the
fibre size 1loss. Several strands of evidence suggested that in
situations in which small fibres predominated in peripheral nerves,
there may be pain. Histological studies of hyperpathic scars had
revealed a reduced population of axons, mainly comprising small fibres
(Lourie and King, 1966). Noordenbos had reported a preferential loss of
large fibres in biopsies of intercostal nerves from patients with PHN
(Noordenbos, 1959), and Wortis et al (1942) had demonstrated that
sensations evoked after A fibre block with a pneumatic cuff mimicked
the unpleasant hyperaesthetic burning pain reported by patients with
alcoholic peripheral neuropathy. These observations later led to a
large number of morphometric investigations of painful and painless
polyneuropathies (reviewed by Scadding, 1989), particularly following
the first statement of the gate control theory of pain (Melzack and
Wall, 1965). The original gate control theory of Melzack and Wall
(1965), which is concerned with the interactions in the dorsal horn of
the spinal cord, proposed that 1large diameter myelinated afferents
exert an 1inhibitory effect on small unmyelinated nociceptive primary
afferents via inhibitory interneurones and transmission cells. Loss of
the input of some large myelinated fibres may therefore result in a
loss of 1inhibition of nociceptive afferents, and an exaggerated
response of spinal pain transmission cells to activity in unmyelinated
nociceptors, producing a painful condition. The gate control theory of
pain emphasized that the perception of pain resulted from a balance

between the inputs of myelinated and unmyelinated fibres.

Painful polyneuropathies with small fibre loss include diabetic
polyneuropathy. Morphometric studies of 2 sural nerve biopsies by Brown
et al (1978) suggested that a loss of unmyelinated C fibres was
primarily involved, with some loss of small myelinated fibres. But
Behse et al (1977) in a study of sural nerve biopsies of patients with
diabetic neuropathies, found a loss of large and small myelinated and
unmyelinated fibres. Ward et al (1989) also found a loss of all types
of fibre (motor, sensory and sympathetic) in their morphometric studies
of diabetic neuropathy. There is probably a vascular and microvascular
involvement also (Newrick et al, 1986). Other painful neuropathies with
small fibre loss include amyloid neuropathy, Fabry's disease and
dominantly inherited sensory neuropathy. Painful neuropathies with
non—-selective fibre loss include alcoholic neuropathies. Nutritional
deficiency neuropathies also occur, such as Beri-beri, Strachan

syndrome and Burning feet syndrome. Detailed morphometric studies have



not been reported in these conditions. Severe pain, often with a

burning quality, is a feature of these last types of neuropathy.

Large fibre 1loss neuropathies are not usually associated with
pain, but this is not invariable. Isoniazid or Pellagra neuropathies
are painful with large fibre loss, whereas Friedreich's Ataxia and
chronic renal failure result in a painless large fibre loss. The nervi
nervorum, the innervation of the connective tissue of the nerve itself,
are derived from the fibres of the nerve (Hromada, 1963; Thomas and
Olsson, 1975), and are thought to play a role in the pain of some
neuropathies (Thomas, 1974; Asbury and Fields, 1984). In some
neuropathies, the disturbance may be metabolic rather than grossly
structural. This 1last possibility 1is 1likely in wuntreated acute
diabetes, in which the neuropathy may resolve rapidly on treatment of
the underlying diabetes, in a manner which would be too rapid for

remyelination or regeneration to have taken place (Thomas, 1982).

A study by Dyck et al (1976) of many types of painful neuropathy,
including diabetic and alcoholic neuropathies and amyloidosis, found
that patients with acute myelin breakdown tended to have more pain, but
failed to find a correlation between fibre size loss and incidence of
neuropathic pain. In summary, fibre dissociation, with preferential
loss of large or small fibres or regeneration of small fibres cannot of
themselves provide a satisfactory explanation of pain associated with
peripheral neuropathy, since there are too many exceptions to the rule

that fibre size loss is related to the incidence of neuropathic pain.



B. Experimental Animal Physiological Studies of Damaged Peripheral

Nerves

1. ACUTE EFFECTS

Adrian (1930) first demonstrated an impulse barrage arising from
small sensory fibres when a peripheral nerve 1is sectioned, and described
this barrage as prolonged. Gasser (1935) and Skoglund (1942) reported
briefly on this discharge and in a later investigation, Granit et al
(1944) found evidence of an immediate interaction between motor and
sensory fibres when a peripheral nerve is injured either by compression,
ligation or section. They also noted that the transmission of impulses
from motor to sensory fibres was accomplished more easily than the reverse
situation, and that the discharge was always long-lived but variably
present and fragile. Wall et al (1974) were unable to produce more than a
transient injury discharge on sectioning a peripheral nerve, and concluded
that the prolonged discharge recorded by Adrian was an artefact, which may
have resulted from drying of the nerve during recording, or calcium
deficiency in the bathing Ringer solution or residual intact sensory
endings on a side branch of the nerve. Wall et al (1974) and Wall and
Gutnick (1974) were unable to reproduce the cross-talk seen by Granit et
al (1944) and Granit and Skoglund (1945), although Devor and Bernstein

(1982) reported evidence of an acute short-lived ephaptic cross-talk.

It is now accepted that the acute injury discharge ceases within
minutes and the afferent fibres become silent (Wall and Gutnick, 1974;
Wall et al 1974), although Devor and Bernstein (1982) did find occasional
fibres with prolonged discharges.

2. CHRONIC EFFECTS

a) Ongoing activity.

Following the initial barrage, a chronic ongoing sensory afferent
barrage develops (Wall and Gutnick, 1974), as early as 3 hours following
section in some cases (Kirk, 1974). Govrin-Lippmann and Devor (1978),
recording from rat sciatic nerve proximal to developing neuromas, found a
steep rise in the ongoing activity barrage, which peaked 13 days after
section, when 29% of the fibres examined were active. The bulk of the

active fibres measured were sensory. Activity then declined to a steady

state, with 4% of fibres examined being active. This level was maintained
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for at least 190 days. Scadding (1981) studied mice, and found a slightly
different picture, a combination of mechanosensitivity, adrenergic
sensitivity and ongoing activity beginning 24 hours after nerve section
and showing an early peak of activity at 3 days following section.
Activity could also be evoked in previously silent fibres following light
pressure, 687 of fibres being mechanosensitive. Of these previously silent
but mechanosensitive fibres, 5.6%Z became continuously active following
adrenaline administration. Evoked activity was also recorded from a
further 15% of fibres, which only became mechanosensitive following
application of adrenaline. Activity increased, and showed a second larger
peak after 14 - 21 days, a large component of which was due to
mechanosensitivity, following which time activity declined, but continued
at a low level for at least 7 weeks. Ongoing activity was recorded in 16Z%
of the fibres examined, although only 44% of these fibres were regularly
firing, the others fired irregularly or intermittently. The firing pattern
began after 24 hours of injury, and proceeded as previously described. The
first part of the ongoing activity discharge in chronically sectioned rat
sclatic nerves (up to 3 weeks after nerve section) is due principally to
the activity of A fibres. Between 3 and 16 days after nerve section 17% of
A fibres fire spontaneously, but the later longer-lasting low level
discharge occurs primarily in C fibres, which begin to discharge as the A
fibre barrage declines (Devor and Govrin-Lippmann, 1985). Blumberg and
Janig (1984) report no A fibre peak in cats, and Lisney and Diamond
(personal communication in Devor, 1989) report little or no ectopic
impulse discharge in rabbits. Local administration of colchicine or
vinblastine, by socaked pads of Gelfoam, to a sectioned and 1ligated nerve
blocks ectopic impulse generation in rat sciatic nerve neuromas, probably
by an effect on the axonal transport of ion channels (Devor and

Govrin-Lippmann, 1983).

Reports of spontaneous activity made by recording just proximal to
the neuroma (Govrin-Lippmann and Devor, 1978; Blumberg and Janig, 1981;
Scadding, 1981) show that most of the activity arises in the neuroma
itself. Calvin (1979) considers that the ectopic pacemaker capability of
the proximal ends of severed axons and sprouts is the most significant
feature of damaged nerves with regard to the abnormal sensations that may
accompany injury. The mid-nerve, non-terminal part of mammalian axons
which is adapted to conduction of impulses is not normally capable of
impulse generation, even when depolarized for a sustained period (Wall and

Gutnick, 1974; Ruiz et al, 1981; Devor and Bernstein, 1982). However,

following damage, ectopic pacemakers develop on the ends of severed axons



and sprouts. Howe et al (1976) and Wall and Devor (1983) have detected low
level ongoing activity arising in DRG cells, which is enhanced following
stimulation of normal and injured peripheral nerves. The discharge is
greatly exaggerated following peripheral nerve injury, and contributes
ectopic impulses in addition to those of the neuroma (Kirk, 1974; De
Santis and Duckworth, 1982; Wall and Devor, 1983; Burchiel, 1984).

Damaged afferent fibres in neuromas also develop other mnovel

properties, including adrenaline sensitivity and mechanosensitivity.

b) Adrenaline semnsitivity

The afferent barrage of ongoing activity may be increased by the
administration of adrenaline, either by 1/v or close arterial injection
(Wall and Gutnick, 1974; Devor and Janig, 1981; Korenmann and Devor, 1981;
Scadding, 198l1). It was shown that the existing ongoing activity could be
potentiated following administration of noradrenaline, and that some
ongoing activity could be elicited from previously silent afferent fibres.
However, not all fibres are sensitive to noradrenaline (Devor and Janig,
1981; Koremmann and Devor, 1981; Scadding, 1981). Similar potentiation of
myelinated afferents can be obtained by stimulation of the lumbar
sympathetic trunk (LST) (Devor and Janig, 1981; Blumberg and Janig, 1984).
It has recently been shown that low frequency electrical stimulation or
reflex activation of the LST can excite unmyelinated afferent C-fibres in

neuromas—in-continuity in cat peripheral nerves (Habler et al, 1987).

This catecholamine sensitivity is an alpha-adrenergic effect. It has
been proposed that alpha receptors may develop on regenerating primary
afferent fibres, although there has been no direct evidence for this
(Korenmann and Devor, 1981; Scadding, 1982). The alpha receptor agonist
phenylephrine has been shown to increase the afferent barrage, but
isoprenaline, a beta receptor agonist has no effect, even at high doses
(Wall and Gutnick, 1974; Devor and Janig, 1981; Korenmann and Devor, 1981;
Scadding, 1981). Antagonists to alpha receptors, such as phentolamine,
have been shown to block excitation by aarenaline i/v injection, or LST
stimulation, whereas propranolol, a beta receptor blocker has no effect
(Korenmann and Devor, 198l). Neither phentolamine nor propranolol had any
effect on the ongoing activity arising from neuromas in Korenmann and

Devor's experiments (Korenmann and Devor, 1981).

It was originally thought possible that the effects on the afferent



barrage which were observed when adrenaline was injected were secondary to
changes in the blood supply, i.e. vasoconstriction. It has since been
shown that this is not so. Clamping of the main artery to a neuroma has
been shown to cause an initial increase in firing, follo by a cessation
of the discharge. These changes exhibit a long latency, in contrast to
that seen following injection of adrenaline. Additionally, firing will
increase if adrenaline is injected below the level of the arterial clamp

(Devor and Janig, 1981; Korenmann and Devor, 1981).

Diamond (1959) had earlier shown an abnormal chemosensitivity of
regenerating sprouts, but to acetylcholine, not noradrenaline or
adrenaline, but this result has not been reproduced in later studies

(Korenmann and Devor, 1981).

¢) Mechanosensitivity

A third property which develops in afférent fibres of damaged
peripheral nerves is an abnormal response to light mechanical stimulation.
Outgrowing regenerating axons may develop highly localized spots where
minimal force from a very small probe may produce or increase ongoing
activity in sensory fibres (Wall and Gutnick, 1974; Scadding, 1981; Devor
and Bernstein, 1982; Blumberg and Janig, 1984; Burchiel, 1984). The
duration of this discharge may be variable, ranging from immediate onset
following the stimulus, of a duration equal to that of the stimulus,
or it may outlast the stimulus by some time ('mechanical afterdischarge').
Devor (1984) proposed that the evoked neuroma impulses result from stretch
—activated channel-induced generator potential in the proximal ends
of severed nerves or sprouts. Clinically, mechanosensitivity is exhibited
as Tinel's sign or as a neuroma which is 'tender' to touch, although some

of this sensitivity 1s due to nerve trunk pain.
This abnormal sensitivity may be important in the exacerbation of
pain seen when a 1limb containing damaged peripheral nerves is touched or

moved (Bonica, 1979).

d) Sympathetic efferent / Sensory afferent fibre interactions

Foerster et al (1929), in early experiments, manipulated the cervical
sympathetic trunk and caused pain. They then cut the trunk and stimulated
the central end, again with the production of pain. Touching the stellate

ganglion was shown to produce pain in the upper 1limb, and touching the



lumbar chain produced pain in the lower limb. Shaw (1933) carried out a
cervicothoracic ganglionectomy, then crushed the ganglion with forceps to
produce excruciating burning pain with a latency of a few seconds. Removal
of the ganglion by traction on the thoracic chain produced similar pain
which lasted for 24 hours. Experiments in 1intact nerves have been
performed which demonstrate the ability of sympathetic efferent fibres to
influence sensory afferents. An interaction between the sympathetic supply
and the somatic afferent nerve fibres in the pulp of the tooth of a cat
was demonstrated, following stimulation of the sympathetic trunk (Edwall
and Scott, 1971; Matthews, 1976). Motsnyi and Bagramova (1972) and
Bagramova et al (1976) showed that the stimulation of the sympathetic
nervous system and secretion of noradrenaline influences dorsal root
potentials and the dorsal root reflex in the cat. They concluded that
sympathetic activity and circulating noradrenaline were factors affecting

the membrane potential of primary afferent fibres.

