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NERVES AND NEUROPEPTIDES OF SKIN: THEIR CHANGES IN 
DISEASE PROVIDE EVIDENCE OF THEIR INVOLVEMENT IN THE 

INTEGRITY OF THE SKIN AND FURTHER THE 
UNDERSTANDING OF DISEASE PROCESSES

Abstract

The aim of the study was to investigate the changes in  nerves and 
neuropeptides of skin in experim ental and disease states in order to 
understand their role in regulation of skin. The study is in two parts. 
The first is an  im m unocytochem ical s tu d y  of the  cu taneous 
innervation and  its neuropeptides in m an and laboratory animals. 
Antisera to general neural m arkers and to neuropeptides were used 
to estim ate the density  and d istribu tion  of the nerves and their 
anatomical relationship to skin appendages. In order to delineate the 
peptides in the sensory and autonom ic parts of the cutaneous 
innervation, chemical denervation experiments were carried out in 
ra t and  gu inea  p ig  using  capsaicin  and  6-hydroxydopam ine 
respectively; transplanted skin flaps of hairless mice were examined 
to d e te rm in e  th e  tim e co u rse  of nerve  d eg en era tio n  an d  
re innervation  and  the significance of neu ropep tides in these 
processes; the ontogeny of nerves and neuropeptides were studied in 
fetal and neonatal rats to investigate the tem poral sequence of the 
appearance of nerves and neuropeptides.

The second p a rt is a study o f the cutaneous innervation and its 
neuropep tides in infectious (Leprosy) and m etabolic (Diabetes) 
diseases, in which there is a loss of sensory and autonomic functions, 
and  also in an infrequently  reported  condition characterised by 
hyperfunctional sensory nerves (Notalgia paraesthetica). In order to 
evaluate  neura l changes in th e  earliest stages of these disease 
processes, experim ents w ere carried ou t em ploying nude m ice 
infected w ith  M ycobacterium leprae and rats w ith streptozotocin- 
induced diabetes.
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The study has show n, 1. PGP 9.5 was found to be the best general 
neural m arker for the innervation of skin. 2. In all of the species 
stud ied  nerve fibres im m unoreactive for calcitonin gene-related 
pep tide  (CGRP) a n d /o r  vasoactive in testinal po lypeptide  (VIP) 
predom inated; those im m unoreactive for tachykinins, neuropeptide 
Y and C-flanking pep tide  of neuropeptide Y w ere less abundant, 
suggesting a significant contribution of neuropeptides in regulation 
of sensory and  au tonom ic transm ission . 3. E xperim ental 
d en erv a tio n  show ed  th a t n o t all CGRP and  substance  P- 
immunoreactive sensory axons were capsaicin-sensitive at the dosage 
given. However, all sym pathetic  TH- and N PY -im m unoreactive 
axons w ere to ta lly  responsive  to  6-OHDA, suggesting  som e 
dem arcation of cutaneous adrenergic and cholinergic sym pathetic 
fibres. 4. The early appearance of sensory neuropeptides (CGRP and 
substance P) during  reinnervation of skin flaps and in ontogeny 
m ight have a  role in trophic, regulatory and reparative processes. 5. 
The early depletion of neuropeptides in leprosy and diabetic patients 
reflected cutaneous sensory and autonomic dysfunctions and m ight 
have a possible prognostic or diagnostic importance. These results 
w ere further supported  by the experiments carried on N ude mice 
infected w ith  M ycobacterium  leprae, which show ed depletion of 
calcitonin gene-related peptide and substance P in the skin and spinal 
cord by 6 m onths. Conversely, observations on 8 to 12 weeks old 
streptozotocin-diabetic rats show ed increases of vasoactive intestinal 
polypeptide and calcitonin gene-related peptide in skin. 6. Increased 
nerves bu t not neuropeptides w ere seen in skin affected by notalgia 
paraesthetica. Thus, neu ropep tides m ay p lay a m ajor role in  
regulation of sensory and autonom ic functions of skin and m ay be 
affected differently depending on  the disease processes.
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1.1 Background

1.1.1. History

The doctrine of specific energy was form ulated by Johannes M uller 
(1838) w ho found  differences betw een the nervous m echanism s 
subserving five senses, so that the sam e stim ulus could produce two 
d ifferent sensations if app lied  to tw o d ifferent kinds of nerve. 
V olkm ann (1844) ex tended M uller's idea and suggested that the 
cutaneous nerves m ediating different sensations are distinct. The 
existence of a sensory m osaic of tiny  spots in norm al skin was 
discovered by Blix in the  year 1884, each of the spots reacting 
preferentially to touch, cold, w arm th or pain. The spots for warm  and 
cold were clear cut and easily distinguishable; those for touch were 
m uch more num erous, and those for pain were closely set together. It 
was soon accepted that the idea of m odality is served by individual 
anatom ical substra tes conta in ing  m odality-specific nerve fibres. 
Im provem ents in  the m icroscopic techniques, together w ith  the 
founding of the dyestuffs industry  after Perkins's discovery of aniline 
dyes in 1856, had enorm ously stim ulated m any m orphologists to take 
an interest in the innervation of skin and mucous membranes. This 
resulted in the anatomical discovery of six types of nerve endings in 
add ition  to the  free nerve endings. They w ere, the Paccinian 
corpuscles, the Meissner Corpuscles, the Krause end-bulbs, Merkel discs 
and dom es, and  the Ruffini endings. Later, Max von Frey (1896) 
postulated the existence of an end organ or a group of end organs 
specialised to respond to a particular type of stimulus. This end organ 
was connected to a fibre which conveyed the impulses aroused by the 
stim ulus up  to the brain, where it was appropriately interpreted. He 
had allocated each of the four sensory modalities to one of the known 
anatomical end organs, thus pain was given to free nerve endings,
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touch to the basket formations of free endings around hair follicles and 
in glabrous skin to the M eissner's corpuscles, cold to the Krause end- 
bulbs and w arm th to the Ruffini endings. This correlation of anatomy 
and physiology was subsequently  disputed. Goldscheidner in 1884 
criticised the inclusion of pain as a modality, since the pain spots were 
so densely distributed that it was almost impossible to find a touch or 
w arm  spot which was no t also sensitive to pain. He m aintained that 
pain had no separate receptors bu t was produced in the nervous system 
by the sum m ation of im pulses. In 1903, the neurologist H enry H ead 
began his famous experim ent by cutting, a cutaneous nerve in his own 
forearm. He studied carefully the progress of the return  of sensation 
(Head, 1905; Rivers and Head, 1908) and concluded that in cutaneous 
sensory nerves there are two distinct sets of nerve fibres. He suggested 
that there were a protopathic and  epicritic systems, in other words a 
concept of duality, in  contrast to  the quadruple theory of von Frey 
(Head, 1921). However, the overwhelm ing weight of scientific opinion 
since th en  has co n sid e red  H ead 's  concepts as h av in g  no  
neuroanatom ical basis no r clinical applicability. The conflicting 
anatomical evidence that contradicts Head's a n d /o r  Von Frey's concept 
was dem onstrated by Sinclair, Weddell and co workers, and Nafe. This 
w ork paved the w ay for the introduction of the pattern  theory. To 
p inpo in t the nerve endings w hich respond  to the sensations of 
w arm th and cold, small areas of skin that were sensitive to heat and  
cold stim uli w ere exam ined for special end organs or term inal 
structures. N othing characteristic was found in any area (Nafe and 
W agoner, 1937) and subsequently, Nafe (1969) concluded that specificity 
lies in the non-neural tissues that contain the nerve terminals and not 
in the nerves themselves. Thus the pa ttern  theory postulated that 
every sensation results from a particular kind of pattern carried by  a 
w holly non-specific appara tu s , and th a t there was no stim ulus- 
specificity at all. This suggestion was subsequently disproved by
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dem onstrating that there is selective specificity of the receptors (Iggo,

1977). Thus, it was concluded that regardless of types of endings the 
afferent nerve fibres were concluded to be essentially alike.

1.1.2 Skin innervation/m ethod of study

The nerves and  nerve endings of the skin constitute an im m ense 

complex in which the relationship betw een structure and function is 

still confused and disputed. The nerve supply of the skin comprises a 

sensory and an autonom ic portion. The nerve fibres of these portions 

mingle in the cutaneous nerve plexus, which occupies the deep part of 

the derm is (Woolard, 1936a & b, Tamponi, 1940, Weddell, 1941, Miller 

et al., 1960; W inkelmann, 1960; M ontagna, 1964, Sinclair, 1981).

The sensory nerve fibres are found in the epidermis and dermis of the 

skin as free or specialised nerve endings (receptors), and around blood 

vessels, sw eat glands and hair follicles. They are the dendrites of 

neurones which have their cell bodies in the dorsal root ganglia of the 

spinal nerves or in the trigeminal ganglia ( Lieberman, 1976; Lawson & 

Harper, 1985). They are represen ted  by both non-m yelinated and 

m yelinated  types of nerve fibres, the form er ou tnum bering  the 

myelinated types by about four to one (Ochoa & Mair, 1969). Axons of 

sensory neurones term inate in  stereotyped pattern  according to the 

functional properties of the fibres, in the dorsal horn (Laminae I-IV) 

and, in particular in lamina II of the substantia gelatinosa.

Autonom ic nerve fibres are d istributed  around blood vessels, sw eat 

glands and in erector pili muscles. These unm yelinated fibres are the 

branches of postganglionic sym pathetic fibres which have cell bodies in 

the ganglionated sympathetic trunk, and function neurochemically as

17



cholinergic and adrenergic types (Dale, 1933) using acetylcholine and 
catecholamines respectively as their neurotransm itters (for review see 
W illiam s & W arwick, 1980). It is believed that survival and proper 
functioning of the skin is dependent upon an intact nerve supply. This 
is partly due to the trophic influences of the nerves.

A num ber of neurohistological techniques have been used in the past 
to dem onstrate cutaneous nerves and sensory receptors. N early every 
new  histological technique has dem onstrated different kinds of sensory 
nerve endings never before described. In trav ita l or suprav ita l 
m ethylene blue dyes and m etallic im pregnation were used for the 
preferential differentiation of nervous structures in the skin (Woolard 
et al., 1940; W eddell, 1941; W eddell et al., 1954 , A rthur and Shelley, 
1959a; Miller et al., 1960). However, the dyes are axonal stains, and if 
not properly used they will also stain collagen or reticular fibres and 
non-nervous cells (Kiernan, 1974). The silver im pregnation technique 
has a history going back as far as 1871 (Williams and Warwick, 1980). In 
spite of m uch research, it is a capricious technique and often fails to 
dem onstrate small unm yelinated fibres. In addition, neither type of 
technique is w holly satisfactory, and  each suffers from  a lack of 
reliability. Subsequently, cholinesterase techniques w ere used  to 
dem onstrate the cutaneous nerves by m any workers (Beckett et al., 
1956; Cauna, 1960; Adams et al., 1967; Grant et al., 1967; Roman et al., 
1969; M ontagna and Ford, 1969; Jenkinson et al., 1970; Leela et al., 1971; 
Rollison and Inzidi, 1972; O rfanos and Mahrle, 1973; Cauna, 1973; 
D iam ond and  M ontagna, 1976; for review s see W inkelm an and 
Schm itt, 1959; C unningham  and  Fitzgerald, 1972; M ontagna and 
M cpherson, 1973; M ontagna and  Parakkal, 1974). The observations 
m ade in these studies are controversial, because of the non-specific 
cholinesterase activity. Studies on  the adrenergic innervation of skin 
also gave contradictory result, owing to the lack of a specific histological
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m ethod for the localization of adrenergic nerves in the tissues. The 
osmic acid sodium  iodide technique has been stated to dem onstrate the 
adrenergic nerves selectively, bu t the specificity of this m ethod was 
later seriously d ispu ted . W hat w as though t to be a specific and 
sensitive form aldehyde-induced fluorescence m ethod (Eranko, 1955; 
Falck et al., 1962) w as then  em ployed to study the adrenergic  
innervation of the skin (Falck and Rorsman, 1963; Fuxe and Nilson, 
1965; Jenkinson et al., 1970; Morishma, 1970; Uno and Montagna, 1975).

In the last decade, im m unohistochem istry  has developed in to  a 
pow erful tool in neurobiology allowing the direct visualization of a 
variety of substances produced and contained w ithin neurones. This 
coincided w ith the discovery of m ore than 40 substances, either known 
to or believed to be, neurotransm itters/neurom odulators, each having 
characteristic  inh ib ito ry  a n d /o r  excitatory  effects on  neurones. 
Antisera raised against these substances have been used to visualise 
their presence in the tissue. In addition, several antisera have been 
raised  against neu ra l specific proteins, w hich are used  for the 
visualisation of the cutaneous innervation.

1.2. N europeptides

1.2.1. Discovery

U ltras tru c tu ra l observations o f periphera l au tonom ic neu rones 
showed that the great majority contained large, dense-core vesicles (p- 
type vesicles) w hich can be d istinguished from  the sm all vesicles 
present in noradrenergic and cholinergic types. Taxi in 1965 was the 
first to identify these in  the g u t and  they w ere nam ed "P"-type 
(polypeptide  neurone) by  B aum garten et al., 1970 due  to their 
resemblance to the granular vesicles found in neuroendocrine cells.
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Further studies indicated the presence of m orphologically different 

subpopulations of p -type  nerves (Gabella, 1972, 1979; Cook and  

Burnstock, 1976). The discovery of a third type of nerve, the m ost 

abundan t in the peripheral nervous system , w as consistent w ith  

reports of non-adrenerg ic /non-cho linerg ic  neural m echanism s in 

peripheral tissues (Ambache and Zar., 1971; Furness and Costa., 1973; 

Burnstock et al., 1979; Gabella, 1979). These findings contradicted 

traditional dual classification of adrenergic and cholinergic parts of the 

nervous system. Later, different peptide-containing nerves could be 

identified by the specific morphological profile of the granules which 

could be correlated w ith particular peptides by immunocytochemistry 

(Probert et al., 1981, 1983). Several regulatory peptides have now  been 

recognised in neuronal cell bodies and nerve endings in brain and  

peripheral organs: substance P, vasoactive intestinal polypeptide (VIP), 

neuropeptide Y (NPY), calcitonin gene-related peptide (CGRP) and  

som atostatin are a few  exam ples of the ever increasing num ber of 

peptides. For m ost of these pep tides num erous m orphological, 

biochemical and neurophysiological studies have indicated a distinct 

biological action and possible physiological role in the body.

The discovery of new  peptides has been accelerated even further by 

new  isolation m ethods which allow peptides to be identified before any 

biological activity has been attributed to them. One of these m ethods 

has evolved from  recom binan t DNA technology (M ilner, 1982., 

Sutcliffe e t al., 1983); the o th er provides a m eans of chem ically 

identifying new peptides, nam ely a C-terminal alpha-am ide (Tatem oto 

and M utt, 1980; Mutt, 1983).
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1.2.2 Peptide as neurotransm itters

A n u m b e r o f an a to m ica l, b iochem ical, p h y sio lo g ica l an d  

pharm acological criteria have now  been established which putative 

transm itters m ust satisfy before acquiring neurotransm itter status (see 

Orrego, 1979).

Briefly, they are,

1. synthesis and storage in a neurone and transport to nerve terminals, 

2) release, and 3) m imicry of the effects supposedly m ediated by the 

naturally  occurring substance at the postsynaptic receptors (W erm an,

1966). Doubts w ere expressed in the early years that peptides could 

achieve this status. In particular, it was difficult to dem onstrate the 

release of a peptide from nerves after artificial electrical stimulation. 

Most im portant of all, the lack of antagonists for peptide actions has 

p u t in doubt their neurotransm itter status (Jessel,1983; M athison et al.,

1984). However, there are several examples in the literature of peptides 

causing potent, fast-acting and short-duration depolarisation (Emson, 

1979; Salt and Hill, 1981) or hyperpolarisation (Pittman and Siggins,

1981) of postsynap tic  m em branes w ith  concom itant changes in 

m em brane conductance. A t present there is little evidence that any 

known neuropeptide may fullfill all these criteria, although substance 

P and VIP seem to conform to m ost of them (for review see Skrabanek 

and Powell, 1980, 1983a & b; Said, 1982; Porter and O'Connor, 1982). A 

simplification of the criteria has also been proposed, according to which 

a transm itter is a substance present in a nerve term inal and which, 

following release by stim ulation, causes an effect on a postsynaptic 

structure (Furness et al., 1982a).
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1.2.3. Peptides as neurom odulators

W hen the peptide in question is not a neurotransm itter in the classical 

sense b u t in som e w ay m odifies the action of true transm itters 

(although the terms should not be considered m utually exclusive) it is 

called a neurom odulator. The m ost convincing evidence for 

neurom odulation is presented by examples of peptide co-storage with 

"classical" neu ro transm itters . I t  m ay em erge as a fundam enta l 

principle in neurobiology that a neurone stores a peptide in addition to 

a classical transmitter, although it contradicts the established dogma in 

neuropharm acology often known as "Dale's principle" (See Whittaker,

1983), that a given neurone stores and releases only one chemical 

transm itter at each of its terminals.

1.2.4. Peptide families

Peptides w ith similarities in their aminoacid sequence indicating that 

they m ay have all arisen from a common ancestor, by gene duplication 

and point m utation (Blundell and  Hum bel, 1980) are grouped as a 

family. The m embers of the fam ily are' initially synthesised as large 

precursors w hich are subsequently processed enzym atically to form 

biologically active products (Andrews et al., 1987 for review) (Fig.l.l.to

1.4).

1.2.5. Coexistence of putative neurotransm itters

Dale's p rincip le  postu lates th a t each neurone contains only one 

transm itter substance. However, w ith the rapid discovery of peptides 

and their w idespread distribution in the nervous system, it has become 

evident that m ost neurones contain more than one messenger 

molecule (Hokfelt et al., 1980a & b, 1987; Cuello, 1982; Chan-Palay, 1984;
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Tachvkinins

Substance P 
Neurokinin A 
Neurokinin B 
Kassinin 
Physalaemin 
Eledoisin 
Eledoisin- 
related peptide

R P K P Q Q F F G L  M-NH2 
H K T D S F V G L M - N H 2 
D M H D F F V G L M - N H 2 

D V P  K S D Q F V G L  M - N H 2 
p E A D P N K F Y  G L M -  NH2 
p E P S K D A  F Y G L M  - NH2 

K F I G L M -  NH2

Fig. 1.1 Amino acid sequences of tachykinin family. A=Ala=Alanine; B=Asx=Aspartic acid or asparagine; 
C=Cys=Cysteine; D=Asp=Aspartic acid; E=Glu=Glutamic acid; F=Phe=Phenylalanine; G=Gly=Glycine; H=Histidine; 1= 
He=Isoleucine; K=Lys=Lysine; L=Lys=Leucine; M=met=Methionine; N=Asn=Asparagine; P= Pro=proline; 
Q=Gln=Glutamine; R=Arg=Arginine; S=Ser=Serine; T=Thr=Threonine; V=Val=Valine; W=Trp=Tryptophan; X= - 
Unknown or "other"; Y= Tyr=Tyrosine; Z= Glx=Glutamic acid or glutamine (Taken from IUPAC-IUB Commission. 
European J. Biochem. 5 (1968) 151-153)
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Rat CGRP

5 10 15 20 25 30 35
a S C N T A T C V T H R L A G L L S R S G G V V K D N F V P T N V G S E A F - N H 2

B S C N T A T C V T H R L A G L L S R S G G V V K D N F V P T N V G S K A F  -NH2

Fig. 1.2 One letter notations: A=Ala=Alanine; B=Asx=Aspartic acid or asparagine; C=Cys=Cysteine; 
D=Asp=Aspartic acid; E=Glu=Glutamic acid; F=Phe=Phenylalanine; G=Gly=Glycine; H=Histidine; 1= 
He=Isoleucine; K=Lys=Lysine; L=Lys=Leucine; M=met=Methionine; N=Asn=Asparagine; P= Pro=proline; 
Q=Gln=Glutamine; R=Arg=Arginine; S=Ser=Serine; T=Thr=Threonine; V=Val=Yaline; W=Trp=Tryptophan; X= - 
Unknown or "other"; Y= Tyr=Tyrosine; Z= Glx=Glutamic acid or glutamine (Taken from IUPAC-IUB 
Commission. European J. Biochem. 5 (1968) 151-153)
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VIP and related peptides

VIP

PHI

Helodermin

Glucagon

GRF

H S D A V F T D N Y T R L R K Q M A V K K Y L N S I  L N  -NH2

H A D G V F T S D F S R L G Q L S A K K Y L E S L I  - NH2

H S D A I F T Q Q Y S K L L A K L L Q K Y L A S I L G S R T F P P  - NH2

H S D G T F T S E L S R L R D S A R L Q R L L Q G L V  - NH2

Y A D A I F T N S Y R K V L G Q S A R K L L Q D I M S R Q Q E S N Q E R
G A R A R L - NH2

Fig. 1.3 A,H,B avian, human, bovine.
A=Ala=Alanine; B=Asx=Aspartic acid or asparagine; C=Cys=Cysteine; D=Asp=Aspartic acid; E=Glu=Glutamic acid; 
F=Phe=Phenylalanine; G=Gly=Glycine; H=Histidine; 1= Ile=Isoleucine; K=Lys=Lysine; L=Lys=Leucine; M=met=Methionine; 
N=Asn=Asparagine; P= Pro=proline; Q=Gln=Glutamine; R=Arg=Arginine; S=Ser=Serine; T=Thr=Threonine; V=Val=Valine; 
W=Trp=Tryptophan; X= - Unknown or "other"; Y= Tyr=Tyrosine; Z= Glx=Glutamic acid or glutamine (Taken from IUPAC-IUB 
Commission. European J. Biochem. 5 (1968) 151-153)
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NPY and related peptides

NPY Y P S K P D N P G E D A P E D L A R Y Y S A L R H Y I N L I T R Q R  Y-N H2

CPON S S P E T L I S D L L M R E T E N V P R T R L E D P A M W  - NH2

APP G P S Q P T Y P G D D A P V E D L I R F Y D N L Q Q L N V V T R H R Y  - NH2

BPP A P L E P E Y P G D N A T P E Q M A Q Y A A E L R R Y I N M L T R P Y -  NH2

HPP A P L E P V Y P G D N A T P E Q M A Q A A D L R R Y I N M L T R P R Y  - NH2

PYY Y P A K P E A P G E D A S P E E L S R Y Y A S L R H Y L N V T R Q R  Y - NH2
Fig. 1.4. Amino acid sequences of neuropeptide Y and related peptide. A=Ala=Alanine; B=Asx=Aspartic acid or 
asparagine; C=Cys=Cysteine; D=Asp=Aspartic acid; E=Glu=Glutamic acid; F=Phe=Phenylalanine; G=Gly=Glycine; H=Histidine; 1= 
Ile=Isoleucine; K=Lys=Lysine; L=Lys=Leucine; M=met=Methionine; N=Asn=Asparagine; P= Pro=proline; Q=Gln=Glutamine; 
R=Arg=Arginine; S=Ser=Serine; T=Thr=Threonine; V=VaI=Valine; W=Trp=Tiyptophan; X= - Unknown or "other"; Y= Tyr=Tyrosine; 
Z= Glx=Glutamic acid or glutamine (Taken from IUPAC-IUB Commission. European J. Biochem. 5 (1968) 151-153)

26



for reviews). There is evidence that some sym pathetic neurones can 
produce and release both noradrenaline and acetylcholine (Burn and 
Rand, 1965; Hill and Hendrey, 1977; Burnstock, 1978). VIP has been 
found to be co-localised w ith AChE in neurones of cat sym pathetic 
ganglia (Lundberg et al., 1979). There are many reports on coexistence of 
substance P and CGRP in a subpopulation of prim ary sensory neurones 
in dorsal root ganglia (Gibson et al., 1984; Wisenfeld-Hallin et al., 1984) 
The presence of b io logically  active pep tides or o ther pu ta tive  
transm itters w ithin nerves raises the question of whether or not all of 
these substances act as a neurotransmitters.

1.3. Aims of study

The investigation of peptide-contain ing  axons supplying the skin 
presents a challenging, fascinating and developing research field. 
A lthough the distribution of peptidergic nerves has now  been partly  
docum ented , m uch is desired  in the w ay of system atic study, 
particularly of changes occurring in various neurocutaneous diseases. 
The m ain aims of the study were therefore as follows:-

1. To describe in  deta il the  neuroanatom ical d is tribu tion  and 
relationships of cutaneous nerves and neuropeptides in  m an and 
laboratory animals by using immunohistochemical techniques.

2. To investigate the phenotypic expression of various peptidergic 
nerves in response to different experimental conditions including the 
grafted skin.

3. To study  the ontogeny of peptidergic nerves w ith  a view  to 
correlation w ith sensory and autonomic physiology.
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4. To exam ine the potential involvem ent of neuropeptides in the 
pathogenesis of infectious (Leprosy) and metabolic (Diabetes) diseases, 
in which there is a loss sensory and autonomic functions, and also in 
an infrequently reported condition characterised by hyperfunctional 
sensory nerves (Notalgia paraesthetica). In order to evaluate neural 
changes in the earliest stages of these disease processes, experiments 
were carried ou t em ploying nude mice infected w ith Mycobacterium 
leprae and rats w ith streptozotocin-induced diabetes.

1.4. M ain peptides investigated

1.4.1. Calcitonin gene-related peptide

Calcitonin gene-related pep tide  (CGRP) is a 37 amino acid peptide, 
whose existence was predicted and later dem onstrated by Amara and 
co-w orkers (1982), fo llow ing analysis of the  hum an  calcitonin 
precursor gene. Subsequently, CGRP was isolated by using recombinant 
DNA an d  m olecu lar b io lo g y  techn iques (R osenfeld  e t a l.,
1983)(Diagram 1). Tissue-dependent modification of the precursor gene 
and expression of the mRNA was proposed to account for the apparent 
distribution of CGRP m ainly in neural elements and of calcitonin in 
thyroidal C-cells (Amara et al., 1984; Jonas et al., 1985). Two forms of 
CGRP have been identified in both  ra t (Amara et al., 1985) and m an 
(Morris et al., 1984) and these are derived from related alpha and beta 
genes. Beta CGRP differs from the previously identified alpha form by 
one amino acid in rat and three amino acids in man.

Im m unocytochem ical s tu d ies  revealed  CGRP in a w id esp read  
neuronal system  in the  brain , spinal cord and peripheral tissue 
(Rosenfeld et al., 1983, Springall et al., 1983, Gibson et al., 1984, Rodrigo 
et al., 1985; M ulderry et al., 1985) as well as in the endocrine cells of the 
lung (Cadieux et al., 1986). CGRP immunoreactivity is abundant in the
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PREPROCALCITONIN GENE

NON
CODING

COMMON
CODING

C1 C2

CALCITONIN CGRP c o d in g

I
TRANSCRIPTION

3'

CALC

&
C1 C2

M l

CGRP

s C1 C2 — H I
CALCITONIN mRNA CGRP m RNA

TRANSLATION

Common
region CALC 16 aa

CALCITONIN

Common
region CGRP 4 aa

i
CGRP

Diagram 1 - Schematic representation of alternative RNA 
splicing pathways in the expression of the rat prepro­
calcitonin gene which encodes both calcitonin and CGRP (from 
data published by Rosenfeld et al., Nature 304,129-135,1983)
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sensory nervous system, in particular in the dorsal horn of the spinal 
cord and in cell bodies of spinal and cranial sensory ganglia. In vitro 
stud ies show ed CGRP-like im m unoreactiv ity  is released  from  
trigem inal ganglion cells (M ason et al., 1984) and from spinal cord 
slices following capsaicin adm inistration (Saria et al., 1986). Behavioral 
studies have shown that co-adm inistration of CGRP and substance P 
potentiates the responses to noxious stimuli over and above that of 
substance  P alone (W iesenfeld-H allin et al., 1984; W oolf and  
W iesenfeld-Hallin, 1986).

Likewise, CGRP m arkedly potentiates the substance P-induced plasm a 
extravasation in the inflam m atory reaction (Brain and Williams, 1985; 
Gamse and Saria, 1985). Furthermore, CGRP has been dem onstrated in 
mammalian m otor end plates (Rodrigo et al., 1985; Takami et al., 1985b; 
M atteoli et al ., 1988) and  in cranial and  spinal m otoneurones 
(Rosenfeld et al., 1983; Takami et al., 1985a; Gibson et al., 1984) 
suggesting a role in motor functions. CGRP is believed to play a part in 
the syn thesis and  assem bly of acetylcholine recep tors at the  
neurom uscular junctions and has been proposed as a m uscle trophic 
factor (Fontaine et al., 1986; N ew  and M udge, 1986). Several 
im m unocytochem ical s tu d ies  show  the coexistence of CGRP 
imm unoreactivity w ith substance P in sensory ganglion cells (Gibson 
et al., 1984; Wisenfeld-Hallin et al., 1984; Gibbins et al., 1985; Lee et al., 
1985 a,b; Terenghi et al., 1985). After capsaicin treatment, both peptide 
im m unoreactivities are dep leted  from the peripheral projections of 
sensory neurones supplying skin  (Gibbins et al., 1985, Holzer et al., 
1982; Norheim  et al., 1985), respiratory tract (Caudieux et al., 1986) and 
urinary tract (Su et al., 1986), the cardiovascular system (Lundberg et al., 
1985, W harton et al., 1986) and  the oesophagus, tongue and palate 
(Terenghi et al., 1986).

30



Several physiological stud ies indicate that CGRP exerts a po ten t 
vasodilatory action, both in  v iv o  and in  vitro , which is not inhibited by 
autonomic blockade (Rozsa et al., 1985; Brain et al., 1985; Uddam an et 
al., 1986). In addition , CGRP appears to potentiate  the plasm a 
extravasation induced by tachykinins in an inflam m atory reaction 
(Brain & Williams. 1985; Gamse & Saria, 1985). CGRP-specific receptors 
have been identified in several tissues, namely, in the brain and spinal 
cord (Dawbarn et al., 1985; Goltzm an & Mitchell, 1985), blood vessels 
(Sigrist et al., 1986) and adrenal gland and kidney (Goltzman & 
Mitchell, 1985).

1.4.2. Tachykinins

Tachykinins belong to a family of peptide's which share at their carboxyl 
terminals a common sequence of six amino acids. It was thought until 
recently that substance P was the only member of this family present in 
mammals. The other peptides (kassinin, eledoisin, physalaem in) of 
this family have been found only in lower organisms. However, two 
new  tachykinins have been isolated from porcine spinal cord and 
nam ed neurokinin A, (also know n as neurom edin L or substance K) 
and neurokinin B (also know n as neurokinin beta or neurom edin K) 
(Kimura et al., 1983). Subsequently, two precursor mRNA's have been 
isolated, one of them  containing the substance P sequence (apha- 
preprotachykinin) and the other containing the substance P sequence as 
well as that for neurokinin A (beta -preprotachykinin) (Nawa e t al., 
1983) (Diagram 2). Further studies have shown that there appears to be 
only one gene encoding both preprotachykinins, w ith alternative RNA 
splicing resulting in two m essenger RNAs (Nawa et al., 1984). Even 
more recently, a third tachykinin was isolated from porcine brain and 
term ed neuropeptide K because of its sim ilarity to substance K or 
neurokinin A (Tatemoto et al., 1985). Receptor studies show that there 
are three types of tachykinin  receptors (NK1, NK2, NK3) w ith  
preferential affinity for substance P, neurokinin A and neuropeptide K, 
respectively (Regoli et al., 1987).
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PREPROTACHYKININ GENE

TRANSCRIPTION
I

alpha-PPT mRNA

SP

■

beta-PPT mRNA

Diagram 2 - Schematic representation of alternative 
RNA splicing pathw ays in the expression of the 
preprotachykinin (PPT) gene. SP, substance P;
NKA, Neurokinin A; NKB, Neurokinin B. The 
biosynthesis of neurokinin B (NKB) is not known.
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Substance P was discovered by von Euler & G addum  in 1931, when 

they noted the release of a substance after vagal stimulation which was 

capable of eliciting an atropine-resistant contraction of muscle in the 

gut. However, it was not until 40 years later that substance P was 

chemically characterised as an undecapeptide (Chang et al.,1971). It was 

in the previous year that its identity with Leeman's sialogogic peptide 

was recognised (Chang and Leeman, 1970). It is the best known peptide 

of the tachykinin family and has an extensive distribution in both the 

central and peripheral nervous system s (for reviews Hokfelt et al., 

1977b; Polak & Bloom, 1981). There is strong evidence that substance P 

may play a role in sensory neurotransm ission (Pernow, 1983; Lembeck,

1985). This was first indicated 1) by its location in prim ary sensory 

neurones of the dorsal root ganglia and in their central branches 

term inating in the dorsal horn  (Substantia gelatinosa) of the spinal 

cord (Hokfelt et al., 1975b) and 2) by the marked depletion of substance 

P in this region after dorsal rhizotom y (Takahashi & Otsuka, 1975, 

Hokfelt et al., 1975a). The sensory nature of substance P-containing 

fibres is further supported by the finding of a substantial depletion of 

the  p ep tid e  im m unoreac tiv ity  from  nerve term inals after the  

treatm ent of animals w ith the sensory neurotoxin capsaicin (Jessell et 

al., 1978; Gamse et al., 1979; N agy et al., 1981).

