Neuroimmunology of the Skin



Richard D. Granstein « Thomas A. Luger
Editors

Neuroimmunology
of the Skin

Basic Science
to Clinical Practice

@ Springer



Richard D. Granstein, MD
Cornell University

Weill Cornell Medical College
Department of Dermatology
1300 York Ave.

New York NY 10021

USA
rdgranst@med.cornell.edu

Thomas A. Luger, MD
Universititsklinikum Miinster
Medizinische Einrichtungen
Klinik und Poliklinik fiir
Von-Esmarch-Str. 56

48149 Miinster

Germany
Luger@uni-muenster.de

ISBN 978-3-540-35986-9 e-ISBN 978-3-540-35989-0

DOI: 10.1007/978-3-540-35989-0

Library of Congress Control Number: 2008928261

© 2009 Springer-Verlag Berlin Heidelberg

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965,
in its current version, and permission for use must always be obtained from Springer. Violations are liable
to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws
and regulations and therefore free for general use.

Product liability: The publisher cannot guarantee the accuracy of any information about dosage and
application contained in this book. In every individual case the user must check such information by
consulting the relevant literature.

Cover design: eStudio Calamar, Spain

Printed on acid-free paper

987654321

springer.com



Preface

It has long been noted anecdotally that affect, psycho-
logical state and neurologic state have influences on
inflammatory skin diseases. Disorders such as psoria-
sis, atopic dermatitis, acne and rosacea, among many
others, are reported to become exacerbated by stress.
Furthermore, it is widely believed that stress alters
cutaneous immunity. However, mechanisms respon-
sible for these effects have remained incompletely
understood. Scientific evidence for an influence of
the nervous system on immune and inflammatory
processes in the skin has been developed only rela-
tively recently. This area of research has now become
intensely active and fruitful. Although neurocutane-
ous immunology is a young field, it is now accepted
that the nervous system plays a major role in regulat-
ing immune and inflammatory events within the skin.
Data has been obtained demonstrating the influences
of neuroendocrine hormones as well as neuropeptides,
neurotransmitters, nucleotides and other products
of nerves on immune cells and immune processes.
Much of the data obtained over the past few years sug-
gests that neurologic influences have implications for
immunity and inflammation, not just in the skin, but
also in many other organ systems. These findings have

important implications for understanding pathology
and pathophysiology. Most importantly, they suggest
novel new approaches to prevention and treatment of
many disorders.

As scientific activities in neurocutaneous immunology
have expanded, the need for a comprehensive, up-to-
date textbook summarizing the current state of the field
became apparent. This book includes sections dealing
with the major areas of research ongoing in neuroim-
munology. These include basic neuroimmunology of
the skin, stress effects in cutaneous immunity, neuro-
biology of skin appendages and the role of the nervous
system in the pathophysiology of skin disorders.

We believe that this book will be useful to investiga-
tors studying the effects of the nervous system and psy-
chologic state on the physiology and pathophysiology of
the skin. Also, clinicians with an interest in inflamma-
tory skin diseases will find this book to be quite useful.

In addition to finding this book to be a useful scientific
and clinical resource, we hope that the reader finds it
to be both fascinating and enjoyable.

R.D. Granstein
T.A. Luger

New York and Miinster
2008
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Synonyms Box: Axons, cytoplasmic extensions of
neurons located in the central nervous system and gan-
glia; Schwann cell-axon complex, primary neural func-
tional unit; myelinated nerve fiber, axon enwrapped by
concentric layers of Schwann cell membranes; nonmy-
elinated nerves, polyaxonal units in the cytoplasm of
Schwann cells; “free” nerve endings, axons covered
by extensions of Schwann cells and a basal lamina;
corpuscular nerve endings, composed of neural and
nonneural components

1.1 Structure of Cutaneous Nerves

The body must be equipped with an effective com-
munication and control system for protection in a
constantly changing environment. For this purpose, a
dense network of highly specialized afferent sensory

Key Features

) The skin is equipped with afferent sensory and efferent
autonomic nerves.

> The sensory system contains receptors for touch, temper-
ature, pain, itch, and various other physical and chemical
stimuli.

> Antidromic propagation of the impulses may directly
elicit an inflammatory reaction.

) The autonomic nervous system maintains cutaneous home-
ostasis by regulating vasomotor functions, pilomotor activ-
ities, and glandular secretion.

> Contact of neural structures with various immune cells
allows for a strong interaction between the nervous and
the immune systems.

and efferent autonomic nerve branches occurs in all
cutaneous layers. The sensory system contains recep-
tors for touch, temperature, pain, itch, and various
other physical and chemical stimuli. The autonomous
system plays a crucial role in maintaining cutaneous
homeostasis by regulating vasomotor functions, pilo-
motor activities, and glandular secretion.

The integument is innervated by large, cutaneous
branches of musculocutaneous nerves that arise seg-
mentally from the spinal nerves. In the face, branches
of the trigeminal nerve are responsible for cutaneous
innervation. Nerve trunks enter the subcutaneous fat
tissue, divide, and form a branching network at the der-
mal subcutaneous junction. This deep nervous plexus
supplies the deep vasculature, adnexal structures, and
sensory receptors. In the dermis small nerve bundles
ascend along with the blood vessels and lymphatic vessels
and form a network of interlacing nerves beneath the

R.D. Granstein and T.A. Luger (eds.), Neuroimmunology of the Skin, 3
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D. Metze

epidermis, that is, the superficial nerve plexus of the
papillary dermis [56,63].

The cutaneous nerves contain both sensory and
autonomic nerve fibers. The sensory nerves conduct
afferent impulses along their cytoplasmic processes
to the cell body in the dorsal root ganglia or, as in
the face, in the trigeminal ganglion. Cutaneous sen-
sory neurons are unipolar. One branch of a single
axon extends towards the periphery and the other one
toward the central nervous system. It has been calcu-
lated that 1,000 afferent nerve fibers innervate one
square centimeter of the skin. The sensory innervation
is organized in well defined segments or dermatomes,
and still, an overlapping innervation may occur. Since
postganglionic fibers originate in sympathetic chain
ganglia where preganglionic fibers of several different
spinal nerves synapse, the autonomic nerves supply
the integument in a different pattern. In the skin, auto-
nomic postganglionic fibers are codistributed with the
sensory nerves until they arborize into the terminal
autonomic plexus that supplies skin glands, blood
vessels, and arrector pili muscles [56].

The larger nerve trunks are surround by epineurial
connective-tissue sheaths that disintegrate in the der-
mis where perineurial layers and the endoneurium
envelope the primary neural functional unit, that is,
the Schwann cell-axon complex. The multilayered
perineurium consists of flattened cells and collagen
fibers and serves mechanical as well as barrier func-
tions (Fig. 1.1). The perineurial cells are surrounded

Fig. 1.1 The multilayered perineurium (P) and the endoneu-
rium (E) envelope the primary neural functional unit, that is, the
Schwann cell-axon complex. In nonmyelinated nerves, several
axons are found in the cytoplasm of a Schwann cell forming
the polyaxonal unit (S). In myelinated nerves the Schwann cell
forms concentric myelin layers (M). Electron microscopy

by a basement membrane, possess intercellular tight
junctions of the zonula occludens type, and show high
pinocytotic activity. The endoneurium is composed of
fine connective tissue fibers, fibroblasts, capillaries,
and, occasionally, a few macrophages and mast cells.
The endoneural tissue is separated from the Schwann
cells by a basement membrane and serves as nutritive
functions for the Schwann cells [8].

The Schwann cell-axon complex consists of the
cytoplasmic processes of the neurons that propulse the
action potentials and the enveloping Schwann cell.
The peripheral axon may be myelinated or unmyelinated.
In myelinated nerve fibers, the Schwann cell membranes
wrap themselves around the axon repeatedly; thus form-
ing the regular concentric layers of the myelin sheath.
In nonmyelinated nerves, several axons are found in
the cytoplasm of Schwann cells forming characteristic
polyaxonal units. However, these axons are invested
with only a single or a few layers of Schwannian plasma
membranes, without formation of thick lipoprotein
sheaths [8]. This arrangement suggests a crucial role of
Schwann cells for development, mechanical protection,
and function of the nerves. In addition, the Schwann
cells serve as a tube to guide regenerating nerve fibers.
The axons are long and thin cytoplasmic extensions
of neurons located in the central nervous system and
ganglia that may reach a length of more than 100cm.
Ultrastructurally, the cytoplasm of the axons contains
neurofilaments belonging to the intermediate filament
family, mitochondria, longitudinally orientated endo-
plasmic reticulum, neurotubuli, and small vesicles that
represent packets of neurotransmitter substances en
route to the nerve terminal [68].

Cutaneous nerves contain both myelinated and
unmyelinated nerve fibers and the number of myeli-
nated fibers is decreased in the upper dermis. In general,
myelinated type A-fibers correspond to motor neurons
of striated muscles and a subgroup of sensory neurons,
whereas unmyelinated type C-fibers constitute auto-
nomic and sensory fibers. The myelinization of the
axons allow for a high conduction velocity of 4-70m s
as compared to a lower speed of 0.5-2m s in the
unmyelinated fibers. The sensory myelinated fibers are
further divided on the basis of their diameter and con-
duction speed into rapidly conducting AB- and slowly
conducting Ad- subcategories. Since the conduction
velocity of action potentials of individual axons remains
constant and myelinated and unmyelinated fibers show
no overlap, this feature is a useful tool in the classifica-
tion of sensory nerve fibers. Several neurophysiological
experiments have shown that the AB-fibers conduct
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tactile sensitivity, whereas Ad- and C-fibers transmit
temperature, noxious sensations, and itch [40].

In the upper dermis, small myelinated nerve fibers are
surrounded only by a monolayer of perineurial cells and
a small endoneurium, while in thin peripheral branches
of unmyelinated nerve fibers perineural sheaths are
absent [7]. After losing their myelin sheaths, cutaneous
nerves terminate either as free nerve endings or in asso-
ciation with receptors, such as Merkel cells or special
nerve end-organs. The existence of intraepidermal
nerves was a matter of debate for a long time. By means
of silver impregnation techniques, histochemistry, and
immunohistochemistry, nerve fibers could be identified
in all layers of the epidermis [26]. Intraepidermal nerves
run a straight or tortuous course and even may branch
with a density of 2—10 fibers per 1,000 keratinocytes or
114 fibers per epidermal area of one square millimeter.
However, there is a large variation on different body sites
[31,32]. Measurement of intraepidermal nerve density
can be used for discrimination of neuropathic diseases
[34]. Intraepidermal free nerve endings mediate sen-
sory modalities, but additional neurotrophic functions
on epidermal cells have been proposed. Beyond that, a
close contact between calcitonin gene-related peptide
(CGRP) containing nerves and Langerhans cells have
been demonstrated [27]. Neuroimmunologic functions
have been supported by the finding that neuropeptides
such as CGRP are able to modulate the antigen present-
ing function of Langerhans cells [2].

