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ABSTRACT

In this thesis, the innervation patterns by substance P- (SP), dopamine-~

hydroxylase- (D~H) and the vesicular acetylcholine transporter- (VAChT)

immunoreactive (IR) fibres were investigated in the skin of the rat lower Hp, in order to

provide a morphological basis for the possible interactions between sensory and

autonomie fibres in the periphery. Our immunocytochemical approach revealed that SP

IR sensory fibres were widely distributed throughout the epidermis and dennis. In the

dermis, they were associated with blood vessels, haïr follicles, sebaceous glands and mast

cells. Electron microscopical quantification revealed that SP-IR fibres equally innervated

arterioles, capillaries and venules, ail of which were shown to possess SP receptor (NK

Ir) immunoreactivity within their walls. D~H- and VAChT-IR fibres were present around

blood vessels in the lower dermis, but not in the upper dennis, indicating that these fibres

are not as widely distributed as the SP-IR fibres. SP-D~H, SP-VAChT and Df3H-VAChT

fibre combinations were observed around lower dermal blood vessels. The absence of

single labeled blood vessels suggested that bIood vesseIs in the lower dennis are

innervated by ail three fibre-types. Quantification at the ultrastructuraI level reveaIed that

D~H- and VAChT-IR terminaIs lie doser to their targets than SP-IR terminais. Bilateral

lesions of the mental nerve, a purely sensory nerve, led to the total loss of SP-IR fibres

from the lower Hp skin, and to the migration of DJ3H-IR fibres into the upper dermis, a

territory from which they are normally absent. These sprouted fibres remained in their

new territory despite the reinnervation of the lower lip by SP-IR fibres. The biIateraI

removal of the superior cervical ganglia (SCG) caused the complete degeneration of

Df3H-IR fibres and a transient SP-IR fibre sprouting and NK-lr up-regulation. The
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number of SP-IR fibres and the content of SP within these fibres was increased both in

the upper and lower dermis following SeG removal. [0 the lower dermis however, the

effect was greater than in the upper dermis.

Therefore we can conclude that SP-, Df3H- and VAChT-IR fibres aIl innervate the

same blood vessels in the lower dermis of the rat lower Hp skin. Furthermore, the plastic

changes observed in the association between SP- and D(3H-IR fibres following trauma to

peripheral nerve injuries, may lead to painful sensations and, possibly, ahnormal blood

flow in the affected region.
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ABRÉGÉ

Dans cette thèse, les tracés d'innervation par les fibres immunoréactives à la

substance P (SP), la dopamine-(3-hydroxylase (D(3H) et le transporteur vésiculaire de

l'acétylcholine (VAChT) ont été étudiés, dans la peau de la lèvre inferieure du rat, afin de

mieux comprendre les liens morphologiques qui existent entre les fibres sensorielles et

autonomes dans la périphérie. Notre approche immunocytochimique révèle que les fibres

sensorielles SPergiques sont largement distribuées à travers l'épiderme et le derme. Dans

le derme, ces fibres sont associées avec des vaisseaux sanguins, des follicules pileux, des

glandes sébacées et des mastocytes. La quantification en microscopie électronique révèle

que les terminaisons SPergiques innervent tout autant les artérioles, les capillaires et les

veinules. On a démontré la présence de récepteurs de la SP (NK-Ir) sur la paroi de ces

vaisseaux sanguins. Les fibres D~Hergiques et VAChTergiques sont présentes autour des

vaisseaux sanguins du derme inférieur, mais pas autour de ceux du derme supérieur.

Cette observation indique que les fibres D~Hergiques et VAChTergiques ne sont pas

aussi largement distribuées que les fibres SPergiques. Les combinaisons de fibres

SPergiques-DBHergiques, SPergiques-VAChTergiques et D~Hergiques-VAChTergiques

ont été observées autour des vaisseaux sanguins du derme inférieur. L'absence de

marquage simple autour des vaisseaux du derme inférieur suggère que ces vaisseaux sont

innervés par les trois types de fibres. L'analyse quantitative ultrastructurale révèle que les

terminaisons D~Hergiques et VAChTergiques se situent plus près de leur cible que les

fibres SPergiques. Des lésions bilatérales du nerf mentonnier, un nerf purement sensoriel,

produisent la perte totale des fibres SPergiques dans la peau de la lèvre inférieure ainsi

que la migration des fibres D~Hergiques vers le derme supérieur, un territoire dont elles
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sont normalement absentes. Ces fibres D~Hergiques persistent dans leur nouveau

territoire malgré la réinnervation de la lèvre inférieure par les fibres SPergiques.

L'ablation bilatérale du ganglion cervical supérieur (SeG) produit la dégénérescence

complète des fibres Dr3Hergiques, ainsi que des effets de courte durée dont, le

bourgeonnement des fibres SPergiques et l'accroissement du nombre de récepteurs NK-l.

Le nombre de fibres SPergiques ainsi que leur contenu en SP s'accroit dans le derme

supérieur et inférieur à la suite de l'ablation du SCG; toutefois ces effets sont plus

marqués dans le derme inférieur.

Nous pouvons donc conclure que les fibres SPergiques, D~Hergiques et

VAChTergiques innervent les mêmes vaisseaux sanguins dans le derme inférieur de la

peau de la lèvre inférieure du rat. De plus. la plasticité dont font preuve les fibres

SPergiques et D~Hergiques à la suite de lésions des nerfs périphériques peut causer des

sensations douloureuses, et possiblement un afflux sanguin anormal dans la région

affectée.
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1.1 Statement of the problem and purpose of the investigation

Neuropathic pain bas been defined as "pain resulting from noninflammatory

dysfunction of the peripheral or central nervous system without peripheral nociceptor

stimulation or trauma" (MacFarlane B.V. et al., 1997). Under normal circumstances, pain

sensations serve a protective role and allow for proper tissue repair to occur. However,

neuropathic pain is "abnormal" in that the pain persists following tissue repair and the

amplitude of the pain responses is grossly exaggerated. Furthermore, this condition is

extremely difficult to treat as the pain is unresPQnsive to non-steroidal anti-inflammatory

dmgs and is usually insensitive to opioids (WoolfC.J. and Mannion R.J., (999).

In the United States, 1.5% of the population is said to suffer from neuropathic

pain which manifests itself as lower back pain, diabetic neuropathy, post-herpetic

neuralgia, cancer-related pain, causalgia or reflex sympathetic dystrophy (Bennett G.J.,

(998). In the United Kingdom, 1% of the population is said to suffer from neuropathic

pain, 50% of wbich is over 65 years of age (Bowsber D., (991). Thus, as the average life

expectancy is constantly increasing, neuropathic pain sufferers will account for a

considerably larger proportion of the population over time. The economical impact of

neuropathic pain per se is not known. Regarding diabetes, the second greatest contributor

to neuropathic pain, in 1986 the United States estimated that they were spending 240

million dollars for the care of these diabetic neuropathic pain sufferers. In 1994, 110

million people worldwide had diabetes and it is estimated that this number will escalate

to 220 million by the year 2010, of which an estimated 50% with a 25-year history will

develop diabetic neuropathies [for review see (Thomas P.K., 1999)].
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Despite the extensive Iiterature conceming neuropathic pain~ we still appear to he

far from an effective treabnent. In fac~ aIthough peripheral neuropathies often occur

following peripheral nerve damage, the aetiology of the underlying insult May vary

considerably. For instance~ compression~ hereditary, ischaemic~ metabolic, traumatic,

toxie, infectious, or immune-mediated injuries May alllead to neuropathic pain. Multiple

symptoms May result from a single mechanism, different mechanisms May cause the

same symptoms and, more importantly, mechanisms may change over tinte [for review

see (Woolf C.J. and Mannion R.J., 1999)]. Therefore, it becomes obvious that attempting

to fmd a single effective treatment for such a complex syndrome is quite tedious, and is

further complicated by the fact that important aspects of the normal arrangement of the

central and peripheral nervous systems still remain unknown or misunderstood.

Furthermore, little attention bas been gjven to the tenninal arborizations of peripheral

fibres and most studies have based their findings on results obtained in dorsal root

ganglia (DRG). This is somewhat surprising since changes in innervation patterns and

nerve function in the peripbery might he of great significance as fibres that convey pain

related information are ultimately activated peripherally, Le. at the pain receptor

(nociceptor) level.

Consequently, the object of this thesis is to investigate the innervation patterns of

the skin by sensory and autonomie systems under nonnaI and abnormal conditions, in an

attempt to unravel the mechanisms underlying peripheral neuropathies. Peripheral

neuropathies have been characterized by a variety of central nervous system (CNS) and

DRG plastic changes. However, no attempt has been made to characterlze the changes

occurring more peripherally. The ultimate aim of this thesis is to characterlze the sensory
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and sympathetic terminal field changes that occur following peripheral nerve lesions, and

their possible contribution in the establishment of neuropathic pain.

1.2 Basic anatomiea. and functiona. description of the skin

The skin is the largest and heaviest organ of the human body. It accounts for 16%

of total body weight and in adults its surface ranges from 1.2 - 2.3 m2 (Montagna W.W.

and Parakkal P.f., 1974). The major function of the skin is one of protection from the

extemal environment (Montagna W.W. and Parakkal P.F., 1974). For instance, the skin

protects us from impact and friction injuries, from bacterial invasion, from excessive

water 10ss and from the sun's ultraviolet radiation. The glands, blood vessels and adipose

tissue play a role in thermoregulation, body metabolism and excretion (e.g. sweat glands).

The skin is a1so important for the continuous reception of sensory stimuli such as touch,

temperature and pain from the environment. The elastic property of the skin allows us to

adapt to situations such as oedema and pregnancy (Junqueira L.C. et al., 1998). In certain

areas of the body, human skin possesses very unique patterns of ridges and grooves.

These dermatoglyphs, better known as fingerprints, confer individuality, as no two people

possess the same set of fingerprints.

The skin is comprised of two major layers: the epidermis and the dennis. Each

layer has its own functioDS. Furthermore, the skin can he divided ioto two main types: 1)

glabrous and thick skin (0.4 - 0.6 mm), 2) non-glabrous (hairy) and thin skin (0.075 

0.15 nm) (Gartner L.P. and Hiatt l.L., 1997). The former occurs on the skin ofpalms and

soles, whereas the latter occurs on the rest of the body. In the above description, skin

thickness is based on the thickness of the epidermis alone. A summary description of the
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skin layers and appendages follows. However for a more complete review, the reader is

referred to the following textbooks, as the information above and hereafter was obtained

from these sources: 1) Bloom and Fawcett, a Textbook of Histology (Fawcett D.W.,

1986), 2) CeU and Tissue Biology (Anonymous, 1988), 3) Pharmacology of the Skin

(Anonymous, 1992), 4) di Fiore's Atlas of Histology with Functional Correlations

(Eroschenko V.P., 1993), 5) Color Textbook of Histology (Gartner L.P. and Hiatt J.L.,

1997), 6) Basic Histology (Junqueira L.C. et al., 1998), 7) Color Atlas of Histology

(Gartner L.P. and Hiatt J.L., 2000).

1.2.1 Epidermis

The epidermis is a highly proliferative avascular tissue (Montagna W. and Lobitz

W.C.Jr., 1964). It is divided into 5 layers: basal, spinous, granular, transition zone and

corneal, which are aIso respectively referred ta as stratum germinativum, stratum

spinosum, stratum granulosum, stratum lucidum and stratum comeum. (MacKenzie LL.,

1972). These Iayers are considerably thicker in glabrous skin than in hairy skin.

Keratinocytes are the major epidermal cell type and are involved in the production of

keratin. Of these cells, those in the proliferative state are located in the lower layers

(basal and spinous) of the epidermis. The cells gradually migrate towards the outer layer

(comeal) of the skin and along the way they mature ioto highly differentiated non

dividing cells. These differentiated cells are eventually shed in a process ofdesquamation

(Williams M., 1984). Thus, the human epidermis is renewed every 15 - 30 days

depending on age and body region.
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1.2.1.1 Basa/layer

The cells of the basal layer constitute the major epidermal cell type, accounting

for over 90% of epidermal cells. These keratinocytes are the MOst undifferentiated and

constitute stem cells (Lavker R.M. and Sun T.-T., 1982). They lie at the dennal

epidermal junction over the basal lamina that physically separates the epidennis from the

dermis. Seing immature ceIls, they do not POssess biologicaI markers, as these are present

in more differentiated cells only. These cells aIso show intense mitotic activity, especially

at night. Numerous desmosomes bind the cells on their lateraI and upper surfaces (Allen

T.D. and Potten C.S., 1975), allowing the basal celllayer to serve as a protective sheath

against pathogen invasion and fluid loss.

The basai cell layer also houses the pigment cells better known as melanocytes

(Billingham R.E. and Silvers W.K., 1960). It should be noted, however, that these cells

aIso occur in the superficiaI dermis. Melanin granules are produced in melanocyte

organelles known as melanosomes. Upon release, these granules accumulate in the apical

region of basal and spinous cells, thus protecting the cell nuc1ei from the damaging

effects of sunrays. Racial variations in skin colour are the result of melanosome number

and size and melanin location within the cell, as the nurnber of melanocytes in the skin is

constant across races (800-2300 1mm2
) (Fitzpatrick T.D. et al., 1979). Melanin is not the

only factor responsible for skin colour. ather factors such as skin carotene content, the

number of blood vessels in the skin, and the colour of the blood flowing through these

blood vessels are also involved in detennining skin colour (Junqueira L.C. et al., 1998).

Another cell type, which occurs in the basal layer of the epidermis, is the Merkel

celle These cells are more abundant in thick skin, particularly in the fingertips. A disk-
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shaped free nerve ending is present at the base of these cells fonning Merkel cell-neurite

ccmplexes (Mihara M. et al., 1979).

1.2.1.2 Spinous layer

The spinous layer lies just above the basal layer and constitutes the thickest layer

of the epidennis. The keratinocytes in this layer are frrmly held together by cytoplasmic

spines and desmosomes, which give the cell surface a studded appearance, hence its

name (Holbrook K.A. and Wolff K., 1987). The cytoplasmic spines are filled with

tonofibrils that are involved in maintaining cohesion amongst cells and in resisting

abrasion. The spinous layer is thickest in areas undergoing constant friction and pressure

such as the soles of feet.

The spinous layer may play an important role in initiating immunological

reactions due to the presence of Langerhan's cells (Edelson R.L. and Fink J.M., 1985).

These cells are present throughout the epidermis, accounting for 2-3% ofepidermal cells,

but are mostly concentrated in the spinous layer. Langerhan's cells possess numerous

long processes and thus are sometimes referred to as dendritic cells (Wolff K. and Stingl

G., 1983). These macrophage derivatives, by binding antigen (la, Fe and C3 receptors are

present on the cell surface) and presenting it to T lymphocytes, are capable of directly

stimuJating T lymphocytes (Rowden G., 1977).

1.2.1.3 Granular layer

The granular layer is not very prominent in thin skin in which it is often

represented only by isolated cells (Anonymous, 1992; Eroschenko V.P., 1993; Gartner
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L.P. and Hiatt J.L.~ 2000). It gets its name from the presence of non-membrane coated

keratohyalin granules in the keratinocytes (Junqueira L.C. et al., 1998). These

keratinocytes also possess membrane-coated lamellar granules (Junqueira L.C. et al.,

1998). Upon fusiog with the cell plasma membranes, these granules release their contents

in the fonn of lipid-containing sheaths into the intracellular space. .tne lipid sheath

provides a protective barrier against the invasion of foreign material and, most

importantly, a sealing effect upon the skin. It is this sealiog of the skin, among other

things, during evolution that allowed for the development of terrestrial life. The ceUs

above the granular layer are deprived ofnutrients and thus die rapidly.

1.2.1.4 Transition zone

This region is the transition between the viable layers (basal, spinous and

granular) and the non-viable layer (comeal) of the epidermis. It is a thin translucent layer

that is present only in thick skin (palms of hands and soles of feet). Extensive cellular

remodelling occurs in this portion of the epidermis (Elias P.M., 1983). The organelles,

DNA and RNA within the ceUs, are destroyed by active proteases and nucleases, while

the entire cellular lipid content is extruded ioto the extracellular matrix. The keratin

filaments are restructured ioto a more stable form and the cornified envelope is formed.

1.2.1.5 Corneallayer

[t is in this layer that keratinocytes undergo their final differentiatioo ioto

corneocytes (Anonymous, 1992). The comeocytes are dead keratinocytes with keratio

filled cytoplasm. Modified desmosomes and interdigitations of grooves and ridges help
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maintain the ceUs together (Fawcett D.W., 1986; Anonymous, 1992). CeUs near the

surface of the skin are without desmosomes. These homy cells or squames are ready to be

sloughed or desquamated (Williams M., 1984). This highly organized array of

interiocking keratinocytes constitutes the most important permeability barrier for the

skin.

1.2.2 Dermis

The dermis lies just beneath the epidermis and is the thickest layer of the skin

(Montagna W. et al., (970). It comprises 90% of the skin and its thickness varies

according to body region, ranging frOID 0.6-3.0 mm. A basal lamina separates the basal

layer of the epidermis from the dermis. This area of junction between dermis and

epidermis is referred to as the dermal-epidermal jonction (Briggaman R.A. and Wheeler

C.E.Jr., 1975). This region is characterized by highly irregular upward projections of

dermis (also known as dermal papillae) that interdigitale with downward epidermal

projections (a1so called rete ridges). These interdigitations serve to reinforce the dermal

epidermal junction and are more frequently encountered in skin areas that are under

considerable pressure such as the foot soles. They are also responsible for the formation

of the dermatoglyphs.

The major cell types encountered in the dermis are fibroblasts, macrophages and

mast ceUs (Anonymous, 1992). Fibroblasts are responsible for synthesizing and

remodelling connective tissue proteins. Connective tissue is the major constituent of the

dermis and it provides skin with its strength. The macrophages present antigens to

immunocompetent cells and, in doing so, are involved in preventing or controlling
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infection. Mast cells are mostly concentrated around blood vessels. These cells are

capable of responding to various stimuli such as light, cold., vibration., pressure, chemical,

immunologjcal., as weil as to acute trauma.

The dermal layer has a rich network of blood and lymphatic vessels. The main

blood vessels encountered are arterioles., capillaries and venules (Winkelmann R.K. et al.,

1961). The blood vessels of the dermis are crucial for skin homeostasis, as they are the

only source of nourishment to the avascular epidennis. Furthermore, the dermis also

houses nerves and various skin appendages. Skin appendages and glands are epidermal

derivatives that invaginate into the dermis. 8uch structures include hairs, nails, sebaceous

glands, eccrine and apocrine sweat glands.

The dermis is composed of two layers: the papillary layer also known as the

superficiaJ or upper dermis, and the reticular layer commonly referred to as the deeper or

lower dermis. No clear boundary separates these layers.

1.2.2.1 Papillary layer (upper dermis)

The papillary layer lies directIy below the epidermis (Montagna W. et al., 1970).

It is a thin layer of loose connective tissue. This layer derives its name from the fact that

it is the major constituent of the dermal papillae. Fibroblasts are the most prominent cell

type ofthis layer. They are involved in synthesizing collagen fibres, which in this regjon

are quite small.

An encapsulated receptor is a connective tissue capsule that is invested by the end

portion of a terminal axone In the papillary layer, such receptors include Meissner
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corpuscles and Krause end bulbs, which function as mechanoreceptors (Halata Z., 1975;

Gartner L.P. and Hian J.L., 1997).

1.2.2.2 Ret;eu/ar layer (lower dermis)

The reticular layer is the thickest layer of the skin and lies just above the

hypodermis (Montagna W. et al., 1970). It is composed of irregular connective tissue.

This layer contains more collagen fibres, larger fibre bundles and fewer ceIls than the

papillary layer. Although elastic fibres are found throughout the dermis, thick elastic

fibres are a characteristic of the reticular layer.

Pacinian corpuscles and Ruffini endings are the specialized encapsulated

receptors found in the reticular layer (Cauna N. and Mannan G., 1958; Gartner L.P. and

Hiatt J.L., 1997). These structures are responsible for conveying information about

pressure or vibration and tensional forces, respectively.

1.2.3 Hypodermis

The hypodermis lies directly below the dermal reticular layer and is composed

mainly of adipocytes - fat-producing cells (Fawcett D.W., 1986). The hypodennis is not

part of the skin, but rather forms the underlying fascia or subcutaneous tissue. [ts main

fonction is to provide a cushion separating the skin from bone and muscle. It also

provides an energy reserve, allows for skin mobility, moulds body contours and insulates

the body. The elastic and collagen fibres of the hypodermis are continuous with those of

the dennis.
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1.3 Skin microcirculatioD

1.3.1 Blood vessel distribution in the skin

The dennis is highly vascularized by the arteriaI system and its vascularization

exceeds the metabolic demands of the skin. The vasculature of the skin is referred to as

skin microcirculation and its most prominent role is that of thermoregulation (Braverman

LM. and Yen A., 1977). Blood vessels in the skin are arranged into two networks or

plexuses (Winkelmann R.K. et al., 1961). The deepest plexus is found between the

dermal reticular layer and the hypodermis. Branches from the latter supply hair follicles,

sebaceous glands and sweat glands. The more superficial plexus is located between the

papillary and reticular dermal layers. Branches from this plexus vascularize the dermal

papillae (Braverman LM. and Yen A., 1977). Each dermal papilla receives a single

capillary loop that is composed of an ascending arteriole, a capillary portion and a

descending venular portion. This arrangement allows for nourishment of the avascular

epidermis.

Human skin vasculature is characterized by the presence of numerous

arteriovenous anastomoses (AVA). These shunts are generally found throughout the

body, but they are most prominent in the upper reticular layer of fingertips, toes, nail

beds, nose and lips. AVA occur in the deep and superficial dermis and are important for

thermoregulation (Hales J.R. et al., 1978). Blood from the arteriolar system is shunted

rapidly iota the venous system without going through capillaries. This allows for heat

conservation in extremely cold conditions, as heat loss through the skin surface is

avoided. The AVA occur in small vessels and are under adrenergjc and cholinergie

control (Cauna N., 1970).
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1.3.2 Anatomiea) description of !lldn blood vessels

Nonnally blood tlows through skin blood vessels in the following sequence: from

arterioles to metarterioles to capillaries to post-capillary venules and finally into venules.

Each blood vessel type possesses its own characteristic features.

Arterioles: Arterioles are small arteries involved in pressure regulation with

lumen diameters of less than 0.5 mm in humans (Rhodin J.A., 1967). They are referred to

as efferent vessels and their function is to cany nutrient- and oxygen-filled blood to the

tissue.

Metarterioles: Metarterioles, a1so referred to as terminal arterioles, branch to he

continued capillary networks with a large surface area. Constriction of the metarterioles

regulates blood flow but does not completely prevent flow ioto capillaries. Pre-capillary

sphincters composed of a single discontinuous layer of smooth muscle cells are a

characteristic feature of metarterioles (Rhodin J.A., 1967). Constriction of the sphincters

completely blocks blood tlow into capillaries and thus shunts blood ioto the AVA. The

sphincters respond to changes in the immediate environment.

Capi/laries: Capillaries are arranged in a network with a great surface area and a

diameter of 8-10 fJ.1l1 in humans (Palade G., 1953). It is at the level of these vessels that

interchanges between blood and tissue occur (Florey H., 1961). Circulation through

capillaries is controlled by neural and hormonal mechanisms. Capillaries function as a

selective permeability membrane. They are a1so involved in sYQthetic and metabolic

activities, as weIl as preventing platelet aggregation (antithrombogenic) to the connective

tissue in the blood vessel wall fol1owing vessel damage. The vessels are characterized by
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surrounding pericytes~ which are modified smooth muscle ceUs (Bennett H.S. et al.,

(959).

Post-capillary venu/es: Post-capillary venules are the transition vessels between

capillaries and venules. These vessels operate more like venules than capillaries, and

have a 15-20 f.1.Ill diameter in humans (Rhodin J.A., 1968). Metarterioles and post

capillary venules are commonly called transition vessels.

Venu/es: Venules are small veins that transport products of metabolism towards

the heart. These are afferent vessels with a diameter of 0.2-] mm in humans (Movat H.Z.

and Pemando N.V.P., 1964; Rhodin J.A., 1968). The capillary networks all converge into

venules.

Ail the infonnation presented above refers to the arrangement of human blood

vessels. In rodents., the blood vessel anatomy is much simpler, the transition between

blood vessel types is less obvious, and fewer smooth muscle cells are present in the blood

vessel walls (Rhodin J.A.G., 1974). For instance, rodent arterioles will have one or two

complete layers of smooth muscle cells compared with one to five in humans. Rodent

venules will have one incomplete smooth muscle layer in their blood vessel wall, instead

of one to two complete layers in humans.

1.4 Skin innervation

The skin is the largest sense organ of the body and thus is highly innervated. The

skin is equipped to perceive sensory modalities such as touch, heat, cold and pain and

these sensations serve to proteet and guide us in our environment.
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1.4.1 Sensory nervous system

The skin is innervated by the peripheral processes ofprimary sensory neurons and

by autonomic fibres. AIthough the sensory innervation of the sIOn is described in

textbooks and taught to Medical students, the emphasis is on Merkel disks and

encapsulated receptors that are associated with thick myelinated afferents. For a

comprehensive review of such receptors, related to sensory modaIities other than

nociception, the reader is referred to Iggo and Andres Oggo A. and Andres K.H., 1982) or

Jones (Jones E.G., 1988).

The smaIl diameter sensory fibres correspond to C (unmyelinated) and Aô (thinly

myelinated) fibres. Most of these smaIl diameter fibres convey pain-related infonnation

and, therefore, are often named nociceptors. However, the term "nociceptor" should he

restricted to the fibre terminaIs. These small diameter fibres represent the peripheral

processes of pseudo-unipolar neurons of smalt or medium size located in the dorsal root

ganglia and trigeminal ganglion. The central processes of these neurons terminate in the

superficial laminae of the dorsal hom of the spinal cord and trigeminal subnucleus

caudaIis [for reviews see (Ribeiro·da-Silva A., 1995; Grant G., 1995)]. The first

unequivocally identified subset of sensory fibres with a likely nociceptive function was

the substance P (SP)-immunoreactive (IR) population (Hokfelt T. et al., 1975; Hôkfelt T.

et al., 1977). The primary sensory origin of these fibres was experimentally demonstrated

by CueHo et al. (Cuello A.C. et al., 1978). Immunoreactivity for other neuropeptides,

5uch as neurokinin A (Hua X.-Y. et al., 1985), somatostatin (Hokfelt T. et al., 1976),

calcitonin gene-related peptide (Wiesenfeld-Hailin Z. et al., 1984), galanin (Ju G. et al.,

1987) and endomorphine-2 (Martin-Schild S. et al., 1998), was aIso demonstrated in
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primary sensory fibres.

1.4.1.1 Tachy/dnins

SP is a member of the mammalian tachykinin family, which is also comprised of

neurokinin A (NKA) and neurokinin B (NKB). The tachykinins are encoded by the

preprotachykinin (pPT) 1 (or PPT A) and PPT II (or PPT B) genes, two distinc~ but

related, genes. Following elaborate posttranscriptional and posttranslational processing

SP and NKA are generated from the PPT 1gene, while NKB is generated from the PPT II

gene [for reviews see (Nakanishi S., 1987; Fong T.M., 1996)]. Alternative splicing of the

PPT A gene generates three mRNA species, a·PPT A, f3·PPT A and y-PPT A. a-PPT A

rnRNA encodes ooly for SP, while f3- and y-PPT A mRNAs encode for both SP and NKA

(Nawa H. et aL, 1984; Krause J.E. et al., 1987). Interestingly, in the rat CNS and

peripheral tissues, a-PPT A mRNA represents less than 1% of the PPT A gene splice

product, whereas rl- and y-PPT A mRNAs represent 80 and 20% respectively (Krause

J.E. et al., 1987; Carter M.S. and Krause J.E., 1990). The tachykinins are found both

centrally and peripherally, where they exert a variety of biological functions [for review

see (Otsuka M. and Yoshioka K., 1993)]. In the periphery, SP and NKA are the most

abundant, while NKB remains virtually at undetectable levels. SP, NKA and NKB

respectively bind to the mammalian neurokinin-l (NK-l), NK-2 and NK-3 G-protein

coupled receptors (Iversen L.L. et al., 1987). The tachykinins are capable ofbinding to aIl

three neurokinin receptors, although with varying degrees ofaffinities (Fong T.M., 1996).
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J. 4.J.2 Calcitonin gene-re/ated peptide

In the early 1980's, a new 37-amino aeid sensory neuropeptide was identified:

caleitonin gene-related peptide (CGRP) (Antara S.G. et al., 1982). There are two

isoforms of CGRP, a-CGRP and J3-CGRP, and they differ by a single amino acid [for

reviews see (Emeson R.B., 1996; Hall J.M. and Brain S.D., 1996)]. Studies in the rat

have shown that a- and J3-CGRP are preferentially expressed in sensory neurons and

enterie neurons, respectively (Mulderry P.K. et al., 1988).

CGRP immunoreaetivity has been shown ta oecur in almost ail neuropeptide

containing sensory neurons. Numerous immunoeytochemical studies have shawn CGRP

to be co-Iocalized with SP in primary sensory neurons, while some neurons contained

CGRP only (Lee Y. et al., 1985; Skofitsch G. and Jacobowtiz D.M., 1985; Gibbins LL. et

al., 1985; Lee Y. et al., (985). [t was later found that virtually, if not ail, SP-IR sensory

neurons co-Iocalize CGRP immunoreactivity (Wiesenfeld-Hallin Z. et al., 1984; Ju G. et

al., (987), aIthough only a proportion of CGRP-IR neurons co-Iocalized SP

immunoreactivity. The issue of the proportion of CGRP-IR neurons co-Iocalizing SP

immunoreactivity is not clearly established in the Iîterature. For instance, Gibbins et al.

(1987) showed that 25% of CGRP-IR neurons in human skin aIso contained SP

immunoreactivity, while the remaining 75% contained somatostatin immunoreactivity.

However, Dalsgaard et al. (1989) reported that, in human skin, the majority of CGRP-IR

fibres contained SP immunoreactivity, while only a minority of CGRP-IR fibres were

also immunoreactive for somatostatin. These discrepancies can probably be explained

more by differences in the antibodies and/or protocols used, mther than by inter-species

differences. Furthennore, the values obtained by Dalsgaard et al. are in agreement with
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data obtained at the DRG level by other investigators. Nonetheless, CGRP has been

shown to be amongst the most abundant neuropeptides in human skin (Gibbins LL. et al.,

1987).

CGRP(8-37), the C-tenninal fragment of human a-CGRP has been shown to he a

competitive antagonist of CGRP receptors (Chiba T. et al., 1989; Dennis T. et al., 1990).

Using this antagonist, the existence of two CGRP receptor subtyPes has been proposed

(Dennis T. et al., 1990). These consist of CGRP. and CGRP2 receptors. The former are

blocked by CGRP(8-37), while the latter are insensitive to the antagonist.

/.4./.3 Non-peptidergic sensoryfibres

Since a seminal article by Hunt and Rossi in 1985 (Hunt S.P. and Rossi J., 1985),

the concept of the occurrence of two populations of sensory fibres conveying nociceptive

information, the peptidergic and non-peptidergic, has emerged. The tirst would express

sensory neuropeptides, in particular SP, and the second would display tluoride-resistant

acid phosphatase (FRAP) activity. This concept was largely neglected for a decade while

investigators focused mostly on the tenninations of fibres expressing sensory

neuropeptides, in particular SP, but interest in it has been revived in recent years (see

discussion). It was clarified that the population that expressed FRAP activity, originally

described a few years earlier by two groups independently (Coimbra A. et al., 1970;

Knyihar E., 1971; Knyihâr E. and GerebtzoffM.A., 1973; Coimbra A. et al., 1974), could

specifically bind the isolectin GSA-IB4 and be recognized by the monoclonal antibody

LA4 (Dodd J. and Jessell T.M., 1985; Jessell T.M. and Dodd J., 1985; Jessell T.M. and

Dodd J., 1989; Alvarez F.J. et al., 1989a; Alvarez F.J. et al., 1989b). However, the real
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interest in the non-peptidergic population arase following the dramatic discovery that the

two populations differed in neurotrophic support in the adult rat. In fact, during

development, both populations require nerve growth factor (NGF) for survival, but

shortly after birth only the peptidergic continues ta respond to NGF, whereas the non

peptidergic population starts to respond to glial cell line-derived neurotrophic factor

(GDNF) instead (Bennett D.L.H. et al., 1998). Accordingly, the peptidergic population

expresses the NGF high affinity receptor, trkA, whereas the non-peptidergic expresses

GDNF receptors. It was also shown that the latter population also expresses the

purinergic receptor P2X3 (Snider W.D. and McMahon S.B., 1998; Bradbury EJ. et al.,

1998). Although the distinction between two populations of primary sensory fibres,

peptidergic and non-peptidergic, seems attractive, it is not fully accurate as a smalt

proportion of sensory fibres that co-iocalize CGRP and somatostatin do not respond to

NGF in the adult and bind the lectin GSA-IB4 (Alvarez FJ. and Fyffe R.E.W., 2000).

CGRP and FRAP are co-Iocalized in the dorsal horn of the rat spinal cord and are of

primary sensory origin as demonstrated by their depletion by neonatal capsaicin (Carr

P.A. et al., 1990).

1.4.1.4 Receptors on sensoryfibres

Besides the signal transducers mentioned above, nociceptive sensory fibre

terminals in the periphery have been shown to express several receptors for

neurotransmitterslneuromodulators that likely change the excitability of these afferents

(Coggeshaii R.E. and Carlton S.M., 1997). Although the occurrence of SP receptors (NK

1r) in peptidergic sensory fibres has been questioned, in situ hybridization and
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immunocytochemical studies have confirmed their occurrence (Li H.-S. and Zhao Z.-Q.,

1998; Von Banchet G.S. and Schaible H.G., 1999). These receptors likely represent auto

receptors and are probably important in the control of SP release at the level of the

nociceptors. The presence of glutamate receptors in the periphery is weil established and

both NMDA and non-NMDA receptors have been located on unmyelinated sensory

fibres of the skin by immunocytochemistry (Carlton S.M. et al., 1995; Carlton S.M. and

Coggeshall R.E., 1999; Du l. et al., 2001) and, importantly, contribute to the sensitization

of the nociceptors to noxious stimuli. Opioid receptors a1so occur in nociceptors and are

thought to be responsible for the peripheral effects of opioid analgesics (Minami M. et

al., 1995; Zhou L. et al., 1998). Cholinergie receptors, both nicotinic and muscarinic,

occur on sensory fibres as weil (Flores C.M. et al., 1996; Haberberger R. et al., 1999).

Alpha2-adrenergie reeeptors have been localized on sensory fibres and are thought to

contribute to the sensitization of the terminals to noxious stimuli (Kinnman E. et al.,

1997; Perl E.R., 1999). However, the evidence for the identification of Œ2-adrenergic

receptors on sensory fibres is not eonvincing. The vanilloid receptor (VR1), is a heat

activated ion channel that has aIso been demonstrated on primary sensory fibres (Caterina

M.I. et al., 1997; Tominaga M. et al., 1998). This receptor is better known as the

capsaicin receptor. Although other cation channels have been described recently and may

a1so play a role in signal transduction in nociception [for review see (Alvarez F.I. and

Fyffe R.E.W., 2000)], the other transducer that deserves analysis here is the purinergic

receptor P2X3, which occurs in the non-peptidergic population of nociceptive sensory

fibres (Bradbury EJ. et al., 1998; Guo A. et al., 1999). P2X3 receptors are important,

since sympathetic fibres, tumour eells and cells damaged following mechanical injury are
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ail capable of releasing ATP (Bumstock G., 2000). Although most sensory ganglia

nemons express purinergic receptors, the SPecific localization of the P2X3 receptor on the

non-peptidergic population of nociceptive afIerents suggest an important role for ATP in

the activation ofthese nociceptors [for review see (Ding Y. et al., 2000)]. üther receptors

such as bradykinin, prostaglandin, serotonin and adenosine receptors, to name just a few,

have been indentified on nociceptive sensory fibres, but will not be discussed herein [for

review see (Cesare P. and McNaughton P., 1997; Levine J.O. and Reichling D.B., 1999;

Bevan S., 1999)].

/.4./.5 Sensoryfibres and neurogenic inflammation

Neurogenic inflammation is a weil documented peripheral phenomenon (Levine

J.D. et al., 1985; Chah! L.A., 1988; Maggi C.A. and Meli A., 1988; Barnes P.J. et al.,

1991; Lundberg J.M., 1996). It is characterized by: 1) reddening of the skin due to local

small vessel dilatation, 2) a flare reaction as a result of the spreading of the dilatation by

an axon reflex, 3) a wheal reaction due to increased permeability of local vessels (Lewis

T., 1927). It is an inflammatory process in which the sensory nervous system plays a

crucial role, hence the tenn neurogenic. Following sensory fibre stimulation (activation)

by a tissue-damaging, high-intensity initiating stimulus, neuropeptides (e.g. SP, CGRP

and NKA) are released, which in tom cause plasma extravasation and vasodilatation

following the direct effect of these transmitters on receptors on the blood vessel wall, or

an indirect effect via the activation of mast cells or leukocytes (Holzer P., 1998). Mast

cells and leukocytes then release inflammatory mediators, leading to the sensitization of

the afferent nerve endings and the establishment of a positive feedback loop (Baluk P.,
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1997; Holzer P., 1998).

The sensory fibres responsible for mediating antidromic vasodilatation and

plasma extravasation are small diameter, capsaicin-sensitive, polymodal nociceptive C

and Aa primary sensory afferents (Hinsey J.C. and Gasser H.S., 1930; Celander o. and

Folkow B., 1953; Kenins P., 1981; Kenins P., 1982; Szolesanyi J., 1988). Stimulation of

eapsaicin-insensitive afferents or of sympathetic efferents does not produee a neurogenic

intlammatory response (Szolesanyi J. et al., 1992).

1.4.2 Autonomie nervous system

1.4.2. J Sympathetie nervous system

Sympathetie fibres that innervate the sIOn, exit the spinal cord via thoracie and

lurnbar spinal nerves (TI-L2-3). Their pre-ganglionie fibres are short and their post

ganglionie fibres very long, sinee the ganglia are 10eated in the paravertebral sympathetic

chain, which lies close to the spinal cord. Sympathetie fibres innervate the smooth muscle

of the arrector piU and blood vessels with noradrenergic fibres, and the sweat glands with

cholinergie fibres (Rang H.P. and Dale M.M., 1991). This system is involved in non

shivering thennogenesis, cutaneous vasoactivity, sweating and piloerection (Hemingway

A. and Price W.M., 1968). Upon stimulation, the sympathetic system releases less

noradrenaline in skin than in muscle, but the vasoconstrictor effect is the same on both

tissues (Zimmennan B.G. and Whitmore L, 1967). The sympathetic system is also

capable of vasodilatation in the skin (Rolewicz T.f. and Zimmennan B.G., (972). This

effect appears to be the result ofpost-stimulatory sympathetic activity (Abboud F.M. and

Weinberg S.M., 1965; Pollard A.A. and Beek L., (971). The reflex control of the
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cutaneous vasculature by sympathetic fibres bas been reviewed extensively (Rowell L.B.,

1977). Under normal conditions, the skin microcireulation is under tight sympathetic

control (Hassan A.A.K. et al., 1986).

1.4.2.2 Parasympathetic nervous system

Parasympathetie fibres exit the central nervous system via cranial nerves nI, VIT,

IX and X and spinal nerves S2-S4. These fibres possess very long pre-ganglionie fibres,

whieh sYnapse onto relatively short post-ganglionie neurons and, in the enterie nervous

system, the parasympathetie ganglia are often located within the walls of the target

organs (Rang H.P. and Dale M.M., 1991). The parasympathetie fibre innervation of the

skin is still not fully established, although there is suffieient evidence frorn the literature

to state that it occurs, at least in certain territories. In the skin, cholinergie fibres

definitely occur in areas where sweat glands are found, but these are sympathetic in

ongin (Katzung B.G., 2001). Sorne reports using indirect markers for parasympathetic

fibres, such as vasoactive intestinal polypeptide (VIP) or cholinesterase activity have

suggested that sorne vaseular beds may reeeive cholinergie parasympathetie fibres (Kaji

A. et al., 1988). The problem with these studies (Kaji A. et al., 1988; Fundin B.T. et al.,

1997) is that VIP immunoreaetivity and cholinesterase activity or immunoreaetivity are

not restricted to the cholinergie system, and thus cannot he used as reliable markers on

their own. However, the experimental studies by Kaji and collaborators are quite

interesting as they use VIP immunoreactivity and/or cholinesterase detection combined

with tracing methods to provide evidence that suggests the occurrence of a bona fide

parasympathetic innervation of the skin of the rat lower lip (Kaji A. et al., 1988; Kaji A.
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et al., 1991). Furthermore, there is physiological evidence in the cat for parasympathetic

vasodilatation in the Hp skin (Izumi H. and Karita K., 1993).

1.5 Peripberal neuropathies

I.S.1 General description of the problem

Peripheral neuropathies are a complex group ofsyndromes that by definition arise

from disturbances in structure and/or function of the peripheral nervous system. These

syndromes manifest different symptoms dePending on whether there is a sensory, motor

and/or sympathetic component involved (Riaz S.S. and Tomlinson D.R., 1996).

PeripheraI neuropathies are commonly encountered in the dînic, however, to this day,

successfuI treatments are unavailable. The pain experienced by patients is referred to as

neuropathic pain since the underlying cause is essentially a disturbance of neuronal

function. Damage to peripheral nerves may result from trauma (compression or

entrapment of nerves following a fall or surgery), from diseases Iike diabetes or herpes

zoster, from cancer (due to nerve compression by increasing tumour mass over time) or

following chemical nerve injury, as occurs during the treatment of AIDS. The most

prevalent, according to estimates in the V.S. population, are diabetîc neuropathies,

postherpetic neuralgia and cancer-related pain (Bennett G.J., 1998).

The challenge for the clinicians is the reduced effectiveness of the available

therapies for neuropathic pain. Standard drugs such as NSAIDs and morphine are good at

targeting normal pain, Ieaving neuropathic pain mostly unrelieved (Dellemijn P., 1999).

To date, a variety of drugs, acting on central or peripheral mechanisms, are currently used

or being developed for the treatment of neuropathic pain [for reviews see (MacFarlane
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B.V. et al., 1997; Woolf C.J. and Mannion R.J., 1999)]. These include sodium channel

blockers, sympathetic blockers, NMDA and NK-l receptor antagonists, antidepressants,

anticonvulsants, capsaicin and growth factors, just to name a few.

Neuropathic pain has been referred ta as 4 abnormal pain' and, unlike nonnal pain,

has no protective role for the organism. Normal pain is induced by a noxious (pain

producing) stimulus. Neuropathic pain is characterized by a110dynia and hyPeralgesia.

The former is the sensation of pain from a non-noxious stimulus, whereas the latter is an

exaggerated painful response to a noxious (pain-producing) stimulus. In the past ten years

much effort has been put into developing appropriate animal models that could help to

unravel the mechanism(s) underlying peripheral neuropathic pain.

1.5.2 Complex regional pain syndromes

In 1864, Mitchell frrst described causalgia as the burning pain experienced by

soldiers following peripheral nerve injuries due to gunshots (Mitchell S.W. et al., 1864).

Later, Evans introduced the term reflex sympathetic dystrophy (RSD) to account for the

sympathetic involvement in the abnormal peripheral activity (Evans J.A., (946). Over the

years, the involvement of the sympathetic system in the pathogenesis of RSD and

causalgia was not clear, and a recent revision of the taxonomy led to the introduction of

the terms complex regional pain syndrome (CRPS) 1 and CRPS II (Stanton-Hicks M. et

al., 1995). As a result, RSD became CRPS 1, and causalgia became CRPS II. For a CRPS

diagnosis to be emitted, the patient must present the following symptoms: 1- spontaneous

burning pain, allodynia or hyperalgesia which is disproportionate to the injury, 2- oedema

and abnormalities in skin blood flow and sudomotor activity in the region of pain, 3- no
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other underlying cause that could account for these symptoms (Stanton-Hicks M. et al.,

1995). Trophic changes of the skin and appendages and motor dysfonction May also he

present (Wong G.Y. and Wilson P., 1997). The ooly differentiating factor between CRPS

1 and CRPS Il is the absence or presence, respectively, of a known nerve injury. As

CRPS II is characterized by an identifiable nerve illjury, much attention has been focused

on unravelling the cascade of events leading to abnormal pain sensations (neuropathic

pain), following nerve injury.

There exist two divisions of neuropathic pain: sympathetically maintained pain

(SMP) and sympathetically independent pain (SIP) (Roberts W.J.., 1986). To complicate

matters further., sorne SMP sufferers are ooly partially and temporarily relieved by

sympathectomies, suggesting that a SIP component be involved. Also, at later stages of

the disorder, the pain is refractory to sympathectomies (Gracely R.H. et al., 1992).

1.5.3 Animal models of neuropathic pain

The development of rat animal models of neuropathic pain has helped further our

understanding of the peripheral and central mechanisms involved in the genesis of pain

following peripheral nerve injuries. The tirst model was developed by Bennett and Xie,

and is known as the Bennett or chronic constrictive injury (CCI) model (Bennett G.J. and

Xie Y.-K., 1988). It consists of four loose ligatures placed around the sciatic nerve. These

animais display hyperalgesia to mustard oil and noxious thermal and mechanical stimuli,

as weil as mechanical and cold allodynia, as of the second day post operative, and these

behaviours are still present after two months. The second model to be developed was the

Seltzer or partial sciatic nerve ligation (PSL) model (Seltzer Z. et al., 1990). Following
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the placement of a tight ligature around the dorsal third to the dorsal half of the sciatic

nerve~ symptoms start to appear as early as one hour post-surgery and are still present

seven months later. The symptoms range from heat and mechanical hyperalgesia to heat

and touch allodY1Ùa. Two years later~ another model was introduced, the Chung or spinal

nerve ligation (SNL) model, which consists of a complete ligation of Ls or Ls and L6

spinal nerves (Kim S.H. and Chung J.M., 1992). The SNL model is characterized by heat

and mechanical hyperalgesia and mechanical allodyni~ which last for five and ten weeks

respectively. In aIl three models described above, the animals develop spontaneous pain.

However, autotomy is only observed in the CCI model. Furthennore, and most

interesting for this thesis, sympathectomies aIleviate the symptoms in aIl three models

(AttaI N. et al.~ 1990; Kim S.H. and Chung J.M.~ 1991; Shîr Y. and Seltzer Z.~ 1991).

More recently a fourth model was developed~ the Kruger model (Mosconi T. and Kruger

L.~ 1996). This is a variant of the CCI model in which four fixed-diameter polyethylene

cuffs are placed along the sciatic nerve. In this model~ mechanical and cold hyperalgesia

become apparent during the second week post-surgery and recovery is observed by the

fourth week post-surgery. More recently, using an adaptation of the Kruger model~ which

consists of placing ooly one polyethylene cuff on the sciatic nerve, it was reported that

rats displayed signs of mechanical hyperalgesia and allodY1Ùa as early as day 1 post

surgery and these persisted up until day 145~ the last time point studied (Pitcher G.M. et

aI.~ 1999).
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1.5.4 Peripberal mechanisms

/.5.4.1 Dorsal roof ganglia

1.5.4.1.1 Sympathetic fibre contribution

It has long been known tha~ following peripheral nerve injury, blocking

sympathetic activity through nerve blocks or sympathectomies alleviates the pain in sorne

patients. Sato and Perl (1991) showed tha~ following lesions to the great auricular nerve,

sympathetic stimulation or noradrenaline administration caused the excitation of 40% of

C-fibre polymodal nociceptors. These researchers also showed that the adrenergic

receptor antagonists, yohimbine and rauwolscine were more effective than prazosin in

inhibiting the C-fibre excitation, thus suggesting that this effect was mediated by Ur and

not a)-adrenergic receptors. Interestingly, a2-receptors are upregulated in neuromas (see

below) and DRG as suggested by radioautography showing increased clonidine binding

at these sites (McMahon S.B., 1991; Nishiyama K. et al., 1993). It would later be shown

that following a SNL, the rnRNA levels for the a2A- and Œ2c-adrenergic receptors are

increased and decreased respectively (Cho H.-J. et al., (997). Using

immunocytochemistry and a variant of the PSL model, an increase in Œ2A-adrenergic

receptor irnmunoreactivity was detected on DRG neurons, although no changes in Œ2C

adrenergic receptors were observed (Birder L.A. and Perl E.R., 1999). More recently,

using in situ hybridization, researchers have reported increases in Œ2A-adrenergic receptor

mRNA levels in the DRG following sciatic nerve transections (Shi T.-J.S. et al., 2000).

The involvement of adrenergic receptors in neuropathic pain is reviewed in a recent

article (perl E.R., 1999).

In 1993, a landmark article by McLachlan et al. reported than noradrenergic
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(sympathetic) fibres fonn basket-like structures around large-diameter DRG cells

following ligation and transection of sciatic nerves (McLachlan E.M. et al., 1993), which

suggested that the sympathetic fibre sprouting was the anatomical basis for SMP. These

observations were reproduced by another group (Chung K. et al., 1993). McLachJan

showed that the sprouted fibres originated from sympathetic perivascular plexuses.

Sensory fibre excitation was blocked by the non-selective a-receptor antagonist

phentolamine, thus making it impossible to determine the adrenergic receptor subtype

involved. Studies using cultures of L4 and L5 DRG cells 11-25 days post-sciatic nerve

ligation, have shown that the spontaneous firing and responsiveness of the cells to

noradrenaline is due to changes in the membrane properties of the nerve cell bodies

(petersen M. et al., 1996). A few years later, more complete behavioural, quantitative and

morphological analyses of the sYmpathetic fibre sprouting onto DRG neurons were

conducted using the SNL model (Chung K. et al., 1996). Pain behaviours were well

established by the third day post-surgery and were still above pre-surgery values at

twenty weeks. SYmpathetic fibre sprouting occurred as early as two days post-surgery.

Removal of the sympathetic ganglia from L2 to SI resulted in an aImost complete ablation

of sprouted sympathetic fibres. As for pain behaviours, the sympathectomies were

especially effective at suppressing mechanical allodynia and sPOntaneous pain. The

sprouted sympathetic fibres were in close proximity and occasionally apposed to the

somata of DRG neurons (Chung K. et al., 1997).

When comparing the effects of a complete versus a partial sciatic nerve lesion, it

was found that the sprouting induced by a CCI model occors more rapidly than following

a complete sciatic nerve transection (Ramer M.S. and Bisby M.A., 1997). This suggests
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that, following CCI, the degenerating nerve most likely releases a variety of products,

such as NGF, which are available to the degenerating and regenerating axons (see

introduction of chapter 4 for further information). This notion has been further

investigated by the use of degeneration-deficient mice, in which sympathetic fibre

sprouting was absent following CCI or SNL (Ramer M.S. et al., 1997; Ramer M.S. and

Bisby M.A., 1998). Based on these results, a mechanism for s}mpathetic sprouting onto

DRG neurons was proposed [for review see (Ramer M.S. and Bisby M.A., 1998)].

Briefly, nerve crushing following CCI induces the sprouting of perivascular sympathetic

fibres. The actual severing of fibres, as in the SNL model, causes the formation of a

neuroma, which blocks regenerating sympathetic fibres from accessing the periphery.