In addition to its sensory role, substance P has been show n to exert a 

diversity of pharmacological and  physiological actions. These include 

n o n -v ascu la r sm oo th  m u sc le  co n trac tio n , v a so d ila tio n  an d  

hypotension (Pernow 1953, Lembeck & Zetler, 1962, Hallberg & Pernow, 

1975; Edvinson et al., 1982). Substance P has also been shown to induce
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antidrom ic vasodila ta tion , p lasm a extravasation and itching, and  

results in reduced pain sensitivities ( for review  see Lembeck and 

Gamse 1982, Gamse & Saria, 1985). Recently, the following evidence 

has im plicated substance P as the neurotransm itter of pain. In the 

dorsal root ganglia, the subset of ceils that contain substance P 

correspond to cell bodies of C fibres, some of which conduct nociceptive 

information (see H unt, 1983). It is present in fibres and terminals and 

in high concentration in the dorsal horn, in the region of C fibre 

term ination. Activation of nociceptive afferents releases substance P 

from the spinal cord (Yaksha et al., 1980). Analgesia can be produced by 

neonatal capsaicin treatm ent resulting  in the loss of substance P 

im m unoreactivity from prim ary sensory neurones and from areas of 

the spinal cord which receive nociceptive input (Jessell et al., 1978).

Recent studies, however, contradict m any of the above suggested 

actions. These studies show that substance P can activate both noxious 

and non-noxious neurones in the dorsal horn (See Salt and Hill, 1983) 

and has effects on m otor (Otsuka and Yangisawa, 1980) and autonomic 

neurones (Beckman and H enry, 1983), by depolarisation. In addition, 

capsaicin, which was thought to produce a selective lesion of substance 

P-immunoreactive dorsal root ganglion cells, actually produces a non- 

selective lesion of all small, dorsal root ganglion cells (Nagy et al., 1981, 

1983)

1.4.3. Vasoactive intestinal po lypep tide / peptide histidine isoleucine 

(VIP/PHI/PHM )

Vasoactive intestinal polypeptide  (VIP) was isolated from  porcine 

upper intestinal tract tissue (Said and M utt, 1970), and structurally 

characterised as being composed of 28 amino acid residues (Mutt and
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VASOACTIVE INTESTINAL POLYPEPTIDE

PREPROMOLECULE

PHM (1-27) VIP (1-28)

1 21 2 2  8 0  81 107 1 0 8 1 2 4  125 152  153  1 7 0

Diagram 3 - Schematic representation of vasoactive intestinal 
polypeptide (VIP) prepromolecule. PHM, Peptide histidine 
methionine (from data published by Itoh et al., 304, 547-549,1983)
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Said, 1974) (Diagram 3). M ore recently, another peptide, having close 
structural sim ilarities to VIP, w as isolated from porcine duodenum  
(Tatemoto and M utt, 1981). Structurally, this peptide consisted of 27 
amino acids with an am ino-term inal histidine and a carboxy-terminal 
isoleucine and was called pep tide  histidine isoleucine (PHI) (Fig.1.3). 
Subsequently an identical substance was extracted from brain tissue 
(Tatemoto et al., 1983). In m any tissues the equim olar concentrations 
of VIP and PHI im m unoreactivities led to the suggestions that the 
p e p tid e s  m igh t be co -syn thesised  in the  sam e p ro h o rm one  
(Christofides et al., 1982). The structure of the hum an form of PHI 
(peptide histidine m ethionine, PHM) suggested that they are derived 
from  the sam e preprom olecule as VIP (Itoh et al., 1983). This is 
substan tia ted  fu rther by the closely parallel im m unocytochem ical 
localisation of P H I/P H M  and  VIP in m ost tissues and they are 
considered to be co-stored in the  same neurone (Anand et al., 1984; 
McGregor et al., 1984; Polak and Bloom, 1984).

The first rep o rt of VIP im m unoreactiv ity  in neurones in the  
hypothalam us and gastrointestinal tract was by Larsson et al., 1976. 
Later, a de ta iled  s tudy  w as m ade on the d istribu tion  of VIP 
imm unoreactivity in the central nervous system, in particular the 
extensive presence in the cerebral cortex (Fuxe et al., 1977). In the 
peripheral tissues, m ost VIP-im m unoreactive nerves originate from 
postganglionic sym pathetic and  parasym pathetic neurones or enteric 
neurones (Larsson et al., 1976; L undberg et al., 1979). VIP 
imm unoreactivity has been described in nerves of the tongue (Baeker 
et al., 1983), eye (Uddman et al., 1980; Loren et al., 1980), heart (Weihe et 
al., 1984), respiratory tract (U ddam an et al., 1978), male and female 
genitourinary tract (Aim et al., 1977, 1980; Larsson et al., 1977a.b; Lynch 
et al., 1980; W harton et al., 1981) and exocrine glands (Bryant et al., 
1976; Sundler et al., 1978; Bloom e t al., 1980; Lundberg et al., 1980a).
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Although m ost of the VIP-immunoreactive nerve fibres are generally- 
presum ed to represent postganglionic parasym pathetic neurones, it is 
interesting to note that VIP im m unoreactivity has been described in 
prevertebral sym pathetic ganglia (Hokfelt et al., 1982) and in prim ary 
sensory neurones in spinal and vagal ganglia (Lundberg et al., 1978).

Physiologically, VIP shows several biological actions. These include the 
potent vasodilatory effect (Said & M utt, 1970) and relaxation of smooth 
muscle in the gut (Piper et al., 1970), urogenital tract (Helme et al., 1981; 
Larsen et al., 1981) and respiratory tract (Piper et al., 1970). VIP has also 
been shown to exert a stim ulatory action on both endocrine (Said, 1981) 
and exocrine secretion (Konturek et al., 1975; Schebalin et al., 1977). In 
the subm andibular gland, VIP w as found to be present in cholinergic 
neurones (Lundberg et al., 1980) and it has been suggested that 
acetylecholine m ainly stim ulates the secretory cells and  VIP has 
predom inantly  a vasodilatory action. VIP is a relaxant of sm ooth 
muscle in the gut (Piper et al., 1970), genitourinary tract (Helm et al., 
1981; Larson et al., 1981) and respiratory tract (Piper et al., 1970).

1.4.4 N europeptide tyrosine/C-term inal flanking peptide (NPY/CPON)

N europeptide tyrosine is a 36 aminoacid peptide isolated from porcine 
brain (Tatemoto, 1982). It has m ajor sequence hom ologies (Fig. 1.8) 
w ith pancreatic polypeptide (PP) and peptide tyrosine tyrosine (PYY) 
(Tatemoto et al., 1982). NPY is w idespread in both central and  
peripheral nervous systems (Lundberg et al., 1984a). Recent isolation 
and sequencing of the DNA encoding NPY has has led to the prediction 
of the existence of a 97 am ino acid precursor peptide (Minth et al.,
1984). Proteolytic processing of this precursor could yield three separate 
peptide products, an N-term inal signal peptide, NPY and a 30 amino 
acid C-terminal flanking peptide (C-PON) (Diagram 4).

37



NEUROPEPTIDE TYROSINE PREPROMOLECULE

NPY (1-36)
1 f 1 CPON (1-30) I
Signal sequence

1 28 29 64 68 97

Diagram 4 - Schematic representation of hum an 
neuropeptide tyrosine (NPY) prepromolecule. 
C-PON, C-flanking peptide of NPY

COOH
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NPY has been localised to extensive neuronal netw orks in the brain  
and several peripheral tissues (Adrian et al., 1983; Allen et al., 1983a; 
Polak and Bloom, 1984). In the peripheral nervous system , NPY 
im m unoreactivity  has been dem onstrated in the eye (Bruun et al., 
1984, heart (Gu et al., 1983b, 1984b), respiratory tract (Sheppard et al.,
1984), gu t (Sundler et al., 1983; Ferri et al., 1984)., adrenal m edulla 
(Varndell et al., 1984), kidney (Ballesta et al., 1984a) and genitourinary 
tract (Stjernquist et al., 1983; A drian et al., 1984). NPY has been 
associated w ith  the sym pathetic nervous system because of its co­
localisation with adrenalin synthesising enzymes tyrosine hydroxylase 
(TH) and dopamine-beta- hydroxylase (DBH) in ganglion cells, and its 
susceptibility to 6-hydroxydopam ine treatm ent (Lundberg et al., 1982a, 
1983; Sundler et al., 1983). Adm inistration of NPY causes several major 
physiological effects. These include hypotension and bradycardia  
(Lundberg et al., 1982c and d, 1984; Ekbald et al., 1984a). In isolated 
perfused heart it reduces cardiac flow and contractility (Allen et al., 
1983b). NPY inhibits the electrically induced contraction of the vas 
deferens (Allen et al., 1982). Studies have show n the presynaptic 
m odula to ry  effect of NPY on the transm itter release from  non- 
adrenergic, cholinergic and non-adrenergic, non-cholinergic nerves 
(Lundberg et al., 1984b; W ahlestedt et al., 1985,1986; Pernow et al., 1986).

1.5 General neural markers investigated

1.5.1. Protein gene product 9.5

The analysis of cerebrospinal flu id  a n d /o r  serum  for brain-specific 
proteins produced after physical disruption or as a consequence of 
neurological disorder, p rovided  the im petus for further research on 
hum an brain-specific proteins. While some nervous-system-specific 
proteins, such as S-100, neuron-specific enolase and glial fibrillary 
acidic protein, were already relatively well defined, the search for new 
hum an brain-specific proteins using high-resolution, two-dimensional
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polyacrylamide gel electrophoresis began. This led to the identification 
of four new proteins. They were named according to the protein gene 
product (PGP) terminology of Anderson and Anderson (1979). Two of 
these w ere PGP 9.5 (9.5 referring  to its elution profile during  
chrom atography) and a m odified  p roduct of PGP 9.5, ano ther 
correspond to glial fibrillary acidic protein, and the rem aining one had 
not been investigated (Thompson and Day 1988).

PGP 9.5 has a monomer m olecular weight of 24,000 to 28,000 and a 
native molecular weight on gel filtration of 37,000 (Doran et al., 1983); 
the reason for this discrepancy is not clear. It is am ong the m ost 
abundant proteins of brain, constituting from 1 to 5% of the soluble 
protein. It is a cytoplasmic pro tein  of 212 am ino acids (Day and 
Thompson, 1987). The cloning and sequencing of the cDNA for the 
hum an form of the protein (Day and Thompson, 1987) has confirmed 
the previous evidence tha t PGP 9.5 represents a com pletely new  
neuronal and neuroendocrine m arker and is unrelated to any other 
form of 'brain specific protein'. Recent biochemical evidence suggests 
that PGP 9.5 is a ubiquitin carboxyl-terminal hydrolase (Wilkinson et al 
1990).

Immunohistochemistry has show n that PGP 9.5 is widely distributed in 
central and  peripheral neu rones (Thom pson et al., 1983). The 
distribution closely parallel that of neurone-specific enolase (NSE). In 
the cerebral cortex and other brain  regions the imm unoreactivity was 
m ainly seen in neurones. In the  spinal cord and peripheral nervous 
system, m arked staining of both  myelinated and unm yelinated axons 
was seen. The m ain reason for the effective imm unoreactivity m ay be 
due to the nature of PGP 9.5, which is a major com ponent of the 
neuronal cytoplasm  as suggested by radioim m unoassay (Thompson,
1981) and by electron microscopy (Gulbenkian et al., 1987). PGP 9.5 has 
been show n to be a good histological m arker for the delineation of 
nerves and endocrine cells in o ther organs of the body (Gulbenkian et 
al., 1987; Thompson et al., 1983; Lauweryns and Van Ranst, 1988).
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1.5.2 Neurofilam ent triplet proteins

N eurofilam ents are neurone-specific filam ents w ith a diam eter of 
lOnm and consist of three subunit proteins. These have apparent 
molecular weights of 68,150, and 200k-Daltons and are referred to as 
68kD, 150kD, and 200kD neurofilam ent subunits. The or gin of the 
neurofilament polypeptides, w hether they are synthesised separately or 
are products of a common precursor, has been a source of debate. 
N eurofilam ent subunits have been considered to be asym etrically 
distributed in neurones (Dahl e t al., 1982; Dahl, 1983) and to undergo 
slow  axonal transport (Hoffm an and Lasek, 1975). Studies using 
antibodies specific to each of the polypeptides of the triplet have 
suggested that m ost nerve cells contain all three polypeptides (Shaw 
and Weber, 1981). However, absence of one or more neurofilam ent 
subunits in some neurones due to the phosphorylated state of these 
polypeptides, or as a consequence of unknow n m echanism s, m ay 
account for the apparent variable expression of these proteins in 
neurones (Goldstein et al., 1983; Nixon et al., 1982; Sternberger and 
Sternberger., 1983). Several m orphological observations support the 
hypothesis that neurofilam ents are major intrinsic determ inants of 
axonal calibre in  large m yelinated  nerve fibres (Berthold, 1978; 
Hoffm an et al., 1985). In these fibres neurofilam ents are the m ost 
num erous cytoskeletal elements, and neurofilam ent num ber correlates 
closely w ith axonal cross-sectional area (Friede and Samorajski, 1970; 
Weiss and Mayr, 1971; Berthold, 1978; Hoffman et al., 1984a). However, 
the relationship does not appear to be closely correlated w ith axonal 
calibre in sm all m yelinated fibres w here the density  m ay vary 
considerably along the length of the axon (Parhad et al., 1986) or in 
unm yelinated peripheral nervous system fibres, where microtubules, 
not neurofilam ents, are the prim ary  cytoskeletal elements (Berthold, 
1978; Sasaki-Sherrington et al., 1984).
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1.5.3 Protein S-100

S-100 protein is a neural-tissue-associated protein widely distributed in 
both central and peripheral nervous system (Moore, 1972). It is a dim er 
of two possible units (a and b) and has three forms: S-100 aa, S-100 ab 
and S-100 bb, which are dimers w ith a subunit composition of aa,ab and 
bb respectively (Isobe et al., 1978,1981, 1983). There is some suggestion 
th a t a lp h a  su b u n it of S-100 is less specific for tissues of 
neuroectodermal origin than beta subunit of S-100 (Kato et al., 1984). It 
is present in the glial cells of CNS and, Schwann and satellite cells of 
the PNS. Although the initial w ork suggested that the S-100 protein 
was nearly completely specific to the nervous system, there is som e 
recent evidence that it, or closely related proteins, may be expressed in 
some non-neural cells. Im munoreactivity for S-100 has been reported 
in Langerhans cells of hum an skin (Cocchia et al., 1981; Nakajima et al., 
1982; Takahashi et al., 1984; Rowden et al., 1985; Schneider et al., 1985;), 
in adipocytes (Michetti et al., 1983; Haimoto et al., 1985), and in stellate 
cells of the pituitary gland (Girod et al., 1985). It has also been reported 
in the lym phoreticular system, in which the beta subunit is present in 
Langerhans cells, in terdigitating reticulum  cells, and histiocytes and 
the alpha subunit in monocytes, macrophages of lymph node, alveolar 
macrophages of lung, and some Kupffer cells of liver (Takahaski et al., 
1984b), and in rat salivary glands (Molin et al., 1984).

1.5.4 N euron specific enolase

Neuron-specific enolase (NSE), an acidic soluble isoenzym e of the 
glycolytic enzym e enolase w ith  a m olecular w eight of 78kD, w as 
originally isolated from rat brain (Marangos et al., 1975). It is a soluble 
cytoplasmic protein (Marangos and Schmechel, 1980) reported to be a 
good m arker for the specific visualisation of both neurones and  
peptide-secreting endocrine cells (Schmechel et al., 1978; Bishop et al., 
1982; Sheppard et al., 1983, 1984). The functional role of NSE is not yet 
fully understood. There is evidence that it is a glycolytic isoenzyme
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(Bock and Dissin, 1975) related to neuronal development (Marangos et 
al., 1981). It has been suggested that staining intensity of NSE is related 
to the physiological state of the nerves and cells (Marangos et al., 1981; 
Bishop et al., 1985).

1.5.5. Synaptophysin

S y n ap to p h y sin  is a m ajor in teg ra l m em brane  g ly co p ro te in  
characteristic of a certain type of small (30-80nm) neurosecretory 
vesicles w ith  an e lectron  m icroscopically  tran slucen t con ten t, 
orig inally  isolated from  and  identified  in presynaptic vesicles of 
neurones by the use of m onoclonal antibodies (Jahn et al., 1985; 
W iedenm ann and Franke, 1985). On SDS-PAGE separation the 
unfolded polypeptide chain appeared w ith molecular weights values 
ranging from 38,000 to 40,000, depending on the cell type (Jahn et al., 
1985; W iedenmann and Franke, 1985; Rehm et al., 1986; W idenm ann et 
al., 1986), and it has been suggested that some of this variation may be 
due to different extents of glycosylation. Synaptophysin has been 
identified in a w ide variety of norm al cells and tissues (W iedenm ann 
and Franke, 1985; Navone et al., 1986) and neoplasms (Franke et al., 
1986; W iedenmann et al., 1986; Gould et al., 1987) and is used as a broad 
range diagnostic m arker for neuroendocrine tum ours of both neural 
and epithelial origin.
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2.1. General

Im m unocytochem istry is used for in  situ  localisation of a tissue 
constituent by m eans of a specific antigen-antibody reaction using a 
labelled antibody which can be detected microscopically. In this study, 
im m unocytochem istry at the light microscopic level was the m ain 
tech n iq u e  e m p lo y ed  an d  w as ca rried  o u t u s in g  in d ire c t 
im m unofluorescence (Coons et al., 1955) (A ppendix 5a) and the 
peroxidase anti-peroxidase m ethod (Appendix 5b). In order to obtain 
an op tim um  im m unocytochem ical signal, double app lication  of 
p rim ary  antisera and nascent hydrogen peroxide-diam inobenzidine 
(DAB)-nickel intensification (Appendix 6) m ethods were em ployed for 
ind irect im m unofluorescence and the peroxidase anti-peroxidase 
m ethod, respectively. The use of neurotoxic substances such as 
capsaicin and 6-hydroxy dopam ine, w hich are specific for defined 
subpopulations of nerve types, w as applied in order to establish the 
possible nature of the peptidergic innervation. Experimental anim al 
m odels of neu ropa th ic  d iseases w ere stud ied . The ensu ing  
m orphological changes w ere assessed by im m unocytochem istry, 
comparing experimental and control tissues.

2.2. Tissues investigated

The study  was carried ou t on hum an tissues taken from  patients 
undergoing surgical operations that entailed skin removal and biopsies 
taken from  patien ts suffering from  leprosy, diabetes and  notalgia 
paraesthetica. The anim al tissues included skin taken from  adu lt 
W istar rats (body weight 150-200 g), Dunkin Hartley guinea pigs (body 
weight 300-600g), m f 1 n u /n u  mice (body weight 30-50g), cat and pig. 
In addition, to study the developm ent, skin samples from  fetal and 
neonatal rats w ere used. Skin taken from  experim ental anim als 
included capsaicin-treated neonatal rats, 6-OHDA-treated adult guinea 
pigs and streptozotocin-treated (diabetic) rats. The skin and spinal cord 
of M ycobacterium-injected ad u lt mice were investigated in o rder to 
correlate the changes in both areas. In addition, skin sam ples of 
cutaneous flap grafts w ere also collected to study  reinnervation. 
Detailed account of the experiments will be given in each chapter.

2. 3. Fixation

As peptides are water-soluble antigens, they require to be ’’fixed”, or
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m ade insoluble, w ith  an appropriate  fixative solution before being 
processed for imm unocytochem istry. Inadequate or uneven fixation 
results in loss of antigen and tissue damage, whereas overfixation leads 
to m asking of antigenic sites. In addition, the fixation process should 
retain  the tissue m orphology, w hile not altering or m asking the 
antigenic state, w hich has to be available for recognition by the 
corresponding antibodies. Fixatives commonly used introduce intra- 
and interm olecular cross-links and m ay therefore modify antigenicity, 
and create an antibody perm eability  barrier. O ptim um  fixation 
conditions vary depending on the chemical structure of the antigen, 
from  very sm all pep tides to large p ro teins/enzym es. Due to the 
difference in consistency and constitution of epiderm is and derm is 
good fixation is often best achieved by rapid  in situ fixation through 
intracardial perfusion (Palay et al., 1962) followed by post-fixation of 
tissues in the sam e solution for a certain time. Thus, a variety of 
different fixatives were exam ined to establish optim um  conditions. In 
this study, the tissues w ere m ainly  fixed in  Zam boni's fixative 
(Stefanini et al., 1967) (A ppendix  3C) and p-benzoquinone solution 
(A ppendix 3A). In term s of preservation  of tissue and staining 
in tensity  the Zam boni’s so lu tion  was found to be superior to  p- 
benzoquinone. Fixation by perfusion was preferred w hen dissection 
took a long tim e, as w ith  spinal cord. Perfusion also offered the 
advantage of better penetration of the fixative solution.

2.4. Tissue preparation

Following fixation, the tissues w ere washed and stored in phosphate 
buffered saline (PBS) w ith 15% sucrose and 0.01% sodium  azide at 4°C 
un til fu rth er processing  inc lud ing  em bedding  in w ax for wax 
sectioning or snap freezing for cryostat sectioning.

2.4.1. Wax embedding and paraffin sectioning

This procedure was perform ed to facilitate the production of thin 
sections in order to study the morphology of tissues, particularly under 
disease conditions. In addition , some histochemical techniques can 
only be perform ed in wax em bedded tissues (eg., Fite stain  for 
Mycobacterium leprae). As em bedding wax is not miscible w ith water 
present in the tissue and fixative, the tissue is first dehydrated  by 
im m ersion in increasing concentrations of alcohol and finally in  a 
hydrophobic solvent such as xylene before being im pregnated w ith
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molten paraffin wax at 58°C. However, the procedure is not suitable for 
im m unohistochem ical techniques on nervous tissue due to the 
chemicals used  resu lting  in  incom plete dem onstration  of neural 
antigens.

2. 4. 2. Snap freezing and cryostat sectioning

For cryostat sectioning the tissue blocks w ere w ashed in several 
changes of PBS and then stored in a solution of sucrose in PBS (15%) at 
4°C to boost storage osmolarity and to act as a cryoprotectant. Tissue 
blocks were then rapidly frozen and then allowed to reach the cryostat 
tem perature (-20°C). Sections of varying thickness (8 to 12pm) w ere 
m ounted  on pre-w ashed slides coated w ith poly-L-lysine (PLL - 
m olecular w eight 150,000-300,000, Sigma) to avoid loss of sections 
during processing (Huang et al., 1983).

2. 4. 3. Free-floating thick sections

The application of immunocytochemical techniques on thick sections 
(40pm) perm its analysis of th e  course and in ter-relationships of 
cutaneous innervation, in addition to providing an accurate picture of 
the overall distribution and density. In order to improve the quality of 
im m unosta in ing , severa l m od ifica tions w ere m ade in c lu d in g  
increased time of treatm ent of the  tissues w ith detergent (Hartm an et 
al., 1973) for better penetra tion  of the antibodies into the tissue, 
increased tim e of incubation w ith  antisera and counterstaining of the 
preparations w ith pontam ine sky blue (Cowen et al., 1985). These 
sections w ere placed directly  in a m ulti-well p late  or Petri dish 
con ta in ing  PBS and  u sed  as free-floa ting  sections for the  
im m unostain ing .

2. 5. Im m unostaining

Coons et al., (1941) b rought a major developm ent to cytochemical 
studies by the introduction of fluorescein labelled prim ary antibodies 
for in  situ  identification of specific tissue antigens (direct m ethod). 
This was followed by a significant improvement, w ith an unlabelled 
prim ary antibody identified by a labelled secondary antibody raised to 
the im m unoglobulin of the species providing the prim ary antibody; 
this was term ed the indirect m ethod (Coons et al., 1955). This technique 
has the major advantage of separately identifying several specific
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prim ary antibodies by a single labelled secondary antibody. Another 
major step in the identification of tissue antigens was the development 
of unlabelled antibody-enzym e methods. One of the most widely used 
is the peroxidase anti-peroxidase (PAP) m ethod (Sternberger et al., 1970, 
Sternberger., 1979). This m ethod involves use of three reagents 
applied to the tissues stepwise. After the prim ary antiserum  has been 
a p p lied  a second  u n lab e lle d  an tibody , ra ised  a g a in s t the  
immunoglobulins of the first antiserum  is applied in excess so that one 
of its two identical b inding  sites on the im m unoglobulin molecule 
rem ains free. The PAP complex, which is a stable cyclic complex 
resulting from combination of peroxidase and antiperoxidase (raised in 
the donor species of the first antiserum) is then applied and attaches to 
the free binding site. Thus there is a high ratio of peroxidase label to 
p rim ary  antigen. H ow ever, bo th  m ethods have advantages and 
disadvantages, and the use of one or the other has to be chosen 
according to the tissue investigated  and the requirem ents of the 
im m unostaining techniques selected.

To im prove the quality of staining several steps were added including 
treatm ent of tissues w ith detergents (Hartman, 1972; H artm an et al.,
1973) and alcohols and xylene (Costa et al., 1980) to aid antibody 
penetration of tissues by rem oval of tissue lipid fat. The incubation 
tim e and concentration of p rim ary  antisera was determ ined  by 
experim ent. In general, im provem ent of w eak signal could be 
achieved by repeated application of prim ary antisera (Gu et al., 1983). 
In addition, to enhance the developed peroxidase reaction the DAB- 
nickel m ethod w ith nascent hydrogen peroxide was used (Shu et al., 
1988)

2. 6. Antisera

M ost of the antisera used in this study were raised in rabbits (New 
Z ealand w hite) im m unised  by subcutaneous injection of na tu ra l 
purified (e.g., Insulin and glucagon) or synthetic peptides. They were 
produced in collaboration w ith Professor. S.R. Bloom’s laboratory in the 
Departm ent of Medicine, Ham m ersm ith Hospital. In order to increase 
the im m unogenicity, peptides w ere coupled to a large carrier protein 
such as bovine serum  album in (BSA) or keyhole lim pet haem ocyanin 
(KLH) and em ulsified in Freund 's complete adjuvant. This large 
complex is m ore likely to stim ulate the form ation of antibodies than 
the small peptide m olecule alone (Szelke, 1983). Booster injection
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began three months after the prim ary injection but were prepared with 
F reund 's incom plete ad juvant. This continued thereafter on a 
m onthly basis (O 'Shaughnessey et al., 1982) and the sera were taken 
from  blood sam ples collected on the 7th and 10th day after each 
injection. Useful antibody titres were usually obtained after the third 
boost and did not generally im prove after 7-8 boosts. The testing of 
antisera was carried out on a cryostat section of known 'positive' tissue. 
Optim um  working dilutions were selected by testing several dilutions 
of each an tise rum  and  by evaluating  the qua lity  of specific 
im m unostaining against the background. Pre-absorption tests w ith 
specific antigens w ere used to assess the specificity of the antisera. 
Since F reund 's com plete (including M ycobacterium  tuberculosis) 
adjuvant was used in the production of antibodies, it is almost certain 
that anti-m ycobacterium  tuberculosis antibodies w ould have been 
present at the tim e of the harvest of useful antipeptide antibodies. 
However, antibodies generated against the carrier protein  do not 
generally interfere w ith im m unostaining since the proteins are chosen 
from distant species eg., m olluscan haem ocyanin, to m inim ize any 
cross reactivity w ith  any m am m alian tissues. In addition, BSA is 
routinely used in all antiserum  diluent thus rem oving any antibodies 
to the carrier protein by absorption and preventing their interference 
w ith imm unostaining. The characteristics of the antisera used in  this 
study are summarised in Tables 1 & 2

2. 7. Specificity of im m unostaining

In immunocytochemistry it is im portant to verify the specificity of the 
im m unostaining. A false positive staining m ay be the resu lt of 
unw anted  im m unoreactions as all the various subpopulations of 
antibodies present in the antiserum  have the opportunity  to b ind to 
antigens in the tissue. There is also the possibility that a specific 
antibody may cross-react w ith similar amino acid sequences of related 
or unknow n peptides. These m ust be checked and excluded before 
accepting a result. W hen possible, im m unocytochem ical stud ies 
should be complemented by the biochemical isolation of the relevant 
antigen for the tissue being studied. The subject of specificity in 
im m unocytochem istry has been extensively reviewed (Petrusz et al., 
1976,1977; Swaab et al., 1977; Sternberger, 1979,1982; Larsson, 1981,1983;
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Table I

Details of general neural markers used in this study

Antigen
Dilution

IMF Source Type of antibody References

General
Neuronal

PGP 9.5 1:800 Ultraclone,
UK

Rabbit polyclonal 1

Markers NF protein 1:200 Prof. D. Dhal, 
USA

Rabbit polyclonal 2

Synaptophysin 1:400 Prof. R. Jahn, 
FRG

Rabbit polyclonal 3

NSE 1:400 Dr. P.J. Marangos, 
USA

Rabbit polyclonal 4

ChAT 1:400 Boehringer Mannheim, 
GmBH, FRG

Rabbit polyclonal 5

S-100 1:800 Dr. D. Cocchia &
Dr. F. Michetti, Rome

Rabbit polyclonal 6

Catecholamine TH 1:400 DR. D. Kuhn, USA Rabbit polyclonal 7
Synthesising
Enzyme
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Key:

PGP 9.5 = Protein gene product 9.5
NF Neurofilament
NSE Neuron specific enolase
ChAT Choline acetyltransferase
IMF Immunofluorescence

Refs References
1. Thompson et al., 1983
2. Dahl & Bignami., 1977
3. Jahn et al., 1985
4. Marangos et al., 1978
5. Furness et al., 1984 a/b
6. Cocchia et al., 1981
7. Thibault et al., 1981
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Table 2

Details of PGP 9.5 and peptide antisera used in this study

Antigen Carrier
protein

Coupling
agent

Dilution

IMF PAP

References

PGP 9.5 - - 1:800 1
CGRP BSA BDB 1:200 1:4000 2
Substance P BSA GLUT 1:100 1:5000 3
NKA (15-36) BSA GLUT 1:400 4
VIP KLH BDB 1:400 5
PHI BSA GLUT 1:400 6
PHM BSA GLUT 1:400 7
NPY BSA BDB 1:400 8
CPON KLH GLUT 1:800 9
SS-28 BSA CDI 1:800 10

Freund’s adjuvant was used during immunisation.



Key: CGRP= Calcitonin gene-related peptide; NKA= Neurokinin A; NKB= Neurokinin; VIP = Vasoactive

intestinal polypeptide; PHI= Peptide histidine isoleudne; PHM=Peptide histidine methionine; NPY= Neuropeptide Y; 

CPON= C terminal peptide of NPY; SS-28= Somatostatin 28; BSA = Bovine serumalbumin; KLH= Keyhole limpet 

haemocyanin;BDB=Bis-diazobenzidene;CDI= Carbodiamide; GLUT= Glutaraldehyde;ND= N ot done;

References: 1. Doran et alv 1983; 2. Mulderry et al., 1985; 3. W harton et al., 1981; 4. Valantino et al.,1986; 5.

Bishop et al., 1984; 6. Tatemoto et al., 1985; 7. Itoh et al., 1983; 8. Gulbenkian et al., 1985; 9. Gulbenkian et 

al., 1985; 10. Day et al., 1985



Pool et al., 1983).

2. 7. 1. Antiserum specificity

In the early, form ative years of im m unocytochem istry the prim ary 
antibody-antigen reaction was frequently assum ed to be specific and 
som ew hat taken for granted. The subsequent recognition of false 
positive results called for a more stringent approach. At present, the 
m ost generally accepted and convenient test for specificity of the 
prim ary antibody involves pre-incubation w ith the antigen to which it 
was raised and with any other possibly, cross-reacting antigen or related 
antigens. This is perform ed in solution (Liquid phase absorption) by 
adding an aliquot of diluted antiserum  to the preweighed antigen (see 
below  2.7.2). A ntisera of h igh titre obtained from hyperim m une 
rabbits, as used in sensitive immunocytochemical m ethods, generally 
require only very small, nanom olar quantities of antigen to inhibit 
the reaction. Thus, no visible or interfering precipitation is detected 
and the antigen antibody complex remains in the antiserum  during the 
im m unostaining. The range of decreasing concentration of different 
antigens can be com pared to assess the degree of cross reactivity. 
A lternative m ethods to evaluate the prim ary antibodies involve the 
use of solid phase, artificial tissue-mimicking supports, such as filter 
paper or sepharose beads, to w hich specific polypeptides can be 
chemically fixed (Larsson 1981). By mechanical renewal of the solid 
support, the antibodies are rem oved bound to the antigen. In general, 
these more complex m ethods are used only in the event of failure of 
the simple pre-incubation method.

