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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.

New York and Münster R.D. Granstein
2008 T.A. Luger
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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 

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 

› 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.
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4 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 

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 100 cm. 
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 4–70 m s−1

as compared to a lower speed of 0.5–2 m s−1 in the 
unmyelinated fibers. The sensory myelinated fibers are 
further divided on the basis of their diameter and con-
duction speed into rapidly conducting Aβ- and slowly 
conducting Aδ- 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 Aβ-fibers conduct 

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
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tactile sensitivity, whereas Aδ- 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].

By routine 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 Aδ-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 neuro peptides 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 neuro transmitter-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 

mechano receptor, 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 0.5–4 mm 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 × 150 µm 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 Immune 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 neuro immunological 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-

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].

In human epidermis, nerve fibers are intimately asso-
ciated with Langerhans cells. Immunohistochemically, 
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 
(α-MSH), was recently detected in nerves as well as 
several cells in the skin [39,29]. Like CGRP, α-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.

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

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.

Summary for the Clinician
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› 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 β-endorphin release 
from keratinocytes.

Key Features

Neuroreceptors and Mediators

S. Ständer and T.A. Luger

2

Synonyms Box: Itch, puritus

Abbreviations: AD 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, 

SP Substance P, THC  Tetrahydro cannabinol, TrkA
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 Aβ- and Aδ-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 

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.

Table 2.1 The two major epidermal C-fiber classesa

Peptidergic Non-peptidergic

Conducting velocity 0.5 m s−1 1.0 m s−1

Diameter 0.3–1.0 µm 0.3–1.0 µm

Localization in epidermis Up to stratum spinosum Up to granular layer

Receptors (receptor for growth 
factors, other receptors)

trkA, p75, e.g. Histamine receptor, Trp-group c-RET, binding of Isolectin B4, Mrgprd, 
TrpV1

Neurotransmitters Peptidergic, e.g., SP, CGRP Non-peptidergic

Trophic factor (both present 
in keratinocytes)

Nerve growth factor (NGF) Glial cell-line derived neurotrophic factor 
(GDNF)

Function Itch, cold, warmth, burning pain, noxious heat Mechanical stimuli, warmth, pain

a 98% of all epidermal nerve fibers

Table 2.2 Function of neuroreceptors on C-fibers

Receptor Ligand Function

Histamine receptors: H1–H4 Histamine Pruritus (H1 and H4 receptor), neurogenic inflammation; 
sensitized by bradykinin, prostaglandins

Endothelin receptors: A, B Endothelin 1, 2, 3 ETA: Pruritus, mast cell degranulation, inflammation, 
increase of TNF-alpha, IL-6, VEGF, TGF-beta1

ETB: suppression of pruritus

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

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

TrpV2 Noxious heat (>52°C) Pain induced by heat

TrpV3 Warmth (>33°C) Warmth

TrpV4 Warmth (~25°C) Warmth

TrpM8 (on Aδ-fibers) Cold (8–28°C), menthol, icilin Cold

TrpA1 (AnkTM1) Noxious cold (<17°C), wasabi, 
horseradish, mustard

Pain induced by cold, burning

(continued)



Chapter 2 Neuroreceptors and Mediators 15

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 

Table 2.2 (continued)

Receptor Ligand Function

PAR-2 Tryptase, trypsin Pruritus, neurogenic inflammation

Opioid receptors: Mu-, 
delta-receptor

Endorphins, enkephalins Suppression of pain, pruritus, and neurogenic 
inflammation

Cannabinoid receptors
CB1, CB2

Cannabinoids
CB1: anandamide
CB2: PEA

Suppression of itch, pain and neurogenic inflammation, 
release of opioids
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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-α and IL-6 
production, enhanced VEGF production, and TGF-β1
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 contributes to 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 Ca2+. 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, VR1) is 
expressed on central and peripheral neurons [68]. In 
the skin, the TrpV1 receptor is present on sensory 
C- and Aδ-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 TrpV1 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 Aδ-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, 
TrpA1 (ANKTM1), 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]. TrpA1 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 Aδ-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 µ- and δ-receptor, have been 
demonstrated on sensory nerve fibers [85,86]. Opioid 
peptides such as β-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 µ-receptor and less by δ-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 CB1 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 CB1 
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 µ-opioid receptor-antagonist naloxone [28,104]. 
Interestingly, the cannabinoid agonist AM1241 stimu-
lates β-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 Trophic Factors

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 TrpA1 [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 
TRPV1 [103].
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› 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.

Key Features

Autonomic Effects on the Skin

F. Birklein and T. Schlereth

3

Synonyms Box: Noradrenaline, norepinephrine; Vasodi-
lation, vasodilation; Anhidrosis, lack of sweating

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 

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–
20 ml min−1 per 100 g in a thermo-neutral environment 
[12]. During severe heat stress, thermoregulatory skin 
blood flow can increase to 150–200 ml min−1 per 100 g 

generating heat loss of about 4,000 kJ h−1. During cold 
exposure, skin flow can be reduced to <1 ml min−1 per 
100 g. 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 alpha1- and alpha2- receptors on smooth 
 muscles in the arteriolar walls. We applied different con-
centrations of noradrenaline (alpha1- and alpha2-agonist), 
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clonidine (alpha2-agonist), and phenylephrine (alpha1-
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).  Alpha1- 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 alpha1-receptor subtype in the contrac-
tile responses to noradrenaline is the alpha1A-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-

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 NG-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 L-arginine [14]. When 
NO is released from endothelium cells, it diffuses to the 

Fig. 3.1 As compared to saline (circles), 10−4 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 alpha1-R (phenylephrine) and alpha2 –R 
(clonidine) stimulation

Fig. 3.2 While clonidine 10–4 M (diamonds) caused long lasting vasoconstriction, higher concentrations (5 × 10−4 M, triangles
and 10−3 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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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 

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 

Fig. 3.3 Thermography allows to examine chronic symptoms 
of altered sympathetic innervation. A pair of hands from a 

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

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
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peptidases, and smaller fragments of CGRP (CGRP
1–6

,
CGRP

1–5
, or CGRP

1–4
) 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,

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 phaeochromocytoma [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 alpha1-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 alpha1-RS [18]. 
Alpha1-adrenoceptors stimulate the production and 
release of proinflammatory cytokines. If alpha1-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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› Skin is the initial barrier to attack by exogenous 
elements.

› Cutaneous immunity, the active process by which immune 
homeostasis in the skin is maintained, is achieved through 
the interplay of innate and adaptive (acquired) arms.

› Innate immunity is a rapid, first-line defense that includes 
cellular (e.g., Langerhans cells, keratinocytes) and secreted 
elements (e.g., cytokines, antimicrobial peptides triggered 
by pattern-recognition receptors (e.g., toll-like receptors).

› The adaptive immune response is highly specific, robust, 
and capable of remembering encountered antigens; T lym-
phocytes are the principal effectors of adaptive immunity 
in the skin.

› Once thought to function independently, the innate and 
adaptive systems are now considered interdependent con-
tributors to an incompletely understood immune circuit.

Key Features

Immune Circuits of the Skin

E. Weinstein and R.D. Granstein

4

Synonyms Box: Integument, skin, including all deriv-
atives of epidermis (e.g., hair, nails); T cell, T lym-
phocyte; B cell, B lymphocyte; cytokines, secreted 
hormone-like proteins involved in immune function 
and cellular communication; chemokines, cytokines 
involved in chemotaxis of leukocytes; interleukins, 
cytokines whose structure has been defined

4.1  Introduction to the Immune 
System and Its Components

In vertebrates, immune function is accomplished through 
two systems of host defenses. The innate component 

constitutes a rapid and stereotyped means of containing 
infection while the acquired, or adaptive, arm provides a 
more robust, targeted defense that develops more slowly 
after first exposure to pathogens [17]. Traditionally, these 
responses have been examined in isolation, a reflection of 
their complementary but apparently discrete processes. 
This paradigm of divided action has been challenged, 
however, as new research has elucidated important inter-
play between innate and adaptive systems. Nowhere else 
in the body is this interface more evident and relevant than 
in the skin, the principal barrier to exogenous attack.

Several models have been applied to describe the 
immunological environment of the integument, from 
skin associated lymphoid tissue (SALT) in 1978 to the 
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Fig. 4.1 Immune components of normal skin. Cells and cell-
surface receptors of the epidermis, dermis, and cutaneous vasculature 

are shown. Reprinted by permission from Macmillan Publishers 
Ltd: Nature Reviews Immunology [41], copyright (2004)
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more recent and inclusive skin immune system (SIS), 
among others [12,74]. This evolution reflects emerging 
insight into the immunological contributions made by 
an array of cellular and humoral elements. For innate 
immunity, surveillance is accomplished by a set of epi-
dermal and dermal resident sentinels (Fig. 4.1). Under 
cover of the stratum corneum, these cells include 
Langerhans cells, dermal dendritic cells, keratinoc-
ytes, mast cells, and macrophages [41]. Recirculating 
neutrophils and natural killer cells are important, tran-
sient cellular effectors in this first line of defense. In 
addition, cytokines, antimicrobial peptides, and com-
plement proteins are soluble activators and mediators 
that shape the innate response. Resident T cells rep-
resent the adaptive immune system in quiescent skin 
and are joined by recruited B and T lymphocytes in the 
setting of inflammation.

Regardless of the site of activity, the major distinc-
tions between innate and acquired systems can be 
understood in terms of differences in the receptors they 
use and in their dissimilar capacities for immunologi-
cal memory. While responses of the acquired system 
improve and mature with repeated exposure to the same 
antigen, those of innate immunity remain unchanged. 
Second, cells of the innate arm recognize antigens 
belonging to broad classes of pathogens. The adap-
tive system, on the other hand, somatically rearranges 
its receptors to bind highly specific targets [18,48]. 
Differences in their receptors also account, in part, for 
the general principle that innate effectors are triggered 
first, followed sometime later by the adaptive arm. 
Throughout the body, macrophages and dendritic cells 
are the prototypical early responders. In this group are 
the Langerhans cells, a subset of dendritic cells resid-
ing in the epidermis. Through the stimulation of recep-
tors for pathogen-associated motifs, these cells initiate 
an inflammatory cascade that results in rapid contain-
ment of infection and in the activation of the adaptive 
system. It is increasingly evident, however, that the 
receptors of innate immunity are both more widely dis-
tributed than was previously thought and play a central 
role in controlling the adaptive response [48].

4.2 Receptors of Innate Immunity

The cells of the innate immune system rely on a series 
of germ line-encoded receptors to accomplish the tasks 

of rapid response to and eradication of invading patho-
gens. Far less numerous in variety than the organisms 
against which they protect, these receptors recognize 
highly conserved pathogen-associated molecular pat-
terns common to many classes of microorganisms 
and are thus termed pattern-recognition receptors. 
The recognized antigens, such as lipopolysaccharide, 
peptidoglycan, and lipotechoic acid, are typically 
components essential to microbial function and are 
not natively produced by the host [48]. This ensures 
a broad but self-tolerant defense. The mechanism of 
this defense depends on the receptor subtype, the cell 
on which the receptor is expressed, and the receptor’s 
response to the binding of its cognate antigen.

A useful functional classification distinguishes 
between secreted, endocytic, and intracellular  signaling 
receptors [47,48]. Mannan-binding lectins, for  example, 
are secreted serum proteins that opsonize pathogens and 
trigger the classical complement cascade. Macrophage 
mannose and scavenger receptors, by contrast, trigger 
endocytosis for pathogen clearance. Principal among 
the intracellular signaling group is the family of Toll-like 
receptors (TLRs) named for their structural homology 
to drosophila Toll transmembrane proteins (important 
in the fly’s embryological development and immune 
function).