Byroutine light microscopy, only larger nerve bundles and
some of the corpuscular nerve endings can be detected.
Silver impregnation with silver salts, vital and in vitro
methylene blue-staining, and histochemical reactivity
for acetylcholinesterase will highlight fine nerve fibers.
Peripheral nerves can be immunostained for a variety
of proteins, such as myelin basic protein (a compo-
nent of the myelin sheath), leu 7 (CD57, a marker for
a subset of natural killer lymphocytes that cross-reacts
with an epitope associated with myelin proteins), CD56
(N-CAM, an adhesion molecule), protein-gene-product
9.5 (PGP 9.5), nerve growth receptor, clathrin, synapto-
physin (membrane protein of neural vesicles), neuro-
filament proteins (intermediate filaments of neurons),
neuron specific enolase, and calcium-binding S-100
(expressed in neurons and Schwann cells) [43].

1.2 Sensory Receptors

The sensory receptors of the skin are built either by free or
corpuscular nerve endings. Corpuscular endings contain

both neural and non-neural components and are of two
main types: non-encapsulated Merkel’s “touch spots” and
encapsulated receptors [48,20]. In the past, many of the
free and corpuscular nerve endings in man and animals
have been associated with specific sensory functions
according to their distribution and complex architecture.
However, since identification of specific sensory modali-
ties within individual terminal axons is not always pos-
sible by means of neurophysiological techniques, many
of the assumptions remain speculative.

1.2.1 Free Nerve Endings

In humans, the “free” nerve endings do not represent
naked axons but remain covered by small cytoplasmic
extensions of Schwann cells and a basal lamina; the
latter may show continuity with that of the epidermis.
The terminal endings are positioned intraepidermally,
in the papillary dermis, and around skin appendages.
By confocal laser scanning microscopy, the bulk of free
nerve endings could be demonstrated just below the
dermoepidermal junction [63]. Only recently, a subpopu-
lation of nonpeptidergic, nociceptive neurons could be
identified that terminate in the upper layers of the epider-
mis distinct from CGRP positive intraepidermal nerves
with a different central projection [70]. In hairy skin,
a single Schwann cell may enclose multiple ramifying
nerve endings from one or more myelinated stem axons,
leading to overlapping perceptions of low discrimination.
On the contrary, the fine, punctate discrimination in the
skin of palms and soles can be attributed to the fact that
one or more axonal branches of a single nerve fiber ter-
minate within the area of one dermal papilla. Since these
brushlike, “penicillate” nerve fibers have only a few cell
organelles, they are assumed to represent rapidly adapt-
ing receptors [11]. Multiple sensory modalities such as
touch, temperature, pain, and itch may be attributed to
the free nerve endings of “polymodal” C-fibers. In addi-
tion, some of the myelinated A8-fibers may account for
particular subqualities of pain and itch [60].

1.2.2  Merkel Cells and Merkel’s Touch Spot

Free nerve endings may be associated with individual
Merkel cells of the epidermis. Single Merkel cells can
be found in low numbers among the basal keratino-
cytes at the tips of the rete ridges in glabrous skin of
fingertips, lip, gingiva, and nail bed. In hair follicles,
abundant Merkel cells are enriched in two belt-like
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clusters, one in the deep infundibulum and one in the
isthmus region [44]. No Merkel cells are present in
the deep follicular portions, including the bulb, or in
the dermis. Merkel cells possess a cytokeratin skel-
eton of characteristic low-molecular-weight and form
desmosomal junctions with the neighboring kerati-
nocytes. At the ultrastructural level, they are easily
identified by membrane-limited granules with a
central dense core. The structure of these cytoplasmic
granules closely resembles neurosecretory granules
in neurons and neuroendocrine cells. Likewise, the
Merkel cells contain a battery of neuropeptides and
neurotransmitter-like substances, such as vasoactive
intestinal peptide, calcitonin gene-related peptide,
substance P, neuron-specific enolase, synaptophysin,
met-enkephalin, and chromogranin A [15].

A single arborizing myelinated nerve may supply
as many as 50 Merkel cells. The dermal surface of
the unmyelinated nerve terminal is enclosed in the
Schwann cell membrane whose basement membrane
is laterally continuous with the basement membrane
of the epidermis. The upper surface of the flattened
axon is in direct contact with the Merkel cell and
contains many vesicles and mitochondria [23]. A cluster
of Merkel cell-axon complexes at the base of a
thickened plaque of the epidermis near a hair follicle in
conjunction with a highly vascular underlying dermis
constitutes the hair disc (Haarscheibe of Pinkus).
The non-encapsulated Merkel’s “touch spots” have
been only recently shown to be innervated by C- and
A- fibers, indicating multimodal sensory functions
[50]. However, Merkel cell-axon complexes also have
been demonstrated in the external root sheath of hairs
and even in ridged palmar and plantar skin close to
the site where the eccrine duct enters the epidermis. The
presence of neurotransmitter-like substances in the
dense-core granules suggests the Merkel cell to act
as a receptor that transmits a stimulus to the adherent
dermal nerve in a synaptic mode.

Far beyond their sensory functions, Merkel cells
are speculated to have neurotrophic functions and to
participate in the paracrine and autocrine regulation of
inflammatory diseases [45]. Only recently, the intriguing
questions as to the role of Merkel cells in hair biology
have been raised [46].

1.2.3 Pacinian Corpuscle

The encapsulated receptors of the skin possess a
complex structure and function as a rapidly adapting

mechanoreceptor, the Pacinian corpuscle being the
archetype. The Pacinian corpuscles are distributed
throughout the dermis and subcutis, with greatest
concentration on the soles and palms, and with less
frequency on the nipples and extragenital areas [67].
These receptors are large structures of 0.5-4mm in
length and 0.3—0.7 mm in diameter. The characteristic
multilaminar structure resembles an onion and con-
tains an unmyelinated axon in the center. The capsule
consists of an outer zone of multilayered perineurial
cells and fibrous connective tissue, a middle zone
composed of collagen fibers, elastic fibers, and fibrob-
lasts, and an inner zone made up of Schwann cells that
are closely packed around the nerve fiber [12,47]. The
Pacinian corpuscles are innervated by a single myeli-
nated sensory axon, which loses its sheaths as it passes
the core of the corpuscle. Fluid filled spaces in the
outer zones account for the loose arrangement of the
lamellae and the spaces as seen upon routine histology.
The lamellated structure may function as a mechani-
cal filter that, on the one hand, amplifies any applied
compressing or distorting force, and on the other hand,
restricts the range of response. The Pacinian corpuscles
are the only cutaneous receptors where, after isola-
tion, direct evidence for mechanical perception and
transmission could be demonstrated [37]. Of further
interest is the close association of this type of mech-
anoreceptor with adjacent glomerular arteriovenous
anastomoses, implying a function in the regulation of
blood flow [12].

1.2.4 Meissner’s Corpuscles and Mucocutaneous
End-Organs

The Meissner’s corpuscles are located beneath the
epidermal—-dermal junction between the rete ridges,
with the highest density on the palmar and plantar
skin. The sites of their greatest concentration are the
fingertips, where approximately every fourth papilla
contains a Meissner corpuscle. These end organs are
elongated structures, orientated perpendicularly to
the skin surface, and, by averaging 20—40 x 150 um in
size, occupy a major part of the papilla. This neural
end-organ consists of modified Schwann cells stacked
transversely [24]. After losing their myelin sheath one
or more axons enter the bottom of the corpuscle, ramify,
and pursue an upward spiral in-between the laminar
Schwann cells. The axons end in bulbous terminals
that contain mitochondria and vesicles. The Meissner
corpuscles do not possess a true capsule but collagen
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fibers and elastic tissue components have an intimate
relationship with the neural structures [10].

Mucocutaneous end-organs and genital corpus-
cles closely resemble Meissner corpuscles and are
found at junctions of hairy skin and mucous mem-
branes, such as the vermillion border of the lips,
eyelids, clitoris, labia minores, prepuce, glans, and
the perianal region. Although these end-organs are
not recognized in routinely stained sections, silver
impregnation methods, acetylcholinesterase stainings,
immunhistochemistry, and electron microscopy reveal
irregular loops of nerve terminals surrounded by
concentric lamellar processes of modified Schwann
cells [42]. Mucocutaneous end-organs are mainly
distributed in the glabrous skin, but they can be also
found throughout the skin of the face where they have
been recognized as Krause’s end-bulbs [47].

Since the Meissner corpuscle and its variants do not
possess a true capsule derived from the perineurium,
they may be alternatively regarded as highly special-
ized free nerve endings that are mechanoreceptors
sensitive to touch [21].

1.2.5 Sensory Receptors of Hair Follicles

Although man is not equipped with sinus hairs, for
example, the vibrissae of cats and rats, hair follicles
of all human body sites have a complex nerve supply
well fulfilling important tactile functions. Hair fol-
licles are innervated by fibers that arise from myeli-
nated nerves in the deep dermal plexus, ramify, and
run parallel to and encircle the lower hair follicles.
Consequently, some of the nerve fibers terminate at
the upper part of the hair stem in lanceolate endings
enfolded in Schwann cells lying parallel to the long
axis of the hair follicle in a palisaded array [10]. In
addition, other nerve fibers form the pilo-Ruffini
corpuscle that encircles the hair follicle just below
the sebaceous duct. This sensory organ consists of
branching nerve terminals enclosed in a unique
connective tissue compartment [22]. The perifollicu-
lar nerve endings are believed to be slow-adapting
mechanoreceptors that respond to the bending of
hairs [5]. A further subtle network of nerves can be
found around the hair infundibula that may form
synapses with Merkel cells of the interfollicular epi-
dermis. However, hair follicles themselves possess
Merkel cell-axon complexes among their epithelia.
Vellus and terminal hairs may differ in the complex-
ity of innervation.

1.3 Autonomic Innervation

The effector component of the cutaneous nervous system
is of autonomic nature and serves manifold socio-
sexual and vital functions by regulating sweat gland
secretion, pilomotor activities, and blood flow. The
autonomic innervation of the skin mostly belongs to
the sympathetic division of the autonomic nervous sys-
tem. The postganglionic nerve fibers run in peripheral
nerves to the skin, where they are codistributed with
the sensory nerves until they arborize into a terminal
autonomic plexus that surrounds the effector structures.
On histologic grounds alone, it is not possible to dis-
tinguish nerve fibers of the autonomic system from
those of the sensory system. Interestingly, in congenital
sensory neuropathy where only autonomic nerves are
preserved, sweat glands, arrector pili muscles, and
blood vessels are the only innervated structures [7].
Although the cutaneous nerves comprise both sensory
and sympathetic fibers, the autonomic dermatome is
not precisely congruent with the sensory dermatome
since the postganglionic nerves from a single ramus
originate from preganglionic fibers of several different
spinal cord segments [9].