The first proposal that some kind of abnormal synapse formed between
the sympathetic efferent and sensory afferent fibres in damaged nerves was
made by Doupe et al (1944). They proposed that the normal insulation
between fibres was disrupted by nerve damage, so that impulses passing in
sympathetic efferent fibres could excite neighbouring sensory afferent
fibres; this cross-stimulation was proposed to be the cause of causalgic
pain. The hypothesis was given credence by work of Granit et al, (1944),
and Granit and Skoglund (19%5), who found that stimulating ventral roots
following nerve section in a.cat produced detectable impulses in the

sensory roots.

Recent demonstrations of an interaction between sympathetic efferent
and sensory afferent fibres by Devor and Janig (1981) and Habler et al
(1987) have already been cited (p 20 )

Doupe et al (1944) and Granit et al (1944) proposed that ephaptic
transmission between axons was responsible for the response of sensory
afferent fibres to sympathetic efferent fibre stimulation, and that some
kind of abnormal synapse develops. Seltzer and Devor (1979) proposed that
ephapses, i.e. tight electrical couplings, develop in neuromas, whereby
stimulation of one fibre will excite another with very short latency, and
with a high safety-factor of transmission. In 1978, Rasminsky demonstrated
ephaptic cross—excitation in damaged roots of dystrophic mice, and Seltzer
and Devor (1979) reported a small number (7%) of fibres in a neuroma one

month after section or ligation and section, had developed a tight



electrical coupling, with a high safety factor of impulse transmission.
Blumberg and Janig (1982) investigated superficial peroneal nerve
following section, recording 6-8 cm proximal to the neuroma. Unmyelinated
and thinly myelinated fibres were activated via the neuromas following
stimulation of unmyelinated and myelinated fibres, but no involvement of
sympathetic efferent fibres was found. Lisney and Pover (1983) recording
from cat sensory nerve neuromas also found evidence of ephaptic
cross—talk. Meyer et al (1985) studied neuromas which formed following
crush and section of the superficial radial nerve in baboons, and found
that single nerve fibre recordings from fibres in the neuromas
demonstrated spontaneous activity and electrical coupling - crosstalk -
between fibres. Devor and Bernstein (1982) report a looser form of
coupling, which r‘i%yor‘;?rve damage. An impulse volley entering the neuroma
generated a prolonged (up to tens of seconds) discharge in the strands of
the nerve being recorded. This response had a long and variable latency,
and was measured from the ventral roots following stimulation of the

dorsal roots.

However, the interaction of sympathetic efferent and sensory afferent
fibres shows 1long and variable latencies (Devor and Janig, 1981).
Anatomical substrates for ephapses have not been found in ultrastructural
investigations of experimental neuromas by Spen'cer (1971), Morris et al
(1972) or Scadding (1982). However, Rasminsky (1980), in dystrophic mouse
roots, Bernstein and Pagnanelli (1982) and Devor and Bernstein (1982), in
rat sciatic nerve neuromas, have reported closely apposed axon membranes
in wunmyelinated fibres, which they felt might subserve ephaptic
transmission. As anatomical substrates for ephapses or abnormal synapses
developing in damaged peripheral nerves have not been unequivocally
identified, and would not explain the early developme.nt of pain after
nerve injury, it seems wunlikely that they could provide the major
mechanism of interaction between sensory and sympathetic fibres. The
available evidence favours a looser form of interaction (Devor and Janig,
1981; Korenmann and Devor, 1981; Scadding, 1981): Noradrenaline released
at the site of injury from sympathetic efferents may stimulate abnormally
sensitive sensory afferents, due to the development of alpha receptors on
the axolemma, with diffusion of transmitter across short distances between
sprouts, in the absence of specialized contacts (Scadding, 1982). A loose
electrical coupling may also develop between sensory afferent and

sympathetic efferent fibres (Devor and Bernstein, 1982).

Thus, the sensitivity of the damaged sprouting sensory fibres to



noradrenaline, ongoing activity and the abnormal mechanical sensitivity
are all likely to be contributing factors to pain production in damaged
nerves. Torebjork and Hallin (1979) have reported the case of a patient
with incomplete nerve transection and with successfully treated causalgia -
who exhibited abnormal peripheral sensitivity to noradrenaline. This
patient had hyperalgesia in the left hand distal to the site of the nerve
lesion, and a narrow range of temperatures which could be tolerated
without pain (25 - 330C). An intracutaneous injection of 1 ug
noradrenaline into the hand provoked a severe pain attack in the entire
left arm, which lasted for several hours, and was unresponsive to large
doses of intramuscular morphine. Scadding (1982) suggests that abnormal
impulses may arise from sensitized peripheral regenerated fibres as well
as from those at the site of the nerve lesion, as a possible explanation
of why the pain from incomplete lesions tends to be more severe than that
of complete transections. Wynn Parry (personal communication in Scadding,
1982) comments that some patients report worsening of their dysaesthesias

following nerve grafts or repair.



3. DORSAL ROOT GANGLION CELL CHANGES FOLLOWING PERIPHERAL NERVE INJURY

The changes which occur in the cell body of a peripheral axon
following its interruption affect the regeneration of that axon since
the cell body is responsible for the growth and maintenance of that
axon. Nissl, in 1892, first described morphological changes in the cell
body following severance of 1ts axon. These included swelling of the
cell, movement of the nucleus to an eccentric position and the
disappearance of basophilic (Nissl) substance from the cell cytoplasm.
This process is generally termed 'chromatolysis', but Grafstein (1975)
suggests 'cell body response' is a more suitable term. Immediately
following mechanical trauma, there is a depolarization of the membrane
at the site of the injury which lasts for several hours (Evans and
Saunders, 1974), and is responsible for a 1lowering of membrane
potential over the whole cell. This change in membrane potential in
the cell body may be responsible for the initial swelling of the cell,
following abnormal water movement, and during later stages of the
reaction the cell is swollen with a reservoir of materials for axon
formation (Grafstein, 1975). Changes in the neuronal membrane
potential may be followed by a loosening of the perineuronal-glial cell
attachment, and in some cases the glial cell may become 1interposed
between the injured neurone and the presynaptic fibres ending on it

(Blinzinger and Kreutzberg, 1968; Kerns and Hinsman, 1974).

There is an increase in RNA synthesis (Lieberman, 1971; Murray,
1973) in readiness for increased protein synthesis (Lieberman, 1971).
Although there is an increasé in protein synthesis of structural
proteins, there is a decrease in the content of many proteins required
for synaptic transmission. In sympathetic neurones, for example, there
is a decrease in dopamine beta hydroxylase (Kopin and Silberstein,
1972), tyrosine hydroxylase (Cheah and Geffen, 1973), and monoamine
oxidase (Harkonen, 1964). Generally, there is a decrease in the
production of transmitter components in favour of structural
components, in a similar pattern to that seen in immature neurones

(Griffin and Lavelle, 1971; Grafstein, 1975).

Lipid synthesis also increases very soon after axotomy (Harkonen
and Kauffman, 1974) presumably for use in the synthesis of membrane
components of the neurone. Following synthesis of components within

the neurone, materials for the growth of the axon are transported to



their required site by axonal transport. This is not immediately
affected by axotomy - materials continue to move along the intact
portion of the axon in the same volume and at the same rate as that
before injury leading to an initial accumulation of material proximal
to the point of section (Grafstein and Murray, 1969; Grafstein, 1971).
The variation in axonal transport begins about 2 days after injury,
initially with a decrease (Boyle and Gillespie, 1970; Karlstrom and
Dahlstrom, 1973; Reis and Ross, 1973) and much later following onset of
axonal outgrowth with an increase in both amount and transport rate of
protein materials (Grafstein and Murray, 1969; Grafstein, 1971). This
modification of transport begins following increased RNA and protein
synthesis (Grafstein, 1975), and ribosomes may be seen in axons
(Lieberman, in Grafstein, 1975) suggesting that protein synthesis above
and beyond the normal rate occurs during regeneration. Intact side
branches of the axon and dendrites also participate in the above
changes, so that the whole field of distribution of the neurone may be
affected (Reis and Ross, 1973; Sumner and Watsén, 1971).

However, not all neurones survive, and depending on the location
of the axonal damage a large number may die. Purves (1975) reports
half the neurones in the superior cervical ganglion of adult guinea
pigs died following crush of the major efferent axons. There have not
been many studies of cell death following loss of efferent axons.
Lieberman (1971) reports that neuronal loss is greater in young animals
than adults, and Romanes (1946), for example, reported a 40-50% loss
of spinal motor neurones within 7 days of axotomy in neonatal rats.
Early studies demonstrated that the site of the lesion is important in
relation to the amount of cell death which ensues. Romanes (1941)
could not detect chromatolysis following distal nerve section in a
1imb, whereas section of a nerve close to the ganglion resulted in a 50

per cent loss of ganglion cells within two months (Ranson, 1906).

Histochemical changes also occur. Fluoride resistant acid
phosphatase (FRAP) is synthesized in some small cells of the DRG, and
is depleted following peripheral nerve section within 4 days, showing
that the cells of the DRG have reacted to injury (Schoenen et al, 1968;
Kniyhar and Csillick, 1976). There is also a decrease in substance P,
the main transmitter of primary sensory neurones, and also of
cholecystokinin (Jessell et al,1979). Substance P decreases- by about
48% 4 - 28 days following sciatic nerve section.
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Physiological changes important to the pain of peripheral nerve
injury also occur. Normal DRG cells have an ectopic pacemaker ability,
and may discharge spontaneously (Howe et al, 1976; Wall and Devor,
1983). This discharge may increase following chronic nerve section, and
contribute to the afferent impulse barrage originating from the
neuroma. DRG cells are also highly sensitive to mechanical distortion
(Howe et al, 1977). In addition to the changes which may follow
traumatic nerve injury, Mayer et al (1986) and Schon et al (1987)
showed that DRG cells may become electrically coupled, forming a
syncytium, following Herpes simplex infection. This formation might
serve to amplify any ectopically generated impulses and impulse
activity from the periphery, and neurons beyond those in which the
activity was originally evoked may become excited. This development may

have a possible role in the pain of PHN.

In addition to evoking activity in the DRG cells, a cut sciatic
nerve 1is capable of evoking dorsal root potentials on roots which are
distant and contain no cut fibres. Within 4 days of peripheral nerve
section there is a loss of the dorsal root potential generating
mechanism around the central ends of the cut fibres (Wall and Devor,
1981). Nerve root damage may also cause chronic pain. Root compression
is often painful and associated with paraesthesiae. Howe et al (1977)
found that compressed roots may generate ectopic impulses and are

sensitive to mechanical distortion.

4. CNS CHANGES FOLLOWING PERIPHERAL NERVE INJURY

Light microscope changes in afferent terminals in the spinal cord
are not seen in the first two weeks following peripheral nerve section
(Wall and Devor, 1982), in contrast to central degeneration in the
trigeminal cell bodies following nerve section or tooth extraction
(Grant and Arvidsson, 1975; Westrum et al, 1976). Ultrastructurally,
however, the picture 1Is quite different. Six days following sciatic
nerve section, changes were seen in the upper layers of the dorsal
horn, which were more marked by two weeks following section (Csillick
and Knyihar, 1978). They observed accumulations of whorl-like bodies,
cytolysosomes, and osmiophilic dark particles in axon boutons. Small
axons were seen to contain glycogen particles and clustered synaptic
vesicles. Other changes included disintegrated mitochondria and
changes in ground substance. These changes were called synaptic

atrophy. Moradian and Rustioni (1977) observed degenerate large and



small primary afferent terminals in the dorsal horn, following section

of upper limb nerves in the rat.

Histochemical changes 1include a disappearance of fluoride
resistant acid phosphatase (FRAP), which is a marker for primary
afferent terminals 1in the substantia gelatinosa, from this site
following sciatic nerve section in rats (Knyihar and Csillick, 1976).
Devor and Claman (1980) narrowed down this location to segments L4 and
L5 following sciatic nerve section, showing that this must be the locus
of the terminations of unmyelinated primary afferent axons from the
sciatic nerve. Substance P, the transmitter in primary sensory
neuromas, is depleted by 75-80% in the dorsal horn 7 days following
sciatic nerve section (Jessell et al, 1979), but the ventral horn was
unaffected. These histochemical changes serve to illustrate the large
scale changes which occur centrally in afferent terminals following

nerve section.

Cell death in the DRG, or root section, will lead to
deafferentation of dorsal horn cells in the spinal cord. Some of these
cells may take on new receptive fields in the periphery following a
section or ligation injury (Devor and Wall, 1978), but not following a
crush injury (Devor and Wall, 1981). Deafferented cells may become
spontaneously active and may contribute to the pain of peripheral nerve
lesions (Loeser and Ward, 1967). Partial deafferentation may lead to
increased sensitivity developing in the remaining cells. A beta fibres
probably exert an inhibitory effect on A delta and C fibres in the
spinal cord dorsal horn (Woolf and Wall, 1982). It has been shown that
the loss of the large myelinated fibre input from A beta fibres which
follows chronic peripheral nerve section results in disruption of this
inhibition, and may contribute to the generation of chronic pain by
increasing the excitability of dorsal horn A delta and C neurones
(Woolf and_Wall, 1982). Whether this inhibition is mediated pre- or
post synaptically, or both, has yet to be determined, but Woolf and
Wall propose that presynaptic inhibition is likely to be the major

mechanism.

The previous evidence outlines the changes which occur following
peripheral nerve injury, and serves to illustrate that pain cannot be
explained solely on the basis of peripheral changes. Secondary central

nervous system changes, for example in the dorsal horn, may be of equal

importance.



5. THE POSSIBLE IMPORTANCE OF THE SYMPATHETIC NERVOUS SYSTEM IN PAINS
UNRELATED TO NERVE INJURY

The sympathetic nervous system may also become important in
relation to the production and maintenance of pain in certain
situations when there is no nerve injury. This role in RSD resulting
from non—neural injury has already been discussed. In addition, there
is new evidence of involvement of sympathetic efferent fibres in
experimentally induced arthritis and in rheumatoid arthritis (Levine et
al, 1986; 1988).