Since the identification of TLR-4 in 1997 [49], ten 
members of the TLR family have been reported. All 
share characteristic extra- and intracellular domains 
that function in the recognition of and response to a 
range of pathogenic components [76], affording the 
innate immune system a greater degree of antigen 
specificity than had been previously recognized. With 
the aid of adapter proteins, for example, TLR-4 has 
been shown to be critical in the recognition of Gram-
negative lipopolysaccharide (LPS) [35]. Similarly, 
TLR-2-deficient mice have been shown to be hypore-
sponsive to components of Gram-positive organisms. 
The full repertoire of TLRs allows for the recognition 
of pathogenic ligands derived from bacteria, viruses, 
and fungi, as well as some nonpathogenic host pro-
teins and synthetic compounds [47,76]. The import of 
these receptors lies in their ability to couple the pat-
tern recognition of the innate immune system with the 
specificity and robustness of adaptive immunity. The 
activation of TLRs triggers a signaling cascade that 
culminates in increased expression of genes coding 
for key components of the inflammatory response. 
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This transduction pathway is closely related to those 
of drosophila Toll and mammalian IL-1 receptors, 
leading to the activation of NF-κB [49,53], a nuclear 
transcription factor responsible for the induction of 
chemokines, cytokines, costimulatory molecules, 
adhesion molecules, and major histocompatability 
complex (MHC) molecules [6,29,76]. Together, these 
inflammatory elements help to initiate and coordinate 
the adaptive immune response. The vital role of TLRs 
has been demonstrated in mutant mice lacking MyD88, 
an adapter protein in TLR signaling pathways. These 
mice were unable to mount effective responses to 
various TLR ligands (see [76] for summary) and were 
more tolerant of highly immunogenic skin allografts 
[81]. Though a MyD88-independent pathway for den-
dritic cell activation by LPS has been elucidated, this 
too depends on intact TLR signaling [84].

The expression of TLRs has now been demonstrated 
in several classes of resident skin cells. This distribution 
reflects both the diversity of functions mediated by these 
receptors, as well as the previously unrecognized immu-
nological contributions made by a variety of cell types. 
In fact, the discovery of TLRs on Langerhans cells, 
dermal dendritic cells, keratinocytes, and on mast cells 
has helped to reshape the perspective on the interplay 
between innate and adaptive immunity, while the vital, 
active role of cutaneous cells has been illuminated.

4.3  TLR-Bearing Cells: Effectors 
of Innate Immunity

4.3.1 Dendritic Cells

Cutaneous dendritic cells are bone marrow-derived 
antigen presenting cells (APCs) located in the epi-
dermis as Langerhans cells and in dermis as der-
mal dendritic cells. Though they account for only 
2–4% of epidermal cells, Langerhans cells are widely 
regarded as the ambassadors of cutaneous immunity 
for their role in coordinating the immune response. 
Identified in 1868, these cells were first postulated to 
be neural agents and, almost a century later, exhausted 
melanocytes [61]. It was not until the late 1970s and 
early 1980s that molecules suggesting an immune 
 function for Langerhans cells were detected on their 
surface  membranes, including Fc receptors (that bind 
immunoglobulin constant regions), C3 complement 

 receptors, and MHC class II molecules [38,62,73]. 
In the context of contact hypersensitivity, it had been 
further shown that Langerhans cells were phagocytic, 
capable of migration to skin-draining lymph nodes, 
and could be found closely apposed to lymphocytes 
[70,71]. By the mid-1980s, a class of splenic dendritic 
cells that functioned as potent stimulators of the mixed 
leukocyte reaction (MLR) had been described. Thus, 
when Schuler and Steinman demonstrated that cultured 
murine epidermal Langerhans cells could be coaxed to 
adopt a splenic dendritic cell phenotype, their position 
as cutaneous APCs was clarified [67].

Through a combination of TLR activation and anti-
gen-independent responses to cytokines, Langerhans 
and dermal dendritic cells function to initiate and 
direct adaptive immunity. The coexpression of TLR 
types 1, 2, 4, 5, and 9 afford dendritic cells sensitivity 
to bacterial LPS, lipoproteins, glycolipids, flagellin, 
and CpG DNA [2,33,76,80]. Upon activation, den-
dritic cells are primed for antigen presentation while in 
transit to lymph nodes where naïve T lymphocytes are 
concentrated [41]. This system of antigen gathering 
and remote presentation solves the logistical problem 
of introducing pathogen to the small number of clonal 
T cells receptive to a given epitope. To achieve this, 
dendritic cells target endocytosed material for presenta-
tion on MHC molecules rather than for destruction (as 
in macrophages). Endowed with several classes of pat-
tern-recognition and Fc receptors for antigen capture 
(in addition to constitutive macropinocytosis), these 
cells are alternately efficient foragers when immature 
and effective stimulators of T cells once activated [4]. 
Recent research has also revealed a modulatory role 
for neuropeptides and the sympathetic nervous system 
in the stimulation of lymphocytes by skin dendritic 
cells [69]. The details of the activation and presenta-
tion processes are discussed later.

Importantly, dendritic cells in the skin are pheno-
typically and functionally varied. For example, the 
distribution of TLRs has recently been shown to dif-
fer between dermal dendritic and Langerhans cells. 
Langerhans cells are relatively deficient in bacteria-
binding TLR types 2, 4, and 5, suggesting a possible 
mechanism for tolerance to commensal organisms in 
the epidermis, and imiquimod-sensitive TLR-7 is nota-
bly absent from murine Langerhans cells [3,51,79]. 
In addition to its unique pattern of TLR expression, 
the Langerhans cell, on the one hand, is remarkable 
for the cytoplasmic inclusion of Birbeck granules, 
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racket-shaped bodies associated with surface expres-
sion of C-type lectin Langerin/CD207 [78]. Dermal 
dendritic cells, on the other hand, are characterized 
by the presence of DC-SIGN/CD209, a lectin that dis-
tinguishes the dendritic cells from other dermal com-
ponents [77]. Still, common to both classes of cells 
is their myeloid origin, demonstrated in vitro by the 
transformation of CD14+ monocytes into Langerhans 
cells [30]. However, there exists a third subset called 
plasmacytoid dendritic cells that arise from lymphoid 
precursors and can be found in the dermal layer dur-
ing active inflammation [77]. It remains unclear 
whether these plasmacytoid cells participate in antigen 
presentation.

The paradigm in which Langerhans cells serve as 
independent activators of cutaneous immunity has 
been challenged by the discovery of important pheno-
typic and functional differences between these cells and 
other dendritic-cell subsets. Specifically, Asahina and 
Tamaki demonstrated a subdued response by murine 
Langerhans cells to LPS and viral antigens relative to 
splenic dendritic cells and peritoneal macrophages [3]. 
Also, unlike their splenic counterparts, the Langerhans 
cells could not be stimulated to release interferon 
(IFN)-γ, important in recruiting type 1 helper (Th1) 
T cells, but were relatively prolific secretors of chem-
okines that promote the type 2 (Th2) response [3,26]. 
Thus, the authors propose that even in their earliest 
responses, Langerhans cells may be responding to the 
influence of their epidermal milieu (e.g., keratinocytes 
and cytokines) rather than initiating inflammation. That 
Langerhans cells may further play a modulatory role, 
downregulating the inflammatory response, has been 
suggested by the surprising finding that mice deficient 
in epidermal Langerhans cells were particularly sus-
ceptible to contact hypersensitivity by diphtheria toxin 
[36]. It is evident that the character of Langerhans cells 
has yet to be fully delineated.

4.3.2 Keratinocytes

Historically, keratinocytes were believed to make only 
a passive contribution to the skin’s homeostatic func-
tion. Through a network of tight, intercellular adhe-
sions and production of the stratum corneum, these 
cells form the initial barrier to exogenous injury and 
prevent dessication. This understanding has been 
expanded, however, as keratinocytes are now known to 

play an important, active role in cutaneous immunity. 
Their participation is triggered both mechanically (e.g., 
through trauma), photochemically (e.g., by ultraviolet 
radiation (UVR) ), and chemically (via receptor-medi-
ated response), serving to initiate inflammation and to 
couple the innate and adaptive arms of immunity.

In the absence of apparent provocation, keratino-
cytes are constitutive secretors of pro-inflammatory 
cytokines, including interleukin (IL)-1α and tumor 
necrosis factor (TNF)-α. In reaction to endotoxin and 
UVR, the release of TNF-α is enhanced [39]. The 
secretion of IL-1α [43] is similarly upregulated by 
physical injury, resulting in the nuclear factor (NF)-
κB-mediated activation of more than 90 known gene 
targets in skin [52]. In autocrine/paracrine fashion, the 
IL-1R-bearing keratinocytes are responsive to the IL-1 
surge and are further stimulated to release ganulocyte-
macrophage colony stimulating factor (GM-CSF) and 
other mediators of inflammation [32]. Keratinocytes 
have been shown to secrete soluble factors IL-6, IL-7, 
IL-12, IL-15, and IL-18 [11,72], all of which can pro-
mote and shape the adaptive immune response.

The immunological role of keratinocytes is also 
suggested by the expression of IFN-γ-induced MHC 
class II peptides and intercellular adhesion molecule 
(ICAM)-1 on the keratinocyte cell surface [7,21]. 
The recent demonstration of TLR types 1–6 and 9 on 
keratinocytes [50] has revealed yet another mecha-
nism by which the NF-κB-dependent inflammatory 
pathway may be invoked in these cells. However, 
the extent to which keratinocytes can effectively 
present antigen and independently stimulate lym-
phocyte activation remains unclear. In addition, these 
cells are thought to modulate the immune response 
through the production and secretion of downregula-
tory cytokines. IL-1 receptor antagonist (IL-1ra), for 
example, is known to competitively inhibit the bind-
ing of IL-1 to its receptor and can be found in high 
concentrations in keratinocytes. Mice deficient in 
IL-1ra have been shown to be more susceptible to 
lethal endotoxemia and this cytokine is thought to 
play a role in modifying the degree of inflamma-
tion [34]. Moreover, the anti-inflammatory cytokine 
IL-10 has also been shown to be inducible in kerati-
nocytes exposed to UVB radiation, otherwise asso-
ciated with a pro-inflammatory response [23]. The 
important immunological contribution of keratino-
cytes may thus represent a careful balance between 
activating and inhibiting factors.
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4.3.3 Mast Cells

Mast cells are bone marrow-derived effectors of 
immunity. Well-recognized for their expression of 
high-affinity receptors for IgE (FcεR) [37], they com-
prise a diverse, migratory class of granule-bearing 
cells. Though widely dispersed throughout the body, 
mast cells are concentrated at sites of greatest poten-
tial exposure to pathogens and allergens, including the 
skin, respiratory tract, and intestine [28]. They are best 
understood for their role in triggering inflammation, 
degranulating in response to the cross-linking of FcεR
receptors by IgE, and releasing preformed histamine 
and TNF-α, prostaglandins, and leukotrienes [17]. 
In this capacity, mast cells function both as defend-
ers against parasites and as culprits in the develop-
ment of pathological disorders such as anaphylaxis 
and asthma [28]. The proximity of these cells to blood 
vessels and vagal nerve terminals in the skin ensures 
that their secreted mediators of vascular permeability 
and immune-cell recruitment are likely to reach their 
targets [46,82].