Histochemically, three classes of postganglionic nerve
fibers can be differentiated. Adrenergic fibers synthe-
size and store catecholamines that can be visualized
in the nerve terminals by fluorescence microscopy. In
some terminals, norepinephrine may be stored in dense
core vesicles. Cholinergic fibers contain acetylcholine,
which is stored in synaptic vesicles of the nerve endings.
Cholinergic fibers are cholinesterase-positive through-
out their entire length and thus must be considered, at
least physiologically, to be parasympathetic. The non-
adrenergic, non-cholinergic fibers contain adenosine
triphosphate (ATP) or related purines (purinergic fib-
ers). The terminal endings of all of the sympathetic
nerve fibers show axonal beading. At the ultrastructural
level, the varicosities of the different classes of auto-
nomic nerves variably contain mitochondria, agranular
vesicles, small and large granular vesicles, and large
opaque vesicles [9].

1.3.1 Sweat Glands

The sweat glands are enclosed by a basketlike network
of nerves, the density of innervation being much greater
around the eccrine glands than the apocrine glands.
The glands are innervated by autonomic fibers, some
of which have been shown to contain catecholamines.
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Accordingly, the periglandular nerve terminals revealed
ultrastructural features of adrenergic fibers. Occasional
cholinergic nerve endings were found in the vicinity of
the secretory ducts [64]. Because many nerve endings
have been found in closer proximity to the capillaries
than to the glandular epithelia, the concept of a neuro-
humoral mode of transmission was supported [28].

Apocrine secretion is thought to result primarily
from adrenergic activity. Thus, the glands can be stim-
ulated by local and systemic administration of adrenergic
agents. Likewise, myoepithelia of isolated axillary
sweat glands have been shown to contract in response
to phenylephrine or adrenalin but not acetylcholine
[51]. Since denervation does not prevent a response to
emotional stimulation, apocrine glands may be further
stimulated humorally by circulating catecholamins to
secrete fluid and pheromones.

In contrast to the ordinary sympathetic innervation,
the major neurotransmitter released from the periglan-
dular nerve endings is acetylcholine. Cholinergic stimu-
lation is the most potent factor in the widespread eccrine
sweating for regulation of temperature. In addition
to acetylcholine, catecholamins, vasoactive intestinal
peptide (VIP), and atrial natriuretic (ANP) have been
detected in the periglandular nerves. Norepinephrine
and VIP can not be regarded as effective as acetylcholine
but they synergistically amplify acetylcholine-induced
cAMP accumulation, which is an important second
messenger in the metabolism of secretory cells [52,53].
Myoepithelial cells contract in response to cholinergic
but not adrenergic stimulation [51,54]. In view of the
fact that ANP functions as a diuretic and causes vasodila-
tion, it may assist the sweat glands in regulating water
and electrolyte balance. The functional significance of
other periglandular neuropeptides such as calcitonin
gene-related peptide (CGRP) and galanin for the regu-
lation of sweating is still obscure [62].

The assumption that periglandular catecholamines
directly induce sweating during periods of emotional
stress seems unlikely because both emotional and ther-
mal sweating can be inhibited by atropine. Emotional
sweating, which is usually confined to the palms,
soles, axilla, and, more variably, to the forehead, may
be controlled by particular parts of the hypothalamic
sweat centers under the influence of the cortex without
input from thermosensitive neurons [55].

Regulation of body temperature is the most impor-
tant function of eccrine sweat glands. The preoptic
hypothalamic areas contain thermosensitive neurons
that detect changes in the internal body tempera-
ture. Local heating of this temperature control center

induces sweating, vasodilation, and panting that
enhance heat loss. Conversely, experimental cooling
causes vasoconstriction and shivering. In addition to
thermoregulatory sweating due to an increased body
temperature, skin temperature also has an influence
on the sweating rate. The warm-sensitive-neurons
in the hypothalamus can be activated by afferent
impulses from the cutaneous thermoreceptors [6].
Efferent nerve fibers from the hypothalamic sweat
center descend and, after synapsing, reach the perig-
landular sympathetic nerves.

1.3.2 Sebaceous Glands

Sebaceous gland secretion presumably is not under
direct neural control but depends upon circulating
hormones. The dense network of nonmyelinated nerve
fibers that have been found to be wrapped around
Meibomian glands in the eyelids may also function as
sensory organs [47]. However, there is evidence that
neuropeptides and proopiomelanocortin derivatives
produced by peripheral nerves and cellular constitu-
ents of the epidermis participate in the regulation of
sebum secretion [58,4].

1.3.3 Arrector Pili Muscle

The nerves of the arrector pili muscles arise from the
perifollicular nerve network. Adrenergic nerve terminals
lie within 20—-100 nm of adjacent smooth muscle cells.
By activating alpha-receptors on the smooth muscle
cells of the hair erectors, the hairs are pulled in an
upright position producing a “goose-flush” upon emo-
tional and cold-induced stimulation.

1.3.4 Blood Vessels

Depending on their location in the body, blood vessels
are variably innervated. The autonomic system mediates
the constriction and dilation of the vessel walls and of
the arteriovenous anastomoses and, thus, contributes
to the regulation of the cutaneous circulation. Blood
flow is essential for tissue nutrition but also is involved
in many other functions such as control of the body
temperature and tumescence of the genitalia.

The vast majority of vessels in the dermis are sur-
rounded by nerves, which run along with them but
do not innervate them. Studies of cutaneous vessels
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have not focused specifically on their innervation.
Unmyelinated nerve fibers ensheathed by Schwann
cells were found to be disposed in the adventitia of
arterial vessels but neither nerves nor nerve end-
ings have been observed between the muscle cells of
the media [68]. In the arteriovenous anastomoses of the
glomus organ that bypass the capillary circulation at
the acral body sites, numerous nonmyelinated nerves
ensheathed by Schwann cells are present peripheral to
the glomus cells [18].

Ultrastructural and histochemical studies showed
that the microcirculation is innervated by adrenergic,
cholinergic, and prurinergic fibers. While adrenergic
fibers mediate strong vasoconstriction, acetylcholine
acts as a vasodilator [13]. Additionally, various neuro-
peptides are involved in the regulation of the micro-
vascular system of the skin, such as VIP and peptide
histidine isoleucine that directly relax smooth muscle
cells. It is also assumed that neuropeptides, synergis-
tically with mast cell and other endogenous factors,
are involved in the induction of edema by increasing
the permeability of post-capillary venules [3]. Beyond
that, neurohormones such as melanocyte stimulating
hormone (MSH) directly modulate cytokine produc-
tion and adhesion molecule expression of endothelial
cells, which were found to express receptors specific
for this peptide [39].

In the central nervous system, the primary centers that
regulate and integrate blood flow are the hypothalamus,
medulla oblongata, and spinal cord. The vasodilator and
vasoconstrictor areas in the medulla oblongata integrate
messages from higher cortical centers, the hypothalamus,
the baroreceptors, chemoreceptors, and somatic afferent
fibers. These major vasomotor centers on the brain stem
regulate blood flow and blood pressure via the sympa-
thetic ganglia. Episodic flushing may be associated with
a variety of emotional disturbances and environmental
influences. Beyond that, there exist spinal vasomotor
reflexes that are segmentally or regionally arranged in
the spinal cord.

Activation of the sympathetic nervous system by
the heat production center in the preoptic region of the
hypothalamus reduces the blood flow in the skin and,
consequently, decreases the transfer of heat to the body
surface. Conversely, in response to heat, blood warmer
than normal passes the hypothalamus and inhibits the
heat-promotion mechanisms. The blood vessels will
dilate upon inhibition of the sympathetic stimula-
tion, allowing for rapid loss of heat. Vasodilation also
occurs reflexively through direct warming of the skin
surface upon release of the vasoconstrictor tone. This

reflex may either originate in cutaneous receptors or
by central nervous system stimulation [35].

1.4 Nerves and the Inmune System

The function of sensory nerves not only comprises con-
duction of nociceptive information to the central nerv-
ous system for further processing, but sensory fibers also
have the capacity to respond directly to noxious stimuli
by initiating a local inflammatory reaction. Noxious
stimulation of polymodal C-fibers produces action poten-
tials that travel centrally to the spinal cord and, in a ret-
rograde fashion, along the ramifying network of axonal
processes. The antidromic impulses that start from the
branching points cause the secretion of neuropeptides
stored along the peripheral nerves. As a consequence of
their effects over vessels, glands, and resident inflamma-
tory cells in the close proximity, a neurogenic inflam-
mation is induced. This “axon-reflex” model is partly
responsible for the triple response of Lewis. A firm, blunt
injury evokes a primary local erythema, followed by a
wave of arteriolar vasodilation that extends beyond the
stimulated area (flare reaction). Subsequently, increased
permeability of the postcapillary venoles leads to plasma
extravasation and edema, that is, a wheal reaction in the
area of the initial erythema [9].

The triple response can be elicited by the administra-
tion of histamine, various neuropeptides, and antidromic
electric stimulation of sensory nerves and can be abol-
ished by denervation and local anesthetics. Among others,
substance P, neurokinin A, somatostatin, and calcitonin
gene-related peptide play a major role in the axon-flare
reaction. The inhibition of the axon-reflex vasodilation
by topical pretreatment with capsaicin, a substance P
depleting substance, provides direct evidence for a neuro-
genic component of inflammation [65].

However, the nature of the flare and wheal reaction is
far more complex than previously thought. Beyond direct
initiation of vasodilation, leakage of plasma and inflam-
matory cells, neuropeptides may exert their effects via
the activation of mast cells [16]. Some morphological
findings suggest an interaction of sensory nerves with
mast cells as they have been observed in close proximity
to myelinated, unmyelinated, and substance P-containing
nerves [66, 57]. Electric stimulation of rat nerves was
associated with an increase in degranulating mast cells
[33]. As a result, neuropeptides seem to have the capac-
ity to degranulate mast cells. However, even potent mast
cell activating neuropeptides induce histamine release
in vitro only when added in relatively high concentra-
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tions [14]. Other experiments and stimulation of nerves
in mast cell-deficient mice support the notion that mast
cells were not essential for neurogenic inflammation [3].
The recent observation of histamine-immunoreactive
nerves in the skin of Sprague-Dawley rats even suggest
a more direct route of cutaneous histamine effects, medi-
ated exclusively by the peripheral nervous system [30].