Arthritis can be experimentally induced by the intradermal
injection into rats of a suspension of Mycobacterium butyricum in
mineral oil (Pearson and Wood, 1959), and the severity of the resulting
disease assessed by the use of X-rays and a grading scale (Ackerman et
al, 1979). Levine et al (1985) found that sympathectomy by guanethidine
or reserpine administration reduces reflex neurogenic inflammation
which may be generated away from the injury site, and also (Levine et
al, 1986) that sympathectomy reduces inflammation and injury at the
affected joint site. It was also demonstrated that regional
sympathetic block with guanethidine reduces pain and increases pinch
strength in patients with rheumatoid arthritis (Levine et al, 1986).
Levine et al (1988) investigated the effects of treating the
experimental arthritis with sympatholytic agents before and after the
onset of clinical symptoms. Sympathectomy retarded the onset of
disease (Levine et al, 1986), and reduction of sympathetic activity
produced highly significant lessening of joint injury when treatment
was begun after the onset of clinical symptoms. Levine et al (1988)
also investigated the effect of receptor selective adrenergic blocking
therapies, and discovered that the most successful therapy was beta
receptor antagonists, specifically beta2 blockade. There is also
evidence of the involvement of sensory afferent fibres. Depletion of
unmyelinated peripheral afferent axons with <capsaicin depletes
substance P and lessens the inflammation which results from the
injection of noxious substances (Gamse et al, 1980). Colpaert et al
(1983) and levine et al (1986) showed that neonatal administration of
capsaicin attenuated joint injury following induced arthritis. Thus it
has been shown that activity in both sympathetic efferents and large
and small diameter primary afferents influences the severity of joint

injury in arthritic rats (Levine et al, 1986).



On the basis of these observations, Levine et al (1986) proposed
that there was an interaction between sympathetic efferent and primary
afferent nociceptors which may increase inflammation and pain in

arthritis and that beta, receptor antagonists may have significant

2
clinical value in the treatment of pain and inflammation of arthritis

(Levine et al, 1988).

Sympathetic efferent activity is not normally thought to influence
primary sensory afferent fibre function, in the absence of peripheral
nerve injury or peripheral injury. However, sympathetic efferent fibre
endings are found in close association with primary afferent terminals,
for example, the Pacinian corpuscle, (Pease and Quilliam, 1957;
Santini, 1968, 1969; Santini et al, 1971). Sympathetic efferent fibres
have also been shown to be closely apposed to DRG cells (Owman and
Santini, 1966) and Gasserian ganglion cells (Santini, 1966, 1972).
Santini (1976) reported that preganglionic stimulation of sympathetic
fibres in a cat mesentery preparation gave mixed results in the
Pacinian corpuscles, some afferent fibres were excited (29%) whilst
others were inhibited (34%). Stimulation of the sympathetic supply of
the DRG cells produced an initial excitation of the Pacinian corpuscle,
followed within 100secs by inhibition (Santini, 1976). Another example
of the interaction of sympathetic efferent and sensory afferent fibres
in the tooth pulp of cats has been previously described (page 32,
Edwall and Scott, 1971; Matthews, 1976).

Reserpine and monoamine oxidase inhibitors have been demonstrated
to decrease amino acid levels in the Gasserian (trigeminal) ganglion
(Santini and Berl, 1972) and Santini (1976) suggests that the
sympathetic efferent supply to these ganglia could have a role in
regulating amino acid production. He proposed that the sympathetic and
sensory neurones are coupled, and the primary sensory neurones are a
feedback target for the sympathetic efferent neurones. The possible
role of sympathetic efferent fibre activity on the responses of primary
afferent fibres is a relatively under-investigated area of sensory

neurophysiology, which merits further study.

6. ANIMAL 'MODELS' OF CHRONIC PERIPHERAL NERVE INJURY

Much of the detailed knowledge about the physiology of pain which
may follow peripheral nerve damage has come from animal experiments.

Wall and Gutnick (1974) first noted self-mutilation of the anaesthetic



area, autotomy, following peripheral nerve section in rats. Wall et al
(1979a) proposed that the self-mutilation activity was a reaction to a
chronic painful condition which they termed 'anaesthesia dolorosa'.
They also proposed that the magnitude of the behavioural response was
related to the extent of dysaesthetic or painful symptoms. It was
proposed that autotomy may be caused by spontaneous abnormal activity
generated in the regenerating axonal sprouts of the neuroma (Wall et
al, 1979a,b; Weisenfeld and Lindblom, 1980; Scadding, 1981; Devor and
Raber, 1983). Scadding (1981) found a reasonable correlation between
maximum afferent activity (ongoing activity, mechano-and adrenaline
sensitivity) and maximum autotomy in mice. In rat and mouse neuromas,
sympathetic activity seems to be important in the development of
autotomy, since guanethidine in high doses inhibits autotomy (Wall et
al, 1979a; Scadding, 1982). Autotomy following sciatic nerve section is
increased following treatment with a MAO inhibitor, pargyline, which
increases noradrenaline levels but has no effect on denervation (Yasumo
et al, 1984).

The usefulness of autotomy as a measure of pain or dysaesthesia,
has been questioned. Sweet (1981) and Rodin and Kruger (1984) consider
that autotomy is simply an attack by the animal on a denervated
insensate 1imb, which 1is recognized as possibly foreign. However,
there is no evidence for a simple correlation between the amount of
denervation and autotomy (Coderre et al, 1986). Wall et al (1979b)
reported that the degree of autotomy following saphenous nerve section
is less than that which follows sciatic nerve section. If both nerves
are sectioned, autotomy is maximized. However, a more extensive nerve
section would also be likely to increase spontaneously generated
abnormal impulses (Coderre et al, 1986). Autotomy is reduced if the
nerve is crushed rather than sectioned (Wall et al, 1979b). The
incidence of autotomy is reduced following intrathecal administration
of morphine and increased following naltrexone, an opioid antagonist

(Weisenfeld-Hallin, 1984).

There is also behavioural evidence that points to autotomy being a
response to painful sensations. Autotomy following distal rhizotomy is
associated with distress in the animal being handled and
hyper-reactivity to touch (Heybach et al, 1979). Lombard et al (1984)
found highly disturbed slow wave sleep in animals exhibiting autotomy

in response to dorsal rhizotomy. Sleep disturbances are common in

patients with pain and dysaesthesiae (Sternbach, 1984; Sweet, 1981).



Weisenfeld and Hallin (1980) found that rats with sectioned sciatic
nerves reacted in a stressful way when housed in a cold environment;
and Chudler and Dong (1983) found severe autotomy after sciatic nerve

section more often in rats housed in isolation.

Although autotomy may be indicator of the response to chronic
pain, autotomy scores alone may not be a reliable index of pain level.
Chudler and Dong (1983) report abnormalities in motor behaviour, and
decreases in body weight following sciatic nerve section, which are
indicators that the animal may be in pain, but these changes did not
correlate with autotomy. Also, autotomy is known to cease about six
weeks following nerve section (Wall et al, 1979a, b; Scadding 1981,
1982) whereas clinically, chronic pain may persist for months or years.
Autotomy patterns change following 1increased deafferentation of the
dorsal horn neurones by capsaicin and thus the main role in the
automutilating behavour 1is assigned by some studies to activity in

dorsal horn neurones (Nagy et al, 1986; Russell and Burchiel, 1986).

The majority of the experiments described above used nerve section
or section with ligation to mimic painful peripheral nerve injuries
which are seen clinically. There are obvious limitations in using these
types of animal nerve injury as suitable 'models' for the human
situation, in which a wide variety of nerve lesions may lead to pain.
Bennett and Xie (1988) have investigated an injury in which a series of
loose ligatures are tied around a peripheral nerve, barely constricting
the nerve. This situation seems to produce allodynia and hyperalgesia,
as inferred from the animal's response to being placed on a chilled
floor, or to innocuous mechanical stimulation. Gross changes were also
seen as overgrown claws of the affected foot. Additionally, the onset
of apparently painful symptoms is more acute and severe, if autotomy is
used as an indicator of pain. It is suggested that this is a better
model of a chronie partial nerve lesion and that the type of pain
syndrome produced may better mimic causalgia than that which follows
nerve section. Use of this type of injury in experimental animals may
pave the way for further useful research into the painful sensory

disorders which accompany peripheral nerve injuries.



C. Anatomical Studies

DEGENERATION AND REGENERATION MECHANISMS IN INJURED PERIPHERAL NERVES

l. Proximal stump degeneration

Following nerve section, the most traumatic form of peripheral
nerve 1injury, retrograde changes occur in the proximal stump.
Immediately following nerve section the stumps of the nerves retract,
due to the fact that the nerve is normally held under tension, creating
a small gap between the proximal and distal stumps. The axons within
the stumps also retract in an individual manner, and assume a spiral

configuration.

a) Myelinated Fibres

Degenerative changes in the proximal stump begin very soon after
nerve section, in as little as 4 - 6 hours, in the axons immediately
proximal to the point of section (Cajal, 1928). Cajal demonstrated that
axons swell in response to injury, on both sides of a tramnsection or
crush. These axonal swellings contain accumulations of abnormal
organelles, as detailed later. The axon is later extruded from the
myelin sheath, shrinks and degenerates and is then ingested and removed
by the Schwann cell and invading macrophages. Cajal showed that most
axons degenerate proximally to the first internode, although in some
smaller fibres degeneration extends much further, and in larger fibres
sometimes only extends to the nearest Schmidt-Lanterman incisure. The
distance up to which fibres degenerate proximally is not certain.
Ranson (1912) reports degeneration of fibres 3-4cm proximally, by light
microscopy, whereas Morris et al (1972a), in a fine structure study,
report extensive myelin degeneration 36 hours after section in the
terminal l.5mm of the proximal stump, which corresponds to the maximum
internodal length in mammalian myelinated fibres (Williams and
Wendell-Smith, 1971). The axons of myelinated fibres swell in response
to transection, and this swelling and accumulation of organelles
results in myelin slippage in the terminal portions of fibres in the
proximal stump (Friede and Martinez, 1970). The myelin sheath then
degenerates, usually as far proximally as the first node, but the
degree of degeneration depends on the level of injury in relation to

the Schwann cell nucleus (Lubinska, 1961). The myelin lamellae first

split apart, and the sheath takes on a wrinkled appearance. It then



fragments 1into ellipsoids and the degenerate myelin is then further
broken down by lysosomal activity in the Schwann cells and subsequently

removed by macrophages.

b) Unmyelinated fibres

Unmyelinated fibres in the proximal stump of a sectioned nerve
also swell in response to section, and accumulations of cellular
organelles are seen within them. Lampert, (1967) suggests that these
changes should be described as ‘'reactive' rather than degenerative.
Although there is no well defined distinction between 'reactive'
(degenerate or arrested profiles) as opposed to regenerative profiles
(swollen growth cones), Lampert (1967) suggests that reactive axons
have a higher organelle content. Unmyelinated axons begin to regenerate
very quickly after damage, within 4-6 hours (Cajal, 1928), so it is
difficult to distinguish degenerating fibres from regenerating sprouts.

The organelles which accumulate in unmyelinated axons proximal to
a constriction or section of a peripheral nerve include normally
occurring organelles, such as distended neurotubules, normal or swollen
mitochondria (Blumcke et al, 1966; Zelena et al, 1968) and large
accumulations of dense-cored and clear vesicles (Grillo and Palay,
1962; Kapeller and Mayor, 1969; Spencer, 1971; Morris et al, 1972). The
class of dense-cored vesicles was further divided by Pellegrino de
Iraldi et al (1964) into large and small granular vesicles. These
vesicles are thought to be catecholamine storage sites (Grillo and
Palay, 1962; Tranzer and Thoenen, 1967; Tranzer and Richards, 1976;
Lascar, 1980), and this accumulation is discussed further under the

heading of axoplasmic tramsport.

Several abnormal organelles may also be found, such as lamellar
osmiophilic bodies (Zelena et al, 1968; Kapeller and Mayor, 1969;
Morris et al, 1972c). These have been suggested to be degenerate
mitochondria (Weiss and Pillai, 1965; Lampert, 1967). Dense bodies of
various sizes, some of which may be lysosomal are also found (Holtzman
and Novikoff, 1965; Morris et al, 1972). Alveolate vesicles, sometimes
with densely staining oval structures, (Morris et al, 1972c) are seen,
which Richards and Tranzer (1975) describe, if clear, as large
elongated vesicles, and suggests that they may represent sections of

smooth endoplasmic reticulum. Clear vesicles and multivesicular bodies

(Wettstein and Sotelo, 1963; Blumcke et al, 1966; Roizin et al, 1967;



Zelena et al, 1968; Lascar, 1980) are also found.

The origin, nature and functions of organelles which accumulate in
the axoplasm of constricted or sectioned peripheral nerve axons,
particularly the dense-cored vesicles, has been the subject of much
study (Webster, 1962; Wettstein and Sotelo, 1963; Holtzman and
Novikoff, 1965; Blumcke et al, 1966; Zelena et al, 1968; Ballin and
Thomas, 1969; Kapeller and Mayor, 1969; Martinez and Friede, 1970;
Tranzer and Richards, 1976; and Lascar, 1980).

The mitochondrial accumulation may be the result of migration from
other parts of the axon, or in situ synthesis. The latter theory is
considered unlikely by Martinez and Friede (1970), in view of the more
than 10-fold increase 1in organelles within 48 hours. Such a
multiplication factor is inconsistent with the low levels of RNA
measured from the axoplasm (Edstrom et al, 1962), which are required
for synthesis. In addition to organelle accumulation, there 1is an

accumulation of amorphous axoplasm (Martinez and Friede, 1970).

Dyck and Hopkins (1972), studying degeneration of unmyelinated
fibres in the rat cervical sympathetic trunk, report that 34 hours
after crush injury many of the swollen fibres had been replaced by
watery empty spaces containing small clumps of axonal material, absence
of tubules and filaments, and occasional clumps of electron dense
material. Some swollen fibres 3 and 4 um in diameter were still
persisting. Morris et al (1972c) describe 3 types of abnormally
enlarged non-myelinated axons containing accumulations of organelles

classified according to size:-

a) 'Supergiant' axons, greater than 10um in diameter. These may be
components of regenerating units, and were seen 8, 12 and 14 days
following nerve section.

b) 'Giant' axons, 3-10um in diameter, present as single fibres.
These fibres did not always have an accumulation of organelles.

c) Non-myelinated axons, 0.5-8um in diameter, grouped iIn clusters,
but not identified as type II regenerating wunits, the clusters
containing between 2 and 40 axons. By 69 hours after crush, no intact
unmyelinated fibres were visible, but Schwann cell nuclei had
proliferated, and clusters of finger-like processes of Schwann cell

cytoplasm were forming within basal lamina tubes.