In addition to granule-associated and arachadonic 
acid-derived products, mast cells prolifically secrete 
cytokines. The Th2-promoting interleukins, IL-4, 
IL-5, and IL-13, are characteristic among these. 
However, mast cells have also been shown to pro-
duce Th1-related factors, including IFN-γ, IL-12, and 
IL-18, as well as numerous chemokines and growth 
factors [46]. The precise mix of preformed factors, 
eicosanoids, cytokines, and chemokines released by 
mast-cell activation appears to depend on the quality 
of the stimulus and its receptor target. Recent studies 
on cultured human mast cells in an IFN-γ milieu have 
demonstrated an FcγRI-mediated response to IgG 
that includes secretion of all of these mediators [83]. 
IgE stimulation and Ig-binding superantigens give a 
similarly mixed response. In contrast, the chemotac-
tic complement system may preferentially stimulate 
degranulation [28,54]. In addition to these indirect 
methods of activation, the presence of TLRs on the 
mast cell surface confers an ability to respond directly 
to pathogens. The currently recognized pattern of TLR 
expression in mast cells is broad, similar to that in 
keratinocytes, including most of the known subtypes 
(types 2 and 4 are the best studied to date) [75,76]. 
Their activation in cultured mast cells yields a burst of 
cytokines and chemokines, often without concomitant 
degranulation [16].

Whatever the stimulus, the activation of mast cells 
and the secretion of their chemical mediators may be 
most relevant to immunity for the resulting recruit-
ment of its effectors. Mast cell-derived IL-1, TNF-α,
and histamine have clear impact on the permeability 
of the vascular endothelium, as well as on its expres-
sion of adhesion molecules for immune cells (includ-
ing ICAM-1, VCAM-1, and selectins). In addition, 
secreted chemokines are chemoattractive for these cells 
and, through various combinations, may be selective in 
their recruitment [46]. The extent to which mast cells 
can serve as APCs and help to coordinate the adaptive 
response in vivo remains uncertain [27,28]. However, 
their overall relevance to an effective immune response 
has been clearly demonstrated in animal models of 
mast cell-deficiency [45].

4.4 The Integrated Innate Response

Activated through receptor stimulation, direct injury 
to keratinocytes, or APC-mediated triggers, the 
innate immune system functions to contain infection. 
Inflammatory mediators originating from its effector 
cells diffuse into the cutaneous vasculature, upregu-
lating the endothelial adhesion molecules required for 
diapedesis of circulating immune cells recruited by 
chemical signals [31]. This heightened expression is 
supplementary to the presence of ICAM-1, E- selectin, 
and CCL-17 on resting endothelial cells (shown in 
Fig. 4.1) [41]. Notably, intestinal fibroblasts have been 
shown to react in ways similar to vascular endothe-
lial cells, responding to IL-1 and TNF-α by upregu-
lating adhesion molecules and secreting additional 
cytokines [56]. It is likely that cutaneous fibroblasts 
have a comparable role. Further, vascular permeability 
is increased both by these inflammatory secretions and 
by neighboring nerve endings that release vasoactive 
neuropeptides such as substance P [20].

The recruited infiltrate is permitted passage across 
the dermal vasculature and includes neutrophils, 
natural killer cells, and non-resident T cells. The 
phagocytic neutrophils are reinforcing to the resident 
macrophages, engulfing antibody- and complement-
opsonized pathogens and debris. Destruction of this 
material is accomplished through intracellular free 
radical species and catabolizing peptides [17]. The 
surrounding inflammatory environment, especially 
the presence of IL-1 and TNF-α, has been shown to be 
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stimulatory to the respiratory burst necessary for the 
production of caustic radicals and augments the kill-
ing ability of these neutrophils [24]. Also protective 
are natural killer cells that act in the setting of viral 
infection to identify and destroy affected host cells. 
The putative mechanisms for their directly cytotoxic 
effect depend on the presence of both surface immu-
noglobulin receptors and molecules sensitive to the 
downregulation of MHC-I peptides on their host tar-
gets (a frequent sequela of viral activity) [8,42].

In addition to the cellular elements, the innate 
response is armed with a set of soluble assistants. 
Complement proteins are serum factors that bind 
invading microorganisms, either perforating their 
cellular membranes or coating them for subsequent 
phagocytosis. Complement fragments are also chem-
oattractive to neutrophils and stimulatory for degranu-
lation of mast cells [17]. A second category of soluble 
factors has been the focus of recent research both for 
its dependence on TLR activation and for its import in 
initiating adaptive involvement. This class of antimi-
crobial peptides (AMPs) comprises a large family of 
genetically encoded molecules that contribute to the 
cutaneous “chemical barrier” [14,65,66] protecting 
the exposed skin surface. Chief among them are the 
human β-defensins (hBDs) and cathelicidins [5], two 
classes of AMPs constitutively expressed and rapidly 
induced in response to epithelial injury and inflam-
mation [66]. Keratinocytes are not the sole producers 
of AMPs, however, as other immune cells of the skin 
such as mast cells have been implicated in producing 
them [19].

The spectra and mechanisms of antibacterial action 
have been shown to differ across and within sub-
types of AMPs. For example, the antimicrobial and 
protease-inhibiting actions of the cathelicidins have 
been attributed to two proteolytically cleaved domains 
– a highly conserved cathelin-like domain and a vari-
able LL-37 C-terminal peptide. Together, these confer 
broad-spectrum antibacterial activity to the cathelici-
din molecule [85]. In contrast, the cationic hBDs dem-
onstrate a range of killing activity, from preferentially 
Gram-negative (hBD-2) to broad-spectrum (hBD-3) 
[66]. Though named for their antibacterial properties, 
and previously regarded exclusively as components of 
innate immunity, the AMPs likely play additional roles 
of only recently elucidated complexity. As chemotac-
tic factors, hBDs and cathelicidins have been shown 
to attract dendritic cells, T lymphocytes, neutrophils, 

monocytes/macrophages, and mast cells [65]. In addi-
tion, keratinocytes show a receptor-mediated response 
to both classes of AMPs, resulting in migration and 
proliferation (relevant in wound-healing), and the 
release of additional inflammatory cytokines [55].

4.5  The Interface between Innate 
and Adaptive Immunity

Concurrent with the protective actions of the nonspe-
cific, early immune response is the engagement of the 
acquired immune system. To achieve this, the secreted 
pro-inflammatory mediators that recruit and  activate 
the effectors of innate immunity simultaneously induce 
the activation and maturation of professional APCs. 
Dendritic cells activated by keratinocyte-derived TNF-α,
IL-1α, and IL-18 are primed for effective antigen 
 presentation to naïve T lymphocytes through a process 
that includes (1) the enhancement of phagocytic activ-
ity, (2) the upregulation of costimulatory molecules 
CD40, CD80, and CD86, (3) increased cell-surface 
expression of class II MHC molecules [58], (4) height-
ened expression of chemokine receptors responsible 
for localizing dendritic cells to T cell-rich areas, and 
(5) the production of cytokines that aid in directing the 
T cell response (e.g., IL-12, IL-18, and IL-10) [59]. As 
mentioned, this process may also be stimulated through 
the direct activation of TLRs on the APCs. Notably, 
both mechanisms rely on the NF-κB pathway. [9]

Unlike the dendritic cells to which they respond, 
T lymphocytes bear receptors that, when considered 
together, can bind almost any protein antigen. Their 
variety is achieved through a process of genetic recom-
bination (analogous to that of immunoglobulin produc-
tion by B cells) that occurs after the migration of the 
bone marrow-derived T cells to the thymus. The T cell 
receptors (TCRs) are membrane-bound heterodimers 
of either α/β or γ/δ subunits that recognize peptide 
fragments presented on MHC or MHC-like molecules 
[15]. Though the subpopulation of γ/δ-expressing cells 
is not MHC-restricted [10], the vast majority of T lym-
phocytes in skin (as in blood) express α/β TCRs and 
thus require contact with the MHC–antigen complex 
for activation [25]. It is not surprising, therefore, that 
cutaneous T cells can be found in close proximity to 
Langerhans cells in basal regions of the  epidermis [22]. 
In normal skin, T lymphocytes have been shown to 
cluster near postcapillary venules high in the  papillary 
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dermis, just below the dermal–epidermal junction 
– only 2% were intraepidermal [13,22].

The pairing of TCR and MHC-antigen complexes 
is refereed by the expression of either CD4 or CD8 
molecules on the surface of α/β T cells. The TCRs 
of CD4+ cells interact exclusively with MHC class II 
molecules, and those of CD8+ cells only with MHC-I. 
MHC class I molecules are expressed by all nucleated 
cells and are complexed with antigen in the setting 
of intracellular viral infection. This presentation of 
viral product targets the affected cells for destruction 
by cytotoxic CD8+ T cells. The activation of CD4+

T-helper cells, rather, is accomplished by MHC-II-
bearing APCs [17]. In healthy epidermis, CD8+ cells 
outnumber CD4+ cells; in the dermis, these are more 
evenly distributed [13]. It is the CD4+ cell, however, 
that enhances the phagocytic attack on microbes and 
guides the flexible adaptive immune response [1].

The activation of CD4+ cells by Langerhans or 
dermal dendritic cells occurs in skin-draining lymph 
nodes or, less frequently, within the cutaneous layers. 
Kupper and Medzhitov describe a trilogy of immune
surveillance measures by which the immune system 
introduces naïve T cells to their cognate antigens, 
directs the activated lymphocytes to the skin, and 
distributes clonally derived memory cells throughout 
the body [41]. In the first step, TLR- and cytokine-
activated cutaneous dendritic cells downmodulate the 
expression of E-cadherin, a surface adhesion molecule 
with high avidity for keratinocytes [68]. Untethered, 
these cells undergo the maturation process described 
above while emigrating from the skin to lymph nodes 
via afferent lymphatics [40]. Here, the mature dendritic 
cells, now bearing the costimulatory molecules and 
MHC class II-antigen complexes necessary for T-cell 
activation, bind and prime naïve CD4+ cells expressing 
appropriate TCRs.

4.6  Completing the Cutaneous 
Immune Circuit

In addition to their role in initiating the adaptive 
response, dendritic cells help to direct its course. 
Secreted IL-12 and IL-23 stimulate the differentiation 
of activated CD4+ cells into Th1 cells. These, in turn, 
release factors IL-2, IFN-γ, and TNF-α that promote 
T cell proliferation, reinforce the antimicrobial capac-
ity of phagocytes, and induce the differentiation of 
cytotoxic lymphocytes. Alternatively, a predominance 
of dendritic cell-derived IL-4 drives the conversion of 

activated T-helper cells into Th2 cells – these secrete 
IL-4, IL-5, IL-6, and IL-10, important in quelling 
inflammation, as well as in stimulating eosinophils and 
B cells (not present in healthy human skin) [4,15,18]. 
Th2 cells are the primary effectors in fighting helmin-
thic parasites and the primary culprits in allergic reac-
tions [1]. Not all the progeny of proliferating CD4+

cells are destined to become effectors, however. Some 
develop into memory cells that survive long after their 
stimulating antigen is cleared and enable a rapid sec-
ondary immune response in the setting of reinfection 
[1]. Notably, the presence of memory T cells in the 
skin is not achieved at random and the mechanisms for 
this localization are now understood to be relevant to 
both adaptive immune function and dysfunction.

The trafficking of memory T cells to the skin lay-
ers has been associated with cutaneous lymphocyte-
associated antigen (CLA), a carbohydrate cell–surface 
receptor found on roughly 90% of cutaneous T cells 
during inflammation and only sparsely expressed on 
non-skin-homing T lymphocytes [64]. Evidence for 
the importance of this molecule was suggested by 
the affinity of CLA for E-selectin, present in large 
 numbers on activated endothelial cells [57]. More 
recently, studies have confirmed this function of CLA 
and demonstrated a role for a host of cytokines (e.g., 
CXCR2, CCR4, CCR6, CXCR3, and CCR10) in the 
cutaneous migration of memory T cells [64]. These 
findings relate directly to the second element in the 
model of immune surveillance. In addition, the actions 
of CLA have offered new insight into the  mechanisms 
of T cell-mediated skin diseases such as psoriasis, 
allergic contact dermatitis, atopic dermatitis, cutaneous
graft-vs.-host disease, and cutaneous T-cell lymphoma 
[60,64]. CLA-marked T cells are characteristically 
involved in each of these diatheses.