There is increasing evidence for a synergistic function
between neuropeptides and inflammatory mediators.
Moreover, the polymodal C-fibers have proinflamma-
tory actions, but their excitability is itself increased
in the presence of inflammatory mediators. In view
of this positive feedback, it can be speculated that the
nervous system may be involved in augmenting and
self-sustaining an inflammatory response [41]

Recent studies strongly suggest an interaction between
the nervous system and immune system far beyond than
that described for the classical model of axon-flare. The
close anatomical association of the cutaneous nerves with
inflammatory or immuno-competent cells and the well
recognized immunomodulatory effect of many neuropep-
tides indicate the existence of a neuroimmunological net-
work (Fig. 1.2). Nerves have been described in the Peyer’s
patches and the spleen and, after release of substance P,
may influence T cell proliferation and homing [61,69].
Likewise, neuropeptides have been discussed to play a
role in the lymph node response to injected antigens [25]
and to stimulate B-cell immunoglobulin production [36].
By release of calcitonin gene-related peptide (CGRP) and
substance P, some cutaneous nerve fibers may activate
polymorphonuclear cells [49] and stimulate macrophages
[38]. Secretory neuropeptides further stimulate endothelial
cells to transport preformed adhesion molecules, such as
P- and E-selectin from intracellular Weibel-Palade bodies
to the endothelial surface and, thereby, enhances chemo-
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Fig. 1.2 Close anatomical association of the nerve fibers (N)
with postcapillary venoles (V) and inflammatory cells (L)
is the precondition for many neuro-immunologic functions.
Immunostatining for S100

tactic functions [59]. Moreover, on the one hand, substance
P stimulates the production of proinflammatory as well
as immunomodulating cytokines and, on the other hand,
cytokines such as interleukin-1 enhance the production of
substance P in sympathetic neurons [39,1,17].

Inhuman epidermis, nerve fibers are intimately asso-
ciated with Langerhans cells. Inmunohistochemically,
these intraepidermal nerve fibers contained CGRP
and seemed to be capable of depositing CGRP at or
near Langerhans cells [2]. In addition, another neuro-
peptide, that is, melanocyte stimulating hormone
(0-MSH), was recently detected in nerves as well as
several cells in the skin [39,29]. Like CGRP, a-MSH
was also demonstrated to inhibit the function of immu-
nocompetent cells and to induce tolerance to potent
contact allergens [27,19]. These findings strongly
support the concept of an interaction between the
immune- and neuroendocrine system in the skin.

In conclusion, the complex innervation of the skin
with sensory nerve fibers that potentially release a
variety of neuropeptides implies a participation of
neuroimmunological mechanisms in the pathophysiol-
ogy of skin diseases and substantiates the old notion
that stress and emotional state can affect the develop-
ment and course of many dermatoses.

Summary for the Clinician

The skin possesses a complex communication and control
system for protection of the organism in a constantly changing
environment. The cutaneous nerves form a dense network
of afferent sensory and efferent autonomic that branches
in all cutaneous layers. The sensory system is composed
of receptors for touch, temperature, pain, itch, and various
other physical and chemical stimuli. Stimuli are either
processed in the central nervous system or may directly
elicit an inflammatory reaction by antidromic propagation
of the impulses. The autonomic nervous system maintains
cutaneous homeostasis by regulating vasomotor functions,
pilomotor activities, and glandular secretion. Skin biopsies
allow for diagnosis and differentiation of various forms
of neuropathies. Beyond that, a close contact of neural
structures with various immune cells implicates a strong
interaction between the nervous and the immune systems.
Examination of the neuroanatomy of the skin is the first step

to understanding the sensory, autonomic, and immunologi-

cal functions of the skin.
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Synonyms Box: Itch, puritus

Abbreviations: 4D Atopic dermatitis, CB Cannabinoid
receptor, CGRP Calcitonin gene-related peptide, CNS
Central nervous system, DRG Dorsal root ganglia,
GDNF Glial cell line-derived neurotrophic factor,
ETA Endothelin receptor A, ETB Endothelin recep-
tor B, LC Langerhans cells, Mrgprs Mas-related
G-protein coupled receptors, NGF Nerve growth
factor, PAR-2 Proteinase-activated receptor-2, PEA
Palmitoylethanolamine, PKR Prokineticin receptor,

Key Features

) Cutaneous unmyelinated, polymodal sensory C-fibers
have afferent functions to mediate cold, warmth, touch,
pain, and itch to the CNS.

> Polymodal sensory C-fibers mediate also efferent func-
tions by the release of neuropeptides.

> CGRP released from sensory nerves has an impact on
keratinocyte differentiation, cytokine expression, and
apoptosis.

> SP from sensory fibers trigger skin mast cell degranula-
tion upon acute immobilization stress in animals.

> Histamine released from mast cells may act on keratino-
cytes to enhance production and release of nerve growth
factor.

> NGF sensitizes different neuroreceptors, including tran-
sient receptor potential V1 (TrpV1).

> Cannabinoid agonist exhibit peripheral antinociceptive
effects possibly by stimulation of B-endorphin release

from keratinocytes.

SP Substance P, THC Tetrahydrocannabinol, 7rk4
Tyrosine kinase A, Trp Transient receptor potential,
VIP Vasoactive intestinal peptide

2.1 Introduction

Acting as border to the environment, the skin reacts to
external stimuli such as cold, warmth, touch, destruc-
tion (pain), and tickling [e.g., by parasites (itch)]. The
modality-specific communication is transmitted to the
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central nervous system (CNS) by specialized nerve fib-
ers and sensory receptors. In the skin, dermal myeli-
nated nerve fibers such as AB- and Ad-fibers transmit
touch and other mechanical stimuli (e.g., stretching
the skin) and fast-conducting pain [46]. Unmyelinated
C-fibers in the papillary dermis and epidermis are
specialized to stimuli such as cold, warmth, burning,
or slow conducting pain and itch [41,84]. In the epi-
dermis, two major classes of sensory nerve fibers
can be distinguished (Table 2.1) by their conduction
velocity, reaction to trophic stimuli (e.g., nerve growth
factor, glial cell-line derived neurotrophic factor),
and expression of neuropeptides and neuroreceptors
[3,115,116]. This complex system enables the CNS

Table 2.1 The two major epidermal C-fiber classes®

to clearly distinguish between incoming signals from
different neurons in quality and localization. Moreover,
C-fibers have contacts and maintain cross-talk with
other skin cells such as keratinocytes, Langerhans cells,
mast cells, and inflammatory cells. This enables sen-
sory nerves to function not only as an afferent system
that conducts stimuli from the skin to the CNS, but also
as an efferent system that stimulates cutaneous cells by
secreting several kinds of neuropeptides. In addition,
sensory sensations can be modified in intensity and
quality by this interaction (Table 2.2). In this chapter,
an overview is given on the neuroreceptors and media-
tors of C-fibers involved in the sensory system of the
skin and their communication with other skin cells.

Peptidergic Non-peptidergic

0.5ms™!
03-1.0pm

Conducting velocity
Diameter
Localization in epidermis Up to stratum spinosum

Receptors (receptor for growth

factors, other receptors)
Neurotransmitters Peptidergic, e.g., SP, CGRP

Trophic factor (both present
in keratinocytes)

Nerve growth factor (NGF)

Function

trkA, p75, e.g. Histamine receptor, Trp-group

Itch, cold, warmth, burning pain, noxious heat

1.O0ms™'
0.3-1.0um
Up to granular layer

¢-RET, binding of Isolectin B4, Mrgprd,
TrpV1

Non-peptidergic

Glial cell-line derived neurotrophic factor
(GDNF)

Mechanical stimuli, warmth, pain

298% of all epidermal nerve fibers

Table 2.2 Function of neuroreceptors on C-fibers

Receptor Ligand

Histamine receptors: HI-H4  Histamine

Endothelin receptors: A, B Endothelin 1, 2, 3

TrpV1 Noxious heat (>42°C), protons,
capsaicin, anandamide

TrpV2 Noxious heat (>52°C)

TrpV3 Warmth (>33°C)

TrpV4 Warmth (~25°C)

TrpMS8 (on Ad-fibers)
TrpAl (AnkTM1)

Cold (8-28°C), menthol, icilin

Noxious cold (<17°C), wasabi,
horseradish, mustard

Function

Pruritus (H1 and H4 receptor), neurogenic inflammation;
sensitized by bradykinin, prostaglandins

ETA: Pruritus, mast cell degranulation, inflammation,
increase of TNF-alpha, IL-6, VEGF, TGF-betal
ETB: suppression of pruritus

Cold, heat, burning pain, burning pruritus, noxious heat
sensitized by NGF, galanin, bradykinin

Pain induced by heat
Warmth

Warmth
Cold

Pain induced by cold, burning

(continued)
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Table 2.2 (continued)
Receptor
PAR-2

Ligand
Tryptase, trypsin

Opioid receptors: Mu-,
delta-receptor

Endorphins, enkephalins

Cannabinoid receptors Cannabinoids
CB1, CB2 CB1: anandamide
CB2: PEA

Function
Pruritus, neurogenic inflammation

Suppression of pain, pruritus, and neurogenic
inflammation

Suppression of itch, pain and neurogenic inflammation,
release of opioids

2.2 Neurojunctions with Cutaneous
Cells and Efferent Functions of the
Skin Nervous System

Unmyelinated C-fibers are found in the papillary dermis
as well as in the epidermis up to the granular layer.
Electron microscopic and confocal scanning micro-
scopy investigations demonstrated C-fibers having
contacts to keratinocytes by slightly invaginating into
keratinocyte cytoplasm [12,33,36]. These neuro-epidermal
junctions are discussed as representing synapses [12]
since the adjacent plasma membranes of keratinocytes
were slightly thickened, closely resembling post-syn-
aptic membrane specializations in nervous tissues.
The nerve fibers cross-talk with the connected cells
and exert, in addition to sensory function, trophic and
paracrine functions. These efferent functions are medi-
ated by neuropeptides [e.g., substance P (SP), calci-
tonin gene-relate peptide (CGRP), vasoactive intestinal
polypeptide (VIP)] released upon antidromic activation
of the peripheral terminals of unmyelinated C-fibers
[77]. For example, nerve fibers were reported to influ-
ence epidermal growth and keratinocyte proliferation
[38]. CGRP released from sensory nerves was dem-
onstrated to have an impact on keratinocyte differen-
tiation, cytokine expression, and apoptosis through
intracellular nitric oxide (NO) modulation and stimula-
tion of nitric oxide synthase (NOS) activity [24]. This
connection also has an influence on several diseases;
for example, wound healing is disturbed in diabetic
patients due to small fiber neuropathy and decreased
release of SP from nerve fibers [32].