Im m u n o s ta in in g  is a lw ay s  re fe r re d  to  as a n tig e n - lik e  
im m unoreactiv ity  due  to the ind irect evidence p rov ided  by the 
imm unocytochem ical tests on the specificity of p rim ary  antibodies. 
Caution should be exercised for the imm unolocalisation of peptides 
since the antigenic determ inant m ay be as small as four or fewer amino 
acids and not necessarily at the same site in a molecule (Larsson, 1983). 
Many peptides have homologies in their aminoacid sequence and thus 
the possibility that a given antiserum  raised against a specific peptide 
will cross-react w ith  struc tu ra lly  related pep tides m ust not be 
neglected. A num ber of reports h av e . described the localisation of 
pep tides w hich have subsequently  proven to be qu ite  different 
molecules (see Ju et al., 1986; Williams et al., 1987).
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Table 3

A. SOURCE AND CHARACTERISATION OF PEPTIDE ANTIBODIES

Antigen 
raised to

Dilution
IMF

Source
CGRP SP NKA

Absorption with synthetic antigen * 
NKB VIP PHI PHM NPY CPON ss

CGRP 
(Syn. Rat)

1:200 H H 1.0 + + + + + + + + +

Substance P 1:100 H H + 1.0 ± ± + + + + + +

NKA (15-36) 
(Syn.Mammalian)

1:400 K.V. + ± 1.0 ± + + + + + +

VIP
(Porcine)

1:200 H H + + + + 1.0 + + + + +

PHI
(Porcine)

1:400 H H + + + + + 1.0 + + + +

PHM
(Porcine)

1:400 H H + + + + + + 1.0 + + +

NPY
(Porcine)

1:400 H H + + + + + + + 1.0 + +

CPON
(Syn.Human)

1:200 H H + + + + + + + + 1.0 +

SS-28
(Syn.Mammalian)

1:800 H H + + + + + + + + + 1.0



B. SOURCE AND CHARACTERISATION OF PGP 9.5 ANTIBODIES

Antigen Dilution Source Absorption with synthetic antigen
raised to IMF CGRP SP NKA NKB VIP PHM NPY CPON PGP 9.5

PGP 9.5 1:800 Utraclone + + + + + + + + 1.0
(Human) UK

Key:

CGRP= calcitonin gene-related peptide; NKA= neurokinin A; NKB= neurokinin B;

VIP= vasoactive intestinal peptide; PHI= peptide histidine isoleucine; PHM = peptide 

histidine methionine; NPY= neuropeptide Y; CPON= C-terminal peptide of NPY; SS= 

somatostatin 28; ANP= atrial natriuretic peptide; HH= Hammersmith Hospital; KV= Dr.

K. Valantino (USA). * = Homologous absorptions expressed as concentration of synthetic 

antigen required to abolish imm unostaining (nm ol/m l diluted antiserum); heterologous 

(cross) absorption at a concentration of lnm ol/m l diluted antiserum expressed as, + = no 

dim inution of immunostaining; ± = partial dim inution of immunostaining; ND= not 

done.
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Table 4

Details of labelled secondary immunoreagents used in this study

Antibody
to

Type Donor Reference D ilution

Rabbit IgG Polyclonal Sheep Wellcome 1:100
FITC conjugate diagnostics

PAP complex Polyclonal Rabbit Miles Scientific 1:100

Rabbit IgG 
unconjugated

Polyclonal Goat Miles Scientific 1:100

Key:

FITC= fluorecein isothiocyanate 

PAP= peroxidase anti-peroxidase



2. 7.2. Antisera specificity controls

Rigorous specificity controls are essential to obtain reliable results. In 
this study  liquid phase absorption/inhib ition  of the antiserum  w ith 
hom ologous antigen prior to im m unostaining has been used to  test 
the antisera specificity. Adsorption or inhibition of antibodies requires 
their mixture with a pure and, if possible, synthetic antigen. Often only 
a very lim ited, precious supply  of novel polypeptide antigen m ay be 
available therefore p rim ary  antibody should be used at the low est 
concentration bu t should give a reliable, reproducible im m unostain. 
In the liquid phase absorption/inhibition m ethod the diluted prim ary 
antiserum  is incubated for 16 hours at 4°C w ith corresponding antigen. 
This m ixture is then applied to the tissue section as the first layer. A 
negative imm unostaining result should be obtained if the antiserum  is 
specific for its antigen. The antigen m ay be added to the d ilu ted  
antiserum  in a decreasing range of concentration (lO nm ol/m l to
0.001 nm ol/m l) in order to titrate  the m inim um  am ount required  to 
abolish the im m unostaining. Further characterisation of the prim ary 
antiserum  can be achieved by  sim ilar incubation w ith rela ted  or 
unrelated antigens know n to be present in the tissue. The degree of 
cross-reaction betw een closely related antigens can be indicated by 
co m p ariso n  of the  c o n cen tra tio n s  re q u ire d  to in h ib it  the 
im m unosta in ing . W ith the availability of synthetic fragm ents of 
peptides, the regional specificity of antisera can be determ ined in the 
same way.

The characteristics of the antisera used in this study are sum m arised in 
Table 3A & B & 4. Antisera raised to substance P showed significant 
cross-reactivity w ith other tachykinins (neurokinin A and B) and vice 
versa. However, in this study the term substance P is used due to long 
s ta n d in g  usage, a lth o u g h , the  n o m en c la tu re  tach y k in in -lik e  
immunoreactivity is more correct.

2. 7. 3. M ethod specificity

M ethod specificity includes rem oving the factors that cause background 
or false positive im m unostaining. Several rem edies can be used  to 
rem ove or reduce such interference. Those routinely  used in  the 
present study are given below.

i) Use of prim ary antiserum  (from hyperim m une donors) a t the 
h ighest dilu tion giving optim um  reproducible im m unostaining so 
than any non-specifically reacting antibodies are removed by dilution.

ii) Pre-incubation of tissue sections w ith hydrogen peroxide to 
cause substrate inhibition of endogenous peroxidase sites.

2. 8. Conventional histology

To check orientation, p reservation  of tissue m orphology a n d  to 
dem onstra te  the localization of im m unostained structures, som e 
sections of all tissues investigated were stained w ith haematoxylin and 
eosin (A ppendix 7). M orphological changes under pathological 
conditions were also determined.

2. 9. Acetylcholinesterase histochemical staining

In order to com pare the  enzym e histochem ical m ethod w ith  the 
im m unocytochem istry for the  visualisation of cutaneous nerves,
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acetylcholinesterase histochem istry was performed. Many variations 
of the original histochemical m ethod (Koelle et al., 1949) are available; 
the m ethod of choice was a m odified m ethod introduced by Tago and 
co-workers (1986). The staining involves a two step procedure. The 
first step requires a m edium  m odified from that of Karnovsky and 
Roots (1964) for the AChE enzymatic reaction, to prevent overstaining. 
The second step is based on the procedure of Graham  and Karnovsky 
(1966). For details of the procedure refer to the Appendix 8.

2.10. Fite stain for M ycobacterium leprae

Mycobacterium leprae is less acid-fast than other mycobacteria and its 
acid fastness is easily removed by treating it w ith pyridine while other 
m ycobacteria are unaffected (Covict and  P inardi, 1972). Faraco 
dem onstrated  that by oiling the sections the acid fastness can be 
preserved (Faraco, 1938). Fite later modified the process of oiling the 
sections u sin g  a m ix tu re  of p e an u t oil an d  xylene d u rin g  
deparaffin ization  (Fite, 1967). In this study, the sections w ere 
deparaffinized by immersing in  xylene and peanut oil mixture. The 
sections w ere  then  s ta in ed  in  Z iehl-N eelsen  carbol fuchsin , 
decolourised in sulphuric acid and  ethyl alcohol and counterstained 
w ith Harris' haematoxylin (Appendix 9).

2.11. Experimental procedures

Selective chemical denervations w ere perform ed to determ ine the 
subpopulations of nerves, using  neurotoxic substances, including  
capsaicin (Jancso et al., 1977) and 6-hydroxydopamine. The resulting 
m orpho log ica l changes w ere  assessed  im m unocytochem ically , 
com paring experim ental and control tissues. Transplantation of skin 
was carried out to assess the neural and neuropeptide changes during 
reinnervation. To correlate the effects of leprosy on nerves in skin and 
spinal cord in relation to the duration  of infection, nude mice w ere 
injected w ith Mycobacterium leprae and allowed to incubate for 6 and 
12 m onths. To investigate possible early changes in diabetes, 
streptozotocin-induced diabetes of 2, 4, 8 and 12 weeks of duration in 
rats was used.

2.11.1. Capsaicin treatm ent

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is the active ingredient 
of chilli peppers. Neurochemical and biochemical studies have shown 
that capsaicin has effects on specific populations of prim ary sensory 
ganglia at virtually all cranial and  spinal levels (Fitzgerald, 1983; Russel 
& Burchiel, 1984). Local application of capsaicin can produce analgesic 
effects on  an im als (Jancso, 1968) and  decrease  n eu rogen ic  
inflammation involving sensory nerves (Gamse et al., 1980). Systemic 
administration of capsaicin in the neonatal rat, causes a selective, dose- 
d e p e n d e n t d e s tru c tio n  of senso ry  neu rones g iv ing  rise  to 
unm yelinated (C) and m yelinated (A delta) fibres while it does not 
affect efferent fibres of the autonom ic nervous system (Jancso et al., 
1977; Scadding, 1980; N agy et al., 1981). In neonates (<10 days after 
b irth) system ic adm inistration  of capsaicin induces a perm anent 
degeneration of small dorsal root ganglion cells, in adults, the effect is 
reversible. Furtherm ore, perineural application, e.g., to the sciatic 
nerve of adult rats, apparently causes no degeneration of the central

59



terminals, bu t induces a longterm  block of axonal transport of peptides 
in sensory fibres (Ainsworth et al., 1981; Gamse et al., 1982). These 
observations show that capsaicin-induced depletion of peptide not only 
enables one to establish that the peptide is sensory in origin, but also 
confirm s the presence of the pep tides in sm all prim ary  sensory 
neurones which give rise to A alpha and C fibres.

In this study neonatal rats were treated w ith capsaicin (Fluka AG) in 
o rder to p roduce  a perm an en t destruction  of p rim ary  afferent 
neurones. They received either one (50mg/Kg intraperitoneally on day 
2 after birth) or two (50 m g/K g on day 2 and 3 after birth) injections of 
capsaicin under light ether anaesthesia. Capsaicin was emulsified in a 
vehicle solution (lOmg/ml) containing 10% (v /v ) ethanol, 10% (v /v )

Tween 80 and 80% (v /v  isotonic saline. Control animals were injected 
w ith vehicle alone. The pups w ere weaned and sexes separated at 3 
weeks of age and tissues w ere collected 6-11 weeks after the last 
injection.

2.11. 2. 6-hydroxydopamine treatm ent

6-OHDA is a d rug  the w hich causes a selective degeneration of 
aminergic neurons (Thoenen & Tranzer, 1968; Kostrzewa & Jacobowitz,
1974) producing a similar effect to that of surgical sympathectomy. In 
this study 6-OHDA adm instration was carried out in order to confirm 
or exclude the possible localisation of the investigated peptides in 
sym pathetic nerves. A dult guinea pigs were injected intraperitoneally 
w ith a fresh solution of 6-OHDA hydrobrom ide (Sigma) in saline, 
containing 0.1% ascorbic acid, 10 days (300m g/K g) and 2 days 
(200mg/Kg) prior to sacrifice. Control animals received 2 injections of 
a saline solution containing 0.1% ascorbic acid over the same period. 
The success of the treatm ent was assessed by negative imm unostaining 
for aminergic (TH positive) nerves.

2.11. 3. Transplantation of skin flap

The operative area was washed w ith Savlon. Operation was perform ed 
using aseptic precautions. A rectangular flap 1cm in length, with a base 
of 0.5 cm on the m id dorsal region, was cut and separated from the 
subcutaneous tissue and panniculus carnosus and then replaced in the 
same position. All grafts were sutured with 6.0 silk and no protective 
dressings applied. Mice show ing serom a or haem atom a w ere no t 
included in the study.

2.11. 4. Injection of M.leprae into foot pads

C olston and H ilson in 1976 reported  the enhanced grow th  of 
M ycobacterium  leprae in congenitally athym ic " N ude" (n u /n u )  
mouse, although the survival rate was very low. For the present study, 
the innoculation was carried out in a nude mice colony m aintained at 
St. G eorge's M edical College under the supervision  of Dn D.K. 
Banerjee. N ude  mice received an innoculation of suspension of 
Mycobacterium leprae (3.6 x 106) in 0.1ml of saline into the hind foot 
pads. The anim als w ere m ain tained  successfully un d er specific 
pathogen free conditions in a germ  free isolator. The tem perature was 
m aintained at 26-28°C, due to the vulnerability of mice to dehydration. 
C ontro ls received  no trea tm en t, b u t m ain ta ined  u n d e r sam e
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conditions. Both groups w ere m aintained for a period of 12 months. 
A t the end of the experim ent, anim als were fixed by perfusion 
(Appendix 1).

2.11. 5. Treatment of streptozotocin

Diabetes was induced in m atu re  male Wistar rats by intravenous 
injection of streptozotocin (60mg in 0.9% saline /k g  body wt) via a tail 
vein. The injection was carried ou t in ICI Pharmaceuticals Division, 
Alderly Park, Macclesfield, Cheshire, under the supervision of Dr. D.J. 
Mirrlees. Controls were given an equivalent quantity of physiological 
saline. All animals had free access to a standard laboratory diet and 
water and were weighed at weekly intervals. Diabetic rats developed 
g lycosuria  in  excess of 2% w ith in  24h of ad m in stra tio n  of 
Streptozotocin and progressively  lost weight. Both groups were 
m aintained for a period upto  3 months. At the end of the experiment 
animals were sacrificed by carbon dioxide euthanasia and tissues were 
fixed by immersion fixation. The onset of diabetes was established after 
24h by the presence of polyuria and glycosuria.

2.12. Sem iquantitative assessm ent of im m unostaining

The im m unoreactive fibres p resent in the skin supplying epiderm is, 
derm is, appendages and b lood vessels were graded visually. The 
grading ranges from absence (-), very few (±), few (+), moderate (++), 
m any (+++), and abundant (++++). Intensity of the staining was also 
taken into account. In any assessm ent at least three sections were 
studied and also by an observer w ho was unaw are of the specimen 
group. In a com parative analyses control and test specimens were 
mixed in batches and a m inim um  of four animals in each group was 
studied.

2.13. Quantification

The Kontron IBAS-2000 im age analysis system (Fig. 2.1) used in this 
study, uses a TV camera m ounted on top of a microscope to scan an 
image which is converted to a form at suitable for computer processing. 
The light intensity at each point in the image is converted to a num ber 
between 0 and 255 (a grey value), which represents the lower and upper 
lim its of m easurable inciden t light on the TV tube. Thus, O is 
equivalent to black and 255 to white. The stored digital image therefore 
consists of a square m atrix of num bers, which results from sam pling 
the image at 512 points along each of 512 scan lines (i.e., 512 x 512 = 
262144 pixels). Separation of regions of staining based on differences in 
optical density can be done by setting two threshold values between 0 
and 255 inclusive, such that all pixels in the image which have grey 
values w ith in  the w indow  defined by the th resho ld  values are 
h ighlighted. By counting the  num ber of h igh ligh ted  pixels, an 
estimate of the area of staining w ith intensities (grey values) between 
the two thresholds can be made. If a lower threshold is selected so as to 
have a density greater than the overall background staining but lower 
than that of the specific staining, the area measured will correspond to 
the area of specifically stained structures.

To quantitate the area of immunoreactivity in the dorsal horn of spinal 
cord (Fig. 2.2) of leprosy mice, five sections from the L4 spinal cord 
segments were used. The area occupied by im m unoreactive fibres in
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lam inae I-III of both  sides of the spinal cord (Fig. 2.1) was then 
m easured. Selecting a lOx objective on the microscope an image field 
which contained one dorsal horn was digitised. The image was taken 
20 times and averaged for im age analysis (i.e., each pixel in the final 
image represents the m ean of 20 consecutive readings for that pixel) to 
reduce the errors caused by TV cam era noise. The background  
illum ination  w as kep t constan t for each slide by ad justing  the 
microscopic illum ination level so that the transm itted light through 
an em pty slide was always set to a grey value of 255. The em pty slide 
image was also used to correct for any variation in illum ination over 
the field. This variation was assum ed to be constant, as it is a function 
of the m icroscope. The correction is achieved electronically by 
proportionally increasing the grey value of any pixel areas of low er 
illum ination to a grey value of 255. During subsequent m easurem ents 
of images, those corresponding pixels are also increased by the same, 
amount. A graticule was also used to calibrate screen m easurem ents 
thereby obtaining a scaling factor for the analysis. Thus the area was 
m easured in absolute rather than arbitrary units.

The area of im m unoreactivity was separated from the unstained and 
non-specific background by subjective selection of a threshold grey 
level so as to have a optical density greater than the overall background 
staining bu t low er than that of the specific staining. That threshold 
level was kept constant for all the sections taken from control and 
treated pairs of animals. The stained area was m easured in absolute 
units. The m agnitude of differences between groups was calculated by 
comparing the m ean stained areas for each group at 6 and 12 months.

2. 13.1. Statistical analysis

The imm unoreactivity of treated and control animals was com pared by 
the paired t test and confidence intervals were calculated. The paired t 
test is suitable for small samples sizes in which the differences between 
the paired control and  M. leprae treated  anim als (MTM) show  a 
norm al distribution. In order to apply this procedure, the differences 
betw een control and  MTM values were first calculated, follow ed by 
their mean and standard error of the m ean (SEM). The t statistic is the 
ratio  of the m ean difference to its standard  error. To obtain  the 
precision of the estimate of the m ean difference, 95% confidence limits 
w ere estim ated (as m ean difference ± 3 .1 8  SEM w here 3.18 is the 
appropriate factor for a sample of size 4) which give the range of values 
w ithin which the true population mean difference is likely to lie.

Statistical formulae:
Let n  = n um ber o f p a ired  ob servation s, then

1. SD  = V Sum  o f squared  d ifferen ces from  m ean  
n-1

Z  SEM = S D  a n d  th e t statistic is  =  m ean  d ifferen ce  
Vn SEM

2.14. Microscopy and Photography

Fluorescence preparations were screened in an Olym pus AH-2 Vanox 
microscope w ith an HBO 200 WZ lam p (Olympus Optical Co. Ltd,
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H onduras St. EC1). For fluorescein isothiocyanate a DM 500 dichromic 
m irror was used with a B-P 490 exciter filter and an AFC+ 0515 barrier 
filter. P repara tions im m unosta ined  for transm itted  light w ere 
exam ined using a Reichart-Jung Polyvar microscope equipped w ith 
Nom arski optics. Photographs for transm itted light microscopy were 
taken w ith  Kodak, Technical Pan 2415 film, developed in Ilford 
Contrast FF. For immuofluorescence microscopy, Kodak Tri-X film was 
used and developed in Paterson Acutol. The photographs w ere 
p rin ted  on Kodak F5 or Ilford M ultigrade paper and developed in 
Suprol (May & Baker, UK).

Keyboard

Fig. 2.1. Kontron IBAS-2000 system configuration.

Dorsal horn

Ventral horn

Fig. 2.2. Tranverse section of spinal cord showing the area of dorsal 
horn (hatched) used for quantification. The square area indicates 
approximately the region of the spinal cord chosen for image analysis.
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3.1. Introduction

Skin and  its a p p en d a g es  ev idence  reg iona l m orp h o lo g ica l 
specialisation as well as interspecies variability (See M ontagna and 
Parakkal 1974). The innervation of skin is also regionally specialized 
and differs from species to species (Ritzius, 1892, Munger, 1971, Halata,
1975). W ith the  ad v en t of im m unocytochem istry, considerable 
advances have been m ade in the precise localisation of neura l 
elements in skin, using antisera to general markers and neuropeptides, 
which are believed to be neurotransm itters/neurom odulators, and of 
classical transm itter synthesising enzym es (Bloom and Polak, 1983; 
Dalsgaard et al., 1983; O'Shaughnessy et al., 1983; Hartschuh et al., 1984; 
Bjorklund et al.,1986)

To study the cutaneous innervation, the antisera to neural m arkers 
used (Dalsgaard et al., 1983; Bjorklund et al., 1986) w ere raised to 
neurofilaments, neuron-specific enolase and the Schwann cell marker, 
protein  S-100. In addition, the antisera of choline acetyltransferase 
(ChAT) (Leblanc and Landis., 1986) and tyrosine hydroxylase (TH) 
(Bjorklund et al., 1986), w hich are the enzym es involved in the 
synthesis of acetylcholine and catecholamines respectively, were used 
to study the d istribu tion  of cutaneous nerves containing classical 
transmitters.

The peptides found or localised in sensory and autonomic components 
of the m am m alian cutaneous innervation by im m unocytochem istry 
a n d /o r  radioim m unoassay are sum m arised in diagram  5. These 
pep tides m ay p lay  an im portan t ro le  in  regulation of cutaneous 
responses. Substance P is suggested  to be a p rim ary  sensory 
neuro transm itter or neu rom odu lato r (Lembeck, 1953) and  to  be 
involved in the transm ission of nociceptive information to the central

66



VIP/PHI
NPY

large artery 

large vein
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Diagram 5. Skin showing localisation of neuropeptides incutaneous nerves. SP= substance P; 
CGRP= calcitonin gene-related peptide; NKA= neurokinin A; VIP= vasoactive intestinal polypeptide; 
PHI= peptide histidine isoleucine; NPY= Neuropeptide Y; CPON= C-terminal peptide of NPY;
SS= Somatostatin 28



n ervous system  via p rim ary  sensory  neurones (Pernow , 1983). 
Intraderm al injection of calcitonin-gene related peptide (CGRP) with 
e ither substance P or neurokinin-A  produces the "triple response" 
(W allengren et al., 1987). CGRP by itself increases the blood flow of 
skin (Brain et al., 1985). Som atostatin has an inhibitory effect on the 
neurogenic  vasodila ta tion  and  p lasm a ex travasation  caused  by 
substance P (Lembeck et al., 1982). Vasoactive intestinal polypeptide 
(VIP) is a potent vasodilator and oedem a potentiator in skin (Williams, 
1982; Thom et al., 1987). N europeptide Y (NPY) has been shown to 
have a vasoconstrictor effect in arteries and veins of the forearm  in 
vivo (Lundberg et al., 1982; Pernow et al., 1986). Little is known about 
the  action of C-flanking peptide of neuropeptide Y (CPON), atrial 
natriuretic peptide (ANP) and galanin on skin.

In  spite of m any im m unocytochem ical studies of the cutaneous 
innervation and associated peptides (Table 5), the following questions 
rem ain to be answered:

1. W hich of the im m unocytochem ical general neural m arkers 
recognise most of the neuronal elements present in skin?

2. Are there differences betw een species in the peptides that are 
present?

3. Are there differences in the regional (i.e., body area) peptidergic 
innervation at m aturity or during development?

4. Are specific peptides related to the various appendages of skin 
such as hair follicles, sweat glands and blood vessels, and does the 
specificity vary between species?
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Table 5
R ep orted  p resence o f  neural an tigen s (general an d  n eu rop ep tid es)  

in  cutaneous nerves o f  various sp ec ies

Skin areas Pig Cat Man

Epiderm is SP2 S P 2 NF3

CGRP2 CGRP2 N SE3

VIP1 CGRP4

SS 4 ' 7

Dermis S P 1’ 2 S P 1 -2 NF3

N SE3

S P /N KA3

CGRP3 *4

VIP/PHI8 *10

NPY5

Sweat glands 

S S 6 A N P 10

VIP1 -2 V IP 1 *2

GAL5 SS6 *7

NSE3

TH 11
NPy 3,7,11
V|p6,8
CGRP6 *10

S P 6 *10

G A L10

ChAT13

Contd



Contd

Skin areas Pig Cat Man

Blood vessels V lp L 2 ,8 Vip1.2,8
NSE3 ,6

NPY3 ’7

CGRP6

S P 4

Hair follicles CGRP6

VIP3

S S 6

Nerve bundles- NSE3

VIP3

CGRP3

S P 3 ’ 10

GAL7 ,10

A N P 7

Key: References: 1. Bloom & Polak, '83. 2. O' Shaughnessy et al., '83. 3. Bjorklund et al., '86. 4.

Gibbins et al., '87. 5. Johansson et al., '88. 6. Dalsgaard et al., '83. 7. Johansson & Vaalasti, '87. 8. 

Hartschuh et al., '83, 9. Leblanc & Landis, '86. 10. Tainio et al., '87. 11. Tainio et al., '86. 12. Vaalasti et 

al., '85.13. Leblanc and Landis, '86.
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5. W hen do cutaneous nerves appear and when do they express their 
peptide phenotype?

6. Are certain pep tides p resen t, specific to either the sensory or 
autonomic parts of the cutaneous nervous system?

The main purpose of the present study was to identify the best general 
neural m arker for cutaneous innervation and to carry out a systematic 
survey of the distribution of peptides present in the cutaneous nerves 
of various anim als including  m an, and the ontogeny of nerves and 
peptides in the skin. In addition, the following previously unreported 
issues have been considered:

1. The efficiency of PGP 9.5 as a m arker for the effective 
visualisation of various sub-populations of cutaneous nerves in  all the 
species under study. PGP 9.5 is a novel neuron-specific protein (Jackson 
and Thompson, 1981; Doran et al., 1983), shown to have a w idespread 
distribution in the central and  peripheral nervous system.

2. The value of synaptophysin  as a marker for the visualisation of 
cutaneous nerve endings in  all these species. Synaptophysin is a 
glycoprotein of molecular w eight 38 KD isolated from the membrane of 
pre-synaptic vesicles (W iedem ann and Frank, 1985). It can be used as a 
m arker for visualisation of presynaptic vesicles.

3. The comparison of a m odified acetylcholinesterase method 
(Tago et al., 1986) and im m unocytochem ical visualisation of nerve 
fibres using general m arkers and  antisera to choline acetyl transferase 
(ChAT).
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3. 2. Experimental design 
3. 2.1. Tissues
3.2.1.1 Adult: Skin samples from rats (Wistar; 150-300g), guinea pigs 
(Dunken Hartley; 300-600g), pigs and cats (n=5 for each species) were 
dissected from nose/snou t, lip, fore- and hind-limbs, feet, dorsal and 
ventral regions of the abdom en, and tail region. Biopsies of hum an 
skin were taken from various regions of the body (Table 6) from 50 
individuals w ith no skin diseases undergoing surgical procedures that 
entailed skin removal in Central Middlesex Hospital (Approved by the 
Ethics com m ittee of Brent H eads A uthority) and  cosmetic plastic 
surgery operations in H am m ersm ith H ospital and  Q ueen M ary 's 
Hospital, London.

3.2.1.2 Fetal and Neonatal: M ale and female Wistar rats were caged 
together and the day when the vaginal plug was seen was num bered as 
day 1. Fetal rats (n=5 of each age) were obtained by Caesarean section 
from  these tim e-m ated rats killed  w ith intraperitoneal injection of 
sodium  pentabarbitone (Euthatol, May & Baker Ltd. 40 m g/kg) on the 
12th to 21st day of gestation. Birth usually occurred on gestation day 22, 
which was considered as postnatal day 1. Neonatal rats (n=5 of each 
age) were killed by the same m ethod on the day 1, 7 and 15 after birth 
Tissues were taken from the same areas as those from adults.

3. 2. 2. Fixative
All tissues were fixed in Zam boni's fluid (Zamboni and de M artino,
1967)(Appendix 3C) either by imm ersion or transcardial perfusion 
(Appendix 1) followed by imm ersion. Further specimens w ere also 
fixed by im m ersion in Bouin's fluid (Appendix 3D), form alin  in 
distilled water (Appendix 3B) and  0.4% p-benzoquinone (Appendix 3A) 
in order to compare and select the best fixative.

Rats (neonatal and adult) and guinea pigs were perfused transcardially 
with Zamboni's fluid at room temperature. Skin tissues were dissected 
and immersed in the same fixative for 3 hours to complete the fixation. 
Tissues taken from  pig, cat, and  m an were fixed by im m ersion in 
Zamboni's fluid at room tem perature for 6 hours. Fetal rats were fixed 
by immersion in toto in the sam e fixative for 3 hours.
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Table 6

Regions from which specimens of human skin obtained

R egions N o . o f sp ecim ens

F ace 5

N o s e  Skin 3
Ear lob e 3
L ip 5
E ye lid 1
Scapular reg io n 4

A x i l la 3

U p p er arm 4
B rea st 3
A bdom en 8
T horax 5
T h ig h 3
P a lm 3
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3. 2. 3. Chemical denervations

In order to delineate the sensory and sym pathetic portions of the 
cutaneous innervation, neonatal rats (Wistar; l-3g: n=10) of either sex 
were treated with either capsaicin or 6-hydroxydopamine.

3.2.3.1 Capsaicin treatm ent: N eonatal rats (n-10) w ere treated w ith 
capsaicin (Fluka AG) on day 2 and 3 after b irth , under light ether 
anaesthesia. Capsaicin was em ulsified (lO m g/m l) in  a m ixture of 
vehicle containing 10% (v /v ) ethanol, 10% (v /v ) Tween 80 and 80% 
(v /v ) isotonic saline. Control anim als (n=10) received an equal 
volum e of vehicle only. Tissues were collected from transcardially 
perfused animals, 6-11 weeks later.

3.2.3.2 6-hydroxydopam ine (6-OHDA) treatment: A dult guinea pigs 
(n=5) w ere  lig h tly  a n a e s th e tise d  w ith  e th e r  an d  in jec ted  
in traperitoneally  w ith  a fresh solution of 6-OHDA hydrobrom ide 
(Sigma) in saline, containing 0.1% ascorbic add. Tissues were collected 
10 days later from transcardially perfused animals.

3. 2. 4. Immunocytochemistry

All tissues were thoroughly w ashed and stored in PBS (Appendix 2). 
Frozen tissue blocks were prepared and cryostat sections (10|im thick) 
were taken up  on poly -L-lysine coated glass slides (Appendix 4) and 
allowed to dry  for 60 m inutes at room  tem perature. Sections were 
stained by an indirect im m unofluorescence m ethod (Appendix 5a) 
w ith antisera to PGP 9.5, synaptophysin, neurofilam ents, NSE and 
tyrosine hydroxylase and ChAT for the visualisation of cutaneous 
nerves, and  antisera to neuropep tides including tw o tachykinins 
(substance P and neurokinin A), CGRP, VIP, PHI(M), NPY/CPON, ANP, 
galanin and somatostatin.
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3. 2. 5. Consecutive im m unofluorescence and acetylcholinesterase 
staining
Sections stained by imm unofluorescence w ith antibodies to PGP 9.5, 
synaptophysin, neurofilam ents and NSE were photographed and the 
sam e sections w ere then  used  for sim ultaneous dem onstration of 
AChE activity by a modified AChE method (Tago et al., 1986) (Appendix 
8). The sam e areas of each section were then re-photographed for 
comparison w ith the immunofluorescence.

3.2. 6. Q uantitation
The num ber of im m unoreactive fibres in three consecutive sections 
was assessed visually and also by an observer who was unaware of the 
specim en group. Com parison was m ade by blind analysis and the 
results expressed as absent (-), very few (+), m oderate (++), m any (+++) 
and abundant (++++). Observations were m ade in relation to each of 
the following regions and appendages; (1) epiderm is, (2) derm is, (3) 
hair follicles, (4) sw eat glands, (5) blood vessels, (6) nerve bundles in 
the dermis and hypodermis.