Observations on the persistence of degenerating unmyelinated
nerves are always complicated by the presence of regenerating axonal
sprouts, since regeneration of unmyelinated fibres begins early

following nerve damage and is prolific.

2. Proximal stump regeneration

Regeneration of unmyelinated fibres is more rapid than myelinated
fibres (Dyck & Hopkins, 1972); although the earliest studies of
peripheral nerve regeneration were concerned with myelinated fibre

regeneration, due to limitations of the available technology.

a) Regeneration of Myelinated fibres

Sprouting of myelinated fibres from the proximal stump of a
sectioned nerve is very prolific in the first few days after section.
In Cajal's study of 1928, he noticed "buds"™ or "clubs of growth” on the
preserved parts of terminal axons. "Clubs of growth"” were also seen on
collateral axons. Cajal (1937) later named these terminal clubs "Growth
cones”. Cajal also noted the retrograde growth of long ranging
sprouts, and a later study by Aitken (1949) reported that up to 50% of
the sprouts originating from myelinated fibres in neuromas grow in a
retrograde direction. Sprouts with a spiralling form were described by
Perroncito (1907), and the sprouts intermingled to form a complex
network of fibres, Cajal (1928). Axons that had no necrotic portion on
the distal stump sprouted directly from this terminal region. However,
the majority of sprouts were collateral, preferentially, but not
exclusively from the node of Ranvier (Cajal, 1928). Most sprouts arose
from the terminal preserved node, although a minority have been
reported to arise internodally (Friede and Bischausen, 1980). Such
sprouts have not been conclusively demonstrated in micrographs however,
and the proposal that fibres may sprout between nodes 1is not
universally accepted. All sprouts remained within the basal 1lamina

(Friede and Bischausen, 1980).

Growth cones consist of swellings on the terminal growing portion
of an axon, and are distinguished not only by an accumulation of
organelles, but also by filopodial outgrowths, which move to and fro,
as seen under the microscope in tissue culture (Ochs, 1982). These

outgrowths may be 10 - 20um long, with a diameter of 0.3um, consisting

mainly of a fine filamentous matrix (Tennyson, 1970), composed of
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microfilaments (Yamada et al, 1971). Many microtubules and
neurofilaments are also seen in the filopodia. These organelles are
synthesized in situ from materials such as tubulin and neurofilament
triplet protein subunits, transported by slow axoplasmic transport to
the sites W@re they are required (Friede and Bischausen, 1980; Ochs,
1982). Although these components are transported by slow axonal
transport, Hoffman and Lasek (1980) and Hoffman et al (1981), found a
much increased rate of transport of tubulin in regenerating nerves, but
neurofilament triplet protein transport was decreased by 50%Z. Tubular
vesicles of smooth endoplasmic reticulum are seen in close association
with microfilaments in the filopodia (Bray, 1973). Dense cored vesicles
and cisternae are also seen at the base of the filopodia, near to the
body of the growth cone, and are thought to be a packaging depot for
transport of materials back to the perikaryon (Bunge, 1973). Bunge et
al (1982) consider the dense vesicles to be a preparation artefact, the
morphology in the 1living state being somewhat different. Growth cones
retract and extend during regeneration, the movement probably due to

the actomyosin content of the filopodia (Bray, 1979).

Not all axonal sprouts which arise in peripheral nerves remain
viable, Young (1942) reports that progressively fewer axonal bulbs and
spiral formations are seen in older neuromas, sprouts which do not
reach their peripheral target being sometimes absorbed. Fibres which do
not make peripheral connections may contribute to lasting pain after

peripheral nerve injury (Scadding, 1982).

The advent of electron microscopy provided the impetus for many
studies on the early regenerative changes 1in myelinated fibres,
including those of Blumcke and Niedorf (1965), Morris et al (1972 b-d)
and Friede and Bischausen (1980). Morris et al studied the sprouting
of myelinated fibres at various distances proximally from the point of
section, over a period of time. In this paper (1972b), axon sprouts
were seen 36 hours after section in the terminal 1l.5mm of the proximal
stump, but further proximally (3-4.5mm from the tip) no sprouts were
seen in association with myelinated éxons until 7 days following
section; therefore the most prolific sprouting does occur in the most

distal portion of the proximal stump one week following section.

Morris also describes two types of "regenerating units”. Type I:
single myelinated axons associated with one or more non-myelinated

axons. These myelinated axons had a normal ratio of myelin thickness



to axon$ diameter, and therefore had not regenerated. Early formations
of type I units were surrounded by an intact basal lamina. Type -II:
comprising non-myelinated axons only. Several criteria are proposed to
differentiate type II regenerating units from groups of normal
unmyelinated axons: .
l. Groups were approximately circular in transverse section. 2. Not all
of the profiles in the Schwann cell unit were individually enveloped by
the Schwann cell, some sprouts were clustered together especially in
groups containing more than 10 axons. Groups in developing peripheral
nerves also exhibited this feature. 3. Some large axons, diameter up to

6.0um were present. 4. A number of the groups possessed a loose basal

lamina, with a serpentine configuration.

At either end of the spectrum, some type II regenerating units
consisted of only one large axon, whilst others contained up to 80
sprouts. Some unmyelinated axons were seen in type II units 7 days
after section, and by 10 days after section neafly all groups contained
at least one unmyelinated fibre. By 10 days following section, Schwann
cell cytoplasm had penetrated between the axons, producing endoneurial
spaces and giving a 'looser' appearance to the groups. The original
enclosing basal lamina also became fragmented. The clear subdivision of
axons into either type I or type II regenerating units became blurred
after 10-14 days due to the separation of axons by collagen and

perineurial-type cell processes.

The number of regenerating units seen in the nerve varied both
with time after section, and distance from the point of section. There
were more regenerating units at the distal tip of the nerve, although
the number seen more proximally rose with time following section, so
that 14 days following section, 127% of the total neural elements
consisted of regenerating units 3-4.5mm proximal to the point of
section. The proportion of type I regenerating units decreased with
time, indicating that many of the non-myelinated profiles seen shortly
after nerve section arose from myelinated fibres; and also that the
non-myelinated profiles further proximally in the nerve were the result
of demyelination. This last observation illustrates the difficulty in
identifying profiles as being unmyelinated rather than
not—-yet—myelinated axons in neuromas, although size is often a helpful

guiding factor.



b) Sympathetic unmyelinated axon regeneration

Many studies of unmyelinated axon regeneration have been performed
on autonomic nerves, to avoid the 'contaminating' effect of
non-myelinated sprouts from myelinated fibres. (Dyck and Hopkins,
1972; Bray et al, 1972). The population of unmyelinated C fibres in
mixed peripheral nerves consists of sympathetic efferent and sensory
afferent fibres, and the changes following injury in both types of
unmyelinated fibre are similar. Cajal (1928) reported orthograde but
not retrograde growth of unmyelinated fibres close to the wound site
within a few hours of injury. Rapid degeneration and regeneration
occurs 1in postganglionic sympathetic nerves, such as the rabbit
anterior mesenteric nerve (Bray et al, 1972; Aguayo et al, 1973b) and
rat carotid nerve (Matthews, 1973). In the preganglionic rat cervical
sympathetic trunk, following crush, degeneration had begun by 3 days,
and regeneration by 5 days (Dyck and Hopkins, 1972). Electron
microscope studies have demonstrated small axonal sprouts 1-2mm
proximal to the point of injury one day following section, although
these could not confidently be identified as unmyelinated axonal
sprouts (Morris et al, 1972c). Studies in the postganglionic rabbit
anterior mesenteric nerve found sprouting within 2 days (Aguayo et al,
1973b). Ohshiro et al (1978) also found sprouting at 2 days, and
reported a regeneration rate of 4mm/day. The most striking feature
after crush/transection injuries is the presence of increased numbers
of small axons in each Schwann cell (Dyck and Hopkins, 1972; Bray et
al, 1972; Aguayo et al, 1973a,b). This is due to sprouting. Aguayo et
al, (1973b) report as many as 200 sprouts per Schwann cell, the largest
being O.4um in diameter. These changes were originally interpreted as
degenerative (Taxi, 1959). McQuarrie et al (1978) in a NA fluorescence
study, found an increase of 757 in the numbers of adrenergic axons
O0.35mm from the distal tip of a sectioned nerve as compared to the
numbers l.4mm from the tip, showing that sprouting must have taken
place. They also reported the effect of transecting the tibial nerve 2
weeks before a crush injury of the sciatic nerve. The transection or
'conditioning' lesion caused an dimpairment of Tregeneration of
adrenergic axons, so that l.4mm distal to the testing crush, the
numbers of axons in animals with a conditioning lesion were 247 less
than those in animals with a crush 1lesion only. These clusters of
sprouts appeared to be enclosed in distended Schwann cell cytoplasm,
and the close apposition of sprouts meant that many profiles were

isolated from Schwann cell cytoplasm (Aguayo et al, 1973a). Two weeks



following section, Schwann cell processes separated the axons into
smaller bundles in a similar manner to that seen in myelinated fibre
sprouts. By 13 weeks following lesion, all axons were separated one
from another by Schwann cell processes (Aguayo et al, 1973b), although
individual sub wunits remained large, and it was concluded that
transection simulates fetal patterns of neurogenesis. If longitudinal
growth of fibres was prevented by the enclosure of the severed nerve in
a silicon rubber tube, lateral growth was reduced and axons failed to
fill the proximal portion of the tube. Aguayo et al (1973b) also
reported that many small sprouts failed to mature. By 13 weeks, small
axonal profiles persisted, by which time a normal size distribution had
been attained in nerves which were able to make a- peripheral
connection. Aguayo et al (1973b) and Bray and Aguayo (1974) concluded
that peripheral connections and the disappearance of sprouts which have
failed to make correct connections are necessary factors in the full
maturation of unmyelinated axons. Myelinated fibres are also thought to
influence the orientation of growth of unmyelinated fibres (Evans and
Murray, 1954). King and Thomas (1971) showed that following a crush
injury to the rabbit cervical vagus nerve, unmyelinated axons become
diverted to the laryngeal nerve and are orientated circumferentially
around regenerating myelinated axons. This influence presumably results
from the proliferation of Schwann cells to form longitudinally
orientated columns, which direct the regeneration of unmyelinated
fibres.

One of the major problems in a study of regeneration of
unmyelinated fibres is the difficulty in differentiating between axonal
sprouts and Schwann cell cytoplasm profiles. Dyck and Hopkins (1972)
addressed this problem by serial sectioning without success. Generally
axonal sprouts have a pale axoplasm, and a regular arrangement of
microtubules and neurofilaments. Schwann cell cytoplasm wusually
contains elements of rough endoplasmic reticulum and occasional

scattered microtubules and small bundles of intermediate filaments.

Growth of unmyelinated axons, of both sympathetic and sensory
fibres, is dependent on Nerve Growth Factor for maturation and survival
(Levi-Montalecini, 1976; Mobley et al, 1977). NGF 1is essential for
neonatal development, but is also necessary for the maintenance of
sympathetic and sensory neurones in the adult, thus it 1is a
neurotrophic factor (Angeletti et al, 1971). In adrenergic neurones,

NGF induces an increase in the synthetic enzymes tyrosine hydroxylase



and dopamine beta hydroxylase (Paravicini et al, 1975). It also
promotes polymerization of actin and myosin ATPase activity and
increases the density of microtubules and neurofilaments (Calissano et
al,1978). NGF is possibly contained in growth cones (Ochs, 1982), and
thus may have a direct enhancing action on microtubules and
neurofilaments. It has a neurotropic action, being released from target
organs, taken up by growth cones and directing growth towards target
cells (Levi-Montalcini, 1976).

3. Formation of the chronic neuroma

If regenerating axons fail to grow into the distal nerve stump,
they will grow in various directions, some retrogradely, (Cajal, 1928)
and a tangle of axons and connective tissue, a neuroma, will be formed
(Young, 1942; Sunderland, 1953; Spencer, 1974). If the cut end of a
nerve is ligated, this swelling is more severe (Battista and Cravioto,
1981). Neuroma formation has been extensively studied by both 1light
microscopy, (Nageotte, 1932; Holmes and Young, 1942; Rexed, 1942;
Denny-Brown, 1946) and electron microscopy (Spencer, 1971; Morris et
al, 1972(d); Lassmann and Amerrer, 1974; and Jurecka et al, 1975).

Axonal regenerating units become separated by proliferating
connective tissue elements, a process which begins about two weeks
following nerve section (Thomas and Jones, 1967). Morris et al (19724)
called this process 'compartmentation'. This process 1is more
pronounced towards the periphery of the nerve trunk and begins in the
most distal 1.5mm, spreading proximally with time. Endoneurial
fibroblasts are considered to be responsible for this process, although
some early reports implicate Schwann cells as well, for example,
Nageotte (1932). Morris et al (1972a) consider both endoneurial
fibroblasts and Schwann cells to be responsible. These cells and their
processes envelop regenerating axons, and these fascicles become multi
laminate over a period of several weeks. The enveloping cells also
develop basal laminae and form closed rings indicating a change from
fibroblasts to perineurial type cells, this change occurs within 3
weeks of nerve section (Thomas and Jones, 1967). Pinocytotic vesicles

and caveolae intracellulares are also present.

Morris et al (1972d) conclude that compartmentation occurs as a
result of perineurial disruption, and represents the efforts of the

neural elements to re—establish physical continuity of its barrier with



the environment external to the nerve. The effect of the external
environment results in the process of compartmentation beginning at the
periphery of the nerve where axons are most exposed. The presence of
viable axons was thought to be a stimulus for the process of
compartmentation (Morris et al, 1972d), although it is now known to
occur in the absence of regenerating axons. Battista and Cravioto
(1981) suggest that the regeneration of the perineurium is an attempt
to reconstruct the proximal nerve, but results in fasciculation. If the
perineurium is kept intact by fascicle ligation, less compartmentation
occurs and the resulting neuroma is less swollen; and it is suggested
that this type of surgery might be an effective method of preventing
the formation of neuromas in the c¢linical situation (Battista and

Cravioto, 1981).