Neuronal connections to Langerhans cells [31,37],
melanocytes [34], and Merkel cells [58] have also
been demonstrated. It was observed that CGRP-con-
taining C-nerve fibers were associated with epidermal
Langerhans cells (LC), and CGRP was found to be
present at the surface of some cells. Further, CGRP

was shown to inhibit LC antigen presentation [37].
In a confocal microscopic analysis, intraepidermal
nerve ending contacts with melanocytes were found
[34]. Thickening of apposing plasma membranes
between melanocytes and nerve fibers, similar to
contacts observed in keratinocytes, were confirmed.
Stimulation of cultured human melanocytes with
CGRP, SP, or vasoactive intestinal peptide (VIP) led
to increased DNA synthesis rate of melanocytes by the
cAMP pathway in a concentration- and time-dependent
manner mediated [34].

In the papillary dermis, direct connections between
unmyelinated nerve fibers and mast cells were found
[53,109]. It is debated whether this connection has rel-
evance in healthy human skin [105]. However, experi-
mental studies showed that intradermally injected SP
induces release of histamine via binding to NKR on
mast cells and thereby acts as a pruritogen [15]. Other
investigations demonstrated SP-induced release of
pruritogenic mediators from mast cells under patho-
logic conditions [70,99]. Furthermore, a connection
between neuropeptides, mast cells, and stress could
be shown in animal studies [82]. Acute immobiliza-
tion stress triggered skin mast cell degranulation via
SP from unmyelinated nerve fibers. Pruritus, wheal-
ing, and axon-reflex erythema due to histamine release
appear in human skin after intradermal injection of
VIP, neurotensin, and secretin. Also somatostatin was
reported to stimulate histamine release from human
skin mast cells [15].

Neuropeptides such as SP and CGRP act on blood
vessels inducing dilatation and plasma extravasation,
resulting in neurogenic inflammation with erythema
and edema [94]. SP upregulates adhesion molecules
such as intercellular adhesion molecule 1 (ICAM-1)
[73], is chemotactic for neutrophils [5], and induces
release of cytokines such as interleukin (IL)-2 or IL-6
from them [18]. In sum, release of neuropeptides from
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nerve fibers enables dermal inflammation by acting
on vessels and on inflammatory cells. Interestingly,
increased SP-immunoreactive nerve fibers have been
observed in certain inflammatory skin diseases such
as psoriasis, atopic dermatitis, and prurigo nodularis
[1,42,43].

2.3 Histamine Receptors

Histamine and the receptors H1 to H4 have been the
most thoroughly studied mediator and neuroreceptors
for decades. Lewis reported 70 years ago that intrader-
mal injection of histamine provokes redness, wheal, and
flare (so called triple response of neurogenic inflam-
mation) accompanied by pruritus [52]. Accordingly,
histamine is used for most experimental studies
investigating neurogenic inflammation and itching
[78]. Histamine is stored in mast cells and keratinoc-
ytes while H1 to H4 receptors are present on sensory
nerve fibers and inflammatory cells [35,100]. Thus,
histamine-induced itch may be evoked by release
from mast cells or keratinocytes. Only recently it
was reported that, in addition to histamine receptor
1 (H1), H3 and H4 receptors on sensory nerve fibers
are also involved in pruritus induction in mice [6,96].
Interestingly, histamine released from mast cells
may act on keratinocytes to enhance production and
release of nerve growth factor (NGF) [47]. In turn,
NGF induces histamine release from mast cells and
sensitizes different neuroreceptors, including transient
receptor potential V1 (TrpV1) [113]. Current studies
suggest that histamine also regulates SP release via
prejunctional histamine H3 receptors that are located
on peripheral endings of sensory nerves [67]. This
may have an impact on SP-dependent diseases such as
ulcerations. Accordingly, a current study demonstrated
that mast cell activation and histamine are required for
normal cutaneous wound healing [106].

2.4 Endothelin Receptors

Endothelin (ET) -1, -2, and -3 produced by endothelial
cells and mast cells induce neurogenic inflammation
associated with burning pruritus [48,108]. Endothelin
binds to two different receptors, endothelin receptor
A (ETA) and ETB, which are present on mast cells
[57]. Injected into the skin, ET-1 induces mast cell

degranulation and mast cell-dependent inflammation
[59]. Furthermore, ET-1 induces TNF-a and IL-6
production, enhanced VEGF production, and TGF-p1
expression by mast cells [57]. ET-1 was therefore
identified to participate in pathological conditions
of various disorders via its multi-functional effects
on mast cells under certain conditions. For example,
ET-1 contributesto ultraviolet radiation (UVR)-induced
skin responses such as tanning or inflammation by
involvement of mast cells [59]. Interestingly, ET-1 was
also identified to display potent pruritic actions in the
mouse, mediated to a substantial extent via ETA while
ETB exerted an antipruritic role [101].

2.5 Trp-Family

The transient receptor potential (TRP) family of ion
channels is constantly growing and to date comprises
more than 30 cation channels, most of which are perme-
able for Ca?". On the basis of sequence homology, the
Trp family can be divided into seven main subfamilies:
the TrpC (“Canonical”) family, the TrpV (“Vanilloid”)
family, the TrpM (“Melastatin”) family, the TrpP
(“Polycystin”) family, the TrpML (“Mucolipin”) family,
the TrpA (“Ankyrin”) family, and the TrpN (“NOMPC”)
family. Concerning a role in cutaneous nociception,
the TrpV and the TrpM groups are both expressed on
sensory nerve fibers with different functions [68].

2.5.1 TrpV1: The Capsaicin Receptor

The TrpV1 receptor (vanilloid receptor, VRI1) is
expressed on central and peripheral neurons [68]. In
the skin, the TrpV1 receptor is present on sensory
C- and Ad-fibers [87]. Different types of stimuli
activate the receptor such as low pH (<5.9), noxious
heat (>42°C), the cannabinoid/endovanilloid anan-
damide, leukotrien B4, and exogenous capsaicin.
Trp receptors act as nonselective cation-channels,
which open after stimulation and enable ions inward
into the nerve fiber, resulting in a depolarization.
As a result, for example, after capsaicin application,
TrpV1 is stimulated to either transmit burning pain
or a burning pruritus. Because of antidromic activa-
tion, C-fibers release neuropeptides, which mediate
neurogenic inflammation. Upon chronic stimulation,
TrpV1 receptor signaling exhibits desensitization in a
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Ca2+-dependent manner, such as upon repeated acti-
vation by capsaicin or protons [111]. The desensitized
receptor is permanently opened with a following steady-
state of cations intra- and extracellular. This hinders
depolarization of nerve fiber and the transmission of
either itch or burning pain. Moreover, neuropeptides
such as SP are depleted from the sensory nerve fibers;
the axonal transport of both neuropeptides and NGF in
the periphery is slowed. This mechanism is used thera-
peutically upon long-term administration of capsaicin
for relief of both localized pain and localized pruritus.
Clinically, the first days of the therapy are accompa-
nied by burning, erythema, or flare induced by the
neurogenic inflammation. After this initial phase, pain
and itch sensations are depressed as was demonstrated
in many studies and case reports [83]. Like the hista-
mine receptor, the TrpV1 receptor may be sensitized
by bradykinin and prostaglandins, as well as by NGF
[39,81,113], with lowering of the activation threshold
and facilitated induction of pain and itch. For example,
instead of noxious heat, moderate warmth may acti-
vate a sensitized receptor.

The topical calcineurin inhibitors pimecrolimus
and tacrolimus have been introduced during the past
years as new topical anti-inflammatory therapies. The
only clinically relevant side-effect is initial burning
and stinging itch with consequent rapid amelioration
of pruritus. This resembles neurogenic inflammation
induced by activation of the TrpV1 receptor. Recent
animal studies provide evidence that both calcineurin
inhibitors bind to the TrpV1 [80,90]. It was demon-
strated that topical application of pimecrolimus and
tacrolimus is followed by an initial release of SP and
CGRP from primary afferent nerve fibers in mouse
skin [90]. Animal studies proved that the Ca2+-
dependent desensitization of TrpV 1 receptor might be,
in part, regulated through channel dephosphorylation
by calcineurin [61,111].

2.5.2 Thermoreceptors

2.5.2.1 Heat Receptors: TrpV2, TrpV3, TrpV4

Three transient receptor potential (Trp) receptors
are activated by different ranges of warmth or heat.
TrpV2 is activated by noxious heat above 52°C;
TrpV3 mediates warm temperature above 33°C, and
TrpV4 also is activated by temperature around 25°C

[13,14,50,71,98,110]. TrpV4 may also act as a cold
receptor as shown by the binding of camphor, which
induces a cold-feeling [71]. All three thermorecep-
tors are also present on keratinocytes. Recent animal
studies suggest that skin surface temperature has an
influence on epidermal permeability barrier. At tem-
peratures 36—40°C, barrier recovery was accelerated.
Temperatures of 34 or 42°C led to a delayed barrier
recovery [19]. This suggested that TrpV is involved
in epidermal barrier homeostasis. However, all of
these receptors were defined quite recently and their
expression patterns in the skin as well as detailed non-
neuronal function await further exploration.

2.5.2.2 Cold Receptors: TrpM8, TrpA1

TrpM8 (CMR1) is a cold receptor expressed on
myelinated Ad-fibers that is stimulated by 8-28°C.
Also menthol and icilin activate the TrpM8 and
thereby may act as a therapeutic tool in the cold-medi-
ated suppression of itch [68]. Another cold receptor,
TrpAl (ANKTMI), has a lower activation tempera-
ture (<17°C) compared to the TrpM8 receptor and
is also activated by wasabi, horseradish, mustard,
bradykinine, as well as tetrahydrocannabinol (THC)
[45,71,95]. TrpAl is found in a subset of nocicep-
tive sensory neurons where it is co-expressed with-
TrpV1 but not TrpM8. It was shown that lowering the
skin temperature by cooling reduced the intensity of
experimentally induced itch [11]. A similar effect was
achieved with menthol, although the skin temperature
was not decreased [11]. It was concluded that these
findings suggest a central inhibitory effect of cold
sensitive Ad-fiber activation on itch. A role in cold
hyperalgesia in inflammatory and neuropathic pain is
assumed; however, the underlying mechanisms of this
enhanced sensitivity to cold are poorly understood
[65]. It has been speculated that cold hyperalgesia
occurs by NGF mediating an increase in TrpA1 recep-
tors on nerve fibers.