Therefore. these fibres are directed towards the DRG cells and sprouting is said to occur

via the misdirected growth of regenerating sympathetic fibres. Therefore, some of the

differences encountered in these animal models might be a reflection of the proximity of

the lesion to the DRG. In accordance with this, Kim et al. have shown that the extent of

sympathetic fibre sprouting onto DRG neurons is inversely related to the distance

between the injury site and the DRG (Kim H.J. et al., 1996). Damage to peripheral nerves

can impair their production or transport of neurotrophic factors, as weIl as the machinery

involved in signal transduction. Efforts have been invested towards restoring

neurotrophic factor levels in the injured system (Riaz s.s. and Tomlinson D.R., 1996).

In recent years, a comparative study of three animal models of neuropathic pain,

CCI, PSL and SNL, reported that baskets of sympathetic fibres fonn de novo around

neurons in dorsal root ganglia (Lee B.H. et al., 1998). However the sprouting is most

significant in the SNL model and only occurs at later time points following CCI and PSL
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peripheral nerve injuries. Transgenic animais that over~xpress NGF in glial cells show

more sympathetic sprouting in the ORG following CCI of the sciatic nerve than non

transgenic animais; these transgenic animais also display increased neuropathic pain

behaviours (Ramer M.S. et al., 1998). However, it should he noted that NGF itself

contributes to these behaviours, as it decreases pain thresholds (Lewin G.R. and Mendell

L.M., 1993). A recent review suggests that other factors such as leukemia inhibitory

factor and interleukin-6, produced in the Periphery following nerve degeneration, may

also play a role in sympathetic sprouting (Ramer M.S. et al., 1999).

More recently, a functional coupling has been suggested within the DRG, as

opposed to a strictly anatomical sympathetic-sensory fibre coupling (Habler H.-J. et al.,

2000). These researchers show that increasing vascular resistance, by vasoconstrictor

agents such as NG-nitro-L-arginine methyl ester (L-NAME), causes an increased

responsiveness of lesioned afferents in the DRG to lumbar sympathetic stimulation or to

other constrictor agents such as VIP or noradrenaline. This suggests that sensory

sympathetic coupling in the DRG is unmasked ooly in the presence of irnpaired blood

supply to the DRG.

1.5.4.1.2 Sodium channel contribution

Dynamic changes in the expression of sodium channels have been reported

following peripheral nerve injuries. Two types of sodium channels have been identified:

tetrodotoxin-sensitive (TIXs) and TTX-resistant (1TXR). TTXs channels include

PNllhNE, a-l, Na6, NaG, while the TIXR channels include PN3/SNS and NaN/SNS2.

The restricted distribution of the ITXR channels on capsaicin-sensitive small diameter
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DRO neurons (Caffiey J.M. et al.• 1992; Elliott A.A. and Elliott J.R., 1993; Arbuckle J.8.

and Docherty R.J., 1995; Gold M.S. et al., 1996) has made them interesting candidates

for the aberrant firing of DRG neurons in neuropathic pain conditions. Of the two TIX"R

channels. PN3/SNS appears to he the only one involved in repetitive frring following

peripheral nerve injuries. Also, PN3/SNS channels appear to he involved only in aberrant

pain, since channel knock-down, using antisense oligonucleotides, does not seem ta

affect normal pain sensation. Therefore, these channels could become potential

therapeutic targets in the treatment of neuropathic pain due to their selective presence on

sensory primary afferent fibres [for reviews see (porreca F. et al., 1999; Waxman S.G. et

al., 1999)].

/.5.4.2 Peripheral nervefibre termina/fields

1.5.4.2.1 Sensory-sympathetic coupling in the peripheral tenninals

For neuropathic pain to arise there must he an underlying peripheral nerve injury.

Indeed peripheral inputs are necessary, at least for the initiation of a neuropathic

condition. Local anaesthetic blocks, perfonned by subcutaneous injection of lidocaine,

have been shown to suppress mechanical and cold allodynia, as weil as spontaneous pain,

in human patients with RSD (Gracely R.H. et al., 1992). Furthermore, studies whereby

the ventral and/or dorsal roots were sectioned, produced no signs of neuropathic pain and

indicated that the injury must he distal to the DRG (Sheen K. and Chung J.M., 1993).

Denervation causes catecholamine supersensitivity in skin microvessels and

nociceptive sensory fibres, indicating that sensory fibres May have become responsive to

catecholamines as a consequence of nerve injury (perl E.R., 1993). In RSD, these types
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of terminal region sensory abnormalities may underlie the pain, a notion supported by the

knowledge that sympathectomies alone induce painful sensations in the

sympathectomized region (Litwin M.S., 1962). An increase in sympathetic impulses at

the site of injury has been suggested (Kurvers H.A.I.M. et al., 1996). Subsequently,

locally released noradrenaline would he capable of activating sensory fibres al the injury

site (Schwartzman R.I. and McLellan T.L., 1987; Schwartzman R.J., 1993). Following

ligation of the rabbit great auricular nerve, the upregulation of 0'2-adrenergic receptors in

the receptive terminal region of cutaneous C-fibre nociceptors causes sympathetic

stimulation- and noradrenaline administration-induced excitation of these fibres (Sato J.

and Perl E.R., 1991). This provides further evidence that changes in the cutaneous

terminal region of sensory fibres may have a role to play in neuropathic pain.

1.5.4.2.2 Peripheral terminal expression of sodium currents and channels

Although the majority of the available data on sodium channels was obtained in

the DRG, there is evidence suggesting the existence of TIXR sodium currents in

peripheral tenninals. In comeal peripheral afferents, these channels play a role in the

generation of action potentials (Brock I.A. et al., 1998). Following CCI, or a complete

transection of the sciatic nerve, PN3/SNS protein is translocated from the cell bodies to

the axons at the site of injury, as evidenced by a decreased intensity of immunolabelling

in the DRG, with a concomitant increase in immunolabelling at the site of injury

(Novakovic S.O. et al., 1998).
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1.5.5 Spinal corel mechanisms

Although beyond the scope of this thesis, the recent advances in spinal cord

changes occurring following peripheral nerve injuries deserve to he mentioned [for

reviews see (WoolfC.J. and Mannion R.J., 1999; Mayer D.J. et al., 1999; Yaksh T.L. et

al., 1999)]. Sustained intense peripheral nerve input to the spinal cord causes central

sensitization, which leads to allodynia, hyperalgesia and spontaneous pain sensations

(Basbaum A.1. and Woolf C.J., 1998). The reorganization of the spinal dorsal horn is at

the heart of the mechanisms underlYing these pain states, and includes the upregulation of

transmitters, theu receptors and/or second messengers, the sprouting of primary afferent

fibres and/or the induction ofgenes. Neurotransmitters such as glutamate, SP and CGRP,

influence the second order neurons in the superficial layers of the dorsal horn by

activating AMPAlNMDA, NK-l and CGRP receptors, respectively.

Scientists have looked at the spinal mechanisms responsible for abnonnal pain

sensations. Two important studies have shown that, in fact, specifie pathways can be

manipulated, leaving the normal perception of pain unaffected. In the first study, Mantyh

and colleagues showed that administering a SP-saporin conjugate to rats leads to the

ablation of lamina 1 dorsal horn neurons, following the intemalization of this complex

(Mantyh P.w. et al., 1997). The ablation left the responses of these animals to mild

noxious stimuli unchanged, but abolished their responses to noxious stimuli producing

mechanical and thermal hyperalgesia. The second study showed that PKCy-deficient mice

respond normally to acute painful stimuli, but do not develop the neuropathic pain

syndrome following PSL (Malmberg A.B. et al., 1997; Basbaum A.I., 1999). Fibre

sprouting in the spinal cord may also be responsible, in part, for the abnormal pain
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sensations that accompany neuropathic pain. AfJ fibres normally respond to non-noxioos

stimuli and are absent trom lamina II ofthe spinal cord, which receives information about

noxious stimuli. However, peripheral nerve injury triggers the sprouting of these Ail

fibres into lamina II, most likely as a result ofC-fibre damage (WoolfC.J. et al., 1992;

Mannion R.I. et al., 1996). Consequently, non-noxious infonnation May be conveyed to

lamina II neurons that nonnally receive noxious information, making it possible for the

nervous system to misinterpret the non-noxious stimulus for a noxious one (Woolf C.J.

and Doubell T.P., 1994). This could be the basis for a1lodynia. Furthermore, the sprouted

Ap fibres begin to express neuropeptides such as CGRP (Miki K. et al., 1998).

Furthermore, it is suggested that this phenotypic switch occurs simultaneously with the

down-regulation of neurotransmitters from Aa and C fibres (Woolf C.I. and Mannion

R.I., 1999).

1.6 Animal model: the rat lower lip

ln this thesis, the skin of the rat lower Hp was used as an experimental model. In

contrast to some very specialized models, such as the mystacial pad (Fundin B.T. et al.,

1997) -- which is essentially a specialized sensory organ -- the skin of the rat lower Hp

represents regular hairy skin that bas been used for studies of neurogenic inflammation

(Couture R. and CueUo A.C., 1984; Couture R. et al., 1985; Couture R. et al., 1985).

Various independent groups bave aIso studied the innervation of various structures in this

tissue, thus lending more credibility to the use ofthis skin model (Hokfelt T. et al., 1977;

Kaji A. et al., 1988; Ribeiro-da-Silva A. et al., 1991; Verzé L. et al., 1999). As sensory

innervation to the rat lower lip skin originates from the mental nerve - a branch of the
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trigeminal nerve - and the sympathetic innervation originates from the superior cervical

ganglion, we can thus independently lesion one system or the other and observe the

changes that occur in the terminal fields.

1.7 Objectives and rationale

Skin is the largest organ of the body and, as such, it receives a myriad of stimuli

from the external environrnent. Much of how this information is interpreted depends on

the state of the peripheral nervous system. Unfortunately, it remains difficult for the

clinician to target pain-related problems arising in the skin, as the organization of the

peripheral nervous system under normal circumstances remains poorly characterized, and

much less is known on the changes following peripheral nerve injury. Thus, 1 propose

that continued improvements in the control of neurogenic inflammatory reactions and the

treatment of neuropathic pain syndromes can ooly he achieved if the exact nature of the

interactions between the various components of the peripheral nervous system (PNS) are

understood.

ln defining the aims of this thesis, we took into account: (1) that despite SP's

involvement in mediatillg pain and neurogenic inflammation, its precise association with

blood vessels had not been properly described; (2) the availability of an anti-NK-lr

antibody that labels blood vessels in the skin; (3) that studies on sensory and autonomie

innervation of the skin had not been simultaneously perfonned in the same animals and

tissue and that no systematic quantification of these terminais with respect to their targets

had been perfonned; (4) the lack of studies describing the terminal fields of sensory and

syrnpathetic fibres following peripheral nerve lesions; (5) that the occurrence of
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sympathetic sprouting distal to the DRG had never been investigate<L despite the fact

tha~ following nerve damage, sympathetic stimulation or noradrenaline administration

leads to the activation of C-fibre nociceptors in their receptive terminal region. Based on

the above we used light and electron microscopy to provide a complete anatomical and

quantitative description of the innervation patterns in the rat lower lip skin. The following

working hyPOtheses were formulated:

Hypothesis 1: Skin blood vessels are simultaneously innervated by sensory,
sympathetic and parasympatbetic fibres.

Hypothesis II: Sensory-sympatbetic fibre associations/interactions occur in tbe
skin terminal field region following peripberal nerve lesions.

These hypotheses were tested by setting specifie objectives, which were:

1) To study the exact innervation pattern of the rat lower Hp skin by sensory fibres

and compare it to that ofautonomie fibres onder normal conditions.

2) To determine the changes in the terminal fields of sensory and sympathetic fibres

following sensory denervations.

3) To detennine the changes in the terminal fields of sensory and sympathetic fibres

following sympathectomies.

37



•

•

CHAPTER2

Light and Electron Microscopie Study of the Distribution of Substance
P-Immunoreactive Fibres and Neurokinin-l Receptors in the Skin of

the Rat Lower Lip

Isabelia Ruocco, A. Claudio Cuello, Ryuichi Shigemoto
and Alfredo Ribeiro-da-Silva

The Journal of Comparative Neurology
432:466-480 (2001)

Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley &
Sons.

© Copyright by Wiley-Liss, Inc., 2001

38



•

•

ABSTRACT

Cutaneous antidromic vasodilatation and plasma extravasation, two phenomena

that occor in neurogenic inflammation, are partially blocked by substance P (SP) receptor

antagonists, and are known to be mediated in part by mast cell-released substances such

as histamine, serotonin and nitric oxide. In an attempt to provide a morphological

substrate for the above phenomena, we applied light and electron microscopie

immunocytocbemistry to investigate the pattern of SP innervation of blood vessels and its

relationship to mast cells in the skin of the rat lower lip. Furthennore, we examined the

distribution of SP (neurokinin-l) receptors and their relationship to SP-immunoreactive

(IR) fibres. Our results confirmed that SP-IR fibres are found in cutaneous nerves and

that terminal branches are observed around blood vessels and penetrating the epidermis.

Substance P-IR fibres also innervated hair foUicles and sebaceous glands. At the

ultrastructural level, SP-IR varicosities were observed adjacent to artenoles, capillaries,

venules and mast cells. The varicosities possessed both dense core and agranular synaptic

vesicles. We quantified the distance between SP-IR varicosities and blood vessel

endothelial cells. Substance P-IR terminais were located within 0.23 to 5.99 f.Ull from the

endothelial cell layer in 82.7% of arterioles, in 90.2% of capillaries and in 86.9% of

venules. Although there was a trend for SP-IR fibres to be located closer to the

endothelium of venules, this difference was not significant. Neurokinin-l receptor (NK

Ir) immunoreactivity was most abundant in the upper dermis and was associated with the

wall of blood vessels. NK-Ir were equally located on the wall of arterioles, capillaries

and venules which were innervated by SP-IR fibres. The present results favour the

concept of a participation of SP in cutaneous neurogenic vasodilatation and plasma
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extravasation both by an action on blood vessels following binding to the NK-lr and by

causing the release of substances from mast cells after diffusion through the connective

tissue.
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INTRODUCTION

Sïnce its discovery in 1931 by von Euler and Gaddum (von Euler U.S. and

Gaddum J.H., 1931), substance P (SP) bas been extensively studied. It is weil establisbed

that SP is found both in the peripheral and central nervous systems. Its peripheral actions

have been mainly associated with neurogenic inflammation that is characterised by

vasodilatation and plasma extravasation. Substance P's most prominent role is in plasma

extravasation, which is blocked following the depletion of sensory nerve terminais by

capsaicin (Jancs6 N. et al.., 1967; Lembeek F. and Holzer P., 1979; Sana A. et al., 1983;

Sarïa A., 1984), or pre-treatments with SP receptor antagonists (Lembeek F. et al., 1982;

Couture R. and Cuello A.C., 1984; Garret C. et al., 1991; Lei Y.-H. et al., 1992; Lembeek

f. et al., 1992). The above observations suggest a specifie role for SP in neurogenic

inflammation, and more precisely in plasma extravasation, via the activation of SP

(neurokinin-l) receptors. Substance P'sC-terminai portion has also been suggested to

interact with the endothelial cell NK-l receptors (Devillier P. et al., 1986; Fuller R.W. et

al., 1987).

Substance P-induced neurogenic inflammation is not due solely from its effects

on NK-Ir. In fact, SP is capable of stimulating mast ceIls to release histamine, nitric

oxide, serotonin and prostaglandins (Holzer P., 1998). Substance P's actions on mast

cells are probably non-NK-l receptor-mediated, as SP appears to interact directly with

the mast cell plasma membranes via its N-terminal basic residues, leading to G-protein

activation (Fewtrell C.M. et al., 1982; Foreman J.C. et al., 1983; Lowman M.A. et al.,

1988; Devillier P. et al., 1989; Mousli M. et al., 1990; Holzer P., 1992). Close

proximities, suggesting contacts, between mast cells and primary afferent fibres in the
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skin have been shown (Wiesner-Henzel L. et al.., 1981; Newson B. et al.., 1983); however

these are probably infrequent as mast cells abound in the lower dermis whereas primary

afIerents are confmed mostly to the upper dennis (Kowalski M.L. et al.., 1990). Also

permeable vessels occur in higher density in the upper 120 J.Ull of the dermis (Baraniuk

J.N. et aL, 1990). In consequence, it has been suggested that mast cells intervene in later

rather than in the initial stages of neurogenic inflammation (Kowalski M.L. and Kaliner

M.A., 1988; Yano H. et aL, 1989; Baraniuk J.N. et al.., 1990)., possibly because sufficient

amounts of SP must diffuse to the lower dennis for mast cell activation to occur. Studies

in humans and rats have suggested that mast cells may play a role in neurogenic

inflammation as a result of their proximity to blood vessels and nerve fibres (Eady R.A.

et al., 1979). Despite the available information, the precise relationship between sensory

fibres and mast cells is not yet fully established.

Other neuropeptides of primary sensory origin are also capable of producing

neurogenic-type phenomena. In fact, calcitonin gene-related peptide (CGRP) bas been

shown ta produce vasodilatation in the skin. CGRP is, to date, the most potent dilator of

cutaneous arterioles and this effect is blocked by CGRP t receptor antagonists (Brain

S.D., 1996). Although CGRP does not seem to be directly involved in plasma

extravasation, it indirectly influences extravasation as a result of its dilatory capabilities

Of, possibly, by inhibiting SP degradation (Holzer P., 1992; Brain S.D., 1996).

Conversely, SP can influence the outcome of CGRP-induced vasodilatation (Brain S.D.

and Williams T.J., 1988). [n addition, neuropeptides such as neurotensin, vasoactive

intestinal polypeptide and somatostatin May also be involved in neurogenic inflammation
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(Cbahl L.A.~ 1979; Fjellner B. and Hagermark O.~ 1981; Carraway R. et al.~ 1982;

Scofitch G. et al., [983).

One of the models used to study neurogenie inflammation is the trigeminal

system. Electrical stimulation of the mental nerve - a sensory branch of the trigeminal

nerve - causes vasodilatation and plasma protein extravasation in the rat lower Hp

probably due to the release of SP from primary afferents (Couture R. and Cuello A.C.~

1984). Upon release, it bas been suggested that SP diffuses through the connective tissue

(Lembeck F., 1983; Szolcsanyi J., 1991) to reach NK-l receptors located on the blood

vessel endothelium (Deguchi M. et al., 1989). Evidence from radioautography has

identified NK-1 receptors on human capillaries and on rat arterioles and venules

(Deguchi M. et al., [989). Although many superficial studies have addressed SP

innervation of the skin in general qualitative terms, the details of SP innervation of the

skin have not yet been investigated. The available qualitative data has shown that SP

immunoreactive fibres assoeiate with blood vessels (Hokfelt T. et al., 1975; Dalsgaard

C.-J. et al., [983), sweat glands (Hokfelt T. et al., 1975; Dalsgaard C.-J. et al.~ 1983;

Tainio H. et al., [987), hair foUieles (CueHo A.C. et al., 1978) and Meissner corpuscles

(Dalsgaard C.-J. et al., 1983; Bloom S.R. and Polak lM., 1983). AIso SP

immunoreactive fibres were shown to lie beneath the epithelium and oeeasionnally

penetrate it as free nerve endings (Hokfelt T. et al., 1975; Hokfelt T. et al., 1977)

(Wiesner-Henzel L. et al., 1981; Nawa H. et al., 1983; Skofitsch G. et al., 1985)

The purpose of this study was to perform a novel, in..depth investigation at the

light and electron microscopie leveIs, of the distribution pattern of SP fibres in the rat

lower lip, which is innervated by a purely sensory branch of the trigeminai nerve, the
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mental nerve. The rat lower Hp skin has been used in studies ofantidromic vasodilatation

and plasma extravasation (Couture R. and Cuello A.C., 1984; Couture R. et aI.~ 1985) and

has the advantage of aIlowing the separate manipulation of the sensory and sympathetic

innervation (Ruocco I. et al., 2000). In this study we took advantage of the exceptional

properties for both light and electron microscopy of a bispecific monoclonal antibody

against SP and HRP (Suresh M.R. et al., 1986). If: as discussed above, the role of SP in

neurogenic inflammation is mostly in the induction of plasma protein extravasation, it

would be logical to suggest that it acts preferentially on venules rather than on arterioles

or capillaries. To test this hypothesis, we quantified the relationship of SP to various

blood vessel types and studied the blood vessellocalization ofNK-l receptors. Finally, as

the involvement of mast cells io neurogenic inflammation is still ambigous, we analyzed

the relationship between mast cells, SP fibres and blood vesseis.

MATERIALS AND METRODS

Male Wistar rats weighing 250-350 g (Charles River, Canada) were used. The

animaIs were treated in accordance with the guidelines of the McGill University Animal

Care Committee and the Canadian Council 00 Animal Care.

For these studies, the dermallayer of the rat lower lip skin was divided into upper

and lower dermis. The upper dermis corresponds to the area above the opening of the

sebaceous glands into the hair follicles, whereas the lower dermis corresponds to the area

below the sebaceous gland openings. The sebaceous glands could easily he identified,

due to their c1assical histological features and their association with hair follicles, by

closing the diaphragm of the microscope or applying interference-contrast optics.
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Subslance P immunoslaining for lighl microscopy. Animais were anesthetized

with Equithesin (O.4ml/kg) and transcardially perfused with 4% paraformaldehyde, 15%

picric acid (v/v) and 0.1% glutaraldehyde in O.IM phosphate buffer (PB), pH 7.4, for 30

minutes and for a subsequent 30 minutes in 4% paraformaldehyde and 15% picric acid

(v/v) in 0.1 M PB. The rat lower lips were collected, post-fixed in the later fixative for one

hour al 4°C and then stored for a minimum of twelve hours in 30% sucrose at 4°C. A

portion of tissue was placed on tissue holders and embedded in Tissue-Tek (OCT). Fifty

flm-thick sections were obtained at -20°C on a Reichert-Jung 2800 Frigocut N cryostat.

The sections were washed in phosphate-buffered saline (PBS) containing 0.2% Triton X

100 (T), incubated for 30 minutes in 50% ethanol (Llewellyn-Srnith LJ. and Minson J.B.,

1992), washed in PBS+T and finally treated with 1% sodium borohydride in PBS for 30

minutes. After extensive washing, the sections were incubated ovemight at 4°C in a rat

bispecific antibody against SP and horseradish peroxidase (HRP) (Medicorp, Canada)

(Suresh M.R. et aL, 1986) diluted 1: lOin PBS+T. The sections were rinsed in PBS+T,

prior to a one hour incubation in HRP (Sigma type VI, 5 J.lg/ml of PBS+T). The sections

were then washed in PBS+T and the antigenic sites reveaIed by treating with

diaminobenzidine (DAB) and H202. The sections were rnounted onto gelatin-subbed

slides, dehydrated in ascending alcohol concentrations, cleared through xylene and cover

slipped with Entellan (BDH).

Sorne slides were counterstained with toluidine blue (Fisher) prior to the

dehydration. This was perfonned by rehydrating the sections with distilled water for 30

seconds before adding 100-200 fll of a 1% toluidine blue solution per slide for 15
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seconds. The sections were then rinsed with distilled water, dehydrated through

ascending alcohols, cleared with xylene and cover slipped with Entellan.

Substance P immunostaining fOr electron microscopy. The rats were perfused as

mentioned above. Prior to sectioning, a portion of the lower Hp was snap frozen in liquid

nitrogen, thawed in 0.1 M PB and finally placed on a tissue holder and embedded in

Tissue-Tek (Oen. From this point on the immunocytochemistry was performed as above

with the exception that Triton X-IOO was omitted from ail solutions and that the sections

were incubated for 3 days at 40e in the antibody. Furthermore, SP immunoreactivity was

revealed using cobalt and nickel intensified DAB (Ribeiro-da-Silva A. et al., 1993). The

sections were osmicated in 1% OS04 in PB for one hour and dehydrated in ascending

alcohols and propylene oxide. The sections were then tlat-embedded in Epon as

described in detail elsewhere (Ribeiro-da-Silva A. et al., 1993). The 50 J.Ul1-thick sections

selected for ultrastructural analyses were re-embedded into Epon blocks and seriai 4 J-lm

thick sections were obtained and attached ta glass slides as described in detail elsewhere

(De Koninck Y. et al., 1993). The selected 4 J.Ul1-thick sections were re-embedded and

ultrathin sections obtained with an ultramicrotome using a diamond knife, collected on

single-slot, formvar-coated grids and counterstained using uranyl acetate and lead citrate.

The material was observed using a Philips 410 LS electron microscope.

Quantification. Substance P-IR terminais from four rats were studied. Four EPOn

blocks per rat were used for semithin sectioning. Four non-consecutive semithin sections

per Epon block were chosen for re-embedding and ultrathin sectioning. Goly one

ultrathin section per semithin block was observed under the electron microscope. The

distance between SP-immunoreactive (SP-IR) terminais and blood vessel endothelial
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cells was measured directly from electron micrographs using a culer. The blood vessel

type (arteriole, capillary or venule) was determined by direct visual observation at the

time the pictures were taken, based on pre-established histological parameters. Once the

quantification was completed, the farthest distance betweeo a SP-IR tenninal and a blood

vessel endothelial cell was detennined. This distance was divided ioto four equal distance

intervals. Thus each SP-IR tenninal was classitied according to its distance to the blood

vessel endothelial cell and the type ofblood vessel it associated with. The total number of

SP-IR terminais associated with each blood vessel type was considered as 100%. A total

of420 terminais were measured and counted.

Substance P and NK-l receptor double [abelling. The tissue sections were

obtained as described above. Following the ethanol and sodium borohydride treatments,

the sections were treated with 5% normal goat serum for 30 minutes. Subsequently, the

sections were incubated in a mixture of primary antibodies containing rat bispecific anti

substance P anti-HRP (1:10) and a polyclonal rabbit serum generated against the NK.-l

receptor (l :250) (Shigemoto R. et al., 1993; Nakaya Y. et al., 1994) in PBS+T for 2 days

al 4°C. The sections were washed, and the SP antigenic sites were revealed as described

above. Following the DAB reaction, the sections were washed and incubated in

biotinylated goat anti-rabbit IgG (l :800, Vector Labs) for one hour, washed again and

finally incubated in an ABC complex (l :400, Vector Labs) for one hour. The sections

were then washed and incubated in the SG chromogen evector Labs) to reveal the NK.-l

receptor antigenic sites. Finally, sections were rinsed with distilled water, mounted on

gelatin-subbed slides, dehydrated in ascending ethanol concentrations, cleared with

xylene and cover slipped with Permount (Fisher).
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Neurokinin-l receptor immunostaining for electron microscopy. For this

immunostaining, all washes and incubations were perfonned in PBS instead of PBS+T.

The sections were obtained and treated with ethanol, sodium borohydride and normal

goat serum as described above, prior to incubating in the NK-1 receptor serum for 3 days

at 4°C. Following washes, the sections were incubated in biotinylated goat anti-rabbit IgG

(1 :800) for one hour, washed and incubated in an ABC complex (1 :400) for one hour.

After further washes, NK-l receptor immunoreactivity was revealed using a cobalt and

nickel intensified DAB reaction. The sections were then osmicated for one hour,

dehydrated in ascending alcohols and propylene oxide and embedded in Epon. Ultrathin

sections were then obtained. For further details see the section on SP immunostainingfor

electron microscopy (above).

Controls. Controls were obtained by incubating the sections in the absence of

primary antibody. In ail cases this resuited in a complete loss of immunoreactivity.

RESULTS

Substance P innervation of the epidermis

Substance P-IR fibres were observed as bundles in small cutaneous nerves (Fig.

2.1 - big arrows) in the dennis and hyPOdermis. These SP-IR fibre bundles split ioto

individuai fibres as they approached the upper dermis (Fig. 2.1 - small arrows). At this

level, SP-IR fibres were seen to give off branches which coursed towards the epidermis

(Fig. 2.2). OfteR, these fibres penetrated the epidermis up to the comeallayer (Fig. 2.2A

B). Some SP-IR fibres branched upon entering the epidermis (Fig. 2.2A and 2.2C). This

resulted in the enlargement of the terminal field area covered by a single original fibre.
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The terminal branches of the SP-IR fibres displayed numerous varicosities, particularly in

the upper dermis and epidermis. The non-varicose segments separating the varicosities

were shorter in the epidermis than in the dermis (Fig. 2.2C).

Substance P innervation of mast cells, haïr follieles and sebaceous glands

Mast ceUs were very abundant in the rat lower lip skin (Fig. 2.3) and were usually

in the proxirnity of SP-IR fibres. Substance P-IR fibres came close to the mast cells but

contacts between these fibres and mast ceUs were never observed. The lower dermis

contained approximately four times more mast eeUs than the upper dennis (arrows in Fig.

2.3A-B). Triadic arrangements between SP-IR fibres, mast cells and blood vessels were

frequently observed (Fig. 2.3C-D and Fig. 2.4). In fae~ 30% of mast ceUs encountered

were part of a triade The minimal distance from the plasma membrane of the mast cell to

the plasma membrane of the SP-IR varicosity was found to he from 0.4 Jlm to 2 J.U1l. In

sorne cases, several varicosities could be found close to the same mast cell (data not

shown). Substance P-IR fibres aIso innervated haïr follicles (Fig. 2.5). The fibres

penetrated through the glassy membrane and entered the external root sheath and were

seen to run along the internal root sheath. Substance P-IR fibres associated with haïr

follicles aiso possessed numerous varicosities. The lower portions of the follicles, the haïr

bulbs, were not innervated by SP-IR fibres. Substance P-IR fibres were also seen

travelling aiong the outer border ofsebaeous glands (Fig. 2.6).
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Substance P innervation of blood vessels

By light microscopy, SP-IR fibres were seen to run a10ng the wall of blood

vessels. Further investigation by electron microscopy revealed that the SP-IR. terminais

were observed close to the endothelial cell layer of blood vessels (Fig. 2.7). In sorne

instances, SP-IR terminais were wrapped in Schwann cell processes (fig. 2.7A and 2.7C

E) while in others the terminais had completely lost their association with Schwann cells

(Fig. 2.7B) indicating probable sites of release. Occasionally, two or more tenninals were

wrapped by the same Schwann cell (Fig. 2.7E). Substance P-IR varicosities were filled

with agranular synaptic vesicles and a few dense core vesicles (Fig. 2.8). Most

varicosities contained mitochondria as weil (Fig. 2.8).

The distance between Sp·IR terminais and the outer surface of the endothelial

cells was measured and then divided into four equal segments for analytical purposes.

Substance P-IR terminais were found within a distance of 0.23 J,lm to 5.99 Jlrn from the

endothelial cells in 82.7% of arterioles, 90.2% of capillaries and in 86.9% of venules

(Table 2.1). The remaining SP-IR terminaIs (between 6.00J.Ull to 11.99 Jlm) were located

at a greater distance from the endothelial cell layer. There was a trend towards the

preferential innervation of venules, although in the 3.00 Jlffi to 5.99 Jlrn range SP-IR

fibres associated mostly with capillaries. In fact, in the upper dermis, the majority of

blood vessels were classified as being capillaries and thus, SP-IR fibres were encountered

most frequently close to capillaries, less frequently close to venules and least frequently

close ta arterioles (Fig. 2.9 and Table 2.1). However, none of these differences are

statistically significant. Substance P-IR terminaIs never made contact with endothelial

ceIls, smooth muscle ceIls or pericytes.
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Relationsbip between SP-IR fibres and NK-l reeeptors

In the upper dermis, the waIls of ail blood vessels were immunoreactive for the

NK-Ir. Substance P-IR fibres could he seen to run along the wall of the NK-lr-IR blood

vessels (Fig. 2.10). In sorne instances, the SP-IR fibres wrapped around the blood vessels.

[n the lower dermis, the labelling ofNK.-lr-IR blood vessels was less intense and fewer

SP-IR fibres innervated these vessels. By electron microscopy we determined that NK-lr

were present on the walls of arterioles, capillaries and venules (Fig. 2.11). Neurokinin-l r

labelling was associated with endothelial cells, smooth muscle cells and pericytes.

[mmunoreactivity for NK-Ir was never found on mast cells.

DISCUSSION

In this study we describe~ for the first time, that SP-IR terminais are equally

associated with artenoles, capillaries and venules. These SP-IR terminais are located

within the same distance ranges to ail three blood vessei types indicating, contrary to

common knowledge, that SP-IR terminais in the skin do not preferentiaIly innervate

venules. Furthermore NK-1 r are associated with the endothelial cell layer of aIl three

blood vessel types described in this study. This suggests that NK-lr are Iocated in the

proximity of the site of release of their putative ligand, SP. Thus the above findings,

combined with our data showing the proximity of SP-IR terminaIs to mast cells, provide

morphological evidence substantiating SP's role in neurogenic phenomena.
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Substance P-IR fibre distribution

Substance P-IR fibres, which are a subset of primary sensory fibres thought to he

involved in nociception and neurogenic inflammation, were found throughout the rat

lower Hp sIOn. Their overall distribution indicated that SP-IR fibre bundles in cutaneous

nerves coursed from the deeper layers of the sIOn towards the most superficial layer of

the epidermis - the comeal layer. As a result of nerve branching, SP-IR fibres would

innervate structures such as haïr follicles, sebaceous glands, mast cells and bloods vessels

along the way. Upon reaching the dermal-epidermal junction, individual SP·IR fibres ran

parallel to the epidermis before penetrating it and branching. The distribution of Sp·[R

fibres described in this study is similar to that already described in human digital skin

(Dalsgaard C.·]. et al., 1983; Dalsgaard C.-J. et al., 1989) with a few differences. For

instance, we did not see SP·1R fibres innervating sweat glands, as theyare absent from

the rat lower Hp skin, neither did we detect SP-IR fibres innervating Meissner corpuscles.

A1though SP·1R terminais associated with blood vessels and mast ceUs appear to he

important in neurogenic inflammation, the precise significance of SP·IR terminal

innervation ofother skin structures still remains ambiguous or unknown.

The presence of agranular vesicles in SP-IR terminais suggests that these

terminais may a1so contain glutamate. In fact, Battaglia and Rustiono showed that

glutamate and SP co-exist in dorsal root ganglion (DRG) neurons of rat and monkey

(Battaglia G. and Rustioni A., 1988). Furthennore, glutamate immunoreactivity appears

to be found in terminais containing round vesicles, like the agranular vesicles described

in this paper (Helfert R.H. et aL, 1992). The round vesicle-containing tenninals are

known as R terminais and have been described in cats, rats, guinea pigs and macaques
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(Somogyi P. et al., 1986; Beitz A.J., 1990; Clements J.R. et al., 1990; De Biasi S. and

Rustioni A., 1990). The co-localization of SP and glutamate within peripheral terminaIs

suggests that they might both have a role to play in neurogenic inflammation.

Substance P-IR fibres: proximity to blood vessels and lDast cells

Because of the localization of SP-IR fibres around blood vessels, it bas been

suggested by a number of researchers that this tachykinin is involved in blood flow

control and neurogenic inflammation (Hokfelt T. et al., 1975; Hokfelt T. et al., 1977;

Polak J.M. and Bloom S.R., 1981; Furness J.B. et aI., 1982). It is now weIl established

that SP mediates vasodilatation and plasma extravasation (Pemow B., 1983; Chahl L.A.,

1988; Holzer P., 1992; Oonnerer J. and Amann R., 1993; Brain S.O., 1996; Holzer P.,

1998). However, CGRP is a more patent vasodilator (Brain S.O., 1996). Thus SP's most

prominent role, in neurogenic inflammation, is plasma protein extravasation which occurs

as a result of the formations of gaps between the endothelial cells of post-capillary

venules (Majno G. et al., 1969; Jancs6 G., 1984; Kenins P. et al., 1984; Mendre C. et al.,

1989; Kowalski M.L. et al., 1990; Gao G.C. et al., 1991). Dimitriadou et al. (1992) have

shown that protein leakage is the result of increased nombers of endothelial pinocytic

vesicles and not endothelial gap formation in vessels of the dura-mater. Therefore, the

mechanism involved in mediating plasma protein extravasation probably differs with the

vascular bed studied. Nonetheless, independently of the mechanism, the available data

suggests that SP-IR terminais might preferentially innervate venules. Therefore, in this

study we quantified the distance between SP-IR terminais and various blood vessel tyPes.

Our results demonstrate that SP-IR terminaIs innervated arterioles, capillaries and
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venules. In fact, SP-IR terminais were located within 6.00 JlIll of the endothelial celllayer

in 82.7% of arterioles, 90.2% of capillaries, and 86.9% of venules. Our data therefore

suggests that SP-IR terminais are located more frequently around capillaries. A possible

explanation is the fact that the microcirculation in the upper dermis is arranged into

capillary loops that arise as extensions from terminal artenoles (Braverman I.M. and Yen

A., 1977). Each dermal papilla is usually supplied by only one capillary. The loops allow

for a high exchange of nutrients in the epidermis. This is essential, as the epidermis does

oot contain any blood vessels. By quantifyiog blood vessels in the superficiallayers of

the skin, where SP-IR terminals abound, we may he biasing our data towards the

quantification ofmore capillaries with respect to other blood vessel types. Although more

capillaries than venules are present in the upper dermis, SP-IR terminaIs tend to associate

more closely with venules.

Contacts between mast ceUs and sensory nerve endings in humans have been

observed using histochemical methods (Naukkarinen A. et ai., 1991), however we did not

detect any in the rat lower Hp skin. This is probably the consequence of the higher

resolution of our material due to excellent morphologicaI preservation. Sensory nerves,

mast cells and blood vessels have been identified close to one another (Eady R.A. et ai.,

1979; Wiesner-Henzel L. et al., 1981; Nawa H. et al., 1983; Skofitsch G. et al., 1985),

similar to the triadic arrangements we have observed between SP-IR fibres, mast ceUs

and blood vessels. With respect to neurogenic inflammation, mast cells are involved only

in the later phases of inflammation when sufficient amounts of SP have been released and

are able to diffuse and reach mast cells in the lower dermis (Kowalski M.L. and Kaliner

M.A., 1988; Yano H. et al., 1989; Baraniuk I.N. et ai., 1990). In fact, mast ceUs are
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located deep within the skin (Kowalski M.L. et al., 1990), whereas SP-IR fibres are most

abundant in the upper dermis (Hôkfelt T. et al., 1975; Cuello A.C. et al., 1978; Hartschuh

W. et al., 1983; Dalsgaard C.-J. et al., 1983; Gibbins I.L. et al., 1985; Gibbins LL. et al.,

1987; Wallengren J. et al., 1987). Furthermore, in mast cell deficient mice, the initial

phase of plasma protein extravasation is unaltered, thus providing additional evidence

that mast ceUs are involved in the later stages of neurogenic inflammation (Kowalski

M.L. et al., 1990). However, sorne studies report neurogenic inflammation as heing a

mast cell-independent phenomena. Following electrical stimulation in rat skin,

neurogenic inflammation developed while mast ceUs remained intact. Mast cell

degranulation could only be achieved following prolonged stimulation, although by this

point there were no more signs of plasma extravasation (Kowalski M.L. and Kaliner

M.A., 1988). Another report suggested that SP had no vasodilatory actions if injected ioto

the skin at doses lower than those required for mast cell degranulation (Brain S.D. and

Edwardson J.A., 1987). In fact mast ceU involvement has been observed only when high

doses of exogenous SP (>10 JlM) were administered (Tausk F. and Undem B., 1995) an

observation that suggested that sensory fibres do not release sufficient amounts of

endogenous SP to degranulate mast ceUs and led to the conclusion that a role for these

ceUs in neurogenic inflammation was not justifiable. ln our study, SP-IR tenninals were

associated with mast ceUs in both upper and lower dermis. It should he noted however

that mast ceUs were more numerous in the lower dennis. Therefore, in the rat lower Hp,

mast ceUs may be involved in the early stages of plasma protein extravasation but they

probably contribute more to later stages.
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Neurokinin-l recepton are expressed on blood vessel walls

In the periphery, at least sorne ofSP's effects occur following SP binding to NK..

1r (Stjame P. et al., 1994). These receptors have been located on blood vessels and

described on both endothelial and smooth muscle cells (Bowden J.J. et aL, 1996;

Kummer W. et al." 1999; Kido M.A. et al., 1999; Shimizu T. et al., 1999). Our light

mieroscopy results revealed a close association between SP-IR terminaIs and NK-lr

immunoreactive blood vessels. By electron microscopy, we detennined that all blood

vessels (arterioles, capillaries and venuIes) in the upper dennis of the skin possessed NK

1r. Although all blood vessel types express NK-I r, it is still unclear as to why SP is less

potent than CGRP in mediating vasodilatation. By careful visual observation of the

material we suggest that although NK-Ir are present on arterioles, the intensity of

labelling is less than on venules, suggesting the presence of fewer NK.-1 r on arterioles

while CGRP receptors May be more abundant on arterioles. Our results are in accordance

with those of other researehers that have identified NK...1r binding sites on blood vessel

endothelial and smooth muscle cells (O'Flynn N.M. et al., 1989), with smooth muscle

cell labelling being less intense than endothelial cell labelling. We aIso detected NK-1 r

on pericytic cells.

Substance P is capable of causing the release of vasoactive substances such as

histamine and serotonin from mast cells [for review see (Holzer P., 1998)]. As SP's

effects are mediate through NK-lr, it was thought that these receptors were expressed on

the eell membrane ofmast eells. We did not detect the presence ofNK-lr on mast cells,

in accordance with the results obtained by O'Flynn et al. (O'Flynn N.M. et al., 1989).

This reinforces the observation that SP-induced mast cell activation is non..NK-l
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receptor-mediated and occurs by direct interaction ofSP'sN-terminal basic residues with

G-proteins on mast cell plasma membranes (Bueb J.L. et al., 1990).

Substance P and vascular blood Dow

Our anatomical findings also suggest that SP may play a role in blood flow

control. Studies have provided evidence that SP is involved in the control of vascular

tone in humans (Crossman D.C. et al., 1989; Quyyumi A.A. et al., 1997). However, a

recent study in human forearm skin suggests that endogenous SP is not involved in the

maintenance of basal vascular tone (Newby D.E. et al., 1999). Indeed these researchers

report no change in peripheral vascular tone and blood pressure following administration

of NK-l r antagonists, a1though exogenous SP causes vasodilatation in the forearm skin

through the activation of endothelial NK-l r. With respect to rat sIOn microcirculation, SP

appears to exert tonie regulatioD of the vascular tone (Yonehara N. et al., 1992; Yonehara

N. et al., 1993). This suggests that blood flow is differentially regulated in rat and human.

However, as the results obtained in man are still inconclusive, further investigations are

required. Holzer (1998) suggests that the role of peptidergic neurons in Dociception must

be considered when evaluating the participation of these Deurons in vascular tODe control.

The microcirculatory changes observed usually oecur in response to trauma or irritation

of the skin because the peptidergic Deurons' functions are to maintain tissue integrity and

repair capability. When skin homeostasis is not maintained, disorders sueh as psoriasis,

bullous pemphigoid, eezema, and photodermatoses May develop due to hyPerreactive

petidergie Deurons (Geppetti P. and Holzer P., 1996). Therefore, under normal

57



•

•

conditions, peptidergic neurons may play a more significant role in the development of

disease states than in the control ofblood flow.

Conclusion

Substance P-IR fibres were associated with haïr follides, sebaceous glands, NK

1r immunopositive blood vessels and mast ceUs within the rat lower Hp skin. The

proximity of SP-IR fibres to blood vessels and mast cells is consistent with SP's role in

neurogenic inflammation. The observation that SP-IR fibres equally innervate arterioles,

capillarles and venules suggests that SP is as important in the generation ofvasodilatation

as it is in plasma protein extravasation in the skin of the rat lower lip. Furthermore, the

proximity of SP-IR terminais to blood vessels in the upper dermis may suggest that these

sensory fibres are directly involved in the regulation of cutaneous microcirculation.

Lastlyas SP-IR fibres are involved in nociception, their association with blood vessels

may insure that proper homeostasis is maintained following trauma to the skin.
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FIGURE 2.1: Pattern ofSP-IRjibre innervation of the rat lower /ip. Substance P-IR

fibre bundles in cutaneous nerves ofthe lower dermis, and branchiog ioto smaller bundles

as the fibres approach the upper dermis (A & 8 -larger arrows). Above the sebaceous

gland level, these smaller bundles branch into iodividual fibres (A & B - smaller arrows)

that are mainly directed towards the surface of the skin. Scale bar = 25 J.lm.
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FIGURE 2.2: Substance P-IR fibres innervate the epidermis. The epidermis (e) is

easily visualised in this preparation because the material has been counterstained with

toluidine blue. Note that SP-IR fibres occasionaJly penetrate the epidennis (A-C). Upon

entering the epidermis the SP..[R fibres branch (small anows). The SP-IR fibres course

through the epidermal layers up to the comeal layer (A & B), but never penetrate this

layer. In panel C note that the SP-lR fibres run along the dennal epidermal junction

before entering the epidermis at a 90° angle. Note the presence of numerous axonal

varicosities on the SP-IR fibres in the epidermis. Scale bar = 25 J.Ull.
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FIGURE 2.3: Localisation olmast cells in the ratlower lip. The materia! for this figure

was obtained from toluidine blue counterstained sections. Panels A & 8 represent fields

of the upper and lower dermis respeetively. Note the abundance of mast cells (arrows) in

the lower dennis compared to the upper dermis. Panels C & D show the triadic

arrangement between SP-IR fibres (curved arrows), mast eells (arrows) and blood vessels

(L, blood vessellumen). These triads occur more frequently in the lower dermis. Note the

SP-IR fibres running aIong the outer borders of the blood vessel walls. These SP-IR

fibres are studded with axonaI varicosities. In panel C a mast cell can been seen aImost

making contact with the blood vessel wail. Seale bar =25 J.Ull.
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FIGURE 2.4: Triadic arrangement between SP-IR terminais, mast cells and blood

vessels in Il.e rat skin. In panels A & B note that SP-IR terminais (arrows) can he found

in the vicinity of blood vessels (L~ vessel lumen) and mast cells (M). In this figure the

SP-IR terminais are still wrapped by Schwann ceIls (S). The blood vessels in this figure

appear to be venules. Scale bar = 1 flm.
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FIGURE 2.S: Substance p../Rfib,es innervate hai, follic/es. For better visualisation of

the layers in the haïr follicles the sections were counterstained with toluidine blue.

Substance P-lR fibres (arrows) are seen to run along the internal root sheath of haïr

foUicles (F). The fibres never penetrate the internai root sheath. The SP-IR fibres

associated with haïr follides are always very fme and few in number. These fibres also

possess axonal varicosities (thin arrows). Scale bar = 25 f..Ul1•
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FIGURE 2.6: Substance P-IRfibres innervate sebaceous glands. In panels A & 8 SP

IR fibres (arrows) are seen to run along the outer border of the sebacous glands (S).

These fibres never penetrate the glands and contacts between the glands and the SP-IR

fibres were never seen. Note the presence ofaxonal varicosities on the SP-IR fibres.

Scale bars = 25 J.ll1l.
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FIGURE 2.7: P,oximily ofSP-IRfib,es 10 b/ood vesse/ endolhe/ial cells. Substance PM

IR fibre tenninals (arrows) are seen close to blood vessel endothelial cells (e) of

arterioles, capillaries and venules. The SPMIR fibres are wrapped by Schwann cells (s) (A

& C-E). Note that in E two terminais are wrapped by the same Schwann celle In 8 the

SP-IR terminal has lost its association with its Schwann celle L, blood vessel lumen.

Scale bar = 0.5 J,lm.
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FIGURE 2.8: High power magnijication of a SP-IR va,icosity. Substance P-IR

varicosities resemble the one depicted in this figure. They contain both dense core (long

arrows) and agranular (small arrows) synaptic vesicles. Note also the presence of

numerous mitochondria (M) in the SP-IR varicosity. Scale bar = 0.5 J.lm
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FIGURE 2.9: Quantification of the distance separating SP-IR terminais from blood

vessel endothelial cells. Ali blood vessels were classified as arterioles! capillaries or

venules. Larger calibre vessels were not observed. The distance of the SP-IR tenninals to

the blood vessel endothelial ceUs was obtained and tabulated as the number of tenninals

associated to each blood vessel type within each of four equal distance intervals. As the

distance between the SP-IR terminais and the endothelial ceUs increased, the number of

quantifiable SP-IR terminais decreased. Note that SP-IR terminais did not preferentially

innervate any blood vessel type and that arterioles and venules were the blood vessel

types encountered most frequently. The largest number of terminaIs was observed in the

0.23-2.99 flm range. Note also that al this range there was a trend towards the preferential

innervation of venules, while in the 3.00-5.99 J.1ID range the trend was towards the

preferential innervation of arterioles, although in both cases the differences were not

significant.
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FIGURE 2.10: Double labelling light microscopy for SP and NK-lr. Substance P-IR

fibres innervate NK.-lr-IR blood vessels in the upper dermis of the rat lower lip, as

depicted in this figure. Note in panels A & B SP-IR fibres running aIong the border of the

blood vessel waIls. In panel C note that the SP-IR fibre is seen c10sely wrapping itself

around the NK-l r-IR blood vessel. In ail cases single SP-IR fibres and not fibre bundles

innervate NK-Ir-IR blood vessels. V, blood vessellumen. Scale bar =20 J,1m.
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FIGURE 2.11: Electron microscopy ofimmunostainingfor the NK-lr. Neurokinin-lr

lR is mostly associated with the endothelial celllayer (E) ofall blood vessels in the upper

dermis of the rat lower Hp. Panels A, 8 & C depict arterioles, capillaries and venules

respeetively. In sorne instances immunoreactivity could be observed on smooth muscle

cells or perieytes (P). Panels D,E and F correspond to enlargements of the areas contained

between the arrows in panels A,B and C respectively. In A & B scale bar = 1 Ilm. In C

scale bar = 5 JlID. In D & Escale bar = 0.5 f.Ull. ln F scale bar = 2 J.Ul1•
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TABLE 2.1. Quantification of the distance between SP-IR
terminais and the outer surface of the endothelium of

blood vessels in the upper dermis1

Distance from Arterioles Capillaries Venules
endothelium
0.00-2.99 J.lm 44.23% (46) 46.60% (76) 54.20% (83)

3.00-5.99 J.lffi 38.46% (40) 43.60% (71) 32.70% (50)

6.00-8.99 J.lm 16.35% (17) 8.60% (14) 11.80% (18)

9.00-11.99 J.lrn 0.96% (1) 1.20% (2) 1.30% (2)

1Percentage of SP-IR terminais within each of four equal
distance intervals from the endotheliurn of blood vessels.
Numbers in brackets represent the number of terminais
quantified. Note that at the shortest and longest ranges, SP-IR
terminais preferentially innervate venules, although this
difference is not significant. Note aIso that capillaries are the
most abundant vessel type encountered in the upper dermis.
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CONNECTING TEXT - CHAPTER 2 TO 3

In chapter 2, we investigated the pattern of SP fibre innervation of the rat lower

Hp skin. At the light microscopic level, SP immunoreactivity was found in the vicinity of

blood vessels, haïr follicles, sebaceous glands and mast ceUs. The ultrastructural

quantification of the distance separating SP-IR terminais and blood vessel endotheHaI

ceUs revealed that, contrary to common knowledge, SP did not preferentiaIly innervate

venules. Instead, immunoreactive terminais equaIly associated with arterioles, capillaries

and venules. NK-Ir immunoreactivity was also detected on the waIls of these blood

vessels. Thus SP appears to be capable of equally influencing ail the blood vessels types

of the microvasculature.