With the introduction of activated T cells into the 
skin (or their activation in situ), the immune circuit 
is complete. Inflammation and the immune response 
subside as pathogens are eliminated, pro-inflamma-
tory cytokines are diluted, and suppressive factors 
such as IL-10 and TGF-β predominate. Memory 
T cells specific for the inciting antigen remain localized 
to the skin and are supplemented by a set of circulat-
ing central memory cells that confer similar immunity 
at other sites (the final component of immune surveil-
lance) [41]. Even in immune  quiescence, there is a role 
for Langerhans and dermal dendritic cells. Given the 
appropriate milieu, dendritic cells have been shown to 
support the differentiation of regulatory T-helper sub-
types, including Treg and Tr1 cells. Unlike their Th1 



Chapter 4 Immune Circuits of the Skin 41

and Th2 cousins, these regulatory cells inhibit inflam-
mation and T cell proliferation through both direct 
contact and secretion of IL-10 and TGF-β. Recent 
research suggests that dendritic cells at various stages 
of maturation are competent to induce the develop-
ment of these cells. Though the precise mechanisms 
by which this occurs remain uncertain, it is clear that 
the presence of IL-10 and cell-surface factors (such 
as MHC and costimulatory molecules) are involved 
[44,63]. Regardless, this interaction between dendritic 
and T cells establishes tolerance toward certain non-
pathogenic and endogenous antigens, beyond that 
determined during immune-system development.

Whether activating or suppressive, the influence of 
innate immunity over the adaptive system is profound. 
By tracing the circuit of cutaneous immune  activity, 
it becomes further evident that this influence is bi-
 directional. It is within this context of interdepend-
ence that the pathological mechanisms of cutaneous 
immune diseases can be understood and options for 
their treatment explored.

Skin is the initial barrier to attack by exogenous elements 
and is now understood to play an active role in initiating 
and supporting immune function. Immunity is achieved 
by the intricate interplay of innate and acquired (adaptive) 
arms. Innate immunity serves to contain infection by rapid, 
stereotyped methods targeted to broad classes of infectious 
agents. The adaptive response, rather, is slow on first expo-
sure to a given antigen but is highly specific and increas-
ingly robust with repeat antigenic encounters. Skin hosts 
the receptors (e.g., pattern-recognition receptors), cellular 
sentinels, and the molecular milieu involved in activating 
and coordinating these arms of immunity. Specifically, 
toll-like receptors (TLRs) comprise an important class of 
pattern-recognition receptors recently shown to function at 
the interface of innate and adaptive immunity. Upon acti-
vation, TLRs trigger inflammation and the upregulation of 
chemokines, cytokines, costimulatory molecules, and other 
molecular mediators of adaptive immunity. TLRs are dis-
tributed across numerous cell types in the skin, including 
antigen presenting cells (APCs), keratinocytes, and mast 
cells. Important among cutaneous APCs are Langerhans 
cells and dermal dendritic cells that, when stimulated, 
migrate to skin-draining lymph nodes and mature into 
potent activators of T lymphocytes (the cellular effec-
tors of adaptive immunity). Recent research has demon-
strated a complex immunomodulatory role for Langerhans 
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cells, as well, supporting the notion that immune func-
tion reflects a careful balance of activating and inhibi-
tory factors. Similarly, keratinocytes, once considered 
mere passive contributors to immune homeostasis are now 
thought to factor in shaping the nature and the extent of 
the immune response. However actuated, the cells and sig-
nals of innate immunity promote the inflammatory cascade 
through which phagocytic neutrophils are recruited and 
soluble assistants (e.g., antimicrobial peptides (AMPs) ) 
are secreted at injured or infected sites. At the same time, 
the activation, maturation, and migration of APCs coupled 
with the secretion of chemotactic factors by innate cells 
support the mobilization of T cells, triggering the acquired 
immune system. It is by further influence of APCs that T 
lymphocytes differentiate into effector, memory, and regu-
latory subtypes. Cutaneous lymphocyte-associated antigen 
(CLA)-bearing T cells home to sites in the skin layers and 
reinforce the innate system in resolving the inciting injury. 
Through an increasingly sophisticated understanding of 
this immune circuit, both the pathophysiology of immune-
mediated skin diseases and options for their treatment can 
be rationally explored.
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Modulation of Immune Cells 
by Products of Nerves
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5

Synonyms Box: CD–80, B7–1; CD–86, B7–2

Abbreviations: APC Antigen presenting cell, BDNF
Brain-derived neurotrophic factor, cAMP Cyclic adeno sine 
monophosphate, CGRP Calcitonin gene related peptide, 
CHS Contact hypersensitivity, DC Dendritic cell, DTH
Delayed type hypersensitivity, Ig Immunoglobulin, IL
Interleukin, LC Langerhans cell, MHC Major histo-
compatibility complex, NGF Nerve growth factor, NK-1
Neurokinin-1 receptor, NK-2 Neurokinin-2 receptor, 
NT-3/4/5 Neurotrophin-3/4/5, PACAP Pituitary ade-
nylate cyclase activating peptide, SP Substance P, TNF
Tumor necrosis factor, UVR Ultraviolet radiation, VIP
Vasoactive intestinal peptide

5.1 Introduction

The nervous and immune systems are intimately linked. 
These systems communicate via a common language of 
neuropeptides and cytokines to create a network that can 
be thought of as one “neuroimmunocutaneous system” 
[48]. The linkage between the nervous and immune 
systems is both physical and functional. Structurally, 
nerves innervate the epidermis, the outer-most layer 
of skin, and have been found in close relationship with 
Langerhans cells (LCs), Merkel cells, keratinocytes, and 
mast cells [13,29]. Similar to a synapse, nerves may be 
able to release preformed neurosecretory vesicles into 
the vicinity of cutaneous and immune cells residing in 
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› Neuropeptides released by sensory nerves alter cutaneous 
immune cell functions.

› Contact hypersensitivity (CHS) and delayed type hyper-
sensitivity (DTH) are T-cell mediated immune reactions 
modulated by neuropeptides such as substance P, CGRP, 
VIP, and PACAP.

› Antigen presentation is modulated by local neuropeptides 
and is an important step in initiating a cellular immune 
response. The specific role of Langerhans cells in CHS, 
however, is controversial.

› Neuropeptides participate in ultraviolet radiation-induced 
immunosuppression.

› Neuropeptides exert their actions through modulating 
immune cell surface molecule expression, cytokine secre-
tion, and intracellular cascades.

› Mast cells play a role in bidirectional signaling between 
neurons and the immune system.

› T cell, B cell, and neutrophil activity are modulated by 
neuropeptides.

› Neurotrophins alter neuropeptide release and may play a 
role in inflammatory skin disease.
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the skin to alter their functions. Inflammatory diseases 
such as atopic dermatitis and psoriasis are associated 
with altered neuropeptide expression [1,17], further 
supporting the link between inflammation and products 
of nerves.

This chapter will focus on the immunomodulating 
effect of products released from primary afferent sen-
sory neurons. Discussion of autonomic fibers and their 
products, specifically catecholamines, will be covered in 
Chap. 8. Neuropeptides associated with sensory nerves 
include substance P (SP), calcitonin gene-related peptide 
(CGRP), vasoactive intestinal peptide (VIP), and pitui-
tary adenylate cyclase-activating polypeptide (PACAP) 
among others [72]. Neuropeptides affect the function of 
immune cells in multiple manners [24,72]. The immune 
functions discussed in this chapter will include contact 
hypersensitivity (CHS) and delayed type hypersensitivity 
(DTH) reactions, antigen presentation function, and 
ultraviolet radiation (UVR) induced immunosuppres-
sion. The detailed effects of neuropeptides on modu-
lating cell surface markers, cytokine expression, and 
intracellular signaling cascades will also be examined. 
In addition, a summary of neuropeptide actions on T 
and B lymphocytes, mast cells, and other immune cells 
will be briefly explored (Table 5.1).

5.2  Contact Hypersensitivity (CHS) and 
Delayed-Type Hypersensitivity (DTH)

Contact hypersensitivity (CHS) and delayed-type hyper-
sensitivity (DTH) are T cell mediated immune reactions. 
After sensitization with hapten, LCs (and/or dermal 
dendritic cells) migrate to regional lymph nodes where 
they present antigen to T cells. Later, elicitation mobilizes 
memory T cells for a specific immune response on sub-
sequent challenge with the antigen [57].

The CHS response to a contact sensitizer can be 
abolished by destroying the nerve fibers in the draining
lymph nodes after contact sensitization, supporting the 
critical role of nerves in the CHS response. CHS can 
then be restored in denervated lymph nodes by directly 
supplying the LN with injected substance P [59]. These 
findings suggest that the CHS response is controlled 
by products of local nerves, either through intact nerve 
fiber signaling or through direct application of SP to 
the lymph node.

SP augments CHS responses while CGRP inhibits 
CHS responses in most assays. When SP is injected 
intradermally, CHS is enhanced [51]. This effect appears 
to be specific as administration of a specific SP 

antagonist blocks the ability of SP to enhance CHS 
[51]. Mice deficient in neurokinin-1 (NK-1) receptors, 
the primary receptor for SP, show diminished allergic 
contact dermatitis, suggesting that SP is needed for a 
robust inflammatory response. In contrast to SP, pre-
treatment with CGRP inhibits CHS. Intradermal injec-
tion of CGRP prior to sensitization with an allergic 
contact sensitizer inhibits the induction phase of CHS. 
This effect was found to be a local phenomenon as 
hapten applied at a distant site from CGRP admin-
istration shows no inhibition of CHS [4]. Similar to 
pre-treatment with CGRP, if mice are injected intra-
dermally with PACAP and sensitized at the injected 
site, induction of CHS is inhibited [12,35,36].

DTH responses are also inhibited by CGRP. If 
murine LCs are pre-treated with CGRP, their ability 
to elicit a DTH response to antigen is inhibited [65]. 
Interestingly, when cells are cultured in the presence 
of anti-IL-10 along with CGRP, they are able to elicit 
a full DTH response, suggesting a key role for IL-10 
in mediating the functional effects of CGRP [65]. In a 
similar manner, PACAP and VIP inhibit the ability of 
murine epidermal cells enriched for LCs to elicit DTH 
in prior immunized mice [35,36].

5.3 In Vitro Antigen Presenting Function

CGRP inhibits the antigen-presenting function of 
Langerhans cells and macrophages and this may par-
tially explain its ability to inhibit CHS and DTH. Using 
a mixed epidermal cell/lymphocyte reaction, CGRP 
inhibits alloantigen presentation by LC-enriched 
cultures of murine epidermal cells [4,29]. In a similar 
manner, CGRP, PACAP, and VIP inhibit presentation 
of antigen to an antigen-specific Th1 clone in enriched 
murine LC cultures [5,35,36,66]. CGRP also inhibits 
antigen presentation by human peripheral blood mono-
nuclear cells [21].

5.4 Langerhans Cells and CHS

Langerhans cells (LCs) are antigen presenting cells 
residing in the epidermis and have been thought to 
be key in CHS responses. Both CHS reactions require 
effective presentation of hapten to T cells in order for 
sensitization and elicitation to occur. An unexpected 
finding concerning the role of LCs in the CHS response 
was recently observed in a study utilizing transgenic mice
that constitutively lack epidermal LCs. In these trans- 
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genic mice, the regulatory elements for human Langerin
were used to drive expression of diphtheria toxin, 
resulting in mice that lacked epidermal LCs. In these 
mice, CHS was found to be augmented instead of 
abrogated. In this manner, it was hypothesized that 
epidermal LCs may be dispensable for CHS and that 
LCs may actually play a suppressive role [32]. Further 
studies using a variety of model systems are needed 
in order to support these results and further delineate 
the role of LCs in hypersensitivity reactions. If LCs do 
indeed play a suppressive role in CHS, further under-
standing the role of neuropeptides in this process may 
be beneficial in developing novel therapeutic targets 
for inflammatory diseases.