2.6 Proteinase-Activated Receptor 2

The proteinase-activated receptor-2 (PAR-2) was
demonstrated on sensory nerve fibers and is acti-
vated by mast cell mediators such as tryptase
[92]. Activation leads to induction of pruritus and
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neurogenic inflammation comparable to -effects
induced upon histamine release from mast cells
[66,102]. In atopic dermatitis (AD), PAR-2 expres-
sion was enhanced on primary afferent nerve fibers
in the lesional skin, suggesting that this receptor is
involved in pathophysiology of pruritus in AD [93].
This may also explain the inefficacy of antihista-
mines in AD as they do not block the tryptase-mast
cell axis. Cutaneous mast cells also express PAR-2,
suggesting an additional autocrine mechanism [62].
PAR-2 was recently suggested to also be involved in
pain mechanisms. Activation of PAR-2 is reported
to induce sensitization of primary nociceptors along
with hyperalgesia [21]. Together, these results sug-
gest PAR-2 to be involved in cutaneous nociception
mainly during inflammation.

2.7 Opioid Receptors

Two opioid receptors, the L- and d-receptor, have been
demonstrated on sensory nerve fibers [85,86]. Opioid
peptides such as B-endorphin, enkephalins, and endo-
morphins act on capsaicin-sensitive nerve fibers to
inhibit the release of inflammatory neuropeptides such
as SP, neurokinin A, and CGRP [51,74]. In previous
studies, it was shown that peripheral opioid recep-
tors mediate antinociceptive effects preferentially by
activation of the p-receptor and less by O&-receptor
[91]. Application of peripheral morphine inhibited
responses to both mechanical and thermal stimuli
in inflamed skin, suggesting that peripheral opioids
might modulate pain responses [107]. These findings
suggest that peripheral opioid receptors act as inhibi-
tory receptors in the skin.

In contrast, in the central nervous system, clinical
and experimental observations suggest that pruritus
can be evoked or intensified by endogenous or exog-
enous opioids [7,29,49,76]. For example, systemically
administrated morphine suppresses pain but induce
pruritus [97]. This phenomenon can be explained by
activation of spinal opioid receptors, mainly mu- and
to a lesser extent kappa- and delta-opioid receptors,
on pain transmitting neurons, which induce analge-
sia, often combined with induction of pruritus [78].
Reversing this effect by mu-opioid antagonists results
thereby in inhibition of pruritus. Accordingly, several
experimental studies have demonstrated that differ-
ent mu-opioid receptor antagonists may significantly
diminish pruritus [8,60].

2.8 Cannabinoid Receptors

Up to now, two cannabinoid receptors, CB1 and CB2,
have been defined precisely by their wide expres-
sion in the CNS and on immune cells [20,56,63].
CB1 was described as being densely localized in the
CNS; recent studies revealed an additional expression
of CBI1 in peripheral tissue, that is, primary afferent
neurons [2,16,72]. CB2 receptors were mainly found
in the periphery, for example, on T-lymphocytes, mast
cells [26,30], and also on rat spinal cord [112]. Both
receptors were recently found to be expressed also on
cutaneous sensory nerve fibers, mast cells, and kerati-
nocytes [88].

Topical application of cannabinoid agonists leads to
inhibition of pain, pruritus, and neurogenic inflamma-
tion [23,75,89]. During inflammation, CB1 expression
in primary afferent neurons and transport to peripheral
axons is increased and contributes thereby to enhanced
antihyperalgesic efficacy of locally administered CB1
agonist [4]. In addition, it was demonstrated that
injections of the CB2 agonist palmitoylethanolamine
(PEA) may inhibit experimental NGF-induced ther-
mal hyperalgesia [27].

However, the antinociceptive effects are believed to
be mediated in part by opioid and vanilloid mecha-
nisms and not directly by activation of cannabinoid
receptors. For example, it was shown that the CBI1
agonist anandamide binds to the TrpV1 receptor
[114] and that topical cannabinoids directly inhibit
TrpV1 functional activities via a calcineurin pathway
[69]. Moreover, it was demonstrated that the antino-
ciceptive effects of CB2 agonists can be prevented by
the u-opioid receptor-antagonist naloxone [28,104].
Interestingly, the cannabinoid agonist AM 1241 stimu-
lates B-endorphin release from rat skin tissue and from
cultured human keratinocytes [40]. In sum, cannabi-
noid receptors seem to exert a central role in cutaneous
nociception mediating direct and indirect effects and
therefore represent interesting targets for the develop-
ment of antinociceptive therapies.

2.9 TrophicFactors

2.9.1 Nerve Growth Factor

Neurotrophins have been found in recent years to play
a major role in skin homeostasis and inflammatory
diseases. One member of this family, NGF, has several
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regulatory functions in cutaneous nociception, cuta-
neous nerve development, and reconstruction after
injury through action on peptidergic C-fibers [9,64].
In epidermal keratinocytes, NGF production under-
lies neuropeptide release. After release of neuropep-
tides by a nociceptive stimulus, an upregulation of the
expression of NGF and NGF secretion from the kerati-
nocytes is induced [17]. Released NGF acts on skin
nerves to sensitize neuroreceptors towards noxious
thermal, mechanical, and chemical stimuli (see above)
and is transported along the axon towards the dorsal
root ganglia (DRG) to induce upregulation of a variety
of proteins involved in neuronal growth and sensitiv-
ity. These mechanisms lead to altered peripheral noci-
ception, for example, facilitated induction of pruritus
and pain. For example, prolonged treatment of rats
with moderate doses of NGF is sufficient to stimulate
neuropeptide synthesis in primary afferent neurons
without causing long-lasting changes in thermal noci-
ceptive threshold [79]. Moreover, application of NGF
also enhances capsaicin-evoked thermal hyperalgesia
[10]. In cutaneous inflammatory diseases, NGF was
demonstrated to be over-expressed in prurigo nodula-
ris, and in AD where it is speculated to contribute to
the neurohyperplasia of the disease [22,44], as well as
in allergic diseases [64].

2.9.2 Glial Cell Line-Derived Neurotrophic Factor (GDNF)

During embryonic development, nociceptors are
dependent on NGF, but a large subpopulation lose
this dependence during embryonic and postnatal life
and become responsive to the transforming growth
factor beta family member, glial cell line-derived
growth factor (GDNF). The family comprises mem-
bers such as artemin, neurturin and glial cell line-
derived growth factor, which are involved in the
induction and maintenance of pain and hyperalgesia
[3]. These factors act on non-peptidergic C-fibers
[115,116] and expression of GDNF in the skin can
change mechanical sensitivity [3]. More importantly,
GDNF sensitizes thermal nociceptors towards cold
or heat hyperalgesia by potentiation of TrpV1 signal-
ing or increased expression of TrpAl [25,54,55]. In
the DRG, exposure to GDNF, neurturin, or artemin
potentate TrpV1 function at doses 10-100 times
lower than NGF. Moreover, GDNF family members
induced capsaicin responses in a subset of neurons
that were previously insensitive to capsaicin [55].

Exposure of nerve fibers to GDNF induces, in addi-
tion, expression of prokineticin receptors (PKR) in
the nonpeptidergic population of neurons. These
receptors cause heat hyperalgesia by sensitizing
TRPVI [103].

Summary for the Clinician

The skin is equipped with a dense network of special-
ized nerve fibers for the sensation of external stimuli
such as cold, warmth, tough, pain, and itch. During the
past years, many neuroreceptors were identified on sen-
sory nerve fibers, which mediate these sensations and
respond to external stimuli. The chronification of sen-
sations such as pain and itch underlie complex mecha-
nisms such as sensitization of neuroreceptors. Several
modern therapies are yet identified to interact with these
mechanism and to achieve the clinical relief of periph-

eral pain and pruritus.
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3.1 Anatomy of the Autonomic

Nervous System

The autonomic nervous system has two major func-
tional parts — the sympathetic and parasympathetic
systems. The parasympathetic system mainly regulates
inner organs and glands, it participates in blood pres-
sure and heart rate regulation and it holds an impor-
tant role in uro-genital function. The impact of the
parasympathetic nervous system on the skin, however,
is of negligible importance in humans. The skin is

Key Features

) This chapter describes anatomy and function of the sym-
pathetic nervous system in the skin.

) Sympathetic activity mainly serves maintenance of body
temperature (thermoregulation).

> Sympathetic vasoconstrictor activity can be evaluated by
quantifying vasoconstrictor reflexes.

> Examples of disorders leading to vasoconstrictor abnor-
malities are Raynaud’s syndrome or Complex Regional
Pain Syndrome.

> Almost unique in humans sweating is also controlled by
the sympathetic activity.

> Sweating can be quantified using sudometry, which helps
to diagnose sweating disorders like hyperhidrosis or auto-
nomic neuropathies.

) More recently the role of the sympathetic nervous system

for cellular and neurogenic inflammation was detected.

mainly innervated by the sympathetic nervous system.
Sympathetic preganglionic neurons that regulate effec-
tor cells in the skin originate in the lateral cell columns
of the thoracic spinal cord. They project to the paraver-
tebral ganglia of the sympathetic trunk and synapse
with postganglionic neurons that travel with peripheral
nerves and innervate the effector cells. Preganglionic
sympathetic neurons themselves are under direct cen-
tral control involving centers in the brain stem and
hypothalamus [23]. Sympathetic efferent activity to
the skin mainly subserves thermoregulation. Heat loss
or gain mainly depends on activity of hypothalamic
thermoregulatory neurons, but not exclusively. In a
clinical study investigating stroke patients, we have
been able to show that the cerebral cortex exerts an
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inhibitory function on the tonically active sympa-
thetic nervous system [33]. Cortico-hypothalamic
pathways project to the contralateral hypothalamus.
Pathways then descend via the brainstem to the ipsi-
lateral preganglionic neurons in the intermediolateral
cell columns of the spinal cord [40]. Central disinhibi-
tion after stroke acutely leads to increased activity of
preganglionic sudo - and vasomotor neurons [44]. In
the skin itself the main structures under sympathetic
control are blood vessels and sweat glands, and — less
important for humans — hair follicles, in particular the
arrector pili muscles. In addition to these classical
effector organs, the sympathetic nervous system may
have an impact on immune cells and primary affer-
ent neurons, in particular in chronic inflammatory and
neuropathic conditions. While blood vessels are inner-
vated by postganglionic noradrenergic sympathetic
nerve fibers, sweat glands are innervated by cholin-
ergic postganglionic sympathetic fibers. This duality
of either noradrenergic or cholinergic innervation is
necessary to achieve thermoregulation. In a cold envi-
ronment, noradrenergic nerves become activated, lead-
ing to vasoconstriction while cholinergic neurons are
inhibited and sweat production stops. In a hot environ-
ment, activation patterns are just the opposite.