Despite the suggestion that SP plays a role in blood flow regulation, it is still

unclear as to how this system interacts with the autonomie system. Therefore in the next

chapter, we address this issue using antibodies against DpH and yAChT to label

sympathetic and parasympathetic fibres, respectively. The relationships that SP-, OpH

and VAChT-IR fibres have with respect to one another and to their targets was

investigated, at both the light and electron microscopie leveIs, in the skin of the rat lower

Hp.
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CHAPTER3

SIOn Blood Vessels are Simultaneously Innervated by Sensory,
Sympathetic and Parasympathetic Fibres

Isabella Ruocco, A. Claudio CueHo, A. Parent,
and Alfredo Ribeiro-da-Silva

Submitted 10: The Journal ofComparative Neurology
(2001)

83



•

•

ABSTRACT

Despite the known major role of skin blood vessel innervation in blood flow

control, particularly in disease, there is liUle information on co-innervation of blood

vessels by sensory and autonomie fibres and the relationships of theses fibres to one

another. To fill this gap in our knowledge, we perfonned a complete light and eleetron

microscopie analysis of the innervation of skin vessels by sensory and autonomie fibres

using the rat and monkey lower lips as a model. In rats, double-Iabelling

immunoeytoehemistry revealed that combinations of fibres immunoreactive for substance

P (SP) and dopamine-p-hydroxylase (DPH), SP and vesicular acetylcholine transporter

CVAChn, as well as DJ3H and VAChT occurred in skin blood vessels of rats. AlI fibre

types travelled in parallel and in close proximity to one another. Blood vessels

immunoreactive for only one fibre-type were never observed. Although nerve terminais

displayed synaptic vesicles, synaptic specializations were never observed, suggesting

that, in this territory, these fibres do not establish synaptic contacts. Quantification of the

distance between the various immunoreactive terminais and their presumptive targets

(smooth muscle ceUs and endothelial cells) reveaIed that both sympathetîe and

parasympathetic fibres were significantly closer to the endothelial cell layer than sensory

fibres, while ooly sympathetic fibres were signifieantly closer to smooth muscle eells

compared to sensory fibres. In monkeys, double labelling immunocytochemistry was

performed for SP-DpH and SP-YAChT ooly. The results obtained are similar to those in

rats, however the intensity of the signais was more intense in monkeys. Our findings

suggest that the regulation of skin mieroeirculation might be the result of the eoordinated

functions of sensory and autonomie fibres.
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INTRODUCTION

It is weIl established that cutaneous substance P (SP)-containing sensory fibres

are associated with blood vessels and are, at least in part, responsible for mediating

antidromic phenomena such as vasodilatation and plasma extravasation (Lembeek F. and

Holzer P., 1979; Couture R. et al., 1985). In cat gingiva, the use of SP and histamine Hl

receptor antagonists to block the effect of the trigeminal system and of mast cell

activation, respectively, results in only a 20-30% decrease in the vasodilatory response

(Izumi H. and Karita K., 1990; Izumi H. and Karita K., 1991), suggesting that other

mediators or systems are involved in mediating the vasodilatation. It has been suggested

that parasympathetic fibres may play a role in vasodilation (Couture R. et al., 1985), as it

is weil established that acetylcholine induces vasodilatation (Rang H.P. and Dale M.M.,

1991 ). However, the parasympathetic fibre innervation of the skin is still not fully

established, although there is sufficient evidence trom the literature to state that it occurs

at least in certain territories. For instance, there is immunohistochemical evidence using

the indirect markers of parasympathetic fibres vasoactive intestinal polypeptide (VIP) and

acetylcholinesterase (AChE), which, combined with a tracer, strongly suggested the

presence of parasympathetic fibres around blood vessels in the rat lower lip skin (Kaji A.

et al., 1988; Kaji A. et al., 1991). However, the precise relationship ofthese fibres to the

blood vessel wall still remains unstudied.

In contrast with vasodilatation, which appears to result from sensory and

parasympathetic fibre activation, vasoconstriction is controlled solely by sympathetic

fibres, an effect that appears to he mediated via a-adrenergic receptors (Brown G.L. and

Gillespie J.S., 1957; Ross G., 1971; Starke K., 1977; Izumi H. et al., 1990; Izumi H. and
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Karita K., 1991; Hirst G.D.S. et al., 1996). The primary effect ofsympathetic stimulation

is detennined by the number and distribution ofa-adrenergic receptors (Ross G., 1971).

Although it is known that sensory and parasympathetic fibres mediate

vasodilatation and that sympathetic fibres mediate vasoconstriction, it is still unclear as to

how these fibre types relate to one another in a given vascular territory. In fact no study

has ever attempted to compare all three fibre systems using both light and electron

microscopy. Isolated studies in cats, dogs, guinea pigs and rats have reported minor

differences in the organisation of the sensory and autonomic systems in these animals.

Therefore, as the available data was obtained in different species, it is difficult to

compare the results and formuJate a comprehensive scheme of the interactions between

sensory, sympathetic and parasympathetic fibres. An attempt has been made to compare

ail three systems and their distances to the blood vessels in the guinea pig, however no

systematic quantification was performed and the resuJts were based solely on visual

observations (Edvinsson L. et al., 1989). Furthermore, Matsuyama et al. (1985) suggested

that SP- and VIP-IR terminais were located within 100 nm from blood vessel smooth

muscle celIs, however no true quantification was performed in order to obtain the above

value.

In short, there is only limited information on the relationships between sensory

and autonomie fibres innervating blood vessels. In an attempt to fill this gap, we

performed a thorough investigation of the innervation patterns by sensory, sYmpathetic

and parasympathetic fibres of the rat lower Hp skin, using antibodies against SP,

dopamine-Jl··hydroxylase (DpH) and the vesicular acetylcholine transporter CVAChT).

Furthermore we also studied the innervation patterns of blood vessels in monkeys as, to
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our knowledge, no studies have ever been performed in this species. In this study we

applied double-Iabelling immunocytochemistry to determine the fibre combinations

associated with blood vessels and a quantitative analysis of some of these anatomicaI

relationships in rat skin was performed.

MATERIALS AND METHODS

AlI rodent experiments were perfonned on male Wistar rats weighing 250-300 g.

Animais were treated according to the guidelines provided by the Canadian Council on

Animal Care and the McGill University Animai Care Committee. The animals were

provided with food and water ad libilum, and kept under a twelve-hour day/night cycle.

Ail efforts were made to minimise the number ofanimais used and animal suffering.

Primate tissue was obtained from two cynomolgus monkeys (Macaca

fascicularis, 6-7 kg) and two squirrel monkeys (Saimir sciureus, 800-1000 g) of both

sexes, which were used mainly for tract-tracing analysis of the basal ganglia circuitry.

These animais received small, microiontophoretic injections of the antoregrade tracer

biotinylated dextran amine in various components of the basal ganglia, as described in

detail elsewhere (Sato F. et al., 2000). After a survival period of 8 to 10 days, the animals

were processed as described below. Ali surgical and animal care procedures followed the

guidelines of the Canadian Council on Animal Care and Laval University Animal Care

Committee.
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Light microscopy

A total of four rats were used for each immunostaining combinatioD. Rats were

anaesthetised with Equithesin (6.5 mg chloral hydrate - 3 mg sodium pentobarbital in a

volume of 0.3 mJ, i.p., per 100 g body weight) prior to transcardial perfusions for 30

minutes with 4% paraformaldehyde, 15% picric acid (v/v) and 0.1% gIutaraldehyde in

O.IM phosphate buffer (PB), pH 7.4, and a subsequent 30 minutes with 4%

paraformaldehyde and 15% picric acid in PB. The lower lips were collected and post

fixed in the latter fixative for one hour al 4°C. The tissue was then infiltrated with 30%

sucrose in PB for a minimum of 12 hours prior to being trimmed, snap frozen in liquid

nitrogen, placed on a tissue holder and embedded in Tissue-Tek (OCn. Finally, 50-J,lm

thick sections were obtained at -20°C on a cryostat (Reichert-Jung 2800 Frigocut N). Ali

sections were collected in phosphate buffered saline (PBS) containing 0.2% Triton X-lOO

(+n, pH 7.4. AIl washes and antibody dilutions were performed in PBS+T. Two 15

minute washes separated each treatment.

Double labelling for SP and DpH The sections were pre-treated with 50%

ethanol (v/v) (Llewellyn-Smith LJ. and Minson J.B., 1992) and 1% sodium borohydride

in PBS for 30 minutes each, prior to an ovemight incubation at 4°C in a rat bi-specifie

anti-SP anti-horseradish peroxidase (HRP) monoclonal antibody (1: 10) (Suresh M.R. et

al., 1986) and a mouse monoclonal anti-DpH antibody (l:10: PharMingen, USA)

(Mazzoni I.E. et al., 1991). Subsequently the sections were treated with HRP (Sigma type

VI, 5J.1g/mI) and the SP antigenic sites were revealed by reacting the sections in 3,3'

diaminobenzidine tetrahydrochloride (DAB) and H202. The sections were then incubated
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for one hour in a goat anti-mouse IgG (1 :50; American Qualex), preabsorbed in fixed rat

lip tissue for eight hours at 4°C (Ruocco 1. et al., 2000), and treated for one hour in a

mouse monoclonal anti-HRP antibody (Seralab, UK) to which 5 flglml HRP had been

previously added (Semenenko F.M. et al., 1985). In this case, the HRP was revealed

using an SG chromogen labelling kit as instructed by the manufacturer (Vector Labs).

Finally the sections were mounted on gelatin-subbed slides, dehydrated though ascending

ethanol concentrations, c1eared with xylene and cover-slipped with Permount (Fisher). A

sunilar protocol was used for staining tissue from both cynomolgus and squirrel

monkeys. These animaIs were anaesthetized with sodium pentobarbital and perfused

transcardially with saline (NaCl, 0.9%), followed a fixative mixture of 4%

paraformaldehyde and 0.1% glutaraldehyde in O.IM PB, ph 7.4, for 30 minutes, followed

by a final wash in 10% sucrose in PB. The monkey lower lips were collected, post-fixed

in 4% paraformaldehyde in PB for 2 hours at 4°C and cryoprotected with 30% sucrose in

PB for a minimum of 12 hours. Following sectioning on the cryostat, the tissue was pre

treated with 50% ethanol, 0.3% H202 and 1% sodium borohydride. The sections were

then incubated overnight at 4°C in a rat bi-specifie anti-SP anti-HRP monoclonal

antibody and a rabbit serum against D~H (l :2000; Eugene Tech International Inc., NI).

SP antigenic sites were revealed as described above for the rat. The D~H antigenic sites

were revealed by incubating the sections for one hour in goat anti-rabbit [gO (l :3000;

IeN), which was preabsorbed in fixed rat lip for 8 hours at 4°C, and one hour in an ABC

complex (1 :50; Vector Labs), prior to reacting the tissue with the SG chromogen.
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Double labelling for SP and VAChT. The sections were pre-treated with 1%

sodium borohydride and 5% normal goal serum (NGS). No ethanol was used for this

staining. The sections were incubated overnight at 4°C in a rat bi-specifie anti-SP/anti

HRP monoclonal antibody and a rabbit polyclonal serum against YAChT (1:10 000)

(Gilmor M.L. et al., 1996). The SP antigenic sites were revealed as indicated above.

Following the reaction with DAB and H202, the sections were incubated for one hour in

biotinylated goat anti-rabbit IgG (1:800 in 5% NGS; Vector Labs) and then for one hour

in an ABC complex (l :400; Vector Labs). The YAChT antigenic sites were revealed as

described above for DpH, using the SG chromogen. A similar protocol was used for

staining tissue from both cynomolgus and squirrel monkeys, obtained as described ahove.

Following sectioning on the cryostat, the tissue was pre-treated with 50% ethanol, 0.3%

H202, 1% sodium borohydride and 5% NGS. The sections were then incubated ovemight

at 4°C in a rat bi-specifie anti-SP anti-HRP monoclonal antibody and a rabbit polyclonal

serum against VAChT (l :3000). SP and VAChT antigenic sites were revealed as

described above for the rat.

Double labelling for DpH and VAChT. Rat tissue sections were pre-treated in

50% ethanol, 1% sodium borohydride and 5% NGS prior to incubation in the mouse

monoclonal anti-DpH antibody and the anti-VAChT rabbit serum overnight at 4°C.

Immunocytochemistry for DpH was performed as previously mentioned. However, the

DpH antigenic sites were revealed by reacting the sections in DAB and H202. For

VAChT staining the protocol was as described above. This double labelling was not

performed in monkeys as these primary antibodies were both raised in iabbits. Attempts
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at using a mouse anti-tyrosine hydroxylase or a mouse anti-D(3H antibody were

unsuccessful.

Sympathetic denervations. Sympathetic denervations were performed by the

bilateraI removal of the superior cervical ganglia (SCG) in four rats. This was done to

confirm that the VAChT-IR fibres are of true parasympathetic origine Following the

surgery the rats were left to recover for one week. They were then perfused and single

labelling immunocytochemistry for D(3H and YAChT was performed (see above for the

details of the experiment). In both cases, the antigenic sites were revealed by reacting the

sections with DAB and H20 2•

Electron microscopy

A total of four rats were used. The animais were perfused as for light microscopy.

However, ail washes and incubations were performed in PBS instead of PBS+T. For

electron microscopy, only single labelling experiments were performed. The protocols

were identical to those described for light rnicroscopy, although the antigenic sites were

revealed differently. The DAB reaction was intensified usiog cobalt chloride and nickel

ammonium sulphate (Ribeiro-da-Silva A. et al., 1993). Followiog the double intensified

DAB reaction, the sections were treated with OS04 for one hour and dehydrated in

ascending alcohols and propylene oxide. The sections were tlat-embedded in Epon [for

details see (Ribeiro-da-Silva A. et al., 1993)], selected using light microscopie

observation, the regjons of interest re-embedded iota Epon bloeks from which ultrathin

sections were cut and collected on formvar-coated one-slot copper grids using an
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ultramicrotome. The sections were counterstained with uranyi acetate and lead citrate

prior to observation using a Philips 410 LS electron microscope.

Quantification. For each antigenic site (SP, D~H and VAChn under

investigation, four re-embedded Epon blocks per rat (n=4) were trimmed. Ultrathin

sections were then obtained as described above and observed under the electron

microscope. Ooly one uitrathin section per block was chosen and ooly one blood vessel

per ultrathin section was quantified. Photographs were taken of the blood vessels and

their associated immunopositive tenninals. The total number of terminais was couoted

and the distance of these terminais to the outermost smooth cells and to the adiuminal

surface of the endotheliaI cells was measured directiy from the pictures~ for each blood

vesseI~ using a ruler. Therefore a total of 16 blood vessels per type of immunostaining

were quantified. StatisticaI significance was assessed by performing an unpaired

Studenfs t-test on the average vaIues, per animal, of the distances of the immunopositive

terminais to the surface of the endothelial cells and to smooth muscle cells. The following

comparisons were performed: SP vs. D~H varicosities, SP vs. VAChT varicositiess and

DJ3H vs. YAChT varicosities.

RESULTS

Light m;croscopy

Upper dermai blood vessels were innervated exclusively by SP-IR fibres. Dually

innervated blood vesseis were found ooly in the Iower dermis in both rat and monkey.

Furthermore, no significant differences were observed between Oid World (cynomolgus
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monkeys) and New World (squirrel monkeys) primates in regards to the pattern ofblood

vessel innervation.

Blood vessels are dually innervated by SP- and DJlH-1R fibres

[n the rat~ SP-IR fibres were observed running along the blood vessel walls and

displayed numerous varicosities at irreguiar intervals along the nerve fibres. DJlH-IR

fibres were seen innervating the same arterioles and venules as the SP-IR fibres. DpH-IR

fibres innervated blood vessels~ fonning a mesh-like network around their wall (Fig. 3.1).

These fibres possessed numerous varicosities located at regular intervals along the nerve

fibre (Fig. 3.1-small arrows).

Dually innervated blood vessels were also observed in the monkeys' lower Hp

skin. SP· and DpH-IR fibres were located around small arteries and veins (Fig. 3.2) and

around arterioles (data not shown). However, for both fibre types, a denser innervation

pattern was observed in monkeys than in rats (Fig. 3.3). Furthermore, in monkeys, SP-IR

fibres formed a mesh-like network around the blood vessel walIs, an arrangement that did

not occur in the rat.

Dlood vessels are duaUy innervated by SP· and VAChT-IR fibres

In rat material processed for the demonstration of SP- and VAChT-IR fibres, the

pattern of SP-IR fibre innervation is identical to the one described above. However, we

detected that blood vessels were aIso innervated by VAChT-IR fibres (Fig. 3.4). The

VAChT-IR fibres, like the SP-IR fibres, travelled along the walls of arterioles and

venules, although never wrapping around them. The VAChT-IR fibres were studded with
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numerous varicosities. Very often SP-IR and YAChT-IR fibres were seen coursing

parallel and in close proximity to one another (Fig. 3.4 - curved arrows). In cross-sections

(Fig. 3.4 C-D), both fibre types were intertwined as they coursed aIong the adventitial

border of the blood vessel waIls. To confum that the YAChT-IR fibres were true

parasympathetic fibres, sympathectomies were perfonned on a group of rats. One-week

post-surgery, the DJ3H-IR fibres had completely disappeared in these animais while the

VAChT-IR persisted.

In monkeys, we also observed this dual pattern of innervation of lower lip skin

blood vessels. The SP- and VAChT-IR blood vessels were identified as smaIl arterles

and veins (Fig. 3.5), as weil as arterioles (data not shown). The labelling intensity around

these vessels was denser than in rats.

Blood vessels are dually innervated by DJlH- and VAChT-IR fibres

In the rat, DJlH- and VAChT-IR fibres were distributed around the same arterioles

and venules (Fig. 3.6). The patterns of immunoreactivity for both fibre types were

identical to those described in the previous sections. ln sorne instances OpH- and

VAChT-IR fibre labelling would perfectly overlay one another. For the reasons given in

the Materials ofMethods section, this double-Iabelling was not studied in monkey tissue.

Electron microscopy

Electron microscopie observations were performed ooly in the rat. SP-, DpH- and

VAChT-IR terminais were ail surrounded, at least in part, by Schwann cell cytoplasm

(see Fig. 3.7-3.9). Ali terminais were filled with numerous sYQaptic vesicles, however
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contacts between the terminaIs and the smooth muscle ceUs were never observed. In

certain instances the terminaIs were very close to the smooth muscle ceUs and had [ost

part of their association with the Schwann cell (Fig. 3.8 A-B). Interestingly~ VAChT-IR

terminaIs were sometimes located between a blood vesse[ smooth muscle cell and a mast

cell (Fig. 3.9B). On average, equal numbers ofOpH-, SP- and VAChT-IR terminaIs were

associated with blood vesseis. Although VAChT-IR terminaIs were the least abundant,

this difference was not significant (Table 3.1).

Our quantitative analysis revealed that D~H- and VAChT-IR tenninals were

located significantly c10ser to endothelial ceUs than SP-IR terminais (Fig. 3.1OA). npH

IR terminais were found within 2.3 f.1ll1 from the endothelial ceUs while SP- and VAChT

IR terminais were within 4.3 Jll1l and 2.6 J.Ull respectively. However, DI3H-IR terminaIs

were the only ones to be significantly closer to smooth muscle ceUs when compared to

SP-IR terminais (Fig. 3.10B). Although, VAChT-IR terminais tended to be located closer

to smooth muscle eeUs when compared to SP-IR terminaIs, this difference was not

significant (Fig. 3.10B). The distances separating the smooth muscle ceUs from the DBH

, SP- and VAChT-IR terminais were 1.1 Jlm, 3.0 J.U11 and 1.5 Jlm respectively.

DISCUSSION

Sensory and autonomie innervation of lower lip blood vessels

To our knowledge, our study represents the first complete quantitative study

demonstrating that the same skin blood vessels are innervated by both sensory and

autonomie fibres. Our data suggest that SP-eontaining sensory, noradrenergic and

cholinergie fibres possibly innervate the same blood vessels in the lower dermis of the rat
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lower Hp, since single-iabelled blood vessels were not detected in this region. However,

only SP-containing sensory fibres were round around upper dermal blood vessels (data

not shown) in both rats and monkeys. An initial description of the possible innervation of

vessels by sensory, sympathetic and parasympathetic was performed in the cerebral blood

vessels (Edvinsson L., (987).

Previous studies in our laboratory have demonstrated that sensory and

sympathetic fibres enter the lower lip via independent pathways (Ruoeco L et al., 2000).

In the present study we have shown this to aIso be true for the parasympathetie fibres

sinee the bilateral removal of the SCG did not affect the staining intensity for YAChT,

while it abolished any traces of DpH-IR fibre labelling. Kaji et al. (1988) provided

evidence that, in the rat lower Hp, VIP-IR fibres originate from the otie ganglion and are

parasympathetic. Furthermore, they have shown that removing the SCG did not affect

VIP-IR fibre labelling, eliminating the possibility that these fibres might be sympathetic

fibres passing through the otic ganglion. In the skin, studies indicate that cholinergie

fibres arise from parasympathetic fibres and a subset of postganglionie sympathetie fibres

innervating sweat glands (Landis S.C. and Fredieu J.R., 1986; Sehafer M.K.-H. et al.,

1997). However as there are no sweat glands in the rat lower lip skin, the cholinergie

fibres in this tissue are strictly ofparasympathetie origine

No synaptic contacts or speciaIizations were observed for any of the terminais

studied. It has been suggested that the relationship between terminais and blood vessels

cannot be accurately determined by randomly viewing single tissue sections (Hirst G.D.S.

et al., 1996). However, as we observed blood vessels oriented in aIl three planes, we think:

that random sampling allows the detection of aIl possible profile scenarios. Therefore, if
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one scenario is not observed, it probably does not occur or occurs at a very low

frequeney.

Autonomie terminais are located eloser to blood vessel walls tban sensory terminais

Our quantitative analysis reveaIed that SP-IR terminais occurred at a significantly

greater distance from the surface ofblood vessel endotheliaI eells compared to OJ3H- and

VAChT-[R terminais. This data is in aceordance with studies in which SP- and ealcitonin

gene-related peptide-[R varicosities were located farther from the adventitia or more

superfieially within the adventitia than tyrosine hydroxylase- and VIP-IR nerves (Morris

J.L. et ai., 1986; Edvinsson L. et al., 1989), although no quantification was performed in

these studies. Therefore, our data provides the tirst true quantitative analysis of sensory

and autonomie terminais and their spatial relationship to the blood vessel walls.

When eomparing the distance between the immunoreaetive terminais and the

vessel smooth muscle eells, a significant difference was observed only between SP- and

DJ3H-lR terminaIs, with the later lying closer to the blood vessel muscular layer. The

observed differenees cannot be attributed to variations in the number of terminais, as an

equal number of all terminais types were located at various distances around the blood

vessels. However, there was a non-signiticant trend for VAChT-IR terminais to he less

ahundant than OpH- and SP-IR terminaIs. Similar results have been reported for the

superior mesenterie artery where NPY-[R terminais (sympathetic) are more abundant

than VIP-IR terminais (Edvinsson L. et al., 1989). This suggests that cholinergie

terminais may not play an important role in mieroeireulation, release more transmitter
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upon stimulation or perhaps that ACh is a faster acting transmitter than SP and

noradrenaline.

Quantification performed on randomly viewed sections of vascular smooth

muscle preparations showed mean autonomie neuroeffector cleft widths ranging from

100 nm for the rat mesenteric arterioles to 1900 nrn for the rabbit pulmonary artery [for

references see (Hirst G.D.S. et al., 1996)]. Our results thus lie within and exceed the

upper limit of these previously reported ranges with mean distances of 1.088, 1.538, and

2.983 J.U11 for DI3H-, VAChT- and SP-IR terminals respectively. Our data reinforces the

concept that considerable regional variations exist in the patterns of blood vessel

innervation.

Sensory-sympathetic interactions

SP·IR primary afferent fibres have been shown to frequentlyappose non-SP-IR

fibres, suggesting that afferent and efferent fibres may direetly interact with one another

(Luff S.E. et al., 2000). Studies report that noradrenaline may modulate the release of

peptide transmitters (Holzer P., 1992) and conversely that peptide transmitters may

modulate noradrenaline release (Kawasaki H. et al., 1988; Ahluwalia A. and Vallance P.,

1996). Activation ofcapsaicin sensitive sensory fibres within small rat mesenterie arteries

has been shown to decrease sympathetic fibre activity (Ahluwalia A. and Vallanee P.,

1996). Body cooling, on the other hand, causes a decrease in vasodilatation, probably via

the direct action of sympathetie fibres on sensory fibres in the periphery (Hornyak M.E.

et al., 1990). Despite this knowledge, sympathetic activity is thought to have little effeet,

if any, on sensory fibres in the intact organism (Janig W. and Koltzenburg M., 1991), as
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suggested by studies in which sympathetic stimulation or injections of noradrenaline do

not evoke activation of sensory fibres, nor do they enhance the activation of cutaneous

nociceptive endings that had been previously activated by naturaI stimuli (Burchiel K.J.,

1984; Barasi S. and Lynn B., 1986; Sato J. and Perl E.R., 1991; Bossut D.f. and Perl

E.R., 1995; Michaelis M. et al., 1996). Thus interactions between sensory and

sympathetic fibres may develop only following peripheral injuries, as many studies

revealed that sympathetic fibres play a role in certain fonus of neuropathic pain

(McLachlan E.M. et al., 1993; Chung K. et al., 1993; Chung K. et al., 1996; Kim H.J. et

al., 1996; McDougall A.J. and McLeod J.G., 1996a; McDougall A.J. and McLeod J.G.,

1996b). In vitro studies revealed that it is possible for true sensory-sympathetic contacts

to fonn, an observation that the authors interpret to mean that interactions between these

two fibre systems may develop (Belenky M. and Oevor M., 1997). Thus, nerve injury

induced stimuli may favour sensory-sympathetic interactions via the establishment of

close appositions or contacts. However, in our tissue no tnle contacts between sensory

and sympathetic fibres have been observed. Whether these contacts develop following

trauma still remains to be investigated.

Sensory-parasympathetic interactions

[n this study we observed perivascular SP- and VAChT-IR fibres coursing

parallel to one another in the rat lower Hp. However, this is not the case in other systems,

such as in the anterior cerebral artery, where these two fibre-types appear to have

different distribution patterns (Yamamoto K. et al., 1983; Matsuyama T. et al., 1983a;

Matsuyama T. et al., 1983b; Matsuyama T. et al., 1985). This fmding stresses the unique
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nature of various vascular beds and the importance of understanding them fully in order

to achieve proper blood flow control following tissue injury. In the rat lower lip skin

sensory and parasympathetic fibres appear to have additive or complementary actions a

notion that is supported by the fact that endothelium-derived nitric oxide, in rat skin, is

released in response to VIP and SP (Ralevic V. et al., 1995). To date, the nature of the

interaction between sensory and parasympathetic fibres remains unresolved.

Sympathetic-parasympathetic interactions

The close association between sympathetic and parasympathetic fibres reported in

the present study provides the anatomical support for the long sought interactions

between these fibre types. Cholinergie dilator fibres have been seen in association with

sympathetic fibres (Uvnas B., 1966; Uvnas B., 2000) and many experiments suggest that

acetylcholine inhibits sympathetic adrenergic transmission (Malik K.U. and Ling G.M.,

1969; Rand M.I. and Vanna B., 1970; Loffelholz K. and Muscholl E., 1970; Rand M.I.

and Vanna B., 1971; Malik K.U. and McGiff I.C., 1971; Levy M.N., 1971; Hume W.R.

et al., 1972; Vanhoutte P.M. and Shepherd I.T., 1973). Furthermore, acetylcholine has

been shown to have a dual mode of action on the saphenous vein of dogs (Vanhoutte

P.M. and Shepherd J.T., 1973). In these animaIs, acetylcholine decreased the response of

sympathetic fibres to electrical stimulation but it augmented the response of these same

fibres to exogenous noradrenaline. The former vasodilatation is most probably mediated

by the presynaptic inhibition of noradrenaline release, while the latter constriction would

result from the direct action ofacetyleholine on smooth muscle muscarinie receptors. The
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dose of acetylcholine responsible for the smooth muscle relaxation is smaller than that

necessary for its constriction.

Sensory and autonomie fibres innervate the same blood vessel! in monkeys

ln this study we have shown that sensory-sympathetic and sensory

parasympathetic fibre combinations are associated with blood vessels in monkey lower

lips. To our knowledge this is the first direct demonstration that blood vessels in the

primate skin are dually innervated. Since the sensory-sympathetic and sensory

parasympathetic patterns of innervation in monkeys are similar to those obtained in rats

we propose that the same is probably true for the sympathetic-parasympathetic pattern of

innervation, although we were unable to confinn this due to technical difficulties. Our

monkey data also suggests that a similar pattern of innervation might exist in humans.

Conclusion

Our observations lend support to the hypothesis that blood flow in the skin is

probably tightly regulated by the co-ordinated control of sensory, sympathetic and

parasympathetic fibres. We have shown that, in the rat lower Hp, these fibres are closely

associated with one another, although in the absence of direct synaptic contacts between

the various fibre tyPes. Autonomie fibres establish a close relationship with smooth

muscle and endothelial ceIls while sensory terminais lie more distant. This arrangement

suggests that sensory transmitters must diffuse further than autonomie transmitters in

order to reaeh targets on the blood vessel wall. Luffet al. (2000) also observed that SP-IR

terminais were located farther from smooth muscle eells than non-SP-IR terminais, and
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this was taken as an indication that peptides diffuse further than noradrenaline in order to

reach blood vessel smooth muscle cells. In addition, our fmding of the proximity of

autonomie terminais to the blood vessel wall suggests that these fibres May mediate their

effeets upon blood vessels more rapidly eompared to sensory fibres.

The rat lower lip skin provides a good model for further studies on blood flow in

the skin because the three fibre systems in this model can be independently lesioned and

manipulated. The present observations provide direct information on the innervation

patterns of sensory and autonomie fibres by way of multiple labelling procedures. Thus

studies of blood flow in this tissue following pharmacologicaI or surgieal manipulations

of these fibre-systems should provide information on the nature of the fibre interactions

and the possible mechanisms, whieh may develop following nerve injuries.
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FIGURE 3.1: Substance P- and DpH-IR fibres innervate the same blood vessels in

rais. Panels A, 8 & C depict blood vessels in longitudinal sections. Note the presence of

both SP· (brown) and DJ3H-IR fibres (blue) around the blood vessel walls. DJ3H-IR fibres

wrap around the blood vessel in a net-like fashion, while SP-IR fibres course along the

blood vessel wall. Both fibre types possess numerous varicosities (SP-IR varicosities:

double-headed arrows; DpH-IR varicosities: arrows). Scale bar = 50 Jl.m.
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FIGURE 3.2: Substance P- and DpH-IR fibres innervate the same blood vesse/s in

monkeys. Ali panels represent blood vessels in cross-section. SP- (brown) and npH.IR.

fibres (blue) are seen around the adventitiallayer of the blood vessel walls. These fibres

are located around small arteries (A&B), small veins (C). A & B represent different focal

planes of the same small artery. Smail arteries were easily identified due to their internai

elastic lamina (arrow). Arrowheads represent syoaptic varicosities which are

characteristic ofboth fibre types. e; endothelial layer. Scale bar = 50 J.lm.
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FIGURE 3.3: Substance P- and DpH-IR fibre labelling is more intense in monkeys.

Panels A..C represent blood vessels eut longitudinally. Note that the labelling is far more

intense than in the rat (compare with staining in Figure 3.1). Furthermore~ in the monkey,

SP-IR fibres (brown; double-headed arrows) form a mesh-Iike network around the blood

vesse1 wall, as opposed to simply coursing along the wall. Arrows point to DpH-IR

fibres. Scale bar = 50 Ilm.
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FIGURE 3.4: Substance P- and VAChT-IRjibres innervate tl,e same blood vessels in

rats. Panels A&B represent blood vessels cut longitudinally. Note that both SP- (brown)

and VAChT-IR fibres (blue) course along the blood vessel walls without fonning a mesh

around them. In many instances both fibre types run parallel to one another as shown by

the observation that both labels (brown and blue) are perfectIy superimposed (curved

arrows). Panels C & 0 depict cross-sectional views ofblood vessels. SP- and VAChT-1R

fibres run along the blood vessel adventitial layer. Small arrows represent synaptic

varicosities (SP-IR varicosities: double-headed arrows; VAChT-IR varicosities: arrows).

e; endotheliallayer. Scale bar = 50 J.Ull•
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FIGURE 3.5: Substance P- and VACh T-IR fibres innervate tl,e same blood vessels in

monkeys. Panels A&B represent a small artery in longitudinal and cross-section

respectively, while panels C&D represent a small vein in longitudinal and cross-section

respectively. SP (brown) and VAChT-IR fibres (blue) are seen in association with both

blood vessel types. In panel D SP- and VAChT-IR fibres are clearly seen coursing around

the adventitiallayer of the blood vessels. Both SP- and VAChT-IR fibres form extensive

networks around the blood vessel walls. (SP-IR varicosities: arrowheads; VAChT-IR

varicosities: arrows). Scale bar =50 Jlffi.
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FIGURE 3.6: Dopamine-p-hyd,oxylase- and VAChT-IR fib,es innervale tl.e same

blood vessels in 'aIs. Panels A-C represent longitudinal sections of blood vessels

innervated by both DpH- (brown) and VAChT-IR fibres (blue). Note that the DpH-1R

fibres form a mesh around the blood vessel walls, while the VAChT-IR fibres simply run

a10ng the walls. OpH- and VAChT-IR fibres also run parallel to one another. Note the

areas of perfect overlap between the two signals (curved arrow). Small arrows represent

synaptic varicosities (D~H-IR varicosities: double-headed arrows; VAChT-IR

varicosities: arrows). Scale bar = 50 Jlm.
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FIGURE 3.7: Electron micrographs of SP-IR terminais. SP-IR terminais abound

around blood vessels in the rat lower lip. The synaptic varicosities are filled with dense

cored and agranular synaptic vesicles. Note the absence of Schwann cell (S) wrapping as

sorne SP-IR tenninals approach the blood vessel walls. Mitochondria (small arrows) are

clearly seen within the synaptic varicosities. E; endothelial cell. L; blood vessel lumen.

M; smooth muscle cell. Seale bar = 1J,1m.
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FIGURE 3.8: Electron micrographs of DpH-IR terminais. DflH-IR terminais in A-D

are wrapped by Schwann ceUs (S). Note the proximity of these terminaIs to blood vessel

smooth muscle cells (M). In A & 8 the portion of the D~H-IR terminais close to smooth

muscle ceUs has lost its association with the Schwann cell. Note that the DflH-IR

varicosities are filled with numerous densely packed granular vesicles. E; endothelial

cell. L; blood vessellumen. Seale bar in 0 applies to panels 8-0. Seale bars = 1 J.Ull•
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FIGURE 3.9: Electron micrographs of VAChT-IR terminais. VAChT-IR tenninals are

wrapped in Schwann cells (S) and located in the vicinity of blood vessel smooth muscle

ceIls (M). Note that in A the VAChT-IR terminal is seen between a mast cell (m) and a

blood vessel smooth muscle cell. Note the abundance of synaptic vesicles in the VAChT

IR varicosities. E; endotheliaI celle L; blood vessellumen. Scale bar = 1 Jlffi.
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FIGURE 3.10: Quantification of the distance separating DpH-, SP, alld VAChT-IR

terminais f,om blood vessel endothelial cells and smoot/. muscle cells. Panel A shows

the distance between the immunoreactive terminaIs and the outer surface of the blood

vesse1 endotheliaI cells. Panel B shows the distance between the immunoreactive

terminais and the outer surface of the blood vessel smooth muscle cells. *p<O.05,

**p<O.Ol
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Table 3.1. Quantification of the number of immunoreactive
terminais associated with Iower dermal blood vessels 1

Terminal Mean±SEM
Type

DBH 10.6 ± 1.7

SP 11.9 ± 2.0

YAChT 8.2 ± 1.4

IThe mean number of Df3H-~ SP- and VAChT-IR
terminaIs associated with blood vessels was obtained.
Unpaired student t-tests were performed between Df3H and
SP~ DBH and VAChT and YAChT and SP. The results
show no significant difference in the number of terminaIs
associated with Iower dennal blood vessels amongst these
three fibre-types. SEM; standard error of the mean.
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CONNECTING TEXT - CHAPTER 3 TO 4

The previous chapters have focused on the sensory, sympathetic and

parasympathetic patterns of innervation in the rat lower Hp skin. In the next two chapters

we focused on the changes in the sensory and sympathetic systems following nerve

lesions. Investigations by other research groups have shown that lesions to peripheral

nerves cause the sprouting of sympathetic fibres around dorsal root ganglion ceUs. This

might suggest tbat these two fibre-types would interact with one another. Unfortunately,

the physiological evidence does not favour an interaction at the sensory ganglia level, and

the possibility remains that such interactions occur more peripheraIly.

Therefore, in Chapter 4, we investigated this possibility by studying the effects,

over time, of bilaterally removing the mental nerves. We studied the changes in the

innervation patterns ofSP- and D[3H-IR fibres in both the upper and lower dermis. One to

eight weeks post-lesion, the rat lower lips were processed for immunocytochemistry at

the light microscopic level.

124



•

•

CHAPTER4

Peripheral Nerve Injury Leads to the Establishment of a Novel Pattern
of Sympatbetic Fibre Innervation in the Rat Skin

Isabella Ruocco, A. Claudio Cuello
and Alfredo Ribeiro-da-Silva

The Journal of Comparative Neurology
422:287-296 (2000)

Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley &
Sons.

© Copyright by Wiley-Liss, Inc., 2000

125



•

•

ABSTRACT

Peripheral nerve injury has been shown to result in sympathetic fibre sprouting

around dorsal root ganglia (DRG) neurons. It has been suggested that this anomalous

sympathetic fibre innervation of the DRG plays a role in neuropathic pain. Other studies

have suggested an interaction between sympathetic and sensory fibres more peripherally.

To date, no anatomical study of these possible interactions in the terminal fields of

sensory and sympathetic fibres has been performed, therefore we set out to study them in

the rat lower lip fol1owing bilateral lesions of a sensory nerve, the mental nerve (MN).

Immunocytochemistry for both substance P (SP) and dopamine-~·hydrohylase (D~H)

was performed. Within the first week post-MN lesions, the SP-immunoreactive (IR)

fibres had almost completely degenerated while D~H-IR fibres were found in the upper

dermis, an area from which they are normally absent. These D~H-IR fibres were present

in the upper dermis at all post-surgery times studied (1, 2, 3, 4, 6 and 8 weeks).

Interestingly, aIthough by the sixth week post-MN lesions SP-IR fibre reinnervation of

the lower lip was occurring, the DJ3H-IR fibres were still present in the upper dermis.

Quantification revealed that the migration and branching of the DJ3H-IR fibres into the

upper dermis oceurred graduaIly, and was MOst signifieant four weeks post-MN lesions

as shown by the fact that the D~H-IR fibres were found 169.6±91.4 J-lrn away from the

surface of the skin as opposed to 407.l±78.4 J-lrn away in sham operated animais. These

findings suggest that the ectopie innervation of the upper dermis by sympathetic fibres

may be important in the genesis of neuropathie pain through the interactions of

sympathetic and SP-eontaining sensory fibres.
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INTRODUCTION

Neuropathic pain frequentIyappears fol1owing peripheraI nerve lesions. As the

underlYing mechanisms still remain unclear., it is very difficult to treat. Sorne patients can

be relieved by the use of sympathetic blocking agents or following surgicaI

sympathectomies [for review see (O'Halloran K.D. and Perl E.R., 1997)]. These patients

are described as having sympathetically maintained pain (SMP). Although sorne

neuropathic pain patients experience sympathetically independent pain (SIP) following

peripheral nerve lesions., the number of patients suffering from SMP is considerable and

is a major challenge in health research today.

Various animal nerve lesion models have been used in previous studies on the

mechanisms of neuropathic origin. The three major models are: 1) the chronic

constriction injury model (CCI) (Bennett G.J. and Xie Y.-K.., 1988); 2) the partial sciatic

nerve ligation injury model (PSL) (Seltzer Z. et al., 1990); and 3) the segmental spinal

nerve ligation injury model (SNL) (Kim S.H. and Chung J.M.., 1992). Although these

animal models differ in the extent of pain behaviours that they produce., they all result in

sympathetic sprouting in the dorsal root ganglia (DRG) at sorne point following the nerve

injury (Lee S.H. et al., 1998). These observations led to the concept of a possible

interaction between sensory and sympathetic neurons at the level of the ORO. Following

nerve injuries, sympathetic fibres have been reported to sprout and form baskets or

onions around ORG neurons (McLachlan E.M. et al., 1993; Chung K. et al., 1993; Chung

K. et al., 1996; Ramer M.S. and Bisby M.A., 1997; Ramer M.S. and Bisby M.A., 1998;

Lee B.H. et al., 1998). The sprouted sympathetic fibres displayed numerous varicose

terminais around ORO neurons following SNL (Chung K. et al., 1997). RecentIy, it has
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been shown that the source of the sprouting sympathetic fibres vary with the animal

model used (Ramer M.S. and Bisby M.A., 1998). When comparing the CCI and SNL

models, Ramer and Bisby (Ramer M.S. and Bisby M.A., 1998) observed that, in the CCI

model, the sprouting fibres originated from perivascular axons, whereas in the SNL

model they originated from a misdirection of regenerating sympathetic fibres.

Sympathetic sprouting appears to be dependent uPOn the diameter of the injured fibres

(Abbadie C. and Basbaum A.L, 1998), in that injury to larger diameter fibres leads to

more abundant sympathetic sprouting ooto DRO cell bodies. Curiously, sympathetic

sprouting occurs more rapidly following CCI than following complete nerve transection,

an observation that suggests that the degenerating neurons may interact with the spared

sensory neurons to promote the DRG sprouting (Ramer M.S. and Bisby M.A., 1997).

It is still unclear what triggers sympathetic sprouting. There is, however,

sufficient evidence to propose a role for nerve growth factor (NGF). In fact, sympathetic

sprouting and basket formation in the DRG has been observed in mice that over-express

NGF in the skin (Davis B.M. et al., 1994). Following sciatic nerve transections, NGF

mRNA levels increased in the DRG (Serbert M.E. and Shooter E.M., 1993; Wells M.R.

et al., 1994; Herzberg U. et al., 1997), suggesting that sprouting may occur due to a local

source of NGF. Furthermore, mice over-expressing NGF in glial cells show more

sympathetic sprouting in the DRG following CCI of the sciatic nerve than non-transgenic

animals. These transgenic animais also experience increased neuropathic pain

behaviours, such as thermal and mechanical allodynia (Ramer M.S. et al., 1998).

Surprisingly, few studies have looked distal to the DRG to investigate the

possibility of more peripheral changes that may be crucial to understandiog the etiology
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of pain which follows peripheral nerve lesions. It has been shown tha~ following nerve

damage, sympathetic stimulation or noradrenaline administration leads to the activation

ofC-fibre nociceptors in their receptive terminal region, an effect which was shown to he

mediated by Œ2-adrenergic receptors (Sato J. and Perl E.R., 1991; Q'Halloran K.D. and

Perl E.R., (997). This indicates that nerve injury changed the responses of seosory

neurons to the above-mentioned stimuli. Previous studies have tried to locate these Œ2

adrenergic receptors. Following PSL, it was found that destroying the post-ganglionic

sympathetic neuron (PGSN) terminais by means of 6-hydroxydopamine injections

eliminated the noradreoaline-induced hyperalgesia, suggesting that the Œ2-adrenergic

receptors are located on the terminais of PGSNs and not 00 the nociceptors themselves

(Tracey D.J. et al., 1995). Other studies have shown that the nociceptors are indirectly

sensitized by noradrenaline-induced prostaglandin re!~'~ase from sympathetic terminaIs

following their activation via the Œ2-adrenergic receptors (Levine J.D. et al., 1986;

Gonzales R. et al., 1989; Schaible H.-G. and Schmidt R.F., 1988; Cohen R.H. and Perl

E.R., 1990; Gonzales R. et ai., 1991; Birrell G.I. et al., 1991; Sherbourne C.D. et al.,

1992). Despite this evidence, the anatomicaI localization of the Œ2-adrenergic receptors

has yet to be established. Therefore, it is still unclear whether the Œ2-adrenergic receptors

are located on the sensory or sympathetic terminal fields.

As there has been no anatomical study of the plastic changes that may occur in

receptive fields following nerve lesion, \ve decided to address the issue by using the skin

of the rat lower lip as our peripheral nervous system mode!. As the sensory innervation to

tbis region originates from the mental nerve - a branch of the trigeminal nerve - and the

sympathetic innervation originates from the superior cervical ganglion, we cao thus
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independently lesion one system or the other and observe the changes that occur in the

terminal fields. The present study focuses on the changes that occurred in the innervation

pattern of the rat lower Hp skin following sensory denervation. Of the primary sensory

fibres, we focussed on the substance P-immunoreactive (SP-IR) subset as they are of

small diameter and are thought to play an important role in the transmission of pain

related information to the CNS and in neurogenic inflammation [for review see, e.g.,

(Cuello A.C., 1987; Otsuka M. and Yoshioka K., 1993)].

MATERIALS AND METHOOS

Male Wistar rats weighing 250-300 g were used in ail studies. The animal care

guidelines described in "The Care and Use of Experimental Animais" of the Canadian

Council on Animal Care, vols. 1 and II, were strictly followed. In addition, ail

experimental procedures were reviewed and approved by the McGill University Animai

Care Committee before experiments started.

Surgical procedures. Prior to surgery, the animais were anaesthetised with

acepromazine (0.2 mllkg) subcutaneously, followed by an intramuscular injection of

xylaxine (0.25 mllkg) and ketamine (0.5 mIlkg). The anaesthetics were sequentially

administered, with a ten-minute waiting period between each. Thirty-six rats underwent

bilateral mental nerve (MN) transections, while another thirty-six rats were sham

operated. The MN transections were performed with the aid of a surgical microscope

(Leitz). The MN was freed from the surrounding connective tissue and a 1.0-2.0 mm

segment of the nerve was removed at its exit point from the mental foramen. In sham

operated animais, surgeries were perfonned as described above, except that the MN nerve
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was not eut. The rats were then left ta recover for one to eight weeks before being used

for immunocytochemistry (ICC).

Five additional rats underwent MN transections as described above and were

allowed to recover for four weeks. Theo the animais had their superior cervical ganglia

removed bilaterally under anaesthesia and were left to recover for a further four weeks

before being used for immunocytochemicaI purposes.

Animal perfusions and tissue sectioning. At the appropriate time post-surgery (1,

2, 3, 4, 6 or 8 weeks), the rats were anaesthetised with 0.4 ml/kg of Equithesin and

transcardially perfused with 4% parafonnaIdehyde, 15% picric acid (v/v) and 0.1%

glutaraldehyde in O.IM phosphate buffer (PB), pH 7.4, for 30 minutes, and subsequently

with 4% paraformaldehyde and 15% picric acid (v/v) in O.lM PB for an additiooal 30

minutes. Rat lower lips were collected and post-fixed at 4°C in the latter fixative for one

hour. The tissue was then cryoprotected in 30% sucrose for a minimum oftwelve hours.

Subsequently, the tissue was trimmed, snap frozen in liquid nitrogen, thawed in 0.1M PB,

placed on tissue holders and surrounded by Tissue-Tek (OCn. Fifty Jlm-thiek cryostat

sections were then obtained at -20°C.

Light microscopy. Sections were pre-treated with 50% ethanol (Llewellyn-Smith

I.J. and Minson J.B., 1992), 0.3% H202 and 1% sodium borohydride in phosphate

buffered saline (PBS), pH 7.4, for 30 minutes each, followed by extensive washing in

PBS containing 0.2% Triton X-I00 (pBS+n, prior ta incubation in the primary

antibodies ovemight at 4°C. PBS+T was used for aU washes and for antibody dilutions. A

rat bi-specifie anti-substance P (SP) anti-horseradish peroxidase (HRP) monoclonal

antibody (1: 10; Medicorp, Canada) (Suresh M.R. et al., 1986) and a mouse monoclonal
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anti-dopamine-~-hydroxylase (DPH) antibody (1:10; PharMingen, Canada) (Mazzoni I.E.

et al., 1991) were used. Subsequently, sections were washed in PBS+T and treated with

HRP (5 J.1g/ml) for one hour. After further washing, SP immunoreactive sites were

revealed by incubating the sections in 3,3'-diaminobenzidine tetrahydrochloride (DAB)

and H20 2. The sections were then washed in PBS+T, incubated for one hour in goal anti

mouse IgG (GAM) (American Qualex) (previously preabsorbed in fixed rat Hp tissue for

eight hours at 4°C), washed again and treated for one hour in a mouse monoclonal PAP

(Seralab, UK) (Semenenko F.M. et al., 1985). FinaIly, the sections were washed and the

D~H labelling was revealed using SG chromogen evector Labs), following the

instructions of the manufacturer. Lastly, the sections were dehydrated in ascending

ethanol concentrations, cleared with xylene and mounted with Permount.

Quantification. The slides used for quantification were coded to ensure that the

observer was blinded to ail groups. The codes were broken ooly prior to statistical

analyses. The number of OpH immunoreactive fibres located above the sebaceous gland

level at aIl post-surgical time points were counted in order to establish a time course for

fibre migration (see results). OpH fibres were counted in the sections processed for both

SP and O~H using a Leitz Dialux 20 microscope. A graticule was placed in the

microscope's eyepiece and three regions of 14.44 J.1Ill2 each were counted per section.

The regions were selected at random above the sebaceous glands. Oata was collected

from a total of 120 sections (four animais per time point and five sections per animal).

The number of D~H fibres that crossed the inferior and right side borders of the

quantification area were counted to establish the time course. In addition, the total

number of OpH fibres within the area were counted to determine the extent of fibre
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branching by direct observation. Statistical significance was assessed by one-way

ANOVA followed by Dunnett's one-sided test.

The extent of fibre migration at the four-week time point was aIso quantified,

using an M4 image analysis system (Imaging Research Inc., St. Catharines, ON, Canada).

The distance between the closest point to the epidermis of the DJ3H fibres and the surface

of the sIOn was measured in sham and MN transected rats. An unpaired Student's t-test

was performed on the average of the distances obtained for the sham and operated animal

groups in order to assess the statisticaI significance.

RESULTS

Patterns of innervation by SP and DJ3H in (ontrol animais

[n naïve animais, SP-IR fibres were found throughout the lower lip, aIthough fibre

density was highest in the upper dennis (Fig. 4.1). The SP-IR fibres closest to the surface

of the skin were studded with numerous varicosities (Fig. 4.1- curved arrows). These

fibres represented terminal branches of larger fibres that were observed within nerves

located in the dermis and hypodennis. Sorne SP-IR fibres were seen to penetrate the

epidermis while other fibres were associated with blood vessels in the upper dennis.

Furtbermore sorne of the SP-IR fibres were located in the proximity of mast cells or in

the vicinity ofhair follicles.

npH-1R fibres were located in the lower dermal region and hypodermis, but not

in the upper dermis, and were associated with blood vessels (Fig. 4.2). The OpH-IR

fibres were not seen to run in small bundles depicting autonomie nerves. Rather, we

observed nerve branches in a net-like arrangement around blood vessels. These fibres
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possessed numerous varicosities (Fig. 4.2- curved arrows) in their terminal branching

network, which were rounder and packed closer together than those in SP-IR fibres.

Changes in SP- and Of}U-immunoreactivity following bitateral MN transectïon5

There were no differences in the fibre distribution pattern and density between

sham operated and naive rats. Therefore, changes observed following MN transections

were a consequence ofcutting the MN and not of the surgical procedure itself.

One week post-surgery, the number of SP-IR fibres in the skin of the lower lip

was greatly reduced, and only a few isolated fibres could be detected (Fig. 4.3A).