5.5  Ultraviolet Radiation-Induced 
Immunosuppression

Modulation of the neuroimmune system by UVR will 
be further discussed in Chap. 14. Briefly, it should be 
noted that UVR suppresses induction of CHS and that 
CGRP has been implicated in the mechanism of UVR-
induced immunosuppression [23]. It is thought that 
CGRP is locally released after cutaneous UVR and may 
decrease the number of LCs in the skin after UVR expo-
sure [23,38]. In addition, CGRP antagonists restore CHS 
induction after UVR, suggesting that CGRP participates 
in the process by which UVR impairs CHS induction 
[50]. Release of TNF-alpha from mast cells, induced by 
CGRP, may be involved here [50]. Intradermal injec-
tion of a SP agonist, which acts on the NK-1 receptor, 
reverses UVR-dependent tolerance and augments CHS. 
In this way, SP may act as an adjuvant [51].

5.6 Surface Molecule Expression

It is thought that CGRP acts to inhibit antigen pres-
entation through inhibition of CD86 surface molecule 
expression. CD86 (also known as B7-2) is an important 
co-stimulatory molecule necessary for antigen presenta-
tion by major histocompatibility complex (MHC) class II 
molecules. CGRP inhibits the induction of B7-2 expres-
sion on murine LCs and macrophages [5,10,21,29]. If 
IL-10 neutralizing antibodies are present during the 
period of exposure to CGRP, the inhibition of the induc-
tion of B7-2 expression by CGRP is abrogated [21,65]. 
This suggests that IL-10 may be involved in the mecha-
nism by which B7-2 expression is inhibited after CGRP 
exposure. PACAP also downregulates CD86 expression 

in LPS/GM-CSF-stimulated XS106 cells, a LC-like cell 
line [35]. In addition, PACAP downregulates B7.1 and 
B7.2 expression in LPS/IFN-γ-activated macrophages 
[14].

SP may exert its proinflammatory actions by altering 
surface molecule expression on dermal microvascular 
endothelial cells. The ability of SP to augment expres-
sion of intracellular adhesion molecule 1 (ICAM-1), 
vascular cell adhesion molecule 1 (VCAM-1), and 
endothelial-leukocyte adhesion molecule-1 (ELAM-1) 
may be important in promoting leukocyte migration to 
sites of inflammation [25,41,44].

Chemokine receptor expression is also affected 
by neuropeptides. VIP downregulates CCR7 expres-
sion in LPS-stimulated mature dendritic cells [73]. 
In this manner, inflammatory immune responses may 
be prevented by hindering CCR7 expression, which is 
required for dendritic cell migration to lymph nodes. 
Further elucidation of the relationship between neuro-
peptides and chemokine surface receptor expression is 
needed to better understand the effects of neuropep-
tides on immune cell trafficking.

5.7 Cytokine Secretion

The ability of CGRP to suppress cell mediated immune 
responses is thought to be mediated in part by favor-
ing cytokine expression that leads to a reduced T

H
1-type 

immune response. CGRP induces upregulation of IL-10, 
an anti-inflammatory cytokine, and downregulation 
of IL-1β, a proinflammatory cytokine, in the LC-like 
line XS52 [65]. CGRP also augments IL-10 produc-
tion in human monocyte cultures [21]. In contrast, SP 
is thought to augment antigen presentation and T cell 
responses through boosting inflammatory cytokine 
release and downregulating anti-inflammatory cytokine 
release to favor immune activation [26,27,33,42].

IL-10 suppresses T
H
1 cell-mediated immunity, in part, 

through inhibition of antigen presentation to T
H
1 cells 

[18]. Injection of IL-10 into the skin inhibits induc-
tion of contact hypersensitivity at that site [18]. The 
immunosuppressive effects of PACAP and VIP may be 
partly due to augmented IL-10 secretion in LCs, as it 
was found that IL-10 secretion was augmented after 
PACAP and VIP application in the XS106 Langerhans 
cell-like line [35,36].

IL-1β is a cytokine that is selectively expressed in 
the epidermis by LCs and its mRNA increases after appli-
cation of contact sensitizers [18,28,45]. Expression 
of IL-1β is critical for initiation of primary immune 
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responses in the skin and is found to be inhibited 
by CGRP [65]. In addition, PACAP and VIP inhibit 
LPS/GM-CSF-induced stimulation of IL-1β secretion 
in the Langerhans cell-like line XS106, which may 
partially explain the suppressive actions of these neu-
ropeptides on CHS [35,36]. SP, on the other hand, can 
directly bind macrophages and augment production 
of IL-1 along with other pro-inflammatory molecules 
[26,27,33,42].

IL-12 and IL-23 are cytokines that strongly favor 
Th1-type cell-mediated immunity. CGRP has been 
found to inhibit expression and release of the p40 
subunit of IL-12/23 from LPS-stimulated Langerhans 
cell-like line XS52, murine macrophages, and human 
PBMC [21,64,65]. These effects are abrogated in the 
presence of a CGRP antagonist. In addition, VIP is 
able to inhibit IL-12/23 p40 release from LPS-stimu-
lated XS106 cells [36].

TNFα may also participate in the process of CHS 
induction impairment. When neutralizing antibodies 
to TNFα are injected prior to intradermal adminis-
tration of CGRP, CHS induction is restored and the 
reduction in DC density is abrogated [50]. Mast 
cells induce release of TNFα upon CGRP applica-
tion, suggesting a link between these two mediators. 
Interestingly, CGRP fails to impair CHS induction 
in mast cell-deficient mice, suggesting that mast 
cells are a necessary player in the process of CGRP-
induced CHS suppression. The authors of this report 
speculate that release of TNFα in response to CGRP 
may interfere with antigen-presenting function in the 
skin, resulting in a suppressed CHS response [50].

5.8 Intracellular Mechanisms

Many neuropeptides exert their influence by acting on 
specific G protein-coupled receptors, which activate 
cAMP-protein kinase A or the phosphatidylinositol-
protein kinase C pathways. Experimental evidence 
has shown that CGRP, VIP, and PACAP act through 
increasing intracellular cAMP levels [45,50,55,66]. 
The effect of CGRP on cAMP is thought to be specific 
as it can be inhibited by coculture with the truncated 
form of CGRP [CGRP-(8–37)], which acts as a spe-
cific competitive inhibitor [5]. The adenylate cyclase-
cAMP-protein kinase A pathway is generally thought 
of as a pathway that downregulates or inhibits the 
amplification and effector phases of immune responses 
in T cells, B cells, and macrophages [31]. In addition 

to its cAMP-dependent pathway, VIP and PACAP can 
act via a cAMP-independent pathway, which inhibits 
NF-κB activation in some cell types [14,37].

SP is thought to primarily act through activation of 
NF-κB [41,43,57]. In addition to NF-κB, other tran-
scriptional gene regulators modulated by SP include 
nuclear factor of activated T-cells (NFAT), cAMP 
responsive element (CRE), and activator protein-1 
(AP-1) [3,11,39]. As the complexity of intracellular 
signaling mechanisms becomes apparent, it should 
be noted that a single neuropeptide may act through 
multiple transcription factor pathways depending on 
the specificity of the particular receptors, cellular sub-
types, tissue, or species investigated.

5.9 Mast Cells

Neuropeptides can also modulate mast cell functions 
[6,26]. Mast cells are located in close proximity to SP-
releasing C-fibers and endothelial cells [61]. Substance 
P released from neurons and keratinocytes can partici-
pate in mast-cell-neurite communication, supporting 
the notion of bidirectional signaling between neurons 
and immune cells [62]. Indeed, an increased number 
of dermal contacts between nerves and mast cells 
have been observed in lesional and nonlesional skin of 
patients with atopic dermatitis and nummular eczema. 
In addition, SP and CGRP fibers were found to be con-
siderably increased in such lesional samples [30,49]. 
These clinical findings support the notion of the role 
of mast cells in promoting neurogenic inflammation.

SP may augment inflammatory responses in the 
skin by inducing mast cell TNFα mRNA expression 
and TNFα secretion [2]. SP also increases mast cell 
degranulation and release of histamine [16,19,55]. It 
is thought that tryptase from degranulated mast cells 
may cleave proteinase-activated receptor 2 (PAR2) at 
the plasma membrane of peripheral neurons and stim-
ulate the release of local SP and CGRP, perpetuating 
the cycle of neurogenic inflammation [60].

5.10 T Lymphocyte Function

Supporting its immunosuppressive role, CGRP can 
inhibit T cell functions by suppressing T cell prolifera-
tion and IL-2 production [8,69,71]. In addition, CGRP 
inhibits proliferation of human PBMC [21]. In con-
trast to CGRP, SP plays an immunostimulatory role on 
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T cells. SP augments proliferation of T lymphocytes 
and enhances IL-2 expression in activated human 
T cells [9,54].

In line with its anti-inflammatory functions, VIP can 
inhibit T cell IL-2 secretion and induce differentiation 
and survival of T

H
2 cells [14]. PACAP also promotes 

a shift from T
H
1 towards T

H
2 differentiation in vivo 

and in vitro [14]. Recently, it has been shown that VIP 
may augment populations of T regulatory cells in vivo 
[14]. Injection of VIP into T-cell receptor transgenic 
mice results in an expansion of T regulatory cells 
expressing Foxp3 and the CD4+CD25+ phenotype. 
These regulatory T cells are able to inhibit responder 
T cell proliferation, impair DTH responses, and pre-
vent graft-vs.-host disease in transgenic mice [14]. 
Further understanding of the ability of VIP to augment 
the T regulatory cell population may be important in 
developing novel treatments for transplant medicine 
in addition to autoimmune and inflammatory disease 
processes.

5.11 B Lymphocyte Function

In addition to altering T cell functions, neuropeptides 
modulate B cell differentiation and immunoglobulin 
(Ig) expression. CGRP inhibits surface Ig expression 
in a LPS-stimulated murine pre-B cell line [46,47]. 
SP, on the other hand, augments B cell Ig secretion in 
stimulated murine leukocyte cultures and in a murine 
B cell line [53,61].

5.12 Other Immune Cell Functions

CGRP also plays an inhibitory role on neutrophils and 
other immune cell types. CGRP inhibits natural killer 
cell activity [68] and inhibits neutrophil accumulation 
[22]. In contrast, SP plays a stimulatory role on neu-
trophils. SP augments neutrophil chemotaxis, induces 
neutrophil lysosomal enzyme release, and augments 
neutrophil and macrophage phagocytosis [14,58]. High 
dose SP also induces eosinophil activation, adherence, 
and migration [20].

5.13 Neurotrophins

In addition to the neuropeptides mentioned previously, 
it should be noted that immune cells also produce and 

respond to neurotrophins such as nerve growth factor 
(NGF), brain-derived neurotrophic factor (BDNF), 
neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-
4/5) [52]. Neurotrophins were originally discovered 
as growth factors supporting neuron maintenance and 
survival. More recently, it has been discovered that the 
target cells of neurotrophins are not limited to neu-
rons. Immune cells express neurotrophins and their 
receptors [7]. Serum NGF levels are augmented in 
patients with atopic dermatitis and are positively cor-
related with inflammatory disease activity [67]. It is 
thought that augmented levels of neurotrophins in the 
circulation may be from increased local production 
within inflamed areas of skin. NGF can stimulate 
substance P expression in nociceptive sensory neurons 
[40] and can regulate mRNA expression of SP and 
CGRP [15,56]. In a cyclical manner, local products 
of nerves such as SP and neurokinin A can regulate 
NGF synthesis [34] and NGF in turn can regulate the 
synthesis of other products of nerves, namely SP and 
CGRP [32,40]. It is thought that enhanced NGF 
synthesis by keratinocytes may elicit abnormal sen-
sory innervation and further the vicious cycle of aller-
gic inflammation. Indeed, inflamed skin has shown 
increased numbers of sensory nerves and enhanced 
neuropeptide synthesis [15,49,63,70]. In this way, 
neurotrophins add another layer of complexity to the 
neuroimmunocutaneous system. Further research 
in the area of neurotrophins promises to enlighten 
understanding concerning inflammatory skin disease 
and the mechanisms by which the nervous system 
affects the immune system.