The origins of axons become increasingly difficult to elucidate
with the development of the chronic neuroma, in particular whether
sprouts within a group have arisen from the parent fibre in that group,
or whether they are sister sprouts from other nearby fibres which have
penetrated into that Schwann cell subunit. The relationship between
sprouts from different classes of fibre 1s particularly important in
relation to the pain which may develop from chronic neuromas. Tight
junctions or synapses have not been seen between closely related
sprouts by electron microscopy, in contrast to early light microscope
reports that they probably exist (Perroncito, 1907; Young, 1942).
Candidates for the sites of ephaptic transmission have been proposed,
most noticeably .apposed unidentified unmyelinated sprouts lacking
intervening Schwann cell cytoplasm (Bray et al, 1977; Bernstein and
Pagnanelli, 1982; Devor and Bernstein, 1982). A fine structural site
for the pathophysiological relationship which develops in chronic
neuromas between sensory afferent and sympathetic efferents has not yet

been demonstrated.



D. Neurochemical Studies

AXONAL TRANSPORT IN INJURED PERIPHERAL NERVES

Organelles such as mitochondria, clear and dense-cored vesicles
and multivesicular bodies are seen to accumulate proximal to a
constriction or section in axons of peripheral nerves (Grillo and
Palay, 1962; Webster, 1962; Holtzman and Novikoff, 1965; Blumcke et al,
1966; Pellegrino de Iraldi and De Robertis, 1968; Zelena et al, 1968;
Ballin and Thomas, 1969; Kapeller and Mayor, 1969). This accumulation
is due to damming of axonal flow, first shown to exist by Weiss and
Hiscoe (1948), and although suggestions have been made that some
organelles such as mitochondria and multi vesicular bodies are
synthesized in situ in the swollen terminal portion of the damaged
axon, this was considered unlikely by Martinez and Friede (1970) for
reasons given earlier. Since I am concerned in this thesis with
changes in sympathetic nerves following injury, it 1s pertinent here to
consider the axonal transport of noradrenaline with respect to the
accumulations of dcv, the storage sites of noradrenaline, in sectioned

axonse.

Noradrenaline transport

Weiss and Hiscoe (1948) were the first to demonstrate axoplasmic
flow in myelinated nerves. This flow has also been shown to occur in
unmyelinated nerves, by the accumulation of noradrenergic fluorescence
proximal to a ligation (Dahlstrom and Fuxe, 1964; Dahlstrom, 1965;
Dahlstrom and Haggendal, 1966; Eranko and Harkonen, 1965; Kapeller and
Mayor, 1965, 1967; Boyle and Gillespie, 1968; Geffen and Rush, 1968;
Laduron and Belpaire, 1968). The amount of fluorescence seen and the
noradrenaline content of 1ligated nerves were measured by Boyle and
Gillespie, (1968), and corresponding rises and falls in these two
components were found. All of these studies utilized the Falck and
Hillarp method of fluorescence production (Falck et al, 1962) relying
on the reaction of humidified formaldehyde vapour with noradrenaline to
produce a fluorophore. The onset of this accumulation of fluorescent
material proximal to a constriction of a peripheral nerve was almost
immediate, first seen 5 to 10 minutes after ligation (Dahlstrom, 1970).

This accumulation then increases in a linear fashion with time, up to

about 48 hours (Dahlstrom and Haggendal, 1966). Boyle and Gillespie



(1968) found the maximum accumulation in a ligated post-ganglionic
splenic nerve occurred 4 days after ligation. Following this period
levels of noradrenergic fluorescence fell to mnormal 17-23 days
following sufgery (Karlstrom and Dahlstrom, 1973). The i1initial
accumulation of noradrenaline proximal to a constriction is a result of
the damming of axoplasmic flow rather than a local synthetic effect
(Dahlstrom, 1967a). Only one enzyme related to noradrenaline synthesis,
dopamine [% hydroxylase, has been found accumulating following
constriction (Laduron and Belpaire, 1968). This enzyme is localized to
the storage vesicles (Kaufmann and Friedmann, 1965). Other enzymes
such as tyrosine hydroxylase and dopamine decarboxylase do not
accumulate within the first 24 hours (Laduron and Belpaire, 1968),
therefore it 1s unlikely that noradrenaline is synthesized 1locally
proximal to the ligature, since not all of the necessary synthetic

enzymes are present.

Pellegrino de Iraldi and De Robertis (19685 suggested that storage
granules may be formed locally by "pinching off"” parts of local tubular
structures. Massive amounts would need to be synthesized. The biggest
drawback to this theory is that it is known that neurotubules grow very
slowly and move down the axon at the rate of 1-2mm per day (Droz, 1967;
Sjostrand and Karlsson, 1970). Monoamines are synthesized in the
perikarya of adrenergic neurones and transported distally as storage
granules along the axons to nerve terminals (von Euler, 1959; 1961) at
a rate of at least 5mm/hour (Dahlstrom and Haggendal, 1966). A more
recent study (Dahlstrom et al, 1975) has revised this figure to
9mm/hour or 216mm/day, following the finding that not all the
noradrenaline in the nerve is free to move. Haggendal et al (1974)
reported that only about half the noradrenaline 1is rapidly trans-
portable. Ultrastructurally, a concomitant accumulation of dev, which
correspond to amine storage granules, is seen proximal to a ligation in
sympathetic axons (Mayor and Kapeller, 1967; Kapeller and Mayor, 1967;
1969; Geffen and Ostberg, 1969). Both the fluorescent material and the
dcv are depleted following reserpine treatment (Dahlstrom, 1965, 1967b;
Kapeller and Mayor, 1967).

No substantial accumulations of fluorescent material or dcv are
seen distal to a constriction (Kapeller and Mayor, 1967; Banks et al,
1969; Geffen and Ostberg, 1969), although a small amount of fluorescent
material was reported by Dahlstrom, (1970), who concluded that this

represented a leakage through the ligature. Therefore, transport of



noradrenaline appears to occur in a somatofugal direction.
Noradrenaline in storage vesicles is transported by the fast axonal
transport at a rate of 200-400mm per day, {(Dahlstrom and Haggendal,
1966; Lasek, 1968; Geffen and Livett, 1971; Banks and Mayor, 1972;
Ochs, 1972). Schmitt (1968) préposed that fast axonal transport
operates via axonal microtubules and administration of antimitotic
drugs such as vinblastine or colchicine blocked the accumulation of
noradrenaline proximal to a crush in rat sciatic nerve, supporting the
suggestion that intact microtubules are required for axonal transport
of noradrenaline (Dahlstrom, 1968, 1970, 1971; Banks et al, 1971;
Hokfelt and Dahlstrom, 1971). Local injection of colchicine under the
epineurium of the sciatic nerve produces a tremendous increase in
intensity of fluorescence and enlargement of axons in that 1locality,
producing a picture similar to that seen after blocking of axonal
transport by nerve ligation (Dahlstrom, 1970). Further experiments
by Banks and Till (1975) wusing podophyllotoxin, colchicine and
griseofulvin, demonstrate that the effect of inhibition of axonal
transport can be ascribed to depolymerization of microtubules.
Podophyllotoxin, colchicine and griseofulvin bind to tubulin, albeit at
differing sites, and cause the microtubules to break down. Lumino
colchicines are potent mitotic inhibitors, but do not depolymerize
microtubules by binding to tubulin, and therefore have no effect on

vesicle transport (Wilson et al, 1974).

Noradrenaline usually ceases to accumulate in nerves 48 hours
after ligation, although Boyle and Gillespie (1970) report accumulation
up to 4 days, and a plateau phase is then seen 48-96 hours after
injury, followed by a decrease in noradrenaline content of the nerve
(Dahlstrom and Haggendal, 1970; Karlstrom and Dahlstrom, 1973; Ohshiro
et al, 1978). The cessation of noradrenaline accumulation after 48
hours is due to the reaction of the cell bodies to injury, resulting in
a decrease in synthesis and transport of amine granules, rather than to
a change in monoamine oxidase levels (Boyle and Gillespie, 1970), which
continue to increase peripherally for up to 7 days following ligation
of the sciatic nerve to approximately twice normal levels (Dahlstrom et
al, 1969). This accumulation of monoamine oxidase is ascribed to the
accumulation of mitochondria. NA is membrane-bound in granules and
therefore not available for metabolism (Dahlstrom and Haggendal, 1970).
Boyle and Gillespie (1970) have shown that a monoamine oxidase
inhibitor, nialamide, administered to cats with ligated splenic nerves

four days prior to killing did not halt the decline in NA levels after



48 hours. The cell body reaction is therefore the major mechanism
responsible for the cessation of noradrenaline accumulation after 48
hours. The cell bodies of damaged neurones show a net decrease in
their neuronal content of certain proteins, including the MAO and the
synthetic enzymes dopamine beta hydroxylase and tyrosine hydfoxylase,
due to 1ncreased proteolysis (Lieberman, 1971; Grafstein, 1975).
Sympathetic ganglia show parallel changes, deficits in NA, tyrosine
hydroxylase and MAO being maximal one week following ligation of the
peripheral nerve (Cheah and Geffen, 1973). There is also a change in
the pattern of protein synthesis, away from transmitter synthetic
proteins in favour of structural components, which may contribute to
the fall in NA levels (Griffith and Lavelle, 1971; Cheah and Geffen,
1973). Eranko and Harkonen (1965) observed decreased NA fluorescence
in the perikarya of sympathetic rat neurones a few days after cutting
the postganglionic nerve, and Karlstrom and Dahlstrom (1973) reported
decreases in both the synthesis and transport of amine granules

following axotomy.

The time taken for noradrenaline levels to return to normal in the
damaged nerve 1is dependent on the type of injury sustained (Karlstrom
and Dahlstrom, 1973). A crush is a minor type of injury, leaves the
connective tissue of the nerve intact and NA levels return to normal
17-23 days following this operation (Karlstrom and Dahlstrom, 1973).
Ligating or sectioning the nerves produces a more profound long lasting
depletion. Ohshiro et al (1978) report that accumulation of NA above a
crush 12 weeks after section and ligation of the rat sciatic nerve, was

one quarter of that seen above a ligation in normal nerves.

IDENTIFICATION OF NORADRENALINE STORAGE SITES IN PERIPHERAL NERVES

There has been much discussion concerning the actual site of
noradrenaline storage in nerve terminals. The characteristic granular
vesicles found ultrastructurally in sympathetic nerve terminals were
first identified by Hager and Tafuri, (1959); Grillo and Palay, (1962);
Richardson, (1962) and De Robertis, (1964). Two types of granular
vesicle have been identified, differentiated on the basis of size into
"small” and "intermediate”™ by Pellegrino de Iraldi et al (1964). These
two types are now known as small decv, 30 - 60 nm in diameter, and large
dev, 60 — 100nm in diameter. Non—granular or clear vesicles are a 1l s o

seen.
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Early pharmacological and ultrastructural audioradiography experi-
ments demonstrated that the dense-cored vesicles probably represented
the storage site of noradrenaline (Wolf et al, 1962; Bloom and
Barrnett, 1966). This has now been confirmed (Hokfelt, 1966; Kapeller
and Mayor, 1966; Tranzer et al, 1969). However, the number and size of
the dcv seen ultrastructurally depends on the fixation parameters
employed. Grillo and Palay, (1962) and Van Orden et al, (1966) used
osmium tetroxide as the sole fixative. Tranzer and Thoenen, (1967);
Tranzer et al, (1969) and Sotelo (1971) used both aldehydes and osmium.
Chromate—dichEmate solutions plus osmium were used by Wood and
Barrnett, (1964); Tranzer and Snipes, (1968); Woods, (1969) and Tranzer
and Richards (1976).

The majority of small dcv are known to contain noradrenaline, but
the content of the large cored vesicles was questioned until more
recently, principally because reserpine did not completely deplete the
electron dense core (Jaim-Etcheverry and Ziehar, 1969; Tranzer et al,
1969). Till and Banks (1976) investigated the noradrenaline content of
vesicles accumulating proximal to a constriction of the cat hypogastric
nerve following a variety of drug treatments and fixation parameters.
They concluded that the large granular vesicles were 1indeed
noradrenaline storage sites, but that they contained material
additional to catecholamines in the axonal matrix. Small dcv do not
contain this matrix (Jaim—-Etcheverry and Ziehar, 1969; Hokfelt, 1966;
Till and Banks, 1976), and it has been suggested that small dcv are
formed in the nerve terminals from large dcv (Lagercrantz, 1976;
Lascar, 1980; Smith and Winkler, 1972; Till and Banks, 1976). Small
dcv are uncommon in the cell bodies of adrenergic neurones, the
majority at this site being large dev. Lascar (1980) has identified a
third possible noradrenaline storage site, large elongated vesicles, 60
- 100nm in diameter. These vesicles also have a reserpine resistant
dense-core, and are probably a variety of the large dcv rather than a

new storage site.



E. Concluding statement

The content of this thesis comprises a morphological study of the
sympathetic nervous system in injured peripheral nerves. There is
substantial clinical evidence that the sympathetic nervous system plays
a major role in the development and maintenance of chronic pain which
may result from peripheral nerve injuries, by means of the development
of a pathophysiological interaction between primary afferent and
sympathetic efferent fibres. A better understanding of the nature of
this interaction may lead to a more rational approach to the therapy of

chronic pain which may result from peripheral nerve injury.



Materials and Methods Introduction

The nerve injury used throughout the study was the experimental
neuroma, produced in rat sciatic nerves by section and avulsion of the
distal stump to prevent peripheral regeneration and reinnervation of
the distal stump of the nerve. There is clinical evidence that neuromas
resulting from traumatised peripheral nerves are painful, and so study
of experimental neuromas may produce insights into the role of the
sympathetic nervous system in chronically painful peripheral nerve

lesions.