Surprisingly, DpH-IR fibres were detected, although in limited number, in the upper

dermis (Fig. 4.38), a territory from which they were absent in sham-operated and naïve

animais. By the second week post-surgery, SP-IR fibres were detected only occasionaIly

(Fig. 4.3C). Furthennore these residual SP-IR fibres were very fine and weakly

immunoreactive. At this point, npH-IR fibres were detected doser to the surface of the

epidermis than they were one week after the nerve was cut. These fibres were thus

continuing their progression towards the surface of the skin. Furthermore, these DpH-IR

fibres were thicker and more abundant (Figs. 4.3C & 4.3D) than at the previous time

point. Three weeks post-surgery, the findings were very similar to those of the two week

time point, however the DJ3H-IR fibres were observed even closer to the surface of the

skin (Fig. 4.3F), while the SP-IR fibres had completely disappeared except for occasional

very faint residuaI fibres. By four weeks post-surgery, sorne SP-IR fibres had reappeared

in the upper dermis (Fig. 4.48) and were seen to innervate the same structures as in naïve

animais. As for the DI3H-IR fibres, they were still present in the upper dermis and
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remained closer to the surface of the skin (Fig. 4.4A) than in sham operated rats. At later

time points (six weeks and eight weeks post-surgery), SP-IR fibres were more abundant

in the upper dermis (Figs. 4.4C-D), although they were still not as abundant as in control

animais. Interestingly, these fibres co-existed with the persisting DI3H-IR fibres. It is also

noteworthy that both SP- and DJ3H-IR fibres were oriented parailei to one another (Fig.

4.48).

Quantification of DI3H-1R fibre migration into the upper dermis of the rat lower lip

To further characterlze the time-course of the D~H-IR fibre migration into the

upper dennis after MN transections, we counted the number of D~H-IR fibres present in

the upper dermis at aIl time points (see Materials and Methods for details). As shown in

Table 4.1, there was a graduai, though significant, infiltration of the upper dennis by

DJ3H-IR fibres, which reached its maximum by the fourth week post-MN lesions.

Furthermore, it was at this latter time point that we observed the greatest level of fibre

ramification. Although by the sixth and eighth week post-lesion the number of DJ3H-IR

fibres in the upper dermis had decreased, the levels were still considerably higher than at

the one-week time point.

The minimal distance between the DJ3H-IR fibres and the surface of the skin at

the four-week lime point was also measured (Fig. 4.5). We round that in MN transected

animals the DJ3H-IR fibres were located within 169.6±91.4 lJ.Ill from the surface of the

skin whereas they were oever closer than 407.1±78.4 J.LIll from the surface of the skin in

sham-operated rats. This difference was highly significant (p<O.OOI).
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Finally, we perfonned bilateral MN transections on five rats and a110wed the

OpH-IR fibres to migrate. Four weeks post-surgery, the superior cervical ganglia (SeO)

were bilaterally removed and the animais were then allowed to recover for 1 month. The

above surgeries resulted in a total loss of OpH-IR fibres (Fig. 4.6) in the rat lower Hp,

thus confirming that the OpH-IR fibres which appeared de nova in the upper dermis arose

from the sprouting and migration of sympathetic fibres in the lower dermis. As expected,

one month post-MN surgery these animais displayed SP-IR. fibres in the upper dermis as

a result of the reinnervation ofthis previously denervated terrltory.

DISCUSSION

Sympathetic fibre migration

The present study examines the effect of sensory denervation on the rat lower lip

skin in order to determine its effects upon the terminal fields of sympathetic and SP-IR

sensory fibres. We found that there was a progressive degeneration of SP-IR fibres,

which was noticeable by the first week post-MN lesion. By the end of the second week,

there was an aImost complete absence ofsensory fibres in the skin. However, by the sixth

week post-MN lesion, we observed a reinnervation by sensory fibres. It is interesting to

note that sorne animais had residuaI sensory fibres remaining until the fourth week post

MN lesion. It is possible that, as there were individual variations amongst animais, these

animals had an initially denser innervation pattern. Strikingly., we observed the

appearance of sympathetic (OPH-IR) fibres in the upper dermis as early as one week

post-Iesion. These fibres do not normaIly innervate the upper dermis in naive rats.
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Evidence from experiments using capsaicin, have shown that it is the loss of C

fibres and not damage to these fibres which promotes sympathetic sprouting in the DRG.

This was shown by experiments in which sciatic nerve-transected animais displayed more

sympathetic sprouts in the DRG than did the animais which did not receive the capsaicin

pretreatment (Abbadie C. and Basbaum A.I., 1998). Furthermore, experiments using

neonatal capsaicin treatments revealed that sYmpathetic sprouting and an increased

number of noradrenergic contacts occur in the peripheral targets of the denervated tissue

(Hill C.E. and Vidovic M., 1989; Luthman J. et ai., 1989). One possible explanation for

this invasion of syrnpathetic fibres into a territory from which they are normaIly absent is

that these fibres are responding to a signal from the upper dermis. NGF May provide such

a signal. In fact, as the sensory fibres degenerate, the NGF produced by peripheral targets

such as keratinocytes (Tron V.A. et al., 1990; English K. et al., 1994), fibroblasts

(Acheson A. et al., 1991) and Merkel ceUs (Vos P. et al., 1991) May become available

and act as a chemotactic factor. Thus, sYmpathetic fibres respond by migrating towards

the newly available source of NGF. In fact, it has been previously shown that NGF

sensitive fibres will follow a concentration gradient of the neurotrophin (Campenot R.B.,

1987). Furthennore, following a regional denervation, NGF-sensitive neurons can be

induced to sprout from adjacent regions into the denervated area (Rich K.M. et al., 1984),

a process which can be prevented by the administration ofNGF antiserum (Diamond J. et

al., 1992a; Diamond J. et al., 1992b).

As time progressed, the sympathetic fibres migrated closer to the surface of the

epidermis. Even though sensory reinnervation of this territory occurred, they were still

present at the last time point observed (8 weeks), suggesting that they May continue to
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drawon the available NGF in the region. The new sensory fibres may originate from the

cervical branch of the facial nerve, the lingual branch of the trigeminal nerve as weil as

from the cervical plexus. Although they are attempting to reestablish a seemingly normal

pattern of innervation in the upper dennis, their fibre density does not retum to that

observed in control animais. Therefore, we postuIate that the persisting sympathetic

fibres May utilise part of the region's NGF supply, thus reducing the NGF available to

restore the sensory innervation in the upper dermis to control levels.

Migrating sympathetic fibres originate (rom the lower dermis

Ta confum the origin of the migrating sympathetic fibres, we aIlowed it ta occor

up until four weeks post-surgery - a point at which the migration was known to be

significant - at which point we performed a seo ganglionectomy on the animais. Four

weeks later, we found that the newly arriving sensory fibres were still present but that the

sympathetic fibres were not. This confmned that the sympathetic fibres migrated from

the lower dermis ioto the upper dermis, as the upper dermal fibres were no longer present

following the sympatbetic denervation of the lower dermis. Furthermore we were able to

mie out the possibility that the reappearance of sensory fibres in the upper dermis was

due to a phenotypic switch in the sympathetic fibres, since the fonner were still present

despite the complete loss ofsympathetic fibres.

It still is unclear how sympathetic fibres make their way through the connective

tissue and into the upper dennis. After careful observation of the material, we found that

the sensory and sympathetic fibres run paraIlel to one another. This suggests that the

sympathetic fibres might use the tracts of the degenerating sensory fibres in order to gain
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access into the upper dennis. Support for this cornes from studies which have shown tha~

following nerve injuries, Schwann cells located around the degenerating neuron

upregulate their synthesis ofNGF and the p75 low-affinity NGF receptor, thus causing an

increase in the local concentration of NGF (Taniuchi M. et al., 1986). Therefore, by

responding to the available NGF, the sympathetic fibres would migrate along the sensory

fibre tracts.

Peripheral mechanisms involved in sensory-sympathetic interactions

The relevance of 100king at the tenninal fields of sensory and sympathetic fibres

fol1owing nerve lesions is supported by experiments in which lidocaine is applied at the

site of injury (Gracely R.H. et al., 1992). In these experiments it was observed that,

immediately following the lidocaine application, the neuropathic pain symptoms of

patients diagnosed with reflex sympathetic dystrophy were relieved, suggesting that

inputs coming from the periphery are important for the maintenance of the pain.

Furthermore, blocking signais from entering ioto the spinal cord aiso alleviates

neuropathic pain, pointing to the importance of signais originating from the site of injury

and/or the DRG for maintenance of the pain (Sheen K. and Chung J.M., 1993; Yoon

Y.W. et al., 1996). Therefore, although much evidence suggests that the interaction

between sensory and sympathetic fibres occurs at the level of the DRG, sorne important

signais may also arise from the terminal fields themselves. In fact, our results have shown

that at Iater stages fol1owing MN lesions (8 weeks post-Iesion), the sensory and

sympathetic fibres run parallel to one another in the upper dermis, making it possible for

interactions to occur at this level. It has been hypothesized that, following peripheral
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nerve injuries, C-fibre axons begin to express adrenoceptors which may lead to

catecholamine supersensitivity by binding the excess transmitter found in the systemic

circulation or released from nerve tenninals (McLachJan E.M. et al., 1993; Devor M. et

al., 1994). <l2-adrenergic receptors have been postuJated as the receptor subtype involved

(Sato J. and Perl E.R., 1991; Q'HaJloran K.D. and Perl E.R., 1997). By expressing

adrenoceptors, the C-fibres in our model would he directIy stimulated by the release of

noradrenaline from the sympathetic fibres running along with them. However

prostaglandins, which have been shown to sensitize nociceptors (Martin H.A. et al., 1987;

Schaible H.-G. and Schmidt R.F., 1988; Cohen R.H. and Perl E.R., 1990; Birrell G.J. et

al., 1991), are produced and released upon noradrenaline binding to the <l2-adrenergic

receptors on sympathetic fibres (Gonzales R. et al., 1991; Sherbourne C.D. et al., 1992)

(Levine J.O. et al., 1986; Gonzales R. et al., 1989; Tracey D.J. et al., 1995) and thus in

this way, the C-fibres in our model could be indirectly stimuIated by the release of

noradrenaline. Regardless of where the a2-adrenergic receptors are located, our results

support the idea of an aberrant interaction between sensory and sympathetic fibres, which

may be one of the peripheraJ mechanisms underlying states such as sympathetically

maintained pain.

Conclusion

We have been able to show persistent plastic changes in sympathetic and SP

containing sensory fibre innervation of a region following denervation. These changes

were observed in the terminal fields as opposed to those that have been described by

other investigators at the level of the DRG. Therefore, it is probably important to consider
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changes that occur peripherally to the DRG when trying to understand the mechanisms

that underlie neuropathic pain syndromes. We suggest that sympathetic sprouting both at

the level of the DRG and in the periphery are involved in sympathetically-related

peripheral neuropathies.
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FIGURE 4.1: Normalpattern ofSP immunoreactivity in sham-operated animais. A-A

dense network of SP-IR fibres can be seen in the upper dermis. There are aIso small fibre

bundles present in the upper dermis. The curved open arrow indicates one such fibre

bundle at one of its branching points. A fibre penetrating into the epidermis can also he

seen (open arrow). 8 -These SP-IR fibres represent terminal branches as evidenced by the

presence of numerous varicosities (curved arrows). The arrowheads indicate the surface

of the skin. Scale bar =20 J.1m.
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FIGURE 4.2: Normal pattern ofDpH immunoreactivily in sham-operated animais. A

& B -DJlH-IR fibres are located in the lower dermis where they are associated with blood

vessels (V). Like SP-IR fibres these DI3H-IR fibres are also studded with numerous

axonaI varicosities (curved arrows). Note that these varieosities are larger and more

regularly spaeed along the axons than the varicosities on the SP-IR fibres. The DI3H-IR

fibres appear to form a mesh around the blood vessels. Note also that the DI3H-IR blood

vessels are aIso innervated by SP-[R fibres, which are seen to run along the blood vessel

(especiaIly in panel A), but these SP-lR fibres never wrap around the blood vessels as do

the DI3H-IR fibres. Seale bar = 20 J,1m.
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FIGURE 4.3: Substance P and DpH immuno,eact;vities one, IWo and th,ee weeks

following mental nerve lesions. A & B -One week post-MN lesion, Df3H-IR fibres start

to appear within the upper dennis. These fibres are fine and isolated and possess axonal

varieosities (curved arrows). In sorne animais we can still note the presence of SP-IR

fibres (A) which have not yet degenerated. C & 0 -Two weeks post-MN lesion, the

Df3H-IR fibres are more oumerous in the upper dennis than at one week post-Iesion. The

D~H-IR fibres are seen to start branching within the upper dermis (open arrows). We can

also clearly observe the presence ofaxonal varicosities (curved arrows). There are still

sorne residual SP-IR fibres, but these are faint and few in number (in C). E & F -Three

weeks post-MN lesion the D~H-IR fibres are even closer to the surface of the skin. These

fibres appear to be arising from the Df3H-IR fibres located in the lower dermis. This is

suggested by the presence of very long D~H-IR fibres, which are seen to span both the

upper and lower dermal regions. Sorne fibres can be seen to travel in bondies (double

headed arrow). At this point SP-IR fibres have beeome virtually nonexistent. In ail panels

the arrowheads represent the surface of the skin. Seale bar = 20~.
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FIGURE 4.4: Substance P and DpH immunoreactivit;es four, six and eight weeks

following mental nene lesions. A & B -Four weeks post-MN lesion, the situation

resembles that of the three weeks time point with the exception that SP-IR fibres have

started to reinnervate the skin. The SP-IR fibres regain the upper dermis despite the

presence of migrated DJ3H-IR fibres in this tenitory. Note that these fibres appear to be

running paraUel ta one another (squared arrow). Six (C & D) and eight CE & F) weeks

post-MN lesion a quasi normal pattern of SP immunoreactivity is achieved in the lower

Hp. The DpH-IR fibres persist in the upper dermis dispite SP reinnervation. Blood

vessels CV) in the lower dermis appear to be innervated by bath SP- and DpH-IR fibres

once again. The arrowheads represent the surface of the skin. Scale bar = 20 J.1m.
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FIGURE 4.5: Quantification of the extent ofDpH-IR fibre migration ;nto the upper

dermis four weeks post-mental nene Lesions. Using an M4 image analysis system, we

found that four weeks post-MN lesion, the DJ3H-IR fibres in lesioned animais are

significantly closer to the surface of the skin when compared to sham operated animais.

n=6 for each group. *p < 0.001
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FIGURE 4.6: Substance P and DpH immunoreactivitiesjollow;ng 60th mental nerve

lesions and sympathectomies. A SP-IR fibres reinnervate the upper dermis following

MN lesion and sympathectomy. Note that, as in sham operated animais, sorne of the SP

IR fibres are grouped in bundles (curved open arrows). B In the lower dennis note that

D~H-IR fibres are no longer present. The SP-IR fibres however, reinnervate the lower

dermal blood vessels (V). Curved arrows represent synaptic varicosities. The arrowhead

represents the surface of the skin. Scale bar = 20 flm.
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TABLE 4.1. Quantification of the migration ofD~H-IR fibres into
the upper dermis at ail post-surgical time points l

post-surgical
time points
1 week
2 weeks
3 weeks
4 weeks
6 weeks
8 weeks

fibres intersecting
counting area

3
18
23
87
20
17

total number
of fibres

19
29
55

125
60
47

total number of fibres
including branches

19
33*
60**

192**
62**
53**

•

INumber of DJ3H-IR fibres in the upper dermis at various time points
following mental nerve lesions. The DJ3H-IR fibres start to appear in the
upper dermal region of the skin as early as one-week post-MN lesion. The
migration into this territory is gradual and reaches maximal levels by the
fourth week post-MN lesion. Il is also at this latter time point that the extent
of fibre branching reaches its maximum. After this point, the number of
D~H-IR fibres and the number of fibre branches in the upper dermis begin
to decline. However, the number of DJ3H-IR fibres and their branches are
still higher than al the one-week time point. *p<0.05, **p<O.OOI (one-way
ANOVA fol1owed by Dunnett's one-sided test)
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CONNECTING TEXT - CHAPTER 4 TO 5

In the previous chapter, we demonstrated that bilateral mental nerve lesions led ta

the complete degeneration of SP-IR fibres and to the sprouting of OflH-IR fibres into the

upper derrnis, a territory from which these fibres are nonnally absent. Quantification of

this fibre migration revealed that the OflH-IR fibres were signjficantly closer to the

surface of the skin in lesioned animais than in contrais, and that they displayed increasing

numbers of branches over time. Furthermore, the sprouted D~H-IR fibres persisted in the

upper dermis despite the re-innervation of the rat lower lip skin by SP-IR fibres. The

novel pattern of innervation in the upper dermis consisted of SP- and OflH-IR fibres

running parallel, and in close proximity, to one another.

Based on our fmdings, and those of others showing sensory fibre sprouting in the

DRG following sciatic nerve lesions, we wanted to determine if: by lesioning the

sympathetic system, we could induce sprouting of the sensory system. To test this, the

superior cervical ganglia were bilaterally removed, and one to eight weeks post-surgery,

SP, NK.-l and DpH immunoreactivities were assessed at the light microscopie level.
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CHAPTER5

Sympathectomies Lead ta Transient Substance P-Immunoreactive
Sensory Fibre Plasticity in the Rat Skin

Isabella Ruocco, A. Claudio Cuello, Ryuichi Shigemoto
and Alfredo Ribeiro-da-Silva

ln press: Neuroscience (2001)
Reprinted with permission from Elsevier Science
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ABSTRACT

Research using animal models of neuropathic pain bas revealed sympathetic

sprouting ooto dorsal root ganglion cells. More recently, sensory fibre sprouting ooto

dorsal root ganglion ceIls has also been observed. Previous work in our laboratory

demonstrated persistent sympathetic fibre sproutiog in the skin of rat lower Hp following

sensory denervation of this region. Therefore, we applied immunocytochemistry to

determine the effects of sympathectomies on the terminai fields of sensory fibres. The

superior cervical ganglia were removed bilaterally and the effects on the innervation of

the skin of rat lower lip were observed one, two, three, four, six and eight weeks post

surgery. Substance P and dopamine-p-hydroxylase immunoreactivities were used to

identify a subset of sensory and sympathetic fibres respectively. We aIso assessed

neurokinin-l receptor immunoreactivity. Quantitative data was obtained with the aid of

an image analysis system. In controls, the upper dennis was innervated by substance P

immunoreactive fibres only and possessed the highest density of neurokinin-l receptor

immunoreactivity, while blood vessels in the lower dermis were innervated by both

substance P- and dopamine-(3-hydroxylase-immunoreactive fibres. Following

sympathectomies, substance P-immunoreactive fibres in the upper dennis were more

intensely labelled only one and two weeks post-surgery when compared to sham controls.

The length of substance P-immunoreactive fibres in this region was aIso increased only

on the second week. Neurokinin-l receptor immunoreactivity in the upper dennis was

slightly decreased one and two weeks post-surgery. In the lower dennis, substance P

immunoreactive fibres associated with blood vessels were more intensely labelled only

one and two weeks post-surgery, and at aIl post-surgical time points studied, blood
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vessels in this region were devoid of dopamine-(3-hydroxylase-immunoreactive fibres .

The length of substance P-immunoreactive fibres was increased from the tirst to the third

week post-surgery in the lower dermis.

These results indicate that sympathectomies lead to transient changes in substance

P-immunoreactive fibre innervation and neurokinin-l receptor expression in the upper

and lower dermis of the rat lower lip skin. The effects are most prominent in the lower

dermis probably due to a greater local concentration ofnerve growth factor in this region.
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INTRODUCTION

Severa! studies suggest a possible role of the sympathetic system in hyperalgesia

following peripheral nerve injuries. Sympathetic sprouting in the dorsal root ganglion

(DRO) was observed (McLachlan E.M. et al., 1993; Chung K. et al., 1996; Ramer M.S.

and Bisby M.A., 1997) around large diameter DRO cells (Chung K. et al., 1993; Abbadie

C. and Basbaum A.L, 1998). These sprouted fibres have been described as possessing

varicose terminais that were observed in close proximity to the DRG celI bodies (Chung

K. et al., 1997). It has aIso been demonstrated that the time course of the sympathetic

sprouting (Lee B.H. et al., 1998) and the origin of the sprouted fibres (Ramer M.S. and

Bisby M.A., 1998) varied according to the injury model used. Nonetheless, sympathetic

sprouting onto DRG neurons appears to he a common feature of the injury models

studied.

These findings indicate that the DRG is a site of anomalous interactions between

the sensory and sympathetic systems. A previous study from our laboratory reveaIed that

such aberrant interactions might also oeeur in the peripheraI terminal field region of

sensory and sympathetie fibres. In faet we found that sYmpathetie fibres are normally

absent from the upper dermis of the skin of the rat lower lip. However, sensory

denervation following bilateral transeetion of the rat mental nerves led to the migration of

sympathetie fibres into the upper dennis. Although sensory re-innervation eventually

occurred, the migrated sympathetie fibres remained in their new territory. Furthermore,

these two fibre types were seen to run parallel to one another, suggesting that they

interaet in the re-innervated territory (Ruoceo 1. et al., 2000).
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A recent study reported that, following a sciatic nerve transection, small sensory

fibres fonn baskets around large diarneter DRG neurons (McLachlan E.M. and Hu P.,

1998). This provides evidence that changes in sensory fibre innervation patterns may

occur following lesions, and that the changes are not restricted to the sympathetic system.

Our objective in the present study was, therefore, to determine the effects of

sympathectomies on the terminal fields of sensory and sympathetic fibres in the skin of

the rat lower lip. The rat lower lip is a good model for this type of research as it a1lows

for the independent manipulation of the sensory and sympathetic systems. The superior

cervical ganglia (SCG) were surgically removed bilaterally and, at severa! post-surgical

times, substance P (SP) and neurokinin-l receptor (NK-lr) immunoreactivities were

assessed as markers of changes in sensory innervation, while doparnine-p-hydroxylase

(DPH) immunoreactivity was assessed for changes in sympathetic innervation.

MATERIALS AND METHOOS

Male Wistar rats weighing 250-300 g were used in this study. The animais were

provided with food and water ad libitum and kept under a twelve hour day/night cycle.

Ail experimentai procedures were performed in accordance with the guidelines from the

Canadian Council on Animal Care. Ali efforts were made to minimise the number of

animais used and animal suffering.

Animal preparation. A total of 60 rats were used. The animals were anaesthetised

with acepromazine (0.2 mllkg) subcutaneously, followed by intramuscular injections of

xylazine (0.25 ml/kg) and ketamine (0.5 ml/kg). Each injection was followed by a 10 min

waiting period. Haif the animals had their SCG bilaterally removed. The remaining
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animais were sham-operated and used as controls. Ali animals were left to recover for the

appropriate post-surgical time (l, 2, 3,4, 6, 8, weeks) prior to being perfused through the

ascending aorta under Equithesin (0.4 mlJkg) anaesthesia. Sham-operated animais were

perfused four weeks post-surgery. The fixation protocol used was 4% paraformaldehyde,

15% picric acid (v/v) and 0.1% glutaraldehyde in O.lM phosphate buffer (PB) (pH 7.4)

for 30 min, followed by 4% parafonnaldehyde and 15% picric acid (v/v) in O.IM PB for

30 min. The lower lips were collected and post-fixed at 4°C for 1 h in the latter fixative

mixture. The lips were then immersed in 30% sucrose in 0.1 M PB prior to being snap

frozen in liquid nitrogen, thawed in 0.1 M PB, placed on tissue holders and embedded in

Tissue-Tek (OCT). Fifty-micrometer thick sections were cut on a cryostat at -20oe and

collected in phosphate-buffered saline containing 0.2% Triton X-I 00 (PBS+T).

SP and DpH ;mmunosta;n;ng. Ali washes and dilutions were performed in PBS+T

unless otherwise mentioned. The sections were treated in 50% ethanol (v/v) (LlewellYD

Smith I.J. and MinsonJ.B., 1992),0.3% H202 and 1% sodium borohydride in PBS for 30

min respectively. After extensive washing the sections were incubated with a mixture of

rat bispecific anti-SP anti-horseradish peroxidase (HRP) monoclonal antibody (l: 10)

(Suresh M.R. et al., 1986) and a mouse monoclonal anti-DJlH antibody (1: 10) (Mazzoni

I.E. et al., 1991) ovemight at 4°C. Subsequent to washing, the sections were incubated

with HRP (Sigma type VI, 5 Ilglml) for 1 h, washed and the SP antigenic sites revealed

by 3,3'-diaminobenzidine tetrahydrochloride (DAB) and H20 2• After washing, DJlH was

demonstrated by incubating the sections for lh in goat anti-mouse IgG (American

Qualex, 1:50) preabsorbed for 8 h at 4°C in fixed rat Hp tissue (Ruocco 1. et al., 2000).

Following washes and incubation in a mouse monoclonal peroxidase anti-peroxidase
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receptor (NK-l r)For neurokinin-l

antibody (Semenenko F.M. et al., 1985) for 1 h~ the sections were washed and incubated

with the sa chromogen (Vector Labs) for 15 min followed by 5 min in distilled water.

Lastly, the sections were mOUDted on gelatin-subbed slides, dehydrated through

ascending ethanol concentrations, cleared with xylene and cover slipped with Permount

(Fisher).

NK-1r immunocytochemistry.

•

immunocytochemistry, the tissue sections were obtained as described above. Following

the ethanol, H20 2 and sodium borohydride treatments (see above), the sections were pre

incubated in 5% normal goat serum followed by a polyclonal rabbit serum against the

NK-1r (Shigemoto R. et al., 1993; Nakaya Y. et al., (994) diluted 1:500 for 48 h at 4°C.

The sections were then washed, incubated in a biotinylated goat-anti-rabbit IgG (1 :3000;

IeN) for 1 h, washed again and finally incubated in an ABC complex (1 :50; Vector Labs)

for 1 h. After further washing, the NI(-1 r signal was revealed by incubating the section in

DAB and HIOI. The sections were mounted on gelatin-subbed slides, dehydrated through

ascending ethanol concentrations, cleared through xylene and coyer slipped with Entellan

(BDH).

•

Quantification. SP immunoreactivity was quantified using an MCIO-M4 image

analysis system (lmaging Research Inc., St. Catharines, ON, Canada). Four animais per

time point (sham, 1, 2, 3, and 4 weeks) and five 50 JlI11-thick sections per animal were

quantified. Digital images of four regions (two from the upper and two from the lower

dermis) per section were obtained and stored. Once all images were collected, they were

subjected to a normalisation process in order to equalise the backgrounds across sections.

Subsequently three adjacent fields of 0.1 mm2 per region were quantified. We measured
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the relative optical density (ROO) of SP-IR fibres as weil as the total length of SP-IR

fibres per 0.29 mm2
• ROD values were measured as they provide information on

immunostaining intensity. The upper and lower dermal data were analysed separately and

one-way ANOVA followed by Dunnett's one-sided test were used to assess statistical

significance.

RESULTS

For the purpose of this study, we divided the dennis ioto upper and lower parts.

The upper dermis is the area between the epidermis and the opening of the sebaceous

glands into the hair follicles, while the lower dermis corresponds to the area between the

sebaceous gland openings and the hypodermis.

Upper dermis

In controls, the upper dermis was innervated by SP-immunoreactive (SP-IR)

fibres (Fig. S.ID-F). These fibres formed an extensive branching network and possessed

numerous axonal varicosities. Sorne SP-IR fibres io this region occurred as free nerve

endings associated with blood vessels, the walls of which possessed NK-1r

inununoreactivity (see below). Others were seen to run along the dennal-epidermal

junction and these fibres occasionally penetrated into the epidermis. The upper dermis

was devoid of D~H-IR fibres. Following sympathectomies, SP-IR fibre labelling was

more intense one and two weeks post-surgery (Fig. S.lA.,B). However, this increase in

staining intensity was short lasting and by the third week post-surgery (Fig. 5.1 C) the
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pattern ofSP immunoreactivity did not ditIer from controls (Fig. 5.1D-F). There was also

a slight increase in the length ofSP-IR fibres in this region (Fig. 5.2).

An image analysis system was used to detect the relative intensity of

immunostaining (ROO) for SP-IR fibres and their total length, as described in

Experimental Procedures. This quantitative analysis revealed that the increase in fibre

labelling intensity was significant one and two weeks post-sympathectomies (Fig. 5.3A).

As for the length of SP-IR fibres, it was only significantly increased two weeks post

surgery (Fig. 5.3B). NK-lr immunoreactivity was considerably less than in controls one

week post-surgery (Fig. 5.4A) and remained low up UDtil the third week post-surgery

(Fig. 5.4B), when the intensity of the staining was apparently identical to that of controls

(Fig. 5.4D-F).

Lower dermis

Both SP- and DpH-IR fibres were associated with the same blood vessels in the

lower dermis of controls (Fig. 5.SD-F). Both fibre types possessed numerous varicosities.

However, DI3H-IR fibres were seen in a net-like arrangement around the blood vessels,

while SP-IR fibres ran mostly along the outer border of the blood vessel walls (Fig. 5.5).

D~H-IR fibres were not detected one week post-surgery (Fig. 5.5A), and remained

undetectable in ail time points studied.

Quantitative analysis revealed that, one week post-surgery (Fig. S.SA), SP-IR

fibres associated with blood vessels were more intensely labelled than contrais (Fig.

5.6A) and, as in the upper dermis, that this increase was transient. This increased

labelling was observed until the second week post-surgery (Fig. 5.5B), and by the third
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week SP-IR fibre labelling intensity did not differ from control (Fig. 5.5D-F). One to

three weeks post-surgery, there was a dramatic and significant increase in the length of

SP-IR fibres in the lower dennis (Fig. 5.5A-C and Fig. 5.68). NK-lr are not normally

detected in lower dermal blood vessels and no changes were observed post-surgery.

DISCUSSION

[n this study we provide evidence that, unlike sensory denervations that lead to

persistent sympathetic changes, sympathectomies induce transient changes in the sensory

innervation of the skin of the rat lower Hp (see Fig. 5.7). In fact, in the upper dermis, we

observed more intense labelling which was accompanied by NK.-1 r down-regulation, one

and two weeks post-sympathectomy. The NK-lr down-regulation appears to be a

compensatory mechanism in response to the increased length and labelling intensity of

SP-rR fibres. In fact, this type of compensatory mechanism bas been observed in the

spinal cord. Following inflammatory or nerve injury-induced pain, SP levels decreased in

the spinal dorsal hom while NK-lr immunoreactivity was shown to increase (Abbadie C.

et al., 1996; Malmberg A.B. et al., 1997). SP-rR fibre length was also increased one and

two weeks post-surgery in the upper dermis. ln the lower dermis, SP-[R fibre labelling

was more intense ooly one and two weeks post-surgery. SP-IR fibre length bowever, was

increased from one to three weeks post-surgery. In both the upper and lower dermis

increases in labelling intensity and fibre length suggest increases in levels of SP

expression and SP-fR fibre sprouting respectively.

The rat lower Hp is innervated by both sensory and sympathetic fibres and these

two fibre types appear to compete for target-derived nerve growth factor (NGF) for their
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survival and maintenance (Onen N.U. et al., 1980; Kessler J.A. et al., 1983; Korsching S.

and Thoenen H., 1985; Hill C.E. et al., 1988). Sensory fibre sprouting, following either

surgical or chemical sympathectomy, bas been observed (Kessler J.A. et al., 1983; Zhang

S.Q. et al., 1984; Yodlowski M.L. et al., 1984; Hill C.E. et al., 1988) and this sprouting

appears to occur as a result of the loss of sympathetic competition for NGF (Kessler J.A.

et al., 1983). Indeed the sympathectomy-induced sensory sprouting is blocked when NGF

anti-serum is administered (Kessler J.A. et al., 1983), further substantiating a role for

NGF in the sprouting. Therefore this would explain how sensory fibre sprouting occurs in

the mt lower Hp following sympathectomies. SP-IR. fibres in the rat lower Hp skin are

mostly associated with blood vessels. A view suggested in the past is that not all SP-IR

fibres are NGF-responsive. Therefore, the fibres were then usually divided ioto two

groups, NGF-sensitive and NGF-insensitive, with the latter thought to be responsive to an

unidentified trophic factor (Rawdon B.B. and Dockray G.J., 1982). Amongst those

thought to be NGF-insensitive were the SP-IR fibres which innervate blood vessels

(Kessler J.A. et al., 1983; Kessler J.A. et al., 1983; Yodlowski M.L. et aL, 1984). Ifthis

view were accurate, it would explain our results showing brief sensory changes, as these

fibres are associated strictly with blood vessels.

Contrary to these findings, we believe that the Iiterature provides significant

evidence to support the view that SP-IR fibres associated with blood vessels in the lower

dermis are NGF-responsive. For instance it has been shown that SP and calcitonin gene

related peptide (CGRP) are dependent upon the NGF produced by blood vessels

(Donnerer J. et al., 1992; Lewin G.R. and Mendell L.M., 1993; Tuttle J.B. et al., 1993;

Anand P. et al., 1997). Experiments using antibodies to NGF have resulted in a slight
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decrease in immunoreactivity for SP and CGRP in the mesenteric artery and the femoral

vein (Aberdeen J. et al.~ 1991). Furthennore, extracerebral blood vessels are innervated

by nociceptive sensory axons which possess p75 and trkA receptors and are NGF

responsive (Kawaja M.D.~ 1998). Finally, evidence from diabetic patients shows that skin

levels of NGF and substance P are decreased~ and that the NGF depletion appears to

correlate with a decrease in antidromic vasodilatation (Anand P.~ 1996). This evidence

strongly indicates that blood vessel-associated sensory fibres, which are responsible for

mediating vasodilatation, are NGF-sensitive. Therefore~ we believe that the lack of long

lasting changes in SP-IR fibre innervation of the rat lower Hp skin is not due to the

unresponsiveness ofthese fibres to NGF, but that it is due to a presently unknown reason.

Furthennore, as the sympathetic fibres degenerate, the largest available pool of NGF

becomes the lower dermis. Thus the most prominent effects are observed in the lower

dermis. NGF is able to diffuse to the upper dennis and hence could be responsible for the

upper dermal changes. The NGF concentration in this region May not be as elevated as in

the lower dermis and this would explain the less striking results. It is clear, however, that

the minimal changes observed are not due to unsuccessful sympathectomies~ as the

complete degeneration of the O~H-IR fibres occurred by the first week post-surgery and

was maintained throughout this study.

Increases in SP-IR fibre detection May be due to an increased fibre number as a

result of sprouting~ increased expression of SP in each fibre or bath. Previous studies

have shown that sympathectomies cao increase the expression of SP in C-fibres (Cole

O.F. et al., 1983; Kessler J.A. et al., 1983; Carvalho T.L.L. et al.~ 1986; Nielsch U. and

Keen P., 1987; Nelson D.K. et al.~ 1988) or the density ofthese fibres (Zhang S.Q. et al.,
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1984; Yodlowski M.L. et al., 1984). NGF appears to play a role in increasing SP and

CGRP fibre density (Kessler I.A. et al., 1983; Nielsch U. and Keen P., 1987; Aberdeen I.

et al., 1990; Aberdeen I. et al., 1992), and mediating sensory fibre sprouting following

sympathectomies (Kessler I.A. et al., 1983; Zhang S.Q. et al., 1984; Yodlowski M.L. et

al., 1984; Hill C.E. et al., 1988). Systematic quantification of our material strongly

suggested that in our model sympathectomies caused both an increase in SP-IR fibre

number and SP content. No aberrant patterns of innervation by SP-IR fibres were

observed. This is consistent with the observation that increasing the availability of NGF

results in increased sensory fibre density in its normal target area, and in increased

sympathetic fibre density in its normal and aberrant areas as weil (Davis B.M. et al.,

1997).

[t has been reported that SP concentration, when measured by radioimmunoassay,

is increased in the SCG following guanethidine-induced sympathectomies. The increase

was observed six to eight weeks after cessation of drug treatment (Benarroch E.E. et al.,

1992). At earlier stages (two weeks post-sympathectomy) increased levels of CGRP but

not SP were observed (Benarroch E.E. et aL, 1992). Examining later rime points (beyond

eight weeks post-sympathectomy) to determine if sensory changes would occur following

a longer survival in our model might have sorne interest. However, this is unlikely as the

effectiveness of chemical (in this case 6-hydroxydopamine) and, probably, surgical

sympathectomyappears to be govemed by the ratio of noradrenaline: SP in the tissue

(Nielsch U. and Keen P., 1987). Based on these observations, we suggest that ifthis ratio

is high, the competition for tissue-derived NGF by sympathetic fibres would be high. The

removal of sympathetic fibres would result in the loss of competition for NGF and thus
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favour sensory fibre sprouting. However if the ratio is smaIl, the competition for NGF

would be small (both sensory and sympathetic fibres successfully obtaining a substantial

amount ofNGF) and removing sympathetic fibres would not result in substantial sensory

fibre sprouting. As both sensory and sympathetic fibres are abundant in the skin of the rat

lower lip, the noradrenaline:SP ratio in our model is probably 1:1 and this could explain

why sympathectomies did not lead to marked sensory changes.

A final consideration: the outcome of sympathectomies appears to depend on

whether they were performed surgically or chemically (Ouyang A. et al., 1996).

Furthermore, there appear to be discrepancies in the results abtained from researchers

studying the same system. For instance, Aberdeen et al. (1992) show no increases in SP

levels in the SCG, while Benarroch et ai. (1992) show that they do accur. In both cases

mature male Sprague-Dawley rats were treated with intraperitoneal injections of

guanethidine. Hawever, Aberdeen et al. (1992) treated the rats everyday for five weeks

with 40 mglkg, while Benarroch et al. (1992) treated the rats five days a week for 4

weeks with 80 mg/kg. In the later case, doubling the dose of guanethidine may have

successfully removed more sympathetic fibres, thus allowing sprouting of the SP-lR

fibres. Furthermore, Aberdeen et al. (1992) sacrificed the animais two weeks after the

treatment ended, while Benarroch et al. (1992) sacrificed them six to eight weeks after

the treatment ended. A longer post-treatment delay could allow SP-IR fibre sprouting into

the SCG ta occur and this effect could be missed in experiments with shorter delays.

In conclusion, we have shawn transient sensory changes in the rat lower Hp

following sympathectomies. These changes include increased labelling intensity and

sprouting of SP-lR fibres and were accompanie~ ooly in the upper dermis, by the down-
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regulation of NK-lr. However the majority of these changes were no longer observed

three weeks post-sympathectomies. This data should he interpreted with caution, as

previous studies bave shown that the outcome of sympathectomies varies considerably

depending on the target field studied and whether surgical and chemical sympathectomies

are performed. However, our data revealed changes that May he related to the genesis of

post-sympathectomy pain since plastic changes in sensory innervation of the rat lower Hp

were observed. The increased innervation of the rat lower Hp by sensory fibres May result

in anomalous patterns of innervation in this area, which in turn lead to increased pain

sensation. These findings are of potential clinical relevance as post-sympathectomy pain

is associated with such syndromes as sympathalgia, post-sympathectomy parotid pain and

Raeder's paratrigeminal syndrome (Schon F., 1985).
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FIGURE 5.1: Light microscopie distribution of SP-IR fibres in the epidermis and

upper dermis ofthe skin ofthe rat lower lip in sympathectomized (A-C) and control (D

F) animais. Panels (A-C) were obtained from animaIs one (A), two (D) and three (C)

weeks post-sympathectomy. Note the presence of thicker SP-IR fibre bundles (thick

arrows) in CA) and (D). In (C), note that the appearance of SP-IR fibres did not differ

from controls (D-F). The thin arrows in (C-F) point to SP-IR fibres with sunilar

appearances. Note that these fibres are thinner than in (A) and (D). Note the complete

absence ofDpH-IR fibres in aU panels. Scale bar =25 flIll.
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FIGURE S.2: Light microscopie distribution ofsprouting SP-IRjibres in the epidermis

and upper dermis ofthe skin ofthe rat lower lip in control (A) and sympathectomized

(B-C) animais. In (A), SP-IR fibres containing numerous varicosities (arrows) penetrate

the epidermis and branch extensively. Note that following sympathectomies (8) the fibres

branch more profusely in the epidennis. Panel (C) depicts the increase in SP-IR fibre

density following sympathectomies, compared to controls (A) which possess less SP-IR

fibres. Note the extensive branching network in (8) and (C) and its absence in (A). Scale

bar = 25 Jlm.
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FIGURE 5.3: Quantitative analysis of the changes in SP..IR fibre /abe//ing, in the

epidermis and upper dermis of the rat /ower lip skin at several time points following

sympatl,ectomies. Panel (A) shows the relative intensity of staining as relative optical

density (ROD) of SP-IR fibres. Panel (D) shows the length in microns of the SP-IR fibres

per 0.29 mrn2
• s; sham-operated animaIs. *p<O.05
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FIGURE 5.4: Lig"t microscopie distribution ofNK-lr immunoreaetivity in the upper

dennis of tlle skill of tl,e rat lower lip in sympatheetomized (A-C) and control (D-F)

animais. Panels (A-C) were obtained from animais one (A), three (8) and six (C) weeks

post-sympathectomy. NK-lr immunoreactivity is associated with the wall of blood

vessels (v. blood vessellumen). In (A) note the decrease in receptor immunoreactivity. In

(8) and (C) NK-I r immunoreactivity did not differ from controls. Scale bar = 25 J.1IIl•
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FIGURE 5.5: Light microscopie distribution of SP- and npH-IRjibres in the lower

dermis of the skin of the rat lower lip in sympathectomized (A-C) and control (D-F)

animais. Panels (A-C) were obtained from animais one (A), two (B) and three (C) weeks

post-sympathectomy. Note the absence of D~H-IR fibres (blue precipitate) in (A-C). In

(A) note the presence of thicker SP-lR fibres (thick arrow) associated with the blood

vessel wall. In (H) and (C), note that the SP-IR fibres (small arrows) did not appear

different from controls (D-F). In panels (D-F), note the presence of DflH-IR fibres

(curved arrows) associated with the wall of blood vessels. The blood vessels of the lower

dermis received dual innervation from both SP- and DflH-IR fibres in sham contrais.

Scale bars = 25 Jlm.
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FIGURE 5.6: Quantitative analysis of the changes in SP-IR fibre labelling, in the

lower dermis ofthe rat lower lip skin at several lime points following sympathectomies.

Panel (A) shows the relative intensity of staining as relative optical density (ROD) of SP

IR fibres. Panel (8) shows the length in microns of the SP-IR fibres per 0.29 mm2
• s;

sham-operated animais. *p<O.OS, **p<O.OOl
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FIGURE S.7: Schematie representation of the changes observed in the rat /ower /ip

fo//owing symapthectomies. Under nonnal circumstances SP-IR fibres (red) are found

throughout the lower Hp. In short, they innervate blood vessels in the upper and lower

dermis, while individual fibres penetrate the epidermis. In naïve animaIs NK-lr (blue)

are observed on upper dermal blood vessels. As for OpH-IR fibres (green), they

innervate only blood vessels in the lower dennis. One week post-sympathectomy, OpH

IR fibres degenerate and are no longer observed. In these animais NI(-1 r are down

regulated (note the reduced labelling -in blue- of the blood vessels. SP-IR fibres are more

intensely labelled and have sprouted in the upper and lower dermis. Two weeks post

sympathectomy, the situation is identical to that of one-week post-sympathectomy. Three

weeks post-sympathectomy, only SP-IR fibre sprouting is still present and this only in the

lower dermis. OpH-IR fibres do not reinnervate the skin.
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CHAPTER6

GENERAL DISCUSSION
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The main objective of this thesis was to study the changes that occur in the

terminal fields following peripherai nerve injuries. Though evidence of changes

oceurring in the DRG had previously been published (McLaehlan E.M. et al., 1993;

Chung K. et al., 1993), information on more peripheral territories was still eompletely

lacking. As the initial insu!t oeeurs in the nerve portion peripheral to the DRG, the extent

of the changes May be relevant to the pain SYndrome manifestation, sinee aberrant signais

arising in the peripheral terminais May reach the spinal cord, and ultimately lead to the

perception ofpain.

In the following pages, the most signifieant results are summarized and discussed

in the more general scheme of their putative involvement in neuropathic pain. Qnly the

concepts that have not been addressed in the previous chapters' discussions will be

presented herein. Initially we set forth to characterize the innervation patterns of the skin

of the rat lower Hp by sensory and autonomie fibres (Chapters 2 and 3). Although this

model had been used in the study of neurogenic inflammation, a proper anatomical

description of its innervation had yet to he published. This solid anatomical background

was required for the studies involving peripheral nerve lesions (sensory and sympathetic).

The objective of these experimental studies was to determine the extent of the changes

ineurred in the terminal field region following nerve injury (Chapters 4 and 5). Emphasis

was given to sensory and sympathetic fibre interactions, as these are the ones that had

been previously postulated to arise at the level of sensory ganglia (DRG).

186



•

•

6.1 Normal innervation of the rat lower IiR 5kin

Our initial objective was to eharacterize the normal patterns of sensory and

autonomie innervation in the rat lower Hp skin.

6.1.1 Sensory innervation

Chapter 2 focussed mainly on the SP-IR subset of sensory fibres. We favoured the

use of SP as a Marker of peptidergic sensory fibres over CGRP, because SP in the skin is

restrieted to sensory fibres, while CGRP aIso oeeurs in sorne motor and autonomie fibres

(Fundin B.T. et al., 1997). Although they do not label ail peptidergie sensory fibres, anti

SP antibodies label the most unifonn and abundant subpopulation. Using

immunocytoehemistry at both the light and electron microscopie level, we showed that

SP fibres were found in the upper and lower dermis and that they innervated blood

vessels, hair follicles and sebaceous glands. Importantly, the innervation patterns found

in the rat lower lip skin resembled those observed in human skin (Dalsgaard C.-J. et al.,

1983), thereby lending support to our use of this skin model. Examination of the

relationship between mast cells, blood vessels and SP fibres revealed triadic

arrangements, although no synaptic specializations or direct contacts were observed

between these three structures. Interestingly, these triadic associations were present in

both the upper and lower dermis, although the number of such profiles was lower in the

upper dennis. One previous report described the absence of mast cells in the upper

dermis of the skin of the rat innervated by the saphenous nerve (Kowalski M.L. et al.,

1990). This might reflect differences in skin regions, although such variations have never

been reported.
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The association between blood vesseis and SP fibres was quantified at the

electron microscopie level by measuring the distance between the endothelial cells and

the SP-IR terminais. SP-IR terminais were round within a distance of 0.23-5.99 f.1Il1 trom

the endothelial cells in 82.7% of arterioles, 90.2% of capillaries and 86.9% of venules.

There was no significant difference between these values, suggesting that SP fibres do

not preferentially innervate any portion of the skin microvasculature, despite the notion

that SP is thought to mainly act on venules (Holzer P., 1998).

Double labelling immunocytochemistry for SP and NK-lr revealed a close

association between SP-IR fibres and NK.-lr-IR blood vessels, in the upper dermis only.

In fact, NI(-1 r labelling was very faint in the lower dermis, an observation suggesting that

SP's effects on the microvasculature occur mainly in the upper dermis. Furthermore, NK

1r immunoreactivity equally occurred on arterioles, capillaries and venules. Visual

observation of the material revealed that the intensity of labelling was not as strong on

arteri0 les, although this data was not the result of a quantitative study. Despite this

limitation, our data might lend support to the notion that SP acts preferential on venules.

The results of Chapter 2, initiaIly obtained with the aim of characterizing the

normal innervation patterns in our animal model, became important in light of SP's

involvement in neurogenic inflammation. Various groups have reported that SP is the

only tachykinin capable of producing both wheal and f1are reactions following

intradermal injections in rats and humans, while NKA and NKB produce ooly the former

response (Hagermark O. et al., 1978; Foreman I.e. et al., 1983; Devillier P. et al., 1986).

Using potent tachyk.inin receptor agonists, one study has provided evidence that ail three

tachykinins can produce neurogenic inflammation through the activation of NK-lr
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(Andrews P.V. et al., 1989; Jacques L. et al., 1989).

SP binding sites, as demonstrated by using [1251]-Bolton-Hunter SP, have been

observed in rat lung tissue, as weIl as on capillary endothelial cells in rat and human skin

(Carstairs J. and Barnes P., 1986; Hoover O. and Hancock J., 1987; Deguchi M. et aL,

1989). These observations concur with our observation of NK-l r on capillaries. More

recently, with the production of sPecifie NK-Ir antibodies, direct immunocytochemical

evidence for these receptor sites on endothelial cells and arteriolar smooth muscle cells

has been obtained (Bowden J.J. et al., 1994; Bowden J.J. et al., 1996; Kummer W. et al.,

1999; Kido M.A. et al., 1999). Furthermore, SP induced NK-Ir intemalization has been

demonstrated both in vitro and in vivo in endothelial cells, epithelial cells and spinal,

striatal and enteric neurons (Bowden J.J. et al., 1994; Garland A.M. et al., 1994; Mantyh

P.W. et al., 1995a; Mantyh P.W. et al., 1995b; Grady E.f. et al., 1996). Importantly for

neurogenic inflammation, it appears that this receptor intemalization might serve to limit

the amount of plasma leakage during inflammation.

Changes in the patterns of skin innervation May learl to aberrant skin reactions to

inflammatory Mediators. The results presented in Chapter 2 might therefore be relevant ta

skin inflammatory reactions and blood flow regulation in normal and denervated skin.

6.1.2 Autonomie innervation

ft is weil known that sympathetic fibres innervate the skin. However, its

innervation by parasympathetic fibres is still a matter of debate. In Chapter 3, we studied

the innervation pattern of the rat lower Hp skin by O~H- and VAChT-IR fibres, and their

relationships to SP-containing sensory fibres. The use of Df3H and VAChT as markers of
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sympathetic and parasympathetic fibres, respectively, provides several advantages over

many of the studies in the literature. DpH, the last enzyme in the conversion of tyrosine

to noradrenaline, has heen shown to he a better tool in the identification of both central

and peripheral noradrenergic fibres than either catecholamine fluorescence or tyrosine

hydroxylase immunoreactivity (Hartman B.K., 1973). Concerning the identification of

cholinergie fibres, the use of choline acetyltransferase antibodies in peripheral tissue is

usually not sensitive enough to aIlow for the proper detection of cell bodies and fibre

terminaIs (Weihe E. et al., (996). Also, acetylcholinesterase cytochemical or

irnrnunocytochemical approaches lack specificity. Consequently, experiments using anti

YAChT antibodies, resulted in a better, or more reHable, visualization of cholinergie

terminaI fields in the PNS, as weIl as the identification of new components of this

cholinergie nervous system (Schafer M.K.-H. et al., (998).

With these tools, we have indirectly coneluded that SP, DpH and YAChT fibres

co-innervate the same blood vessels in the lower dermis. We aIso analyzed the lower Hp

skin of monkeys and found that the patterns of innervation by all three fibre-types in

primates resembled those in rat. Thus, many of the resuIts presented herein might be

further extrapolated to the human species as weIl.

Importantly, we found that, under normal circumstances, upper dermal blood

vessels were solely innervated by SP fibres, an indication that the superfieial

microcirculation is under sensory control or, aIternatively, that sympathetic and

parasympathetic fibre transmitters are capable of effeets over great distances. Therefore,

sensory-autonomie interactions most probably occur ooly in the lower dermis of the skin.

The spatial relationship between these three fibre-types to one another, and with respect
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to the blood vessel wall, needs to he resolved by confocal microscopy, which will allow

for the simultaneous detection of the three signaIs.