5.14 Conclusion

In conclusion, these data support that SP generally 
augments cellular immunity. The pro-inflammatory 
effects of SP lead to increased T cell proliferation, 
pro-inflammatory cytokine release, and leukocyte 
migration. CGRP, VIP, and PACAP, on the other hand, 
appear to exert mainly an inhibitory role on CHS 
and DTH. The known effect of some neuropeptides 
on immune cell function is summarized in Table 5.1. 
Additional studies involving the mechanisms of the 
influences of the neuroimmune axis on the skin would 
be of great interest. A further understanding of these 
pathways may have the potential to lead to new thera-
peutic approaches based on influencing neuroimmune 
pathways and activities.
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Regulation of Immune Cells 
by POMC Peptides

T.A. Luger, T. Brzoska, K. Loser, and M. Böhm

6

Synonyms Box: Adrenocorticotropin (ACTH); Agouti 
signalling protein (ASIP); Clusters of Differentiation 
(CD); Corticotropin-Releasing Hormone (CRH); 
Dendritic cells (DC); Dextran sodium sulphate (DSS); 
Experimental autoimmune enecephalitis (EAE); Inter-
cellular adhesion molecule-1 (ICAM); Interleukin-1 (IL); 
Interleukin-1 receptor (IL-IR); Interleukin-1 recep-
tor-associated kinase 1 (IRAKI); Lipopolysaccharide 
(LPS); Major histocompatibility (MHC); Mitogen-
activated protein kinase (MAPK); Melanocortin recep-
tor (MC-R); melanocyte-stimulting hormone (MSH); 
Nuclear factor-kB (NF-kB); Peripheral blood mono-
nuclear cells (PBMC); Prohormone convertase (PC); 
Proopiomelanocortin (POMC); Protein kinase A (PKA); 
Toll-like receptor (TLR); tumor necrosis factor (TNF); 
Vascular cell adhesion molecule-1 (VCAM-1).

6.1 Introduction

Alpha-melanocyte stimulating hormone (α-MSH) is 
a tridecapeptide derived from proopiomelanocortin 
(POMC) by posttranslational processing [12]. Several 

studies have provided ample evidence that α-MSH
in vitro as well as in vivo has potent anti-inflammatory
and immuno-regulatory effects [16,32]. Most of these
effects are mediated via melanocortin receptors 
expressed on cells of the immune system as well as on 
resident non-immune cell types of peripheral tissues 
[16]. Moreover, the C-terminal tripeptide of α-MSH,
KPV, and a related tripeptide K(D)PT both exhibit 
anti-inflammatory properties as seen for α-MSH [16]. 
Therefore, the emphasis of this brief review is on the 
spectrum of immuno-modulatory and anti-inflammatory 
activities of α-MSH and related peptides as well as 
their therapeutic potential for the treatment of immune-
mediated inflammatory diseases.

6.2 a-MSH and Melanocortin Receptors

α-MSH is generated from a precursor hormone called 
proopiomelanocortin (POMC), which  functions as 
the source for several peptide hormones such as the 
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› Cells of the immune system express receptors for melano-

cortins, especially MC-IR.

› POMC-derived peptides such as α-MSH or ACTH have 

potent immunomodulatory effects on cells of the immune 

system including downregulation of proinflammatory 

cytokines and adhesion molecules, induction of IL-10 and 

generation of regulatory T cells.

› The immuno-modulatory in vitro effects are recapitulated 

in a diversity of animal models in which α-MSH has anti-

inflammatory effects.
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melanocortins, adrenocorticotropin (ACTH), α-, β-, and 
γ-MSH, as well as the endogenous opioid β-endorphin 
[26]. POMC is proteolytically cleaved by prohormone 
convertases (PCs), which belong to the family of ser-
ine proteases of the subtilisin/kexin type [67]. Although 
POMC peptides were originally considered as neuro-
hormones, it is now well established that POMC expres-
sion and processing may occur in many peripheral 
tissues. In addition to their originally described pigmen-
tation inducing capacity, melanocortins are now well 
known to exert a variety of other biological activities, 
including the regulation of immunity and inflammation 
[12,32]. The generation of melanocortins is controlled 
by endogenous  mediators such as corticotropin releas-
ing hormone (CRH), pro- inflammatory cytokines such 
as interleukin-1 (IL-1) and tumor necrosis factor-α
(TNF-α) as well as exogenous noxious stimuli such as 
ultraviolet irradiation [12].

Upon investigation of the anti-inflammatory capaci-
ties of α-MSH, it turned out that these appear to be 
restricted to smaller fragments such as the C- terminal 
peptide fragment of α-MSH (KPV). Other small 
molecular weight peptides include the N-acetylated 
and C-amidated tripeptide KPV as well as several 
stereoisomers [38]. A structurally related derivate is 
K(D)PT in which the hydrophobic amino acid valine 
of KPV is substituted by the more polar amino acid 
threonine. The all L-form of K(D)PT has first been 
described as a part of IL-1β and seems to be capable of 
interacting with the IL-1 receptor type I (IL-1RI) [16]. 
Whether KPV and K(D)PT bind to MC-Rs and utilize 
the same signaling pathways as the natural ligands is 
not yet clear [16].

Melanocortins elicit their biological effects via bind-
ing to specific surface receptors – melanocortin recep-
tors (MC-Rs) – expressed on target cells. These receptors 
belong to the superfamily of G-protein coupled recep-
tors with seven transmembrane domains and the differ-
ent MC-Rs bind melanocortins with differential affinity 
[17]. Five MC-R subtypes, MC-1R to MC-5R, have 
been identified and cloned. Human MC-1R and MC-4R 
discriminate poorly between ACTH and α-MSH, while 
MC-2R is selective for ACTH. α-MSH is the preferred, 
though not exclusive, MC-5R ligand, and MC-3R is the 
least selective receptor of the family [65]. MC-Rs are 
more widely expressed throughout the body. In particu-
lar, MC-1R has been detected not only on melanocytes 
but also on many other cell types, including inflamma-
tory and immunocompetent cells [12]. Recent evidence 
exists for non-melanocortin signaling through MC-1R. 
Accordingly, components of the innate immunity such 
as β-defensins have been identified as additional ligands 

for MC-1R on melanocytes and thereby to participate 
in melanogenesis [18]. Moreover, there is strong sup-
port for MC-3R being expressed on macrophages and 
thereby contributing to the immunomodulatory poten-
tial of melanocortins [27].

6.3  Anti-Inflammatory and Immuno-
Modulatory Capacities of a-MSH

Several investigations have provided ample evi-
dence for a broad spectrum of anti-inflammatory and 
immuno-modulatory activities of α-MSH, mainly due 
to its capacity to regulate the production of cytokines 
and chemokines as well as the expression of surface 
molecules required for adhesion and co-stimulation of 
immunocytes (Table 6.1) [16]. The anti-inflammatory 
effects of α-MSH have been observed for extremely 
low, for example, subpicomolar, concentrations, where 
based upon the ligand affinity of MC-1R only few 
receptors would be occupied [12,43]. It is therefore 
possible that the anti-inflammatory effects of α-MSH
are not only mediated by MC-Rs but also by additional 
pathways. Accordingly, previous studies could indeed 
demonstrate that α-MSH potently and selectively 
reduces surface binding of radiolabeled IL-1β to the 
T-cells [53].

Many studies have addressed the question whether 
α-MSH affects the function of dendritic cells (DC), 
monocytes, and macrophages. Accordingly, human as 
well as murine peripheral blood-derived monocytes 
and macrophages have been shown to express the MC-
1R. Usually MC-1R expression on monocytic cells 
is low but significantly enhanced upon  encountering 
inflammatory stimuli such as bacterial  endotoxins 
and mitogens [6,8,60,64,69]. There is also recent 
 evidence for the expression of MC-3R on murine and 
human macrophages and its involvement in mediat-
ing the anti-inflammatory effects of α-MSH [29,28]. 
Moreover, human peripheral blood DCs when cultured 
in the presence of GM-CSF, IL-4, and monocyte con-
ditioned medium were found to express MC-1R. In 
comparison to immature DCs after 5 days of culture 
matured DC at day 8 expressed the highest levels of 
MC-1R [6]. In addition, MC-1R also was detected on 
other cells being involved in the regulation of immune 
and inflammatory responses such as neutrophils, 
basophils, eosinophils, mast cells, fibroblasts, kerati-
nocytes, and endothelial cells [5,9,10,13,14,20,37,59]. 
The finding of immunocompetent cells being able to 
express MC-1R indicates that α-MSH may affect their 
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functions and thereby play a role in the regulation of 
immuneresponses. In contrast, melanocortins such as 
β-MSH and γ-MSH, which require the expression of 
other MC-Rs, exert a less pronounced immunomodu-
lating activity. The binding of melanocortins to MC-
1R is known to be blocked by the agouti signaling 
protein (ASIP), which is encoded by the agouti locus. 
Accordingly, ASIP inhibits the effects of α-MSH on 
melanocytes, but it is not yet fully elucidated whether 
it also neutralizes α-MSH-mediated effects on the 
function of immunocompetent cells [70].

There is evidence from several studies that α-MSH is 
capable to modulate the function of MC-1R expressing 
monocytes, macrophages, and DCs. In macrophages, 
α-MSH downregulates the synthesis and release of 

pro-inflammatory cytokines such as IL-1, IL-6, and 
TNF-α, the production of pro-inflammatory nitric 
oxide and neopterin, as well as the expression of the 
endotoxin receptor CD14 [44,60,64]. In macrophages, 
α-MSH also downregulates the production of IL-12, 
which plays a crucial role in the development of naïve 
T-cells into Th

1
-cells [72]. α-MSH also turned out to 

be a potent inhibitor of IL-1-mediated effects such 
as thymocyte proliferation and fever induction [41]. 
Via modulating the secretion of chemokines such as 
IL-8 and Gro-α, α-MSH is able to regulate the migra-
tion of monocytes and neutrophils and to inhibit IL-
8-mediated chemotaxis via down-regulation of the 
IL-8 receptor CXCR1/2 on neutrophils [15,16,51]. 
Moreover, exposure of peripheral blood mononuclear 
cells or human keratinocytes to α-MSH increased both 
IL-10 mRNA and protein [7,62]. Induction of IL-10 
is currently believed to be a key event responsible for 
immuno-modulatory and anti-inflammatory activities 
of α-MSH.

There is evidence that α-MSH affects the expres-
sion of MHC antigens and costimulatory molecules, 
which are required to mount an effective immunere-
sponse. Accordingly, α-MSH in a dose-dependent 
manner downregulates the expression of major histo-
compatibility (MHC) class I molecules on monocytes 
and significantly suppresses the expression of CD86 
and CD40 on monocytes and DCs, whereas CD80 
expression was not substantially altered [6,8]. Thus 
α-MSH via blocking costimulatory signals and induc-
ing IL-10 appears to prevent DC maturation and may 
serve as one of the signals required for immunosup-
pression and possibly tolerance induction (Fig. 6.1). 
This is further supported by investigations showing 
that a subpopulation of regulatory T-lymphocytes is 
generated upon treatment of DC with α-MSH. They 
are characterized by the expression of CD25+, CD4+,
CTLA4+, Foxp3 and the production of increased levels 
of transforming growth factor (TGF-β) [46,54].