3.2 Sympathetic Vasomotor Control
in the Skin

Microcirculation in the skin is anatomically organized
in two horizontal plexus: The upper one just below the
epidermis and the lower one between dermis and sub-
cutaneous tissue. Larger arteries, which are densely
innervated by sympathetic axons, arise from the deeper
tissue and feed both plexus. Smaller arterioles inter-
connect the deep and the superficial plexus and shunt
blood from arterioles to venules [25]. They are inner-
vated by only a few sympathetic axons on the surface
of the vessels. All these blood vessels belong to the
thermoregulatory skin blood flow system. Capillaries
that originate from the superficial plexus and extend
to the dermal papillae are usually not innervated by
sympathetic neurons, or if they are, only sparsely.
Capillary blood flow has only minor thermoregula-
tory, but major nutritional function, since capillaries
deliver oxygen to the tissue [27].

Thermoregulatory skin blood flow ranges from 10—
20ml min~! per 100 g in a thermo-neutral environment
[12]. During severe heat stress, thermoregulatory skin
blood flow can increase to 150-200ml min! per 100 g

generating heat loss of about 4,000kJ h™'. During cold
exposure, skin flow can be reduced to <I ml min™! per
100g. This variation is mainly achieved by activity
changes of vasoconstrictor sympathetic neurons. High
sympathetic activity, regardless of thermoregulatory,
baroreceptor, or stress origin, leads to high noradrena-
line signaling and subsequently to arteriolar vasocon-
striction and cold pale skin. Low sympathetic activity
reduces noradrenaline signaling and arterioles pas-
sively dilate, causing the skin to warm up. An active
sympathetic vasodilation is discussed controversially:
It is unlikely to occur in the finger tips but it may occur
on hairy skin. The most probable mechanisms of active
vasodilation are related to sudomotor activation (see
below) or primary afferent activation [26].
Maintenance of vasomotor tone, on the one hand, and
timely responses to homeostatic challenges, on the other,
are typical features of skin vasomotion. Therefore, acti-
vation of sympathetic vasoconstrictors is organized in
different reflex arcs involving different levels of the nerv-
ous system. The veno-arteriolar reflex depends solely on
very peripheral sympathetic nerve function [54]. It can
be elicited during nerve trunk blockade, thus it works
like a local axon reflex [19]. Distension of veins by low-
ering the limb induces arteriolar constriction that reduces
skin blood flow. The veno-arteriolar reflex disappears,
corresponding to the degeneration of postganglionic
sympathetic nerve fibers, after surgical sympathectomy.
Skin vasoconstriction is also under baroreceptor control.
A baroreceptor reflex can be elicited by, for example,
standing up or deep inspiratory gasps, the latter causing
a phasic vasoconstriction [7], which is activated by chest
excursion. The afferent part of this reflex uses spinal
afferents. Another vasoconstrictor reflex employs ther-
moreception. Cold exposure of the skin activates cold
nociceptors and cold fibers [15] and induces a more
tonic vasoconstrictor activation. Finally, the brain itself
does not only exert inhibitory functions on the sympa-
thetic nervous system (see above). In particular, limbic
brain regions, involved in generating emotional stress
responses, induce vasoconstriction [32]. For example,
mental arithmetic under a certain time limit induces a
moderate but long-lasting peripheral vasoconstriction.
The major transmitter mediating vasoconstriction in
human skin is noradrenaline. Neuropeptide Y coexists
in sympathetic fibers and may play a role in cutaneous
vasoconstriction [27]. In a microdialysis study, we were
able to show that human skin blood flow is under the
control of both alphal- and alpha2- receptors on smooth
muscles in the arteriolar walls. We applied different con-
centrations of noradrenaline (alphal- and alpha2-agonist),
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clonidine (alpha2-agonist), and phenylephrine (alphal-
agonist) via intradermal microdialysis fibers into the
skin of healthy volunteers. Skin blood flow was visual-
ized by laser-Doppler imaging scans and quantified in a
skin area close to the membranes (Fig. 3.1). Alphal- and
alpha2-agonists cause equipotent and dose-dependent
vasoconstriction [59]. In contrast to thermoregulatory
blood flow, catecholamines exert a more differentiated
action on nutritive blood flow in capillaries. Nutritive
blood flow, however, constitutes only 10% of total skin
blood flow. Nutritive blood flow is under alpha-receptor
vasoconstrictive and also under beta-receptor vasodilatory
control [27]. One might speculate that under physiologi-
cal conditions both mechanisms neutralize each other. In
human subcutaneous resistance vessels, it has been shown
that one important alphal-receptor subtype in the contrac-
tile responses to noradrenaline is the alphalA-receptor
[24]. In skin blood flow the alpha2C-receptor has been
found to be important for vasoconstriction [57].

As explained above, noradrenaline is released from
sympathetic nerves on the outer surface of blood ves-
sels. Noradrenaline, therefore, first activates adreno-
receptors on smooth muscles causing vasoconstriction.
There are, however, further alpha-receptors located
on endothelial cells inside blood vessels. In rodents it
has been shown that activation of these alpha2-recep-
tors induces release of nitric oxide (NO) [8] and pros-
tacyclin [35]; both are strong vasodilators. To explore
whether this mechanism could also be important in
human skin we performed another microdialysis study
(Fig. 3.2) [20]. The alpha2-agonist clonidine was deliv-
ered to the skin in pharmacological concentrations. As
expected, the first reaction was vasoconstriction. After
a few minutes, however, continuous delivery of cloni-
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Fig. 3.1 As compared to saline (circles), 10 M solution of
noradrenaline (triangles), clonidine (pentagons), and phenyle-
phrine (stars) caused significant skin vasoconstriction when
perfused through dermal microdialysis membranes. There was
no difference between alphal-R (phenylephrine) and alpha2 —R
(clonidine) stimulation

dine then leads to local vasodilation. The switch from
vasoconstriction to vasodilation strongly depends on
clonidine concentration. Blocking the endothelial nitric
oxide synthase (eNOS) by NY-monomethyl-L-arginine
(NMMA) or cyclooxygenase (COX) by acetylsalicylic
acid prevented clonidine-induced vasodilation. This
means the most important second messengers mediat-
ing catecholamine-induced vasodilation in humans are
nitric oxide and prostaglandins. The endothelial alpha2-
receptor is a G-protein coupled receptor, which activates
eNOS and NO is produced from r-arginine [14]. When
NO is released from endothelium cells, it diffuses to the
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Fig. 3.2 While clonidine 10-4 M (diamonds) caused long lasting vasoconstriction, higher concentrations (5 x 10 M, triangles
and 107 M, squares) induced significant revasodilation after initial vasoconstriction. This vasodilation is shown in a specimen skin

perfusion picture on the left as a bright stripe
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smooth muscles and mediates vasodilation via cGMP
[11]. In consequence, intracellular Ca2+ and the sensi-
tivity of the contractile system to Ca2+ decrease, lead-
ing to relaxation of the smooth muscle cells [10]. The
exact mechanism of alpha2-receptor coupling to pros-
taglandin synthesis is not clear. However, it is known
that prostaglandins are produced in endothelial cells by
activation of phospholipase A2, cyclooxygenase, and
prostacyclin synthase. After diffusion, prostaglandins
mediate relaxation of smooth muscle cells and thereby
induce vasodilation, which again is Ca2+-dependent
[56]. The most important alpha2-receptor subtype might
be the alpha2D-receptors [16]. To achieve vasodilation
by clonidine we had to apply very high concentrations
into the interstitial space. This means that under physi-
ological conditions catecholamines, which are released
from sympathetic nerves on the outer surfaces of blood
vessels, probably will not induce vasodilation. However,
catecholamines that occur in the circulation could easily
reach endothelial alpha2-receptors. The origin of these
catecholamines is the adrenal glands and some spill-over
from sympathetic nerve terminals during sustained acti-
vation. Clinical examples that might be related to cat-
echolamine endothelial dependent vasodilation might be
the cyclic re-vasodilation, which occurs during sustained
cold exposure to avoid tissue damage, purple fingers in
some labile subjects with high sympathetic tone, or some
forms of complex regional pain syndromes [2].

3.2.1 Measurement of Skin Vasoconstrictor Activity
Skin blood flow can be quantitatively measured by
plethysmography, laser-Doppler flowmetry, or more
indirectly by measuring skin temperature (e.g., by ther-
mography) [4]. Under stable thermoregulatory condi-
tions (acclimatized subjects, temperature-controlled
lab) different vasconstrictor reflexes can be elicited by a
number of autonomic maneuvers. The decrease of skin
blood is quantified. The most often used autonomic
maneuvers are the veno-arteriolar reflex, inspiratory
gasps, the Valsalva maneuver, and the cold pressor test.
In general, all of these reflexes are highly variable and
there is usually a broad overlap between health and
disease. Skin temperature recording is more stable,
but in healthy subjects absolute skin temperature has
a broad range. Left-right differences are more stable.
Physiologically, skin temperature difference between
corresponding sites is less than 1°C [55]. Greater dif-
ferences might be of diagnostic value.

3.2.2 Examples of Sympathetic Disorders Leading to

Vasoconstrictor Abnormalities

Peripheral denervation, for example, by neuropathies or
any other nerve lesion first leads to increased skin tem-
perature in the denervated skin areas, which is due to
the loss of vasoconstrictor activity. Later on, increased
temperature turns into cold skin [47]. The reason for
this change of symptoms is that vasoconstrictor alpha-
receptors develop so-called denervation supersensitiv-
ity. This means low concentrations of catecholamines
suffice to maximally induce vasoconstriction due
to “sensitized” alpha receptors. Another disorder of
altered sympathetic vasoconstrictor activity is Complex
Regional Pain Syndrome (CRPS) [4]. In CRPS, skin
discoloration and skin temperature changes are associ-
ated with chronic pain, for which sympathetic blocking
is sometimes mandatory (Fig. 3.3) [1].

3.3 Regulation of Eccrine Sweating

Humans and apes use eccrine sweat production
for heat dissipation [46]. Sweating is initiated by
cholinergic sympathetic signaling to sweat glands.
Thermoregulatory sweating can be mainly found on
hairy skin; emotionally induced sweating is more or
less restricted to the glabrous skin on palms and soles.