The presence of sensory, sympathetic and parasympathetic fibres in lip skin bas

been reported by various groups (Kaji A. et al., 1988; Kaji A. et al., 1991; Kuchiiwa S. et

al., 1992; lzumi H. and Karita K., 1992; Izumi H. and Karita K., 1993; Kuchiiwa S. and

Kuchiiwa T., 1996), and validates our use of this model. These studies report that, in the

head region, sensory fibres originate from the trigeminal ganglion, sympathetic fibres

from the SCG and parasympathetic fibres from the otic, sphenopalatine and

submandibular ganglia (Kuchiiwa S. and Kuchiiwa T., 1996; Zhu B.-S. et al., (997).

However, in the rat lower Hp parasympathetic fibres originate from the otic ganglion

exclusively (Kaji A. et al., 1988; Kaji A. et al., 1991). The findings of Kuchiiwa et al.

(Kuchiiwa S. and Kuchiiwa T., 1996) in the cat molar organ and lower Hp blood vessels,

suggest that sensory, sympathetic and parasympathetic fibres all travel together within the

mental nerve. However, the results of our studies, contrary to those reported in the cat,

revealed the the MN is a purely sensory nerve, since lesioning of the MN did not

decrease the density of sympathetic (Chapter 4) and/or parasympathetic (see Fig. 6.2)

fibres in the lower lip skin of the rat. This discrepancy emphasizes the species differences

underlying innervation patterns. In our hands, sensory and sympathetic lesions have been

successfully performed, while parasympathetic fibre lesions were not attempted because

of the extreme difficulty of surgically removing the parasympathetic ganglia in the head

region.

In our study, quantification of the distance between the various terminais and the

blood vessel wall, at the electron microscope level, led to the following conclusions in
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rats: 1) DI3H (2.3 J.Ull) and VAChT (2.6 f.UIl) terminais were significantly closer to

endothelial cells than SP terminais (4.3 J.U1l), 2) ooly DI3H (1.1 J,lm) terminais were

significantly closer to smooth muscle cells (VAChT 1.5 f.U1l; SP 3.0 J.UD). Although, the

distances separating YAChT and SP terminais from the smooth muscle cells were not

statistically significantly different, it was clear that the parasympathetic tenninals tended

to he closer to their targets than the sensory terminais. These results are in accordance

with those obtained in previous studies (Matsuyama T. et al., 1985; Luff S.E. et al.,

2000). Importantly, our report is the fust quantitative study to be Perfonned.

6.1.2.1 Bloodflow regula/ion ofthe skin microcircu/ation

Our results suggest that, at the level of the lower dennis, skin microcirculation is

tightly regulated by sensory and autonomie fibres. However, anatomical fmdings are

relevant only if they can be translated into functional tenns. From our study, we can

speculate that vasodilatation is controlled by both sensory and parasympathetic fibres,

while vasoconstriction is the result of sympathetic activity only. Importantly, these

mechanisms apPear to operate ooly in the lower dennis of the rat lower Hp skin, since the

simultaneous localization of all three fibre-types around blood vessels is restricted to this

region. In fact, all three systems have been shown to affect vascular tone (Bumstock G.

and Ralevic V., 1994). In the skin of the territory of the rat saphenous nerve,

vasoconstriction has been shown to be controlled strictly by sympathetic fibres via the

release of noradrenaIine and NPY (pintér E. et ai., 1997). Sympathetic fibres, however,

have aIse been shown to have dilatory activity in the skin (Bell C., 1983). It is possible

that in the event of a sensory nerve injury these fibres are capable of compensatory
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dilatation, but this possibility bas not been investigated. In the cal, gingival dilatation

appears to he the result of both parasympathetic and sensory fibre activity (Izumi H. and

K~;taK., 1991).

Studies have shown that sympathetic tone is important in regulating blood flow at

the level of the A VA when skin blood flow changes are mediated by thermally-induced

reflexes, however, direct warming of the skin causes blood flow changes in the capillaries

independently of sympathetic activity (Hales J.R.S. et al., 1978). Our anatomical

findings lend support to these findings. Sympathetic fibres are abundant in the lower

dermis., a region in which others have reported the presence of A VA (Hales J.R. et al.,

1978). As for the capillaries, they are most abundant in the upper dermis (due to the

presence of the capillary loops), which is devoid of sympathetic fibres and thus, not

surprisingly, blood flow through these vessels could be independent of sympathetic

activity. Furthermore., although sympathetic activity does not affect upper dermal blood

flow directly, it does 50 indirectly by controlling the amount of blood that will gain

access to the upper dermis through the AVA.

Transmitters released by sensory and autonomie fibres Mediate their effects via

the activation of specifie receptors on the blood vessel wall (Burnstock G. and Ralevic

V., 1994; Phillips J.K. et al., 1996; Pbillips J.K. et al., 1998). These include neurokinin,

muscarinic, a-adrenergic, purinergic (P2X), NPY, CGRP, VIP and serotonin receptors.

The activation of sensory and autonomie fibres cao lead to opposing signais being

transmitted to the blood vessel wail at one time. Therefore, it is likely a combination of

environmental factors and the emotional state of an individual which will determine

whetber vessel dilatation or constriction will prevail, aIthough the exact control
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mechanisms are still obscure (Johnson J.M. et al.~ 1986).

6.2 Autonomie fibre plastieity following peripheral nenre injuries

6.2.1 Sympatbetie fibre sprouting

Chapters 2 and 3 of this thesis, although clearly not directly related to the

understanding of the peripheral mechanisms underlying neuropathic pain~ were essential

in the characterization ofour animal model. After providing an in depth description of the

innervation patterns of the rat lower Hp skin, we were able to perform sensory nerve

lesions in an attempt to unravel the changes which may occur in the terminal field region

of sensory and sympathetic fibres (Chapter 4). This study yielded very important and

novel results.

Sensory denervations of the rat lower lip skin were achieved by the bilateral

removal of 1-2 mm of mental nerve. One week post-surgery, immunocytochemical

analysis of the rat lower lip revealed that sensory fibre denervation was almost complete,

but the most fascinating observation was that D~H fibres started to migrate towards the

upper dermis, from which they are normally absent. The migration was maximal four

weeks post-surgery with the D~H fibres being within 169 ± 91.4 J.ll11 from the surface of

the skin in lesioned animais, as opposed to 407.1 ± 78.4 J.U11 in sham-operated animais. At

the last time point studied (eight weeks post-surgery)~ the sprouted sympathetic fibres

were still present in the upper dermis despite the reinnervation of the rat lower Hp by SP

fibres, and quantification revealed that the number of DJ3H fibres was still significantly

higher than one week post-surgery. This study was the frrst to demonstrate that sensory

nerve lesions lead to the establishment of novel patterns of innervation of the skin by
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sympathetic fibres, a finding that had been previously reported only at the ORG level.

We observed that the migrating OpH fibres ran parallel to the degenerating SP

fibres, a result that we interpret as strongly suggesting that the migrating fibres use the

tracts of the degenerating fibres to access the upper dermis. Furthermore, it is known that

degenerating fibres increase their production of NGF in Schwann cells. This NGF may

act as a chemotactic factor guiding the OpH fibres through the degenerating tract and

thus, contribute to the anatomical framework favouring the interaction of sensory and

sympathetic fibres following peripheral nerve injuries (see discussion of Chapter 4). We

hypothesize that this factor is NGF, based on the vast amount of literature supporting the

growth ofsympathetic fibres towards a source ofNGF (Campenot R.B., 1987). However,

this could be directly tested by injecting trkA-lgG fusion molecules (McMahon S.B. et

al., 1995) ioto the lower Hp prior to, and following, MN surgeries. These molecules have

been shown to be able to sequester endogenous NGF. We would expect that if indeed

NGF, alone, is responsible for the OpH fibre migration, this migration would be blocked

following MN lesions if trkA-IgG fusion molecules had been injected. However, we

could aIso expect a decrease in sympathetic fibre density in the lower dennis and a

blockade of the late SP-IR fibre reinnervation, as both SP-IR and sympathetic fibres are

NGF-dependent (Rice F.L. et al., 1998).

Our results are in accordance with other studies, which have reported that

following complete nerve transections, as occur in the Chung model of neuropathic pain,

sympathetic fibre sprouting occurs as early as two days post-surgery (Chung K. et al.,

1996). Longer time points, beyond eight weeks post-MN lesion, should be examined

because neuropathic pain has been described as a very dynamic syndrome with the pain
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symptoms and underlying mechanisms varying over time (WoolfC.J. and Mannion R.J.,

1999). Thus, eventually, the sprouted DpH fibres may either completely disappear from

the upper dermis or persist indefinitely. Furthermore, the extent of the behavioural

changes in these animais should he examined in order to detennine if our anatomical

changes translate into pain (see below for a description of mechanical and thermal

hyperalgesia tests).

A recent study has provided evidence that the extent of sympathetic sprouting in

the DRG is not related to sympathetically·dependent neuropathic pain (Kim H.J. et al.,

1998), although previous reports had suggested otherwise (Chung K. et al., 1996; Lee

O.H. et al., 1997). The focus of past research on the DRG has left more peripheral aspects

uninvestigated. It is our opinion that peripheral mechanisms at the terminal field level,

such as the ones suggested in Chapters 4 and 5, may, in fact, be more relevant to the pain

generation than those which have been reported in the DRG. If the lack of patho

physiological relevance of DRG sympathetic sprouting is confmned, it is likely that the

sensory-sympatbetic interactions occur more peripherally as our data suggest. This issue

can be addressed by quantifying the extent of sympatbetie fibre sprouting in one group of

animais, and comparing it to the behavioural symptoms (see below) obtained in another

group of animals at various intervals (e.g. every other day), to see if a correlation exists.

In support of our hypothesis of a terminal field interaction, initial reports state that, in

sorne patients, sympathetic fibre density in the periphery may contribute to neuropathic

pain in the absence of autonomie disturbances (i.e. abnormal skin temperatures,

sudomotor disturbances) (Bickel A. et al., 2000). Furthermore, in a different group of

animais, thermal and mechanical thresholds could he assessed in the presence of the NK-
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1r antagonist CP-96,345 (McLeod A.L. et al., 1999) or guanethidine (Benarroch E.E. et

al., 1994), in order to determine the relative contribution of sensory and sympathetic

fibres, respectively., to the pain generation.

Our data cannot be directly compared to that obtained with the other two

commonly used animal models of neuropathic pain, which involve a partialligation of

the sciatic nerve (Bennett G.I. and Xie Y.-K., 1988; Seltzer Z. et al., 1990). For

comparison purposes, we should perform partiallesions of the mental nerves. Preliminary

results from our laboratory using a modified version of the Kruger model of chronic

nerve constriction., consisting of applying a single polyethylene cuff to the mental nerve,

demonstrate that, in fact, this type of lesion does lead ta abnonnal pain sensations in the

rat lip skin (Fig. 6.1), as assessed by von Frey hair testing (Chaplan S.R. et al., 1994).

This provides evidence that our model cao he used in studies of neuropathic pain. Signs

of pain-related behaviours were excessive licking of the lips, biting or jaw jerking. In

more severe, cases the animais would hold the filament with their front paws and bite on

it. The choice of the modified Kruger model better suits the rat lower Hp, because the

portion of nerve from its exit of the mental foramen to its entry in the lip skin is quite

short and it would not be possible to place four polyethylene cuffs on that stretch of

nerve. Alternatively, a modified version of the Bennett model could also be used.

Thermal hyperaIgesia should also be tested in these animais using an adaptation of the

projector bulb system which is already used for the tail withdrawaI reflex (Isabel G. et al..,

1981; McLeod A.L. et al., 1999; McLeod A.L. et al., 2000). [n addition,

immunocytochemical studies need to be perfonned at various time points, in order to

establish a time course of DI3H fibre migration and SP fibre degeneration and
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regeneration, if any.

A recent study reported that, following SNL, an a2-adrenoeeptor antagonist

produced mechanical and coId a1lodynia in animais whieh had not developed neuropathic

symptoms, but did not exacerbate these symptoms in the neuropathie animais (XU M. et

al., 1999). According to the authors, the endogenous noradrenergie tone is responsible for

blocking the neuropathic symptoms in the non-neuropathic animais. The meaning of this

study, that contradiets others, remains to he elarified. However, it is possible to speculate

that inter-individual variability in the endogenous noradrenergjc system may predispose

to the development of neuropathie symptoms following peripheral nerve lesions. In

agreement with this possibility, strain and gender variability have been reported in the

development ofneuropathic pain (Lee D.H. et al., 1997; Yoon Y.W. et al., 1999; DeLeo

J.A. and Rulkowski M.D., 2000). The issue of the individuaI variability of the

noradrenergie system could be experimentally addressed. If in fact, the development of

neuropathic pain symptoms is dependent upon the extent of sympathetie innervation in

the rat lower lip skin, we would expect that the animais with the lowest thresholds to

mechanical stimulation by Von Frey hair testing would display the greatest extent of

sympathetic fibre sprouting. As the sympathetie sprouting is greatest four weeks post-fvfN

lesions, animais should he tested every other day during the fourth week post-lesion. The

animais would be perfused on the last day of testing and their lower lips proeessed for

immunocytochemistry using a mouse anti-DI3H antibody, as described in Chapter 4.

Averages of the behavioural thresholds for each animal would be obtained and compared

to the respective DJ}H fibre migration quantitative data. A correlation showing decreased

thresholds with increased DJ}H fibre migration would confirm the sympathetic
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dependency ofneuropathic pain symptoms.

6.2.2 Parasympathetie fibre sprouting

As the skin innervation by parasympathetic fibres was still not weil established

previous to our investigation, it is not surprising that the changes these fibres undergo

following peripheral nerve injuries have not been studied. We have shown that the rat

lower Hp skin innervation by parasympathetic fibres is as abondant as its innervation by

sympathetic fibres (see Chapter 3). Therefore, MN lesions should be performed and the

parasympathetic fibre changes, if any, should be determined. Preliminary results obtained

in our laboratory show that, surprisingly, VAChT fibres migrate into the upper dermis, a

territory from which they are normally absent, within one week post-surgery, and are still

present in the upper dermis at the eight-week time point (Fig. 6.2) (Ruocco I. et al.,

2001). A complete quantitative study must he performed in order to detennine the

significance and the extent of these results. Furthennore, behavioural studies (thermal

and mechanical hyperalgesia testing) should he performed in order to determine if

parasympathetic fibres play a role in the hyperalgesia. As sensory fibres possess both

nicotinic and muscarinic receptors (Coggeshall R.E. and Carlton S.M., 1997), the release

of ACh in the close proximity of upper dermal sensory fibres, once sensory reinnervation

of the rat lower lip is achieved, may cause sensory fibre activation and thus, contribute to

the nociceptive behaviours. Behavioural studies should be performed in the presence of

the NK-lr antagonist and guanethidine, in order to detennine the contribution of the

parasympathetic fibre component. Whether these results can be extrapolated ta other skin

regions requires a complete anatomical characterization of the parasympathetic
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innervation patterns of other skin regions such as the scalp, abdomen, hindpaws, and

baek., since it is commonly thought that parasympathetic innervation in the skin is searee

or absent, despite some evidenee to the eontrary as that presented in this thesis. Even if

our results prove to he specifie to the head and neck region., they will still eontribute

significantly to our knowledge of the possible mechanisms underlying disorders such as

Postsympathectomy parotid pain and Raeder's paratrigeminal syndrome (Schon F.,

1985). These represent conditions in which there is considerable suffering and which are

difficult to treat.

6.3 Sensory fibre regeneration and recovery of fonction following
peripheral nerve injory

Following peripheral nerve injuries, sensory reinnervation of the denervated skin

can be restored by means of regeneration of damaged axons, and/or collateral sprouting

of spared axons [for review see (Diamond J. and Foerster A., 1992)]. Regardless of the

mechanism underlying the reinnervation, the most important parameter is the return to

normal function. Crushing of the sciatic nerve, using forceps, produced a rapid

degeneration of protein gene product (PGP) 9.5, CGRP, SP and VIP fibres in the mouse

footpad skin (Navarro X. et al., 1997; Verdu E. and Navarro X., 1997). In these animais,

sweat gland function returned to 88% of control 16 days post-crush and nociceptive

responses to 100% of control 17 days post-crush (Verdu E. and Navarro X., 1997).

However, the fibre density in the mouse footpad skin did not retum to normal levels,

although small fibre function was completely restored. This is an indication that the

density of reinnervation is not proportional to functional recovery, and that as long as

sorne level of reinnervation is achieved there will he a considerable, or complete, return
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of normal functions. In our system, SP fibre reinnervation of the rat lower Hp occurred by

the fourth week post-MN lesions (Chapter 4). This is in agreement with studies that have

shown that SP fibre reinnervation of the mouse footpad skin occurred 35 days post-sciatic

nerve sectioning (Navarro X. et al., 1997). The functional state of the sprouted SP fibres

in the rat lower lip skin remains unknown, but could he determined by comparing von

Frey haïr testing results in the presence of the NK-lr antagonist CP-96,345 or its inactive

enantiomer CP-96-344, to the reinnervation time course of the SP fibres. If the sprouted

SP fibres are functional, as expected, we should observe a decrease in nociceptive

thresholds as reinnervation progressed and a reversai of this decrease in the presence of

NK-1 r antagonists.

As discussed in Chapter 4, in our model, the sympathetic fibres invading the

upper dermis might not use aIl of the available NGF. As the collateral sprouting of

cutaneous nociceptors is dependent on NGF, while their regeneration is not (Diamond J.

et al., (987), it is most likely that, in our model, the reinnervation of the rat lower Hp is

the result of NGF mediated collateral sprouting, since the MN was completely severed

and thus, regeneration of the fibres could not occur.

Studies in the rat lower lip have revealed that growth-associated protein 43 (GAP

43) is expressed in the mature trigeminal system (Verzé L. et al., 1999). GAP-43, which

is associated with axonaI elongation and synaptic plasticity (Benowitz L.I. and

Routtemberg A., 1997; Oestreicher A.B. et al., 1997), may play a role in remodelling,

regeneration, and sprouting in the lower lip skin. Changes in GAP-43 immunoreactivity

should be assessed following peripheral nerve lesions. Fluctuations in GAP-43 levels

may reflect the changes in the innervation status of peripheral tissues, such as the lower
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Hp and footpad skin, following peripheral nerve injuries.

6.4 Sensory fibre plastieity following peripberal nerve injuries

The interaction between sensory and sympathetic fibres following peripheral

nerve lesions has a1ways been described in terms of sympathetic fibre sprouting onto the

sensory system. However the inverse situation - sensory fibre sprouting onto sympathetic

fibres - has not received much attention. In Chapter 5, we addressed this issue by

proceeding to the bilateral removal of the SCG and observing the effects on sensory and

sympathetic fibre terminal fields. The effects were much less dramatic than those of

sensory denervation, and were most significant in the lower dermis. There, Df3H fibre

degeneration was complete by one week post-surgery and reinnervation of this territory

by these fibres never occurred. In the lower dermis, a significant increase in SP fibre

immunostaining intensity one and two weeks post-surgery, and in SP fibre length one,

two and three weeks post-surgery were observed. In the upper dermis, significant changes

in SP fibre length and labelling intensity were observed one and two weeks post-surgery

for the former, and only at the two weeks time point for the latter. As for NK-lr in the

upper dermis, based on visual observation only, we found the labelling intensity to be

decreased one week post-surgery and still low by the second week, although by week

three the levels were identical to those of controls. As mentioned in Chapter 5, we were

unable to quantify the levels of receptor expression due to the relatively low levels of

immunoreactivity. Another problem with NK-l r labelling came from the ABC protocol

used, which produced unspecific labelling at the level of the sebaceous glands. As the

sebaceous gland staining was much stronger than that of the NK-lr, the image analysis
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system would not allow the quantification of the NK-l r, which it considered as being the

unspecific labelling. Attempts were made to only select the NK.-1 r-IR blood vessels, but

this did not produce very reHable measurements, as most vessels were very close to the

sebaceous glands and it was impossible to accurately select the blood vessels only. We

also tried to preabsorb the secondary antibody, as we did for D~H fibre labelling (see

materials and methods in Chapter 3), however, we were unable to achieve proper results

without compromising the labelling intensity of NK-lr-POsitive structures. We do not

know if this transient upregulation of SP fibres in the rat lower lip translates into a small

window of increased or aberrant pain sensations. To address this the animals could he

tested for nociceptive response thresholds following the application of mechanical and/or

thermal stimuli.

Parasympathetic fibre plasticity in the rat lower Hp skin should also he

investigated following the bilateral removal of the SCG, to determine if collateral

sprouting of parasympathetic fibres occurs in the lower dermis of the rat lower Hp skin in

the absence of sympathetic fibres. Research has shown that sympathetic denervation can

block the decrease in choline acetyltransferase enzymatic activity observed following the

parasympathetic denervation of the submaxillary gland in rats (Ekstrom J., 1981). This

suggests that the parasympathetic fibres are responding, possibly in a compensatory

manner, to the loss ofsympathetic fibres. The above study however, does not provide any

information as to the mechanisms underlying the increased enzyme activity. An increase

in enzymatic activity may originate from an increase in activity within the existing fibres

or as a result ofextra fibres derived from the sprouted fibres.
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6.S Blood f10w changes and neuropatbic pain

Neuropathic pain sufferers often experience abnonnal skin temperature in the

symptomatic part of the body (most often the extremities). Initially, these patients

experience increases in skin temperature, which over time change to decreases in skin

temperature [for review see (Schwartzman R.J., 1992)]. The initial loss of sympathetic

fibres, caused by the peripheral nerve injury, results in the loss of the sympathetic

constrictor tone and thus, the unopposed vasodilatation causes a rise in skin temperature.

However, over time, the denervation leads to catecholamine supersensitivity of the

vascular smooth muscle ceUs and, thus, the ensuing chronic vasoconstriction leads to

decreases in skin temperatures (Kurvers H.A.J.M. et al., 1997). The idea that the changes

in skin temperature is a reflection of the sympathetic vasomotor activity has been

challenged. Studies have shown that vasomotor changes may occur in the absence of

sympathetic fibres (Wakisaka S. et al., 1991). In this study it was shown that following a

CCI of the sciatic nerve, sorne animais displayed abnonnaIly cold paws in the absence of

noradrenergic fibres, whereas other animais had abnonnally high paw temperatures with

nonnal levels of noradrenergic fibres. Despite these findings, the majority of studies

suggest that changes in blood flow, and thus in skin temperature, are the direct result of

changes in sympathetic fibres activity, or proportion, in the territory of the peripheral

nerve lesion.

We have not addressed the possible changes in skin blood flow and temperature

brought about by our MN or seo lesions. We could study changes in blood flowand

skin temperature by laser Doppler flowmetry (Pintér E. et ai., 1997) and by infrared

thermography, respectively (Bennett G.J. and Ochoa J.L., 1991). More relevant to our

204



•

•

system, we could colleet venous blood from the anterior facial veins in lesioned animais

and compare the output to that of naïve animais, a technique which bas been used to

studyantidromic vasodilatation (Couture R. and Cuello A.C., 1984).

Based on the above infonnation~ we would expect the venous output of the MN

lesioned animais to he significantly less than that of the naïve animais in the initial time

points. Once sensory reinnervation of the rat lower Hp occurs, one of two possible

scenarios may come into play. The first one is that blood flow might retum to nonnal' the

sensory fibres being able to oppose the excessive sympathetic constrictor tone. The

second is that blood flow in the rat lower lip might increase. Sympathetic fibre activation

may lead to the release of sensory neuropeptides via the stimulation of a2

adrenoreceptors on sensory fibres, which would result in vasodilatation that could not he

fully opposed by the sympathetic fibres. In fact, onder normal conditions, peptidergic

afferents have been POstulated to counterbalance the spontaneous release of adrenergic

Mediators from sympathetic afferents (Sann H. et al., 1988), and it has been suggested

that this balance is disrupted, al least in patients suffering from CRPS 1 (Schwartzman

R.J. and McLellan T.L., (987). Should our assumptions prove to be true, our animal

model would produce, contrary to what has been published in other commonly used

animal models, an initial cooling followed by warming or a retum to normal temperature

of the skin.

Following the removal of the SCG we would expect an increase in blood flow at

ail post-surgical time points, since the loss of the sympathetic fibres would result in

unopposed vasodilatation. Furthermore, sympathetic fibre regeneration was not observed

in the rat lower Hp skin.
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6.6 Non-peptidergic sensory fibres and neuropathic pain

Of the seven cloned P2X receptors, the P2X3 subtype appears to he

predominantly expressed by small diameter non-peptidergic sensory neurons, although

low levels have also been detected in the superior cervical and coeliac sympathetic

ganglia (Xiang Z. et al.~ (998). Plastic changes in this receptor level, although transient,

have been observed following inferior alveolar nerve injury, therefore in the same

territory we have investigated (Eriksson J. et al., 1998), as weil as following a CCI injury

to the sciatic nerve (Novakovic S.O. et al., 1999). More recently, experiments performed

in P2X3-deficient mice have reveaIed tbat tbese animais display increased thermal

hyperalgesia and are unable of coding the intensity of non-noxious heat stimuli, as

evidenced by the fact that neurons did not fire until the noxious heat stimulus range was

reached (Souslova V. et al., 2000). In the P2X3-deficient mice, decreased pain responses

to the injection of ATP and formalin, decreased bladder contraction and decreased

voiding frequency, but normaI bladder pressures were also reported (Cockayne D.A. et

al., 2000).

Unfortunately, the distribution of the non-peptidergic small diameter sensory

fibres has been studied mostly by means of the binding of the lectio GSA-m4 in

conditions that enhanced the binding, i.e. in the presence of divalent cations, and this

results in the labelling of a variable numher of peptidergic fibres as weil (Streit W.J. et

al., 1986; Fundin B.T. et al., 1997; Alvarez FJ. and Fyffe R.E.W., 2000). Furthermore,

the only detailed analysis in rat was performed in the skin of the mystacial pad (Fundin

B.T. et al., 1997), which is essentially a sensory organ and not standard skin. However,

there is indirect evidence suggesting that the non-peptidergic small diameter afferents are
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abundant, outnumbering the peptidergic. This evidence was obtained by comparing the

immunostaining of small diameter fibres obtained with an antibody against an overall

marker of axons, PGP 9.5, to the labelling obtained with antibodies against CGRP (Riee

F.L. and Rasmusson D.D., 2000). Based on this comparative study, non-peptidergic

fibres seem to abundantly penetrate the epidennis and are seen around hair follicles, but

were seldom observed in the wall of blood vessels (Maricq H.R., 1972; Couture R. et aL,

1993).

Considering the abundance of non-peptidergic fibres in the skin and their possible

involvement in inflammatory or neuropathic conditions, the experiments performed for

the peptide-containing sensory fibres need to be expanded to the non-peptidergic fibre

population. Since, in this thesis, the conditions for the generation of optimal results have

been worked out, it is just a question of time before a comparative study between these

two fibre populations and their respective contribution to neuropathic pain can be

completed. These studies should include double labelling for SP and GSA-IB4 in order to

determine the differential innervation pattern of these two fibre types. The relation of

DpH (syrnpathetic) and YAChT (parasympathetic) fibres to the non-peptidergic sensory

fibres should aIso be determined. As the relative raie of peptidergic and oon-peptidergic

fibres in skin nociception is still unclear at present, we will take advantage of the unique

characteristics of the skin of the lower lip ta address this issue. For this, some rats will

receive bilateral injections, directly ioto the mental nerves, of the toxin saporin

conjugated to the lectin GSA-m4. This treatment leads to the elimination of the GSA

IB4-binding fibres through cellular death and is highly specifie (Tarpley J.W. et al.,

2000). After 2 weeks, the animaIs will be tested for thresholds of mechanical and thermal
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noxious stimuli. Other animais will receive, instead, an injection of the non-peptide NI(-l

receptor antagonist CP-96,345 prior to behaviouraI testing. These investigations should

provide clues on the relative participation in skin nociceptive mechanisms of the two

different classes of small diameter sensory fibres. Once this is established, complete or

partial MN lesions should he perfonned, as mentioned above, and the tinte course of the

reinnervation of the rat lower lip by oon-peptidergic sensory fibres should be detennined

and compared to that of the peptidergic sensory fibres. Based on the published data, we

expect that the non-peptidergic fibres May he relevant for the establishment of thennal

hyperalgesia, but that these fibres will oot contribute significantly ta the mechanical

hyperalgesia (Cockayne O.A. et al., 2000). [n fact VRI receptors have been detected on

peptidergic and oon-peptidergic sensory fibres, suggesting that both populations include

heat nociceptors (Tominaga M. et al., 1998).

6.7 Implications of terminal field changes for neuropathic pain

In Chapters 4 ta 6 we provide, for the first time, evidence that, following

peripheraI nerve lesions, changes occur in the peripheral terminal fields of sensory,

sympathetic and parasympathetic fibres. The sprouting of these three fibre-types may be

involved in the reported decrease in nociceptive thresholds in animal models of

neuropathic pain (Bennett G.J. and Xie Y.-K., 1988; Seltzer Z. et al., 1990; Kim S.H. and

Chung J.M., 1992). Furthennore, we believe that the considerable expansion of the

terminal fields in the periphery, due to extensive sprouting of fibres into a new territory

(the upper dermis in our case), allows for a greater receptive are~ whereby external

inputs will be received and possibly misinterpreted. It is possible that, in the upper dermis
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of the rat lower Hp skin, novel interactions between sensory, sympathetic and

parasympathetic fibres develop. For instance, sympathetic excitation of sensory fibres has

been rePOrted following peripheral nerve lesions, and appears to result from the

upregulation of a specific subset of adrenergic receptors on sensory fibres (Sato J. and

Perl E.R., 1991; Shi T.-J.S. et al., 2000). Receptor upregulation might also occur on

sympathetic and parasympathetic fibres. Whether such mechanisms occur in our model

remains to he tested. Importantly, the dynamic aspects of the changes reported in this

thesis should he investigated, since different systems may operate at various time points

following peripheral nerve lesions. These results will provide valuable information

conceming the proper timing for treatment following a peripheral nerve lesion. A better

understanding of the time frame during which innervation patterns are altered will allow

for proper targeting of the mechanisms involved in the pain generation.
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FIGURE 6.1: Graphic rep,esenting tactile hype,algesia as assessed by von Frey hair

testing. Polyethylene cuffs, 1-2 mm long, were bilaterally placed around the mental

nerves. The animais were tirst tested on day 3 post-surgery and subsequently every third

day. Unpaired Student's t-tests were used to detennine the significance of these results.

n=7 ** p<O.OI, *p<O.OS
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FIGURE 6.2: Parasympathetic fibre migration into the upper dermis of the rat lower

lip skin, eight weeks following mental nerve lesions. Following MN lesions, VAChT-IR

fibres (green arrows) migrate into the upper dermis of the rat lower lip skin, a territory

from which they are nonnally absent. These sprouted fibres are still present in the upper

dermis eight weeks post-Iesions. SP-IR fibres (black arrows) reinnervate the upper dermis

despite the presence of migrated VAChT-IR fibres in this territory. Note that these fibres

appear to be running parallel and in close proximity to one another. Scale bar =50 J,lm.
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CONCLUSIONS

The observations and results presented in this thesis lend support to the following

conclusions:

1. Tenninals of SP-IR fibres are observed throughout the rat lower Hp skin in

association with blood vessels, mast cells, hair follicles and sebaceous glands.

2. SP-IR fibres equally innervate arterioles, capillaries and venules, thus indicating that

they do not preferentia1ly innervate any vessel types of the skin microvasculature.

3. NK.-1 r are located on the walls of arterioles, capillaries and venules of the skin

microvasculature, suggesting that SP is capable of acting at aH levels of the

microcirculation. However, most receptors are located in the upper dennis,

suggesting that the lower dermis is less affected by SP.

4. Blood vessels in the lower dermis are, most likely, simultaneously innervated by SP-,

D~H- and VAChT-IR fibres.

5. D~H- and VAChT-IR fibres lie closer to their targets than SP-IR fibres.

6. Mental nerve lesions lead to the complete degeneration of SP-IR fibres, and to the

sprouting ofD~H-IR fibres into the upper dermis, where they branch extensively over

time.

7. SP-IR fibre reinnervation of the rat lower Hp does not cause the regression of the

sprouted upper dennal DI3H-IR fibres. Instead, SP- and npH-IR. fibres run parallel

and in close proximity to one another in this tenitory.
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8. Sympathectomies only lead to the transient sproutiog and downregulation of SP-IR

fibres and NK-lr, respectively. SP-IR fibre sprouting was most abundant in the lower

dennis.

9. Prelimioary data indicate that parasympathetic cholinergie fibres sprout ioto the upper

dermis following mental nerve lesions. Following seosory reinnervation, sensory and

parasympathetic fibres are observed io close proximity in the upper dennis.
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ORIGINAL CONTRIBUTIONS

1. SP immunoreactivity was abundant in the rat lower Hp skin. It was associated with

blood vessels, mast ceIls, hair follicles and sebaceous glands. Mast cells were

observed both in the upper and lower dennis, eontrary to previous studies suggesting

that they are only located deep within the skin. SP fibres, mast ceIls and blood vessels

were observed in triadie arrangements in the upper and lower dennis of the rat lower

Hp skin, supporting their role in neurogenic inflammation.

2. Quantification at the ultrastructural level revealed that SP terminais did not

preferentially innervate venules. In fact, SP tenninals were encountered most

frequently close to capillaries, less frequently close to venules and least frequently

close to arterioles, however these differenees were not statistically significant.

Contacts between SP terminais and blood vessel smooth muscle or endothelial cells

were never observed.

3. NK-Ir immunoreactivity was most prominent around upper dermal blood vessels.

These receptors were loeated on endothelial eells, smooth muscle eells and pericytes.

SP fibres were seen to wrap around NK.-Ir positive blood vessels. Arterioles,

eapillaries and venules were shown to POssess NK-1 r on their walls.

4. For the first time, blood vessels in the lower dermis were shown to be innervated by

SP sensory-sympathetic, SP sensory-parasympathetic and sympathetic-
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parasympathetic fibre combinations, suggesting that ail three fibre-systems are

simultaneously present around lower dermal blood vessels. Blood vessels in the upper

dennis were only innervated by SP fibres. The ultrastructural quantification of these

terminals within the same tissue revealed that sympathetic and parasympathetic

terminais lie closer to their targets than the SP-sensory terminais. Synaptic

specializations between these terminais and blood vessel walls were never observed.

5. Mental nerve lesions caused the complete degeneration of SP fibres in the rat lower

lip skin., with a progressive, although not complete, regeneration over time. Following

the lesion DpH fibres gradually migrated into the upper dennis, where fibre

branching was observed. D~H fibres were maintained in the upper dennis despite SP

fibre reinnervation of the territory. In fact, the aberrant innervation of the upper

dennis consisted of SP and D~H fibres running in close proximity and parallel to one

another. This provides the first anatomicaI evidence that sensory-sympathetic

interactions may occur at the level of the terminal fields in the periphery, following

peripheral nerve lesions.

6. Superior cervical ganglia removal 100 to transient SP fibre changes, consisting of

increased labelling intensity and fibre density. These effects were greater in the lower

dennis. Sympathetic fibres disappeared completely from the rat lower Hp skin and

reinnervation did not occur. A transient NK-lr downregulation was also observed.
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7. Following mental nerve lesions, YAChT fibres gradually migrated into the upper

dermis. where fibre branching was observed. YAChT fibres were maintained in the

upper dennis despite SP fibre reinnervation of the territory. In fact, the aberrant

innervation of the upper dermis consisted of SP and VAChT fibres running in close

proximity and parallei to one another. This provides the frrst anatomical evidence that

sensory-parasympathetic interactions May occur at the level of the terminal fields in

the periphery. following peripheral nerve lesions.
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ABSTRACT

Arc stability and erosion behavior were studied on a hollow graphite DC cathode in an

argon atmosphere at atmospheric pressure. [t was found that the arc stability is associated

with the electron emission mode transition of the cathode operation. Estimation of current

densities, SEM pictures, Fast Fourier Transform (FFn of total voltage, and measurement

of cathode surface temperature supported this. Stable arcs are in the thermionic emission

regime \\"hile unstable arcs in the thermofield emission regime. Higher argon gas flow

rate is believed to cause the shift of the mode from the thermofield emission to the

thermionic emission by increasing the arc root temperature through steepening the

thermal gradient at the arc root and increasing ionization phenomena inside the arc. Sharp

cathode tip geometry usually leads to the thermionic emission while a rounded tip

geometry encourages the thennofield emission. For the unstable arcs~ the high voltage

fluctuation resulted from the jumping of the arc root between different cathode spots and

changes in the arc length. [n the stable arcs, however~ the voltage was aimost constant

because of the absence of arc jumping" The standard deviation of the voltage was used as

the arc stability indicator and was less than 3 V for the stable arc in this transferred arc

system.

The erosion rate of the cathode in this work ranged from 0.41 to 2.61 ~g/C. At 150 A

mns the arc stability strongly influenced the erosion rate; as the arc stability increased,

the erosion rate decreased. Higher currents runs (300 and 400 A), however, showed the

opposite trend because of the carbon vapor redeposition. The total erosion rates of 150 A

mns were separated into the stable (Es) and the unstable (Eu) erosion rate. The Eu was

more than 3 times higher in this work. [t is believed that the thermofield emission of the

11
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unstable arcs produced more erosion because of the higher local heat flux to the cathode

spots.

111



• Résumé

La stabilité d~un arc électrique en courant continu et son comportement quand à l'érosion des

électrodes est étudié sur une cathode creuse de graphite à pression atmosphérique fonctionnant

en mode d'arc transféré. Dans notre étude, la stabilité de l'arc est :.lSsociée à une transition du

régime d'émission électronique à la cathode. Ces résultats sont en accord avec les estimations de

la densité de courant à la cathode et avec une série de données expérimentales telles les

observations par microscopie électronique (SEM)~ les signaux de tension et leur transformée de

Fourrier (FFT). et les mesures de température de surface de la cathode. Les arcs stables

fonctionnent en régime d'émission thermionique à la cathode alors que les arcs instables

fonctionnent en régime thermo..champ. Un changement du mode d'émission passant du mode

thermo..champ vers une émission thermionique est observé pour des débits d'argon plus élevé.

• Ce changement de régime est attribué à une augmentation de température au pied cathodique de

l'arc suite au gradient thermique plus important induits dans cette région, et à une augmentation

du phénomène d'ionisation dans la colonne d'arc. Habituellement, une cathode à tige pointue

mène vers une émission thermionique~ alors qu'un bout à géométrie hémisphérique favorise un

régime thermo..champ. Les fluctuations importantes de la tension d'arc dans le cas des arcs

instables sont attribués aux sauts du pied d'arc vers différents spots cathodiques d'émission et à

des changements dans la longueur de l'arc. La tension d'arc reste cependant essentiellement

constante dans le cas d'arcs stables et aucun saut d'arc n'est alors observé. L'écart type sur les

fluctuations de tension est utilisé comme indicateur de stabilité de l'arc électrique. Cette écart

type est moins de 3 V pour les arcs stables dans le présent système à arc transféré.

• Les taux d'érosion de la cathode dans cette étude varient entre 0.41 et 2.61 flg/C. Pour des essais

iv
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à 150 A, la stabilité de l"arc influence grandement le taux d'érosion. Le taux d'érosion observé

décroit alors lorsque la stabilité de l'arc augmente. Les essais à plus forts courants (300 et 400

A) montrent cependants une tendance inverse attribuée à une re-déposition des vapeurs de

carbone. Le taux d'érosion des essais effectués à 150 A sont séparés en taux d'érosion en mode

stable (Es) et instables (Eu). Les valeurs observées durant la période instable (Eu) sont plus du

triple des valeurs observées en période stable Es. L'érosion élevée observé pour les arcs instables

opérant en mode thermo-champ est attribué aux flux thermique locaux plus importants au niveau

des spots cathodiques.
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The selection of the right thermal plasma torch is very important for the commercial

viability of plasma processes. The designer of thermal plasma furnaces should deal not

only with torch efficiency and electrode life but also consider the best combination of

torches and fumaces for an application.

This study focuses on hollow graphite OC cathodes which are believed to be one of the

most promising torch systems for the treatment of many solid wastes as weIl

metallurgical processing. Their potential advantages include safety, high energy

efficiency. compact design, and ease of scale-up.

This work \vas designed to study the behavior of hollow graphite cathodes including the

arc electrical behavior. erosion rate, and the spontaneous transition between thermionic

and thennofield electron emission. Although previous work on hollow AC electrodes has

been done regarding applications in the metallurgical industries, it was believed that

further study of these phenomena is needed for better understanding. The previous work

concentrated on overall e1ectrode consumption but did not examine the effects of mode

transition. The erosion in at least sorne of those studies was the result of a combination of

chemical reaction and erosion due to arc effects and was cornplicated by the presence ofa

metal bath and poorly controlled atmosphere. The present work uses graphite electrodes

in a well-controlled atmosphere.

This thesis starts with a literature review on arc cathodic phenomena, considerations of

arc stability of hollow graphite electrodes and erosion of graphite electrodes. Industrial
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applications of hollow graphite electrodes are also included. This is followed by the

research objectives and the experimental methods used in this study. Chapter V presents

brief thermodynamic study ta identify the carbon species expected to be found in the arc

atmosphere. Chapter VIon results and discussion first characterizes the arc and examines

the emission mode transition. This is followed by an examination of the erosion rates of

the cathode and finally the development of a correlation for erosion as a function of

operating conditions under stable conditions. The last chapter gives conclusions,

recommendations for further work, and contributions to knowledge.
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2.1. INTRODUCTION

The term "'arc stability" here means the absence or the disappearance of acoustical and

electrical noise of hollow graphite electrodes used in this work. The disappearance of

both types of noise indicates stable arcs~ and the appearance of both types of noise means

unstable arcs. The arc stability is a cathodic phenomenon and is related to mode transition

in arc cathode operation. Maddever et al. (1976) and Sommerville et al. (1987) reported

that for hollow graphite electrodes, the arc stability as weil as the consumption rate could

be controlled by the argon gas flow rate. Higher argon gas flow rate provided stable arcs

and Iower consumption rates.

Recently Roth (1995) stated that mode transitions, from non-thermal to thermal arcs and

spontaneous mode transitions of thermal arcs, is one of the present issues of arc physics

and that "the industrial uses of arcs will not be weil understood until such time as the

physical processes responsible for mode transitions are identified, and the criteria for the

onset of mode transitions are understood in a quantitative manner". Thus this work was

designed to further study the mode transitions of thermal arcs using hollow graphite DC

cathodes for better understanding of the arc stability. The arc stability is associated with

the spontaneous mode transitions. It was also planned to study erosion behavior as a

function of the arc stability. The difference between erosion and consumption is that

erosion excludes the oxidation and the breakage ofgraphite electrodes.

ln this section~ hollow graphite electrodes and their related studies are reviewed. Firstly

considerations for arc cathode phenomena connected with this work is introduced. [n the
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next part, typical use of graphite electrodes in electric arc fumaces (EAFs) is given. This

is followed by previous work on the arc stability of hollow graphite electrodes. In

addition, erosion of graphite electrodes is also included. Finally some industrial

applications ofhollow graphite OC cathodes are introduced.

2.2. ARC CATRODE PHENOMENA

2.2.1. Modes of High Pressure Arc Cathodes

In this part, characteristics of modes of cathode operation of high pressure arcs, as

opposed to vacuum arcs, are introduced because this work has been performed at

atmospheric pressure. Guile (1971), Anders et al. (1991), and Coulombe (1997) reviewed

the operation modes of high pressure arcs, and a summary, based on their data, about

sorne features of the modes of high pressure arcs is presented in Table 2-1. Coulombe

(1997) defined high pressure arcs as arcs in which '"the medium is composed of the

ambient gas filling the chamber and to sorne extent, the electrode erosion products".

According to the revie\v ofAnders et al. (1991), the modes of high pressure arcs can be

separated into the stationary and the nonstationary mode. The electron emission

mechanism of the stationary mode is thermionic emission while that of the nonstationarj

mode is thermofield or field emission. The cathode electrode materials used for the

stationary mode are high boiling point refractory materiaIs, and for the nonstationary

mode low-boiling point metals, such as copper and nickel, are used. They are also known

as "hot cathode'~ and "cold cathode", respectively. CUITent density of the stationary mode

ranges from 107
- 108 A/m2 while that of the nonstationary mode ranges from 1010

- 10 11
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Table 2-1 : A summary of cathode operation modes of high pressure arcs.

ModeL Stationary Nonstationary

Mechanism ofelectron Thermofield or field

emission 1.2.3
Thermionic emission

emission

Type of cathode 1 Refractory Low boiling points metals

Typical materials· W,C Cu

Operating temperature 1 > 3500 K
Wide range, generally below

3000 K

Current Densityl 10' - lol! A/mL 10lU - 1011 Nm!

Nurnber of arc attachment One and diffuse over a Several and constricted over

points3 diameter ofsorne mm diameters of5 - 20 Jlrn

l\![ovement of the arc

attachmene
Fixed or slo\v Rapid

Voltage characteristicsZ No fluctuation Great fi uctuation

Data Sources;

1. Guile (1971), 2. Anders et al. (1991), 3. Coulornbe (1997)

Nm2
• For the stationary mode the number of arc attachment points is one, and it is

diffuse over a diameter of sorne mm; however. for the nonstationary mode there are

several arc attachment points constricted over diameters of 5 - 20 Jlm. The arc movement

in the stationary mode is slow or nonexistent, but in the nonstationary mode the

movement is rapid.

ConceptuaIly~ the arc attachment points introduced by Coulombe (1997) are the same as

the arc roots on arc cathodes. [n thermionic emission, the single arc attachment point is
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the arc root. This is also termed "thermionic spot" by Anders et al. (1991). Hereafter the

term '1hermionic spot" is used to indicate the arc root in the thermionic emission.

Otherwise, in the thermofield emission, the arc attachment points are made of

macrospots, and these macrospots are composed of severa[ cathode spots. Due to the

different internaI structure of the arc attachment points, different behaviors of the arc

attachment points are observed. Hereafter the term "cathode spots" is used to point to the

spots inside the macrospot in the thermofield emission.

The mode separation is basically related to electron emission Inechanisms. [n general arc

cathodes can emit electrons through thermionic, thermofield., or field emission.

Thermionic emission, which occurs when the cathode temperature is high and the field is

low, is described by the Richardson-Dushman equation; the effects of intermediate fields

on the thermionic emission are known as the Schottky effect which enhances electron

emission from the cathode. Field emission occurs when the field is high and the cathode

temperature is low, and is described by the Fowler-Nordheim equation. Dolan et al.

(1954) reported that when both the cathode temperature and the field are high, the

emission process is termed thermofield emission which is an intermediate state between

the thermionic and the field emission. Most arcs have been recognized to be in the

thermofield emission regime. In thermionic emission, electrons can escape from the

electrode surface if they acquire sufficient energy to overcome the energy barrier. The

energy is known as the work function. In field emission, electrons can tunnel the barrier

because of the higher electric field.

8



• Murphyand Good (1956) developed the generalized electron emission equation, which

can be applied to the entire electron emission regimes. The equation shows that electron

current density (Jc) is related to temperature, electric field strength and work function as

follows:

(2-1)

•

•

where D(Ec , W) is the emission probability for an electron with energy W~ from the

cathode surface matenal submitted to an electric field Ec and the cathode surface

temperature Tc . N(Tc ,W)dW represents the number of electrons reaching the potential

barrier per second and per unit area with energy between W and W+dW. Wa represents

potential barrier energy. The Richardson-Dushman equation for the thermionic emission

is a limit of the equation (2-1) when the temperature is high and the electric field is low

while the Fowler-Nordheim equation for the field emission is also the limit when the

temperature is low and the electric field is high. Coulombe et al. (1997) reported that the

Murphy and Good equation should be used for the caIcuiation of the thermofield

emission current densities in order to increase the accuracy of numerical prediction for

the arc-cathode interactions.

Anders and Jütter (1990) studied transition of the cathode mode in high pressure

discharge lamps during the starting periode They used tungsten AC electrodes activated

by Ba2CaW306. The transition from the thennofield to the thennionic emission and vice

versa is oniy expected to oecur for hot cathodes. Guile (1971) also mentioned this mode
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transition. Anders and Jütter (1990) reported that the arc of the high pressure discharge

lamp was usually in the thennofield emission regime immediately after the glow-to-arc

transition in each half-cycle after the initial breakdown as shown in Figure 2-1. The

"vapor arc mode" in the figure means the thennofield emission regime. After a time of

the order of one second, however, the electrodes were sufficiently heated and thus were

operated in the thermionic emission regime. This transition was detected by the sudden

disappearance of the buming voltage and the barium line emission noise. The great

fluctuations of the arc voltage meant that the electrodes were in the thermofield emission

regime.

2.2.2. THE CATHODE REGION

Figure 2-2 shows a schematic representation of the regions of an arc. Roth (1995) defined

the cathode region as a region of "potential and density gradients, with an axial extent of

perhaps de ::::: 1 mm". This means that the cathode region is not in the local

thermodynamic equilibrium (LTE) and is characterized by steep gradients of

temperatures, particle densities, and electric field in a very thin layer between the cathode

and the arc. In this figure, before the arc column region, Roth (1995) presents three

regions, the cathode sheath, the cathode region, and the cathode flo\v zone. That could be

different according to researchers. Sorne researchers like Zhou et al. (1994) and

Coulombe (1997) who performed the modeling work in the cathode region considered the

cathode region as the connection region between the cathode and the arc column. For the

detailed description of this region, Coulombe (1997) subdivided the cathode region into

the cathode sheath zone (or the space charge zone) and the ionization zone (or the

10
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presheath zone). The cathode sheath zone can be thought as a collisionless zone~ and the

density of the positive ions is much greater than that of the emitted electrons because of

faster movement of electrons. The positive space charge zone is, therefore, established

and produces an electric field. The electric field strengths as weil as the positive ion

bombardment in the cathode region are recognized to be responsible for electron

emission from arc cathodes.

[n the cathode region. there are cathode jets which may exert a strong influence on the

cathode region and sometimes on the entire arc. The cathode jets have been observed in

hot as weil as coId cathodes, particularly at higher current levels. Chai (1981) stated that

these cathode jets might be attributed to four different sources: electromagnetically

induced jets, vaporization of cathode material and/or surface impurities, ablation and

explosive release of cathode material, and chemicaI reactions on the cathode surface

producing gases. The interaction of the arc current with its own magnetic field leads to

the phenomena of induced plasma jets in an arc section of variable cross section. These

phenomena are not restricted to the cathode or anode region of an arc; they may also

occur in other parts of the arc column where the conditions of variable column cross

section are met. The induced cathode jet may serve as a stabilizing mechanism for a free

buming arc.

2.2.3. RANGES OF PHYSICAL PROPERTIES OF THE SPOTS

Even though numerous researches on thermionic and cathode spots have been reported, it

is still difficult to find general agreement. This part, therefore, focuses on the ranges of
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physical properties of the spots; these are size, current density, and lifetime of the spots.

The properties are dynamic and based on experimental results through arc tracks.

1) Size of the spots

Generally the size of the thermionic spot is bigger. According to Anders et al.'s (1991)

survey on arcs in a pressure range from ultrahigh vacuum (UHV) to 107 Pa and in a

CUITent range from 0.1 to 105 A, for high pressure arcs in the thermionic regime. the

thennionic spot area is between 0.1 and 10 mm2
• By assuming the thermionic spot is a

circle, the diameter of the thermionic spot may be estimated to be between 0.4 and 3.6

mm. For low pressure arcs in the thermionic emission regime, they reported the range of

the thermionic spot area of 0.01 .... 1 cm2
; this range corresponds to a circle diameter of

1.1 .... 11.3 mm.