The overall expression of MC-Rs in several lym-
phocyte subsets currently is believed to be low or 
undetectable [4]. However, there is recent evidence for 
MC-1R being expressed on T-cells and a direct effect 
of α-MSH on lymphocyte functions. Accordingly, 
CD8+ but not CD4+ T cells upon stimulation were 
found to express MC-1R but none of the other MC-Rs. 
Moreover, α-MSH induced a suppressor phenotype 
associated with increased cytotoxic activity in CD8+

T cells, and α-MSH-treated CD8+ T cells were able 
to suppress contact allergy in vivo, indicating a sup-
pressive activity of α-MSH-stimulated CD8+ T-cells 
[45]. There is also evidence for MC-1R and MC-3R 

Table 6.1 Anti-inflammatory effects of α-MSH in vitro

Effect Reference

Cytokines
– TNFα Inhibition [71,76]
– IL-1β Inhibition [31]
– IL-6 Inhibition [41]
– IL-8 Inhibition [10,15]
– Groα Inhibition [15]
– IFNγ Inhibition [47,74]
– IL-4 Inhibition [13]
– IL-12 (p70) Inhibition [72]
– IL-10 Induction [7]

Other Mediators
– iNOS Inhibition [35]
– NO

2
− Inhibition [69]

– Neopterin Inhibition [60]
– Histamine Inhibition (mouse) [1]

Induction (human) [34]
– PGE Inhibition [19]
– PGF

2
Inhibition [55]

Adhesion Molecules
– ICAM 1 Inhibition [11,37]
– VCAM Inhibition [37]
– E-selectin Inhibition [37]

Costimulatory 
Molecules

– CD11b Inhibition [59]
– CD86 Inhibition [8]
– CD80 Inhibition [6]
– CD40 Inhibition [6]
– CD14 Inhibition [64]

Toll like Receptor: 
TLR4

Inhibition [72]

Neutrophil Migration Inhibition (CXCR) [20,51]
Antigen Presentation Inhibition [6,8]
Suppressor T-cells Induction [45]
Regulatory T-cells Induction [46,54]
IgE production Inhibition [2]
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expression by B-lymphocytes and a role of α-MSH in 
mediating B-cell functions [23]. Accordingly, α-MSH 
and ACTH were found to modulate the IL-4 and anti 
CD40 mediated IgE release by human peripheral blood 
mononuclear cells (PBMC). At low physiological con-
centrations, α-MSH increases IgE synthesis, whereas 
higher concentrations significantly inhibit IgE produc-
tion by B-cells [2,3].

In addition to the effects on DCs, T-, and B-cells, 
α-MSH also has been demonstrated to mediate the 
functions of inflammatory cells such as mast-cells, 
basophils, and eosinophils. Accordingly, mast cells 
express MC-R1 as well as MC-R5, and histamine 
release is regulated in human mast cells by ACTH 
and α-MSH [5,34]. Human basophils also express 
MC-1R and α-MSH suppresses basophil functions as 
well as IL-4 production [13]. Similarly, human eosi-
nophils express MC-1R and upon exposure to α-MSH 
the IL-3 mediated expression of CD69 and CD11b as 
well as the release of superoxide anion was inhibited 
[59]. Furthermore, α-MSH is a potent inhibitor of the 
IL-1, TNF-α, or LPS mediated expression of adhesion 
molecules such as intercellular adhesion molecule-1 

(ICAM-1) and P-selectin on dermal vascular endothe-
lial cells. Ultimately, the inhibition of inflammatory 
cell adhesion and transmigration may contribute to the 
anti-inflammatory potential of α-MSH [37].

An important component of the intracellular signal-
ing cascade underlying the anti-inflammatory effects of 
α-MSH is the cAMP-PKA pathway [44]. By increas-
ing intracellular cAMP, α-MSH was found to inhibit 
cytokine (IL-1β, IL-6, TNFα, and IL-8) or LPS medi-
ated nuclear factor-κB (NF-κB) nuclear translocation 
and DNA binding via inhibiting phosphorylation and 
subsequent degradation of IκB, the inhibitor of NF-
κB [15,49,50,52]. Moreover, α-MSH inhibits the p38 
mitogen activated protein kinase (p38MAPK) path-
way, resulting in a diminished binding of the TATA-
box binding protein to both DNA and NF-κB. This 
leads to an ineffective generation of RNA polymer-
ase II, which is required for an efficient transcription 
[77]. Recently it has been reported that α-MSH also 
regulates p38MAPK as well as NF-κB activation via 
inducing the binding of IL-1R-associated kinase 1 
(IRAK1) – the proximal intracellular signal molecule 
of endotoxin-bound TLR4 – to its inhibitor IRAK-M 
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IL-1¢
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CD86
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CTlA4
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Fig. 6.1 α-MSH generates suppressor T-cells and regulatory 
T-cells. a α-MSH via downregulating costimulatory molecule 
expression (CD80/86, CD40, CD205) as well as cytokines (IL-
1β, IL-6, TNF-α, IL-12) and upregulating IL-10 and CD205 
(molecules that have previously been associated with the DC-
mediated generation/expansion of regulatory T cells) generates 

tolerogenic DC, which have the capacity to induce CD4+CD25+, 
CTLA4+, IL-10+, FOXP3+ Regulatory T-cells from naïve T-cells. 
b α-MSH upregulates granzyme A, granzyme B, perforin 
expression, and cytotoxic activity in MC-1R expressing CD8+, 
CTLA4+ T-cells and thereby favors the generation of suppressor 
T-cells
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in activated macrophages [72]. In addition to the inhi-
bition of the NF-κB signaling pathway, α-MSH also 
has been shown to alter signaling via the AP1 and the 
interferon-regulatory factor 1 pathway [10,44,72].

6.4  Therapeutic Potential of a-MSH 
and Related Peptides

Several animal models of inflammatory immune medi-
ated diseases have been used to confirm the in vitro
anti-inflammatory effects of α-MSH (Table 6.2). Using 
mouse models of contact hypersensitivity (CHS) intra-
venous as well as epicutaneous application of α-MSH
significantly suppressed both the sensitization and 
elicitation phase of the cutaneous immune response 
and induced hapten-specific tolerance [63]. Induction 
of immune tolerance by α-MSH could be abrogated by 
application of an antibody against the IL-10 strongly, 
suggesting that this cytokine plays a key role in medi-
ating the molecular anti-inflammatory mechanisms 
of α-MSH [33]. Moreover, the α-MSH related pep-
tides KPV as well as K(D)PT like the parent molecule 
α-MSH were able to exert a similar anti-inflamma-
tory activity and to induce hapten specific tolerance 
[16]. The relevance of the anti-inflammatory potential 
of α-MSH in murine contact dermatitis was further 
supported by preliminary findings, demonstrating 
that α-MSH topically applied in a cream formulation 
reduced nickel-induced contact eczema in man [68].

Using a murine model, α-MSH applied intraperito-
neally was able to inhibit allergic airway inflammation 

induced by aerosol sensitization and subsequent chal-
lenges with ovalbumin. In addition, levels of both IL-4 
and IL-13, two important pro-allergic cytokines, were 
found to be decreased in the bronchoalveolar lavage 
fluid of allergic mice treated with α-MSH. In accord-
ance with the role of IL-10 in α-MSH-mediated sup-
pression of CHS, the anti-inflammatory action of the 
peptide in allergic airway inflammation was dependent 
on the presence of IL-10 [58].

The in vitro effects of α-MSH on dermal microvascu-
lar endothelial cells encouraged the investigation of its 
effects in vivo using a model of LPS-induced cutaneous 
vasculitis (local Shwartzman reaction). Accordingly, 
a single intraperitoneal injection of α-MSH was able 
to diminish the vascular damage and hemorrhage via 
downregulating the sustained expression of vascu-
lar E-selectin and vascular cell adhesion molecule-1 
(VCAM-1), two adhesion molecules crucially required 
for the diapedesis and activation of leukocytes, ulti-
mately resulting in extravasation, inflammation, and 
hemorrhagic vascular damage [66].

α-MSH has also been tested for its anti-inflamma-
tory potential using animal models of autoimmune 
uveitis as well as corneal injury. In a murine model of 
experimental autoimmune uveitis, α-MSH given intra-
venously significantly suppressed endotoxin-induced 
uveitis [56,75]. The anti-inflammatory mechanism of 
α-MSH in these models appears to be linked to the 
induction of regulatory T cells, since adoptively trans-
ferred T cells generated by α-MSH and TGF-β

2
 in vitro 

also were found to suppress experimental autoimmune 
uveoretinitis [54].

Table 6.2 Therapeutic potential of αMSH and fragments for animal models of immune mediated inflammatory diseases

Model Application of α-MSH Species Reference

CHS Urate crystals s.c. Rat [25]
DNFB, Oxazolone Epicutaneous Mouse [63]
DNFB i.p. Mouse [39]
TNCB i.v. Mouse [33]
λ-carrageenan i.p. Mouse [39]
IL-1, IL-6, TNFα i.p. Mouse [40]
IL-8, LTB4, PAF i.c.v. Mouse [21]

Vasculitis LPS i.p. Mouse [66]

Allergic airway inflammation OVA i.v. Mouse [58]

Gastrointestinal inflammation DSS i.p. Mouse [48]
CD45RBhigh-T-cells i.p. Mouse [42]

Autoimmune uveitis M.Tb. cell wall i.v. Mouse [56,75]

Arthritis M.Tb. cell wall i.p. Rat [22]

EAE Ig-proteolipid protein i.v. Mouse [36,73]
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In animal models of arthritis, repeated intraperito-
neal administration of α-MSH significantly attenuated 
the clinical and histological signs of adjuvant-induced 
experimental arthritis as compared to control animals. α-
MSH was similarly effective as prednisolone but did not 
cause significant weight loss [22]. Furthermore, in a rat 
model of gouty arthritis elicited by intraarticular injection 
of monosodium urate monohydrate crystals, the MC-3R 
antagonist SHU9119 blocked the anti-inflammatory 
action of the α-MSH precursor and structurally related 
peptide ACTH [30]. These data indicate that MC-3R may 
be a relevant target for the treatment of arthritis.

The effect of α-MSH in experimentally induced 
colitis was investigated using mouse models of dextran 
sodium sulphate (DSS)-induced and CD45RBhigh trans-
fer colitis. α-MSH profoundly inhibited weight loss, 
and prevented disintegration of the general condition 
of the animals [42,61]. In a rat model of DSS-induced 
colitis, intraperitoneal injection of α-MSH likewise 
reduced the colonic macroscopic lesions compared to 
untreated ones in both acute and chronic colitis groups 
[57]. Similar effects have been observed when the 
mice were treated with the tripeptides KPV or K(D)PT 
[42,48]. There is evidence for an important role of the 
MC-1R in the regulation of inflammatory responses of 
the gut, since in mice with a frame shift mutation in 
the MC-1R gene (MC-1Re/e) [48] DSS-induced colitis 
mice was significantly aggravated in comparison to the 
wild type (C57BL/6wt).

To investigate the possibility whether α-MSH may 
suppress autoimmune diseases, a murine model of 
experimental autoimmune encephalomyelitis (EAE) 
was investigated. In comparison to untreated mice 
injection of α-MSH at the onset of paralysis resulted 
in a significantly reduced severity and tempo of EAE. 
This effect seems to be due to the induction of TGF-β
producing regulatory T-cells and the reduction of IFNγ
producing Th

1
-cells [73]. In a recent study, it was 

demonstrated that α-MSH transduced PLP specific 
T-cells had a preventive and therapeutic effect on active 
relapse-remitting EAE in an antigen-inducible man-
ner [36]. Therefore, α-MSH as well as its fragments 
may serve as promising new therapeutic tools to treat 
autoimmune diseases of the central nervous system.