3 .3  RESULTS

3. 3 .1 . Comparison of general neural markers
The com parison of im m unosta in ing  and AChE m ethod in  all the 
species is sum m arised in  Table 7. Representative examples of AChE 
histochem istry and im m unostain ing  in  pig, and im m unostaining in 
m an are show n in  Figs 3.1 to 3.7. The antiserum  to PGP 9.5 showed 
m ore im m unoreactive  nerve  fibres th an  d id  the  an tise ra  to 
neurofilaments, NSE, and synaptophysin, in all of the species. PGP 9.5- 
im m unoreactive nerve fibres w ere seen in the epiderm is (Fig. 3.1 A), 
dermis (Fig.3.3A), around sw eat glands (Figs.3.2A & 3.3D) and blood 
vessels (Fig.3.3C), hair follicles (Fig.3.3B) and arrector pilorum . 
Im m unostaining was seen in nerve fascicles and individual fibres of 
both varicose and sm ooth types. In addition, im m unoreactivity was 
seen in  axons and nerve end ings supply ing  M erkel cells and 
M eissner's corpuscles. In all
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Table 7

SUM M ARY OF TH E C O M PA R ISO N  OF IM M U N O S T A IN IN G  FO R G ENERAL M A R K ER S A N D  C hA T, A N D  
ACETYLCH O LINESTERASE H ISTO CH EM ISTR Y IN  P IG , G U IN E A  P IG , CAT, R A T  A N D  M A N , SH O W IN G  

THE PO T EN TIA L  O F PG P 9.5 IN  ID EN T IFY IN G  NERVES IN  V A R IO U S R E G IO N S O F TH E S K IN

A n tigen E p id erm is D erm is S w ea t
g la n d s

B lood
v e s s e ls

H air
f o l l ic le s

N e r v e
b u d les

PGP 9.5 ++++ ++++ ++ ++ + + ++ + + ++ ++ ++

N S E  ■ + ++ + - ++ ++

N F + ++ + + ++ ++

S Y N A P + + ++ ++ + + + ++ -

A C hE h isto ch em istry ++ +++ ++ ++ +++ ++ ++

C hA T - - - - - -

N e rv e  fibres im m u n oreactive  for gen eral m arkers an d  A C hE h istoch em istry  seen  in  a ll th e  sp ec ie s  are graded: absen t (-), fe w  
(+), m od erate (++), m a n y  (+++), abun d ant (++++). PG P 9.5= protein  g en e  p rod u ct 9.5; N SE = n eu ron -sp ecific  enolase; N F =  
n eu rofilam en ts; S Y N A P = syn ap top h ysin ; A C h E = acety lch o lin esterase  sta in in g; ChAT= ch o lin a cety ltra n sfera se .



the species s tu d ied  the im m unoreactiv ity  appeared  to be bo th  
qualitatively  and  quan tita tive ly  suitable for the v isualisation  of 
cutaneous nerves in comparison w ith other neural markers.

In  com parison  w ith  PGP 9.5 sta in ing , few er neu ro filam en t- 
immunoreactive nerve fibres were seen in all of the layers and around 
all the appendages of the skin. The individual fibres, either varicose or 
sm ooth, were sparse in epiderm is and in the papillary and reticular 
layer of the derm is (Figs.3.1B & 3.4A) Weak staining was observed 
around sw eat glands (Fig.3.2B & 3.4D) However, intensely stained, 
large diam eter im m unoreactive nerve fibres, both individual and in 
small groups, were seen supplying the hair follicles (Fig.3.4C) and also 
occasionally in the papillary and reticular layer of dermis (Fig.3.4A). 
Blood vessels w ere rare ly  seen to be supp lied  by nerve fibres 
im m unoreactive for neurofilam ents (Fig.3.4C). NSE an tiserum  
revealed m ore individual cutaneous nerves than did the antiserum  to 
neurofilaments, but their density was still far less than that of nerves 
im m unoreactive for PGP 9.5 (Fig.3.5A,B,C,D). N erve endings 
supplying the Merkel cells and M eissner's corpuscles (Fig.3.5A) were 
im m unoreactive for NSE. However, NSE-im munoreactive varicose 
nerves were fewer in num ber and the intensity of staining differed 
from species to species.

The antiserum  to synaptophysin  stained dense netw orks of nerve 
endings around sw eat glands (Fig. 3.2D & 3.6D) and blood vessels 
(Fig.3.6C) of all sizes and the density was almost as great as that of PGP
9.5 immunoreactivity. Synaptophysin-immunoreactivity was also seen 
in the nerve endings and term inal axons supplying the Merkel cells, 
Meissner's corpuscles (Fig.3.6A) and to a lesser extent in hair follicles 
(Fig.3.6B). Epidermal nerve endings were few w hen compared with 
those visualised w ith antiserum  to PGP 9.5. Axons present in
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Fig. 3.1. The distribution of epidermal nerves (arrow head) 
in pig 'snout; serial sections using immunofluorescence 
method. (A) PGP-immunoreactive fibres; (B) NF­
immunoreactive fibres; (D) Synaptophysin-immunoreactive 
fibres; of the skin from pig snout. (C) showing AChE positive 
fibres in the same section as (A). Compare the density of fibres 
in all the sections. Arrows indicate some of the Merkel cells 
immunoreactive for PGP 9.5 (A), NF (B) and Synaptophysin (D). 
Zamboni's fixed tissues. Cryostat sections (15Jlm) . 
All magnification x140; insert x220 
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Fig. 3.2. The distribution of nerve fibres (Arrow) around 
sweat glands of pig in serial sections using immunofluorescence 
method. A) PGP-immunoreactive fibres; (B) NF-immunoreactive 
fibres; (D) synaptophsyin-immunoreactive fibres; (C) Showing 
AChE positive fibres in the same section as (A). Compare the 
density of fibres in all the sections. Zamboni fixed tissues. 
Cryostat sections (15Jlm). All magnification x 140 

79 



Fig. 3.3. Arm skin of man showing PGP 9.5-immunoreactive 
fibres in epidermis and dermis (A), around hair follicle (B),blood 
vessel and nerve bundle (C) and sweat glands (D). Arrow heads and 
arrows indicate some of the immunoreactive axons. Empty arrow 
indicate Meissner's corpuscles. Note the density of immunoreactive 
fibres. Zamboni fixed tissues. Cryostat sections (1 OJ.tm). 
All magnification x 250 
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Fig. 3.4. Arm skin of man showing NF-immunoreactive fibres in 
epidermis and dermis (A), around hair follicle (B), blood vessel and 
nerve bundle (C) and sweat glands (D). Arrow heads and arrows 
indicate some of the im mu no reactive axons. Empty arrow indicate 
Meissners corpuscles. Note the density of immunoreactive fibres 
Zamboni fixed tissues. Cryostat sections (1 Opim).
All magnification x 250
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Fig. 3.5. Arm skin of man showing NSE-immunoreactive fibres in 
epidermis and dermis (A), around hair follicle (B), blood vessel and 
nerve bundle (C) and sweat glands (D). Arrow heads and arrows 
indicate some of the immunoreactive axons. Empty arrow indicate 
Meissners corpuscles. Note the density of immunoreactive fibres 
Zamboni fixed tissues. Cryostat sections (10pm).
All magnification x 250
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Fig. 3.6. Arm skin of man showing synaptophysin-immunoreactive 
fibres in epidermis and dermis (A), around hair follicle (B), blood vessel 
and nerve bundle (C) and sweat glands (D). Arrow heads and arrows 
indicate some of the immunoreactive axons. Empty arrow indicate 
Meissner's corpuscles. Note the density of immunoreactive fibres. 
Zamboni fixed tissues. Cryostat sections (10pm).
All magnification x 250
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Fig. 3.7. Arm skin of man showing S-100-immunoreactive fibres in 
epidermis and dermis (A), around hair follicle (B), blood vessel and 
nerve bundle (C) and sweat glands (D). Arrow heads and arrows 
indicate some of the immunoreactive axons. Empty arrow indicate 
Meissner's corpuscles. Note the density of immunoreactive fibres. 
Zamboni fixed tissues. Cryostat sections (10pm).
All magnification x 250
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nerve bundles were not imm unoreactive for synaptophysin (Fig.3.6C). 
Antiserum  to protein S-100 dem arcated Schwann cell sheaths a n d /o r  
their cell bodies around a few single or small groups of nerve fibres in 
the derm is (3.7A), bu t large num bers were seen close to the hair 
follicles (3.7B), sweat glands (3.7D) and nerve bundles (3.7C) in the deep 
dermis. However, no im m unostaining was seen in the epidermis and 
the  d e n s ity  o f im m u n o reac tiv e  nerves in  the  derm is w as 
comparatively less than those visualised with antiserum  to PGP 9.5. In 
addition, hum an biopsy specim ens taken after either general or local 
a n a e s th e s ia  d id  n o t show  s ig n ifican t d iffe ren ces in  the  
im m unoreactivity for general m arkers.

N o im m unostain ing  w ith  antiserum  to ChAT was obtained in any 
specimens, regardless of the fixation method used. However, in spinal 
cord, which was used as control specimen, ChAT im m unostaining w as 
seen in the cells of the interm ediolateral cell column and ventral horn 
and in a few nerve fibres in the ventral horn.

3. 3. 2. A cetylcholinesterase stain ing and its com parison w ith  
immunocytochemical m arkers

AChE activity was seen in  nerve fibres of epiderm is, in hair follicles, 
around sw eat glands (Fig.3.2C) and blood vessels, and in the nerve 
bundles and fine individual varicose fibres of the dermis. However, in 
large nerve bundles present in the  deep dermis, not all the fibres were 
AChE-positive. W hen sequentially stained by imm unofluoresence for 
general markers and AChE histochemistry, the density and distribution 
of AChE fibres were greater than  those of nerves imm unoreactive for 
neurofilam ents and NSE b u t sim ilar to those of synaptophysin- 
im m unoreactive fibres. AChE-positive nerves (Fig.3.1C) were fewer 
than those im m unoreactive for PGP 9.5 (Fig.3.1A) in the epiderm is, 
and around hair follicles and large blood vessels, bu t nearly equivalent 
around sw eat glands and small blood vessels. AChE activity was not 
seen w hen sections were incubated in reaction m edium  containing no 
acetylthiocholine iodide or in m edium  containing iso-OMPA.
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3. 3. 3. Species similarities/differences

In all of the species studied, the distribution of peptidergic nerves in 
the various layers and appendages of the skin w ere similar. The 
differences observed betw een species were m ainly in the density of 
imm unoreactive peptidergic axons supplying the various areas of the 
skin. In addition, hum an biopsy specimens taken after either general 
or local anaesthesia  d id  no t show  significant differences in the 
im m unoreactivity for peptides. The results of im m unostaining are 
sum m arised in Table 8.

3 .3 .3 .1 . Tachykinins (Substance P  and Neurokinin A)

The results of im m unostain ing  w ith  antisera to substance P and  
neurokinin A were grouped together under the term  tachykinins due 
to the partial cross-reactivity of the two antisera w ith the heterologous 
an tigen  (Table 4). Large num bers of substance P and NKA- 
imm unoreactive axons were seen both in the epidermis and derm is of 
the pig (Fig.3.8A). In cat, guinea pig and rat, nerves were seen mainly 
in the derm is w ith  occasional axons in the epiderm is. In m an, 
how ever, im m unoreactive axons were few in num ber and epiderm al 
extensions w ere rarely  seen (Fig. 3.8B). A m oderate num ber of 
substance P and  N K A -im m unoreactive axons w ere seen a round  
arteries and arterioles, mainly in the reticular layer of dermis and deep 
dermis in all the animals and m an (Fig.3.8E &F). Sweat glands of pig 
(3.8C) had a sparse population of intensely immunostained substance P 
and NKA-immunoreactive fibres w hen compared w ith m an (Fig.3.8B) 
where only occasional fibres w ere seen. These were very rare in ra t and 
guinea pig.

3. 3. 3. 2. Calcitonin gene-related peptide

The pig and cat showed a rich supply of CGRP-immunoreactive axons 
in the epidermis and dermis (Fig.3.9A). In rat, guinea pig and man
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Table 8

SPECIES V A R IA T IO N S IN  D E N SIT Y  OF PEPTID E-IM M U N O R EA C T IV E  A X O N S  IN  V A R IO U S SPECIES *

Axons and Skin areas Rat Rat + G .Pig G .Pig + Cat P ig Man
Endings IR for Capsaicin 6-OHDA

SP/NKA Epidermis + - + + + + + +
Dermis +++ + ++ + + + + + + + + + + + +
Sweat glands - - - - + + +
Blood vessels + + + + + ++ +
Hair follicles - - - - - - -

CGRP Epidermis ++  • + + + + + ++ + + + +
Dermis +++ + + + + + + + +++ + + ++ + +
Sweat glands ++ ++ + + + + +++ + + + +
Blood vessels ++ ++ ++ + + + + + + + +
Hair follicles - - - - - - -

VIP/Pffl/PHM Epidermis - - - - - - -

Dermis - - + + + + + + +
Sweat glands +++ ++ + +++ + + + +++ + + ++ + + +
Blood vessels ++ ++ ++ ++ + + + + + + +

Hair follicles - - + + - - +

NPY/CPON Epidermis - - - - - - -

Dermis - - - - - - -

Sweat glands + + ± - + ± +

Blood vessels + + + - + + + +

Hair follicles - - - - - - -

SS Sweat glands - - - - - + + + -

Numbers o f immunoreactive fibres are graded: absent (-), very few  (±), few (+), moderate (++), many (+++), abundant (+ + + + )*  pig, guinea pig, cat, rat and man



Fig. 3.8. SP-immunoreactive fibres in epidermis and dermis 
(Empty arrow head), sweat glands and bloodvessels (arrow head 
showing species differences in density of distribution. A,B Skin of 
pig snout (A) showing large number of immunoreactive axons anc 
facial skin of man (B) showing only very few dermal nerves.C,D 
Sweat glands of pig snout (C) showing moderate number of 
immnoreactive fibres and facial skin (D) of man showing 
occasional nerve fibres. E,F Blood vessels of pig snout (E) and 
facial skin (F) of man showing occasional fibres. Zamboni fixed 
tissues. Cryostat sections (1 OJ..Lm). All magnification x275 
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Fig. 3.9. The distribution of CGRP-immunoreactive fibres 
showing species differences. A,B Skin of pig snout (A) and facial 
skin of man (B) showing differences in density of immnoreactive 
fibres (Empty arrow head) in epidermis and dermis. C,D Sweat 
glands of pig (C) showing abundant immunoreactive fibres (arrow) 
and (D)of man showing sparse number of immunoreactive fibres. 
E,F Blood vessels of pig and man showing similar density of 
distribution of immunoreactive fibres (arrow). Zamboni fixed tissues. 
Cryostat sections (1 OJlm). All magnification X 290 
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(3.9B), CGRP-immunoreactive axons were seen in m oderate num bers 
in the dermis and infrequently in epidermis. However, in both layers 
CG R P-im m unoreactive axons form ed the largest popu la tion  in 
comparison w ith SP and NKA-, and  VIP-immunoreactive nerves. In 
the dermis, the fibres showing very fine symmetrical varicosities ran 
either parallel or perpendicular to the basal layer of the epiderm is, 
m ainly as ind iv idual fibres b u t som etim es in sm all bundles. A 
m oderate num ber of CGRP-immunoreactive fibres supplied the blood 
vessels in all species (Fig.3.9E & F). CGRP-immunoreactive nerve 
fibres supplying sweat glands w ere num erous in pig and cat (Fig.3.9C), 
fewer in guinea pig and rat, and rare in m an (Fig.3.9D). The fibres in 
the epidermis, dermis and around sweat glands and blood vessels were 
of varicose type w hen com pared w ith those in nerve bundles which 
were smooth and of fine calibre.

3. 3. 3. 3. Vasoactive intestinal polypeptide and Peptide histidine 
isoleucine

In general distribution of VIP- and PHl-im munoreactive nerve fibres 
w as id en tica l w ith  som e excep tions, and  exceeded  th o se  
imm unoreactive for NPY and CPON. They were seen around sw eat 
glands and blood vessels, and in  the dermis. Species variations were 
not pronounced in respect of VIP-immunoreactive axons supplying 
sweat glands bu t were preset in the distribution of fibres in the dermis, 
hair follicles and derm al blood vessels. In pig, large num bers of 
im m unoreactive axons were seen close to the epiderm is (Fig.3.10A), 
and occasionally in the epidermis, whereas in cat, guinea pig and man, 
only m oderate num bers of axons were seen. Rat showed a complete 
absence of imm noreactive axons in the dermis (Fig.3.10B). In all the 
anim als, derm al vessels in the papillary  and reticular layer rarely 
received VIP- and  PH I-im m unoreactive  axons, a lthough  large  
numbers of axons were seen supplying the vessels of the deep dermis
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and also vessels close to the sw eat glands. Occasional VIP- 
immunoreactive axons were seen around the hair follicle in m an and 
guinea pig (Fig.3.10.E-F). In pig, PHI-immunoreactive fibres were more 
frequen t in the derm is and  a round  b lood vessels than  VIP- 
immunoreactive fibres, and although fibres supplying the sweat glands 
w ere  im m u n o rea c tiv e  fo r b o th  VIP a n d  PH I, th e  PH I 
imm unoreactivity was weak.

3. 3. 3. 4. N europeptide Y and C-flanking peptide of neuropeptide Y

The d istribu tion  of NPY- and  CPO N -im m unoreactive axons w as 
similar. They were seen m ostly around large blood vessels in all the 
species studied  w here they form ed an outer perivascular plexus of 
varicose fibres at the adventitial-m edial border. The density of the 
perivascular plexus varied w ith  vessel size and site as well as in 
different species, being m ost abundant in pig and m oderate in guinea 
pig, rat, cat and man. Occasional NPY and CPON-immunoreactive 
fibres were seen around sweat glands in all species.

3. 3.3. 5. OTHER PEPTIDES

Im m unoreactivity for atrial natriuretic peptide (ANP) or galanin was 
not seen in any of the species studied. Somatostatin-immunoreactive 
axons were seen only in pig around sweat glands.

3. 3. 4. Regional variations

Regional differences w ere sim ilar in all the species studied. The 
greatest density of nerve fibres was seen in the sensitive regions of the 
body, such as the n o se /sn o u t, lip, ear and footpads. The axons 
immunoreactive for CGRP were seen always in large numbers when
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com pared  w ith  SP an d  N K A -im m unoreactive axons thereby  
constituting the largest population of peptide-im m unoreactive axons 
in the skin (Figs.3.9A, 3.10A). Dorsal and ventral regions of the 
ab d o m en , th o rax  a n d  fo re -an d  h in d -lim b s show ed  few er 
im m unoreactive fibres and alm ost none were seen in the tail skin. 
Epidermal fibres were mainly seen in lip, nose, face, ear and foot pads 
and rarely in other regions. VIP- and PHI-immunoreactive fibres were 
seen mainly around sw eat glands and around blood vessels, wherever 
they occurred, in all animals. The ducts of the glands received only a 
sparse num ber of VIP and PH I-im m unoreactive nerves as d id  the 
small arteries present in the papillary and reticular layer of derm is. 
Dermal nerve endings im m unoreactive for VIP and PHI w ere seen 
only in specialised areas including lip /snou t (Fig.3.10A) and paws in all 
the anim als except ra t and in m an. In m an, PHM -imm unoreactive 
axons were comparatively m ore frequent around eccrine glands than 
apocrine glands and derm al fibres were rarely seen. NPY and CPON- 
im m unoreactive axons were abundant around blood vessels of lip, 
nose/snout and paws, and sparsely seen in other regions.

3. 3.5. Effects of capsaicin and 6-OHDA

Capsaicin-treated rats showed a significant reduction (approximately 50 
to 70% estim ated visually) in the density of CGRP-, (Fig.3.11A & B) 
substance P- (Fig. 3.11C & D) and  NKA-immunoreactive axons in the 
epidermis and dermis, and no change around sweat glands and blood 
vessels of the skin. In addition, no reduction was observed in axons 
displaying NPY and CPON or VD? and PHI immunoreactivity (Fig.3.11E 
& F). Treatment w ith 6-OHDA resulted in an almost complete loss of 
TH- and NPY-imm unoreactive axons around  the blood vessels and 
sweat glands (Figs 3.11G-L). However, substance P, NKA-, CGRP-, VIP 
and PH I-im m unoreactive axons rem ained in the ep iderm is/derm is 
and around sw eat glands, respectively, after the treatm ent w ith  6- 
OHDA.
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3. 3. 6. Development of cutaneous nerves

The results of im m unostaining in developing ra t are sum m arised in 
diagram  6. N o PGP 9.5 immunoreactive fibres were seen in the skin of 
fetal rat up to and including the 15th day of development. On day 16, 
PGP 9.5-immunoreactive axons w ere seen in the region of nose and lip 
(Fig.3.12A) although they were absent from paws and tail (Fig.3.12B &
C), and sparse in other areas including abdomen and back. In the nose, 
the imm unoreactive axons were seen to run  parallel to the surface of 
the  skin, w ith  occasional vertical extensions to the  developing  
prim ordium  of the hair follicles. The distribution of neurofilam ent- 
im m unoreactive axons was similar both in density and intensity. No 
significant changes were seen on the 17th day of fetal developm ent 
except for a slight increase in num ber of imm unoreactive axons. On 
d ay  19, PGP 9.5- im m unoreactive axons show ed dichotom ous 
branching in the dermis, particularly in the region of nose and face and 
fibres around developing hair follicles (Fig. 3.12D). At the same time, 
individual PGP 9.5-immunoreactive axons appeared in the dermis of 
the paws. More branches were added to the existing ones in the dermis 
on the 20th day in addition to the appearance of epidermal extensions. 
O n day 21, cutaneous axons h ad  established contacts w ith  all the 
developing hair follicles (Fig.3.12E). PGP 9.5-immunoreactive axons 
were seen surrounding the developing sw eat glands only at the end of 
the first week of post-natal life. More branches were added during the 
second week. Thereafter the distribution resembled the adult pattern.

3. 3. 7. Appearance of peptides in cutaneous nerves

The time course of appearance of peptides varied from one peptide to 
another. CGRP-immunoreactive axons were first seen on the 19th day 
of fetal life mainly in the dermis of the face, abdomen and foot pads

95



t
2 
3t H

+

I-----kV \\\\ sssssssssss

+

I---------f ^ V W W l

fT  1-------r ---------1-------- 1-------- 1--------- 1— — I---------1--------- ,-------- ,
15 16 17 18 19 20 21 1 7 15 20

F e ta l-------Days-------Neonatal

face/
4 nose
5

abdomen
&thorax

paws

l
3 tall

Diagram 6. Schematic representation of development of 
cutaneous nerves and peptides in the skin of rat.

= dichotomous branching; *  = epidermal fibres;
1. protein gene product 9.5; 2. calcitonin gene-related 
peptide; 3. substance P; 4. vasoactive intestinal 
polypeptide/ Peptide histidine isoleucine;
5. neuropeptide Y/ C-terminal peptide of NPY._________
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Fig. 3.12. A,B,C Skin from 16th day foetal rat showing presence 
of PGP-9.5 immunoreactive fibres (empty arrow head) in face (A) 
and absence in foot pads (B) and tail (C). D,E Skin from 19th (D) 
and 12th day (E) foetal rat showing PGP-immunoreactive fibres 
around developing hair follicle. F Skin from 19th day foetal rat 
showing presence of CGRP-immunoreactive fibres (empty arrow 
head) in the dermis of face. Zamboni's fixed tissues. Cryostat 
sections (15pm). All magnification X 275
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(Fig.3.12F). On the 20th day occasional immunoreactive epidermal 
extensions were seen. SP/NKA-immunoreactive fibres appeared only 
on neonatal day 1 in the region of face and footpads and were not seen 
in other regions of the body. VIP and NPY/CPON-immunoreactive 
axons were not apparent until postnatal day 7, where they were seen 
mainly around blood vessels and sweat glands of the foot pads.

3. 4. Discussion

The present study is a systematic and detailed examination of 
cutaneous innervation of non -hairy (man) and hairy mammals (pig, 
guinea pig, rat and cat), in order to establish a base line for further 
studies of skin in experimental and disease conditions. Comparison of 
various immunocytochemical neural markers and AChE 
histochemical staining provides strong evidence that antiserum to PGP
9.5 was the best overall marker for cutaneous nerves. Species and 
regional variations in the peptidergic nerves were mainly in their 
density, whereas the specific peptides in the nerves innervating 
epidermis, dermis, hair follicles, sweat glands and blood vessels of the 
skin were similar. During development, nerves immunoreactive for 
general markers appeared earlier than neuropeptide 
immunoreactivity, and sensitive regions showed a more advanced 
stage of development than the less sensitive regions. Schematic 
representation of the distribution/ visualisation of nerves and 
neuropeptides in all the species studied, and possible physiological 
correlation with the specific nerve types is shown in diagram 7.

3. 4. 1. PGP 9.5 as a neural marker

PGP 9.5 antiserum gave consistently reproducible results in all of the 
species examined and provided an elegant demonstration of the
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G en. M arker F ib re s  N e u ro p e p tid e s

PGP 9.5

---- saacaaaasNssa

W W V W xV xV xV S

-----

CGRP,VIP,SP/NKA

VIP/PHI, CGRP, 
NPY/CPON, SS

Diagram 7. Schematic representation of origin/distribution/ 
visualisation of nerves and neuropeptides in the skin of 
mammals. unmyel=unmelinated fibres; Symp= sympathetic; 
PGP 9.5= protein gene product 9.5; SP= substance P; CGRP= 
calcitonin gene-related peptide; NKA= neurokinin A; VIP= 
vasoactive intestinal polypeptide; PHI= peptide histidine 
isoleucine; NPY= neuropeptide Y; CPON= C-terminal 
peptide of NPY, SS= somatostatin.
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patterns of nerve fibre d istribu tion  w ithin the various layers and 
around the appendages of skin. Immunoreactive axons were greater in 
num ber and density, and the staining was stronger than w ith antisera 
to other neural m arkers such as neurofilaments and NSE. The m ain 
reason for the effective imm unoreactivity may be due to the nature of 
PGP 9.5, which is a major com ponent of the neuronal cytoplasm as 
suggested by radioim m unoassay (Thompson, 1981) and by electron 
m icroscopy (Gulbenkian et al., 1987), although its function is so far 
unknow n. PGP 9.5 has been used as a histological m arker for the 
delineation of nerves and endocrine cells in other organs of the body 
(Gulbenkian et al., 1987; Thompson et al., 1983; Lauweryns and Van 
R anst, 1988). In con trast, neurofilam ent tr ip le t p ro teins are 
constituents of one of the cytoplasm ic organelles and NSE is an 
enzyme. The expression of neurofilam ent may depend on the axonal 
calibre, specific nerve subtypes and neuronal regions. U ltrastructural 
studies of the axoplasm of sensory fibres show that the percentage of 
neurofilam ent trip let proteins varies, being m ost abundant in large 
myelinated axons and less in fine myelinated and unm yelinated axons 
(Friede and Samorajski, 1970; Schlaepfer and Lynch, 1977; Shaw and 
Weber, 1981). N eurofilam ent-im m unoreactivity in the dorsal root 
ganglia is m ainly seen in the large diam eter cells from which large 
myelinated axons arise (Anderton et al., 1983; Lawson et al., 1984). In 
addition, the degree of neurofilam ent immunostaining depends on the 
ability of the antiserum  used  to  recognise all three of the trip let 
p ro te in s  in c lu d in g  p h o sp h a te -d e p e n d e n t and  - in d e p e n d e n t 
neurofilam ent proteins which influences the axonal transport along 
the axons (Nixon et al., 1987). O ur results substan tia te  these 
observations because neurofilam ents- im m unoreactivity  was seen 
m ainly in nerve bundles and only occasionally in individual axons. 
The NSE antiserum  did not recognise m ost of the fine varicose axons 
and gave staining of low intensity w ith much inter-species variation.
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This m ay be due to the chemical nature of NSE, possible poor species 
cross-reactivity and the physiological state of the nerves (Bock and 
Dissin, 1975, Bishop et al., 1985; Marangos et al., 1981). The density of S- 
100-immunoreactive Schwann cells did not give a clear estim ation of 
the density of nerve fibres p resen t in the tissue, particularly in the 
region of superficial dermis. This may be due to the nature of one 
Schw ann cell enveloping several unm ylinated nerve fibres. In 
addition , the absence of im m unoreactiv ity  in the epiderm is is a 
evidence to show that S-100-immunoreactive Schwann cells does not 
demarcate the nerve endings present. This may be due to the absence 
of Schwann cell sheath extension to the epiderm al nerves. A lthough 
we do not have conclusive evidence, the density of distribution of PGP
9.5-immunoreactive nerves in all the species studied, strongly suggests 
the possibility of identification of all the cholinergic, adrenergic and 
peptidergic populations of axons. These results are consistent w ith  a 
sim ilar s tudy  on the v isualisa tion  of cardiovascular innervation  
(Gulbenkian et al., 1987). Synaptophysin antiserum apparently failed to 
show  all the nerve term inals p resen t in  the skin particu larly  in 
epiderm is and derm is in com parison w ith antiserum  to PGP 9.5. 
However, the possibility of identification of a distinct population of 
nerve endings containing classical neurotransm itters exists. Light and 
electron microscopical exam ination has revealed that synaptophysin 
selectively labels the small synaptic vesicles and not the large dense- 
core vesicles (Jahn et al., 1985), supporting the idea that these vesicles 
are distinctly different types and belong to different pathways of neural 
secretion. There is evidence tha t the small synaptic vesicles contain 
classical neurotransm itters, w hereas the large dense core vesicles are 
th o u g h t to contain p ep tide  neu ro transm itters  and  non-pep tide  
molecules such as amines (Lundberg et al., 1982; Hokfelt et al., 1984; 
Klein et al., 1985 ; Gulbenkian et al., 1987). Therefore, the presence of 
synaptophysin-im m unoreactive term inals in the epiderm is, close to 
Merkel cells and hair follicles, strongly suggests that they contain
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classical neuro transm itters . How ever, no secretion of classical 
neurotransm itters from sensory nerves has been docum ented so far. 
O ur results are consistent w ith a study showing that synaptophysin 
im m unoreactivity is present in the afferent nerve endings of skeletal 
muscle (De Camilli et al., 1988). The identification of fewer epiderm al 
fibres by antiserum  to synaptophysin compared with that of PGP 9.5 
m ay suggest that only a proportion of epidermal fibres contain classical 
neuro transm itters.

Im m unostaining of cholinergic axons using antibody to ChAT has been 
successful m ainly in the central nervous system (Kimura et al., 1981; 
Eckenstein and Thoenen, 1983, H auser et al., 1985; Ichikawa and Hirata,
1986) due to the nature of antibodies. Reports of localisation in the 
peripheral nervous system (Furness et al., 1984a; Furness et al., 1984b) 
are scanty. In a p revious study , ra t foot pad  show ed choline 
acetyltransferase im m unoreactivity around the sweat glands (Leblanc 
and Landis, 1986). However, in our hands no im m unostaining was 
seen. This could be due to the fixation procedure, im m unostaining 
techniques or nature of the antibodies used.

3. 4. 2. Cholinesterase histochemistry

The cholinesterase m ethod (Gomori, 1952; Koelle, 1955; Coupland and 
Holmes, 1957) has been used since 1950 with several modifications in 
the  technique to d em onstra te  cutaneous nerves and  recep tors 
(M ontagna and  Becket, 1958; M ontagna 1960; W inkelm ann, 1960; 
M ontagna & Parakkal, 1974). In a com parative study, species 
differences were observed in the response of nerve tissue to specific 
cholinesterase (W inkelmann and  Schmit, 1959) lim iting use of the 
technique for visualisation of all the cutaneous nerves. The large 
num ber of AChE-positive nerve fibres in sensory and autonomic areas, 
as show n by our study  using  the m odified and sensitive AChE 
technique indicates the activity is specific to acetylcholinesterase rather 
than non-specific cholinesterase activity. N onetheless, the sim ilar 
d istribu tion  of AChE-positive fibres and those w ith  PGP 9.5 or 
synaptophysin im m unoreactivity as shown in our study is a further 
evidence of specificity of the AChE reaction in nerves, although such
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interpretation of the AChE reaction has always been controversial due 
to the fact that AChE reaction is reported  both  in sensory and 
autonomic parts of cutaneous innervation and the role of acetylcholine 
in the sensory nerves is unknow n. However, a large am ount of 
evidence has accumulated for and against the function of acetylcholine 
as a sensory transm itter (Douglas and Ritchie, 1960; Koelle, 1962; 
Fitzgerald and Cooper, 1971; N achm anson, 1975, H aegerstam  et al., 
1975).

3. 4. 3. Species variations

Considerable differences were found among the species in terms of the 
density of peptidergic axons. Peptide-im m unoreactive axons w ere 
m ost abundant in pig, bu t m oderate to sparse in other animals and in 
m an, peptide-im m unoreactive axons were comparatively few. In all 
th e  species s tu d ie d  CGRP- an d  V IP /P H I (PHM  in m an)- 
im m unoreactive axons form ed the largest populations of peptide- 
containing axons in the epiderm is and derm is, and around sw eat 
glands. However, the precise relationship between species variations 
and their functional correlation is not clear. Previous studies have 
indicated that there were species differences in relative concentrations 
as determ ined  by rad io im m unoassay  of substance P, VIP and  
som atostatin  in  p ig  and cat sk in  (O 'Shaughnessy et al., 1983). 
Therefore, the distribution differences seen in our study m ay reflect 
physiological differences in these species, although at this stage we are 
not able to correlate these findings in term s of function. Such 
variations may well be dependent on the thickness of the epiderm is 
and derm is, the  variety  and  num ber of cutaneous appendages, 
vascularity of the skin and last b u t not least the behavioral differences 
among species.