For high pressure arcs in the thermofield emission regime, Coulombe (1997) reported the

craters of 5 -10 Ilm-diameter and sorne of up to 25 Ilm-diameter uniformly distributed

along the arc trace on the copper electrode. For vacuum arcs believed in the thennofield

emission regime. Kandah (1997) reported the general range of the cathode spot diameter

of 0.01 - 100 Ilm. Siernroth et al. (1995) provided more detailed information about the

size in vacuum arcs. They reported that in a pressure range from 104
- lO-3 Pa, the size of

a macrospot on the copper electrode is 100 Ilm and that of the cathode spots inside the

macrospot is IOllm.

2) CUITent density orthe spots
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In the thennionic emission regime~ Anders et al. (1991) gave the range of current density

of 10" - 108 A/m2 for both low and high pressure arcs. For high pressure arcs the current

density is between 107
- 108 A/m2 which is the same range as Guile (1971). For low

pressure arcs the current density is between 104
- 107 A/m2

.

For high pressure arcs in the thennofield emission regime~ Guile (1971) reported the

range of current density of 1010 - ID" Nm2 as introduced in Table 2-1. For vacuum arcs~

Kandah (1997) gave the general range ofcurrent density of 106
- 1012 A/m2

•

Generally the CUITent density in the thennofield emission regime is higher than that in the

thermionic emission regime. In the thermionic emission regime~ the current density can

be estimated through total current divided by the thermionic spot area. For the

thermofield emission regime~ however, several cathode spots are in the arc attachment

area. resulting in the splitting of the arc. Therefore, the current density in the thermofield

emission regime is based on the individual spot area and the current delivered to each

spot.

3) Lifetime scale orthe spots

[t is especially difficult to determine general lifetime scale of the spots, but the lifetime

scale may be inferred through the arc movement. As mentioned earlier for the thermionic

emission regime the arc movement is slow or fixed; however~ for the thermofield

emission regime the arc movernent is rapid. These different types of arc rnovement are

related to the lifetime scale of the spots because the spots are the sites of electron
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emission.

For the thennionic emission regime~ Anders et al. (1991) reported that for high pressure

arcs, hopping of the thermionic spot may occur and the hopping frequency is about

several Hertz. [t can be inferred from the frequency that the lifetime scale of the

thermionic spot may he a time of the order of decisecond. This time scale may be rough,

but it can be seen that this scale is much bigger than the lifetime scale of the cathode

spots in the thermofield emission regime, which is introduced in the next paragraph.

For the thermofield emission regime. the raster movement of arcs is associated with the

cathode spots' extinction and reignition at new sites. This is one of the reasons for the

voltage fluctuations of cold cathodes. Because arcs move irregularly, this is also referred

to as "random walk". For the spots in the thennofield emission regime, two different

lifetime scales are reported. One is the lifetime scale of the macrospots and the other is

that of the cathode spots inside the macrospot spot. The lifetime scale of the macrospot in

this regime. according to Coulombe's (1997) review, is much less than 1 ms scale and

probably of the order of 1 Jls. Meanwhile, Jütter (1997, 1999) reported the lifetime scale

of the cathode spots is of the order of nanoseconds.

2.2.4. EROSION OF ARC CATRODES

Arc cathode erosion can be simply defined as vaporization of the cathode material and

ejection of particles and molten cathode material mainly due to the localized excess heat

which cannot be dissipated either by conduction through the cathode or radiation and

16



•

•

•

convection from the cathode surface. In general~ arc cathode erosion is considered as a

necessary physical phenomenon to maintain an arc for the thermofield emission and as a

consequence of the strong heat load for the thermionic emission.

[n the following part previous work related to the heat transfer at the cathode spot

surface~ performed at Plasma Technology Research Center (CRIP), McGill University is

introduced. The heat transfer as well as the CUITent transport is very important for erosion

studies because it is related to the localized heat flux. In addition~ Benilov~s review

(1999) about the heating ofhot cathodes ofhigh pressure arcs is aiso mentioned.

Szente et al. (1992)~ who studied the erosion of copper cathodes, noted that the arc heats

the cathode in four different ways: radiation, convection (from the plasma), joule heating,

and ion bombardment. Among them, the joule heating and the ion bombardment have

been recognized as the main source of the heat input to the cathode. The positive ions

directly transport their energy to the cathode spot as shown in Figure 2-3. The transported

energy is lost by vaporization of the cathode material~ electron emission cooling, and

conduction within the cathode. Joule heating may be appreciable with a low conductivity

cathode and in the very high current density regions near the emitting areas. The radiation

and convection tenns are too diffuse to cause erosion and cao in general be neglected for

most erosion studies.

Coulombe et al. (1997) calculated the magnitude of the different source of the heat flux at

the cathode spot surface on a cold copper cathode. In their calculation, for the current
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transport in the cathode sheath, they described that three charge carriers are related to the

current transport to the cathode spot, respectively jion for the ions, hdc for the back

diffusing electrons. and jr.F for the electrons emitted by the thermofield emission from

the cathode as shown in Figure 2-3. For the energy balance on the cathode spot surface,

they described that energy is transported to the cathode spot by the positive ions (qion) and

back-diffusing electrons (qbdc); energy is lost by vaporization of the cathode material

(qvap), by electron emission cooling (qnot), and by conduction within the cathode (qcond).

Radiative heat exchanges from the cathode spot surface with the surroundings are ignored

in comparison with the other heat fluxes. The results are presented in Table 2-2. [t can be

seen that the heat input to the cathode spot surface (qin) is increased as the total current

density (îtot) is increased, and the ion bombardment is the dominant component of the

heat input. For the heat loss, as the total current is increased, the electron emission

cooling (qnot) is more important than the other heat fluxes of the heat loss. The

vaporization of the cathode material (qvap) is also increased, and this means increase of

the erosion rate. Meanwhile, the importance of the conduction within the cathode (qcond)

is decreased as the total CUITent increased.

For the heating of hot cathodes of high pressure arcs, Benilov (1999) stated that presently

there is no general agreement on the dominating mechanism of the heat transfer to the

thermionic spot. According to his review, for the main component of the heat input, some

researchers believe that the hot cathode is mainly heated by the ion bombardment, while

others consider that the thermal conduction from the arc is greater than the contribution

of the ion bombardment. In any case it appears that further research about that is needed.
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Table 2-2: Distribution of the total heat flux to a single cathode spot on a cold Cu

cathode for Tc: at the cathode sheath edge = 1 eV (Coulombe et al. 1997).

Vc l tat qin qian/qin qnot/qin qvaplqin qconiqin

(V) (x109 Am-2
) (xIO IO Wm-2

)

7 1 1.18 0.95 0.07 0.27 0.66

7 5 3.48 0.95 0.31 0.30 0.39

7 la 5.28 0.95 0.46 0.31 0.23

15 1 1.54 .... 1 0.06 0.17 0.77

15 5 4.28 -1 0.26 0.18 0.56

15 10 5.93 .... 1 0.45 0.20 0.35

The erosion mechanism of arc cathodes is not yet understood perfectly because many

physical phenomena occur in the very thin cathode region at the same time. The erosion

phenomenon, however, may be explained by the following well-known three

considerations: 1) evaporatian of cathode material, 2) ejection of particles and draplets of

molten cathode material, and 3) redeposition. Evaporation can be explained as being

caused by the localized excess heat fluxes over the spot surface. Coulombe (1997) stated

that ejection is mainly due to the ion pressure release upon the spot extinction and the

onset of important thermo-capillary flows within the molten bath. Redeposition reduces

the erosion rate of cathodes and may come from 1) by the condensation of vaporized

cathode atoms existing in the vicinity of the arc root and 2) by the neutralization of the

positive ions of cathode materials on the cathode spot surface. In case of the

condensation, Zhou et al. (1994) mentioned tungsten redeposition in the form of whiskers

and Meunier et al. (1987) reported copper redeposition. For copper redeposition, it was
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believed that the copper redeposited was part of the bulk of the cathode structure and

could earry the current because no weakly bounded structure was found through their

microscopie observation. AIso, for fullerence synthesis the carbon redeposition, i.e. the

deposition of vaporized graphite material from the anode on the graphite eathode surface,

has been reported. Lefort et al. (1993) used the redeposition by the neutralization of the

positive ions ofcathode materials in their modeling work.

2.3. GRAPHITE ELECTRODES

Graphite electrodes are widely used in thermal plasma processing. Typically graphite

electrodes have been reliably used in EAFs. Recently in case of recycling or treatment of

solid wastes, graphite electrodes have been considered possibly superior to metal torches.

Finally graphite arc diseharges in a helium atmosphere are the one of the present methods

for fullerene production.

2.3.1. General Characteristics of Graphite

Graphite is one of the four allotropes of carbon; the others are amorphous carbon,

diamond, and fullerenes. Graphite is based on Sp2 structure and its structure is described

as layers of carbon atoms with an interatomic distance of 0.142 nm and with an

interplanar distance of 0.335 nm as shown in Figure 2-4 (Encyclopedia of Chemical

Technology 1992). Each carbon atom within the layers is bonded only to three carbon

atoms in a trigonal planar arrangement with 1200 angles (Kandah 1997). Because each

atom is formally bonded to only three neighboring atoms, the remaining valence electron

(one in each atom) is free to circulate within each plane of atoms; therefore, graphite is an
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Figure 2-4: Structure ofgraphite (EncyclopediaofChemical Technology 1992).
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eIectrical conductor. In addition, separation of each layer represents a non-bonding

situation, and thus graphite can be used as a lubricant.

ln this work polycrystalline graphite, which is a blend of amorphous carbon and very

small graphite crystals, has been used for electrodes and its general production process,

provided by POCO Graphite (Ne., USA, is as follows. PolycrystaIine graphite is made

by the calcination of the raw material, i.e. petroleum coke, in large kilns to shrink: it and

drive out the volatile content. It is then crushed into a very fine powder and sized into

different particle sizes through screens. The crushed raw material is mixed with a binder,

compressed into a block, and fired at very high temperature to remove any volatile

materials and to assure homogeneity. Because the coke does not melt during processing,

the resultant structure is much Iike sand that is stuek together by a thin layer of glue.

Generally polycrystalline graphite has sorne anisotropy; however, POCO graphite, used

in this work. is isotropie.

2.3.2. Graphite Electrodes in Arc Furnaces

In this part several features of graphite eleetrodes in arc fumaces are introduced because

graphite electrodes are typically used in EAFs. In many arc furnaces it seems that water

cooled metaI electrodes may not be needed. A simple graphite electrode will be sufficient

although the improvement of the arc stability is required. Bareza (1986) has reported that

the arc stability can be realized if the graphite electrode is made in the form of a hollow

e1ectrode to introduce plasma gas through a small hole and the end of the graphite

electrode is shaped to irnprove the direetionality of an arc to an open bath in arc furnaces .
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Compared with water-cooled metal electrodes, graphite electrodes have sorne advantages.

Graphite electrodes are generally more massive than water-cooled metallic eIectrodes so

that they can carry higher electrical currents. Moreover, because they are refractory,

heavy water-cooling is not necessary. Sometimes water leaks of water-cooled metallic

electrodes result in explosions in arc fumaces.

As is weIl known, graphite electrodes are consumed during the operation of arc fumaces.

Through field tests, it has been reported that the consumption of the graphite electrodes in

EAFs can be divided ioto three broad categories: tip consumption, sidewall consumption,

and breakage (Lefrank et al. 1983, Schwabe 1971, Encyclopedia ofChemical Technology

1980). Figure 2-5 shows the longitudinal loss resulting from the tip consumption and the

transverse loss because of the sidewall consumption in case of graphite electrodes of AC

EAFs. Roughly half of the observed consumption occurs at the graphite eIectrode tip

where the intensely hot and rapidly moving arc root produces both vaporization of the

graphite and sorne ejection of small graphite particles. In addition, the graphite eIectrode

tip can be eroded by contact \VÎth the liquid metal and slag. The rate of incremental tip

consumption generally increases when operating current or power is increased. The

sidewall of hot graphite electrodes is consumed by reaction with oxidizing atmospheres

both inside and outside the EAFs, resulting in a tapering of the graphite electrode toward

the arc tip. The sidewall consumption is increased by the use of many fume removal

systems and by the use of oxygen in the EAFs for assisting melting or refining.

Kaltenhauser et al. (1 983) mentioned that since the sidewall consumption may account

for 40 % or more of the total graphite electrode consumption, extensive efforts have been
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Figure 2-5: Typical consumption patterns of a graphite electrode in AC EAFs

(Jurewicz 1997).
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made to reduce this component of consumption through the use of oxidation retardants

and electrode coating. 8uch efforts have had tittle success ta date, primarily because of

the extreme thermal and chemical environment to which the graphite electrode is

exposed. A third form of consumption consists primarily of graphite electrode breakage

resulting from excessive movement of large masses of scarp during melting or the

presence of nonconductors in the charge. Although such breakage usually accounts for

less than 10 % of the total graphite electrode consumption, excessive thermal shock,

improper joining practice, and incorrect phase rotation may magnify this form of

electrode consumption.

üwing to the development of solid state diodes and high current thyristor controlled

rectifiers in the recent past, interest in OC EAFs has strongly been stimulated. As the

main advantages of DC EAFs over AC EAFs, Jurewicz (1997) mentioned 1) lower

graphite electrode consumption, 2) higher electrode current carrying capability, 3)

reduced disturbances in electrical supply systems (less flicker), 4) unifonn heat

distribution, 5) the stirring effect, and 6) lower noise emission. Besides less wear on

flexible power cables (less electrode movement), reduced maintenance on electrode arm

of furnaces, less electrode breakage, and lower energy consumption have been

mentioned. On the other hand the requirement of the bottom (bath) electrode and

relatively difficult arc starting have been recognized as the disadvantages of OC EAFs.

The bottom electrode May not be easily cooled and increases maintenance problems.

AIso, in case of insufficient electrical contact between the cathode and the bottom

electrode, it May be difficult to ignite an arc. In that case a Metal or a graphite rod May be
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used as an auxiliary electrode in the bath to establish the electrical contact between the

cathode and the anode.

2.4. THE ARC STABILITY OF HOLLOW GRAPHITE ELECTRODES

Maddever et al. (1976) studied the effect of the gas injection on the arc stabilization and

the consumption rate of hollow graphite AC electrodes on the laboratory and the

industrial scale. For the laboratory scale the diameter of the graphite electrode was 7/8

inches and that of the hole in the graphite electrode for the gas injection was 1/8 inches.

Various gases such as argon, nitrogen, carbon dioxide, and several hydrocarbons were

investigated. The gas flow rates were approximately 2 -- 3 ft) per hour. Among the gases,

the argon gas was preferred because it provided the unifonn and sinusoidal waveforms of

the current, the voltage, and the power without the operating problems. Nitrogen gas

enhanced pickup of that gas into the melt by a considerable degree, and hydrocarbon

gases caused the blocking of the hole by the carbon deposition. The uniform and

sinusoidal waveforms meant the increase of the arc stability. Experiments perfonned with

the argon gas injection also showed the decrease of the consumption rate of the

electrodes. For the plant scale the diameter of the graphite electrodes was 7 inches and

that of the hole was 1/4 inches. In case of the argon gas flow rate of 40 ft3 per hour,

enhancement of the arc stability was reported as in the results of the laboratory

experiments.

Sommerville et al. (1987) further studied the work of Maddever et al. (1976) and

reported several general characteristics of the improvement of the arc stability of the
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hollow graphite AC electrodes. The characteristics are as following: 1) the wavefonns of

the current and the voltage are considerably smoother for stable arcs~ 2) the arc can be

extended easily and is less apt to be self-extinguished, 3) the arc shows the strong

directional component, and follows a more confined path with less tendency ta f1are, 4)

the acoustical and the electrical noise is decreased, and 5) the consumption rate of the

graphite electrodes decreased; in their study the consumption rate was decreased from

9.99 to 8.62 Iblton ofproduct.

Ochs et al. (1989) studied the improvement of the arc stability of hollow graphite AC

e1ectrodes in an EAf. The power was supplied to the electrodes through two single-phase

AC welders connected in parallel and rated at 1500 A, thus providing the maximum

operating current of 3000 A. The structure of their hollow graphite e1ectrodes was quite

different from that of the electrodes used by Maddever et al. (1976) and Sommerville et

al. (1987). Ochs et al. (1989) made multiple holes in the graphite electrode for the gas

injection. The 12 holes of 1132 inches diameter were located on the 1 inch diarneter circle

encompassing the electrode tip (see Figure 2-6). This tip was connected to 3 inch graphite

electrodes. The inert gases of helium and argon were injected into these holes as weIl as

windows of the EAf. The inert gases shrouded the arc, thus maintaining the arc in a

vertical direction and allowing more of the heat to be directed to the melt. The gases also

helped to confine the arc to the tip section while it cooled the outer portion of the

e1ectrode and decreased the consumption rate by reducing the oxidation of the graphite

electrode.
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Figure 2-6: Schematic drawings of the electrode tip with the hales (Ochs et al. 1989).

29



•

•

•

2.5. EROSION OF GRAPHITE ELECTRODES

Holm (1949) proposed an energy balance at the cathode spot to provide an explanation of

the vaporization of metaI and carbon cathodes, i.e. the cathode erosion. He assumed that

the total energy produced in the cathode region was transferred to the cathode and

neglected the reIatively small radiation from the cathode. Although Holm's study is

simple and has severa! oversimpIifications, it has produced significant results, which are

well-accepted today. The results are that the high vaporization from the cathode is

inevitable and as the current density increases, the heat loss by vaporization is much more

important than the heat loss by conduction. Later, Holm (1967) modified this energy

balance by replacing the total CUITent term with the ion current tenn since the main

component of the input energy to the cathode spot is the positive ion bombardment.

Mente1 (1977, 1977, 1978) studied the influence of vaporization upon the arc roots of

high current arcs using graphite rod OC cathodes. His study provides a range of erosion

rate of a graphite cathode measured in an argon atmosphere at atmospheric pressure and

the temperature of graphite vapor jets. The diameters of the graphite OC cathodes were 3,

4.6, and 6.15 mm. High-speed photography of the arc foots at 1000 A in argon

atmosphere showed that the cooling of the electrodes could affect the appearance of the

arc roots. By changing the height of the cathode above the water-cooled coIlar, the

cooling rate of the electrodes was controlled. The height variation was from 2 mm to 10

mm. For the strong cooling of the cathode (2 mm above the coIlar) the arc roots remained

stable. In contrast, for the weaker cooling of the cathode (6 and 10 mm above the collar),

the separation of the arc and the graphite vapor jet could be seen at the arc roots. The
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vapor was observed as a traii or jet and was relatively cold. The spectroscopie

measurements of the C2 moiecular bands gave the vapor jet temperature was between

4000 and 5000 K. For the strong cooling, the erosion rate of the graphite cathode was

increased slowly as the CUITent density was increased; however, the erosion rate for the

weaker cooling was increased greatIy as shown in Figure 2-7. [n addition. for the weaker

cooling, it was reported that a large cathode spot developed as the CUITent increased. It

seems that the cathode spot he mentioned is a thennionic spot because his operating

conditions are believed in the thermionic emission regime. The erosion rate for the height

of 10 mm in Figure 2-7 was further analyzed because generally graphite electrodes are

used without water-cooling. The unit of the erosion rate in Figure 2-7 is mg/(cm2 s). This

unit is converted into the J.lg/C unit used in this work and the results are presented in

Table 2-3. The ~g1C unit is the common unit in erosion studies and is independent of the

arc duration. The estimated CUITent range of his experiments in Figure 2-7 was between

about 300 and 1040 A. The estimation of the erosion rate ranges from about 3.0 IlgiC at

300 A to 85.7 IlglC at 1040 A. His equipment was designed to prevent the carbon

redeposition from the graphite anode; therefore, these erosion rates may be thought as the

erosion rate of the graphite cathode.

Lefort et al. (1993) proposed a model for graphite electrode erosion. They studied the

cathode surface and its interaction with the space charge region to derive goveming

equations at the cathode. At the anode the equations were similar to those at the cathode.

To estimate the erosion rate for the graphite cathode they assumed the cathode spot was

one dimensional and was single, circular, and practically motionless. In addition, the
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Figure 2-7: Erosion of the graphite cathodes with a diameter of6.15 mm for

different heights, h, of the electrode above the cooled collar (Mentel 1977).
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Table 2-3: Conversion of the erosion rates of Mentel's work (1977).

cathode material was homogeneous with a perfect surface state and only cathode material

Current density Estimated Erosion rate for h = 10 Estimated Estimated

in Figure 2-7 current mm in Figure 2-7 erosion rate erosion rate
.,

(A)'} (mg/cm2s) (mg/s)2) (f.lg/C)3)(kA/cm-)

1 297 3 0.9 3.0

2 594 63 18.8 31.7
.,

891 200 59.4 66.7-'

3.5 1040 300 89.1 85.7
. J

1) Conversion: the current denslty ln Figure 2-7 (kAIcm-) x the cross-sectlOnaI area of

the graphite cathode (cm2
)

2) Conversion: the erosion rate in Figure 2-7 (mg/cm2 s) x the cross-sectional area of

the graphite cathode (cm2
)

3) Conversion: the erosion rate (mgls) x 1000/ the estimated current (A)

•

• evaporation was considered for erosion. The unique feature of their theoretical work is

the introduction of the redeposition by the neutralization of the positive ion current.

When calculating the erosion rate with considering the redeposition, they assumed aIl the

positive ionic flux coming from the ionization region was captured and neutralized on the

cathode surface. [n addition, they introduced a generaI empirical model of the erosion

rates of the graphite electrodes in AC arc fumaces as follows:

(2-2)

where G is the mass loss in kg/second; K is a constant; l is the arc current in A; a is a

•
constant between 1 and 2. The Research [nstitute of French Iron and Steel Metallurgy

(IRSID) modified this model for the mass losses CG) of graphite electrodes in OC arc

furnaces as follows:
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G = 6.6 X 10.9 1m
2 (2-3)

where [m is the Mean current calcuIated over a haIf period in A; G is in 10.3 kg/second.

Lefort et al. (1993) compared their erosion rate estimation including the anode erosion

with the lRSID model and found out their estimation was greater. They concluded that

one of the reasons of the over-estimation was the lack of tue information about the

mechanism of the redeposition.

2.6. Applications of Hollow Graphite DC Cathode

[n this part, industrial applications of hollow graphite DC cathodes have been reviewed.

The tundish heating at the BGH, The Electro-Pyrolysis Inc. (EPI) Arc Furnace, the Exide

High Temperature Metals Recovery (EHTMR) process of the Exide Co., the Arc

Technology Company process, and the DROSCAR process of the Hydro-Quebec are

introduced.

Sorne processes using the graphite cathodes for treatment of solid wastes are introduced

because of the recent interest of the transferred arc treatment of solid wastes. [n the arc

treatment, graphite electrodes have been proposed for the e1ectrodes of the transferred arc

plasma and May be expected to replace water-cooled metallic electrodes because of the

advantages mentioned in the earlier part. (WittIe et al. 1994, Drouet et al. 1995,

Schumacher et al. 1995, Rozelle et al. 1995, Neuschutz 1996, Eddy 1999). The historical

perspective and up-to-date trends of plasma technology for these applications are weil

reviewed by Cohn(l997), Fauchais et al. (1997), and Counts et al. (1999).
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2.6.1 Tbe Tundisb Heating at tbe BGH

Neuschütz et al. (1996) investigated the arc heating in the tundish with a hollow graphite

DC cathode in comparison with a metallic plasma torch. This study was perfonned at the

BGH Edelstahl Siegen GmbH, a steelmaker located at Siegen, Germany. The length of

the DC graphite cathode they used was 1250 mm and the diameter was 100 mm. Argon

was blown at a rate of 3.6 m3 per hour through a 20 mm hole into the arc for stabilization.

The average arc voltage was 100 V and the maximum arc current was 3300 A. The

electrode position was continuously adapted to keep the arc voltage constant. They

reported the consumption rate of the graphite electrode by both the tip and side wear was

0.46 kglhour after 6 months of the operation. The average current of the operation was

2000 A. Also. they reported another tip and side consumption rates of a different hollow

graphite electrode of the BGH. The side wear was 0.04 kg/hour and the tip wear was 0.78

kg/hour. They analyzed that the lower side consumption rate was due to the argon gas

injection, which caused the reduction of the oxygen partial pressure around the graphite

electrode. Compared to metallic torches, they concluded that except for sensitive steel

grades, the hollow graphite DC cathode appeared to be recornmendable for ail steel

grades operations because the running costs were lower than with metallic torches

because of less water cooling, less wear of parts like nozzles and starting electrodes, and

less personnel for maintenance.

2.6.2. The EPI Arc Furnace

Witde et al. (1994) reported that Electro-Pyrolysis Inc. (EPO, Massachusettes Institute of

Technology (MIT), and Pacific Northwest Laboratory (PNL) developed DC graphite arc
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fumaces named EPl's Mark 1 and Mark Il to the processing of Subsurface DisposaI Area

(SDA) wastes. According to their report the graphite electrode OC arc furnace is

attractive because it provides the advantages of simplicity, high availability, safety. high

processing rate, easy of scale-up, and versatility and thus the furnace is weIl suited for

treating high meiting point wastes containing metals. The Mark 1 furnace (see Figure 2-8)

includes a graphite crucible with a capacity of one hundred pounds of material. A

movable two-inch diameter graphite electrode is located in the center of the graphite

crucible. The entire system is contained in a square carbon steel box with hot face brick

and insulating brick surrounding the crucible. The Mark 1 furnace is capable of operating

at DC power levels of 300 kW. The fumace has operated under an inert atmosphere by

purging 3 - 4 fe per minute of N2 through the fumace chamber. The Mark Il furnace is

approximately 23 feet in height and 7 feet in diameter. The furnace is a refractory lined

carbon steel vessel as shown in Figure 2-9. The graphite electrode in the Mark Il furnace

incorporates a unique coaxial arrangement within an outer graphite electrode that is 16

inches in outside diameter and 10 inches inside diameter. The inner graphite electrode is

a solid 6 inches piece of graphite. This electrode assembly has the capability to operate in

the transferred arc mode or the non-transferred mode. This allowed the furnace to be

easily started by operating the torch in the non-transferred mode to melt the material in

the crucible. When the molten material becomes electrically conductive, the operation of

the electrode can then be changed to the transferred mode of operation. The transferred

mode which is a more efficient method of providing heat-energy to the material being

melted.

36



•
.-valve

removable
rod

rod
insulation

flexible connector• : 1
~ air exnaust duel
n i

i anode
pot 1

j_metal shroud

"'-
1

Si02 1 concrete Iintels
steel plate ..

lJ t positive i
cables

Figure 2-8: The schematic diagram of the EPI's Mark 1 fumace (Wittle et al. 1994).

•
37



1 1

rI

•

•

Isolation slide
gates
~

.,-~

:1 ~.
• ~I
• l '

IIi
1

! 1

Glass discharge./
section

~ Electrode housing

, ....::

W Isolation slide
, . gates

waste canister

•

Figure 2-9: The schematic diagram of the EPI's MarkII fumace (Wittle et al. 1994).
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2.6.3. The EHTMR Process

The Exide Corportion (Rozelle et al. 1995) developed the Exide High Temperature

Metals Recovery (EHTMR) process to treat a variety of solid wastes and by-products

containing metals by using a submerged transferred arc plasma. The process is designed

to recover the valuable metals in the solid wastes for reuse and to produce a metals

depleted slag that can be marketable. The heart of the EHTMR process is a DC

transferred arc plasma furnace (see Figure 2-10). This fumace features a hollow graphite

DC cathode through which the solid wastes can be fed. In order to assist in solid waste

feeding and to provide arc stabilization, the process is equipped with a system to feed

inert plasma gas (argon) through the electrode. Solid wastes requiring fuming through the

electrode were fed through the zone of maximum energy density at the arc which

enhances volatilization of metais in the solid wastes. This is an inherent advantage in

transferred plasma arc operations \Vith a hollow electrode feed~ which is not possible in

non-transferred plasma arc operations.

2.6.4. The Arc Technology Company Process

The Arc Technology Company (UIE, 1988) developed a OC arc furnace (see Figure 2

11) for the destruction of PCB filled condensers. The fumace is a chamber, with walls

made of refractory graphite. where an eIectric arc is initiated between a hollow graphite

OC electrode and a bath of molten metals. The entire condenser is brought into the bath

of metals al 1650 oC located at the bottom of the funlace (area 1). The condenser melts

and releases its PCBs which are subjected to ultraviolet radiation from the plasma arc and
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Figure 2-10: The transferred arc furnace of the EHTMR process (Rozelle et al. 1995).
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Area 1 : molten metals 16500 C
Area 2 : furnace 16500 C t. =1.n s
Area 3 : gas envelope M t)100oC
Area 4 : electric arc 61000 C ts =3ms
N2 gas, noise 50 dB - Helght 8 m

Figure 2-11: The transferred arc fumace of the Arc Technology Company process
(UlM 1988).
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to the heat from the molten metaI. As a result, the PCBs are pyrolysed. The pYr0lysis

gases are extracted by the inside of the electrode after going through the electric arc (area

4) and its gaseous envelope (area 3). This installation has a treatInent capacity of 1500

kg/hour; it produces 750 kg/hour of molten metals and 882 Nm3/hour gases containing

CO, Hz, and HCL The gases are purified in two successive washing venturi scrubbers.

The destruction efficiency of the system is 99.9999%.

2.6.5. The DROSCAR Pro(ess

Hydro-Quebec has developed a rotary DC graphite arc fumace for aluminum dross

treatment. Aluminum dross occurs as an unavoidable by-product of aIl aluminum melting

operations. GeneraIly, depending on the operations, it represents 1 to 5 weight % of the

melt and may contain as much as 75 weight % of free aluminum in the form of very small

droplets entrapped in aluminum oxides. Since aluminum production is highly energy

intensive, aluminum dross recycling is very attractive. The conventional recycling

process uses rotary salt fumaces heated with a fuel or agas bumer but the process is

thennally inefficient and environmentally unacceptable because of salt slags. Plasma

recycling treatment of the aluminum dross is thus being developed. Neuschutz (1996) and

Burkhard et al. (1994) reviewed the existing aluminum dross recycling processes: the

Alean process, the Hydro-Quebec process, the BOC process, and the MGC process.

Among them, only the Hydro-Quebec process named the DROSCAR process has been

introduced here because the process uses graphite DC electrodes.

The DROSCAR process employs a new salt-free technology for the trealment of the

42



•

•

•

aluminum dross which uses a rotary furnace heated by a DC electric arc between two

graphite electrodes as shown in Figure 2-12 (Drouet et al. 1994~ 1995). [n Table 2..4 the

optimal operating parameters of the 600 kW DROSCAR pilot plant are presented. An

electric arc stretched and maintained between two graphite electrodes is used ta heat the

charge above the aluminum melting point. The energy transfer mechanism in the fumace

is mainly radiation from the arc to the refractories and the charge. Heat transfer by

conduction between the refractories and the charge also plays an important role. The

furnace rotates as the dross is heated to provide mechanical stirring, which breaks the

oxide film on the droplets of aluminum present in the dross and promotes agglomeration

of the molten metal. Rotation also prevents formation of hot spots on the charge or

refractories and improves energy transfer. On completion of the heating, the metai is

tapped from the furnace through a hale in the side. The solid residues remaining in the

fumace forro a greyish powder which is removed by tilting the furnace forward while

slowly rotating il. Gaseous and particulate emissions are significantly reduced in this

technology; only 3 m3 gas is used per tonne of the dross treated compared ta 30 m3 per

tonne the dross for the air plasma torch of the Alcan process and as much as 300 m3 per

tonne of the dross for the gas or fuel bumer. Argon is used, especially for arc

stabilization~ and helps to create an inert atmosphere inside the fumace, thereby

minimizing reactions between the molten aluminum and the fumace atmosphere. The

oxidation and nitrification of the aluminum cao be an important source of heat but

should be avoided. No salt is added to improve recovery, sa the charge is not increased,

additional heating energy is not required, and the amount of residues is kept as low as
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Figure 2-12: The rotary fumace of the Hydro-Quebec process (Drouet et al. 1995).
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Table 2-4: The optimal operating parameters of the 600 kW DROSCAR process (Drouet

et al. 1995).

Pararneters Mean

Total cycle time 70 minutes

Charging time 10 minutes

Heating time 36 minutes

Dross tumbling time 13 minutes

Aluminum (AI)tapping time 6 minutes

Residue discharge time 5 minutes

Dross treatment capacity 0.87 ton/hour

Energy consumption 371 kWh/ton-dross

Energy efficiency 74.9%

Al recovery rate (for a 50 % Al dross) 94.7%

Electrode consumption 0.88 kglton-dross

possible. Furthermore since the process uses a graphite arc, there are no-water cooled

parts in the fumace, which eliminates the hazard created by possible water leaks over the

molten metal.
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The two main objectives of this study were to examine the arc stability and erosion

behavior of a DC hollow graphite cathode struck to a graphite anode in argon al

atmospheric pressure. The detailed research objectives and the methodologies used are

given below:

1. Arc Stability at a DC Hollow Graphite Cathode

This objective was focused on identifying the electron emission mode transition of

graphite arc cathode operation by studying the characteristics of the thermionic and

thermofield emission modes. Firstly, total voltage patterns, arc movernent and acoustic

noise were examined as a function of operating parameters. The chosen parameters were

argon gas flow rate, initial interelectrode gap, arc current, and cathode tip geometry.

Secondly, the characteristics of each mode were examined through the estimation of

current densities, Fast Fourier Transform (FFT) of the total voltage, measurernent of the

cathode surface temperature, and examination of the cathode surface using scanning

electron microscopy.

2. Erosion Behavior ofa DC Hollow Graphite Cathode

This objective concentrated on analyzing the erosion behavior of the graphite cathode

when arcing to a graphite anode in argon at atmospheric pressure. The erosion rate was

measured as a function of argon flow rate, initial interelectrode gap, and arc current.
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These parameters were associated with the emission mode transition and the arc stability.

Erosion rates were separated into rates for stable and unstable operation.
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CRAPTERIV

EXPERIMENTAL METROnS
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4.1. EXPERIMENTAL APPARATUS

The schematic diagram of the transferred arc system for this work is shown in Figure 4-1.

The main components of the experimental system were a power supply, a hollow graphite

DC cathode, a graphite anode. a data acquisition system to record total voltage and arc

current., a gas-tight water-cooled chamber to house the graphite electrodes, an oxygen

meter, and a thermohygrometer. Ali equipment was electrically grounded except the

graphite cathode which operated at an elevated negative potential. Argon was used as the

plasma gas and its rate was measured in liters per minutes (lpm) at 293 K and 1 atm.

4.1.1. Power Supply

Eight Miller SRH-444 rectifiers (Miller Electric Mfg. Co., Appleton, Wisconsin, USA)

connected in series supplied the power to the graphite cathode. Because of this series

connection, the arc current was limited to 400 A. Each rectifier had an open circuit

voltage of 75 V and a power rating of 19.6 kW. The input voltage was three phases., 575

V at 60 Hz and the total open circuit voltage was 600 V. The rectifier was connected to a

control console, which controlled the plasma gas flow rate and the power to the cathode.

The console also contained a high frequency starter (HF 2000 High Frequency Arc

Starter, Miller Electric Mfg. Co.) and a safety shut-off system which could be deployed in

case 0 fan emergency.

4.1.2. The Chamber

The chamber consisted of the roof, the upper chamber, the lower chamber, and the

bottom. The inside diameter of the chamber was 29.5 cm, and the height was 29.0 cm.
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Figure 4-1 : The schematic diagram of the transferred arc experimental system.
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Two cooling water circuits were connected to the chamber. One was for the roof and the

upper chamber, and the other was for the lower chamber and the bottom. The cooling

water rate was fixed at 15.6 slpm for the upper part and 7.2 slpm for the lower part.

4.1.3. Hollow Graphite OC Cathodes

Two types ofhollo\v graphite DC cathodes~ named cathode 1and cathode II, were used in

this study. Schematic drawings of the graphite cathodes are presented in Figure 4-2. The

length of each graphite cathode was 27.94 cm. The inner diameter of each cathode was

0.32 cm. The only difference between the two cathodes was the size of the outer diameter.

The outer diameter of cathode [ was 1.91 cm~ and that ofcathode II was 1.07 cm.

The detennination of the outer diameter of cathode II was based on apparent CUITent

density. This is defined as ratio of arc current to the cross-sectional area of each cathode.

Cathode II was planned to simulate a 1000 A run at real 300 A because of the CUITent

limitation of the power supply. The cross-sectional area of cathode [ is 2.77 cm2 and the

apparent current density of cathode 1at 1000 A is 360 A per cm2
. The outer diameter of

cathode Il was sized to give this apparent current density at 300 A.

Cathode II was designed ta continu that arcs in the thenuionic emission regime do not

show the electrical and acoustical noise. The influence of the reduction of the outer

diameter of cathode 1 for the preparation of cathode II may be explained by considering

the energy balance on the cathode spot surface. The energy balance, in general, is

described by the following equation:
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Figure 4-2: The schematic drawing ofcathode l and cathode II.
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• q ion bombardment = q vaporization + q conduction + q electron emission (4-1)
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where q is the heat flux at the cathode spot surface. As discussed in chapter n~ the ion

bombardment is the main component of the energy input; the vaporization of the cathode

material, the conduction heat loss through the cathode, and electron emission are the

major components of the energy output. Among the energy output components, only the

conduction heat 1055 depends on the geometry of a cathode. Therefore, reduction of the

diameter of a cathode can decrease the conduction heat 1055, thus providing a higher

temperature at the arc root.

The tip of both cathodes was machined to a contained angle of 45°. Both cathodes were

connected with the brass water-cooled cathode holder through a 2.54 cm long threaded

section. This cathode holder was water-cooled to avoid the melting of the teflon electrical

insulator, located in the roof of the chamber. The cooling water rate of the holder was

fixed at 4.8 slpm. The length of the both cathodes below the water-cooled holder was

25.4 cm. Argon was injected through the hole of the cathode at flow rates of 0, 4.5, 10,

and 15 slpm.

XT grade graphite, produced by POCO GRAPHITE INC., was used in this study as the

material for the cathodes and the anode. The graphite is isotropie and has uniform pore

size distribution. Physical properties of the graphite at room temperature, provided by

POCO GRAPHITE INC., are presented in Table 4-1 .
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Table 4-1: Physieal properties ofXT grade graphite at room temperature.

Physieal properties Units Values

Partiele size microns 20

Total porosity (% volume) 26

Apparent density g/ee 1.71

Compressive strength N/mm2 86

Flexural strength N/mml 45

Elcctrical resistivity Jl.ohm.cm 1250

Coefficient of thermal expansion microns/m oC 7.5

Thermal conduetivity W/mK 115

4.1.4. The Anode

The anode was a graphite dise as shawn in Figure 4-3. The XT grade of the POCO

Graphite Ine. was used for the anode material. The diameter was 5.72 cm~ and the height

was 3.18 cm.

5.72 cm

Figure 4-3: The schematic drawing of the anode.
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4.1.5. Data Acquisition System

The data acquisition system consisted of a DAS-140 1 data acquisition board and a

standard personal computer. Control of the data acquisition system was done using a

computer program written in BASIC. The sampling time of the data acquisition system

was programmed as 8 seconds. The system was used to record total voltage and arc

current. The data acquired were saved to an ASCII text file for later processing.

4.1.6. Oxygen Meter

Before each experiment, oxygen (02) concentration, relative humidity (RH), and

temperature in the chamber were measured to check the purity of an argon atmosphere of

the chamber. The OC-502 model of GC Industries located Fremont, California, USA was

used to measure the O2 concentration in the chamber. The measuring range of the O2

meter is from 0 ta 25 volume percent in 0.1 volume percent increments, and at constant

ambient temperature the accuracy of the O2 meter is ±0.5 volume percent.

4.1.7. Thermohygrometer

With the 02 meter, the 37950-10 model thermohygrometer of Cole-Parmer was used to

measure the RH and temperature in the chamber. The thermohygrometer measures RH

from 0 to 99.9% and temperature from 0° to 199.9 oF.

4.1.8. Optical Pyrometers

For the measurement of the graphite cathode surface temperature, two types of optical

pyrometers were used: single wavelength and two-wavelength pyrometers. The single
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wavelength pyrometer is a model of the Pyrometer Instrument Co., Inc., located in New

Jersey, USA. This pyrometer is designed to adjust the filament current to match the color

of the filament to that of the object, Le. it used the disappearing filament principle of

temperature measurement. The single wavelengili is O.65J.lm. Holman (1989) gives the

schematic diagram of this type of the pyrometer as presented in Figure 4-4. The radiation

from the abject is viewed through the lens and filter arrangement. An absorption tiller at

the front of the pyrometer reduces the intensity of the incoming radiation. Figure 4-5

illustrates the disappearance of the lamp filament for the match as viewed from the

eyepiece. If the filament is too cold, it needs an increase of the current; if the filament is

tao hot, it needs a decrease of the current. The temperature measurement is perfonned for

the null condition.

Lens ......... Red
flUer

Standard
lamp _

Ammeter

Lens

•

Figure 4-4: The schematic diagram of the single wavelength pyrometer (Holman 1989).
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80e
Filament NuU Filament
t.oo coId condition tao hot

Figure 4-5: Appearance of the lamp filament in eyepiece of the single wavelength

pyrometer (HoIman 1989).

For the two-wavelength pyrometer, a ROS-8 model pyrometer of Capintec Instruments,

[nc.. located in Pittsburgh, USA, was used. [t detects radiation in the near infrared region

of the spectrum at 0.78 and 0.83 J.lm. The temperature reading of this pyrometer depends

on the ratio of the intensities of the object radiation at the two selected wavelengths

unlike the single wavelength pyrometer. In addition, for a gray body, knowledge of the

absolute values of spectral emissivities is not needed because the emissivity of the gray

body is not affected by the wavelength. In that case, Themelis et al. (1962) gave the

relevant equation to determine the temperature of the gray body as follows:

~V...u &...il À., 5 l C., C.,In--- = In[(--)( --) ] - [( -)(-~ --~)]

WlÏ2 E...i2 À1 T ..1.1 À,2
(4-2)

•

where W,,- is intensity of non-black body radiation at wavelength À., E;. is emissivity of

body at wavelength À., C2 (=1.4387 cm . K) is a constant, and T is absolute temperature,

K. Equation (4-2) indicates that there should be a linear relationship between the
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logarithmic ratio of the monochromatic intensities and the reciprocal of the absolute

temperature of the object.

4.1.9. Oscilloscope

A TDS 200-series digital storage oscilloscope, produced by Tektronix Incorporation

located in Oregon, USA, was used to rneasure total voltage and to perform its Fast

Fourier Transfonn (FFT) in the order of the ms and J..lS time scale. This oscilloscope is

capable of converting a time-domain signal into its frequency components, thus allowing

the FFT analysis of the total voltage measured in the time domain. The single triggering

mode was used for the measurement of the total voltage and the FFT to avoid the

uncertainties caused by the signal overlapping. The signais and the frequency components

captured in this mode were sent to a Hewlett-Packard laser jet printer for hardcopies.

4.2. PARAMETER RANGES

In this study arc cUITent, arc duration, argon gas flow rate, and initial interelectrode gap

were used as operating variables. The ranges ofthese parameters are presented in Table 4

2. The actual interelectrode gap increased as the electrodes eroded and this depended on

the operating conditions. The maximum length change of the electrodes was measured to

examine the gap change. The maximum length change for the cathode was 0.8 cm. For

the graphite anode, the maximum length change was 0.5 cm and this occurred as a hole at

the anodic arc root. The plasma gas flow rate greatly influenced length change of the

anode since the argon gas cooled the surface. For a flow rate of 0 slpm, the depth of the

hole reached a maximum of 0.5 cm, while for a gas flow rate of 15 slpm, the anode
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remained flat and did not change measurably in length. The final interelectrode gap was

determined by these maximun length changes as shown in Table 4-3.

Table 4-2: Parameter ranges ofthis work.

Operation variables Units Ranges

Arc current* A 150,300,400

Arc duration minutes 10, 30, 60, 90, 120

Argon gas flow rate slpm 0, 4.5, 10~ 15

Initial interelectrode gap cm 0.5, 1.5, 3.0

*) Standard deviations: 6 A for ISO A, 8 A for 300 A, and Il A for 400 A.

Table 4-3: The ranges of the final interelectrode gap.

Initial interelectrode gap Final interelectrode gap

0.5 cm 1.3 - 1.8 cm

1.5 cm 2.3 -2.8 cm

3.0 cm 3.8 -4.3 cm

4.3. THE ARGON ATMOSPHERE

Before erosion measurements, the chamber was repeatly filled with pure argon (33 slpm)

and evacuated to - 20 in Hg while maintaining a lower argon flow rate (3 slpm). The

cycle was repeated five times after which argon was fed at a flow rate of 3 slpm and the

chamber pressure was kept slightly above atmospheric pressure. Normally, the oxygen

concentration was at the lower limit of the meter 0.1 % and the RH at 1.0 % at 20 oC.

The argon gas was high purity (99.999 %) from PRAXAIR Technology Ioc., located
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Danbury, Connecticut, USA. Estimation of the graphite consumption mass loss because

of the oxygen and the humidity in this argon atmosphere was performed and the

procedure is given in Appendix 1. The estimated consumption mass loss was 4.60 x 10-3

- 4.54 x 10-2 g and was neglected; therefore, the mass change ofa graphite cathode before

and after a run was directly used for the calculation oferosion rate.

4.4. ARC OBSERVATION

A white screen and lens were used to produce an image of the arc and a digital video

camera was employed to record the arc. The bi-convex lens (focal length = 20 cm and

diarneter = 5 cm) and the screen were installed in front of the window of the upper

chamber. The lens produced an inverse image of the arc on the screen. The digital camera

was TV 203 model of SONY and had special digital effects that enabled to focus very

sharply on the image regardless of the surrounding lighting, etc. At any time the exposure

lime on the camera could also be changed to produce darker or brighter images. These

recorded images were transferred to a computer for further analysis.

4.5. MEASUREMENTS

4.5.1. Measurement of Total Voltage and Arc Current

Total voltage of an arc was measured using a divider circuit. The divider was connected

across the cathode and anode at the output of the high frequency generator. Arc current

was measured using a shunt which was placed in series with the anode. The outputs of

bath devices were connected to the data acquisition system.

61



• 4.5.2. Measurement of Erosion Rate of the Cathodes

The erosion rate of an electrode (E), in general, has been defined as the mass 10ss

normalized to the total electric charge passing through the cathode and is presented as the

following equation:

M(,)
E =---

r

fI(t)dt
o

(4-3)

•

where M('t) is the total mass loss of the electrode for an arcing time t; I(t) is the arc

CUITent evolution (Kim, 1995). [n this work, the integration in Equation (4-3) was not

needed because the average arc current could be obtained from the data file of each run.

Therefore, the equation (4-3) was simplified as the following equation:

Mf
E =

t*/
(4-4)

•

where ôM is the total mass loss of the cathode for arc duration, t; 1 is the average arc

CUITent. The total mass loss was determined by measuring the cathode weight before and

after each experiment.

4.5.3. Measurement of Cathode Surface Temperature

For the measurement of the cathode surface temperature using the single wavelength

pyrometer, a blackbody hole was prepared just above the cathode tip as shown in Figure

4-6. The diameter of the blackbody hale for the both cathodes was 1 mm; the depth of
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• that was 5 mm for cathode [ and 2 mm for cathode II. The filament of the single

pyrometer was focused on the blackbody hole and thus the color comparison between the

filament and the hole was possible. When the two colors were matched, the temperature

was recorded.

The blackbody hole

/

The filament 0 f the pyrometer

~
~

The blackbody hole (lmm diameter)

•

•

Figure 4-6: The position of the blackbody hale and the overlapping of the filament and

the hale.

The two-wavelength pyrometer was installed in front of the widow located in the upper

chamber, and it was connected ta a strip chart recorder (Graphtec Corp., SR6211) to

record the cathode surface temperature. The target size for this temperature measurement

was about 5 mm determined using the figure of "target diameter vs. distance ta target" in

the manual of the two-wavelength pyrometer, provided by Capintec Instrument,

Incorporation. The recorder output of the pyrometer is between 0 and 1 V OC full scale.

Normal recording paper speed of the chart recorder was 1 mm per minute. Chen (1991),

previously used the pyrometer, reported that the intensity of the plasma arc could interfere

with the measurement of the surface temperature of a body. Therefore, to estimate the

cathode surface temperature without the effect of the arc radiation, the cooling curve of
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the cathode was recorded. In that case, the recording paper speed was increased to 500

mm per minute as soon as the plasma was shut off.

4.6. EXPERIMENTAL PROCEDURE

4.6.1. Pre-Experimental Preparation

1) The inside of the chamber was cleaned with a vacuum cleaner to remove any debris

left from the previous experiment. The cathode and the anode were weighed and their

masses were recorded. A new cathode was used for the measurement of the erosion

rate. The remainder of the apparatus components were cleaned and assembled. The

electrical isolation of the cathode was verified.

2) Argon gas was injected into the chamber according to the procedure previously

mentioned for the argon atmosphere. The O2 concentration, the relative humidity, and

the temperature of the inside of the chamber were measured.

3) The cathode and the anode cables were connected with the power supply. The power

controller and the emergency stop cables were installed.

4) The internai resistance (about 8 ka) of the power supply was inspected.

5) The data acquisition system was inspected.

6) AIl related utility lines were inspected and cooling water flows were started.

Operation of the exhaust vent was verified.

7) The power supply was turned on.
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4.6.2. Arc Ignition

In this work, two arc ignition methods were used. The tirst method was drawing an arc

from short circuit, and the second one was using the high frequency generator. The arc

drawing method was performed by separating graphite electrodes which were in contact.

The contact of the graphite electrodes was verified using a multimeter. Because the anode

was fixed, the cathode was lowered to contact the anode using a DC motor controller.

The lowering speed of the cathode was 0.04 cm per second to minimize mass loss of the

cathode when the electrodes contacted. To draw an arc, the cathode was lifted up

relatively quickly. The speed of the lifting was 0.1 cm per second. As soon as the arc

ignited, the current was increased to 100 A to help in drawing the arc. This method was

employed to avoid the electrical interference caused by the high frequency generator and

thus allow the voltage and the CUITent to he recorded from the beginning of the arc

ignition. In the high frequency generator method, the most common arc ignition method

currently used in transfeITed arc plasma systems, the cathode was lowered to within a few

millimeters of the stationary anode surface and then a high frequency spark was struck

between the electrodes. The high frequency generator method was used to measure

erosion rates without the mass 10ss due to the contact. For 150 A experiments the drawing

an arc method was used, and for 300 and 400 A experiments the high frequency generator

method was used.

4.6.3. Execution of an Experiment

1) The argon gas flow rate, the initial interelectrodes gap, and the CUITent were adjusted

to their desired levels.

65



•

•

•

2) The data acquisition was begun. For the drawn arc method there was no time delay

from arc ignition to the start of the data acquisition system. In case of the high

frequency generator method, however~ the lime delay was approximately 3 minutes

since the computer could only be started after the high frequency was off.

3) An experiment was tenninated by shutting down the rectifier bank. Argon and cooling

water were continued until the apparatus had cooled.

4.6.4. Post Experimental Pro~edure

1) The cathode and the anode were cleaned with a brush or a compressed air duster to

remove soot attached on the surfaces of the electrodes.

2) The cathode was weighed to determine its mass loss during the experiment.

3) Average arc CUITent was obtained from the ASCII text file of the data acquisition.

4) Erosion rate of the cathode was calculated.
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CHAPTERV

EQUILIBRIUM COMPOSITION
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A free energy minimization was performed to calculate the equilibrium composition as a

function of temperature. It was aimed at understanding the behavior of carbon and

ionized species under a high temperature condition in the argon atmosphere at

atmospheric pressure. The Outokumpu HSC Chemistry Program (Roine., 1994) was used

for the calculation of the equilibrium compositions. The equilibrium compositions

calculated was limited because chemical species available in the database of the HSC

program were restricted. AIso, thermodynamic equilibrium in the chamber could not be

expected due to the temperature distribution in the chamber.