In this thesis, the capacity of noradrenergic axons to regenerate
and the way in which the population of sympathetic axons varies with
time following peripheral nerve injury §§é° investigated. This
anatomical study of sympathetic axons used both fluorescence and
electron microscopy techniques. A possible relationship between
variations in the sympathetic axon population and the known variations
of the afferent impulse barrage which arises following peripheral nerve

injury was also considered.

The relationship between sympathetic efferent fibres and other fibres
in neuromas, particularly with reference to a morphological substrate for
the interaction which develops between sympathetic efferent and sensory
afferent fibres was also investigated by f£fine structural methods.
Ultrastructural 1localization of noradrenaline was facilitated by the use
of a monoamine oxidase inhibitor, nialamide, followed by a false
transmitter, 5-hydroxy dopamine, which reacts with osmium tetroxide to
produce a highly electron dense product. Ultrastructural 1localization by
reaction of noradrenaline with chromium followed by X-Ray probe

microanalysis was also carried out.

Pharmacological manipulations of the sympathetic efferent axon
population were carried out by treating the rats with systemic
guanethidine. This drug is widely used clinically to treat many painful
conditions including traumatic nerve injuries, and the mechanism of action
is assumed to be related to the ability of guanethidine to deplete
noradrenaline stores. The sciatic nerves and neuromas of rats treated with
guanthidine were examined by light and electron microscopy, in order to

assess the anatomical effects of guanethidine on the sympathetic fibre

population.



In order to further investigate a possible morphological site for the
abnormal interaction which develops between sympathetic efferent -and
sensory afferent fibres in neuromas, a similar manipulation of the sensory
afferent axon population was carried out by neonatal dosing with
capsaicin. This drug depletes the afferent sensory fibre population,
producing a relatively 'pure' population of sympathetic efferent C fibres,
without the contaminating effect of afferent C fibres. The results were

examined ultrastructurally.

Finally, the possibility that alpha—adrenergic receptors develop on
sensory afferent fibres in neuromas was considered. The direct and
specific enhancing action of injected noradrenaline on ectopic impulse
generation in sensory fibres and the blocking of this action by the alpha
receptor blocker phentolamine implies the development of alpha receptors
on the axolemmae of nerve sprouts. Tissue from the spinal cord, spinal
roots, dorsal root ganglia and normal and neuromatous sciatic nerves was
reacted for autoradiography following the apx;l:lcation of radioactive
ligands. The populations of opiate receptors in these tissues were also
investigated, in order to obtain additional information about the
behaviour of the afferent fibre population.



Materials and Methods 1

Neuroma Formation

All experiments were conducted on adult female Wistar rats,
weighing between 170 and 200g at the time of the initial surgery.
Animals were anaesthetized with a mixture of Hypnorm, Hypnovel and
water for injection in the ratio 1:1:2, at a dose of 2 ml anaesthetic
per kg body weight by intraperitoneal injection. Hypnorm consists of
Fentanyl citrate, 0.315 mgml-l; and Hypnovel is midazolam
hydrochloride, Smgml—l. With sterile precautions, the 1left sciatic
nerve was exposed in the popliteal fossa and lower thigh, and dissected
free from surrounding tissues. The nerve was then sectioned with a
pair of fine scissors at the trifurcation point of the tibial, peroneal
and sural nerves. The distal 1 cm of these nerves was then avulsed to
prevent regeneration from the proximal stump to the periphery,
permitting neuroma formation. The skin was closed with silk sutures,

and the wound sealed with Nobecutane plastic spray.



Materials and Methods Introduction 2

Fluorescence Microscopy - Chemical basis

The fluorescence histochemical technique for 1localization of
monoamines is based on the original observations of Eros (1932), Eranko
(1952) and Barter and Pearse (1953, 1955) on formalin-induced
fluorescence in enterochromaffin and chromaffin cells in formalin-fixed
tissue. The first use of this principle in the specific localization
of adrenergic neurons by light microscopy was made by Falck et al
(1962), who modified the original Eranko method (1955) by using
formaldehyde vapour. The Falck and Hillarp method of localizing
catecholamines in nervous tissue is only relatively recently being
superceded by more sensitive and convenient techniques wutilizing
glyoxylic acid as the fluorophore (Axelsson et al, 1973; Lindvall and
Bjorklund, 1974).

The catecholamines dopamine, noradrenaline and adrenaline all
belong to the beta-phenylethylamine class of monoamines, biosynthesized
from the aromatic amino acids tyrosine and phenyalanine. All three
catecholamines are fluorogenic in the formaldehyde reaction, and the

reaction products are visibly indistinguishable.

The principle wunderlying the specific histofluoresence methods
employed 1is the conversion of non-fluorescent catecholamines to
strongly fluorescent compounds. The conversion requires a ring closure
of the ethylamine side chain, induced by reactive carbonyl compounds,
such as reactive aldehydes, to form isoquinoline defivatives. This
cyclization 1is known as the Pictet-Spengler condensation (Pictet and
Spengler, 1911), and can be carried out with a variety of carbonyl
compounds, especially in the presence of strong mineral acids in
solution. 1In practice, the mild reaction conditions which prevail in
tissue section mean that only two carbonyl compounds will specifically
induce fluorescence with monoamines. A useful histochemical reagent
must induce fluorescence such that general tissue constituents (i.e.
the section 'background') remain essentially non—-fluorescent. Only two

aldehydes fulfil these criteria, formaldehyde and glyoxylic acid.

The mechanism of the fluorophore formation in the formaldehyde

method was discovered by Corrodi and Jonsson (1967). The



fluorophore-forming reaction between biogenic amines and formaldehyde
takes place in two steps. The first, the Pictet-Spengler condensation,
forms the weakly fluorescent tetrahydroisoquinoline derivative of the
monoamine. The second reaction proceeds either by auto-oxidation, or
by an acid-catalyzed reaction with formaldehyde to yield the strongly
fluorescent dihydroisoquinoline derivative, by dehydrogenation.

The glyoxylic acid formation of fluorophores with monoamines also
takes place in two similar steps, with the formation of very similar
intermediates. The initial Pictet-Spengler condensation proceeds very
efficiently in solution, forming the tetrahydroisoquinoline, however
the second dehydrogenation step runs very slowly in solution (Jonsson,
1967). Corrodi and Hillarp (1963, 1964) have shown that this step is
facilitated in a dry protein matrix, which is the rationale behind the
removal of water, often combined with or followed by heating, to

produce the full development of fluorescence in the tissue section.

The original Falck-Hillarp method (1962) for the demonstration of
tissue monoamines required fresh tissue to be frozen in liquid propane
cooled by 1liquid nitrogen then transferred to 1liquid nitrogen for
storage. This step was accomplished quickly to prevent dislocation or
loss of monoamines during freezing. Frozen tissues were then freeze
dried and transferred immediately to a dessicator containing PZOS’ and
kept light-tight. Tissue specimens were then placed in a closed glass
vessel over paraformaldehyde powder and heated to 80°C for 1-2 hours,
the paraformaldehyde powder having previously been humidified to 50-907%
relative humidity by incubating with sulphuric acid-water mixtures for
5-7 days. Specimens were then vacuum embedded in previously degassed

paraffin wax, ready for sectioning.

This original protocol has been much modified, most notably by
perfusion of tissue with ice cold formaldehyde solution containing high
concentrations of aluminium or magnesium salts. These ions are
efficlent fluorescence promoting agents in the FA reaction, at least
partly due to the Lewis' acid properties of these metal ions, acting as
catalysts. This fixative needs to be kept ice-cold to prevent movement
of the monoamines from their original sites during fixation.
Subsequent modification of this method by Furness and Costa (1978),
allows the fixative to be administered at room temperature; this is due
to the fact that their fixative contains formaldehyde and

glutaraldehyde, which penetrates and fixes the tissue much more rapidly



than formaldehyde alone.

The SPG technique (de la Torre and Surgeon, 1976)

One of the most useful adaptations of the original observations on
aldehyde induced fluorescence is employed in the glyoxylic acid method
of de la Torre and Surgeon (1976). Fresh tissue is frozen, sectioned
in a cryostat, and the fluorophore reaction takes place by immersion of
the sections on slides in a glyoxylic acid-sucrose-phosphate solution.
This is followed by air drying under a cool air stream, then heating to
80°C for 5 minutes to fully develop the fluorogenic product.

The SPG method has a number of distinct advantages for the

demonstration of tissue monoamines:

i) It 1s a highly sensitive technique. Preterminal and axonal
varicosities of varying sizes down to 'ultrafine' can be visualized
using this technique (de 1la Torre and Surgeon, 1976). 'Ultrafine’
varicosities were seen in the rat cerebellum, hippocampus, thalamus and

most cortical regions.

o]
ii) The technique produces less morpho??ical alteration of tissue,

since tissue 1s not required to be dried before sectioning.

1ii) The fluorescence produced is more easily reproducible than that of
the Falck-Hillarp technique, since the reaction product 1is not
consequent upon factors such as relative humidity during the critical

drying step of the reaction.

iv) The fluorescence product is stable under ultra-violet light,
allowing more extensive analysis of the anatomical detail of the tissue
section. The Falck-Hillarp reaction product is only stable for about 5
minutes in the microscope beam. The monoamine fluorescence is also
stable on prolonged storage (for at least 6 weeks), if slides are kept

in a closed container in a fridge.

This method is therefore extremely useful, providing a few caveats
are observed — 1) the pH of the reactant solution is critical. A pH of
7.4 is required. A change in this pH of more than one unit can cause
microscopic diffusion of fluorescence in very fine terminal endings (de

la Torre and Surgeon, 1976).



ii) Prolonged exposure to the glyoxylic acid solution or a decrease in
the strength of the solution will cause a weakening of the

fluorescence.
iii) Oven heating 'for 1less than 5 minutes results in weaker
fluorescence, but overheating will result in artefactual 'pooling' of

fluorescence.

Specificity tests

To prevent misinterpretation of results, the specificity of any
monoamine fluorescence must be confirmed. There are certain biological
molecules which fluoresce naturally, a phenomenon termed
autofluorescence, when exposed to 1light in the blue/ultraviolet
wavelength band. The most notable of these is elastin, which displays
a greenish autofluorescence, and 1lipofuscin pigment (e.g. in
macrophages) which has a yellow/orange autofluorescence similar to that

of serotonin. Several specificity tests can be applied:-

i) Omission of the fluorogenic agent, formaldehyde or glyoxylic acid,

from the processing will result in no fluorescence production.

i1) Catecholamine fluoresence which results from reaction with
formaldehyde will fade quickly on exposure to ultraviolet light,

whereas autofluorescent structures are resistant to photodecomposition.

iii) Catecholamine fluorescence is quenched when sections are mounted

in water, but autofluorescence is unaffected by the presence of water.

iv) Sodium borohydride (Na BH4) in alcoholic solution is a powerful
reducing agent, the fluorescent dihydroquinoline molecule being reduced
to the tetrahydroderivative which is non-fluorescent (Corrodi et al,
1964). Fluorescence can be subsequently produced on addition of more

FA or GA.

In addition to these histochemical tests, pharmacological
manipulations can also be applied before processing of tissue. The
administration of catécholamine depleting agents, such as reserpine,
will result in the non-appearance of fluorescence in subsequently
processed sections, confirming that the fluorescent structures did

specifically contain catecholamines.



Materials and Methods 2 FLUORESCENCE STUDIES

A. Formaldehyde and Glutaraldehyde Fixation (FAGLU)

The left sciatic nerve was sectioned in 15 adult Wistar rats as
previously described. Neuromas were allowed to develop for 3 days. At
the end of this time, animals were reanaesthetized with Sagatal (sodium
pentobarbitone, 6Omgkg—1). In 5 animals the left and right sciatic
nerves were exposed as before, and the cavity in the popliteal fossa
filled with FAGLU fixative; 4% formaldehyde and 1% glutaraﬂldehyde in
O0.1M phosphate buffer, at 4°c. The nerves were then removed and
immerse fixed for a further 1 hour. The adrenal medullae and small
pleces of mesentery were also removed and immerse fixed. Longitudinal
sections, 30um thick, of the nerves and adrenal medullae from two
animals were sectioned on a vibratome. The fissues from the other 3
animals were mounted on cork chucks embedded in gum tragacanth, and
frozen by plunging into isopentane cooled by liquid nitrogen. Sections
12um thick were then cut on a cryostat and mounted in FAGLU on glass
slides. The pieces of mesentery were mounted as stretch preparations
in FAGLU.

The other 10 animals were killed by cardiac perfusion with FAGLU
at 4OC. The pressure of the perfusate was 120mm Hg, and the flow rate
30 mlmin—l. Each animal received 300 mls of fixative. The tissues
were then removed and placed in FAGLU at room temperature, ready for
sectioning or freezing, as before. Slides were examined in a Nikon
Labophot fluorescence microscope equipped with epi-fluorescence, with
B-2A excitation (450 - 490 nm) and Blue (520 nm) barrier filters.
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B. Glyoxylic acid induced fluorescence

The left sciatic nerves of 44 adult Wistar rats were sectioned as
previously described, at least 4 per time course. At 3 days,
1,2,3,4,6,8 weeks and 6 months following nerve section, animals were
reanaesthetized with Sagatal (sodium pentobarbitone 60 ugml—l) at a
dose of 1.5 mlkg_l. The left sciatic nerve was exposed as before, and
the neuroma which had formed on the proximal stump was excised together
with 1 cm of the proximal nerve. In each animal the normal right
sciatic nerve was removed at the same level as a control. Both nerves
were then embedded in fresh liver for mechanical support, orientated
longitudinally, and mounted onto separate cork chucks using gum
tragacanth. Tissue was frozen rapidly by plunging into isopentane
cooled by liquid nitrogen, with agitation, for 10 seconds. The whole
process of removing and freezing tissue took less than 30 minutes.
After the removal of the two sciatic nerves, animals were killed with

an overdose of anaesthetic.

Eight further control nerves were removed from four normal

unoperated rats, and treated in a similar fashion.