3.4.4. Effect of anaesthesia on neuropeptides

A lthough we do not have conclusive evidence to show  w hether 
sodium  pentobarbitone affects the neuropeptides in  skin of laboratory 
anim als, im m unocytochem ical and  rad io im m unoassay  analysis 
indicates that animals killed by ether inhalation or by an overdose of 
sodium pentobarbitone do not show any significant difference in the
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CGRP-im m unoreactivity of lung  (Cadieux et al., 1986). It is also 
relevant that there w as no obvious difference seen in the general 
m arker and peptide im m unoreactivity in the hum an specimens taken 
under local or general anaesthesia, suggesting that the effects of local 
anaesthetics are on receptors binding sites than neuropeptides.

3. 4. 5. Regional variations

Despite the variations seen in the density of peptidergic innervation in 
different regions of the body in all the species, the common feature was 
the presence of greater num bers of peptidergic axons, particularly in 
epiderm is, in sensitive regions including lip and n o se /sn o u t, as 
com pared w ith sparse num bers of nerve fibres in the less sensitive 
regions of the body. These findings agree w ith those of previous 
m orphological stud ies show ing  significant differences in sim ple 
sensory corpuscles of an terio r and posterior paw  of the raccoon 
(Z ollm an and  W inkelm ann , 1962), and  regional v a ria tio n s in 
peptidergic nerve distributions and peptide concentrations in p ig  and 
cat skin investigated by immunocytochemistry and radioim m unoassay 
(Bloom and Polak, 1983).

Sensation in  the skin is m ediated  by afferent fibres including large 
m yelinated fibres (A-alpha), which supply mainly the specialised end 
organs, small fine m yelinated (A-delta) and small unm yelinated fibres 
(C-fibres). The understanding  of skin innervation has grown step by 
step w ith  im provem ents in investigative techniques. Now th ere  is 
m uch im m unocytochem ical evidence that substance P /N K A  and 
CGRP are present in these fine m yelinated and unm yelinated fibres 
(Bloom and Polak, 1983, Bjorklund et al., 1986; Hokfelt et al., 1975a; 
Dalsgaard et al., 1985, Gibbins et al., 1985). O ur results are in  full 
agreem ent w ith these p rev ious reports in show ing SP/N K A - and 
CGRP-immunoreactive fibres in the epidermis, dermis, sweat glands 
and blood vessels. Colocalisation studies indicate the coexistence of SP 
and NKA as well as SP and CGRP in the cells of dorsal root ganglia and
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in the nerves of skin (Gibbins et al., 1985; Gibson et al., 1984; 
W iesenfeld-Hallin et al., 1984; Ju et al., 1987; M olander et al., 1987; 
Merighi et al., 1988). However, we do not yet know  whether species 
differences exists in colocalisation of these peptides.

3. 4. 6. Capsaicin and 6-OHDA treatment

It has been show n by previous workers that neonatal administration of 
capsaicin  resu lts  in  an  irreversib le , selective, dose-dependen t 
degenera tion  of the sensory  ganglion  cells th a t give rise  to 
unmyelinated and fine myelinated fibres (Jansco et al., 1977; Nagy et al., 
1981; Nagy et al., 1983; Jancso et al., 1985). Our study shows that only 
50% to 70% of the  axons con ta in ing  S P /N K A  and  CGRP- 
imm unoreactivity were depleted from epidermis and dermis, w ith no 
reduction in imm unoreactivity around blood vessels and sweat glands 
and is in agreem ent with similar studies (Gibbins et al., 1985, Holzer et 
al., 1982; Norheim  et al., 1985). This apparent partial depletion m ay be 
due to the dosage of capsaicin adm inistered resulting in incom plete 
loss of im m unoreactivity or due to the presence of various functional 
subpopulations of tachykinins- and  CGRP-im m unoreactive axons 
(Nakanishi, 1986; Amara et al., 1985; Matsuyama et al., 1986; M ulderry 
et al., 1988; Feher et al., 1986; W harton et al., 1986; Su et al., 1986, Su et 
al., 1987). However, a similar reduction in VIP/PHI- and NPY/CPON- 
imm unoreactive axons supplying sweat glands and blood vessels was 
not noticed, indicating the selective nature of the capsaicin toxicity. 
N e v erth e le ss , the  above re su lts  su g g est e ith e r the  fib res 
immunoreactive for SP/NKA and  CGRP supplying epidermis and
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derm is are partially sensory and capsaicin does destroy all sensory 
nerves, or that they are m ostly sensory and capsaicin does not destroy 
all sensory nerves at the dosage given.

The adm inistration of 6-OHDA, which destroys peripheral sympathetic 
nerve term inals (Gulbenkian et al., 1987; Allen et al., 1985), caused a 
com plete depletion  of TH- and  NPY-im m unoreactive axons seen 
around sweat glands and blood vessels w ithout any reduction of VIP- 
imm unoreactive axons, suggesting that the cholinergic and adrenergic 
com ponents of the  skin  are d istinct entities. Several p rev ious 
histochem ical a n d /o r  im m unocytochem ical stud ies show ed the  
presence of sympathetic cholinergic (Leblanc and Lendis, 1986, Dale and 
Feldberg, 1934; Sjoqvist, 1963; Lundberg et al., 1980a) and adrenergic 
innervation (Uno, 1977; Lundberg et al., 1979) around sweat glands in 
addition to nerves containing peptides including VIP, NPY, CGRP and 
SP (O 'Shaughnessy et al., 1983; H artschuh et al., 1984; Hokfelt e t al., 
1975; Vaalasti et al., 1985; Landis and Fredieu, 1986; Gibbins et al., 1987). 
In skin, VIP is believed to be localised principally  in cholinergic 
sym pathetic neurons; e.g. around sweat glands (Lundberg et al., 1980) 
and NPY in adrenergic sym pathetic neurons (Lundberg et al., 1979; 
Lundberg et al., 1982a; Ferri et al., 1984). However, in other organs 
there are exceptions to this rule showing distinct populations of non- 
adrenergic NPY-immunoreactive nerve fibres harbouring V IP /PH I in 
gut (Ekbald et al., 1984a), thyroid gland (Grunditz et al., 1988) and the 
cardiovascular system (Gibbins e t al., 1988). VIP is shown to coexist 
w ith noradrenaline- containing nerves supplying the uterine artery  
(Morris et al., 1985). In addition, several previous studies showed that 
N PY -im m unoreactive fibres w ere  not com pletely abo lished  by 
treatm ent w ith 6-OHDA; e.g., perivascular nerves (Morris et al., 1985) 
in gut and  pancreas (Su et al., 1987) due to the dual extrinsic and 
intrinsic nature of their origin (Sundler et al., 1983; Tanio et al.,
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1986). N onetheless, our resu lts w ith  6-OHDA treatm ent are of 
relevance because they suggest that there is a clear dem arcation 
betw een adrenergic and cholinergic sympathetic fibres and that NPY 
im m unoreactive axons are purely  noradrenergic in skin. To our 
knowledge, a clear dem arcation of adrenergic and cholinergic fibres 
around sweat glands of skin has so far not been reported.

This study  does not support previous reports of the presence of 
im m unoreactivity for ANP, galanin and enkephalin (Tanio et al., 1987, 
Johansson and Vaalasti., 1987; Johansson et al., 1988) in the skin of any 
of the species studied. Somatostatin- immunoreactive axons were seen 
only in pig. This suggests that these are m inor peptides, if they are 
present, in the skin and aw aits the results of pharm acological and 
physiological studies to determ ine if they have any functional role.

3. 4. 6. Development of cutaneous nerves

The developm ent of cutaneous nerves in ra t varied from  region to 
region. It is possible that the extension of outgrowing axons from each 
dorsal root ganglion may reach appropriate locations at different times. 
The density of fibres depended on the skin region and the presence of 
prim ordial epiderm al appendages such as hair follicles and sw eat 
glands, and blood vessels in the connective tissue. These appendages, 
which are the targets of developing nerves, are m ore frequent in lip, 
face and nose than trunk, tail and paws. It has been suggested that each 
region of skin attracts a num ber of nerves the density of w hich is 
regu la ted  by  nerve grow th  factor p resen t in  the target tissue  
(Letourneau, 1978; Davis et al., 1987). There was no early expression of 
the neuropeptides that are m ainly seen in the A-delta and C-fibres 
except for CGRP. This substantiates reports of late physiological 
maturation of C fibres (Fitzgerald and Gibson, 1984; Fitzgerald, 1985)

107



and m ay be the reason for the reported experience of little pain in 
hum an neonates (Craig, 1980), assum ing that the general trends of 
developm ent between two species remains the same. The appearance 
of CGRP im m unoreactiv ity  du ring  fetal life m ay indicate early 
neurochem ical m aturation  of sensory neurons in com parison w ith 
autonom ic neurons (M arti e t al., 1987) and suggests the possible 
neurotrophic role in the developing tissues as suggested recently by 
their involvem ent in the differentiation of dopam inergic neurons of 
olfactory bulb (Dennis-Donini, 1989).

In conclusion, the results dem onstrate that: 1. Antiserum  to protein 
gene product 9.5 is the best m arker for the visualisation of cutaneous 
nerves. 2. Regional and species differences concern only the density of 
peptidergic innervation, bu t not the specific peptides present or their 
distribution. 3. "Sensory” peptides appear earlier than "autonomic" 
pep tides d u ring  developm ent. 4. N o t all the senosory axons 
im m unoreactive for CGRP and  substance P are equally capsaicin- 
sensitive . 5. All the  sym pathe tic  ty rosine  hydroxy lase- and  
neuropeptide Y-im munoreactive axons are totally responsive to 6- 
hydroxydopam ine. Thus, the study  show s the neurochem ical, 
distribution and developm ental differences in sensory and autonomic 
com ponents of the nervous system  of m am m alian skin. The early 
m aturation of sensory nerves in comparison to autonom ic nerves is 
im portant and the possibility of a trophic role in skin rem ains to be 
established. The accurate identification and characterisation of 
cutaneous nerves has been a problem  for some tim e preventing  a 
better understanding of changes in cutaneous innervation; there w as a 
need for a better histological technique. These results show that PGP
9.5 is a valuable general neural "marker" of norm al innervation. The 
data provided should stim ulate further studies of neurochemical and 
physiological variations of the cutaneous innervation.
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4.1. INTRODUCTION

Since ancient tim es leprosy has been know n for its neurological 
manifestations. Im paired sensations, muscle weakness and localised 
irregular nerve enlargements are cardinal signs of clinical leprosy. The 
prim ary  focus of infection is usually a peripheral sensory nerve, 
resulting  in im pairm ent of sensation, followed by involvem ent of 
nerves containing both sensory and m otor fibres, adding m otor deficit 
to the early sensory loss. The final result of the disease process is 
disability and deformity.

Involvem ent of the cutaneous nerves constitutes the m ost unique 
feature of the pathological changes in leprosy (Khanolkar, 1952; Dastur, 
1955). Axonal degeneration w as said to be the common feature in 
tuberculoid leprosy (Dastur, 1972), but demyelination was described as 
the prom inent change in  leprom atous leprosy (Dastur and  Razzak, 
1971; Job, 1971). The causative organism  is M ycobacterium leprae, 
w hich is know n to have a un ique characteristic of neural affinity 
(W eddell et al., 1963; Iyer, 1965; Job and Desikan, 1968). Reports on 
histopathological features of leprosy m ention involvem ent of nerves 
in  all stages and types of the  disease. In skin, leprosy infection 
involves both somatic and autonom ic com ponents of the cutaneous 
nerves, and clinical experience shows that there is a definite pattern  in 
the loss of cutaneous nerve function in leprosy. An early sign m ay be 
the loss of sw eating followed by  the loss of therm al sensation and 
touch (Weddell, 1977; Dabholkar et al., 1982; Boyle and Ramu, 1982) In 
addition, in all types of leprosy the earliest changes in peripheral 
nerves are seen in unm yelinated fibres followed by changes in small 
myelinated fibres and ultim ately in the larger myelinated fibres (Shetty 
et al., 1978; Shetty et al., 1980). To substantiate this further, experiments 
have been carried ou t using a m ouse m odel and have revealed a 
diffuse peripheral neuropathy as early as 4 months after inoculation of 

the bacterium (Shetty et al., 1980). These findings support the
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observation that the involvem ent of nerves begins at a very early stage 
of leprosy infection.

Previous studies of cutaneous nerves in leprosy have used m ainly 
c o n v e n tio n a l l ig h t  a n d  e le c tro n  m ic ro sco p ic  h is to lo g y . 
Im m unocytochem ical techn iques have been used  to e lucidate  
im m unological m echanism s in the pathogenesis of the disease 
(W right and Hirst, 1975; Ridley et al., 1982; N arayanan et al., 1986; 
Robles et al., 1985). Following the immunocytochemical localization of 
neu ropep tides in  cu taneous nerves, w e have em ployed sim ilar 
techn iques in  o rd e r to s tu d y  the  possib le  invo lv em en t of 
neuropeptides in leprosy. The specific aims of the study  w ere to 
determ ine the pattern of cutaneous innervation in general and that of 
neuropeptide-contain ing  nerves in particu lar in leprosy, and  to 
correlate any abnorm alities observed w ith the altered sensory and 
autonomic functions associated with the disease.

4. 2. Experimental design

4. 2.1. Tissues

Skin biopsies w ere obtained in a peripheral leprosy hospital (St. 
Patrick 's Leprosy Settlem ent, Mile 4 H ospital, N igeria) from  120 
suspected leprosy patients during  the period between January to June 
of 1986, based on one of the following criteria, 1) the presence of 
hypop igm ented  or ery them atous skin lesions of various types 
(macules, papules, nodules and  plaques) w ith well or ill defined 
margins, their size and distribution with associated sensory changes 2) 
skin smear by slit and scrape m ethod and 3) nerve thickening. The 
biopsy was perform ed w ith  the patients' consent after the procedure 
and reasons for the biopsy has been explained to them, and w ith the 
perm ission of the resident Medical Superintendent, Dr. M.A. Macrae. 
They w ere taken from  active lesions on the upper arm , forearm , 
thorax, abdomen, thigh, leg and lum bar region (Table 9). The history of 
the disease ranged from 6 m onths to several years. N orm al control 
skin was obtained from  non-leprosy patients (n=50) undergoing  
general surgical procedures that entailed skin rem oval in C entral 
Middlesex Hospital (Approved by the Ethics committee of Brent Heads
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Table 9
Area from which the skin  biopsy was taken from leprous patients

Fore
A rm

Upper
A rm

Leg Thigh Lumbar
Region

A bdom en Thorax

No. of 
Specimens 10 14 10 15 11 8 32
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Authority) and cosmetic plastic surgery operations in H am m ersm ith 
H ospital and Queen M ary's H ospital, London. These specimens of 
skin were obtained from body areas comparable to those of leprosy 
biopsy specimens.

An elliptical incision was m ade through the entire skin depth and the 
entire biopsy w as taken ou t w ith  a horizontal cut parallel to the 
surface. Biopsies were cut into two equal portions. One portion was 
fixed in freshly prepared  Bouin's fluid (Appendix 3d) for 4 hours, 
repeatedly washed in 30% alcohol, dehydrated, and then em bedded in 
paraffin wax. The other was fixed in a 0.4 per cent solution of p- 
benzoquinone (Appendix 3a) in phosphate-buffered saline (Appendix 
2).

Sections (6pm) of paraffin blocks were stained with haematoxylin and 
eosin  (A ppendix  7) fo r the  subjective d e te rm in a tio n  of the  
granulom atous fraction (the percentage of derm is occupied by the 
inflam m atory cells), (Ridley, 1985) and by the W ade Fite m ethod 
(Appendix 8) for the demonstration of acid fast bacilli (AFB). AFB were 
quantified on the standard logarithmic bacterial index (BI) scale (Ridley,

1985)

4. 2. 1. Immunocytochemistry

Biopsies from norm al and leprosy cases w ere mixed in batches and 
cryostat sections (6pm) w ere taken upon poly-L-lysine coated glass

slides (Appendix 4), allowed to d ry  for 60 m in at room tem perature, 

and  then placed in  PB S/Triton X-100 (Appendix 2b) for 30 m in. 
Im m unostaining w as perform ed by a m odification of the indirect 
im m unofluorescence m ethod (Appendix 5a) w ith antisera to neural 
antigens and neuropeptides. Staining was perform ed on batches of 
specimens, each containing samples from both groups.
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Table 10

DENSITY OF NERVES AND NEUROPEPTIDE-IMMUNOREACTIVE FIBRES PRESENT IN THE
SKIN OF NON-LEPROSY CONTROL SPECIMENS

Total No. of cases showing
No. immunoreactive nerve fibres

Skin area PGP 9.5 N F SP CGRP VIP NPY

Epidermis 50 45 - - •15 - -

Dermis 50 50 50 45 50 25 -

Hypodermis 50 50 50 40 - 25 -

Hair follicle 50 35 35 - 15 -

Sweat glands 50 50 50 25 50 20
Blood vessels 50 40 10 - 30 15 45
Merkel cells 50 - 25 - - -

Key: PGP 9.5 = protein gene-product 9.5, NF = neurofilaments, SP = substance P, CGRP = calcitonin gene-related 
peptide, VIP = vasoactive intestinal polypeptide, Blank spaces (-) = None
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4.3. RESULTS

4. 3. 1. Non-leprous control specimens

The h isto logy  of these specim ens show ed no m orpholog ical 
abnorm ality or W ade Fite positivity. Antisera to the general neural 
m arker PGP 9.5 and to neurofilam ents were employed to reveal all the 
cu taneous nerves. In the con tro l specim ens, PGP 9.5-like 
im m unoreactivity was observed in free nerve endings present in the 
epiderm is and derm is (Fig.4.1A), around hair follicles, and sw eat 
glands (Fig.4.2A). Im m unoreactiv ity  was also observed in nerve 
bundles, in relation to blood vessels and arrector pili. The distribution 
of neurofilam ent- and PGP 9.5-imm unoreactive fibres was sim ilar 
except th a t neurofilam ent-im m unoreactive fibres w ere few er in 
relation to blood vessels and  show ed only w eak im m unostaining 
a ro u n d  sw ea t g lands. In  a d d itio n , im m u n o reac tiv ity  for 
neurofilaments was seen in Merkel discs.

CGRP- and substance P-im m unoreactive nerves were seen largely as 
beaded fibres running in the derm is, some apparently ending freely or 
in close relation with small arteries and arterioles, whereas a few fibres 
extended into the epiderm is, reaching alm ost up  to the stra tum  
corneum (Figs.4.3A & 4.4A). CGRP-immunoreactive fibres were m ore 
frequent than  substance P-im m unoreactive fibres. Substance P- 
immunoreactive nerves were also found close to sweat glands and hair 
follicles. How ever, no pep tide  im m unoreactivity was seen in the 
M erkel cells. The d is tr ib u tio n  p a tte rn s  of VIP- and  NPY- 
im m unoreactive nerves w ere found  to be sim ilar, both supplying 
sweat glands (Fig.4.5A) and blood vessels. NPY im m unoreactivity, 
how ever, was comparatively w eak in intensity and was seen in fewer 
fibres than  VIP around sw eat glands. The distribution of CPON- 
im m unoreac tive  fibres w as sim ilar to those  show ing  NPY 
im m unoreactivity both in density  and in intensity. For details see 
Table 10.
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Table 11

Classification of leprosy skin biopsies examined

GFf B iff

Type* No. <10% >10% 0 1+ 2+ 3+ 4+ 5+

Indeterminate 14 14 - 9 5 - - - -

BT/TT 43 23 20 38 1 2 2 - -

BULL 43 _ 43 _ - - 12 7 24

BT/TT=combined borderline tuberculoid and polar tuberculoid cases.

BL/LL=combined borderline lepromatous and polar lepromatous cases.

+GF=granulation fractionrpercentage of dermis inflamed.

++BI=bacterial index: log scale bacterial density in the dermal nerves and inflammation (Ridley, 1985). 

Blank spaces (-) = none
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Diagram 9. Histogram showing the proportion 
of total cases in each class of leprosy which had 
immunoreactivity for various neuropeptides
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Fig. 4.1. Skin of arm showing PGP 9.5-immunoreactive fibres in 
the epidermis (arrowhead) and dermis (arrow). (a) Control skin 
showing a large number of immunoreactive fibres in the epidermis 
and dermis. (b) Tuberculoid leprosy specimen with complete absence 
of immunoreactive nerves.(c) Indeterminate leprosy. Epidermal nerves 
are absent and dermal fibres are reduced in number. (d) Lepromatous 
leprosy specimen showing a great reduction in the numbers of dermal 
fibres; macrophage infiltration of the dermis is present. 
Benzoquinone-fixed tissues, cryostat sections (6J.Lm), indirect 
immunofluorescence method. All magnification x 250 
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Fig.4.2. Skin of arm showing PGP 9.5-immunoreactive fibres 
around sweat glands, (a) Control skin showing a large 
number of immunoreactive fibres around sweat glands.
(b) Tuberculoid leprosy specimen with complete absence 
of immunoreactive nerves.(c) Indeterminate leprosy specimen 
showing reduced number of immunoreactive fibres.
(d) Lepromatous leprosy specimen showing a great reduction 
in the numbers; Benzoquinone-fixed tissues, cryostat sections 
(6jim), indirect immunofluorescence method.
All magnification x 250
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Fig. 4.3. Skin of arm showing CGRP-immunoreactive fibres (arrow). 
(a) Control skin showing a large number of immunoreactive fibres in 
the dermis. (b) Tuberculoid leprosy specimen with complete absence 
of immunoreactive nerves.(c) Indeterminate leprosy showing reduction 
in number. (d) Lepromatous leprosy specimen showing complete 
absence of immunoreactive fibres; Benzoquinone-fixed tissues, 
cryostat sections (6J.tm), indirect immunofluorescence method. 
All magnification x 250 
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Fig. 4.4. Skin of arm showing SP-immunoreactive fibres. (a) Control 
skin showing a sparse number of immunoreactive fibres in the dermis 
Tuberculoid leprosy (B), Indeterminate leprosy (C) and Lepromatous 
leprosy (d) showing a complete absence of immunoreactive fibres; 
Benzoquinone-fixed tissues, cryostat sections (6J.tm), indirect 
immunofluorescence method. All magnification x 250 
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Fig.4.5. Skin of arm showing VIP-immunoreactive fibres around 
sweat glands. (a) Control skin showing a large number of 
immunoreactive fibres around sweat glands. (b) Tuberculoid 
leprosy specimen with complete absence of immunoreactive 
nerves.(c) Indeterminate leprosy specimen showing reduced 
number of immunoreactive fibres. (d) Lepromatous leprosy 
specimen showing great reduction in the numbers; 
Benzoquinone-fixed tissues, cryostat sections (6~m), indirect 
immunofluorescence method. All magnification x 320 
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4. 3. 2. Leprosy specimens

Of the 120 leprosy specimens histopathological analysis resulted in 100 
cases of definite leprosy (e.g., intraneural granulomas, a n d /o r  acid fast 
bacilli in protected sites in skin), or almost certain leprosy show ing 
derm al g ranulom as or non-granu lom atous inflam m ation h ighly  
suggestive of leprosy (Fine et al., 1986). These leprosy specimens were 
classified according to the criteria of Ridley and Jopling (Ridley and 
Jopling, 1962; Ridley, 1985) (Table 11). The grouping was done in the 
W olfson Tropical Pathology un it by Dr. S. Lucas. They were grouped 
into (1) indeterm inate (early leprosy, w ith characteristic perineural 
inflam m ation  and  scanty lym phohistiocytic infiltration) b u t no 
tuberculoid granulom as in nerve or dermis and scanty or no evident 
AFB; (2) tuberculo id  (including borderline and  polar tuberculoid  
leprosy  w ith  ep ithelio id  g ranulom as and  L anghans’ g ian t cells 
su rrounded  by lym phocytes involving nerves, and none to sm all 
num bers of AFB; and (3) leprom atous leprosy (including borderline 
and  po lar lep rom atous lep rosy) show ing extensive in filtra te  
involving the entire thickness of the derm is, sparing the im m ediate 
subepiderm al zone, w ith m any AFB in macrophages and nerves. The 
cases of in d e term in a te  lep ro sy  m ay inev itab ly  include  som e 
tuberculoid cases which are resolving bn therapy (nonetheless, the 
trends in the results are not significantly affected by this). The results 
of im m unostaining are sum m arised in Histograms 8 & 9.

4. 3. 3. Indeterminate (early) leprosy

The h is topatho logy  of these  specim ens show ed 2-5 per cent 
granulom atous fraction. Lympho-histiocytic infiltrates around nerves, 
sw eat g lands and arrector p ili w ere noticed frequently. U pon  
im m unocytochem ical exam ination a m arked difference was no ted  
w hen com pared w ith controls, not only in the distribution density of 
nerve fibres bu t also in their peptide content. Only 1/14 of the biopsy 
specimens show ed PGP 9.5-immunoreactive fibres in the epiderm is, 
whereas in the derm is, hypoderm is, sweat glands and hair follicles, 
PGP 9.5- or neurofilam ent-im m unoreactive fibres w ere p resen t in 
alm ost all the specim ens (Figs.4.1C & 4.2C), albeit in a m arkedly  
smaller num ber (visually estim ated as approximately 70 per cent o r
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Table 12

DENSITY OF NERVES AND NEUROPEPTIDES-IMMUNOREACTIVE FIBRES PRESENT IN THE
SKIN OF INDETERMINATE TYPE OF LEPROSY

Total No. of cases showing 
N o. immunoreactive nerve fibres

Skin area PGP
9.5

N F SP CGRP VIP I

Epidermis 14 • 1 - - -

Dermis 14 13 13 - 2
Hypodermis 14 14 14 - -

Hair follicle 14 14 14 - -

Sweat glands 14 11 11 - -

Blood vessels 14 14 14 - -

Merkel cells 14 - - - -

Key: PGP 9.5 = protein gene-product 9.5, NF = neurofilaments, SP = substance P, CGRP = calcitonin gene-related
peptide, VLP = vasoactive intestinal polypeptide, Blank spaces (-) = none
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Table 13

DENSITY OF NERVES AND NEUROPEPTIDE-IMMUNOREACTIVE FIBRES PRESENT IN THE
SKIN OF LEPROMATOUS LEPROSY (BL/LL)

No. of cases showing 
immunoreactive nerve fibres

Skin areas Total No. PGP 9.5 N F SP CGRP VIP NPY

Epidermis 43 - - - - - -

Dermis 43 25 25 - - - -

Hypodermis 43 33 33 - - - -

Hair follicle 43 13 13 - - - -

Sweat glands 43 25 25 - - - -

Blood vessels 43 12 12 - - - -

Merkel cells 43 - - - - - -

Key: PGP 9.5 = protein gene-product 9.5, NF = neurofilaments, SP = substance P, CGRP = calcitonin gene-related
peptide, VIP = vasoactive intestinal polypeptide, Blank spaces (-) = none
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less) than in the controls. Im m unoreactivity for peptides present in 
sensory and autonomic nerves was seen only in 2/14 of the specimens, 
w here CGRP- and VIP-immunoreactive fibres (Figs.4.3C,4.4C & 4.5C) 
supplied dermis and sweat glands, respectively. However, substance P- 
im m unoreactive fibres w ere completely absent (Table 12). Acid fast 
bacilli were scanty in five cases (BI = 1+) and absent in nine case. The 
AFB negative Indeterm inate cases were diagnosed as leprosy on the 
basis of lym phocytic in filtration  around superficial vessels, skin 
adenexae and around derm al nerves throughout the entire dep th  of 
the skin biopsy confirm ed involvem ent of deep derm al nerves . 
Although, these are not pathognom anic of the leprosy, the perineural 
in filtra te  w as sufficiently  characteristic  to place them  in the 
Indeterm inate category (Table 11). All cases were seen by Dr. S. Lucas 
w ho m ade the histological diagnosis of leprosy.

4 .3 .4 . Tuberculoid Leprosy

A great degree of neu ra l inflam m atory  in filtra tion  and  nerve  
destruction was seen in all the 43 cases. W hen im m unostained w ith  
antisera to PGP 9.5 or neurofilam ents, only 13 cases show ed nerve 
fibres in  the derm is and around  sweat glands and 15 cases show ed 
fibres in the hypoderm is surrounded by epitheloid granuloma. Partial 
or complete infiltration and replacement- of nerve bundles was seen in 
the m ajority of cases (Fig.4.1B). In addition, granulom atous deposits 
surrounded all the appendages of the skin to such an extent that the 
m orpho logy  w as com plete ly  lost (Fig. 4.2B). N eu ro p ep tid e  
immunoreactivity was completely absent (Figs. 4.3B, 4.4B & 4.5B)
(Table 13). Bacterial indices w ere zero in 38 cases, 1+ in 1 case, 2+ in 2 
cases, and 3+ in 2 cases (Table 11). The two BT cases with 3+ AFB were 
the patients who were going to downgrade to multibacillary BL.

4. 3. 5. Lepromatous leprosy

M assive m acrophage in filtra tion  was seen in  the pap illary  and 
reticular layer of the dermis w ith  many lymphocytes in the borderline 
leprom atous cases. W hen im m unostained , ep iderm al PGP 9.5- 
im m unoreactive nerve fibres w ere not seen in any of the cases 
examined. However, 33 cases showed PGP 9.5- or neurofilament-
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Table 14

DENSITY OF NERVES AND NEUROPEPTIDE-IMMUNOREACTIVE FIBRES PRESENT IN THE
SKIN OF TUBERCULOID LEPROSY (BT/TT)

No. of cases showing 
immunoreactive nerve fibres

Skin areas Total No. PGP 9.5 N F SP • CGRP VIP NPY

Epidermis 43 - - - - - -

Dermis 43 13 13 - - - -

Hypodermis 43 15 15 - - - -

Hair follicle 43 - - - - - -
Sweat glands 43 13 13 - - - -
Blood vessels 43 - - - - - -
Merkel cells 43 - - - - - -

Key: PGP 9.5 = protein gene-product 9.5, NF = neurofilaments, SP = substance P, CGRP = calcitonin gene-related
peptide, VIP = vasoactive intestinal polypeptide, Blank spaces (-) = none
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im m unoreactive nerve fibres in the hypoderm is, 25 cases in the 
dermis (Fig.4.1D ), and 13 cases around hair follicles. Granuloma was 
brightly stained, as a distinct layer in the dermis (Fig. 4.ID), frequently 
su rround ing  the neurovascu lar bundles, hair follicles, and  sw eat 
glands (Fig.4.2D). The staining was not quenched by absorption of any 
of the prim ary antisera w ith the homologous antigen and no staining 
w as seen  w hen  th e  p r im a ry  an tise ru m  w as om itted . N o 
im m unoreactivity for neuropeptides was seen in any region or in 
association w ith any appendage (Fig.4.3D,4.4D & 4.5D)(Table 14). 
Bacterial indices were 3+ in 12 cases, 4+ in 7 cases, and 5+ in 24 cases 
(Table 11).