5.1. SPECIES CONSIDERED

The carbon species considered here were C (s), C Cg), C2 (g), C3 (g), C4 (g), Cs (g), C

(+g), C (-g), C2 (+g), and Cl (-g). The s in the parentheses stands for a solid compound

and the g represents a gaseous one. The +g and the -g mean charged compounds, positive

and negative gaseous species, respectively. The electron was aiso included in this

calculation for the ionization of gaseous compounds. Diamond was excluded since it was

thought that diamond was not produced under this condition. For the calculation of the

equilibrium composition, the HSC program needs the charge balance between positive

and negative species of input compounds. Therefore, 1E-2ü moles of C2 (+g) and 1E-20

moles of C2 (-g) were initially given in the input condition. For the argon gas species, Ar

(g) and Ar (+g) were used.

5.2. EQUILIBRIUM COMPOSITION

Figure 5-1 presents the equilibrium composition as a function oftemperature. For the
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calculation, the system pressure was 1 bar, and the molar ratio of the argon gas to the

solid carbon species was 1. For this program, the increase of the number of moles of the

argon gas, i.e. the increase of the molar ratio, did not affect the equilibrium composition

of the carbon species. However, as the ratio is increased, the lowering of the ionization

energies of the species in the vicinity of charged particles may be expected because the

densities of charged particles are increased, thus providing higher fields and lowering the

ionization energies.

[n Figure 5-1, the input mole of the solid carbon (l mole) starts to drop sharply at about

3200 K. That is vaporization of the solid carbon. Before this temperature, the number of

the input moles of the solid carbon is constant because there is no oxygen in the argon

atmosphere. After the vaporization of the solid carbon, C (g), C2 Cg), C3 (g), C4 (g), and

Cs (g) starts to appear at about 4000 K. The carbon species ofC (g), C2 Cg), and C3 (g) are

noticeable, but C4 (g) and Cs (g) are negligible in this calculation. Therefore, in the figure

only C (g), C2 (g), and C3 (g) are presented. According to Mentel's study (1978), the

temperature of graphite vapor jets was between 4000 and 5000 K. [n this temperature

range, it cao he expected that several carbon species exist and they may he the source of

the carbon redeposition, which has been reported for carbon arcs producing fullerences.

Between 5,000 and 10,000 K, C (g) is the most stable component among the carbon

species. After 10,000 K, equilibrium moles of C Cg) start to decrease greatly because of

its ionization; its ionization energy is Il.3 eV. Also, the ionization of Ar (g) appears; the

ionization energy of argon gas is 15.7 eV. Over than 20,000K, uncharged species aimost

do not exist and C (+g), Ar (+g), and electrons are major components.
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Figure 5-1: Equilibrium composition of the carbon and argon components as a function

oftemperature. Input compositions are argon (g) 1 mole, C2(+g) lE-20 mole, C2 (-g) lE-

20 mole, and C (s) 1 mole.
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CHAPTERVI

RESULTS AND DISCUSSIONS
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This chapter consists of three parts: 1) characteristics of the arcs, 2) the arc stability at the

hollow graphite cathode, and 3) the erosion behavior of the hollow graphite cathode. The

tirst part includes interpretation of the total voltage as a function of the operating

conditions. Arc pictures are also presented. The second part deals with identification of

the mode transition of the cathode. This is followed by the erosion behavior of the

cathode.

6.1. CHARACTERISTICS OF THE ARCS

6.1.1. Total Voltage Patterns

In this work, two completely different total voltage patterns appeared as a function of the

operating conditions and the geometry of the cathode. One is almost constant total

voltage pattern termed "stable" operation; the other is great fluctuation of total voltage

pattern termed "unstable" operation as shown in Figures 6-1, 6-2, and 6-3. These figures

present typical total voltage patterns of the stable and the unstable arcs recorded at 150 A.

Total arc duration in these figures was separated into 3 regimes; initial, stable, and

unstable arc duration. The initial arc duration of 3 minutes is introduced for only 150 A

runs due to the arc drawing method, which did not have the time delay (3 minutes) for the

start of the data acquisition system.

As shown in Figure 6-1, for the stable operation the total voltage was aimost unchanging,

but for the unstable operation in Figures 6-2 and 6-3, sorne time after the arcs ignited, the

total voltage fluctuated greatly with time. This fluctuation was one of the characteristics

of the unstable operation. A run displaYing this unstable part always started in stable arc
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region. This initial stability was associated with a sharp cathode tip; before the cathode

tip eroded, the arcs were always stable; after the cathode tip eroded, the fluctuation of the

total voltage appeared according to the operating conditions. Details are presented later

(see 6.2.2. Effect of the Cathode Tip Geometry on The Arc Stability). The stable arc

duration before unstable operation was not constant. It was different for different

operating conditions and even for different experiments under the same operating

conditions. For EXP-2I the stable arc operation time was about 63 minutes and the

unstable arc duration was about 54 minutes as shown in Figure 6·2. Figure 6·3 shows

another total voltage pattern recorded at the same operating conditions of EXP-2I. In this

case, the stable arc operation and the unstable arc operation times were 73 and 44

minutes, respectively. It was thought that this difference might he related to different

graph~te cathode tip surface conditions and random ignition positions. The raw data of the

operating conditions as well as the erosion rates measured in this study are included in

Appendix 2 and 3. In case of 300 and 400 A experiments, the trends of the total voltage

patterns were similar. Sorne total voltage patterns recorded at 300 and 400 A runs are

introduced below.

The arc operation change from the stable to the unstable region was associated with the

appearance of an acoustical noise and a sudden increase of the voltage, normally a few

volts. The acouslical noise is associated with the arc power fluctuations. At this time

stretched arcs could be seen through visual observation of arcs, performed by the digital

camera. In addition, the anodic arc root moved radially outward from ilS normal location

beneath the cathode.
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Figure 6-1: Typical total voltage pattern of the stable operation using cathode 1 for an

initial interelectrode gap of 0.5 cm~ an argon gas flow rate of 15 slpm, and an arc current

of 150 A. [ stands for initial arc duration (3 minutes); S is for stable arc duration (117

minutes).
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Figure 6-2: Typical total voltage pattern of the unstable operation using cathode 1 for an

initial interelectrode gap of 3.0 cm, an argon gas flow rate of4.5 slpm, and an arc current

of 150 A. [ stands for initial arc duration (3 minutes); S is for stable arc duration (63

minutes); U is for unstable arc duration (54 minutes).
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minutes); U is for unstable arc duration (44 minutes).
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6.t.2.lnfluence of Initial Interelectrode Gap on Total Voltage

Figures 6-4 and 6-5 show the influence of the initial interelectrode gap on the total

voltage. Since the graphite cathode was eroded with the lime. the average values of the

total voltage between 3 and 6 minutes of the stable operation are used in these figures. As

the initial interelectrode gap rose, the total voltage increased because the rise of the initial

interelectrode gap provided higher arc length. This was expected since arc resistance

increases with arc length. The slope, i.e. AV/~gap, for the run at 0 sipm is higher than

other nms. This slope represents strength of the mean electric field between the

electrodes; the arc current divided by this slope, Le. [ / (AV/Agap), is the electrical

conductivity between the electrodes. A higher slope, therefore, means higher electric field

and lower electrical conductivity at a constant current. ft couId be seen that the injection

of the argon gas reduced the slope and thus increased the electrical conductivity. It seems

that the argon gas might wash out condensed carbon particles, thus causing enhanced the

argon atmosphere and the increase of the electrical conductivity.

Figure 6-6 presents a comparison of the total voltage between cathode [ and II for an

argon gas flow rate of 15 slpm and an arc current of 300 A. The total voltage of cathode

II was always higher. [t appeared that the reduced outer diameter of cathode II might

provide increase of the total resistance of cathode II and influence electrical properties of

the arcs, thus offering the higher total voltage of cathode Il. The total resistances of the

cathodes measured at room temperature are 0.34 n for cathode [ and 0.46 n. for cathode

II.
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Figure 6-4: Total voltage as a function of the initial interelectrode gap using cathode l at

150 A.
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6.1.3.lnRuence of Argon Gas Flow Rate on Total Voltage

The influence of the argon gas flow rate on the total voltage is presented in Figures 6-7

and 6-8. The average values of the total voltage between 3 and 6 minutes of the stable

operation are used. Pfender et al. (1989) stated that an increase of gas flow rate causes

enhanced cooling of the arc fringes~ thus providing a higher rate of ionization in the core

of the arc column to compensate the electron losses of the arc fringes. This also increases

the field strength~ and therefore~ the arc voltage has to rise. In addition~ Mehmetoglu

(1980) reported the effect of the argon gas flow rate on the arc voltage in a transferred-arc

plasma using tungsten electrodes; the arc voltage increased with the argon gas flow rate.

His experimental conditions were arc currents of 150, 250, and 350 A, interelectrode

gaps of 4. 6, 8, and 10 cm, and argon gas flow rates of 14, 17, and 20 slpm. He stated that

the influence of the argon gas flow rate was almost negligible for short arcs, but was

significant for long arcs. His conclusion about this effect could not be directly compared

with the results of this work because of the different operating conditions, especially the

interelectrode gap. The shortest interelectrode gap of his work was 4 cm, while the

longest initial interelectrode gap of this study was 3 cm. ln this work, it was thought that

at 0.5 and 1.5 cm, the voltage increased slightly with increasing argon gas flow rate, but

at a gap of 3.0 cm the effect of gas flow rate on voltage was negligible. An important

difference between this work and work with transferred arcs to metal cathodes is that the

latter had a converging section through which the gas was injected. In the present work

the gas enters through a constant diameter hole in the middle of the cathode so that the

argon gas jets Ieaving the cathode are relatively weaker and thus changes in gas flow rate

have little effect on the voltage.
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6.1.4. Voltage-Current (V-I) Cbaracteristic

The V-1 characteristic of the hollow graphite cathode is a slowly rising characteristic as

presented in Figure 6-9. Roth (1995) stated that generally the arc regime in more than 20

to 50 A are called the thermal or high intensity arcs and their V-[ characteristics are a

nearly flat or slowly rising like the V-1 characteristic of this work. This V-1 characteristic

confirms that arcs in this studyare in the thermal arc regime. The rise of the total voltage

with the increase of the argon gas flow rate discussed in section 6.1.3 is also evident in

Figure 6-9.

6.1.5. Visual Observation of The Arcs

This visual observations and digital video camera photography were used to characterize

the behavior of the arcs. This aIso included the distinction between the stable and the

unstable arcs, by considering the voltage at any moment.

6.1.5.1. Arc Observation of Cathode 1

Arc pictures for the stable and the unstable arcs of cathode 1 are presented in the

following figures. The operating conditions selected for this run were a current of 300 A,

an initial interelectrode gap of 3.0 cm, and an argon gas flow rate of 4.5 slpm. The total

voltage pattern of this run is presented in Figure 6-10. The experiment ran for 60 minutes;

the first 18 minutes fell into the stable region and the rest was unstable. A schematic

drawing ofthis visual arc observation is presented in Figure 6-11.

The pictures ln Figure 6-12 were taken al random intervals during the stable arc
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Figure 6-11: The schematic diagram ofvisual arc observation
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operation. The exposure time on the camera was changed to make the pictures brighter.

The unit of the exposure time is arbitrary. In the stable arc operation the arc was not

stretched, but sometimes, at the end of the stable operation, the arc started to be stretched

with small voltage fluctuations as shown in the total voltage between 15 and 18 minutes

in Figure 6-10. At that time the arc looked like picture (e) in Figure 6-12. Pictures for the

unstable arc operation were randomly taken 18 minutes after the arc started and are

presented in Figure 6-13. When the arc was unstable, it was highly stretched and touched

the anode at a radial position far from location directly beneath the cathode. Acoustical

noise could be heard at this time. Also, in this case anodic vapor jets were easily visible.

These vapor jets often contacted the arc and were very fast moving. The connecting

vapor jets are presented in pictures (b), (c), (g), (i), (1), (m), and (r) in Figure 6-13.

Figure 6-14 shows 33 sequential pictures of the unstable arc taken within 1 second using

the digital camera. The pictures were taken at 48 minutes 55 seconds after the arc started.

This figure provided good information about the connection between the arc and the

anodic vapor jets for an unstable arc. [n these pictures the movement of the anodic vapor

jets could also be seen; the vapor jets moved even in less than 1 second. [t is believed that

this movement is good evidence of how fast the vapor jets move. The connecting anodic

vapor jet is normally present in one stream but sometimes even up to three streams were

observed.

6.1.5.2. Arc Observation of Cathode Il

Arc pictures 0 f cathode II are presented in Figures 6-16 and 6-18. The operating
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(a) Voltage=30 V, Exposure=8

(b) Voltage=33 V, Exposure=9

(c) Voltage=31 V, Exposure=11

89

(d) Voltage=31 V, Exposure=12

(e) Voltage=37 V, Exposure=ll

Figure 6-12: Arc pictures randomly

taken for the stable arc operation of

EXP-84.



•

•

(a) Voltage=45 V, Exposure=8

(b) Voltage=60 V, Exposure=11

(c) Voltage=70 V, Exposure=ll

(d) Vohage=43 V, Exposure=8

(e) Voltage=45 V, Exposure=9

(f) Voltage=45 V, Exposure=9

•
Figure 6-13: Arc pictures randomly taken for the unstable arc operation of EXP-84.
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(g) Voltage=70 V, Exposure=9

(h) Voltage=42 V, Exposure=9

(i) Voltage=80 V, Exposure=9

(j) Voltage=80 V, Exposure=8

(k) Voltage=47 V, Exposure=9

(1) Voltage=81 V, Exposure=8

•
Figure 6-13: Arc pictures randomly taken for the unstable arc operation of EXP-84.
(continued)
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(m) Voltage=75 V, Exposure=8

(n) Voltage=81 V, Exposure=8

(0) Voltage=41 V, Exposure=8

(P) Voltage=75 V, Exposure=8

(q) Voltage=45 V, Exposure=8

(r) Voltage=61 V, Exposure=9

•
Figure 6-13: Arc pictures randomly taken for the unstable arc operation of EXP-84.
(continued)
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(31) (32) (33)

•
Figure 6-14: Arc pictures taken within 1 second at 48 minutes 55 seconds ofEXP-84.
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conditions selected for the nm of Figure 6-16 were a current of 300 A, an argon gas flow

rate of 0 slpm, and an initial interelectrode gap of3.0 cm. The total voltage pattern ofthis

run is presented in Figure 6-15. The experiment ran for 30 minutes and the arc was stable

for the whole run. For 0 slpm the arc of cathode 1changed from the stable to the unstable

region and showed the great voltage fluctuation; however, for cathode Il the arc was

always stable and the voltage fluctuated littIe even after the arc stretched. Figure 6-15

presents the stretched arc voltage pattern of cathode II. At about 6 minutes the voltage

started to increase corresponding to the stretching of the arc. The arc had a slow and

uniform motion aH over the cathode tip. The voltage was fairly constant fluctuating only

by 2-3 volts, with a mean value ofabout 43 V.

Another total voltage pattern and arc pictures using cathode II are presented in Figures 6

17 and 6-18. This run Iasted for 30 minutes at 300 A for an argon gas flow rate of 4.5

slpm and an initial interelectrode gap of 3.0 cm. The difference of total voltage patterns

between EXP-81 and EXP-82 is that in the total voltage pattern of EXP-82, there was no

voltage increase, as was observed after about 6 minutes in EXP-81. The increase of the

argon gas flow rate might make the arc region more electrically conductive between the

electrodes by washing out the vaporized graphite particles and thus the arc length change

was less. That was also observed in other experiments at 10 and 15 slpm.

An incandescence at the tips of cathode 1 and II resulting from arc heating could be

observed through the chamher window. Also sorne arc pictures show a color difference

between two cathodes. For cathode Il, the red zone at the tip was both longer and
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Figure 6-15: Total voltage pattern of a stable arc using cathode II recorded for an initial

interelectrode gap of 3.0 cm, an argon gas flow rate of 0 slpm, and an arc current of 300
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(a) Voltage=41 V, Exposure=13

(b) Voltage=41 V, Exposure=ll

(c) Voltage=41 V, Exposure=lO

96

(d) Voltage=42 V, Exposure=9

(e) Voltage=43 V, Exposure=8

Figure 6-16: Arc pictures randomly

taken using cathode II (EXP-81).
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Figure 6-17: Total voltage pattern of a stable arc using cathode II recorded for an initial

interelectrode gap of 3.0 cm, an argon gas flow rate of4.5 slpm, and an arc current of 300

A.
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(a) Voltage=41 V, Exposure=13

(b) Voltage=41 V, Exposure=13

(c) Voltage=41 V, Exposure=12

(d) Voltage=41 V, Exposure=ll

(e) Voltage=41 V, Exposure=IO

(f) Voltage=41 V, Exposure=9

•
Figure 6-18: Arc pictures randomly taken using cathode II (EXP-82).
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brighter; it was believed that this was due to less conduction heat loss through the

cathode due to the smaller outer diameter as discussed earlier.
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6.2. THE ARC STABILITY OF THE HOLLOW GRAPHITE CATRODE

Instability is indicated by electrical and acoustic noise as weil as rapid motion of the arc

on the cathode surface. Since plasma reactors are often closed and neither the acoustic

noise nor the arc root motion is evident, it is better to rely on electrical noise, i.e. voltage

fluctuations as an indicator of stability. In principle, either the standard deviation of the

total voltage (60V) or the ratio of the standard deviation of the total voltage to the total

voltage (t1.VN) could be used. The data for both parameters are examined below and it

was concluded that in the present work AV is the better indicator. An absolute value of

~V > 3 V seems to separate the operation of the arcs examined here from the stable and

unstable regimes consistent with the observations of acoustic noise, voltage fluctuations,

and arc movement.

6.2.1. The Arc Stability Indicator

Firstly, ~V and ilVN are plotted as a function of the initial interelectrode gap and the

argon gas flow rate for aH the conditions and cathodes examined as shown in figures

From 6-20 to 6-27. Secondly, to select the arc stability indicator, a comparison between

60V and AVN is made as follows. In the figures separation of the total voltage into the

stable and the unstable part is performed to see trends of the arc stability indicators for

each operation. In case of the AV, the borderline between the stable and the unstable part

is clearly distinguished. The stable region is less than the AV of 3 V; the unstable region

is greater than the 60V of 3 V. This borderline of 3 V, of course, might change in a

different transferred-arc system; however, it was useful in this work for the classification

of the stable and the unstable operation. Meanwhile, for the 60VN, the borderline is not
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• clear. Normally, operation is stable for the âVN less than 0.10. However, in sorne cases,

as shown in Figures 6-21, 6-23, 6-25, and 6-27, the stable and the unstable operation co

existed between the AVN is of 0.10 and 0.15. This was caused by two factors. The first

factor was low frequency, low amplitude fluctuations of the voltage in sorne stable arcs

(see Figure 6-19). For the stable part at 0.5 cm, 4.5 slpm, and ISO A, this caused increase

of the â V and the AVN. These fluctuations were completely different from the large

voltage fluctuations in the unstable operation in that there were not high amplitude

random fluctuations. The second factor was that in the unstable part, V as weil as â V

increased simultaneously, thus affecting the ~VN. This could be seen in the runs for 1.5

cm, 4.5 slpm, and 120 minutes at 150 A (EXP-IO) and for 1.5 cm, 0 slpm, and 120

minutes at 150 A (EXP-3D). The AV and the âVN ofthese runs are presented in Table 6-

• 1. Between these two runs, the only different operating condition was the argon gas flow

rate. In this work the ~V increased as the argon gas flow rate decreased. Therefore,

increase of the Ô.VN was also expected for EXP-30 due to the decrease of the argon gas

flo\v rate. However, the âVN decreased even though the argon gas flow rate was 0 slpm.

It seemed that because V as weIl as AV increased together in the unstable part, the higher

V lowered the AVN.

•

From the cornparison, the AV was selected as the arc stability indicator in this study. It

does not mean that the â V is an absolutely better indicator. The comparison just indicates

that the â V is more proper to analyze the results of the arc stability in this study. In the

following part, therefore, basically the âV is used as the arc stability indicator for

discussions of the arc stability.
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Figure 6-19: Lo\v amplitude fluctuations of the arc voltage in a stable arc. This run used

The low amplitude fluctuations
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cathode [ for an initial interelectrode gap of 0.5 cm, an argon gas flow rate of 4.5 slpm,

and an arc current of 150 A.

Table 6-1: A comparison between the ~V and the ~VN

EXP-NO. The stable operation The unstable operation

ôV V ~VN 6V V 6VN

EXP-lOI) 1.27 24.81 0.05 5.76 34.35 0.17

EXP-30l
) 1.28 23.58 0.05 7.69 47.78 0.16

1) Operating conditions: 1.5 cm, 4.5 slpm, 120 minutes, and 150 A.

2) Operating conditions: 1.5 cm, 0 slpm, 120 minutes, and 150 A.
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Figure 6-20: ~V for the stable and the unstable operation separated as a function of the

argon gas flow rate using cathode l at 150 A.
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Figure 6-21: â VN for the stable and the unstable operation separated as a function of the

argon gas tlow rate using cathode rat 150 A.
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Figure 6-22: L\V for the stable and the unstable operation separated as a function of the

argon gas flow rate al 300 A. C-l stands for cathode 1; C-2 is for cathode II.
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Figure 6-23: ~VN for the stable and the unstable operation separated as a function of the

argon gas flow rate at 300 A. C-l stands for cathode 1; C-2 is for cathode II.
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Figure 6-24: L\V for the stable and unstable operation separated as a function of the initial
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Figure 6-25: ~VIV for the stable and unstable operation separated as a function of the

initial interelectrode gap using cathode l at 150 A.
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Figure 6-26: AV for the stable and the unstable operation separated as a function of the

initial interelectrode gap at 300 A. C-I stands for cathode 1; C-2 is for cathode II.
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Figure 6-27: b.VN for the stable and the unstable operation separated as a function of the

initial interelectrode gap at 300 A. C-I stands for cathode 1; C-2 is for cathode II.
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In the following section~ to discuss the arc stability as a function of the argon gas flow

rate and the initial interelectrode gap~ previous Figures 6-20~ 6-22~ 6-24, and 6-26 are

used. Before the discussions, effect of the cathode tip geometry on the arc stability and

overview of the arc stability are presented.

6.2.2. EfCect of The Cathode Tip Geometry on The Arc Stability

Discussion of this effect is first given because it was performed using a used cathode, i.e.

a cathode without the pointed tip. As briefly mentioned earlier, before the cathode tip

eroded the arc was always stable. [t seems that before the tip eroded, the cathode tip

temperature might be higher because the cross-sectional area of the tip is smaller than

that of the normal cathode body. This might increase the arc root temperature. [n

addition. the self-magnetic force produced by the tip might affect the arc stability.

According to Montgomery et al.' (1969) study, carbon arcs for an arc current of 400 

2.000 A at atmospheric pressure were stable before a sharp edge on the cathode eroded.

This sharp edge might correspond to the tip of the cathode used in this study. They used

various graphite rod cathodes with different edge angles on the cathode and reported that

before the edge eroded the arcs were stable because of the self-magnetic force.

A run using an used cathode was performed to examine this effect by recording the

voltage. Figure 6-28 shows the total voltage pattern of the used cathode. The run was

started with an argon gas flow rate of 4.5 slpm and an initial interelectrode gap of 3.0 cm

at 150 A. As can be seen in the figure, the arc was unstable as soon as the arc was ignited.
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Because the used cathode had no sharp tip and the argon gas flow rate was lower, the

electron emission of the cathode was believed to be in the thermofield emission regime,

thus providing the great voltage fluctuations. At 30 minutes the argon gas flow rate was

increased to 15 slpm and the voltage fluctuations began to disappear as soon as the argon

flow rate was increased. It was believed that the higher argon flow rate increased the arc

root temperature as weil as the electrical conductivity of the arc, thus making the arc

stable. Details of the effect of the argon gas flow rate on the arc stability are presented in

the section of 6.2.4.

6.2.3. Ovenriew of The Arc Stability

An overview of the arc stability in this study is presented in Figures 6-29 and 6-30 for

150 A and 300 A mns, respectively. For stable arc runs, given by the open symbols, the

~Vs taken over an entire run are used because the ~Vs for stable arc operation were

always less than 3 V and did not affect the behavior of the liVs during a complete run.

Meanwhile, for unstable arc runs, given by the black symbols, the ~Vs captured during

unstable arc operation are used. These liVs are included in Appendix 4. As shown in the

figures, the arcs shift from the unstable region to the stable region as the argon gas flow

rate increases and as the initial interelectrode gap decreases.

6.2.4. Effect of Argon Gas Flow Rate on The Arc Stability

Figures 6-20 and 6-22 show the liVasa function of the argon gas flow rate for the 150

and 300 A experiments. In the stable operation, the /).V was almost constant under 3 V,

but in the unstable operation, as the argon flow rate was increased, the liV generally was
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Figure 6-29: 3-D overview of the arc stability for an arc duration of 120 minutes and an

arc current of 150 A. The white circles are for the stable arcs and the black circles are for

the unstable arcs.

114



•

•
21

15
A 10
"rgon G 5

as F=loWR 0
ate (S/pm;

•

Figure 6-30: 3-D overview of the arc stability for an arc duration of 30 minutes and an

arc current of 300 A. The white circles are for the stable arcs and the black circles are for

the unstable arcs.
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decreased. This meant that the arc was more stable for higher argon gas flow rate runs at

the same initial interelectrode gap. However, a different trend appeared in unstable

operation at 3.0 cm, 0 slpm, and 300 A. The t.\V ofthis run was lower than that at 1.5 cm,

o slpm~ and 300 A (see Figure 6-22) even though higher t.\V was expected at 3.0 cm, 0

slpm, and 300 A because of the higher interelectrode gap. This was due ta abnormal total

voltage patterns (see Figure 6-31); unlike the large voltage fluctuations in the typical

unstable operation, the total voltage of this run increased gradually. This kind of the total

voltage pattern was difficult to c1assify into stable or unstable operation~ but it was

categorized as an unstable arc because the AV of this run was greater than 3 V. lt was

believed that the arc was approaching instability at a time of about 27 minutes.

Figure 6-32 presents the t.\V of cathode II compared with that of cathode I. The t.\Vs in

this figure were taken over an entire run. For cathode 1, the argon gas flow rate affected

the arc stability. However, in the case of cathode II, the arc stability was independent of

the operating conditions; the runs using cathode II were always stable. There were not the

great voltage fluctuations, and the dV was always less than 3 V. The arcs of cathode II

were stable even at 0 slpm. In this case the arc was stretched because of the presence of

condensed carbon particles in the argon atmosphere. This stretching caused an increase of

the arc length and small fluctuations of the total voltage; therefore, the AV at 0 slpm were

little higher than the other runs, which the argon gas was injected.

For cathode L the arc was more stable at higher argon flow rate operation. It has been

understood that increasing the argon gas flow rate has three important effects on the arc
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Figure 6-31: Total voltage pattern using cathode 1 for an argon gas flow rate of 0 slpm, an

initial interelectrode gap of 3.0 cm at 300A.
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Figure 6-32: ~V of cathode 1 and Il as a function of the argon flow rate for a current of

300 A and an arc duration of 30 minutes. C-l stands for cathode 1; C-2 is for cathode Il.
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stability. First., it increases the electrical conductivity of the arc by washing out vaporized

graphite or recondensed carbon particles near the arc. Second., it may aIso steepen the

thermal gradient at the arc root by internai cooling of the electrode, thus giving a higher

arc root temperature, which shifts the emission from the thermofield emission to the

thermionic emission. Third, the increased gas flow rate may increase cooling on the

periphery of the arc, which results in increasing ion-electron recombination on the

outside and ionization phenomena inside the arc as stated by Pfender et al. (1987) and

Roth (1995). This will also tend to increase the arc root temperature. In summary, it

appears that higher argon gas flow rates might increase the arc root temperature, reduce

electron emission by cathode spots, and eliminate the large voltage fluctuations. The

disappearance of the large voltage fluctuations at higher argon gas flow rate is good

evidence for the thermionic emission under this condition. Desaulniers-Soucy and

Meunier (1995) studied the voltage fluctuations using a copper cathode., i.e. a coId

cathode operated in the thermofield emission. They reported that the voltage fluctuations

were caused by the arc length change and the cathode spot emission in the thermofield

emission. In the present study, the voltage pattern of the stretched arc of cathode II

showed that the voltage fluctuations due to the arc length change were relatively small.

Therefore, it was thought that the voltage fluctuations in the unstable part were primarily

due to the electron emission by the cathode spots in the thermofield emission regime.

In case of cathode II, the arcs were always stable. Since cathode Il was designed to

reduce the heat conduction loss through the bulk cathode body, it is logical that higher arc

root temperature leads to the thermionic emission.
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A higher argon gas flow rate also affected the cathode surface structure after a run as

shown in Figure 6-33. A JOEL-840 scanning electron microscope (SEM) was used to see

the surface structure. These SEM pictures present the cathode surface structure after

treatment by stable arcs using cathode II at 300 A. Figure 6-33 (a) shows the surface

structure after a run at 0 slpm, 3.0 cm, 30 minutes, and 300 A; Figure 6-33 (b) presents

the surface structure after a ron at 15 slpm, 3.0 cm, 30 minutes, and 300 A. The only

different operating condition is the argon gas flow rate. It is clear that higher argon gas

flow rate cooled the cathode surface. For 0 slpm the center of cathode Il was strongly

heat treated by the stable arc, and modification of the surface structure at the center could

be seen c1early. This appears to be a coarsening of grain structure. However, for 15 slpm

the shape of the center was conserved like that before the arc treatment because of the

cooling by the argon gas.

6.2.5. Effect of Initiallnterelectrode Gap on The Arc Stability

The initial interelectrode gap also affected the arc stability. Figures 6-24 and 6-26 show

the effect of the initial interelectrode gap on the arc stability at 150 and 300 A. Generally,

as the initial interelectrode gap decreased, the arc stability increased. However, the 8 V at

3.0 cm and 0 slpm, and 300 A was lower than that at 1.5 cm, 0 slpm, and 300 A (see

Figure 6-26) due to the abnormal unstable voltage pattern, already introduced in Figure 6

31. It seemed that the reduced interelectrode gap might suppress the radial arc movement.

At higher interelectrode gap, the arc could maye further radially; this increase of the

radial arc movement might contribute somewhat to the voltage fluctuations.
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(a)

(b)

Figure 6-33: SEM pictures of the cathode surface structure after treatment by stable arcs.

The operating conditions were 0 slpm, 3.0 cm, 30 minutes, and 300 A for (a), EXP-SI

and 15 slpm, 3.0 cm, 30 minutes, and 300 A for (b), EXP-83 .
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6.2.6. Effect of Arc Current on The Arc Stability

Figure 6-34 shows L1V for complete runs at gas flow rates of 0 and 15 slpm as a function

of arc current. For the higher gas flow rate~ the arcs were always stable. For 0 slpm, the

stability increased with increasing arc current as is expected. This is probably due ta a

combination of higher arc root temperature caused by the higher heat flux at higher

currents as weil as increased electromagnetic pumping. This pumping, known as the

Maecker effect, stiffens the arcs making them more resistant to lateral motion and thus

reducing voltage fluctuations.

6.2.7. Hypothesis about The Arc Stability of The Hollow Graphite Cathode

As discussed in the previous parts, the arc stability of the cathode May he associated with

the mode transition of the arc cathode operation. The following hypothesis was based on

observations from this work as weIl as the mode transition introduced in the literature

review.

The Hypothesis

The stable operation of the hollow graphite cathode is in the thermionic emission regime;

the unstable operation is in the thermofield emission regime.

In the next part, proof of this hypothesis is given by presenting results of 1) estimation of

current densities with SEM pictures, 2) Fast Fourier Transform (FFT) of the total voltage,

and 3) cathode surface temperatures.
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Figure 6-34: Effeet of the arc current on the arc stability using cathode [ at different argon

gas flow rates for an initial interelectrode gap of 1.5 cm and an arc duration of 120

minutes for 150 A and 30 minutes for 300 and 400 A.
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6.2.8. Proof of The Hypothesis

6.2.8.1. Estimation of Current Densities of The Stable and The Unstable Operation

After each stable run~ arc tracks on the surfaces of cathode 1 could be seen without a

microscope. Figure 6-35 (a) shows the arc tracks on the surface after a stable 150 A run

(EXP-12). On the cathode surface several arc tracks could be observed~ and the width of

the arc track was about 2 mm. The SEM was used to examine the surface structure of the

arc track; an example is shown in Figure 6-35 (b). The surface structure is quite unifonn

and looks like crystal growth. The surface structure before arc treatment is presented in

Figure 6-35 (c) to compare the structures before and after a stable arc; before arc

treatment the structure looks rough and irregular. For stable 300 A runs the width of the

arc track was thicker; for EXP-52 operated at the same initial interelectrode gap and

argon gas flow rate of EXP-I2. it was about 4 mm. For 150 A runs sorne thermionic spots

could be observed; however. for 300 A runs they could not be seen. The shape of the

thermionic spot observed was almost circular~ and the diameter was about 2 mm. Using

this size. the current density (1) of 4.8 x 107 A/m2 could be estimated for the stable 150 A

run. This current density belongs to the general range of the current density of the

thermionic emission regime (107-108 A/m2
). In addition, the temperature at the

thermionic spot surface was estimated using the current density (J) of 4.8 x 107 A/m2 and

the Richardson equation. The Richardson equation is given as follow:

2 e(J
J = AT exp(--)

kT
(6-1)

•
where J is the CUITent density estimated; T is the temperature of the thermionic spot

surface; A is the emission constant of 1.2 x 106 A/m2_K2
; k is the Boltzmann's constant
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of 1.381 X 10-23 JIK.; and cf» is the work function of 5 V. The values of the emission

constant and the work function were taken from Roth (1995). The temperature of4430 K

was estimated at the thermionic spot surface for the stable 150 A run.

The unstable operation did not produce the arc tracks on the cathode surfaces, and

therefore, the SEM was used to search for cathode spots. Figure 6-36 (a) shows sorne

cathode spots found after an unstable arc 150 A run. There were several different sizes of

the cathode spots. Normally diameters of the cathode spots in the picture are about 40 

50 ~m. A diameter of about 45 flm of the cathode spot indicated by the arrow in Figure

6-36 (a) was selected to estimate the current density. The current density of 9.4 x 1010

A/m! was estimated for the cathode spot. However, because there are several cathode

spots at the arc root in the thermofield emission regime, it was assumed that 2 cathode

spots made up the arc root. It was based on the spot current of200 A reported by Kimblin

(1973). With this assumption the current density of 4.7 x 1010 A/m2 was estimated. This

current density is in the general range of the current density of the thermofield emission

regime (10 1°-10" A/m2
). For unstable 300 A runs, the cathode spots could not be found,

but remnants of the cathode spots could be observed. One such remnant is the cauliflower

structure as shown in Figure 6-36 (b). Kandah (1997) reported that the cauliflower

structure is one of the characteristics of the cathode spots ofgraphite cathodes operated in

the thermofield emission regime.

The surface structure of the EXP-29 cathode for Figure 6-36 (a) was further investigated.

Attention was focused on finding the structure difference after stable and unstable arc
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Arc tracks (EXP-12)

(a): arc tracks after stable arc treatment.

(b): surface structure inside an arc track

after stable arc treatment.

126

(c): surface structure before arc

treatment.

Figure 6-35: The arc tracks, the surface

structure inside an arc track after a stable

arc run, and the surface structure before

arc treatment. The stable run used

cathode lat 1.5 cm, 15 slpm, and 150 A.
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treatment; the arc was first stable and then unstable. Figure 6-37 shows the difference.

During the stable operation the arc remained mainly in the central part of the cathode

because of the absence of the argon gas injection while during the unstable operation the

arc moved rapidly over the outer surface of the cathode. Figures 6-37 (b) and (c) are two

different magnifications of the cathode surface taken in the area labeled "stable~' and

~"unstable" in Figure 6-37 (a). Figure 6-37 (b) sho\vs the structure characteristic after the

stable arc treatment. The crystal structure of the original graphite has coarsened due to

the thermal treatment by the stable arc. This modification in structure was possible

because the arc remained in one location over a considerable length of time giving a high

temperature in this regime. Figure 6-37 (c) presents the surface structure after the

unstable arc treatment. [t is possible to see many circular holes on the cathode surface.

These vary in diameter from about 10 f.lIll to about 60 J.lIll and are believed to be cathode

spots resulting from operation in the thermofield emission. The cathode spots in Figure 6

36 (a) were found in this area.

6.2.8.2. Total Voltage and Total Voltage FFT Analysis of The Stable and The

Unstable Operation

FFT of the total voltage during the stable and the unstable operation was performed using

an oscilloscope. The operating conditions of the run for this analysis were an initial

interelectrode gap of3.0 cm and an argon gas flow rate of4.5 slpm at 150 A. Figure 6-38

shows the total voltage pattern of the run recorded by the data acquisition system. Before

the arc duration of about 30 minutes the arc was stable, and after that the arc became

unstable.
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(a): the cathode spots (150A, EXP-29)

(b): the cauliflower structure (300A, EXP-59)

Figure 6-36: The cathode spots and the cauliflower structure after an unstable run using

cathode 1 for an initial interelectrode gap of 3.0 cm, an argon gas flow rate of 0 slpm, and

an arc current of 150 A (EXP-29) and 300 A (EXP-59).
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Figure 6-37: SEM micrographs of a cathode after operation using cathode 1 for an initial

interelectrode gap of 3.0 cm, an argon gas flow rate of 0 slpm, and an arc current of 150

A (EXP-29). The macroscopic view of the regions examined is (a); the surface structure

after the stable arc treatment is (b) and after the unstable arc treatment is (c).
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The FFT waveforms of the total voltage were randomly printed during the stable and the

unstable operation using hard copy and the single mode of the scope. The valid range of

the FFT waveforms using this scope was detennined by standard sine waveforms of 180

Hz and 1 MHz, produced by a signal generator. The 180 Hz signal was chosen for the

analysis of a low frequency region, and the FFT wavefonns in this region were reliable to

5 KHz. The 1 MHz signal was for the analysis of a high frequency region, and the FFT

waveforms in this region were reasonable to 250 MHz.

Firstly, total voltage patterns in a time of the order of subseconds measured by the scope

are presented in Figure 6-39. Like the total voltage patterns recorded by the data

acquisition system, these total voltage patterns showed a clear difference between the

stable and the unstable arc runs. For the stable operation, the voltage signal is a rectified

sine wave and is periodic as shown in Figure 6-39 Ca). The period of the voltage signal in

the stable part is 5.6 ms. This period is the same for the other time scales. Peak to peak

voltage (Vpp) in this stable part is in the range of 3.0 - 4.0 V. Meanwhile, the voltage

signais of the unstable operation are irregular waveforms as shown in Figures 6-39 Cb),

(c), and (d). They resemble saw-tooth waveforms incorporating with severa! sharp peaks.

Ghorui et al. (2000) presented similar voltage patterns; they studied the relationship

between the fluctuations of the arc voltage and the arc root movement using copper

electrodes and reported that the peaks were associated with the movement of the arc root.

They did not mention the arc cathode operation mode, but copper electrodes norrnally

operate in thennofield emission. It seems that the irregular voltage patterns and the peaks

of tbis work are also related to the arc operation in the thermofield emission. In addition,
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Figure 6-38: Total voltage pattern using cathode 1 for an initial interelectrode gap of3.0

cm and an argon gas flow rate of4.5 slpm at 150 A.
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• in the unstable operation the negativity of the cathode was increased, Le. higher total

voltage. In Figure 6-39 (a) the voltage of the stable operation is about -30 V; however~

sorne peaks in the unstable operation in Figures 6-39 (b), (c), and (d) reaches about -100

V. Also, the Vpp in the unstable operation showed a wider and higher range; it is between

about 10 and 60 V in the figures.

The FFT wavefonns for the stable and the unstable operation are presented in Figures 6

40 and 6-41, respectively. For the stable arc run, the FFT waveforms show a periodie

phenomenon as shown in Figure 6-40. The fundamental frequency is 180 Hz, and the

main harmonie frequencies are 0, 360, 540, 720, 900, and 1080 Hz. Ghorui et al. (2000)

stated that this harmonie series is a quasi-periodic waveform which is defined as

• comprising a peak at zero frequeney and integral multiples of the fundamental frequency

present in the waveform. The fundamental frequency of 180 Hz in the FFT waveforms

was the same as the frequency of the total voltage of the stable part, and this quasi

periodic FFT wavefonn came from the operation of the power supply. In the unstable

operation, the FFT waveforms are totally different as shown in Figure 6-41. They showed

a continuous broadband noise waveform. This noise waveform includes the fundamental

frequency of 180 Hz and higher frequencies that do not exist in the stable arc run. The

arrow in Figure 6-41 (a) indicates 180 Hz. Therefore, it is believed that frequencies in

this noise spectrum come from both the operation of the power supply and the unstable

arc. To find the end point of this continuous broadband noise waveform in this run, the

horizontal scale of the scope was increased, and the results are presented in Figure 6-41

•
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Figure 6-39: Total voltage patterns using cathode l for an initial interelectrode gap of 3.0

cm and an argon gas flow rate of 4.5 slpm at 150 A. The 1 indicates 0 V. The horizontal

scales of (a) and (b) are 2.5 ms per division. The vertical scale is 10 V per division for (a)

•
and is 20 V per division for (b).
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Figure 6-39: Total voltage patterns using cathode 1 for an initial interelectrode gap of 3.0

cm and an argon gas flow rate of 4.5 slpm at 150 A. The 1 indicates 0 V. The horizontal

scale is 250J,Ls per division for (c) and is 10 ms per division for (d). The vertical scales of

(c) and (d) are 20 V per division. (continued)
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(d). The continuous broadband noise waveform might end at about 100 kHz for this rune

Sorne frequencies higher than 100 kHz appeared, but they are discrete.

[n the stable operation characteristic FFT frequencies associated with the stable arc could

not be found because of much stronger intensities of the FFT waveforms from the power

supply operation. However, in the unstable operation, it seems that especiaIly, the higher

frequencies around 100 kHz in the noise waveform may represent the lifetime scale of the

macrospot in the thermofield emission. As discussed in the literature review, the lifetime

scale of the macrospot in the thermofield ernission regime is much less than 1 ms scale

and probably of the order of 1 JlS. The higher frequencies of 100 kHz in the unstable

operation correspond to a time of the order of 10 Jls. Therefore, it could be thought that

the higher frequencies might be associated with the extinction and the re-ignition of the

macrospot in the thermofield emission regime.

6.2.8.3. Cathode Surface Temperature

The cathode surface temperature for the stable operation could be measured using the

single wavelength pyrometer. and the results of these temperature measurements are

presented in Table 6-2. The cathode surface temperature at the blackbody hole depended

strongly on the arc root position. The color of the blackbody hole of cathode II was bright

when the arc was close ta the hole and was black when the arc was far away from the

hale. For the unstable operation, however, the temperature measurement could not be

performed because the arc radiation was too strong to see the color of the hole, and the

position of the arc changed very rapidly.
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Figure 6-40: FFT waveforms of the stable arc run using cathode 1 for an initial

interelectrode gap of 3.0 cm and an argon gas flow rate of 4.5 slpm at 150 A. The

horizontal scale is 250 Hz per division for (a) and is 500 Hz per division for (b). The
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Figure 6-41: FFT waveforms of the unstable arc ron using cathode l for an initial

interelectrode gap of 3.0 cm and an argon gas flow rate of 4.5 slpm at 150 A. The
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horizontal scale is 250 Hz per division for (a) and is 500 Hz per division for (b). The
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The stable experimental conditions for this temperature measurement were an initial

interelectrode gap of 3.0 cm and an argon gas flow rate of 4.5 slpm at 150 and 300 A. For

150 A the temperature of cathode l at the hole was about 1340 K. When considering the

temperature of the thermionic spot estimated at 150 A (4430 K), il could be seen that the

temperature gradient from the arc root to the hole was very steep. For 150 A the

temperature of cathode II at the hole was between about 1600 - 1710 K. Direct

comparison between this temperature at 150 A using cathode Il and the temperature of

1340 K at ISO A using cathode 1 could not be done because of the different hole

positions. The hole was made j ust above the cathode tip. Due to the di fferent outer

diameter, the hole position of cathode 1 was 8 mm and that of cathode II was 4 mm from

the end of the cathode tip. Therefore, arc pictures were used for direct comparison. The

arc pictures taken during stable 300 A runs shows the temperature distribution difference

between cathode 1 and II as presented in Figure 6-42. These pictures are already

introduced in Figures 6-12 and 6-18. These pictures of the same exposure time and the

similar arc root position were chosen to compare the tip surface colors of the cathodes.

The colors of the tips show the temperature difference. As presented in Figure 6-42, the

tip of cathode II near the arc root is red and brighter. The red zone of cathode II extends

to about 7 mm above the tip; therefore, it reaches to about Il mm from the end of the

cathode tip. Meanwhile, the color just ahove the cathode 1 tip, which is 8 mm from the

end of the cathode 1 tip, is black. [t indicates that operation of cathode Il was at higher

temperature. Other red zones of cathode II, which are longer than that of Figure 6-42 Cb),

can be also seen in Figures 6-18 (a) and (b). This higher temperature of cathode II was

due ta the smaller diameter of cathode II. That caused less heat dissipation through the
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conduction from the arc root to the bulk cathode, thus giving the higher temperature. The

temperature of cathode II at the hole for 300 A was increased as expected and was

between 1760 and 1910 K.

Comparison of the temperature difference between the stable and the unstable operation

could not be made using the single wavelength pyrometer because of the rapidly

fluctuating arc radiation. This arc radiation also interfered with the temperature

measurement with the two-wavelength pyrometer. Therefore, cooling curves after the

arc shut down were considered to see the temperature difference between the stable and

the unstable arc runs at 150 A. Figures 6-43 and 6-44 present the temperature recording

using the two-wavelengili pyrometer and the cooling curves after the stable and the

unstable operation, respectively. During the stable arc mns, a constant temperature of

2996 Kwas maintained. That was much higher than the stable part temperature of 1340

K measured by the single wavelength pyrometer at 150 A. The temperature of 2996 K

represents the maximum temperature of the two-wavelength pyrometer. [t corresponds to

an output of 1 V which is the maximum output for this instrument. Thus, during the entire

arc operation, the two-wavelength pyrometer showed ils maximum temperature because

of the arc radiation. In contrast to the constant temperature of 2996 K in the stable

operation, in the unstable operation the temperature recording fluctuated greatly as did

the total voltage. To avoid the interference of the arc radiation when using the two

wavelengths pyrometer, the starting temperatures of the cooling curves were used to

examine the temperature difference between the stable and the unstable operation. The

starting temperature after the stable operation was always higher than that after the
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Table 6-2: The cathode surface temperature for the stable operation

Cathode Type Arc Current CA) Temperature CK)

Cathode 1 150 1340 K 1)

Cathode rr 150 1600 ..... 171 0 K ~)

Cathode II 300 1760 ..... 1910 K Z)

1) Measured at 8 mm from the end of the cathode tip.

2) Measured at 4 mm from the end of the cathode tip.

•
(a) Cathode 1

Voltage: 31 V, Exposure: 11

•

(b) Cathode Il

Voltage: 41 V, Exposure: Il

Scale 1: 1.03

Figure 6-42: Arc pictures taken during stable arc runs to compare the cathode surface

temperature between cathode 1and Il al 3.0 cm, 4.5 slpm, and 300 A.
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unstable operation if other operating conditions were the same; an example is shown in

Figures 6-43 and 6-44. Thus, although the measurements are approximate because they

were taken relatively far from the arc root, it has been shown that the cathode tip is hotter

under stable arc conditions. This supports the hypothesis that the stable arc is in the

thermionic mode ofemission.
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Figure 6-43: The cooling curve after the stable arc run using cathode 1 for an initial

interelectrode gap of 3.0 cm, an argon gas flow rate of4.S slpm (the unstable part) and 15
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slpm (the stable part), and an arc current of ISO A.
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Figure 6-44: The cooling curve after the unstable arc run using cathode [ for an initial

interelectrode gap of 3.0 cm, an argon gas flow rate of 0 slpm, and an arc current of 150

A.

144



•

•

•

6.3. EROSION BEHAVIOR OF THE HOLLOW GRAPmTE CATHODE

Erosion rates of the graphite cathode were measured at 150, 300, and 400 A with

variation of the argon gas flow rate and the initial interelectrode gap. The measurement of

the erosion rate was performed through weighing the mass loss of the cathode before and

after each rune This was determined to ± 0.01 g giving a maximum uncertainty in the

erosion measurements of about ± 2 %. By analyzing the erosion rates, general erosion

behavior of the cathode using a graphite anode could be understood. Effects of the argon

gas flow rate and the initial interelectrode gap on the erosion rate are tirst presented

because these effects were related to the arc stability. This is followed by the relationship

between the erosion rate and the arc stability. A correlation model for the erosion rate is

introduced last.

In the 150 A experiments, since the arc was ignited by separating the electrodes after the

contact, a small amount of graphite from the cathode might have been lost by breakage

even though the lowering speed of the cathode was only 0.04 cm per second. Therefore,

to find optimal arc duration at 150 A to measure the erosion rate, different arc times were

tried. Figure 6-45 shows the effect of mn time on the erosion rate for the initial

interelectrode gap of 1.5 cm and the argon gas flow rate of 10 slpm at 150 A. AlI mns in

Figure 6-45 were stable, Le. the same arc cathode operation mode. There is a slight initial

decrease in the erosion rate with lime, which is probably due to the mass loss on contact;

then the erosion rate becomes independent of time after about 80 minutes. Therefore, 120

minutes was determined as the arc duration for 150 A rons. Meanwhile, for 300 and 400

A mns the arc duration was 30 minutes. Those runs did not contain the mass loss due to
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Figure 6-45: Erosion rates of cathode 1as a function of lime for an initial interelectrode

gap of 1.5 cm and an argon gas flow rate of 10 slpm al 150 A.
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the contact because of the use of the high frequencyarc starter.

6.3.1. Effect of Argon Gas Flow Rate on Erosion Rate

Figure 6-46 presents the erosion rates as a function of the argon gas flow rate at 150 A.

Compared with the argon gas flow rates of 10 and 15 slpm runs, the erosion rates for the

argon gas flow rates of0 and 4.5 slpm and the initial interelectrode gap of 1.5 and 3.0 cm

mns \Vere much higher. The difference between the lower and the higher argon gas flow

rate mns was the mode of the arc cathode operation as discussed in the earlier section.

For the higher argon gas flow rates the cathode operated in the thermionic emission

regime, while in case of the lower argon gas flow rates the cathode included both the

thermionic emission regime for the stable part and the thermofield emission regime for

the unstable part. Therefore, it was believed that the unstable arc operation in the

thermofield emission regime produced more erosion of graphite from the cathode. It is

weil known that the current density of the thermofield emission regime is greater than

that of the thermionic emission regime; therefore, during the unstable arc operation of the

lower argon gas flow rate runs, probably the local heat flux to the cathode spots by the

ion bombardment was higher, thus resulting in more erosion of the graphite. Ejection of

graphite particles caused by the arc movement would aIso influence the erosion rate. For

the higher argon gas flow rates, the argon gas flow rate affected the erosion rates only

slightly. It was believed that this was because the thermionic emission regime was

maintained for each complete run. In addition, in Figure 6-46 the erosion rates for the

initial interelectrode gap of 3.0 cm at 0 slpm were lower than those for 1.5 cm and 0

slpm. That was due to the shorter arc duration, especially shorter unstable arc duration.
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Figure 6·46: Erosion rates as a function of the argon gas flow rate using cathode l for an

arc duration of 120 minutes at 150 A. The arc times of the runs at 3.0 cm and 0 slpm were

100 and 105 minutes.
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The unstable arc duration for 3.0 cm at 0 slpm were about 49 and 63 minutes and that for

1.5 cm at 0 slpm were about 92 and 70 minutes.