10um frozen sections of the nerve were cut in a cryostat set at
-20°C and every fourth section was thaw-mounted onto a cleaned glass
slide. Sections were then treated with glyoxylic acid, according to
the histochemical fluorescence method of de la Torre and Surgeon

(1976), for the demonstration of tissue monoamines:

1. Sections were collected singly onto glass slides,

2. Air dried for a few seconds, then

3. Dipped into a freshly made solution of 1% glyoxylic acid in 0.2M
sucrose and 0.236M potassium phosphate buffer at pH 7.4 (SPG solution)
for 3 seconds.

4. The excess fluid was then wiped from around the sections and the
slides placed in a cool airstream for 10-15 minutes to dry completely.
5. The fluorescence reaction was developed by heating the slides in
an oven at 80°C for 5 minutes.

6. Sections were coverslipped using liquid paraffin, and heated on a
hotplate for 90 seconds to eliminate any air bubbles trapped under the

coverslip.



Slides were then examined in a Nikon Labophot fluorescence

microscope equipped with an epifluorescence system, BV-2A excitation
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M15 and b calculations. p. 68
The mean slopes, b, of the plots of number of fluorescent axons vs.
distance and the mean midpoints of these slopes, M15 measures, were used
as summary statistics for the statistical analyses (see Appendix 3 for
details of their derivations).
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Details of statistical analysis and raw data are given in Appendix 3.

Materials and Methods 2

C. Immunofluorescence

One of the other fluorescence techniques tried initially was

a L]
immunofluorescence, using [dopamine beta hydroxylase as the primary
antibody and fluorescein isothiocynate (FITC) as the fluorescent marker

complex (Potter, 1967).

The left sciatic nerves from two adult female Wistar rats, weight
170-200g, were sectioned as previously described, and neuromas allowed
to develop on the proximal stumps over a period of 3 days. Animals
were then reanaesthetized with Sagatal by i/p injection, and perfused
through the heart with a fixative solution of 4% paraformaldehyde in
phosphate buffered saline (P.B.S.) at 4°c. Tﬁe fixative was
administered at a pressure of 120mm Hg and allowed to rum for 10
minutes, allowing a delivery of 300ml of solution (30 ml/minute flow
rate). Following perfusion fixation, the left and right sciatic nerves
were excised, and further fixed by immersion in fixative solution at

4°C for 2 hours.

Tissues were then washed by 6 x 30 minute changes of P.B.S. with
7% sucrose and 1% sodium azide as a preservative. Tissues were then
left in this solution at 4°C overnight. Following impregnation with
this cryoprotectant solution, tissues were mounted onto cork blocks and
frozen in isopentane as previously described. 10um frozen sections were

then cut in a cryostat, and mounted on poly-L-lysine coated slides.



Slides were then examined in a Nikon Labophot fluorescence
microscope equipped with an epifluorescence system, BV-2A excitation
(400 - 440nm) and Blue-Violet (470nm) barrier filters.

The numbers of blue-green fluorescing noradrenergft axons in each
section were counted at 5 different sites along the length of nerve,
these being 0.5, 1.0, 1.5, 2.0 and 2.5 mm proximal to the point of
nerve section. Distances on the slides were measured using the Vernier
scale on the microscope stage, énd only axons which crossed the
eyepiece graticule cursor were scored positively (Fig. 1). 20 sections
were counted from each nerve, encompassing virtually the whole nerve.

Details of statistical analysis and raw data are given in Appendix 3.
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C. Immunofluorescence

One of the other fluorescence techniques tried initially was

andr
immunofluorescence, using [dopamine beta hydroxylase as the primary
antibody and fluorescein isothiocynate (FITC) as the fluorescent marker

complex (Potter, 1967).

The left sciatic nerves from two adult female Wistar rats, weight
170-200g, were sectioned as previously described, and neuromas allowed
to develop on the proximal stumps over a period of 3 days. Animals
were then reanaesthetized with Sagatal by i/p injection, and perfused
through the heart with a fixative solution of 47 paraformaldehyde in
phosphate buffered saline (P.B.S.) at 4°c. Thé fixative was
administered at a pressure of 120mm Hg and allowed to rum for 10
minutes, allowing a delivery of 300ml of solution (30 ml/minute flow
rate). Following perfusion fixation, the left and right sciatic nerves
were excised, and further fixed by immersion in fixative solution at

4°C for 2 hours.

Tissues were then washed by 6 x 30 minute changes of P.B.S. with
7% sucrose and 1% sodium azide as a preservative. Tissues were then
left in this solution at 4°C overnight. Following impregnation with
this cryoprotectant solution, tissues were mounted onto cork blocks and

frozen in isopentane as previously described. 10um frozen sections were

then cut in a cryostat, and mounted on poly-L-lysine coated slides.
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These were left to air dry at room temperature for at least 1 hour, to

ensure section-slide adherence.

Slides were then rinsed in a 0.1% solution of Triton X in P.B.S.
by 3 x 10 minute changes of solution, the detergent facilitating
antibody penetration into the sections. Slides were then dried around
the sections to remove excess fluid, and therefore dilution of the
antibody solution, and placed on a horizontal surface in a humidified
incubation chamber. The first layer of the immunofluorescent stain, a
1:800 dilution of rabbit anti-dopamine beta hydroxylase (anti DBH -
Eugene Tech. Inc., New Jersey, U.S.A.) in antibody diluting fluid was
applied to the sections, which were then left overnight in the sealed
chamber at room temperature. Control sections were treated in an
identical manner, but incubated with antibody diluting fluid only, the

primary antibody being omitted.

Following this incubation, slides were rinsed by 3 x 10 minute
changes of P.B.S. solution, to remove excess primary antibody solution,
the presence of which would give background non-specific staining. The
second layer, a 1:100 dilution of goat anti-rabbit FITC (Nordic
Immunology Labs., Maidenhead, Berkshire), was then freshly made up by
diluting the stock FITC solution (2ml lyophilized powder dissolved in
2mls P.B.S.) with P.B.S. This was then applied to the sections on the
slide and slides were incubated in this solution for 1 hour at room
temperature. Excess non-bound FITC fluorescent stain was then washed
off by 3 x 10 minute rinses of P.B.S. Sections were then mounted in
Citifluor, a glycerol/P.B.S. solution which prevents fading of the
fluorescence and examined in the fluorescence microscope as before, but

with B-2A excitation (450 - 490 nm) and Blue (520nm) barrier filters.
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Reserpine Treatment

Reserpine treatment depletes catecholamines from storage vesicles
by ©being preferentially taken |up, displacing the endogenous
noradrenaline, and impairing reuptake mechanisms (Bowman and Rand,
1982). Depletion of fluorescence following reserpine treatment is
another specificity test for the fluorescence product (Corrodi and
Jonsson, 1967).

Following left sciatic nerve section, two rats were treated with
reserpine (Sigma Chemical Co., Poole, Dorset), IOmgkg—1 dissolved in
0.1M acetic acid, given intraperitoneally 24 hours before biopsy. The
right and left sciatic nerves were removed 3 days after nerve section,
and processed for glyoxylic acid fluorescence microscopy as previously
described.



Results 2 FLUORESCENCE STUDIES

A. FAGLU STUDIES

This technique was unsuccessful as a method of localising
sympathetic axons in mixed peripheral nerve, probably due to the low
concentrations of noradrenaline in such nerves. Virtually no
fluorescent fibres were seen either in the normal sciatic nerves or in
the acute neuromas. A few yellow autofluorescent mast cells were seen,
and bright green autofluorescent elastin was visible in the endothelium
of blood vessels. The background fluorescence was bright, due to the
glutaraldehyde component of the fixative. Some fluorescent axons were
seen 1in the mesentery stretch preparations "~ and catecholamine

fluorescence could be seen in the sections of adrenal medullae.

B. GLYOXYLIC ACID (SPG) STUDIES

NORMAL SCIATIC NERVES

Cryostat sections of normal sciatic nerves had a wavy apppearance
in longitudinal sections due to the contraction of the fibres induced
during the freezing process. Sympathetic axons were the only class of
fibres which were fluorescent following glyoxylic acid treatment, the
reaction between noradrenaline and glyoxylic acid producing a bright
green-blue fluorescence when viewed by violet 1light of wavelength
436nm. The outline of other structures in the nerve such as myelinated
fibres were visible in the background of the section, but did not
fluoresce. The nodes of Ranvier in these fibres could be clearly seen.
Blood vessels could be distinguished by the lumen, and also sometimes
by the presence of yellow/orange autofluorescent erythrocytes. The
fluorescent adrenergic axons innervating these vessels were also
visible, being much brighter and cocarser than sympathetic axons within
the nerve proper. Additionally, axons innervating blood vessels did not
run parallel with the axis of the nerve, but were more randomly
orientated. The elastin fibres surrounding the endoneurium of blood
vessels appeared as pale green autofluorescent structures, forming a
fine network around the vessel. Highly distinctive mast cells
containing brightly autofluorescent large yellow granules were seen
both in the perineurium and in the endoneurium. The central nuclear
area was dark and non-fluorescent, surrounded by a ring of large

fluorescent granules.
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Fluorescent axons were present throughout the normal nerves,
evenly distributed across the width (Fig. 2) and along the length of
each nerve. Each axon appeared bright and uniform in diameter along its
length, althdugh individual axons varied in calibre (Fig. 3). The
contraction of the nerve on freezing resulted in fairly short lengths
of fluorescent sympathetic axons being visible in each section (Fig.
3). Each axon consisted of a chain of small varicosities (Fig. 1). At
higher magnifications (x100), these varicosities could be resolved as
distinct entities, but at lower magnifications the sympathetic axon
appeared to be continuously fluorescent, punctuated by bright spots.
Axons were irregularly distributed across the nerve, and often appeared

to be intertwined, 4 or 5 running together as a group (Fig. 1).

Counts of fluorescent axons in control sciatic nerves from
unoperated animals showed no significant variation along the length of
the nerve examined, the mean values of these counts in a distal to
proximal direction being 190, 202, 194, 199 aﬁd 186 (Table 1). Counts
of fluorescent sympathetic axons 1in the contralateral normal right
sciatic nerves from animals with neuromas were similar, although there
was a larger variation in counts between animals. The mean values of
counts of fluorescent axons in a distal to proximal direction in these
contralateral nerves were 182, 211, 210, 200 and 192 (Table 1).
Following the logarithmic transformation of data (see Appendix 3) and
the plotting of log(no. of axons) vs. distance for the normal uncut
nerves (contralateral to neuromas) and normal nerves (from unoperated
animals), it was seen that the slopes of all these plots were
approximately zero, i.e. there was no significant variation in the
numbers of fluorescent axons along the nerves (Table 2). Any small
variations seen were probably the result of branching of the
unmyelinated axons (Aguayo et al, 1976) or uneven contraction of the
tissue on freezing. The M15 values were not significantly different
between these two groups of animals; for uncut nerves, 5.2496, and

normal nerves, 5.2445 (Table 2).

Within the groups of normal nerves contralateral to neuromas at
various times following nerve section, there was no difference between
groups, the F ratio being 1.10 for the slopes and 1.04 for the M15
values (Appendix 3). This means that sectioning the left sciatic nerve
had no effect on the sympathetic axon population of the intact right

nerve. The F ratio for the slopes of the pairs of normal nerves from

unoperated animals was 1.75, but the ratio for the M15 values was



FIGURE 2.

FIGURE 3.

Transverse section of normal sciatic nerve, showing the
normal distribution of sympathetic axons. Sympathetic
axons innervating the blood vessels within the

perineurium can also be seen. Glyoxylic acid.
x 40

Section of normal sciatic nerve, showing the longitudinal
arrangement of varicose sympathetic axons. Non
fluorescent, slightly fragmented liver tissue, which was
used for mechanical support during the sectioning process

can be seen to either side of the nerve. Glyoxylic acid.

x 40






40.52, which showed that the pairs of nerves were correlated. These
normal nerves were not included in the pooled slope or pooled Ml5

calculation, which was restricted to nerves contralateral to neuromas.

Total numbers of fluorescent axons in 20 sections at a particular
locus in non-operated control animals ranged from 132 to 268 and in
normal right sciatic nerves contralateral to neuromas, the range was
120 to 348 (Appendix 3, Table 1). Thus there was no significant
difference between the completely normal nerves and those 'normal'

nerves contralateral to neuromase.

NEUROMAS
l. 3 Days post section

When examined macroscopically at 3 days after nerve section, the
proximal stump appeared to be slightly swollen, with prominent blood
vessels visible on the surface of the neuroma. Viewed microscopically,
very large accumulations of granular fluorescent material were seen at
the distal tip of the neuroma, making identification of individual
axons in the 0.5mm zone proximal to the neuroma tip difficult and axon
counts impossible (Figs. 4 and 5). However, estimates based on counts
from 1 week neuromas suggest that the number of fluorescent axons may
rise to approximately 5 times normal at the distal tip (Table 1 and
Fig.6). Further proximally along the nerve, individual axons were very
much thicker than normal and- very much more numerous. Counts taken
l.0mm from the tip of the proximal stump showed that fluorescent axon
numbers were increased to over 3 times the normal value (Table 1). The
accumulation of fluorescence persisted throughout the length of nerve
examined, so that at a distance of 2.5mm from the tip, counts were
still some 2.5 x normal (Table 1). The numbers of sympathetic axons in
the sectioned nerve decreased rapidly in a distal to proximal
direction, reflecting the accumulation of noradrenaline at the distal
tip of the neuroma (Table 1, Fig. 6). The mean slope, b, of the plot of
the transformed data was negative, which reflected the fact that there
were more fluorescent axons at the distal tip of the neuroma than
further proximally (Table 2). The mean slope and M15 value, which was
related to the number of sympathetic axons in the neuromas, were both
significantly different from normal at 3 days after section (at p <
0.01 level, Table 2).

Sprouting of sympathetic axons was already present 3 days after



FIGURE 4.

FIGURE 5.