4.4. DISCUSSION

This study has dem onstrated that the cutaneous nerves in all types of 
leprosy showed a reduction in num ber as shown by decreased density 
of PGP 9.5-im m unoreactive nerves and near complete absence of 
neuropeptides. The degree of reduction in num ber of nerves and 
neuropeptides was related to the type of leprosy. It is probable that the 
disappearance of neuropeptides m ay have occurred at an early stage of 
the infection, due  to the ir localization m ainly in unm yelinated  
cutaneous nerves which are the prim ary target in leprosy infection. 
This m ay also be due to the dam age caused by the granulom a 
formation around the m ain nerve trunks thereby producing abnorm al 
axonal transport. This is speculative and remains to be investigated. 
The depletion of neuropeptides seen in this study may be similar to the 
depletion observed after peripheral nerve transection or capsaicin 
treatm ent (Gibson et al., 1989; Kar et al., 1990). The Schwann cells of 
unm yelinated  nerve fibres harbou r M ycobacterium  leprae m ore 
rapidly  than  m yelinated fibres (Weddell and Palmer, 1963) and this 
may be partly responsible for their early involvement. In addition, an 
autoim m une reaction against neural antigens m ay also be partly  
responsible for the early involvem ent of these fibres in the disease 
process (Crawford et al., 1974; Pearson and Weddell, 1975; Shetty et al.,
1985). Experimental studies have shown that the unm yelinated fibres 
display degenerative changes as early as 4-8 months after inoculation. 
These changes not only were observed at the site of inoculation, bu t 
were also seen away from it (Shetty et al., 1978; Shetty et al., 1980a;
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Shetty et al., 1980b). This m ay well signify the diffuse vulnerability of 
cutaneous unm yelinated  fibres in  leprosy infection. The b righ t 
staining of granulom a is an interesting feature. The absorption studies 
show ed that only the im m unostaining of cutaneous nerves for PGP 
9.5, NF, CGRP, substance P, VIP and NPY was quenched when treated 
with corresponding antigen, bu t not the staining of the granuloma. In 
addition, the incubation of the tissues w ith PBS instead of prim ary 
antisera d id  not give positive staining in the granulom a indicating 
that the secondary antiserum  (antispecies IgG conjugated with FITC) is 
not binding to granuloma. This suggests that the staining is either due 
to residual M. Tuberculosis antibodies (due to the use of F reund 's 
adjuvant for im m unisation) in the prim ary antisera cross reacting 
w ith M. Leprae antigens p resen t in the granulom a or non-specific 
binding to the granulom a. The epidermal and derm al nerves, and 
nerve endings can be m ade o u t clearly in  non-leprous control 
specim ens, w here they w ere im m unoreactive for PGP 9.5 a n d /o r  
neurofilam ent antisera. Of the leprosy specimens, the indeterm inate 
type showed more im m unoreactive nerve fibres than other types. In 
tuberculoid leprosy, the immunoreactive fibres had almost disappeared 
in the m ajority of cases (15/43), showing a greater degree of neural 
destruction than in leprom atous leprosy, where more than half of the 
total num ber of cases (33/43) still had immunoreactive nerve fibres in 
all the different areas and structures of the skin examined. This 
observation further substantiates the established clinical finding that 
the im pairm ent of sensation is m ost m arked in tuberculoid leprosy 
lesions and less m arked in leprom atous leprosy lesions. Sense of 
touch is believed to be served by nerve fibres supplying the hair 
follicles and M erkel disks (W inkelmann, 1959; M ontagna and Ellis, 
1958; Smith, 1967; M ontagna, 1977; M ihara et al., 1979). These 
structures can be visualized in non-leprous control specimens w here 
they are immunoreactive for PGP 9.5 and neurofilaments, respectively. 
However, this study does not support the reports of presence of VIP 
(H artschuh et al., 1984) and CGRP (Garcia-Caballero et al., 1989) 
im m unoreactivity in M erkel cells of man. This m ay be due to the 
different fixation conditions used  in this study. In a parallel study, 
sim ilar observation  w as m ade  using  sam e fixation conditions 
(Bjorklund et al., 1986). Within the leprosy spectrum, follicular endings 
are seen only in a few cases of indeterm inate and lepromatous leprosy,
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and Merkel cells appear to be absent in all types of leprosy. This 
observation suggests the im pairm ent of sense of touch in all types of 
leprosy. The complete absence of Merkel cells may be due to the early 
disappearance of unm yelinated nerve fibres supplying them (Palmer, 
1965; Iggo and Muir, 1969).

The m ost num erous sensory elements responsible for initiating pain 
and tem perature reactions are the unm yelinated fibres (Hallin et al.,
1982). The neurochem icals iden tified  in these nerve fibres are 
substance P (Hokfelt et al., 1975a, Henry, 1982; Kruger et al., 1985) and 
neurokinin  A (D alsgaard et al., 1987) coming under the fam ily of 
tachykinins (Nawa et al., 1984) and CGRP (Gibbins et al., 1987b). The 
pu tative  roles of these pep tides have been well docum ented by 
pharmacological and physiological studies (Jessel, 1982; Pernow, 1983; 
Goodm an and Iverson, 1986). The nerves showing imm unoreactivity 
to substance P and CGRP were seen in non-leprosy control specimens, 
w hereas in  leprosy  im m unoreactive  nerve fibres w ere alm ost 
com pletely absent. It is also pertinen t to recall the physiological 
observations in an earlier s tu d y  (Dastur, 1955) w here pain  and 
tem perature  sensations w ere the  first to be affected. The above 
observations further substantiate the early im pairm ent of pain  and  
tem perature sensation in all the leprosy types.

Clinical experience show s th a t in all the leprosy skin lesions, 
irrespective of the type, there is evidence that the process of the triple 
response involves the release of substance P and CGRP (Burnstock, 
1977; H agerm ark et al., 1978; Jorizzo et al., 1983; Forem an, 1984; 
W allengren and Hakanson, 1987; Fuller et al., 1987) Therefore it  is 
conceivable that the dim inution of triple’response seen in leprosy m ay 
be due to the absence of these neurochem icals w hich are factors 
involved in  neurogenic inflam m ation  and plasm a ex travasation  
(Lembeck and Holzer, 1979; Gamse and Saria, 1985)

Clinical m anifestation of anhydrosis due to the involvem ent of 
autonom ic nerves has been reported  by previous research w orkers 
(Sehgal, 1976; M athur et al., 1981). Immunohistochemical studies have 
show n the presence of VIP and  NPY in the nerves supplying sw eat 
glands. These neurochem icals have been p roposed  to regu la te
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sweating and blood flow (Lundberg, 1981; Pernow et al., 1986) and are 
therefore believed to p lay a role in therm oregulation. PGP 9.5- 
imm unoreactive nerve fibres w ere seen around sweat glands in 11/14 
cases of indeterm inate leprosy, 25/43 lepromatous cases, but only 13/43 
tuberculoid cases. Nonetheless, VIP immunoreactivity was preserved 
in 2 /14  of the indeterm inate cases. This suggests the absence of 
regulatory effects on sweat glands indeterm inate (i.e., tuberculoid and 
lepromatous) leprosy and a notable loss of these effects in early leprosy 
lesions.

In conclusion, im m unohistochem ical studies of leprosy skin biopsies 
showed a wide degree of variation in density and distribution of nerve 
fibres in different types of leprosy, as well as an almost total absence of 
sensory and autonom ic neuropeptide imm unoreactivity. The results 
agree well w ith the clinical and  neurohistological changes seen in 
leprosy. The diffuse early degeneration of unm yelinated fibres and 
loss of contained neuropeptides is a novel observation. The depressed 
neural activity seen in leprosy m ay be due partly  to the loss of 
neuropeptides and neurofilam ents. The present results indicate that 
im m unocytochem ical study  of neurochem icals in cutaneous nerve 
fibres reveals m arked abnorm alities even in early lesions. These 
results suggest the need for further studies to investigate the evolution 
of defects in cutaneous innervation across the im m unopathological 
spectrum  of leprosy. F u rth erm o re , the  im m unocytochem ical 
techniques m ay enable the m ore precise categorization of suspected 
very early leprosy lesions w ith  obvious im plications for clinical 
practice.
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5 .1 . Introduction

There have been a num ber of light and electron microscopy studies of 
nerves in both hum an leprosy (Iyer & Desican, 1968, Job, 1971, Dastur et 
al., 1973, Pearson & W eddell., 1975) and in experim ental anim als 
(W eddell, Palmer & Rees., 1971, Mehta et al., 1976). In recent years, 
several studies have show n that somatosensory pathways from skin to 
the dorsal root ganglia and  sp inal cord involve a num ber of 
neuropeptides including substance P and calcitonin gene-related 
peptide (CGRP) (Hokfelt et al., 1977, Gibson et al., 1984, Ju et al., 1987, 
Gibbins et al., 1987b) and that these peptides are synthesised in dorsal 
root ganglia (Henken et al., 1988, Gibson et al., 1988b).

It is increasingly becoming evident that several neurological disorders 
of sensory  nervous system  are accom panied  by changes in 
neuropeptide levels (Mora et al., 1989, Cummings et al., 1984, Faccini et 
al., 1984, Pearson et al., 1982, Kuraishi et al., 1989, Kar et al., 1989b). In 
the previous chapter, the study of neuropeptide changes in the skin of 
leprosy patients raised the following questions.

1. Do neuropeptides show changes early after infection and are these 
changes proportional to the duration of disease ?

2. Are the neuropeptide  changes in skin localised to the site of 
infection, or are they seen in regions away from it?

3. Are there corresponding changes in spinal cord ?

Since a combined study involving skin and spinal cord cannot be 
conducted in m an due to the difficulty in obtaining tissue, recourse was 
made to the nude mouse model.
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5. 2. Experim ental design

5. 2.1 Tissues and fixation

Eight mice (MF1 n u /n u ) aged 6 weeks were injected into the hind foot 
pad w ith M ycobacterium leprae as described previously (Colston & 
Hilson, 1976)( A ppendix 9); an equal num ber of norm al litter m ates, 
m atched for age, sex and body weight were kept as controls. The 
innoculation was carried out in a nude mice colony m aintained at St. 
George's Medical College, under the supervision of Dr. D.K. Banerjee. 
Half the injected animals and controls were killed after 6 m onths, the 
rem aining anim als after 12 m onths. Mice w ere anaesthetised and  
p e rfu sed  tran sca rd ia lly  w ith  phospha te-bu ffered  saline (PBS) 
(Appendix 2) followed by Bouin’s fluid (Appendix 3B). Im m ediately 
before the perfusion w ith Bouin's fluid, skin samples were taken from 
the dorsum  of foot pads, abdom inal region, nose, lip and ear, and fixed 
by im m ersion  in Z am boni's flu id  (A ppendix 3d)for six hours. 
Following fixation w ith Bouin's fluid, C6, T6, and L4 segments of the 
spinal cord w ere dissected. All the tissues w ere then w ashed in 
PBS/sucrose and stored at 4°C.

5. 2. 2 Immunostaining

Control and treated specim ens were mixed in batches and cryostat 
sections of spinal cord (20pm) and skin (10pm) were collected on poly- 
L-lysine coated glass slides (Appendix 4) and allowed to dry for 60 
m inutes at room  tem pera tu re . Skin w as im m unostained  b y  a 
m odification of the indirect im m unofluorescence m ethod (A ppendix 
5A) and spinal cord by a modification of the peroxidase m ethod using 
the glucose oxidase-DAB-nickel enhancem ent technique (Appendix 5B 
and 6). Sections of skin were also stained w ith haematoxylin and eosin 
(Appendix 7) for the determ ination of granuloma.
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5. 2. 3. Quantification

To quantitate the area of immunoreactivity in the dorsal horn of spinal 
cord , five sections from  the spinal cord  segm ents w ere 
imm unostained for CGRP or substance P in four treated mice and age- 
m atched controls. Each section was then screened using the lOx 
objective to include the entire  dorsal horn. The area occupied by 
immunoreactive fibres in laminae I-in  of both sides of the spinal cord 
was then m easured using the recorded image in an image analysis 
system (IBAS 2000, Kontron) tha t measures the optical density (grey 
level) using blue-green illumination. It is assum ed that the grey level 
for the light passing through the empty slide represents 100% light 
transmission. This is connected for variation over each field using a 
norm alising function. This particular level is kept constant w herever 
a m easurem ent w as m ade. The area of im m unoreactiv ity  w as 
separated from the unstained and non-specific background by selecting 
a grey level between those of the background and the specific staining 
which was kept constant for all the sections taken from control and 
treated pairs of animals. The immunoreactivity of treated and control 
anim als w as com pared, statistically  using  studen t's  t-test and  
confidence interval analysis. The m agnitude of differences betw een 
groups was calculated by comparing the mean values of optical density 
for each group.

5.3. Results

5. 3 .1 . Clinical and histological manifestation of disease

Skin lesions presenting in the form of nodular swellings in the hind 
feet w ere seen only in 12 m onth infected mice. No deform ities or 
other clinical manifestations were seen in either 6 or 12 m onth infected 
mice. The cellular response at the dorsum of the foot in 6 m onths
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Fig. 5.1. CGRP-immunoreactive fibres in the epidermis and 
dermis from, (A) control skin of hind paw, (B) skin of hind 
paw taken 6 months and (C) 12 months after subcutaneous 
injection of Mycobacterium leprae into the hind foot pads. 
Note the disappearance of immunoreactive nerves by 
12 months. Arrows indicate some immunoreactive nerves. 
Autofluorescence of granulomata is seen in (C). Zamboni 
fixed tissues. Cryostat sections (1 OJ..Lm). All magnification x 280 
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Fig. 5.2. Substance P-immunoreactive fibres in (A) epidermis 
and dermis from control skin of hind paw, (B) skin of hind paw 
taken 6 months and (C) 12 months after subcutaneous injection 
of Mycobacterium leprae into the hind foot pads. Note the loss 
of immunoreactive nerve fibres compared with control skin in 
Fig.1 (A). Note the autofluorescence of the granuloma cells. 
Arrows indicate some immunoreactive nerves. Zamboni fixed 
tissues. Cryostat sections (1 O~m). All magnification x 280 
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Fig. 5.3. Nose skin from control mouse showing the normal 
distribution of CGRP-immunoreactive fibres (A) and substance P­
immunoreactive fibres (B). Nose skin showing reduction in CGRP­
immunoreactive fibers (C) and substance P-immunoreactive fibres 
(D) 12 months after subcutaneous injection of Mycobacterium leprae 
into the hind foot pads. Arrows indicate some immunoreactive 
nerves. Zamboni fixed tissues. Cryostat sections (1 O~m). All 
magnification x 280 
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infected mice was minimal. After 12 months of infection, the cellular 
response w as predom inantly  histiocytic, infiltrating the derm is bu t 
leaving a cell-free area below the epidermis.

5. 3. 2. Im munocytochemistry

Skin: In control anim als, CGRP-immunoreactive fibres (Fig. 5.1 A & 
5.3A) w ere m ore frequent than  those reacting w ith  antibodies to 
substance P (Fig.5.2A & 5.3C), bu t they had similar distributions. They 
were seen m ainly in  the derm is as varicose fibres, some apparently 
ending freely, or seen in close relation w ith small arteries, arterioles, 
and sweat glands. A few fibres extended into the epidermis, reaching 
alm ost to the stra tum  corneum . Occasional sm all bund les of 
immunoreactive fibres were noted close to the epidermis.

In contrast, after 6 months of Mycobacterium leprae infection substance 
P (Fig. 5.2B) and  CG RP-im m unoreactive (Fig.5.1B) fibres w ere 
substantially reduced in epiderm is and dermis, not only at the site of 
infection or inoculation bu t also in  other regions of the body including 
forefoot pad, nose (Fig.5.3B & 5.3D), lip, ear and abdominal skin. After 
12 m onths of infection, substance P- and CGRP-immunoreactive fibres 
were alm ost absent at the site of infection and m arkedly reduced in 
other skin regions.

5.3.3. Spinal cord

In control animals, a dense netw ork of CGRP-immunoreactive fibres 
was seen in the dorsal horn of the segment (Fig. 5.4A), particularly 
in laminae I - HI and in Lissauer's tract, but in the ventral horn sparse 
im m unoreactive fibres w ere seen scattered th roughou t b u t m any 
motoneurones were CGRP- imm unoreactive (Fig.5.5A). The
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Fig. 5.4. Dorsal horn of L4 segment of spinal cord taken 
from control mouse showing (A) CGRP-immunoreactive 
fibres and (B) substance P-immunoreactive fibres. Spinal 
cord of mice showing reduction in nerves immunoreactive 
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for (C) CG RP and (D) substance P after 6 months, and (E) 
CGRP and (F) substance P after 12 months of Mycobacterium 
leprae injection into the hind foot pads. Note the slight 
reduction in immunoreactivity in 6 months and greater 
reduction in 12 months old Mycobacterium leprae treated 
mice. Arrow indicate the loss of immunoreactivity in 
lateral part of dorsal horn. Bouin's fixed tissues. Cryostat 
sections (20J.Lm). All magnification x 220 
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Fig. 5.5. Motoneurones in the ventral horn of L4 segment of 
spinal cord in control mouse (A) and in mouse 12 months 
after injection of Mycobacterium leprae into the hind foot 
pads (B). Note the presence of CGRP-immunoreactivity in (A), 
reduction in (B), and complete absence in (C). Bouin's fixed 
tissues. Cryostat sections (20pm). Arrows indicate the 
motoneurones. All magnification x 340
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distribution of substance P was similar to that of CGRP in the dorsal 
horn (Fig.5.4B). In the ventral horn, there was a m oderate to dense 
distribution of substance P-immunoreactive fibres w ith m any seen in 
close apposition to motoneurones.

In mice injected w ith  Mycobacterium leprae, there was a slight 
reduction  in CGRP- and  a substantial decrease of substance P- 
im m unoreactive fibres in lam inae I-III of the dorsal horn, after 6 
m o n th s of in fec tion  (Figs.5.4C & D). The d ep le tio n  of 
im m unoreactivity was particularly noticeable in laminae I - II and in 
L issauer's  tract. In  a d d itio n , very  few  m otoneurones w ere 
im m unoreactive for CGRP. After 12 months of Mycobacterium leprae 
infection the loss of CGRP- and substance P-immunoreactive fibres was 
substantial (Figs. 5.5B) and m otoneurones immunoreactive for CGRP 
were completely absent (Fig.5.4E & F).

5. 3. 4. Quantification of imm unoreactive nerves in the dorsal horn of 
spinal cord

There was a m arked and statistically significant difference in the area of 
substance P imm unoreactivity between control and treated mice. The

difference (P < 0.001 paired  t test) was 0.022 mm^(95% confidence

interval: 0.020 to 0.025mm^) a t 6 m onths and 0.048 m m ^ (95%

confidence interval: 0.040 to 0.056 m m  ) at 12 m onths. Significant 

differences w ere also observed  in CG RP-im m unoreactive areas 
between control and treated mice. At 6 months the difference (P < 0.02)

was 0.018 m m ^ (95% confidence interval: 0.0078 to 0.028 mm^) and  at

12 m onths the difference (P < 0.01) was 0.033 mm^ (95% confidence

interval 0.024 to 0.041 mm^).
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5.4. Discussion

This study has dem onstrated that the neuropeptides substance P and 
CGRP present in mouse skin and spinal cord, are depleted as early as 6 
m onths of infection w ith Mycobacterium leprae and progressed with 
time. The decrease in the skin w as seen both at the site of innoculation 
and far away from it (e.g., nose, lip, ear and fore foot pads). Similar 
changes were also noticed in the spinal cord. In addition, in the spinal 
cord, m otoneurones showed a m arked loss of CGRP immunoreactivity.

The decrease of substance P- and CGRP-immunoreactive fibres in skin 
co rresponds to the p rev ious observation  of near absence of 
im m unoreactivity for these peptides in the skin of leprosy patients 
(Chapter 4) and to several earlier morphological studies showing early

changes in the structure of peripheral nerves in m an (Job et al., 1975) 

and animals (Mehta et al.,1976; Shetty et al.,1981). A remarkable feature 
in the p resen t study  is the dim inution of substance P and CGRP 
immunoreactivities in skin regions of the body remote from the site of 
innoculation. The general decrease m ay indicate the diffuse nature of 
leprosy. This diffuse nature is illustrated by previous histopathological 
studies of apparently norm al skin from leprosy patients; they show ed 
varying degrees of subepiderm al infiltration, delineation of nerve 
bundles, and Schwann cell hyperplasia (Rea et al., 1975; Bedi et al., 1979; 
Sakuntala et al., 1982; Ganapathi et al., 1972). Diffuse neural dam age 
may be attributed to the entry and  spread of bacilli in  nerves (Lumsden, 
1964; Vaidya et al., 1970) bu t autoim m une mechanisms have also been 
suggested (Shetty et al., 1985; W right et al., 1975). It w ould be of interest 
therefore to delineate, in fine detail, the very early changes in peptides 
relative to the site of infection.
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In the skin, nociceptive term inals are believed to be sim ple 'free' 
endings associated with two different types of axons, one responding to 
strong mechanical stim uli (A-delta) (Burgess and Perl, 1967) and the 
other responding as polym odal nociceptors (C-unmyelinated) (Bessou 
and Perl, 1969). N europeptides identified in these nerve fibres include 
substance P and CGRP (Hokfelt et al., 1975; Dalsgaard et al., 1983; 
Gibbins et al., 1987). It has been shown in several experimental studies 
that capsaicin, a sensory neurotoxin, decreases CGRP- and substance P- 
containing prim ary sensory neurones and reduces the response to 
noxious chemical and therm al stimuli (Jansco et al., 1977; Yaksha et al., 
1979; Gibson et al., 1982; Fitzgerald, 1983; Jhamandas et al., 1984; Holzer, 
1988). A m arked reduction in CGRP- and substance P-immunoreactive 
fibres in the skin at the site of innoculation, as shown in our study, 
suggests a loss of fibres w hich carry nociceptive inform ation and 
therefore that there is im pairm ent of pain perception in these animals.

The substantial depletion of substance P and CGRP in the dorsal horn 
of the lum bar segm ents of spinal cord suggests that, in addition to 
peripheral changes, there is a sim ultaneous involvem ent of central 
terminals of sensory neurones. This may be due to the destruction of 
peripheral sensory processes by the M. leprae. Similar results occur in 
animals subjected to experim ental nerve lesion, dorsal rhizotom y or 
capsaicin treatm ent (Hokfelt et al., 1975; Takahashi and Otsuka., 1975; 
Jessell et al., 1979; Wall et al., 1981; Gibson et al 1982; Kar et al 1990) 
showing loss of substance P a n d /o r  CGRP in the dorsal horn of the 
spinal cord. However, the possibility of direct damage of the neuronal 
cell bodies by M. leprae still exists. This m ay be due to the entry  of 
bacilli into the spinal ganglia and  spinal cord, the presence of which 
has been reported in previous studies of m an (Lumsden, 1964) and 
thym ectom ised and irrad iated  mice (Vaidya et al., 1970). There is 
considerable evidence that substance P and CGRP are involved in 
transm ission of noxious stim uli and fibres containing these peptides 
term inate in lam inae I, II and  V of the dorsal horn of spinal cord

(Kanazawa and Perl, 1977; Light and Perl, 1979) regions in w hich we 

noted loss of im m unoreactivity in the infected mice. The results of 
this study clearly suggest that, even in the early stages of leprosy, there
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is im pairm ent of nociceptive function. The im m unocytochem ical 
changes resemble those in other mammals with diminished pain 
percep tion , inc lu d in g  P o in ter dogs w ith  sensory  n e u ro p a th y  
(Cummings et al., 1984), m utilated foot rats (Kar et al., 1989b) and

familial dysautonom ia in m an (Pearson et al., 1982). In contrast, a rise 

in substance P and CGRP levels has been reported in cases of chronic 

pain in m an (Williams et al., 1988), and in rats w ith adjuvant-induced 

arthritis (Kuraishi et al., 1989; Weihe et al., 1988; Kar et al., 1989a). 
Therefore, the present study further substantiates the hypothesis that 
sensory im pairm ent is reflected by the density and distribution of 
sensory neuropeptides in the dorsal horn of the spinal cord as well as 
in the skin.

The loss of CGRP im m unoreactiv ity  from  the m otoneurones of 
injected mice was of particular interest. Several previous studies have 
show n the involvem ent of m otor nerves and subsequent w asting of 
muscles during the later stages of leprosy (Goodwin, 1968). This is 
commonly attributed to low er m otor neuron (spinal m otoneurones) 
paralysis. Since m otoneurone-derived CGRP is a proposed m uscle 
trophic factor, it is possible th a t changes in the target tissues, the 
muscles, m ay directly influence the rate of synthesis and production of 
m ature peptide in the m otoneuronal cell body or vice versa. Loss of 
CGRP-immunoreactive m otoneurones has been observed in a num ber 
of cases w here there is muscle atrophy a n d /o r  paralysis, for e.g. in

m otor neurone disease in m an (Gibson et al., 1988) and after spinal

cord transection (Aravidsson et al., 1989). It may be suggested, as for 

spinal ganglia, that the neural damage in leprosy is caused by the 
presence of globi of bacilli (Vaidya et al., 1970). However, this study 
show s for the first tim e the  reduction  of m otoneuronal CGRP- 
im m unoreactivity  in leprosy, which m ay be due to loss of target- 
derived neurotrophic factors (Oppenheim et al., 1988) and suggests that 
the diminished trophic effects and  impairm ent of motor functions m ay 
occur during the first 6 m onths of infection.
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In  co n clu sio n , the  re d u c tio n  of su b stan ce  P and  CGRP 
im m unoreactiv ity  in central and  peripheral processes of sensory 
neurones, and  the sim ultaneous loss of CGRP in m otoneurones 
indicates that the neuropeptide content of sensory and motor nerves is 
affected at an early stage of leprosy infection, and associated w ith  
im pairm ent of nociception and m otor function. The study of hum an 
leprosy (Chapter 4) show ed a m arked depletion of neuropeptides in 
skin, bu t these cases were mostly of a relatively advanced nature. The 
present da ta  show that the degree of change is proportional to the 
d u ra tio n  of infection  and  suggests th a t im m unocytochem ical 
examination in suspected cases of leprosy in m an may be of prognostic 
and therapeutic importance in the management of leprosy.
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6.1. Introduction

Peripheral neuropathy  is the com m onest complication of diabetes 
(Pirart, 1978), characterised by signs and symptoms of sensory, m otor 
and  autonom ic dysfunction, although its aetiology is still poorly 
understood. Its response to apparently rational therapies, for example 
aldose reductase  inhibitors (Z im m erm an, 1987) and gangliosides 
(Gorio, 1986) is inconsistent. The judgm ent as to whether neuropathy 
is or is no t p resen t in a pa tien t varies depending on physicians 
experience and understanding, and  the availability of tests to evaluate 
the neurological deficits. This m ay in part be due to the indirect, 
p red o m in an tly  neu rophysio log ica l m ethods cu rren tly  u sed  in  
diagnosis and  follow -up, w hich have high variability (Fagius and  
W ahren, 1981). Also diabetic neuropathy in m an is associated w ith  
reduced nerve conduction velocity (Mulder et al., 1961, Lawrence and 
Locke, 1961; Skillman et al., 1961) and structural changes in the nerves, 
which include axonal loss and segmental demyelination (Thomas and 
Lascelles, 1966, Chopra et al., 1969). Previous studies have shown that 
nerve function is m ore severely im paired in diabetic subjects w ith  
sym ptomatic neuropathy of som atosensory or autonomic nerves than  
in those w ithout sym ptom s (Ewing et al., 1980, Young et al., 1988). 
Sural nerve fascicular biopsy has been useful in the study  of the 
m orphometry of diabetic nerve (Behse et al., 1975), but it is a specialised 
technique that currently  has lim ited  applicability. A histological 
m ethod is required that m ore directly reflects m inor and subclinical 
deficits of nerve function, especially  in peripheral sensory and  
autonom ic fibres. The aim of the present study is to assess w hether 
neurological abnorm alities of diabetes are reflected by concom itant 
changes in skin neuropeptides.
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6. 2 Experimental design

6. 2.1 Tissues

Skin biopsies w ere taken from  19 consecutive diabetic pa tien ts 
undergoing elective general surgical and orthopaedic operations in 
Central M iddlesex Hospital. The study was approved by the Ethics 
Committee of Brent H eads Authority. Their clinical details are given 
in Table I. Their ages ranged from 20-75 years and the tim e since 
diagnosis from 0.5-34 years. Three were Type 1 (insulin-dependent), 
the rem ainder Type 2 (non-insulin-dependent). None were ketotic or 
hyperosm olar at the time of surgery. One patient had known chronic 
alcoholic liver disease; no o thers w ere know n to have un trea ted  
endocrine or other disease that m ight affect peripheral nerve function. 
Patients were considered to have symptomatic neuropathy if they had 
any spontaneous distal paraesthesia, num bness, burning  or contact 
discomfort. Six patients had peripheral vascular disease, as assessed by 
absent foot pulses; five of them  w ere undergo ing  low er lim b 
am putation and tw o had  characteristic sym ptom s of long-standing 
painful diabetic neuropathy. Control specimens were age- and site- 
m atched and taken from  patients undergoing orthopedic o r general 
surgical procedures. N one h ad  neurological disease, alcoholism , 
diabetes or other endocrine or systemic diseases know n to affect 
peripheral nerve or vascular function.

Full-thickness skin specimens approxim ately 2cm x 0.3-0.5 cm were 
taken from the margin of the surgical incision at the time of operation, 
care being taken not to crush the specimens. One patient had  two 
biopsies taken at the sam e tim e, from  the abdom en and the calf. 
A m putation specimens were taken from the proximal viable m argin, 
and all am putations subsequently  healed uneventfully. Specimens 
w ere im m ediately fixed in  p-benzoquinone (A ppendix 3A) o r in 
Zam boni's solution (A ppendix 3C); both w ere then transferred  to 
PBS/sucrose (Appendix 2b).
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The results of two or more neurological function tests were available 
for seven patients. Neurophysiological examinations were carried out 
by Dr. D. M. Levy, according to previously  published m ethods 
(Abraham et al., 1986). Thermal thresholds were m easured w ith the 
Sensortek apparatus (Levy et al., 1987) and cardiac vagal autonomic 
function by a com puterised m ethod. Results for age-related norm al 
subjects, or, in the case of autonomic tests, 2 or 3 were clearly abnormal 
by Ewing and Clarke's (1982) method.

6.2.2 Im munocytochemistry

Control and test specimens were mixed in batches and cryostat sections 
(6 pm) were taken upon poly-L-lysine coated glass slides (Appendix 4). 
Indirect im m unofluorescence staining m ethod (A ppendix 5A) w ith  
antisera to general neuronal m arker (PGP 9.5) and to the neuropeptides 
VIP, CGRP, SP and NPY was used. Three non-serial sections were used 
for each antiserum . N um bers of im m unoreactive fibres in  each 
specimen were assessed visually and the results graded from - (absent) 
to ++++ (abundant) (Table 15). Results were compared w ith those for 
age- and site-matched control patients.

6.3 Results

6. 3.1. Control specimens

In all the specim ens PGP 9.5 im m unoreactive nerve fibres w ere 
observed in epiderm is (Fig.6.1A), derm is (Fig.6.1A), a round  hair 
follicles, blood vessels, erector p ilorum  and sw eat glands. The 
im m unoreactivity was seen bo th  in varicose and sm ooth fibres. In 
addition, intensely stained large and small nerve bundles were seen in 
the deep dermis.
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Fig. 6.1. Control skin of calf showing (A) PGP 9.5-immunoreactive 
fibres in the epidermis and dermis (B) CGRP-immunoreactive fibres 
in the epidermis and dermis. VIP-immunoreactive fibres around 
sweat glands (C) and blood vessels (D). Zamboni-fixed tissues, 
cryostat sections (1 OJ.Lm), indirect immunofluorescence method. 
All magnification x 280 
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Am ong neuropeptides, CGRP- and VIP- (Fig. 6.1C) im m unoreactive 
axons w ere seen in m odera te  num bers, the form er m ainly  in 
epiderm is and dermis and the latter exclusively around sweat glands 
(Fig.6.1B). The distribution of substance P- and N PY -im m unoreactive 
axons was similar to CGRP and VIP respectively, except in sm aller 
numbers. Due to the variations in the density of PGP 9.5- and peptide- 
imm unoreactive fibres, the control specimens were graded as ++++ for 
PGP, +++ for CGRP and VIP, and ++ for substance P and NPY (See table
7.1).

6. 3. 2. Diabetic specimens

W hen im m unostained with antisera to PGP 9.5, only one case show ed 
a comparable density of im m unoreactive fibres to control specimens. 
In all the rest (19/20), the immunoreactive fibres were either m arkedly 
less (Sp. No: 1-3, 4-6, 8-13,14,16-20) (Fig. 6.2A) or completely absent (Sp. 
No: 4,14,15) (Fig. 6.3A). Sim ilar observations w ere m ade w ith  
n eu ro p ep tid e  im m unoreactive  fibres - (Figs. 6.2B & 6.3B) The 
w idespread  dim inution of substance P was particularly striking in 
specim en 9, from  a 31-year-old-Type 2 (non-insulin-dependent) 
diabetic, diagnosed 6 m onths before operation, and in specim en 10, 
from a 20-year-old Type 1 (insulin-depedent) diabetic patient, duration 
12 years. There was no SP-immunoreactivity in specimens 2 and  3, 
from  the sam e patient; he h a d  elevated therm al thresholds and 
ab n o rm al card iac  a u to n o m ic  function , b u t re su lts  of his 
neurophysiological tests were norm al. All specimens, apart from no.7, 
also showed decreased CGRP-immunoreactivity, though the pattern  of 
decreased SP-immunoreactivity d id  not uniformly reflect that of CGRP; 
for example, the two specim ens taken from the same patient (nos. 2 
and 3) dem onstrated m ore CGRP-immunoreactivity in the abdom inal 
skin specimen than in the specimen from the calf.
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Fig. 6.3. Diabetic skin of calf showing complete absence of, PGP 9.5-
immunoreactive fibres (A) and CG RP-immunoreactive fibres in the 
epidermis (B); VIP-immunoreactive fibres around sweat glands (C) 
and blood vessels (D). Zamboni-fixed tissues, cryostat sections 
(1 OJ.tm), indirect immunofluorescence method. All magnification x 280 
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Table 15

C lin ic a l characteristics o f  d ia b e tic  p a tien ts , n e u r o p h y s io lo g ic a l an d  im m u n o h is to c h e m ica l f in d in g s

No. Age Type 
of dia­
betes

Dura­
tion

Symp Neuro- 
physio- 
logya

Thermal
thres-
holdb

Auto
nomic
functc

Skin Site PGP 9.5 VIP CGRP SP NPY

1 63 2 20 Pain Abnor Abnor Abnor Thigh + '
2 44 1 10 Yes Norm Abnor Abnor Lat calf ++ - + - +
3 Abd. wall ++ + ++ - +
4 58 2 3 Pain - - Abnor Fore foot - - - - -

5 58 2 6 No - Norm Norm Lat. foot + - - - -

6 54 2 7 No - Norm Norm Iliac crest +++ + + + +
7 56 2 12 No - Norm Norm Media, wrist ++++ +++ +++ ++ ++
8 62 1 34 No Normd Norm Norm Upper thigh +++ ++ + - ++
9 31 2 0.5 No - - - Lat. ankle +++ + + - -
10 20 1 12 No - - - Thigh ++ + + + +
11 68 2 2 No - - - Thigh +++ -e ++ + +
12 59 2 5 No - - - Lat calf +++ + ++ + +
13 54 2 2 No - - - Alcoholic ++ + + + +
14 41 2 13 No - - -Low. leg(amp) - . - - - -
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Contd.......