Erosion behavior between 150 and 300 A was quite different, especially at the argon gas

flow rate of 0 slpm. Figure 6-47 shows the erosion rates measured al 300 A and Figure 6

48 presents a comparison of the erosion behavior between 150 and 300 A runs at an

initial interelectrode gap of 1.5 cm. Even though the highest erosion rate at 150 A was for

the argon gas flow rate of 0 sIpm, the lowest erosion rate at 300 A was aiso for the same

argon gas flow rate, 0 slpm. The arc was unstable for 300 A and 0 sipm runs, but the

erosion rates were lower. It is believed that these lower erosion rates were due to the

redeposition of the carbon vapor, which was introduced in the equilibrium compositions.

In case of fullerences synthesis using graphite electrodes, it has been reported that

vaporized graphite from the electrodes can deposit on the cathode surface, thus reducing

the erosion rate of the cathode. Figure 6-49 shows the cathode tip with a great deai of

redeposited carbon for an experiment with an argon gas flow rate of 0 slpm and an initial

interelectrode gap of 0.5 cm at 300 A. The mass of the cathode after the experiment

increased and the erosion rate of this run was -1.30 flg/C. As the argon gas tlow rate and

the initial interelectrode gap increased, this carbon vapor redeposition becanle relatively

weaker since the higher argon gas flow could wash out graphite species near the arc and

the longer interelectrode gap could reduce the redeposition from the anode vapor jets.

The erosion rates for cathode [ and Il at 300 A as a function of the argon gas flow rate are

plotted in Figure 6-50 for comparlson. Table 6-3 shows operating conditions and the ~Vs

149



•
3.0

0 The gap = 0.5 cm
0 The gap = 1.5 cm

2.5 l:J. The gap = 3.0 cm

-t)-C)
~- 2.0
Q)
oc
0
.c.-tU
t) 1.5
'-
0
Q)- 0tU

00::
~c 1.0 H• 0

"in
~
w

0.5 0 0 8
0

0.0
0 5 10 15 20

Argon Gas Flow Rate (slpm)

Figure 6-47: Erosion rates of cathode [as a function of the argon gas flow rate for an arc

duration of30 minutes at 300 A.
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Figure 6-48: Comparison of erosion rates of cathode l between 150 and 300 A runs for an

initial interelectrode gap of 1.5 cm, an arc duration of 120 minutes for 150 A runs, and an

arc duration of30 minutes for 300 A runs.
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Figure 6-49: The highly redeposited cathode tip with carbon vapor.

of each whole run in Figure 6-50. The runs usmg cathode II were always stable

operations while those using cathode l were stable or unstable according to the operating

conditions. Regardless of the initial interelectrode gap change, the erosion rates of

cathode [ and II at 0 slpm were lower because of the redeposition of the carbon vapor. To

compare erosion behavior between cathode [ and II, the erosion rates at 15 slpm were

considered because the runs were always stable. For the argon gas flow rate of 0 and 4.5

slpm, it was believed that this comparison was not reasonable because those runs

included both the stable and the unstable operation. The erosion rates of cathode II at 15

slpm are slightly higher, and it is believed that the reduction of the cathode diameter

resulted in higher arc root and cathode bulk temperatures, thus increasing the erosion

rates.
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Table 6-3: Operating conditions and t1Vs for cathode 1& Il at 300 A.

Cathode EXP-No. Argon gas Initial AVs
type flow rate interelectrode gap

(slpm) (cm) (V)
Cathode 1 EXP-47&48 0 1.5 6.90,8.08

EXP-59&60 0 3.0 4.45 ,2.49

EXP-53&54 4.5 0.5 1.20 , 1.29

EXP-49&50 4.5 1.5 3.40,5.01

EXP-61 &62 4.5 3.0 6.62,7.28

EXP-55&56 10 0.5 0.80,0.66

EXP-41 &42 la 1.5 2.31 ,2.80

EXP-63&64 10 3.0 3.06,4.77

EXP-57&58 15 0.5 1.14,0.81

EXP-51&52 15 1.5 2.07 , 1.86

EXP-65&66 15 3.0 2.61 ,2.86

Cathode II EXP-74 - 0,4.5,10,15 0.5,1.5,3.0 0.60-

EXP-83 2.30

6.3.2. Effect of Initial Interelectrode Gap 00 Erosion Rate

Erosion rates for the argon gas flow rate of 15 slpm at 150 and 300 A were used to study

the effect of the initial interelectrode gap on the erosion rate because the arcs were always

in the stable regime for these conditions, i.e. the same arc cathode operation mode. Figure

6-51 shows the erosion rates as a function of the initial intere1ectrode gap for the argon

gas flow rate of 15 slpm at 150 A. The erosion rates increased slightly as the initial

interelectrode gap increased. It seems that as the initial interelectrode gap increased, the
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Figure 6-50: Comparison of the erosion rates between cathode 1and [[ for an arc duration

of30 minutes at 300 A. C-l stands for cathode 1and C-2 is for cathode II.
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erosion rate might be affected by two factors: reduction of the carbon vapor redeposition

and increase of graphite particles ejection due to the arc movement. Between them~

probably the influence of the redeposition of the carbon vapor on the erosion rates was

greater. The difference between the minimum and the maximum erosion rates was 0.05

J.lg/C at the 150 A mns. For the 300 A runs, the difference was much greater~ Le. 0.65

J.lg/C (see Figure 6-52). It is believed that the big difference between the ISO A mns of

0.05 J.lg/C and the 300 A mns of 0.65 J.lg/C was especially due to the redeposition of the

carbon vapor for the initial interelectrode gap of 0.5 cm at 300 A. In case of the run at 0.5

cm and 300 A. the redeposition, providing the lowest erosion rate for the 300 A runs, was

higher because heat flux to the anode was higher, thus resulting in relatively stronger

anode graphite vapor jets.

6.3.3. Effect of Arc Current on Erosion Rate

Figure 6-53 presents the erosion rates as a function of the arc current for an argon gas

flo\v rate of 15 slpm and an initial interelectrode gap of 1.5 cm. These operating

conditions were selected for the discussion of this effect because the arc cathode

operation mode was the same, Le. the thermionic emission regime. As the arc current

increased, the erosion rates aIso increased. This was expected because higher arc currents

increase the heat flux to the thermionic spot, thus causing the higher erosion rates. This is

a well-known phenomenon and is reflected in the traditionaI empiricaI models, prepared

using graphite electrodes of EAFs, to represent erosion rates as a function of arc currents

as discussed in chapter II.
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6.3.4. Effe.:t of The Ar&: Stability on Erosion Rate

In the previous parts, it was shown that the erosion rates including the unstable arc runs

were higher. This means that the arc stability, Le. the arc cathode operation mode,

influenced the erosion rates. In this part, a relationship between the arc stability and the

erosion rates is derived, Then, the erosion rates are separated into the stable and the

unstable erosion rate to study the effect of the arc stability on the erosion rates. The

erosion rates measured for argon gas flow rates of 0 and 4.S slpm at ISO A were used to

investigate this effect because these runs included both the stable and the unstable arc

operation. Even though the arcs for the same argon gas flow rate runs at 300 A displayed

both the stable and the unstable parts, these erosion rates could not be used due to the

strong redeposition of the carbon vapor.

The erosion rates were separated into the stable erosion rate (Es) and the unstable erosion

rate (Eu) using the following mass balance:

Total mass loss of the cathode =

Mass 105S of the cathode for the stable arc operation

+ Mass loss of the cathode for the un5table arc operation (6-2)

From the definition of the erosion rate in equation (4-4), the total mass change of the

mass balance above cao be written as follows:

•
M=EtI
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• E t [ = Es ts [ + Eu tu [ (6-6)

•

•

where M is the total mass loss of the cathode (Jlg); E is the total erosion rate for a whole

run (flg/C); t is the total arc duration (seconds); [ is the arc current (A); Ms is the mass

loss of the cathode for a stable arc run (J.lg); Es is the erosion rate for a stable arc run

(J.lglC); ts is the arc duration for a stable arc run (seconds); Mu is the mass loss of the

cathode for an unstable arc run (Jlg); Eu is the erosion rate for an unstable arc run (flg/C);

tu is the arc duration for an unstable arc run (seconds). Furthermore, because the arc

current was constant, the equation (6-6) could be simplified as follo\vs:

(6-7)

where E is the total erosion rate for a whole run (flg/C); Es is the erosion rate for a stable

arc run (J.lg/C); t5 is the arc duration for a stable arc run (seconds); Eu is the erosion rate

for an unstable arc run (flg/C); tu is the arc duration for an unstable arc run (seconds).

Five cases of the separation of the erosion rates into the stable part erosion rate, Es, and

the unstable part erosion rate, Eu, were studied using equation (6-7). Table 6-4 oudines

the operating conditions for sets of mns in which both the stable and the unstable regimes

were encountered at 150 A. The time for the stable and the unstable operation was

determined from the voltage data. The problem, which remained, was to determine Es for

the various operating conditions. For low stability conditions (case [ to IV) the time for

the stable operation was too short to allow accurate measurements to be made of Es. The
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Table 6-4: Operating conditions· for the separation of the erosion rates into Es and Eu.

Case EXP-NO. Argon gas Initial Stable arc Unstable arc
flow rate interelectrode duration duration
(slpm) gap (cm) (minutes) (minutes)

Case 1 EXP-31 0 0.5 49.18 67.64
Case Il EXP-3D 0 1.5 24.98 91.86

EXP-37 0 1.5 46.86 69.97

Case III EXP-29 0 3.0 48.50 48.81

EXP-36 0 3.0 38.84 62.77

Case IV EXP-IO 4.5 1.5 44.94 71.87

EXP-II 4.5 1.5 39.43 77.27

Case V EXP-21 4.5 3.0 62.71 54.11

EXP-22 4.5 3.0 73.11 43.71

EXP-27 4.5 3.0 50.35 -
EXP-28 4.5 3.0 59.42 27.28

*) Runs for an arc current of 150 A using cathode 1

solution used was to measure Es under the stable conditions, i.e. at the current of 150 A

and an argon gas flow rate of 15 slpm and assumes that this same value could be used for

lower argon gas flow rates. This information is summarized in Table 6-5. For case V, Es

was measured directly from a run, which was stable throughout (EXP-27, Table 6-4) by

stopping the experiment as soon as the acoustic noise and the voltage increase were

detected. Figure 6-54 shows the voltage pattern for that run. The results of the separation

of the overall erosion rate ioto the stable and the unstable erosion rates are summarized in

Table 6-6. It is clear that the unstable erosion rates were always much higher than the

stable erosion rates. The higher erosion rates in the unstable arc operation means that the

arcs in the thermofield emission regime eroded the cathode more.
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Table 6-5: The stable part erosion rates·, Es.

Case EXP-NO. Argon gas Initial E Es
flow rate Interelectrode (flg/C) (flglC)
(slpm) e;ap (cm)

Case 1 EXP-14 15 0.5 0.44 0.45

EXP-16 15 0.5 0.46

Case Il EXP-12 15 1.5 0.49 0.49

EXP-13 15 1.5 0.48

Case III EXP-25 15 3.0 0.47 0.48

EXP-26 15 3.0 0.49

Case IV EXP-12 15 1.5 0.49 0.49

EXP-13 15 1.5 0.48

Case V EXP-27 4.5 3.0 0.61 0.61

*) Runs for an arc current of 150 A using cathode [

100

- EXP-27>-- 75 ~

Q) Indication of
C)
lU the unstable arc.- 50
~

f-

... f/
ëU WUf ., . _.. .
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Figure 6-54: The voltage pattern for the experimental determination of Es using cathode [

for an argon gas flow rate of 4.5 slpm and an initial interelectrode gap of 3.0 cm at 150 A.
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Table 6-6: The results of the separation of the erosion rates·.

Argon gas Initial E Es Eu
Case EXP-No. flow rate interelectrode (flg/C) (J-lg/C) (Jlg/C)

(slpm) gap (cm)
Case [ EXP-31 0 0.5 0.62 0.45 0.74
CaseH EXP-30 0 1.5 2.61 0.49 3.19

EXP-37 0 1.5 2.03 3.06

Case [II EXP-29 0 3.0 1.63 0.48 2.77

EXP-36 0 3.0 1.36 1.91

Case IV EXP-IO 4.5 1.5 1.34 0.49 1.87

EXP-Il 4.5 1.5 1.11 1.43

Case V EXP-21 4.5 3.0 1.57 0.61 2.68

EXP-22 4.5 3.0 1.26 2.35

EXP-27 4.5 3.0 0.61 0

EXP-28 4.5 3.0 1.07 2.07

*) Runs for an arc eurrent of 150 A using cathode l

The separate values of the Eu and the Es are plotted as a function of the .1V in Figure 6-

55. The stable arc region (.1V ~ 3 V) is given as the open symbols; while the unstable arc

region (.1V > 3 V) is given by the black symbols. The values of Es are elustered together

and are always less than those of Eu. The values for unstable arcs show much more

seatter both in Eu and ~V; therefore, it was diffieult to analyze the Eu behavior. However,

it was thought that Eu increased as the ~V increased. As discussed earlier, principally the

higher local heat flux to the cathode spots in the thermofield emission might increase the

erosion rates. Figure 6-56 presents the erosion rates separated as a function of the ~VN.

Like Figure 6-55, the Es are clustered together at the ~VN of 0.5 and the Eu are highly

scattered.
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Figure 6-55: Stable part erosion rate (Es) and unstable part erosion rate (Eu) as a function

of L\V using cathode 1for an arc current of 150 A.
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Figure 6-56: Stable part erosion rate (Es) and unstable part erosion rate (Eu) as a function

of L\VN using cathode l for an arc current of 150 A.
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6.3.5. Comparison of Erosion Rates with Other Work

Erosion rates of this work were compared with those reported by Mentel (1977), Lefort et

al. (1993), Drouet et al. (1995), and Neuschutz et al. (1996). The erosion rates of Mentel

(1977), Lefort et al. (1993), and this work were obtained at the laboratory scale while the

rates of Drouet et al. (1995) and Neuschutz et al. (1996) were obtained al the industrial

operation. For this comparison the apparent current density was used primary because

operating currents and cathode diameter varied greatly between the laboratory and

industrial scale operation. The results are presented in Table 6-7 and procedures to

estimate the rates are included in the notes ofTahle 6-7.

For the laboratory scale, the apparent current densities of Mentel (1977) are much greater

than those ofthis work. The cathode U apparent current density of375 Alcm2
, marked by

**, in this work may be used to distinguish between the thermionic and the thermofield

mode of graphite rod cathodes. The apparent current density of more than 375 Alcm2 is

able to indicate the thermionic mode of graphite rod cathodes because the runs at 0 slpm

using cathode If in this work were always stable and were in the thermionic mode. For

hollow graphite cathodes, however, the thermionic mode can be achieved even if the

apparent current density is lower than 375 AJcm2 due to argon gas injection. This

suggests that the arc cathode operation mode of Mentel (1977), who used graphite rad

cathodes, was in the thermionic emission regime. The erosion rates of this work and

Mentel (1977) in the table were first compared because it was believed that they were in

the same arc cathode operation mode, the thermionic emission mode, in argon. At 300 A

the erosion rate of Mentel (1977) is higher, probably because of the higher current
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• density. AIso, the prevention of the carbon redeposition of Mental (1977) might

contribute somewhat to the higher rate. The erosion rates of Mentel (1977) were

correlated using the generaJ form of the erosion rates of the graphite electrodes,

introduced in chapter 2, as follows:

E = 7.5 X 10-7 [ 2.7 (6-8)

where E is the erosion rate (flg/C); 1 is the arc current (A). The erosion rates in this work

were correlated as follows:

E = 1.4 X 10-3 [ 1.2 (6-9)

•

•

where E is the erosion rate (flg/C) ; 1 is the arc current (A). Lefort et al. (1993) reported

much higher erosion rate than that ofthis work and even the rate of Mente1(1977) at 300

A. Since Lefort et al. (1993) did not provide information of the atmosphere of their

operation, their rates may include sorne oxidation. Owing to the quite lower current and

the current density of Lefort et al. (1993), their operation probably included the

thermofield mode, leading to the higher erosion rate. In the table the highest unstable

erosion rate of 3.2 ~g/C in this work, marked by ***, is presented; the rate was estimated

using only the unstable operation. The higher rate of Lefort et al. (1993) than 3.2 flg/C in

this work supports the inclusion of the thermofield mode in their operation.

Direct comparison of the erosion rates between the laboratory and the industrial scale was

difficult due to the different size of the cathodes and different operating conditions. Their

arcs might inc1ude the thermionic mode despite operation of the industrial scale because

Drouet et al. (1995) and Neuschutz et al. (1996) used argon for the arc stabilization.
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Table 6-7: Comparison oferosion rates

Curreot Cross-sectional Apparent Erosion Remarks
area of the current rates
cathodes densi~

(A) (cm2
) (A/cm) (J,lg/C)

This work 1) 150· 2.8 54 0.5 Hollow cathode;

300 • 2.8 107 1.1 Erosion

400· 2.8 143 1.5

300 •• 0.8 375 1.2

150··· 2.8 54 3.2

Mentel (1977) 1.) 297 0.3 980 3.0 Rod cathode;

594 0.3 1980 31.7 Erosion

891 0.3 2970 66.7

1040 0.3 3467 85.7

Lefort et al. 70 3.1 22 Il.4 Rod cathode;

(1993) 3) Erosion

Drouet et al. 2500 81.7 31 85.6 Rod cathode;

(1995)4) Consumption

Neuschutz et al. 2000 75.4 27 63.9 Hollow cathode;

(1996)5) Consumption

Notes:

1) For cathode l, marked by *, the stable erosion rates of EXP-12, 13, 51, 52, 72, 73

operated at 1.5 cm and 15 slpm presented in Figure 6-53 were used; for cathode II,

marked by **, the stable erosion rate of EXP-77 operated at 1.5 cm and 15 slpm was

used; for the unstable erosion rate, marked by ***, the unstable rate of EXP-30 operated

at 1.5 cm and 0 slpm using cathode 1was used because the rate was the highest. The outer

diameter was 1.91 cm for cathode l and was 1.07 cm for cathode II. The inner diameter

was 0.32 cm for both cathodes.

2) The estimation of the erosion rates was introduced in Table 2-3. The diameter of the

cathode was 0.615 cm.
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• 3) The erosion rate reported was 0.8 x 10-6 kg/second; it was divided by the current of70

A, and thus estimating the erosion rate of 11.4 flg/C. The diameter of the cathode was 2

cm.

4) The estimation of the rate was performed as follows. The diameter of the cathode was

10.2 cm.

CD Electrode consumption per ton-dross reported: 0.88 kg/ton-dross

@ Dross treatment capacity: 0.87 ton-drosslhour

Q) Electrode consumption per hour: 0.77 kglhour = 2.14 x 10 ~ kg/second

@ At 2500 A, consumption is 86 flg/C

5) The estimation of the rate was performed as follows. The outer diameter of the cathode

was 10 cm and the inner diameter of the cathode was 2 cm.

CD Electrode consumption rate reported: 0.46 kg/hour = 1.28 x 10 -4 kgls

@ At 2000 A, consumption is 64 flglC

• The rate of Neuschutz et al. (1996) at 2000 A is close to the rate of Mentel (1977) al

about 900 A; the rate of Drouet et al. (1995) at 2500 A is about the same to the rate of

Mentel (1977) at around 1000 A. Higher erosion rates than the rates of Mentel (1977) at

about 900 - 1000 A were expected for the experiments of Drouet et al. (1995) and

Neuschutz et al. (1996) due to higher currents and the oxidation of graphite. However,

the rates of Drouet et al. (1995) and Neuschutz et al. (1996) are on the order of the rates

of Mentel (1977) at about 900 - 1000 A. Probably this is due to the lower apparent

current densities of Drouet et al. (1995) and Neuschutz et al. (1996). Compared with the

rates of this work. their rates were much greater, because of much higher currents, the

oxidation of graphite and possibly the thermofield mode resulting from the lower current

densities.
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7.1. CONCLUSIONS

1. Characteristics of Arcs at Hollow Graphite DC Cathode

The arc characteristics of the graphite cathode were studied as a function of initial

interelectrode gap~ argon gas flow rate, and arc currents. As the initiaJ interelectrode gap

increased, the total voltage aJso increased due to an increase of total resistance of the

arcs. Higher argon gas flow rates slightly increased the voltage at lower interelectrode

gap. At higher interelectrode gap, however, the effect of the argon gas flow rate on the

voltage was negligible; it is believed that because of an increase of divergence of argon

gas jets at the higher gap~ less cooling of the arcs was caused and thus providing the very

little efrect on the voltage. The voltage increased slightly as the current increased. This

voltage-current (V-I) characteristic showed that the arcs in this work are thermal arcs.

2. Arc Stability at a Hollow Graphite DC Cathode

The arc stability, i.e. the mode of the graphite arc cathode operation, was studied as a

function of argon gas flow rate, initial interelecrode gap, arc currents, and cathode tip

geometry. This mode transition is a spontaneous phenomenon of thermal arcs at the

graphite cathode.

Two completely different total voltage patterns were observed. Arcs exhibiting a nearly

constant voltage pattern were termed stable arcs. Arcs exhibiting noisy voltage patterns

which coincided with rapid arc motion and acoustic noise were termed unstable arcs. It

was hypothesized that the stable arcs were in thermionic emission and the unstable arcs

were in thermofield emission. The mode transition from the thermionic emission to the
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thermofield emission occurred at rounder cathode tip geometry and lower argon gas flow

rate. The hypothesis was supported by estimation of current densities, FFT of total

voltage yielding time scales consistent with cathode spots for the thermofield emission

for the unstable arcs, SEM evidence of cathode spots for the unstable arcs and crystal

growth indicating higher Mean temperature for the stable arcs, and measurements of

cathode temperatures showing higher temperatures for the stable arcs.

3. Erosion Behavior ofa Hollow Graphite DC Cathode

Erosion rates were measured of the graphite cathode using a graphite anode as a function

of argon gas flow rate, initial interelectrode gap, and arc currents. As the argon gas flow

rate increased, the erosion rate decreased at 150 A and increased at 300 A and 400 A.

These opposite trends were due to the redeposition of the carbon vapor at higher arc

currents. The redeposition reduced the erosion rate; especially al shorter initial

interelectrode gap, Iower argon gas flow rate, and higher arc currents.

Erosion rates of the cathode were strongly influenced by the arc stability at 150 A; as the

arc stability increased, the cathode eroded at a lower rate. It is believed that in the

thermofield emission regime of the unstable arc operation, the local heat flux to the

cathode spots by the ion bombardment is higher, thus resulting in the more erosion of the

graphite. The overall erosion rates were separated into stable (Es) and unstable (Eu)

erosion rate. The Eu was always higher than Es and showed much more scatter.

Erosion of graphite electrodes cao be controlled through regulating the arc stability.

172



•

•

•

Theretore. il is believed that the mode ofgraphite arc cathode operation may be selected

to meel purposes 0 f thennal arc processing using graphite electrodes.
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7.2. CONTRUIBUTIONS TO KNOWLEDGE

The followings have been achieved as contributions to knowledge of this study:

1. Study ofarc characteristics at a hollow graphite OC cathode.

2. Identification of the stable operation of the graphite cathode with thermionic

emission and the unstable operation of the graphite cathode with thermofield

emission.

3. Measurements of erosion rates of the graphite cathode using a graphite anode in

argon at atmospheric pressure.
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7.3. RECOMMENDATIONS FOR FUTURE WORK

The following experimental and theoretical studies are recommended as further work.

1. Arc Core Temperature

Both experimental and theoretical work is needed on arc core temperature as a

function of argon gas flow rate. Spectroscopie methods and high speed video

photography are believed to be viable techniques for the temperature and temperature

distribution measurements.

2. Modeling of Arc Root Temperature

The measurement of arc root temperature is believed to he impractical with present

technology; therefore~ modeling work is believed to he a better approach to verify

variation of the arc root temperature as a function of argon gas flow rate,

interelectrode gap, and cathode tip geometry.

3. Experimental work at more than 1000 A for longer arc length is needed.
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Appendix 1. Estimation of the mass loss of the graphite cathode due to the oxygen in the

argon atmosphere of the chamber

Bases:

1) Oxygen concentration in the chamber: 0.1 volume %.

2) Relative humidity in the chamber: 1% al 20 oC.

3) Volume of the chamber: 40 liters.

1. Graphite consumption mass loss due to the oxygen

Step-l: Determination of the moles of the oxygene

The oxygen volume: 0.04 lïters.

The oxygen moles: 0.0017 moles from the ideal gas law.

Step-2: The mass loss due to the oxygen: 4.08 x 10-2 g from 2C + O2 ~ 2CO.

• The mass 10ss May be zero because of the accuracy of the O2 meter (± 0.5

volume %).

2. Graphite consumption mass loss due to the water vapor

Step-l: Obtain the vapor pressure of water at 20.0 oC from the steam table. The

vapor pressure was 17.535 mm Hg.

Step-2: By using the definition of the RH~ calculate the partial pressure of the

water vapor in the chamber. The partial pressure of the water vapor was 0.17535

rnrnHg.
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Step-3: By using the definition of the molar humidity~calculate moles of the water

vapor in the chamber per mole ofdry air.

H = moleH2o = PH20

n molec/rrUlr P - PlI'1(}

where P is the chamber pressure (760 mm Hg) and PH20 is the partial pressure of

the water vapor. The moles of the water vapor was 2.3 1 x 10 -4 per mole of dry

air.

Step-4: By using the relationship between the absolute humidity and the molar

humidity~ calculation of the mass of the water vapor~ g per g ofdry air.

The mass of the water vapor was 1.43 x 10-4 g per g of dry air.

Step-5: Estimation of the water mass in the chamber.

The mass of the water vapor is 1.43 X 10-4 x the mass of dry air. The mass of the

dry air in the chamber (48.24 g) was obtained using the ideal gas law. The mass of

the water vapor was 6.90 X 10-3 g (3.83 X 10-4 moles).

Step-6: The mass loss due to the water vapor: 4.60 x 10 -3 g from C + H20 ~ H2

+CO.

3. The mass loss of the graphite cathode due to the oxygen: 4.60 x 10-3 - 4.54 x 10-2 g.
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Appendix 2. Operating Conditions

EXP NO. Relative Humidity and 02 Concentration Total Arc Initiallnterelectrode Argon Gas Remarks
Temperature Duration Gap Flow Rate

(0t'o) CC) (volume %) (minutes) (cm) (slpm)

150 A Experiments (Cathode l, EXP 1 - EXP 40)
EXP-1 - - 0.40 30.00 1.50 10.00
EXP-2 - - 0.40 60.00 1.50 10.00
EXP-3 - - 0.40 90.00 1.50 10.00
EXP-4 - - 0.20 30.00 1.50 10.00
EXP-5 - - 0.20 60.00 1.50 10.00
EXP-6 - - 0.20 90.00 1.50 10.00
EXP-7 - - 0.20 30.00 1.50 10.00
EXP-8 - - 0.20 120.00 1.50 10.00
EXP-9 - - 0.20 120.00 1.50 10.00

EXP-10 - - 0.20 120.00 1.50 4.50
EXP-11 - - 0.20 120.00 1.50 4.50
EXP-12 - - 0.20 120.00 1.50 15.00
EXP..13 - - 0.20 120.00 1.50 15.00
EXP-14 - - 0.20 120.00 0.50 15.00
EXP-15 - - 0.10 95.00 0.50 15.00 RF Interference
EXP-16 - - 0.20 120.00 0.50 15.00
EXP-17 - - 0.20 120.00 0.50 10.00
EXP-18 - - 0.20 120.00 0.50 10.00
EXP-19 - - 0.20 120.00 0.50 4.50
EXP-20 - - 0.20 120.00 0.50 4.50
EXP-21 - - 0.30 120.00 3.00 4.50
EXP-22 - - 0.40 120.00 3.00 4.50
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EXP NO. Relative Humidity and 02 Concentration Total Arc Initiallnterelectrode Argon Gas Remarks

Temperature Ouration Gap Flow Rate
(0/0) (C) (volume 0/0) (minutes) (cm) (slpm)

EXP-23 - - 0.30 120.00 3.00 10.00
EXP-24 - - 0.30 120.00 3.00 10.00
EXP-25 - - 0.20 120.00 3.00 15.00
EXP-26 - - 0.20 120.00 3.00 15.00
EXP-27 - - 0.10 54.00 3.00 4.50
EXP-28 0.90 20.80 0.10 90.00 3.00 4.50
EXP-29 0.90 20.30 0.10 100.00 3.00 0.00 Self-Extinguished
EXP-3D 0.70 20.70 0.10 120.00 1.50 0.00
EXP-31 0.60 20.40 0.10 120.00 0.50 0.00
EXP-32 0.70 20.60 0.10 84.00 3.00 4.50 Arcing
EXP-33 1.80 21.00 0.10 120.00 3.00 4.50/15.00 Changing AR
EXP-34 0.90 20.60 0.10 120.00 3.00 0.00 Anode Thread
EXP-35 0.90 20.80 0.10 60.00 3.00 4.50/15.00 Changing AR
EXP-36 0.80 20.70 0.10 105.00 3.00 0.00 Self-Extinguished
EXP-37 1.10 20.80 0.10 120.00 1.50 0.00
EXP-38 0.70 20.80 0.10 120.00 0.50 0.00
EXP-39 1.00 20.90 0.10 180.00 0.5/3.0/0.5 0.00 Changing Gap
EXP-40 1.30 20.50 0.10 120.00 0.50 0.00

300 A Experiments (Cathode l, EXP 41 - EXP 68)
EXP-41 1.30 20.70 0.10 30.00 1.50 10.00
EXP-42 1.20 20.90 0.10 30.00 1.50 10.00
EXP-43 1.30 20.50 0.10 60.00 1.50 10.00
EXP-44 1.40 21.00 0.10 60.00 1.50 10.00
EXP-45 0.90 20.20 0.10 10.00 1.50 10.00
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EXP NO. Relative Humidity and 02 Concentration Total Arc Initiallnterelectrode Argon Gas Remarks

Temperature Ouration Gap Flow Rate
(0/0) CC) (volume 01'0) (minutes) (cm) (slpm)

EXP-46 0.90 20.70 0.10 10.00 1.50 10.00
EXP-47 1.00 20.80 0.10 30.00 1.50 0.00
EXP-48 1.00 20.50 0.10 30.00 1.50 0.00
EXP-49 0.90 20.90 0.10 30.00 1.50 4.50
EXP-50 0.80 20.90 0.10 30.00 1.50 4.50
EXP-51 1.30 20.70 0.10 30.00 1.50 15.00
EXP-52 1.20 20.80 0.10 30.00 1.50 15.00

EXP-52-1 0.90 20.30 0.10 3.00 0.50 0.00 3 Minutes Run
EXP-53 1.30 22.70 0.10 30.00 0.50 4.50
EXP-54 1.40 21.10 0.10 30.00 0.50 4.50
EXP-55 1.90 20.80 0.10 30.00 0.50 10.00
EXP-56 1.40 20.80 0.10 30.00 0.50 10.00
EXP-57 1.40 20.80 0.10 30.00 0.50 15.00
EXP-58 1.70 20.80 0.20 30.00 0.50 15.00
EXP-59 1.50 21.10 0.10 30.00 3.00 0.00
EXP-50 2.10 20.70 0.10 30.00 3.00 0.00
EXP-51 1.30 20.70 0.20 30.00 3.00 4.50
EXP-62 2.10 20.60 0.20 30.00 3.00 4.50
EXP-63 2.00 20.40 0.20 30.00 3.00 10.00
EXP-64 1.90 20.90 0.20 30.00 3.00 10.00
EXP-65 1.70 20.40 0.20 30.00 3.00 15.00
EXP-56 1.90 20.60 0.20 30.00 3.00 15.00
EXP-57 1.50 20.60 0.10 40.00 3.00 4.50
EXP-68 0.80 20.70 0.10 60.00 3.00 4.5115/4.5 ChangingAR
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EXP NO. Relative Humidity and 02 Concentration Total Arc Initiallnterelectrode Argen Gas Remarks

Temperature Ouratien Gap Flow Rate
(O~) (oC) (volume 0/0) (minutes) (cm) (slpm)

400 A Experiments (Cathode l, EXP 69 - EXP 73)
EXP-69 1.60 21.20 0.10 21.50 1.50 0.00
EXP-70 1.20 21.20 0.10 30.00 1.50 0.00
EXP-71 1.30 21.00 0.10 30.00 1.50 0.00
EXP-72 1.10 20.80 0.10 30.00 1.50 15.00
EXP-73 1.70 21.10 0.10 30.00 1.50 15.00

300 A Experiments (Cathode Il, EXP 74 - EXP 83)
EXP-74 2.20 20.80 0.10 30.00 0.50 15.00
EXP-75 1.30 21.10 0.10 30.00 0.50 4.50
EXP-76 1.80 20.90 0.10 30.00 0.5/0.7 0.00 Changing Gap
EXP-77 2.30 21.10 0.10 30.00 1.50 15.00
EXP-78 2.10 21.20 0.10 30.00 1.50 10.00
EXP-79 2.10 20.50 0.10 30.00 1.50 4.50
EXP-BD 1.20 20.80 0.10 30.00 1.50 0.00
EXP-81 2.60 21.30 0.10 30.00 3.00 0.00
EXP-82 2.20 21.20 0.10 30.00 3.00 4.50
EXP-83 2.80 21.30 0.10 30.00 3.00 15.00

300 A Experiments (Cathode l, EXP 84)
EXP-84 1.40 21.30 0.10 60.00 3.00 4.50
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Appendix 3. Erosion Rate of The Graphite Cathode

EXP NO. Arc Arc Current Mass Change of The Graphite Cathode Erosion Rate
Ouration 8efore EXP After EXP Mass Change
(minutes) (A) (g) (g) (9) (Ilg/C)

EXP-1 30.00 147.66 130.96 130.77 0.19 0.71
EXP-2 60.00 148.64 131.07 130.79 0.28 0.52
EXP-3 90.00 149.18 130.78 130.39 0.39 0.48
EXP-4 30.00 147.95 130.85 130.70 0.15 0.56
EXP-5 60.00 149.32 131.30 131.01 0.29 0.54
EXP-6 90.00 149.06 131.53 131.12 0.41 0.51
EXP-7 30.00 146.12 132.16 132.01 0.15 0.57
EXP-S 120.00 147.20 131.03 130.52 0.51 0.48
EXP-9 120.00 147.25 131.00 130.49 0.51 0.48

EXP-10 120.00 147.81 130.98 129.55 1.43 1.34
EXP-11 120.00 147.27 131.14 129.96 1.18 1.11
EXP-12 120.00 147.97 132.13 131.61 0.52 0.49
EXP-13 120.00 147.29 130.30 129.79 0.51 0.48
EXP-14 120.00 148.06 131.00 130.53 0.47 0.44
EXP-16 120.00 147.23 131.47 130.98 0.49 0.46
EXP-17 120.00 147.03 131.89 131.39 0.50 0.47
EXP-18 120.00 147.72 130.91 130.42 0.49 0.46
EXP-19 120.00 148.41 131.28 130.76 0.52 0.49
EXP-20 120.00 147.05 130.75 130.22 0.53 0.50
EXP-21 120.00 148.59 131.28 129.60 1.68 1.57
EXP-22 120.00 146.50 131.28 129.95 1.33 1.26
EXP-23 120.00 147.08 131.35 130.80 0.55 0.52
EXP-24 120.00 148.57 131.15 130.58 0.57 0.53

191



• • •
EXP NO. Arc Arc Current Mass Change of The Graphite Cathode Erosion Rate

Ouration Before EXP AfterEXP Mass Change
(minutes) (A) (g) (g) (g) (~g/C)

EXP-25 120.00 147.37 131.10 130.60 0.50 0.47
EXP-26 120.00 147.82 131.12 130.60 0.52 0.49
EXP-27 54.00 147.79 132.03 131.74 0.29 0.61
EXP-28 90.00 146.70 131.63 130.78 0.85 1.07
EXP-29 100.00 146.25 131.04 129.61 1.43 1.63
EXP-3D 120.00 146.70 132.04 129.28 2.76 2.61
EXP-31 120.00 147.22 131.65 130.99 0.66 0.62
EXP-34 120.00 145.54 130.60 129.46 1.14 1.09
EXP-36 105.00 145.94 131.34 130.09 1.25 1.36
EXP-37 120.00 145.38 130.79 128.67 2.12 2.03
EXP-38 120.00 149.07 130.90 130.76 0.14 0.13
EXP-40 120.00 149.26 130.92 130.61 0.31 0.28
EXP-41 30.00 299.56 131.14 130.53 0.61 1.13
EXP-42 30.00 299.85 130.80 130.24 0.56 1.04
EXP-43 60.00 300.41 131.01 129.80 1.21 1.12
EXP-44 60.00 300.07 131.53 130.39 1.14 1.06
EXP-45 10.00 301.98 130.50 130.31 0.19 1.05
EXP-46 10.00 302.48 131.72 131.47 0.25 1.38
EXP-47 30.00 297.91 130.92 130.57 0.35 0.65
EXP-48 30.00 298.80 131.35 130.96 0.39 0.73
EXP-49 30.00 299.26 131.47 130.83 0.64 1.19
EXP-50 30.00 298.53 130.14 129.55 0.59 1.10
EXP-51 30.00 299.64 130.53 129.96 0.57 1.06
EXP-52 30.00 298.09 130.51 129.95 0.56 1.04
EXP-53 30.00 301.46 131.86 131.73 0.13 0.24
EXP-54 30.00 299.89 130.98 130.74 0.24 0.44
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EXP NO. Arc Arc Current Mass Change of The Graphite Cathode Erosion Rate

Ouration Before EXP AfterEXP MassChange
(minutes) (A) (g) (g) (g) (Jl9/C)

EXP-55 30.00 300.16 130.50 130.26 0.24 0.44
EXP-56 30.00 300.40 131.47 131.22 0.25 0.46
EXP-57 30.00 300.38 131.03 130.81 0.22 0.41
EXP-58 30.00 300.65 131.73 131.46 0.27 0.50
EXP-59 30.00 297.89 131.43 131.11 0.32 0.60
EXP-60 30.00 298.98 130.83 130.52 0.31 0.58
EXP-51 30.00 294.22 130.87 130.33 0.54 1.02
EXP-62 30.00 293.05 131.13 130.56 0.57 1.08
EXP-63 30.00 295.81 131.00 130.49 0.51 0.96
EXP-54 30.00 297.14 132.15 131.63 0.52 0.97
EXP-65 30.00 294.51 130.93 130.44 0.49 0.92
EXP-66 30.00 297.35 132.23 131.71 0.52 0.97
EXP-67 40.00 292.57 130.87 130.02 0.85 1.21
EXP-69 21.50 388.69 131.21 130.84 0.37 0.74
EXP-70 30.00 386.95 130.81 130.27 0.54 0.78
EXP-71 30.00 387.89 130.50 129.95 0.55 0.79
EXP-72 30.00 386.47 131.73 130.73 1.00 1.44
EXP-73 30.00 383.76 131.42 130.29 1.13 1.64
EXP-74 30.00 298.46 46.13 45.75 0.38 0.71
EXP-75 30.00 299.70 46.31 46.04 0.27 0.50
EXP-77 30.00 296.41 46.42 45.78 0.64 1.20
EXP-78 30.00 299.13 45.72 45.04 0.68 1.26
EXP-79 30.00 296.05 43.85 43.12 0.73 1.37
EXP-SO 30.00 297.06 46.17 45.75 0.42 0.79
EXP-81 30.00 295.32 46.33 46.03 0.30 0.56
EXP-82 30.00 298.00 46.24 45.51 0.73 1.36
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EXP NO. Arc Arc Current Mass Change of The Graphite Cathode Erosion Rate

Duration Before EXP AfterEXP Mass Change
(minutes) (A) (g) (g) (g) (J.l9/C)

EXP-83 30.00 293.29 46.22 45.56 0.66 1.25
EXP-84 60.00 287.63 131.29 129.71 1.58 1.53
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Appendix 4. Separation of The Overalll\V into Stable and Unstable 6V

EXP NO. Arc The Gap AR Flow Arc The Overall V & l\V Stable V, ôV, ôVN, & Time Unstable V, âV, ôVN, &Time
Ouration Rate Current V AV V AV ~VN s~time V ~V ~VN u-time
(minutes) (cm) (slpm) (A) (V) (V) (V) (V) (minutes) (V) (V) (minutes)

EXP-1 30.00 1.50 10.00 147.66 24.76 0.99 24.76 0.99 0.04 26.88
EXP-2 60.00 1.50 10.00 148.64 24.74 1.66 24.74 1.66 0.07 56.87
EXP-3 90.00 1.50 10.00 149.18 17.64 1.16 17.64 1.16 0.07 86.98
EXP-4 30.00 1.50 10.00 147.95 25.00 1.09 25.00 1.09 0.04 26.95
EXP-5 60.00 1.50 10.00 149.32 24.80 2.48 24.80 2.48 0.10 56.90
EXP-6 90.00 1.50 10.00 149.06 22.28 2.01 22.28 2.01 0.09 86.99
EXP-7 30.00 1.50 10.00 146.12 24.59 1.02 24.59 1.02 0.04 26.92
EXP-8 120.00 1.50 10.00 147.20 24.09 2.01 24.09 2.01 0.08 116.98
EXP-9 120.00 1.50 10.00 147.25 25.35 1.61 25.35 1.61 0.06 116.97

EXP-10 120.00 1.50 4.50 147.81 30.67 6.53 24.81 1.27 0.05 44.94 34.35 5.76 0.17 71.87
EXP-11 120.00 1.50 4.50 147.27 28.80 7.26 22.71 1.17 0.05 39.43 31.92 7.09 0.22 77.27
EXP-12 120.00 1.50 15.00 147.97 25.63 1.80 25.63 1.80 0.07 116.98
EXP-13 120.00 1.50 15.00 147.29 25.30 1.65 25.30 1.65 0.07 116.97
EXP-14 120.00 0.50 15.00 148.06 21.28 1.02 21.28 1.02 0.05 117.00
EXP-15 95.00 0.50 15.00 145.32 21.82 1.01 21.82 1.01 0.05 66.13
EXP-16 120.00 0.50 15.00 147.23 17.46 1.37 17.46 1.37 0.08 116.99
EXP-17 120.00 0.50 10.00 147.03 22.86 2.44 22.86 2.44 0.11 116.86
EXP-18 120.00 0.50 10.00 147.72 20.73 1.42 20.73 1.42 0.07 116.96
EXP-19 120.00 0.50 4.50 148.41 19.13 2.63 19.13 2.63 0.14 116.98
EXP-20 120.00 0.50 4.50 147.05 20.90 2.74 20.90 2.74 0.13 116.98
EXP-21 120.00 3.00 4.50 148.59 34.83 13.64 24.80 1.38 0.06 62.71 46.45 12.15 0.26 54.11
EXP-22 120.00 3.00 4.50 146.50 35.90 13.41 27.99 1.62 0.06 73.11 49.09 14.03 0.29 43.71
EXP-23 120.00 3.00 10.00 147.08 28.57 3.07 27.55 1.41 0.05 79.69 30.73 4.29 0.14 37.31
EXP-24 120.00 3.00 10.00 148.57 32.10 3.51 30.77 1.38 0.04 76.87 34.64 4.76 0.14 39.95
EXP-25 120.00 3.00 15.00 147.37 29.67 2.12 29.67 2.12 0.07 116.99
EXP-26 120.00 3.00 15.00 147.82 29.75 2.21 29.75 2.21 0.07 116.99
EXP-27 54.00 3.00 4.50 147.79 29.00 1.66 29.00 1.66 0.06 50.35
EXP-28 90.00 3.00 4.50 146.70 34.71 12.36 28.07 1.88 0.07 59.42 49.12 13.15 0.27 27.28
EXP-29 100.00 3.00 0.00 146.25 42.24 16.60 32.43 1.86 0.06 48.50 52.02 18.86 0.36 48.81
EXP-3D 120.00 1.50 0.00 146.70 42.64 12.04 23.58 1.28 0.05 24.98 47.78 7.69 0.16 91.86
EXP-31 120.00 0.50 0.00 147.22 26.46 7.27 19.64 1.22 0.06 49.18 31.42 5.63 0.18 67.64
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EXP NO. Arc The Gap AR Flow Arc The Overall V & 6 V Stable V, ,"iV, 6VN. & Time Unstable V, 6V, ll.VN, & Time

Duration Rate Current V l1.V V ô.V !J.VN s-time V IiV IiVN u-time
(minutes) (cm) (sipm) (A) (V) (V) (V) (V) (minutes) (V) (V) (minutes)

EXP-32 84.00 3.00 4.50 146.04 35.99 12.52 28.67 1.43 0,05 42.26 48.93 12.95 0.26 23.86
EXP-34 120.00 3.00 0.00 145.54 38.33 12.31 31.31 1.46 0.05 58.66 45.39 14.23 0.31 58.03
EXP-36 105.00 3.00 0.00 145.94 41.95 13.57 33.98 1,74 0.05 38.84 46.89 15.25 0.33 62.77
EXP-37 120.00 1.50 0.00 145.38 38.11 11.76 25.41 1.56 0.06 46.86 46.60 7.00 0.15 69.97
EXP-38 120.00 0.50 0.00 149.07 17.73 0.93 17.73 0.93 0.05 116.85
EXP-40 120.00 0.50 0.00 149.26 19.38 2.01 19.38 2.01 0.10 116.99
EXP-41 30.00 1.50 10.00 299.56 29.44 2.31 29.44 2.31 0.08 26.84
EXP~2 30.00 1.50 10.00 299.85 29.97 2.80 29.97 2.80 0.09 27.34
EXP-43 60.00 1.50 10.00 300.41 29.35 2.19 29.35 2.19 0.07 56.84
EXP-44 60.00 1.50 10.00 300.07 28.68 2.84 28.68 2.84 0.10 56.84
EXP-45 10.00 1.50 10.00 301.98 26.19 1.38 26.19 1.38 0.05 6.84
EXP-46 10.00 1.50 10.00 302.48 26.69 2.25 26.69 2.25 0.08 6.84
EXP-47 30.00 1.50 0.00 297.91 29.56 6.90 25.02 0.95 0.04 17.73 38.41 4.44 0.12 8.95
EXP-48 30.00 1.50 0.00 298.80 31.82 8.08 25.29 1.54 0.06 14.38 39.43 5.51 0.14 12.30
EXP-49 30.00 1.50 4.50 299.26 28.87 3.40 26.56 1.15 0.04 3.81 29.27 3.50 0.12 22.87
EXP-50 30.00 1.50 4.50 298.53 33.27 5.01 27.86 0.73 0.03 6.99 35.18 4.44 0.13 19.69
EXP-51 30.00 1.50 15.00 299.64 28.92 2.07 28.92 2.07 0.07 26.84
EXP-52 30.00 1.50 15.00 298.09 27.85 1.86 27.85 1.86 0.07 26.84
EXP-53 30.00 0.50 4.50 301.46 24.30 1.20 24.30 1.20 0.05 26.84
EXP-54 30.00 0.50 4.50 299.89 22.62 1.29 22.62 1.29 0.06 26.84
EXP-55 30.00 0.50 10.00 300.16 24.13 0.80 24.13 0.80 0.03 26.84
EXP-56 30.00 0.50 10.00 300.40 24.04 0.66 24.04 0.66 0.03 26.84
EXP-57 30.00 0.50 15.00 300.38 24.64 1.14 24.64 1.14 0.05 26.84
EXP-58 30.00 0.50 15.00 300.65 25.52 0.81 25.52 0.81 0.03 26.84
EXP-59 30.00 3.00 0.00 297.89 38.90 4.45 38.90 4.45 0.11 26.84
EXP-60 30.00 3.00 0.00 298.98 36.28 2.49 36.28 2.49 0.07 26.84
EXP-61 30.00 3.00 4.50 294.22 40.28 6.62 35.18 1.37 0.04 12.30 44.59 6.23 0.14 14.38
EXP-62 30.00 3.00 4.50 293.05 39.84 7.28 34.84 1.50 0.04 13.09 44.84 7.33 0.16 13.09
EXP-63 30.00 3.00 10.00 295.81 36.07 3.06 34.97 1.57 0.04 19.22 38.82 4.03 0.10 7.46
EXP-64 30.00 3.00 10.00 297.14 35.78 4.77 33.41 1.45 0.04 13.92 38.20 5.69 0.15 13.76
EXP-65 30.00 3.00 15.00 294.51 32.95 2.61 32.95 2.61 0.08 26.84
EXP-66 30.00 3.00 15.00 297.35 34.11 2.86 34.11 2.86 0.08 27.34
EXP-67 40.00 3.00 4.50 292.57 39.74 6.26 33.07 1.64 0.05 16.44 45.03 7.53 0.17 20.74
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EXP NO. Arc The Gap AR Flow Arc The Overall V & âV Stable V. âV. âVN. & Time Unstable V, âV. âVN. & lime

Ouration Rate Current V ~V V ~V ~VN s-time V I1V I1VN u-time
(minutes) (cm) (slpm) (A) (V) (V) (V) (V) (minutes) (V) (V) (minutes)

EXP-69 21.50 1.50 0.00 388.69 33.41 7.74 27.16 0.85 0.03 10.21 41.38 4.61 0.11 7.97
EXP-70 30.00 1.50 0.00 386.95 33.83 6.72 26.66 0.68 0.03 6.71 36.27 6.07 0.17 19.97
EXP-71 30.00 1.50 0.00 387.89 32.66 5.99 27.42 1.02 0.04 13.35 37.60 4.28 0.11 13.83
EXP-72 30.00 1.50 15.00 386.47 30.15 1.87 30.15 1.87 0.06 27.34
EXP-73 30.00 1.50 15.00 383.76 30.71 2.20 30.71 2.20 0.07 26.84
EXP-74 30.00 0.50 15.00 298.46 28.12 0.60 28.12 0.60 0.02 27.34
EXP-75 30.00 0.50 4.50 299.70 26.78 0.90 26.78 0.90 0.03 27.84
EXP-77 30.00 1.50 15.00 296.41 32.67 0.81 32.67 0.81 0.02 26.84
EXP-78 30.00 1.50 10.00 299.13 33.48 0.84 33.48 0.84 0.03 27.34
EXP-79 30.00 1.50 4.50 296.05 33.75 0.90 33.75 0.90 0.03 27.34
EXP-80 30.00 1.50 0.00 297.06 32.16 1.93 32.16 1.93 0.06 27.34
EXP-81 30.00 3.00 0.00 295.32 42.92 2.30 42.92 2.30 0.05 27.34
EXP-82 30.00 3.00 4.50 298.00 42.16 1.41 42.16 1.41 0.03 27.34
EXP-83 30.00 3.00 15.00 293.29 38.70 1.30 38.70 1.30 0.03 26.84
EXP-84 60.00 3.00 4.50 287.63 48.92 12.94 34.42 1.57 0.05 12.42 52.98 11.75 0.22 44.76

Note: The Definition of Standard Deviation

[ r1 Il .,

s - -1 L (.~; -.Tr
n- ;=1

where s ès the standard deviation; n is the number of the data; XI is the data; xis the average of the data.
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