Neuroma three days after nerve section, the distal tip to
the right of this micrograph. An accumulation of NA
fluorescence in swollen axons can be seen throughout the

nerve, especially towards the distal tip. Glyoxylic acid.

x 40

Neuroma 3 days following section, O.5mm from the distal
tip. The fluorescent material in many sympathetic axons
has 'pooled' so that individual axons cannot be resolved.

A few sympathetic sprouts are visible. Glyoxylic acid.
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Neuromas 3,7 and 14 days plus normal
Number of axons vs. Distance
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nerve section. Numerous very fine fluorescent axons could be seen
around the distal tip of the neuroma, especially towards the perimeter
of the nerve. Many of these sprouts were orientated at right angles to
the main body of the nerve, and were growing parallel to each other in
groups (Fig. 7). These areas of perpendicular sprouts largely failed
to be included in the counts of sympathetic axons since they were
running parallel to the plane of the cursor across which axons were
being counted, rather than perpendicular to it, as in the case of all

the other axons counted.

Some degeneration of myelin could be observed in the
non—-fluorescent profiles in the background of the section, and many
yellow autofluorescent erythrocytes were seen around the distal tip of
the neuroma. Mast cells with yellow autofluorescent granules were seen
in the perineurium. Some of the 1less granular yellow / orange
autofluorescent cells seen in and around the neuromas may have been
macrophages, since the 1lipofuchsin pigment in these cells is also

autofluorescent under violet light.

2. 7 Days post section

At one week after nerve section the numbers of fluofescent axons
were still greatly increased, by 4.5 times at O0.5mm from the distal tip
(Table 1), the mean slope was therefore negative (Table 2). There were
still large numbers of swollen fibres at the distal tip and an
accumulation of NA was still in evidence, such that the number of
fluorescent axons at the distal tip was more than twice that counted
2.5mm proximally (Table 1). Most of the 'pooling' of noradrenaline
fluorescence seemed to have subsided, and resolution of individual
axons for counting purposes was therefore more reliable; Sympathetic
axon numbers were still increased well above normal throughout the
nerve. Both the mean slope and M15 values were significantly different
from normal ( p < 0.001, Table 2). A large network of very fine
intermingling fluorescent sprouts were seen all around the distal tip,
many sprouts again being observed running at right angles to the main
body of the nerve (Figs. 8 and 9). A few axons were seen to have large
ovoid swellings of uniformly dense fluorescent material, with varicose
axons of normal thickness connected to each side. These 1large
fluorescent bodies (approx. 25um in diameter) were never seen at the

distal tip of the neuroma, but most usually about 1-l.5mm proximal to

the point of section. Only one ovoid profile per section was ever seen,



FIGURE 7.

FIGURE 8.

Neuroma 3 days after section, 1.0mm from the distal tip.
A large number of sympathetic sprouts growing at right
angles to the main body of the nerve are visible.
Glyoxylic aéid.

x 80

Distal tip of a neuroma 7 days after section. A network
of fine intermingling fluorescent sprouts has grown out
from the cut end of the nerve (right). Large numbers of
fluorescent axons, many of which are swollen, are still
visible, but the large pools of fluorescent material have
disappeared, and resolution of individual axons is now
possible. Glyoxylic acid.

‘ x 80
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FIGURE 9.

FIGURE 10.

PR —

Distal tip of a neuroma 7 days after section, containing
many fluorescent axons running in groups, and one thin
sympathetic sprout running across the distal tip of the

nerve (right). Glyoxylic acid.
x 160

Neuroma 7 days after nerve section, l.5mm from the distal
tip. An unusual ovoid of fluorescent material can be seen

as a swelling in this axon. Glyoxylic acid.
x 80
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and they were only present in .a very few sections (Fig. 10). These
fluorescent bodies may possibly have corresponded with the 'supergiant'
axons which contain dcv, occasionally seen in the electron microscope,

and are probably therefore sympathetic.

3. 2 Week neuromas

Neuromatous tissue was now visible distal to the original point of
section of the nerve. The point of section was easily distinguished
since the orientation of axonal sprouts distal to this point was more
random, and many non-fluorescent rings of myelin which were very thin,
representing transversely-sectioned fibres, could be seen in the
background of the section (Fige. 11). 'Blobs' of degenerate myelin could
be seen at the point of section extending proximally for about 1lmm, and
further proximally, swollen fibres could be seen. Many yellow brightly
autofluorescent mast cells were seen in the perineurium around the

point of section, and a few were also seen within the nerve itself.

There were very few fluorescent sympathetic axons in the sectioned
nerve at the distal tip, the numbers having decreased to 60%Z of normal
0.5mm proximally from the point of section (Table 1, Fig. 6). The mean
slope for these neuromas was positive, due to this decrease in numbers
of fluorescent axons at the distal tip and was significantly different
from normal at the p<0.01 1level (Table 2). The Ml5 value waé also
significantly different from normal, but at p<0.001 (Table 2). No large
collections of fluorescence were seen , and axons at the tip of the
original nerve were thinner than normal. A few very fine fluorescent
axonal sprouts were visible in the new neuromatous tissue which was
growing distal to the point of section, and growing down the sides of
the original nerve. The terminal varicosities in these sympathetic
axons were very pronounced. Sprouts running perpendicular to the long
axis of the nerve were again visible around the original nerve at the
point of section, although not all of these sprouts were fluorescent,

myelinated fibres being visible in the background.

Fluorescent axons were more numerous further proximally, and of
greater calibre. At 2.5mm proximal to the point of section, total
fluorescent counts were still reduced, to 90% of normal numbers (Table

1, Fig. 6).

In one animal, there were many more fluorescent axons at the



FIGURE 11.

FIGURE 12.

Distal tip of a neuroma 14 days after nerve section. Very
few fluorescent axons are usually seen 2 weeks after
nerve section. Only one sympathetic axon can be seen at

the distal tip of this neuroma (arrow). Glyoxylic acid.

x 80

Neuroma 14 days after nerve section, lmm from the distal
tip. An wunusually large number of thin fluorescent
sprouts running mainly along the longitudinal axis of the
nerve are visible, but intermingled with these sprouts

are others of differing orientations. Glyoxylic acid.

x 160






distal tip than in the other animals. Several groups of very fine
sympathetic sprouts were seen proximal to the point of section (Fig.
12). Others were seen to contain large fluorescent axonal swellings,
similar to the ovoids of fluorescence seen one week after nerve
section. These swellings were varied in both size and shape, two being
rather ellipsoid and the others more triangular in shape (Fig. 13).
These large varicosities were highly unusual, being seen in only one

section of neuroma.

4. 3-4 Week neuromas

An. increase in sprouting of sympathetic axons was obvious around
the distal tip of the neuroma, when 3 - 4 week 0ld neuromas were
compared with those taken from animals killed 2 weeks post section.
Intermingling fluorescent sprouts with random orientations could be
seen up to 2mm distal to the point of section. At a distance of 0.5mm
proximal to the original point of nerve section, counts of sympathetic
axons were increased to about twice normal values by 4 weeks after
nerve section (Table 1, Fig. 14) and the mean slopes of these 3 and 4
week o0ld neuromas were negative and significantly different from normal
at p<0.001 (Table 2). The M15 values were not significantly different
from normal. New growth was visible around both sides of the nerve,
running up to l.5mm proximally. Many sympathetic sprouts were again
seen running perpendicularly to the main axis of the nerve, but now
around the sides of the nerve extending proximally, not just at the
neuroma tip. Blood vessels were very prominent in the neuromatous
outgrowth, with a very distinct adremergic innervation. This wvascular
innervation was distinguishable from the sympathetic axons of the nerve
proper on the basils that the fluorescence was somewhat coarser than
that of axons running in the nerve trunk itself (Fig. 15), similar to

that seen in normal nerves.

Further proximally in the nerve, clusters of fine sympathetic
axons were observed (Fig. 16). At four weeks after nerve section,
counts of fluorescent axons were slightly below normal at 2.5mm

proximal to the estimated point of nerve section (Table 1, Fig. 14).

5. 6 — B Week Neuromas

Neuromas from sciatic nerves sectioned 6 and 8 weeks previously

were similar in appearance to those from nerves sectioned 4 weeks
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Neuromas 21 and 28 days, plus normal
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Number of axons vs. Distance
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FIGURE 14

Distance (mm)

Number of fluorescent axons vs. distance in neuromas 21
and 28 days following nerve section, compared with the

number of fluorescent axons in normal nerves.



FIGURE 15.

FIGURE 16.

Neuroma 28 days after section. The sympathetic
innervation of the blood vessel in the centre can be
distinguished from sympathetic axons in the nerve proper,
since the individual axons are thicker and less uniformly

orientated in the blood vessel. Glyoxylic acid.
x 80

Neuroma 21 days after section. A collection of fine
sympathetic sprouts are running together 1l.5mm from the

distal tip of the neuroma. Glyoxylic acid.
x 80






before the animals were killed, except that more fluorescent axons were
visible in the neuroma outgrowth. At 6 and 8 weeks after nerve
section, counts 0.5mm from the distal tip were lower than at 4 weeks
after nerve section (Table 1). Along each nerve, in a distal to
proximal direction from the point of section, counts decreased, but
there was a smaller gradation 8 weeks after section as compared to 6
weeks (Table 1, Fig.17). Both mean slopes were negative at 6 and 8
weeks. The mean slope of the 6 week o0ld neuromas was significantly
different from normal at p<0.001, and the mean slope of the 8 week old
neuromas significant at p<0.02 (Table 2). The M15 values were not

significantly different from normal at either time.

Vascularity in the neuromatous tissue distal to the point of
section was very much increased, with an extensive network of
fluorescent axons innervating the vessels. There were many fine
fluorescent axons throughout the neuromatous tissue, still in a random
orientation (Fig. 18). Sympathetic axons in the neuroma, although
numerous, tended to exist singly, rather than in the groups usually
seen 1in normal nerves. They did not have a completely normal
morphology and were often thin with pronounced varicosities (Fig. 19).
One sympathetic axon consisted of very large, bright, widely separated
varicosities with very little inter-varicose fluorescence (Fig. 20).
Another sympathetic axon in the nerve itself was much thicker at the
distal end with a bulb of fluorescence at the tip. A few fluorescent
perpendicular axonal sprouts were seen at one edge of one neuroma.
Further proximally in the original nerve, fluorescent axons were much
thicker, and ran in groups with the morphology of sympathetic axons in

normal nerve.

At one point of section, which was demarcated by a change in
myelinated fibre thickness and orientation, collections of yellow auto-
fluorescent mast cells were obvious. Some pale yellow globules of
myelin were also seen but these were only visible as background
autofluorescence (Fig. 18). Some of the granular yellow / orange
autofluorescent cells seen may again have been macrophages, the

lipofuscﬁin pigment of which is autofluorescent (Fig. 18).

6. 6 Month Neuromas

The tissue in these neuromas was very similar to that seen 8 weeks

following section, and there were many small thin fluorescent axons



Neuromas 42 and 56 days, plus normal
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FIGURE 17 Number of fluorescent axons vs. distance in neuromas 42

and 56 days following nerve section, compared with the

number of fluorescent axons in normal nerves.



FIGURE 18.

FIGURE 19.

Neuroma 42 days after nerve section. The original tissue
can be distinguished to the left of the micrograph
because it contains yellow autofluorescent mast cells and
vacuoles from degenerate material. The new neuromatous
tissue towards the upper right is more homogenous and

contains fine fluorescent sprouts. Glyoxylic acid.
x 80

Neuroma 42 days after section, lmm from the distal tip.
Many thin sympathetic axon sprouts orientated along the
longitudinal axils of the nerve can be seen in the centre
of the micrograph, but there 1s also an extensive
collection of sympathetic sprouts running at right

angles. Glyoxylic acid.
x 160






FIGURE 20.

FIGURE 21.

Neuroma 42 days after nerve section, l.5mm from the
distal tip. This wunusual axon has 1large punctate
fluorescent varicosities, but very 1little fluorescent

material in the remainder of the axon. Glyoxylic acid.

x 80

Neuromatous tissue 6 months after section. Many fine
sympathetic axon sprouts, some of which contain large
varicosities, are visible in the neuromatous outgrowth

distal to the original point of section. Glyoxylic acid.

x 80






visible in the neuromatous outgrowth distal to the point of nerve
section (Fig. 21). The sympathetic innervation of the blood vessels-was
again very pronounced. No counts of sympathetic axons were made in this
tissue, but in the main body of the o0ld nerve, the distribution of

fluorescent axons appeared to be normal.

C. IMMUNOFLUORESCENCE STUDIES

The patterns of fluorescence seen in normal nerves and 3 day old
neuromas processed by an Immunofluorescence method were similar to
those seen in nerves and neuromas treated with glyoxylic acid (Fig.22).
The main difference was in the intensity of the fluorescence, which was
very much lower in the immunofluorescent preparation. This was because
the fluorescent marker was FITC, and the wavelength of the incident
illumination  was longer and therefore less energetic. The
immunofluorescence was also less stable in the microscope light beam,

and faded more rapidly on storage.

For these reasons, the immunofluorescence method was abandoned, in

favour of the SPG glyoxylic acid technique.

D. RESERPINE TREATED ANIMALS

At 3 days after nerve section there was a marked reduction in the
numbers of fluorescing axons, when compared with nerves in rats not
treated with reserpine. Very small patches of diffuse fluorescence were
seen at the distal tip of neuromas, but there were virtually no axons
fluorescing in the remainder of the nerve (Fig. 23), confirming that
the fluorescent product seen following glyoxylic acid treatment is an

effective marker for sympathetic axons in the peripheral nerves.



FIGURE 22.

FIGURE 23.

- N

Distal tip of a neuroma 3 days following nerve section,
reacted for immunofluorescence using anti-dopamine beta
hydroxylase as the primary antibody and FITC as the
fluorescent marker. The pattern of fluorescence is
similar to that seen in Figure 4 following glyoxylic acid

treatment.
x 40

Distal tip of a neuroma 3 days following section, from an
animal pretreated with reserpine 24 hours before killing.
The sympathetic axons at the distal tip of the neuroma
(right) contain very little noradrenaline (cf Figure 5).

Glyoxylic acid.
x 40
























































































































































































































































































































































































































































































































































































































































































































































































































































































