No. Age Type 
of dia­
betes

Dura­
tion

Symp Neuro- Thermal 
physio- thres- 
logya holdb

Auto
nomic
fimctc

Skin Site PGP 9.5 VIP CGRP SP NPY

15 74 2 18 No - -Low. leg(amp) - - - - -

16 75 2 25 No - -Low. leg(amp) +++ + + + +
17 58 2 10 No - -Low. leg(qmp) + - - - -

18 49 2 3 No - - Dor. of hand ++ + + + +
19 38 2 5 No - - Palm of hand ++ - - - -

20 65 
Controls

2 17 No Abdom. wall +
++++ +++ +++ ++ ++

aAbnormal common peroneal motor conduction velocity (> 2SD below age-related normal value); bSensortek threshold> 1.1 °C; cAny two 
of the following: (1) heart rate variation with deep breathing <11 beats per minute; (2) Valsalva ratio < 1.11; (3) 30:15 ratio < 1.04; dNorm 
peroneal conduction velocity but absent medial plantar sensory action potential; eNo sweat glands seen in this specimen 
Semi-quantitative scale of immunoreactive fibre density: absent (-), few (+), moderate (++), many (+++), abundant (++++), 
PGP9.5=protein gene product 9.5, VIP=vasoactive intestinal polypeptide, CGRP=calcitonin gene-related peptide, SP=substance P, 
NPY=neuropeptide Y
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A part from specimen no. 7 all diabetic specimens had diminished VIP- 
and NPY-immunoreactivity around sweat glands (Fig.6.2C) and blood 
vessels (Fig.6.2D). There was a closer association between VIP and NPY 
levels than between SP and CGRP. They were only entirely absent in 
am putation specimens from patients w ith known peripheral vascular 
disease (Fig. 6.3C & D)

6. 3. 3. Neurophysiological Tests

In the seven patients w ith neurophysiological tests, there was a broad 
association  be tw een  the n um ber of abnorm al tests and  the 
im m unohistochem ical abnorm alities (See table 15). However, three 
subjects w ho had norm al therm al thresholds and autonomic function 
(nos, 5, 6 and 8) and widely differing neuropeptide immunoreactivities, 
though the skin sites were also different. One of these specimens (no. 
8) w as tak en  from  a p a tie n t  w ho  h ad  n o rm al ro u tin e  
e lectrophysio logical tests (com m on peroneal m otor conduction  
velocity, sural sensory action potential am plitude and conduction 
velocity) bu t whose m edial p lantar response (the most distal sensory 
electrophysiological test currently  available) was absent (Levy et al.,
1987). Both specimens from patients w ith painful diabetic neuropathy 
(nos 1 and 4) had virtually absent immunoreactivity, though it should 
be noted  tha t they bo th  h ad  long-standing sym ptom s, and  also 
peripheral vascular disease.

6.4. DISCUSSION

This study has dem onstrated a reduction in density and distribution of 
imm unoreactive cutaneous nerves and peptide depletion in m ajority 
of cases. The degree of reduction was related to the duration of the 
disease. Abnormalities were seen in all but one of twenty specimens.
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Several previous studies have show n severe im pairm ent of nerve 
function  in d iabetic  pa tien ts  w ith  sym ptom atic neu ropathy  of 
som atosensory or autonom ic nerves in contrast to those w ithou t 
symptoms (Ewing et al., 1980; Young et al., 1986). There have been two 
p rev ious stud ies of derm al nerves in  diabetes. C onventional 
argyrophilic techniques and light microscopy were used to demonstrate 
abnormalities of autonom ic innervation of skin (Faerman et al.,1982). 
In this study there was an association between anhidrosis, as assessed 
by an abnormal sweat test, and histopathological abnormalities of small 
fibres in the skin, particularly those near to sweat glands. Johnson and 
Doll in 1984 found non-vascular perineurial cell basem ent m em brane 
thickening. It is likely that these changes are relatively late, as clinical 
abnormalities of sudom otor function are usually found in association 
w ith clinically evident polyneuropathy; the findings are not specific to 
d iabetes, however, since sym pathectom ised non-diabetic pa tien ts 
showed similar histological abnormalities.

In this study, the absence of im m unoreactivity for both PGP 9.5 and 
neuropeptides reflects the structural and functional alterations in 
cutaneous nerves. PGP 9.5, being a major component of the neuronal 
cytoplasm as suggested by radioim m unoassay (Thompson et al., 1983) 
and electron microscopy (Gulbenkian et al., 1987), probably is a measure 
of the structural integrity of nerve fibres. However, the neuropeptide- 
imm unoreactivity is m ore difficult to interpret, as it is a reflection of 
the am ount of stored neuropeptids and this is influenced by synthesis, 
transport, release and degradation.

\

W hatever the know n duration of diabetes, density and distribution of 
im m unoreactive nerves in all b u t one specim en w as abnorm al 
com pared  to  control specim ens. The specim en w ith  no rm al 
imm unoreactivity was taken from  the upper limb, where clinical and
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neurophysiological evidence of neuropathy occurs late. Conversely, 
the know n d u ra tio n  of d iabetes in* pa tien t 9, w ith  abnorm al 
immunocytochemical findings in the foot, was less than 1 year.

The num ber of patients w ith neurophysiological tests was small, and 
further studies are required to define more precisely the relationship 
b e tw een  im m u n o cy to ch em ica l ab n o rm alitie s  and  fu n c tio n a l 
neurological assessm ents. However, the findings in the proxim al 
(abdominal) and distal (calf) specimens taken simultaneously from the 
sam e patient w ith know n neurophysiological abnorm alities suggest 
there m ay be a proximal-distal gradient of PGP 9.5 and neuropeptide 
im m unoreactiv ity  sim ilar to th a t show n for e lectrophysio logy 
(Waxman et al., 1976).

The pattern  of imm unocytochem ical depletion was broadly sim ilar, 
w ith  a p p ro x im a te ly  50% o f specim ens be ing  d e v o id  of 
im m unoreactivity to each of the four neuropeptides. W ithin each 
specim en  th ere  w as a s im ila r deg ree  of d ep le tion . SP- 
im m unoreactivity was m ost consistently reduced or absent, even in 
the two recently diagnosed subjects. Abnormalities of SP in diabetes 
are interesting, in view of the lower pain thresholds found in diabetic 
subjects (Morley et al., 1984) and their predisposition to abnormal pain 
perception. Patients w ith clinical and neurophysiological evidence of 
diabetic neuropathy also have decreased flare responses to intraderm al 
SP (Aronin et al., 1987), suggesting receptor changes that m ay follow 
from  a decrease in SP-im m unoreactive nerves. Axon reflex flare 
responses are also reduced in patients w ith peripheral vascular disease 
(Parkhouse and Le Quesne, 1988), and our finding of virtually absent 
PGP 9.5 and neuropeptides in specimens from these patients w ould  be 
an expected corollary. W hile im m unocytochem ical abnorm alities 
appear from this study to be exacerbated by large-vessel ischaemia, they 
are unlikely to be the sole cause of them, since abnormal results were
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found in specim ens from  areas usually unaffected by large vessel 
disease (eg. anterior abdom inal wall, dorsum  of the hand). However, 
this study does not shed light on the role of microvascular disease in 
causing PGP 9.5 and neuropeptide depletion.

N europeptide depletion m ay be a common histopathological end-point 
in several neuropathies and a picture similar to that in diabetes m ay be 
found in other "metabolic" neuropathies of the axonal type. This 
n eed s to be con firm ed , b u t  is su g g ested  by the  severe  
immunocytochemical depletion found in specimen 13, from a patient 
w ith  chronic alcoholic liver disease and interm ittent hepatic failure, 
b u t w ho had only recently been diagnosed diabetic. One of the 
underlying abnormalities in peripheral neuropathies may be deranged 
axonal transport (Jakobson et al., 1986), and this w ould explain the 
broad associations betw een depletion of the various neuropeptides. 
D ecreased axonal tran spo rt is an im portan t early abnorm ality  in 
diabetes, and one which is sensitive to changes in diabetic control, 
being reversed w ith  insulin  treatm ent in experimental models. N o 
patien ts in the current study  w ere m etabolically decom pensated, 
though m any had  poor diabetic control. It will be im portant to study 
the effect of im proved diabetic control and of therapy w ith drugs 
know n to affect axonal transport (aldose reductase inhibitors and 
gangliosides (Martini et al., 1986). Endoneural hypoxia (Newrick et al.,
1986) which has been dem onstrated both in experimental and hum an 
diabetes m ay be another factor contributing to the picture of reduced 
neuropeptide imm unoreactivity.

In conclusion, im m unocytochem ical abnorm alities of PGP 9.5, a 
structural m arker for cutaneous nerves showed a close correlation with 
gross neurophysiological changes. However, the more subtle decrease 
in neuropeptides is an interesting feature in this study as it suggests 
that these changes antedate neurophysiological abnormalities. This is 
of great significance as the changes may take place at an early stage of
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diabetes w hen the neuropathic changes are reversible and therefore 
m ay be of therapeutic importance. The direct histological assessment 
of peripheral nerves in diabetes is an im portant aim, and currently not 
routinely available; while im portant data on the pathophysiology of 
diabetic neuropathy and  m ode of action of therapeutic agents has 
resu lted  from  sural nerve biopsies (Sima et al., 1988) it is no t 
recom m ended as a routine procedure (Consensus statement 1988). It 
cannot give inform ation on the  structure and function of the sm all 
peripheral fibres examined in this study, which are believed to play an 
im portan t part in the sym ptom s of diabetic neuropathy (Lawrence, 
1965). Skin biopsy is safe, relatively atraumatic, and simple to perform, 
and the use of the techniques described in this study may give further 
insights in to  the m echanism  of peripheral nerve dysfunction in 
diabetes and its response to treatm ent at the histological level.
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7.1. Introduction

It is well known that in patients w ith diabetic neuropathy there is a 
w idespread  involvem ent of the  sensory and autonom ic nervous 
system. These consequences range from loss of proprioception and 
sense of pa in  and  tem pera tu re  (Gregersen, 1968; M acbride and 
Mistrella, 1982; Boulton et al., 1983; Bloom et al., 1984; Cracco et al., 
1984; Guy et al., 1985; Lowental and Hockaday, 1987; Dyck et al., 1985; 
Dyck et al., 1987), to severe burning pain and cutaneous hyperesthesia 
w ith  relative preservation of propriception and kinaesthetic sense 
(Brown et al., 1976; Boulton et al., 1983; Heimans et al., 1986; Young et 
al., 1988). The autonomic dysfunctions include disturbance in sweating 
(Goodman, 1966; Faerman et al., 1982) and in cardiovascular (Ewing et 
al., 1980; Rao et al., 1983), alim entary and urinary functions (Feldman 
and Schiller, 1983; Atkinson and Hosking, 1983).

In leprosy, neuritis or inflamm ation of the nerve is the most im portant 
feature and nerve invasion is a unique characteristic of M.Leprae. The 
pathology of neuritis largely depends on the im m une status of the 
patient. The features of nerve dam age include the presence of M. 
Leprae or its antigens at cooler sites of the body, traum a, edem a of the 
nerve and presence of granulom a and occlusive changes of intraneural 
pressure. However, the factors that contribute to the nerve dam age of 
diabetes are m ore complex. They include metabolic abnorm alities, 
dam age to m icrocirculation, glycosylation of nerve proteins and 
ageing. There is a good evidence from animal work that through the 
accum ulation of sorbitol and  fructose in peripheral nerve there is 
associated myo-inositol depletion and depression of N a+/K + ATPase 
activity associated w ith  nerve dysfunction and damage. The key 
enzyme involved in polyol-sorbitol and tissue myo-inositol pathw ays 
is aldose reductase which is p resent in both autonomic and somatic 
nerves (Greene et al., 1987); m any abnormalities of neural chemistry 
and function m ay be preven ted  by the adm inistration  of aldose 
reductase inhibitors. Im pairm ent of nerve conduction velocity is well 
established in hum an and anim al diabetic nerve and control of blood 
glucose generally returns this tow ards normal levels (Gregersen, 1968; 
W ard et al., 1971). Im pairm ent of nerve conduction changes can be 
linked to metabolic theory, for the adm inistration of myo-inositol or

164



aldose reductase inhibitors to both hum an and animals results in an 
im provem ent in conduction velocity (Greene et al 1984). A variety of 
morphological changes are described in nerves of m an and animals, 
including axonal degeneration and loss, segmental demyelination and 
changes in Schwann cells, perineural cells and endoneural vessels 
(Johnson et al., 1986). Glycosylation of nerve proteins has been 
described to be the cause for alteration in the m yelin-m acrophage 
interaction and is suggested to be the initiating factor in the segmental 
demyelination (Vlassara et al., 1984).

In several recent experim ental studies and in one hum an study  of 
diabetes, defective axonal transport was shown to be the likely cause of 
degenerative  d istal neuropath ies (Jakobson and Sidenius, 1980; 
Tomlinson et al., 1982; Tomlinson and Mayer, 1984; Jakobson et al., 
1986; Robinson et al., 1987a) and was believed to occur before there was 
pathological change (Sidenius and Jacobsen 1987). There is m uch 
evidence that diabetic neuropathy is an axonal 'dying back' neuropathy 
associated w ith altered transport of proteins (Mayer and T om linson, 
1983; Tomlinson and Mayer, 1984). Retrograde transport of nerve 
grow th factor has been show n to be decreased in nerve ganglia in 
which axonopathy has developed (Carson et al., 1982). In both man 
and  anim als w ith  d iabetes, there  is th ickening of the w alls, 
reduplication of the basem ent m em brane of endoneurial blood vessels 
(Fagerberg, 1959; Powell and Myers, 1984; Sima and Robertson, 1978). 
There is now  considerable evidence to suggest that m icrovascular 
disease plays a role in developm ent of clinical neuropathy (Powell et 
al., 1985), particularly in older subjects (Malik et al., 1987).

The pathogenesis of diabetic neuropathy has been extensively studied 
in the streptozotocin-treated rat, a model of insulin dependent diabetes 
(Tomlinson et al., 1982; Lincoln et al., 1984; Belai et al., 1985; 1988; Belai 
and Burnstock, 1987). However, so far there has been no experimental 
investigation of the effects of streptozotocin-induced diabetes on the 
skin, but it provides an ideal body site to study the changes in both 
sensory and autonomic innervation.

165



TABLE 16

Body weight and plasma glucose concentration for control and diabetic rats

Duration of Streptozotocin treatment

2 weeks 4 weeks 8 weeks 12weeks

Mean weight ± SEM (g) Control 247 ± 7.2 320 ± 5.4 408 ± 4.2 478 ± 8.2

Streptozotocin
treated 154 ± 2.1 164 ±2.1 176 ± 6.2 182 ± 12.5

Mean plasma glucose 
± SEM (mmol/l)

Control 4.1 ± 0.6 4.2 ± 0.4 5.4 ± 0.4 4.8 ± 0.6

Streptozotocin
treated 16.8 ± 0.6 18.3 ±0.8 20.6 ±1.3 25 ± 0.7
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Study of skin taken from diabetic patients (Chapter 6) showed changes 
in the innervation and neuropeptides, but were unable to examine the 
initial effects of the disease. The m ain aim of the present study was to 
dem onstrate immunocytochemically the progressive effects of diabetes 
on skin innervation as visualised by PGP 9.5 (Chapter 3) (Doran et al., 
1983; G ulbenkian et al., 1987; Dalsgaard et al., 1989) and peptide- 
containing population of sensory and autonomic nerves.

7. 2. Experimental design

7. 2.1. Tissues

Male Wister rats (n=20) (weighing 150-160g) were treated with a single 
in traperitonea l injection (60mg in 0.9% sa lin e /k g  body  w t) of 
streptozotocin. The onset of diabetes was established after 24h by the 
presence of polyuria and glycosuria. The injection was carried ou t in 
ICI Pharm aceuticals Division, A lderly Park, Macclesfield, Cheshire, 
under the supervision of Dr. D.J. Mirrlees. Controls (n=20) consisted of 
untreated animals of the same initial weight range injected with saline 
alone. Both control and diabetic animals were m aintained under the 
sam e environm ental conditions and were supplied  w ith  food and 
w ater ad l ib i tum. The anim als w ere killed by carbon dioxide 
euthanasia at 2, 4, 8 and 12 weeks (n = 5 each group) after the onset of 
diabetes. Skin samples w ere dissected from lip and foot pads, and 
immediately fixed in Zamboni's fluid (Appendix 3C) by immersion.

7. 2. 2. Immunocytochemistry

Control and treated specim ens were mixed in batches and cryostat 
sections (12|im) were collected on poly-L-lysine coated slides (Appendix 
4) and  allow ed to d ry  for 60 m inutes at room  tem pera tu re . 
Im m u n o s ta in in g  w as p e rfo rm e d  by a m o d ified  in d ire c t  
immunofluorescence m ethod (Appendix 5a), using antisera to PGP 9.5, 
substance P, CGRP, VIP and NPY.
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Density of nerves and neuropeptides-immunoreactive fibres present in the lip and paws of rats
with streptozotocin-induced diabetes and controls

TABLE 17

Axons
IRfor

Skin areas Controls Duration of Streptozotocin treatment

2 weeks 4 weeks 8 weeks 12weeks

CGRP Epidermis + + + + ++
Dermis ++ ++ ++ -H- ++++
Sweat glands* + + + + ++
Blood vessels + + + + + +
Hair follicles + + + + + +

VIP Epidermis - - - - -
Dermis - - - - -

Sweat glands * -H- ++ ++ -H- ++++
Blood vessels ++ ++ ++ ++ ++++
Hair follicles - - - - -

SP Epidermis ± ± ± ± ±
Dermis + + + + +

Sweat glands * ± ± ± ± ±
Blood vessels ± ± ± ± ±
Hair follicles - - - - -

NPY Epidermis - - - - -
Dermis - - - - -

Sweat glands * ± ± ± ± ±
Blood vessels + + + + +
Hair follicles - “ “ * “

PGP 9.5 Epidermis ++ + + + + ++ + + +
Dermis +++ + + + + + + + + + + + + +
Sweat glands* +++ +++ + + + + ++ + + + +
Blood vessels -H- + + + + ++ + + +
Hair follicles ++ + + + + ++ + + +

Key: Numbers of immunoreactive fibres are graded: absent (-), very few (±), few (+), moderate (++), many(+++), abundant (++++),

*  = in paws only 1 6 8



Fig. 7.1. CGRP-immunoreactive fibres in the epidermis and 
dermis, and VIP-immunoreactive fibres around blood vessels of 
the lip. Control skin of lip (A and C) and after 12 weeks of 
streptozotocin treatment (8 and D). Note the increase in density 
of immunoreactive fibres in 8 and D. Zamboni fixed tissues. 
Cryostat sections {1 O~m). Arrows indicate some immunoreactive 
fibres. All magnification x 280. 
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Fig. 7.2. CGRP-immunoreactive fibres in the epidermis and dermis, 
and VIP-immunoreactive fibres around sweat glands of the foot pad. 
Skin of foot pad of rat treated 12 weeks previously with vehicle 
solution (A and C) and after 12 weeks of streptozotocin treatment 
(B and D). Note the increase in density of immunoreactive fibers in 
B and D. Arrows indicate some immunoreactive fibres. Insert in C 
and D shows glands (G) and ducts (D). Note the absence of 
immunoreactivity around duct in insert C and presence in insert D. 
Zamboni fixed tissues. Cryostat sections (1 OJ.!m). Arrows indicate 
some immunoreactive fibres. All magnification x 900. 
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Fig. 7.3. PGP 9.5-immunoreactive fibres in the epidermis and dermis 
(A and B) and blood vessels (E and F) of the lip skin, and sweat 
glands of the foot pad (C and E). Control skin of lip (A and E) and 
foot pad (C), and after 12 weeks of streptozotocin treatment (8, F and 
D). Note the increase in density of immunoreactive fibersin B,D and 
F. Zamboni fixed tissues. Cryostat sections (1 OJ.tm). Arrows indicate 
some immunoreactive fibres. All magnification x 900. 
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7.3. Results

7.3.1. Control animals

In both lip and foot pad, CGRP-immunoreactive axons were observed 
in nerve trunks and isolated or small groups of axons present in the 
vicinity of derm al arteries and veins. They were seen in m oderate 
num bers in the dermis, close to hair follicles, and some axons extended 
into the epiderm is (Figs.lA,2A), b u t were very sparse near the sw eat 
glands of the foot pad. The substance P-immunoreactive axons were 
m ainly seen in the derm is, occasionally extending into the epidermis. 
How ever, CGRP-im m unoreactive axons were m ore num erous than 
substance P-im m unoreactive axons in both derm is and epiderm is. 
Axons im m unoreactive for VIP w ere seen in m oderate num bers 
around blood vessels (Fig. 1C) in both regions and around sweat glands 
in the foot pad  (Fig.2C). The distribution of N PY -im m unoreactive 
axons was similar to that of VIP b u t they were fewer in number. In any 
location, axons imm unoreactive for any peptide formed a small nerve 
sub type  in the context of the w hole innervation  v isualised  by 
im m unoreactivity  for the general m arker PGP 9.5 (Figs.3A,3C,3E). 
Some differences were observed in  the relative density and distribution 
of peptide- and PGP 9.5-immunoreactive nerves of the skin of foot pad 
and lip; they were in part due to the morphological differences between 
the tw o areas. The arbitrary  gradings of the im m unostaining are 
sum m arised in Table 1.

7. 3. 2. Diabetic animals

No appreciable change in either the intensity of immunofluorescence, 
or in  the  re la tive  num ber o f d ifferen t pep tide- or PGP 9.5- 
immunoreactive nerves was observed 2, 4 and 8 weeks after the 
onset of diabetes. Differences w ere observed however, in diabetic 
anim als 12 weeks after streptozotocin treatm ent. In these anim als, 
there was a marked increase in the relative density of CGRP-, VIP- and 
PGP 9.5-imm unoreactive fibres, associated w ith an increase in  the 
intensity  of im m unoreactivity. In the epidermis and derm is, a large 
num ber of fibres w ere im m unoreactive for CGRP (Figs.lB,2B). In 
a d d itio n , a su b s tan tia l in crease  in  nerves d isp lay in g  VIP-
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imm unoreactivity was observed around sweat glands and ducts in the 
foot pad  (Fig.2D), and around blood vessels in both regions (Fig.lD). 
The increase in imm unoreactivity for CGRP and VIP was paralleled by 
a sharp  increase in the nerve fibres im m unoreactive for PGP 9.5 
(Figs.3B,3D,3F). No differences w ere observed between control and 
trea ted  ra ts  in the re la tive  density  of substance P and  NPY- 
im m unoreactive axons in any of the groups studied. The arbitrary 
gradings of the im m unostaining are sum m arised in Table 1.

7.4. DISCUSSION

In the skin of animals w ith streptozotocin-induced diabetes, there was 
a m arked increase in the relative num ber of PGP 9.5-, CGRP- and VIP- 
imm unoreactive nerves, betw een 8 and 12 weeks after treatm ent. N o 
change was seen, however, in the num ber of substance P- and NPY- 
imm unoreactive nerve fibres.

The increase in VIP- and CGRP-immunbreactive axons in diabetic rats 
is an interesting feature since they form the largest sub populations of 
peptide-im m unoreactive axons present in the skin (Chapter 3). VIP- 
im m unoreactive axons originate m ainly from the cell bodies in the 
sym pathetic and  parasym pathetic ganglia (Larsson et al., 1976) and  
there is evidence that VTP plays a role in vasodilatation (Said, 1982) and 
the m odulation of sweat secretion, by acting directly on myoepithelial 
cells and increasing blood flow  (Lundberg et al., 1982a). CGRP- 
im m unoreactive neurones are principally sensory in nature (Cadieux 
et al., 1986; Su et al., 1986; W harton et al., 1986; Terenghi et al., 1986) and 
their role in nociception (Dubner and Bennett 1983) has been reported. 
A proportion of CGRP-immunoreactive neurones are known to be co­
localised with another sensory peptide, substance P (Gibson et al., 1984; 
Gibbins et al., 1985; Merighi et al., 1988). Similar changes in VIP and 
CGRP levels have been reported  in initial stages of hum an diabetes, 
w hich  m ay be re la ted  to  functional abnorm alities inc lu d in g  
hyperhydrosis, intolerance to heat and burning pain (Brown e t al.,
1976).

The exact mechanism which brings about the relative increase in VIP- 
and CGRP-immunoreactive nerves in diabetic animals is not yet clear.
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The observation  tha t it is associated w ith  an increase in  the 
im m unostaining of PGP 9.5 suggests that the changes are confined to 
peptidergic cutaneous nerves. PGP 9.5 is a soluble protein component 
of neuronal cytoplasm (Doron et al., 1983; Gulbenkian et al., 1987) and 
its imm unoreactivity has been utilised to visualise the general pattern 
of innervation supplying peripheral tissues, including skin (Dalsgaard 
et al., 1989), heart (Gulbenkian et al., 1987) and uterus (Lundberg et al.,
1988). P rev ious s tu d ie s  h av e  show n an increase  of VIP 
im m unoreactivity in the eye and urinary bladder of prediabetic and 
diabetic Chinese ham sters (Diani et al.,1985) as well as in the seminal 
vesicles of 8 and 16 week streptozotocin-induced diabetic rats (Moss et 
al., 1987) and in enteric nerves (Belai et al., 1985). The increase of VIP 
has been claimed to contribute to the gastrointestinal (Belai et al., 1985) 
and vesicular dysfunction (Diani et al., 1985).

The lack of changes in im m unoreactivity for substance P and NPY up 
to 12 weeks may be due to the very small population of nerve fibres 
containing these peptides in skin, whose changes cannot therefore be 
ex p lo red  ad eq u a te ly  by  im m unoh istochem ical m ethods a n d  
sem iquantitative assessment. However, it seems more likely that there 
is no change, w hich confirm s the previous im m unohistochem ical 
investigation in the intestine of the rat (Belai et al., 1988).

In contrast to our data, a decrease of CGRP immunoreactivity in nerves 
supplying ileum  and proxim al colon (Belai et al., 1987) and of VIP 
immunoreactivity in nerves supplying the penis (Crowe et al., 1983; Gu 
et al., 1984) has been observed. Reduction of peptide immunoreactivity 
has also been reported  in  cutaneous nerves in advanced hum an  
diabetes (Levy et al., 1989) and w as associated w ith depletion of PGP 9.5 
im m unoreactivity. This w as in te rp re te d  as re su ltin g  from  
degeneration of axons induced by  diabetes. However, in the intestine 
of diabetic rats, the initial decrease in density of CGRP- and substance P- 
im m unoreactive nerves was suggested to be consequent on  the 
increase of adrenergic and VIP-immunoreactive nerves (Belai et al., 
1988). A possible explanation of these differences is that in the  in 
initial stages of diabetes, at least in experimental conditions, there is a 
general increase, followed by a depletion, of nerves and neuropeptides 
supplying different tissues. The time course of these changes, could
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vary in different organs, due to a variable susceptibility of nerve fibre 
sub-types. If the treatm ent in the rat had a longer duration than  12 
weeks, it is possible that a subsequent depletion of innervation and 
neuropeptides, similar to the results in man, w ould have resulted.

In conclusion, our study  show s an initial increase in the relative 
num ber of PGP 9.5-, CGRP- and VIP-immunoreactive fibres in the skin 
of diabetic rats and is of particular interest since the easy access to skin 
tissue m ay allow the extensive investigation of peripheral nerve 
changes. These changes m ay be reflected by corresponding changes in 
the dorsal root ganglia, sym pathetic ganglia and spinal cord. Similar 
changes m ay occur in initial stages of hum an diabetes and therefore 
invites speculation that skin biopsy screening m ay be valuable as 
clinical aid in the management of diabetes. This merits further study.
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8.1. Introduction

Degeneration and regeneration of nerves in free grafts or skin flaps 
have been stud ied  by classical m ethods such as silver and gold 
im pregnation, m ethylene blue staining, non-specific cholinesterase 
reaction and form aldehyde-induced fluorescence (Davis and Kitlowski, 
1934; Adeym o and W yburn, 1957; Marvis et al., 1963; Santoni-Rugiu, 
1966; Fitzgerald et al., 1967; Ridley, 1970; Orgel et al., 1972). Functional 
aspects of reinnervation in m an have also been investigated by clinical 
and electrophysiological m ethods ( Trotter and Davis, 1909; Davis, 1934, 
Mcgregor, 1950; Mannerfelt, 1962; Terzis, 1978); they have shown that 
p a in  percep tio n  re tu rn s  f irs t and  the  tran sp lan ted  sk in  is 
hypersensitive to heat stimuli, w ith  symptoms of hyperaesthesia and 
itching. In recent years, a num ber of studies have described the 
im m unocytochem ical localization  of nerves and n eu ro p ep tid e - 
immunoreactive fibres supplying epidermis, dermis and appendages of 
the skin (Bloom and Polak, 1983; Dalsgaard et al., 1983; Gibbins e t al., 
1987b). It is likely that m any of these peptides play an im portant role in 
regulation of cutaneous sensation (Lembeck and Gamse, 1985; W oolf 
and W isenfeld-Hallin, 1986) and  blood supply (Brain and W illiams,
1985) and they are believed to have trophic properties (Kjartansson et 
al., 1988). However, there is no reported immunocytochemical study  of 
reinnervation, including peptidergic nerves, in skin flaps. The m ain 
p u rp o se  of the  p re sen t s tu d y  w as to in v estig a te , u s in g  
im m unocytochem istry w ith  an tisera to the general neural m arker 
p ro te in  gene p ro d u ct (PGP 9.5) (Thom pson et al., 1983) and  
neuropeptides, the sequential course of cutaneous nerve degeneration 
and regeneration and the distributions of nerve fibres immunoreactive 
for neuropeptides reinnervating the skin.
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Diagram 10. Schematic representation of skin flaps on the dorsal 
region of mouse from which the tissues are taken for the study;
A & D = control skin, B = skin adjacent to the flap, C = skin flap.
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8. 2. Experimental design

Twenty seven male, hairless mice (strain MF 1, 2-3 months, 20 grams) 
w ere used. They w ere anaesthetised w ith pentobarbitone sodium  
(N em b u ta l - A b b o t, 3 0 -4 0 m g /K g  b o d y  w e ig h t) in jec ted  
intraperitoneally. The operative area was prepared  and operations 
perform ed using aseptic precautions. A rectangular skin flap 1cm in 
length, w ith a base of 0.5 cm on the m id-dorsal region, was cut and 
separated from the subcutaneous tissue and panniculus carnosus and 
then replaced in the sam e position (Diagram 10). All flaps w ere 
sutured with 6.0 silk and no protective dressing was applied in order to 
m onitor the healing. Mice show ing seroma or haematoma (n=3) were 
not included in the study. Groups of 3 animals were killed at 24 and 48 
hours and 5 to 7, 15, 30, 45 and 60 days post-operatively. Whole flaps 
were biopsied with a 2 cm portion of adjacent skin. In addition, control 
specim ens w ere taken from  another derm atom e at the m id-dorsal 
level either anterior or posterior to the flap. Skin samples were fixed 
im m ediately by im m ersion for 6 hours at room  tem peratu re  in 
Z am boni's flu id  (A ppendix  3d). The tissues w ere s to red  in 
PBS/sucrose (Appendix 2b). Cryostat blocks were prepared and frozen 
sections (12-15pm thick) were collected on poly-L-lysine coated slides 
(Appendix 4) for staining by haemotoxylin and eosin (Appendix 7) or 
by a m odified indirect im m unofluorescence m ethod (A ppendix 5a) 
w ith antisera to a general neural m arker and neuropeptides.