Thermoregulation is controlled centrally and periph-
erally. An increase of core or skin temperature activates
thermo-receptor afferent fibers and simultaneously or
subsequently thermoregulatory brain centers in the
reticular formation, nucleus raphe magnus [22] and par-
ticularly in the hypothalamus (preoptical nucleus) [6].
The increase of activity of thermoregulatory neurons in
the hypothalamus initiates sudomotor drive. The effer-
ent pathways are the same as for vasoconstriction. The
transmitter of the pre- as well as the postganglionic fib-
ers is acetylcholine. This is in contrast to vasoconstrictor
neurons, in which only the preganglionic synapses are
cholinergic. Like all other postganglionic sympathetic
fibers, sudomotor efferents belong to the class of unmy-
elinated C-fibres, which branch into different nerve
terminals [43]. Acetylcholine, which is released after
activation, finally binds to muscarinic (M3) receptors at
the eccrine sweat gland [29]. The pathway for emotional
sweating is slightly different. Emotional sweating starts
by activation of the limbic system in the brain (insula,
amygdalae, hippocampus, cingulate gyrus). Efferents
then travel through the brainstem and activate preganglionic
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Fig. 3.3 Thermography allows to examine chronic symptoms
of altered sympathetic innervation. A pair of hands from a

sympathetic neurons. The remaining pathway is the
same as for thermoregulatory sweating.

In the peripheral nervous system, sudomotor effer-
ent activity is unique because it can be self-amplifying.
If a sudomotor axon reflex is initiated, for example, by
acetylcholine, which binds to nicotinergic acetylcho-
line receptors on peripheral sudomotor axons, continu-
ous spreading of the sudomotor axon reflex area can be
observed [49]. This is in sharp contrast to, for example,
nociceptive axon-reflexes. The mechanism of spreading
might be that acetylcholine, released from sudomotor
endings, activates nearby sudomotor fibers and thereby
initiates a new axon reflex (Fig. 3.4). Thus, sweating
spreads into the surrounding skin. This mechanism might
contribute to sweat gland overactivity in hyperhidrosis.
Another peripheral influence on sweating comes from
primary afferent fibers. Upon activation, C-fibers release
neuropeptides with induction of neurogenic inflamma-
tion. Neuropeptides dilate skin blood vessels and increase
skin temperature. Both factors could indirectly increase
local sweat rate [37], but calcitonin-gene related peptide
(CGRP), the most abundant neuropeptide in human skin,
also has some direct neuronal effects. In a recent study,
we found that cholinergic sweating was significantly
increased by local CGRP in physiological concentra-
tions but not further amplified if higher concentrations
of CGRP were applied. Other neuropeptides, such as

chronic CRPS patient is shown. The left affected side was 3°C
colder than the right side. This is indicated by darker colors

lontophoresis

[~
initial axon growing due to
reflex sweating peripheral ACh coupling
> |ach|<€ o

skin surface

axon terminals

sudomotor fibres

Fig. 3.4 Acetylcholine iontophoresis activates sudomotor neu-
rons. This activation is conducted centrally (antidromically). At
peripheral branching points, some of the action potentials travel
to the periphery again, inducing axon reflex sweating. Where
nerve endings meet in the periphery (marked by circle), new
sudomotor units are activated, inducing a new axon reflex and
thereby a spreading of the sweat response

vasoactive intestinal peptide or substance P, had no effects
[51]. Previous patch clamp studies revealed that CGRP
itself has an inhibitory effect on nicotinic ACh-receptors.
However, in human skin CGRP is rapidly degraded by
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peptidases, and smaller fragments of CGRP (CGRP,
CGRP, ,, or CGRP, ) enhance the activity of nicotinic
ACh-receptors [13]. Thus, depending on its metabolism,
CGRP could either inhibit or enhance sweating. From our
results we could assume that under physiological condi-
tions CGRP enhances sweating.

In addition to neuronal control, sweating is influ-
enced by several local factors. Pressure to the skin,
for example, due to lying on one side, quickly inhibits
sweating on the compressed side [42]. Local skin
warming increases while local skin cooling (i.e.,
vasoconstriction) reduces sweating [36]. The reason
for the strong temperature dependence is mainly the
temperature dependent capacity of single glands to
produce sweat. Furthermore, the amount of functional
sweat glands varies substantially between subjects and
depends on environmental conditions during child-
hood [41]. Exposition to environmental heat in hot cli-
mates and regular exercise increase the size of sweat
glands and their function — but not their number.

3.3.1 Measurement of Sweating

In contrast to vasoconstriction, sweating can be reliably
measured for clinical diagnosis. It can be visualized

with iodine starch staining [34]. Thereby, dyshidrotic
areas after central or peripheral nerve lesions can be
identified. Sweating can be provoked by drinking hot
tea, irradiation with an infrared lamp, or by exercises
[3]. The integrity of peripheral sudomotor axons can
be tested if sudomotor axon reflex sweating is elicited
by, for example, electrical current [38] or cholinergic
drugs (so-called quantitative sudomotor axon reflex
test, QSART) (Fig. 3.5) [28]. The amount of sweat
evaporation over a defined skin area is then meas-
ured with sweat capsules, the spatial extension of this
axon reflex can be visualized by iodine staining. Wet
skin turns violet and dry skin remains whitish [48].
Sudomotor axon reflexes differ between different
body sites, with largest volumes on the lower legs, and
between genders, with men sweating more intensely
than women [5]. Since sudomotor axon reflex cannot
be elicited soon after peripheral nerve lesions, QSART
can be used for the evaluation of sudomotor function in
peripheral nerve diseases such as neuropathies [28].

3.3.2 Some Sweating Disorders

Disturbances of sweat gland function can be very
unpleasant for the patient, in the case of hyperhidrosis,
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Fig.3.5 Quantitative sudomotor axon reflex test (QSART). Example from one subject shows somatotopic arrangement of sweating

on the leg
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or even dangerous, in the case of anhidrosis. Lack
of functional nerve growth factor receptor (TRK-A)
causes patients to suffer from congenital insensitivity to
pain with anhidrosis (CIPA). These patients have mul-
tiple infections and mutilations since trophic function
of both sudomotor and primary afferents is missing
[39]. Impaired sweating can also be found in polyneu-
ropathies like diabetes mellitus. Hyperhidrosis occurs
in hyperthyroidism or phaecochromocytoma [53], and
many people suffer from localized hyperhidrosis on
the sole, palms, and axillae [17]. This syndrome usu-
ally does not reflect a pathological condition, but
suffering in daily activities can provide the need for
treatment. Treatment of hyperhidrosis could be man-
aged by tab water iontophoresis, aluminum hydroxide
ointment, or botulinum toxin injections. In a clinical
study, we found that BoNT (botulinum neurotoxin)
type B seems to affect autonomic functions more than
BoNT type A [50]. In severe cases of localized hyper-
hidrosis endoscopic sympathectomy has been proven
to be successful [47].

3.4 Sympathetic Nervous System
and Inflammation

There are some clinical symptoms that suggest a link
between sympathetic nervous system and immune
reaction in human skin. In CRPS patients, who are
characterized by sympathetic dysfunction, Langerhans
cells were found extensively in skin biopsies [9].
Furthermore, in these patients sympatholytic proce-
dures ameliorate pain but also inflammation and edema.
As another example, after hemispherical stroke, which
amplifies sympathetic outflow to the paretic side by
disinhibition, T-cell responses in the delayed-type
hypersensitivity reaction were significantly attenuated
[52]. All these findings triggered in-depth studies on
the mechanisms of sympathetic—-immune interaction.
The sympathetic nervous system influences den-
dritic cells, which play a crucial role in the innate
immune response. Dendritic cells express a variety of
adrenergic receptors, with alphal-Rs playing a stimu-
latory and beta2-Rs an inhibitory effect on dendritic
cell migration. It has been shown that beta2-Rs in skin
and bone marrow-derived dendritic cells when stimu-
lated respond to noradrenaline (NE) by decreased
interleukin-12 (IL-12) and increased the anti-inflam-
matory IL-10 production, which in turn downregulates
inflammatory cytokine production [31]. The situa-

tion can dramatically change in inflammation, where
immune cells downregulate their expression of beta2-
Rs and upregulate their expression of alphal-RS [18].
Alphal-adrenoceptors stimulate the production and
release of proinflammatory cytokines. If alphal-Rs
were to become expressed by the resident or recruited
immune cells, then sympathetic activation would be
predicted to cause pain and other inflammatory signs
via cytokine release. Another phenomenon suggesting
the involvement of the sympathetic nervous system in
allergic responses is the fact that contact sensitizers
under certain circumstance inhibit the local noradrena-
line turnover in the skin. Thereby the immune reaction
could be amplified [30]. A more indirect contribution of
the sympathetic nervous system to inflammation symp-
toms is the fact that lymph nodes and lymph vessels are
innervated by catecholaminergic sympathetic nerves.
If the sympathetic nervous system is overactive due to,
for example, chronic pain, lymphatic vessel constriction
could amplify inflammation-related edema [21].

3.5 Summary

The sympathetic nervous system has many physiologi-
cal influences on human skin. It regulates vasoconstric-
tion and sometimes even vasodilation by adrenergic
signaling and it controls sweating by cholinergic fibers.
This means that it controls thermoregulation and stress
reactions in human skin. Furthermore, the adrenergic
part of the sympathetic nervous system could also
affect the inflammation response, either suppress-
ing it in intact skin or enhancing it if inflammation
is already present. Furthermore, it is clinically very
important that the sympathetic nervous system might
contribute to chronic pain. In intact skin noradrenaline
is not able to excite nociceptors and cause pain. After
peripheral nerve lesions, and probably under the guid-
ance of nerve growth factor, the number of functional
adrenoreceptors on primary afferents increases so that
sympathetic activation and noradrenaline release could
excite nociceptors [45]. This phenomenon is called
sympathetically maintained pain. Very recently one
interesting explanation for sympathetically maintained
pain was proposed [58]. Soon after an experimental
nerve lesion in rats, sympathetic nerve fibers — similar
to peptidergic primary afferent fibers — sprout into
the upper dermis. These sympathetic nerve fibers are
then in close association with afferent fibers. This
never occurs in intact skin and could be the anatomic
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basis for a sympathetic—nociceptive interaction in
neuropathic pain. Whether it really does so must be

addressed by functional studies. Until then, the role of

the autonomic nervous system in the skin will remain
incompletely understood.
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ity. The resulting warm skin then further leads to increased
sweat output, while, for example, pressure on the skin
reduces sweating. In contrast to vasoconstriction, sweating
can be quantitatively measured and the result might help to
diagnose autonomic failure in neuropathies.

Beside this “classical” sympathetic function, ongoing
research also suggested an augmentative effect of catecho-
lamines on inflammatory cells in the skin, and in particular
after peripheral nerve lesions, catecholamines could directly
excite primary afferent nociceptive fibers. If this is confirmed
in future studies one can assume that the sympathetic nervous

system might also participate in the generation or maintenance

of chronic inflammatory or neuropathic pain.
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