8.3. Results

8. 3 .1 . Control specimens

Protein gene product 9.5 (PGP 9.5)-immunoreactive axons were seen in 
the epidermis, dermis, and around hair follicles and blood vessels
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(Fig.8.1A). The immunoreactivity was intense and clearly defined, and 
seen in both individual fibres supplying the epidermis and derm is as 
well as in large nerve bundles coursing through the dermis. A subset 
of these axons in all areas of skin were immunoreactive for calcitonin 
gene-related peptide. Substance P (SP)-immunoreactive axons w ere 
seen occasionally in the epiderm is and derm is, and in large nerve 
b u n d les  (Fig.8.2B). Vasoactive in testinal pep tide  (VIP)- and  
n eu ropep tide  Y (N PY )-im m unoreactive axons w ere seen m ostly  
around large blood vessels, where they formed perivascular plexus.

8 .3 .2 . Grafts

Immunoreactivity for PGP 9.5, CGRP, substance P, VIP and NPY was not 
seen in the skin flaps including the central and peripheral parts and  the 
base of the flap at 24 hours post-operatively (Fig.8.2C). This lack of 
neural and glial im m unoreactivities was also observed in the skin 
surrounding the flaps up to 1 cm away in all directions. PGP 9.5- and 
neuropeptide-im m unoreactive  nerves w ere first observed in the 
surrounding skin by day 2. In  contrast, PGP 9.5- im m unoreactive 
nerves were first seen in the skin flaps by. day 7, close to the pedicle and 
entering through the uncut base of the flap. By day 15, focal and 
irregular clusters of PGP 9.5-immunoreactive nerves were seen close to 
the body of the flap, arising from  the nerves at the base of the flap; a 
large p roportion  of these nerves were im m unoreactive for CGRP 
(Fig.8.2D) and substance P. In addition, scattered PGP 9.5- and CGRP- 
imm unoreactive nerves were seen at the cut edges of the flap arising 
from nerves in the adjoining norm al skin (Fig.8.1B). By day 30, PGP
9.5-immunoreactive nerve fibres originating from bundles below the 
flap had  entered the deep surface and were coursing tow ards the 
ep iderm is (Fig.8.1C). In ad d itio n , occasional VIP- and  NPY- 
immunoreactive nerves were seen close to the blood vessels. By
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Fig. 8.1. Nerve fibres immunoreactive for PGP 9.5 in mouse skin. 
(A) Control dorsal skin showing PGP-9.5 immunoreactive fibres 
supplying epidermis and dermis. Note the density and distribution 
of nerve fibres. (B- D) Grafted skin. Skin flap showing appearance 
of irregular clusters of nerves 15 days after transplantation at the 
cut edge (B) and 30 days after transplantation originating at the 
deep nerve bundle of the graft (C), and normal distribution 45 days 
after transplantation (D). Note the density of nerve fibres at the 
early stage of reinnervation in B and C in comparison with control 
skin. Arrows and arrow heads indicate immunoreactivity in the 
dermis and epidermis, respectively; curved arrows indicate a 
nerve bundle in (C) and autofluorescence in hair follicle (D). 
All magnification x 320 
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Fig. 8.2. Control dorsal skin showing nerve fibres immunoreactive 
for CGRP (A) and substance P (B) supplying the epidermis and 
dermis. Note the density and distribution of nerve fibres. (C) Skin 
flap showing absence of PGP 9.5 immunoreactivity 24 hours after 
transplantation. (D) CGRP-immunoreactive fibres arranged in focal 
clusters in the body of the graft 15 days after transplantation. 
Arrows indicate some of the immunoreactive fibres in the dermis. 
Zamboni fixed tissues. Cryostat sections (1 O~m). 
All magnification x 320 
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day 45, nerve fibres were detected in the epiderm is of the flap, and  
m any of the focal arborisations had disappeared (Fig.8.1D). By day 60, 
the distributions of nerves and neuropeptides closely resembled those 
in the norm al control skin.

8.4. Discussion

This study has shown the time course of reinnervation in skin flaps in 
mice and  revealed several novel observations: the disappearance of 
general neural m arker and pep tide  imm unoreactivity in surrounding 
sk in , th e  ea rly  re a p p e a ra n c e  of g en e ra l n e u ra l m a rk e r 
im m unoreactivity in the flap and  the early involvem ent of sensory 
neuropeptides in reinnervation.

The apparent disappearance of nerves in the skin surrounding the flap 
w as show n by the loss of im m unoreactiv ity  for PGP 9.5 an d  
neuropeptides. The loss of neuropeptides could be accounted for by 
functional changes in the nerves, such as tem porary blockage of axonal 
transport or excessive release of peptides, due to surgical traum a. 
H ow ever, PGP 9.5 is believed to  be a non-functional, cytoplasm ic 
p ro tein ; therefore its early  reappearance  (day 2) together w ith  
neuropep tide  im m unoreactivity  in nerves tha t are presum bly no t 
totally destroyed suggests that it may be a sensitive indicator of neural 
damage.

In contrast, the disappearance of PGP 9.5 immunoreactivity in the flap 
by 24 hours and reappearance only at the base by day 7 suggests that the 
flap had  become completely denervated. The complete absence of PGP
9.5-immunoreactive nerve fibres in the body of the flap m ay be due  to 
the orientation  of incised area, w hich w as perpendicular to  the 
neurovascular bundle, thereby cutting all the nerves. The results
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accord w ith  previous observations using histochem ical m ethods 
showing absence of non-specific cholinesterase activity in degenerating 
cutaneous nerves up to the base of the flap within 2 weeks after surgery 
(W aris, 1978), suggesting that disappearance of im m unoreactivity is 
due to degeneration of nerve fibres.

The sequential appearance of im m unoreactivity  for PGP 9.5 and 
peptides (substance P and CGRP) in the flap, first at the base of the flap 
where there is a continuity of epidermal and dermal tissues, then at the 
sides and apex of the flap m argins and finally at its deep surface, 
suggests that the reinnervation follows a pattern  and is systematic. 
However, our results appear to be in conflict w ith previous studies 
show ing regenerating nerves originating either solely from the base 
(Fitzgerald et al., 1967) or from the m argins (Waris, 1978). The focal 
arrangem ent of the hyperplastic , im m unoreactive nerve fibres seen 
during  early reinnervation m ay be due to extensive arborisation to 
enable growing immature nerves to locate their targets.

The early reappearance of CGRP- and substance P-im m unoreactive 
fibres in greater num bers in the  flap than in the norm al skin is an 
im portant observation in our study. Both substance P and CGRP are 
involved in nociception (Henry, 1982; W oolf and W isenfeld-Hallin,
1986). Antidromic release of substance P from sensory nerves induces 
vasodilation, plasm a extravasation and itching (Lembeck and Gemse,
1982), effects that are potentiated by CGRP (Brain and Williams, 1985; 
Gam se and  Saria, 1985). Such release m ay be the reason for 
hyperaesthesia and itching in transplantated skin. In addition, the 
initial proliferation of CGRP- and  substance P-immunoreactive nerves 
m ay provide morphological evidence in support of several previous 
clinical studies showing that nociception (Head et al., 1905; Rivers and 
Head, 1908; Sharpey-Schafer, 1928) and hypersensitivity to heat stimuli
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(Trotter and Davis, 1909) return  early to transplanted skin. These 
observations suggests that CGRP and substance P have im portant roles 
in the transplanted skin.

In addition to the putative role as sensory transmitters both CGRP and 
substance P are known to have trophic actions that could be im portant 
in healing and repair processes in the graft. Thus for exam ple 
substance P, in common w ith  other tachykinins has the ability to 
prom ote cellular m itosis (Nilsson et al., 1985) Also CGRP has been 
show n to possess neuro trophic  properties, being involved in the 
differentiation of dopam inergic neurons of olfactory bulb (Dennis- 
Donini, 1989) and local intravenous injection of CGRP prom otes flap 
survival (Kjartansson and Dalsgaard, 1987) by increasing the blood flow 
(Kjartansson et al., 1988). Sim ilar proliferation of substance P- 
im m unoreactive nerve fibres w as seen around  regenerating blood 
vessels d u ring  the healing  after bu rn  in jury  has been repo rted  
(Kishimoto, 1984). It is of interest that during ontogeny, CGRP and 
substance P are the first pep tides to appear in the cutaneous 
innervation, before VIP and NPY, indicating a possible trophic role in 
developm ent (Chapter 3). This study, therefore, suggest tha t the 
neural proliferation may stim ulate growth of fibroblasts in connective 
tissue and probably act as a sensory stim ulant for the regeneration of 
blood vessels and nerves. Thus, the proliferation may have a trophic 
role in the transplanted skin akin to that in development.

In conclusion, this s tudy  show s an early, sequential p a tte rn  of 
reappearance of im m unoreactive nerves and neuropeptides, often in 
apparently  disorganised groups possibly as a mechanism  of target 
searching, and the early appearance of sensory neuropeptides as in 
ontogeny, that have roles in vascular and neural tropism. The increase 
in neuropeptides suggests their possible roles in trophic, regulatory and 
reparative processes.
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9.1. INTRODUCTION

N ota lg ia  p araes th e tica  is an  in frequen tly  rep o rted  cond ition  
characterised by sensory neuropathy, possibly having an hereditary  
component in some cases (Astvatsaturov, 1934; Weber et al., 1988), The 
lesion involves the posterio r ram i of the second th rough  sixth 
intercostal nerves (Astvatsatkurov, 1934; Pleet et al., 1978). The m ost 
common sym ptom  is p ru ritu s in the m id-upper back, bu t burning, 
hyperalgesia and tenderness are described (Pleet et al., 1978; Massey et 
al., 1979; W eber et al., 1988). Secondary lichenification a n d /o r  
pigm entation frequently occurs.

Since there is no inform ation on the cutaneous innervation of skin in 
notalgia paraesthetica, and because changes are seen in the distribution 
and peptide im m unoreactivity of nerves in skin from patients w ith 
other neuropathies (Chapter 4 and 6). The aim of the present chapter 
w as to study the distribution of overall nerves and Schwann cells, 
using general neural m arker p ro tein  gene p roduct 9.5 (PGP 9.5) 
(Thompson et al., 1986), and  glial m arker S-100, and of peptidergic 
nerves by antisera to neuropeptides.

9.2. Experimental design

9.2.1. Patients
Details of the notalgia parasthetica cases are given in Table 17

9.2.2. Biopsies
Punch biopsies were taken under local anesthesia from the affected 
area and unaffected contralateral side from patients attending Royal 
Sussex County Hospital, Brighton. Skin specimens from similar sites 
were obtained from patients having no neuropathy of skin disorders
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Table 18

CLINICAL DETAILS OF NOTALGIA PARAESTHETICA PATIENTS

C a se  A g e  S ex  S ym p tom s D u ration  S ite  H elp fu l
N o  T h e r a p y

1 68 M Irr ita tio n
P a in

12Yrs R T egretol

2 54 F Numbness
E p isod ic
ir r ita t io n

lY r L T opical stero id

3 72 M Icy feel 4yrs L Transcutaneous
stim u la tio n

4 65 F Ir r ita tio n 3yrs R T opical stero id

5 66 M A ch in g
ep iso d ic
ir r ita t io n

l ly r s L Topical stero id
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undergoing surgery that needed skin removal. The tissues were fixed 
im m ediately in Zam boni’s solution (Appendix 3D). Cryostat blocks 
were prepared and frozen sections (6 pm) taken up on poly-L-lysine- 
coated slides (Appendix 4), dried at room tem perature for 2 hours and 
stained by haem atoxylin and eosin (Appendix 7) or by a m odified

indirect im m unofluorescence m ethod (Appendix 5) w ith antisera to 

neural and glial antigens and neuropeptides. Control and  treated  
specimens were mixed in batches before processing. The num ber of 
im m unoreactive nerves was assessed visually in all specimens and 
graded by semiquantification (Chapter 2). The study was approved by 
the Ethics Committee of Brighton Health Authority.

9.3. RESULTS

9.3.1. Histology

M orphological exam ination of haem atoxylin  and  eosin sta ined  
sections show ed changes typical of these repo rted  to no talg ia  
paraesthetica. No amyloid deposits were seen in crystal violet stained 
preparations.

9.3.2. Im munocytochem istry

In the control specimens and the unaffected skin from the notalgia 
patients, the distribution and num bers of nerves were similar. Fibres 
and bundles im m unostained w ith  anti-PGP 9.5 serum  w ere seen 
throughout the dermis, around blood vessels, sweat glands and hair 
follicles, running  below the epiderm is and occasionally penetrating  
into it (Fig.9.1A & B) S-100 im m unoreactivity was seen in Schwann 
cells around the derm al nerves only, and occasionally in epiderm al 
dend ritic  cells (Fig.9.1C & D). Subsets of the nerves w ere  
im m unoreactive for neuropeptides. Substance P and CGRP h ad  
similar distribution although the latter predom inant (Fig. 9.3). They
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TABLE 19

RESULTS OF IMMUNOSTAINING OF NERVES IN SKIN

SKIN AREA CONTROLS (N=10) NOTALGIA PARAESTHETICA (N=5)

NPY
PGP9.5 S-100 Sub P CGRP VIP NPY PGP 9.5 S-100 Sub P CGRP VIP

Epidermis + - - - - - +++ - - - -

Dermis ++ ++ + ++ - - +++ +++ + ++ - -

Hypodermis +++ ++ + ++ - - +++ +++ + ++ - -

Hair follicles +++ ++ + ++ - - ++ ++ - - -

Sweat glands +++ +++ + + ++ - +++ +++ + ++ +

Blood vessels ++ ++ - - + ++ ++ ++ - + ++

Number of stained nerves fibres are graded: absent (-), few (+), moderate (++), many (+++),
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Fig. 9.1. Control skin from infrascapular region. (A & B) PGP 9.5-immunoreactive 
fibres in epidermis and dermis. (C & D) S-1 00-immunoreactivity in Schwann cells 
and dermal fibres. Note the density of nerve fibres and Schwann cells. Arrows 
indicate some of the immunoreactive fibres and Schwann cells. Magnification 
A = X 105, 8 = X 450, c = X 200, D = X 300. 





Fig. 9.3. lnfrascapular skin of control (A & C) and Notalgia 
parasthetica (B & D) showing CG RP- and substance P­
immunoreactive axons in the epidermis and dermis. No change 
in the density of immunoreactive fibers supplying epidermis 
and dermis. Arrows indicate some of the immunoreactive fibres 
Magnification A, B & D = x 135, C = X 1 05 
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w ere seen in varicose nerve fibres in the derm is and surrounding  
small arteries and arterioles, and occasionally around sweat glands. 
Scattered fibres were seen penetrating the epiderm is (Fig.9.3A & C). 
VIP and  NPY im m unoreactive nerves had  sim ilar d istribu tions, 
mainly in nerve around sweat glands and blood vessels.

9.3.3. Notalgia paraesthetica cases

In the affected skin area the num ber of PGP 9.5-immunoreactive nerve 
fibres (Fig.9.2A) and S-100 im m unoreactive Schwann cells (Fig.9.2C) 
was greater than in the controls and the unaffected skin. This increase 
was seen in all areas of the skin, bu t was m ost noticeable (Fig.9.2B) in 
the PGP 9.5-immunoreactive epiderm al fibres. A large num ber of S- 
100 im m unoreactive dendritic  cells was seen in the ep iderm is, 
particularly  at the level of the stratum  corneum , and around hair 
follicles (Fig.9.2D). No obvious changes were detected in the num ber of 
neuropeptide-im m unoreactive nerves (Fig. 9.3B & D).

9.4. DISCUSSION

This study demonstrates for the first time that in patients w ith pruritus 
and hyperalgesia - notalgia parasthetica - there is a relative increase in 
the num ber of cutaneous nerves, particu larly  in the ep iderm is, 
com pared w ith controls. Furtherm ore, there was a dram atic increase 
in the num ber of S-100 imm unoreactive dendritic cells in the affected 
epiderm is.

The increase in the num ber of epiderm al nerves, is of great in terest 
because nerves in this site are  believed to be sensory in na tu re  
(Bjorklund et al., 1986). Epidermal nerves are present in m uch greater 
num ber in the more sensitive areas of skin, such as lip and nose
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(Chapter 3). This could explain the symptoms of notalgia parasthetica, 
such as pruritus and hyperalgesia, and it is notable that the increase 
was only seen in the affected areas of the patients and not in their skin 
from other areas. Therefore, it could be possible that the symptoms of 
pruritus and pain were not psychosomatic and m ight be due to the 
presence of large num bers of epidermal nerves, and furthermore, these 
nerves m ight be m ore active than  norm al and had a low sensory 
threshold. A proportion of the nerves in this site normally contained 
CGRP and substance P (Chapter 3), but no increase was detected in the 
num ber of peptide im m unoreactive nerves. Thus, either such nerves 
were of a non- peptidergic type or that the peptide was depleted below 
the immunohistochemical detection. The presence of increased nerves 
also suggests th a t e ither the neura l ablative p rocedures u sed  
therapeutically in  this patien t w ere at best only partially effective or 
that there is a rapid re-growth of nerves back into the skin. It is known 
that in  anim als, nerve sectioning or selective chemical denervation 
procedures can lead to hyperp lasia  of o ther nerve types in the 
denervated tissues (Kessler e t al., 1983; Bjorklund et al., 1985; Aberdeen 
et al., 1988). It is possible that a similar mechanism, reportedly due to 
excess of nerve growth factor (Bjorklund et al., 1985) occurs in these 
cases.

The finding of large num bers of S-100-immunoreactive dendritic cells 
in the upper epiderm is is also interesting. These could either be 
melanocytes or Langerhans cells, both of which are reported to be 
immunoreactive for S-100 (Cocchia et al., 1981). The latter seems more 
likely since melanocytes are usually  confined to the basal layer of 
ep iderm is and  som e au tho rs  do no t find  them  alw ays to  be 
immunoreactive for S-100 (Springall et al 1983).
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This s tu d y  has show n tha t neura l changes m ay be ev ident in 
n eu ropa th ies  hav ing  increased  sensation , as show n for those 
involving reduced sensation such as leprosy(Chapter 4) and diabetes 
Chapter 6). It is concluded that the itching and painful sym ptom s 
associated w ith  notalgia paraesthetica m ay be due to those neural 
changes and thus, a t least in these cases, the sym ptom s are no t 
psychosomatic.
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Chapter 10

SUMMARY AND CONCLUSIONS

Immunocytochemical techniques have contributed substantially to the 
morphological identification of neuropeptides, the presence of which 
in cutaneous nerves has com pletely revolutionised our previous 
know ledge of the innervation  of skin. The m ain focus of this 
morphological study was directed towards systematic screening of the 
nerve supply of the skin, its ontogeny and phenotypic expression in 
various experim ental conditions and diseases effecting them. The 
results of the study support the hypothesis that cutaneous innervation 
and neuropeptides contained in it show considerable variations among 
species in the density of distribution and appears to play an im portant 
role in m aintaining in tegrity  and  function in health  and diseases. 
Interpretation of morphological changes and functional implications of 
new  findings obtained du ring  the course of this study, has been 
discussed in previous chapters.

There is an im pressive num ber of different peptide-im m unoreactive 
fibres supplying the epiderm is, derm is and epiderm al appendages of 
the m am m alian skin. They exhibit, bo th  regional and  species 
differences in the density of distribution (Chapter 3). Among them 
calc iton in  g ene-re la ted  p e p tid e  a n d /o r  vasoac tive  in te s tin a l 
polypeptide are apparently the m ost abundant neuropeptide detected in 
the skin of several m am m alian  species includ ing  m an. Those 
im m unoreactive for tachykin ins, neuropeptide  Y and C-flanking 
peptide of neuropeptide Y w ere less abundant. However, in m an, 
relatively few nerve fibres appear to display im m unoreactivity for 
these peptides (Chapter 3).
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Chem ical denervation  experim ents delineated the neuropep tides 
present in the sensory and autonom ic parts of cutaneous innervation. 
Capsaicin treatm ent destroyed approxim ately 70% of calcitonin gene- 
related peptide- and tachykinin-imm unoreactive axons at the dosage 
given. This m ay also be an evidence, showing separate subsets of 
CGRP and  tachyk in in -im m unoreac tive  sensory  nerves hav ing  
different thresholds of sensitivity to capsaicin, functional significance 
of w hich is yet to be determ ined. However, 6-OHDA treatm ent 
resulted in complete loss of neuropeptide Y- and tyrosine hydroxylase- 
im m unoreactive axons. It is conceivable therefore tha t cutaneous 
sym pathetic  fibres show  som e dem arcation  betw een cutaneous 
adrenergic and cholinergic types (Chapter 3).

Pathological lesions often produce morphological changes from which 
one can deduce som ething about how  normal tissues behave. In  an 
attem pt to throw more light on the role of peptides present in sensory 
and  autonom ic nerves d u rin g  various pathological conditions 
resulting in peripheral neuropathy, showed that presence or absence of 
peptide is linked to functional status. In leprosy, an early disappearance 
of cutaneous neuropeptides was seen in Indeterm inate, Leprom atous 
and Tuberculoid cases, is consistent w ith dim inished sensitivity, in 
a d d itio n  to  su g g estin g  th a t  im m unocy tochem ical s tu d y  of 
neuropeptides may enable a m ore precise categorization of suspected 
very  early  leprosy  lesions (C hap ter 4). Sim ilar dep le tion  of 
neuropeptides w as also noticed in skin biopsies taken from type I 
(insulin dependent) and  type II (non-insulin dependent) diabetic 
patien ts fu rther substantia ting  the role in assessm ent of diabetic 
neu ropathy  and m ay be usefu l in determ ining  its response to 
treatm ent (Chapter 7).
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In contrast to the early depletion, in notalgia parasthetica, characterised 
by pruritus and hyperalgesia, an increase in the num ber of cutaneous 
nerves w ithout an increase in peptides was observed im plying that 
there may be a population  of non-peptidergic nerves involved in 
above changes (Chapter 9).

Experim ental anim als show ed the effects of early stage of disease 
processes upon peptides in cutaneous nerves and the progressive 
changes w ith the advancem ent of disease. Skin and spinal cord of 
nude mice infected w ith M ycobacterium leprae showed depletion of 
neuropeptides at an early stage and the changes progressed with disease 
(Chapter 5). The loss of pep tides in skin from d istant sites and 
sim ultaneous depletion in m otoneurones of the spinal cord is a clear 
indication of the functional deficit in these animals. On the other 
hand, an increase of vasoactive intestinal polypeptide and calcitonin 
gene-related peptide in skin of 8 to 12 weeks old streptozotocin-diabetic 
rats indicates th a t the changes in  neuropeptides m ay reflect the 
differences in the disease process (Chapter 7). The increase in  CGRP 
during  regeneration  of tran sp lan ted  skin (Chapter 8) and early  
appearance during  developm ent (Chapter 3) proves further that the 
peptides are involved even in the norm al biological processes of 
regeneration and development. Therefore, the functional significance 
of changes in distribution of neuropeptides may not necessarily be the 
impairm ent of transmission process at the nerve terminal bu t m ay also 
be related to tropism.

Classical studies of cutaneous innervation was always plagued by the 
apparent unreliability in staining technique to visualise all the nerves. 
This study has tested the im m unostaining potential of all the available 
general neural m arkers and proved that the protein gene product 9.5 
gave consistently reproducible results and precisely assess the nerve
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supply of the skin in all the species examined (Chapter 3). PGP 9.5 was 
particularly useful in exam ining differential density of nerves during 
disease conditions, and thus provided an valuable m arker for future 
investigations (Chapters 4,6 and 7).

The present investigations provide further insight into the significance 
of immunocytochemical techniques in the visualisation of cutaneous 
nerves, in addition  to the d istribution  of peptide-im m unoreactive 
fibres in normal and disease states. There is no doubt a great deal of 
w ork still needs to be done on sim ilar lines em ploying latest 
m orphological m ethods including in situ hybridisation and in vitro 
receptor b ind ing  studies in com bination w ith  neurophysiogical 
m ethods.
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APPENDIX 1

Perfusion fixation

1. Guinea pigs and rats were mildly anaesthetised by inhalation of 
ether vapour.

2. An overdose of sodium  pentobarbitone (Euthatal, May and 
Baker Ltd., 200mg/ml) adm inistered by intraperitoneal injection.

3. Solutions used for perfusion were administered (20-30 m l/m in) 
via a blunt needle placed through the left ventricle and clamped into 
the aortic arch. An incision in the right atrium  was m ade in order to 
drain  the perfusion solutions.

4. Blood was first removed by perfusion with 200ml of PBS at room 
tem perature or at 4°C.

5. Following the perfusion technique, tissue was rem oved and 
further fixed immersion for 2 to 16 hours.
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APPENDIX 2

Preparation of Buffers

a . Phosphate buffered saline (PBS) (0.01M) pH  7.2-7.4

The following compounds were dissolved in 10 litres of distilled water: 
Nacl 87.9g 
KH2P 0 4 2.74g 
N a2H P04 11.35g

b. PBS / sucrose buffer pH  7.2-7.4

15g sucrose and O.OOlg sodium azide (sigma) were added to 100ml PBS.

202



APPENDIX 3

Preparation of Fixatives

a . Benzoquinone solution fixation

1. A fresh 0.4% (w /v) solution was prepared by dissolving purified 
benzoquinone (Koch-Light Laboratories Ltd) in PBS with agitation.

2. Tissues w ere fixed at room  tem perature  by im m ersion or 
perfusion for 1 to 3 hours (depending on the type of tissue and size of 
the sample).

3. The tissues were rinsed w ith several changes of PBS containing 
15% (w /v) sucrose and 0.01% (w /v ) sodium azide at 4°C and stored in 
PBS /sucrose solution at 4°C.

b. Form aldehyde solution fixation

1. A 4% (w /v) solution was prepared by dissolving methanol-free 
paraform aldehyde (BHD Chemicals Ltd) in PBS with heating. After 15 
minutes heating at 80°C, the solution was cleared by adding a few drops 
of IN  sodium hydroxide. The solution was then left to cool at 4°C.

2. Tissues were fixed by immersion or perfusion for 1 to 3 hours at 
4°C and then rinsed w ith  several changes of PBS/sucrose solution. 
Fixed tissues were then stored in a PBS/sucrose solution at 4°C.
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1. A 2% (w /v ) solution was prepared by dissolving methanol-free 
paraform aldehyde in 0.1M phosphate buffer w ith heating. Solution 
was then left to cool. To 85ml of this solution, 15ml of saturated picric 
acid was added.

2. Tissues w ere fixed by immersion or perfusion for 9 to 18 hours at 
4°C. Tissues w ere then washed thoroughly with PBS/sucrose solution 
and stored in the same buffer at 4°C.

C. Z am bini's so lu tio n  fixation
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APPENDIX 4

Slide coating

1. lm g  of Poly-L-lysine (PLL) (molecular weight: 150,000-300,000- 
sigma) was dissolved in 1ml of distilled water.

2. A small drop of PLL (approximately lOja.1) was applied to a clean 
slide, and spreaded w ith the end of another slide, as for a blood film.

3. Coated slide may be kept up  to a week.
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APPENDIX 5

Im m unochem ical procedures

а . Indirect im m unofluorescence for cryostat sections

Cryostat sections were:

1. M ounted on PLL coated slides and left to dry for 1 hour at room 
tem perature.

2. Im m ersed in a solution containing 0.2% triton X-100 (Sigma 
Chemicals, U.K) in PBS for 30 minutes.

3. Rinsed in three changes of PBS, 5 minutes each change.

4. Incubated in prim ary antisera in a hum id atmosphere, at 4°C for 
16 to 24 hours. Antiserum was diluted in PBS containing 0.1% bovine 
serum  albumin (BSA; Sigma) and 0.01% sodium azide (Sigma).

5. Reincubated in prim ary antisera in a hum id atm osphere at 
room tem parature for 3 hours.

б. Rinsed in three changes of PBS, 5 minutes each change.

7. Incubated w ith fluorescein isothiocyanate conjugated anti-rabbit, 
-rat or -m ouse globulins (1:100 dilution) for 60 m inutes at room  
tem prature.

8. Rinsed in three changes of PBS, 5 minutes each change.

9. M ounted in a mixture of PBS and glycerine (1:1 v /v ).
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b . Peroxidase anti-peroxidase (PAP) m ethod for cryostat sections

Cryostat sections were:

1. M ounted on PLL coated slides and left to dry for 1 hour at room 
tem perature.

2. Im mersed in a solution containing 0.2% triton X-100 in PBS for 
30 minutes.

3. Im m ersed in a solution of 0.03% (v /v ) hydrogen peroxide 
(Macarthys) in PBS for 30 m inutes, to block endogenous peroxidase 
activity.

4. Rinsed in three changes of PBS, 5 minutes each change.

5. Incubated in prim ary antiserum  in a hum id atmosphere, at 4°C 
for 16 to 24 hours.

7. Rinsed in three changes of PBS, 5 minutes each change.

8. Incubated w ith goat anti-rabbit globulins (1:100 dilution) at room 
tem perature for 30 minutes.

9. Rinsed in three changes of PBS, 5 minutes each change.

10. Incubated w ith rabbit PAP complex (1:300 dilution in PBS) at 
room tem perature for 30 minutes.

11. Rinsed in three changes of PBS, 5 minutes each change.
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12. Incubated 1 to 5 m inutes at room tem perature in a solution 
containing 0.025% 3,3'diam inobenzine tetra HC1 (DAB; w /v )  (Fluka 
AG) and 0.03% (v/v) hydrogen peroxide in PBS.

13. Rinsed in three changes of PBS, 5 minutes each change.

14. Lightly counterstained w ith haematoxylin, dehydrated, cleared 
and m ounted in DPX (Raymond A. Lamb).
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APPENDIX 6

Glucose oxidase-DAB-nickel enhancem ent m ethod

The sections were processed in a similar m anner as that described in 
the peroxidase anti-peroxidase m ethod (see Appendix 5) up to step 11. 
From then on the following steps were followed:

1. Sections were incubated in developer solution * for 3 minutes.

2. 1% cobalt chloride (BDH, U.K) was then added to the above 
solution and left for 3 minutes.

3. 0.03% (v /v )  hydrogen  peroxide w as finally added  to the 
incubating m ixture and the sections were developed for another 3 
m inutes.

4. Rinsed twice in PBS, 5 m inutes each change.

5. W ashed in runn ing  tap  w ater for 15 m inutes, dehydra ted  
through alcohols, cleared in xylene and m ounted in DPX.

* P reparation  of developer so lu tion  (Glucose oxidase-D A B-nickel 
solution)

a. 2.5 g Nickel Am m onium  sulphate (BDH, U.K) in 50 ml of 0.2 
sodium acetate buffer (pH 6.0)

b. 50 m g DAB in 50 ml distilled water.

c. Mix the solution a and b  immediately before use and then 200 
mg b D-glucose oxidase (Sigma Chemicals, U.K) were added to the 
m ixture.
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APPENDIX 7

HAEMATOXYLIN AND EOSIN STAINING

1. Stain the section in Harris haematoxylin (undiluted) for 3 mins.

2. Blue sections in running tap water (pH alkaline).

3. D ifferen tia te  haem atoxy lin  in 1% acid alcohol so lu tion . 
Examine m icroscopically to dterm ine the degree of differentiation 
necessary, as the time depends on the initial amount of staining.

4. Re-blue in running tap water.

5. Stain in 1% aqueous solution of eosin for 5 mins. Check the 
staining microscopically, and return  to eosin if necessary.

6. Rinse well in running tap water.

7. Dehydrate through graded alcohols, clear and m ount in DPX.

210



APPENDIX 8

Acetylcholinesterase Histochem istry

1. W ash sections w ith  three changes of 0.01M m aleate buffer 
(1.6g/dl), pH 6.0.

2. Incubate for 30 m in at room  tem perature w ith  a solution 
containing 18-36pM acetylthiocholine iodide (0.5-1.Omg/dl), 5pM K3 Fe 
(CN)^ (0.16/dl) 30pM CuSo4 (0.47m g/dl), and 50(iM sodium  citrate 
2H20  (1.47 m g/d l) in 0.1 M maleate buffer, pH  7.6.

3. W ash sections for 5 m in at room  tem perature w ith a solution 
containing 0.04% DAB and 0.3% nickel amm onium  sulfate in 50 mM 
Tris-HCL, pH  7.6.

4. A dd 0.003% H 20 2 and continue incubation for 10 m in at room  
tem perature.

5. W ash sections w ith 5mM Tris-HCL, pH  7.6 and m ount on glass 
slides.
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APPENDIX 9

W ade fite staining for Mycobacterium leprae

1. W arm  section to melt wax and blot.
2. Remove wax in 1 part peanut oil, 2 parts xylene for 
m inutes. Drain.
3. Rinse quickly in xylene.
4. Blot.
5. Rinse in water.
6. Remove m ercury pigm ent w ith Lugol's Iodine and 5% 
sodium  thiosulphate for 5 min.
7. Carbol Fuchsin at room tem perature for 20~30minutes.
8. W ash in tap water.
9. Rinse in acid alcohol (0.5% HCL, 70% alcohol) for 2
10. W ash.
11 Counter stain w ith hematoxylin.
12. W ash in tap water and dry, clear and mount.

1 5 - 2 0

m in.

2 1 2
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