6.5 Conclusions

α-MSH and related peptides in vitro exert several 
immuno-regulatory and anti-inflammatory activities. 
In particular, via affecting the function of DC and 

T-cells they apparently participate in the generation 
of regulatory T-cells and the induction of immune 
tolerance. The broad spectrum of anti-inflammatory 
effects is further mediated by the capacity of α-MSH
and its fragments to regulate the function of almost 
any cell participating in inflammation such as mast 
cells, basophils, eosinophils, and endothelial cells. 
The molecular mechanism being responsible for the 
anti-inflammatory effects of α-MSH is the downregu-
lation of transcription factor activation seen for NFκB. 
The effects of α-MSH on inflammatory and immuno-
competent cells largely seem to depend on the expres-
sion of MC-1R and to some degree also on MC-3R. 
Furthermore, there is recent evidence that α-MSH-
derived tripeptides may function via a di/tripeptide 
transporter (PepT1) being expressed in immune and 
intestinal epithelial cells [24]. Therefore, α-MSH-
related tripeptides such as KPV and K(D)PT appear 
to be well suited for being developed as novel com-
pounds for the treatment of immune-mediated inflam-
matory diseases.

› α-MSH can be regarded as a lead substance for testing 
the anti-inflammatory action of melanocortin peptides in 
various models of inflammation.

› Truncated tripeptides and derivatives corresponding to 
the C-terminal domain of α-MSH have preserved anti-
inflammatory effects.

› Due to their physiochemical nature such tripeptides may 
become novel disease-modifying agents in the future 
treatment of immune-mediated inflammatory diseases.

Summary for the Clinician
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› The Sympathetic Nervous System and Stress Responses: An 
activation of the sympathetic nervous system (SNS), one 
of the main pathways involved in the stress response, pro-
duces an immediate, widespread “fight or flight” response. 
Transmitters of the SNS triggered during stress also shape 
the general and the cutaneous immune response.

› Catecholamines: The catecholamines epinephrine and nore-
pinephrine act as hormones in the blood circulation and 
as neurotransmitters in the central and peripheral nervous 
system. Catecholamine (or adrenergic) receptors are abun-
dantly expressed on resident and infiltrating skin cells.

› Cutaneous Immunity: Cutaneous immune function is regu-
lated by multiple neuroendocrine pathways, among them 
are the hypothalamic pituitary axis, glucocorticoids, neu-
ropeptides, endogenous opioids, and, prominently, the SNS. 
Langerhans cells in the skin have been shown to respond to 
adrenergic signals by altering their ability to present anti-
gens, produce cytokines, express co- stimulatory molecules 
and migrate to draining lymph nodes.

› Atopic Dermatitis: Flares of atopic dermatitis are often 
reported to be triggered by stressful life events, and a dys-
regulation of the adrenergic response has been linked to 
immunological abnormalities. The relevance of psycho-
social stress as a trigger factor is emphasized by the thera-
peutic effect of psychosocial interventions.

› Psoriasis: β-Adrenergic receptor blocking drugs can 
induce the first manifestation or exacerbation of psoriasis. 
Catecholamines suppress Th1 responses and skew the immune 
response towards Th2 through β-adrenergic receptors. The 
pharmacologic blockade of β-receptors may, thus, lead to a 
predominance of Th1 pathways and initiation or exacerbation 
of disease in genetically predisposed individuals.
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7.1 Introduction

Although it is deeply ingrained in the public percep-
tion that stress will affect one’s emotional and physical 
well being, the scientific community has been slow to 
accept this concept. Despite some early studies show-
ing that academic stress or chronic overexertion and 
fatigue will affect disease susceptibility [27], only 
recently has it been accepted that an organism per-
ceiving a “stressor” will create a behavioral response 
that includes transmitting hormonal or neural mes-
sages to the periphery to affect the immune system. 
Accumulating knowledge over the past decades indi-
cates that the nervous system may communicate with 
the immune system to affect the health status of an 
individual in general [7] and the cutaneous immune 
response in particular [49]. Not only has it been 
reported that inflammatory skin conditions such as 
atopic dermatitis, psoriasis, and acne worsen with 
stress, but stress hormones, such as catecholamines 
and glucocorticoids, as well as neuropeptides have 
been extensively studied in regards to their immu-
nomodulating function in the skin. This review will 
focus on the role of mediators of the sympathetic nerv-
ous system (SNS), one of the main pathways activated 
in the stress response, in cutaneous immune function.

7.2  The Sympathetic Nervous System 
and the Stress Response

Under normal, resting conditions, the autonomic nerv-
ous system regulates functions such as heart rate, 
vascular tone, gastrointestinal motility, and respira-
tory rate through the interaction of its three arms, 
the sympathetic, the parasympathetic, and the enteric 
nervous system. It functions to constantly adjust the 
organism to external and internal influences. Any 
stressor or threat to the stability or homeostasis of the 
internal milieu is counteracted by adaptive forces of 
the organism, and leads to the activation of the SNS. 
The activation of the SNS produces an immediate, 
widespread response that has been called the “fight 
or flight” response. Signals from the central nervous 
system trigger the release of the catecholamines epine-
phrine and, to a lesser extent, norepinephrine (NE) 
from the adrenal medulla and also of NE from sym-
pathetic neurons. This activation is intended to prepare 
the individual for imminent danger by increasing heart 
rate and cardiac output, skeletal muscle vasodila-
tion, cutaneous and gastrointestinal vasoconstriction, 

 pupillary dilation, bronchial dilation, and piloerection. 
But neuroendocrine hormones triggered during stress 
also shape the immune response: while acute stress, 
as an evolutionary adaptive psychophysiological sur-
vival mechanism, may temporarily enhance general 
immune functions [10], chronic stress or depression 
leads to decreased host defenses, decreased response 
to vaccines, and viral susceptibility, possibly resulting 
in atopic syndromes, autoimmune diseases, or malig-
nancy [8,26]. Acute and chronic stress can influence 
cutaneous immune responses in a similar manner, as 
outlined in the following sections.

7.3  Sympathetic Innervation and 
Catecholamine Production in the Skin

The sympathetic nervous system originates from the 
brainstem, from where preganglionic fibers travel 
down the spinal column and terminate in pre-and 
paravertebral ganglia [8]. Postganglionic fibers lead 
to multiple innervated tissues, such as smooth mus-
cles of the vasculature, heart, skeletal muscles, kidney, 
gut, fat, and also primary and secondary lymphoid 
tissues, and the skin, where they release NE as their 
primary neurotransmitter. The body’s main sources of 
epinephrine are the chromaffine cells of the adrenal 
medulla, which is directly innervated by preganglionic 
neurons. These cells are embryologically and anatomi-
cally homologous to cells of sympathetic ganglia, and 
release epinephrine and NE at a ratio of 4:1 [7].

There are several ways in which catecholamines can 
reach the skin. Most prominent is the release of NE 
from sympathetic nerve fibers that travel together with 
sensory nerves to innervate blood vessels, sweat glands, 
and hair follicles and finally appear as single nerve 
 fibers in dermis and epidermis [4,58]. It is well estab-
lished that NE serves as the main neurotransmitter in the 
periphery, but circulating epinephrine as well as some 
NE can reach target organs humoraly after being pro-
duced in the adrenal medulla. Apart from the classical 
ways by which catecholamines can reach the skin, as a 
neurotransmitter or circulating hormone, it has become 
apparent that skin cells themselves hold the full capacity 
for catecholamine synthesis [19]. Keratinocytes express 
key enzymes of catecholamine biosynthesis [44], and 
upregulated de novo epinephrine synthesis as well as 
higher levels of epinephrine have been found in undif-
ferentiated epidermal keratinocytes when compared to 
differentiated ones [43]. Interestingly, keratinocytes also 
contain catecholamine-degrading enzymes and, thus, 
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seem to be not only a source, but also a regulator of this 
important signaling system. It has been speculated that 
this system significantly contributes in situ to the epi-
dermal immune response. Further research is needed to 
examine under which circumstances epidermal kerati-
nocytes release epinephrine, and if this local machinery 
exists mainly for homeostatic purposes or if it is part of 
the “stress system” as well.

7.4  Adrenergic Receptor Expression 
in the Skin

A number of infectious and non-infectious stimuli can 
lead to release of NE from sympathetic nerve termi-
nals [28] that lie in close proximity to cells within most 
organ systems [27]. Most cells in the body express 
receptors for catecholamines [27] and, given the rich 
innervation of the skin by sympathetic nerves, it is no 
surprise that several cell types within the skin express 
adrenergic receptors (AR) as well. AR are of the α
or β type, which are subdivided into nine subtypes 
termed α

1A
, α

1B
, α

1D
, α

2A
, α

2B
, α

2C
, and β

1
, β

2
, and β

3

[22]. In human and murine skin, β
2
-AR seems to be 

the most abundant adrenoceptor [54,56], although α-
ARs are present as well [13]. Among the AR-express-
ing cell populations within the skin are keratinocytes, 
melanocytes, fibroblasts, and mast cells [35,43,56]. 
Specifically, freshly isolated human keratinocytes as 
well as the keratinocyte cell line HaCaT have been 
shown to express β

2
-AR and practically no β

1
-AR

by autoradiographic mapping and radioligand bind-
ing experiments [53]. In parallel with the decreasing 
ability of keratinocytes undergoing differentiation to 
produce catecholamines, the number of β

2
-adrenocep-

tors per cell also decreases [45]. Human melanocytes 
have been shown to express α1- and β2-ARs as well, 
at least after stimulation with NE in the case of the 
α

1
-receptor, and have been implied in melanogenesis 

[19]. Human skin fibroblasts express β
1
, β

2
, and β

3

ARs in increasing density [18]. There are no publica-
tions describing AR expression on sebocytes to date, 
but one study reports that α- and β-adrenergic cat-
echolamines stimulate sebocyte growth [41]. Seiffert 
et al. [50] have shown that murine Langerhans cells, 
the potent antigen presenting cell population in the 
epidermis, and Langerhans cell-like cell lines express 
the adrenergic receptors β

2
-AR and α

1A
-AR, and that 

receptor engagement leads to a potent downregulation 
of antigen presentation and cutaneous immune func-
tion as discussed below.

Among the cells that may infiltrate the skin or at 
least circulate in the vicinity of the skin are T and B 
lymphocytes and dendritic cells other than Langerhans 
cells. Among those cells, Th1 and B lymphocytes 
almost exclusively express β

2
-ARs [28]. α-AR expres-

sion seems to be limited to specific innate immune cell 
subsets and is primarily of the α

1
 subtype [25]. Other 

types of dendritic cells, such as bone marrow-derived 
dendritic cells (BMDDC), have been shown to express 
receptors for β

1
-, β

2
-, α

2A
-, and α

2C
 [34].

7.5  The Sympathetic Nervous System 
and Cellular and Humoral Immune 
Function

Catecholamines have been shown to affect numerous 
cell types involved in innate and adaptive immune 
responses [30]. Noradrenergic innervation is present 
early in development and the arrival of fibers generally 
precedes the development of the cellular component 
of the immune system, which suggests a role for prod-
ucts of the SNS in the development of this system [8]. 
Primary and secondary lymphoid organs are exten-
sively innervated by noradrenergic sympathetic nerve 
fibers, and interestingly, noradrenergic innervation of 
spleen and lymph nodes is diminished progressively 
during aging, a time when cell-mediated immune 
function is also suppressed [30]. Sympathetic fibers 
are primarily found in zones rich in CD4+ T cells and 
macrophages [15,16], whereas nodular and follicular 
zones of developing or maturing B cells are poorly 
innervated [7]. Furthermore, T cells, macrophages, 
and mast cells are regularly seen in contact with the 
terminals of peripheral nerves from sympathetic 
and sensory ganglia [8], and adrenergic receptors 
are present on numerous inflammatory cells such as 
T-lymphocytes, mast cells, monocytes/macrophages, 
eosinophils, and neutrophils [24,30].

Given the close anatomical relationship of lym-
phocytes and sympathetic fibers, it is not surprising 
that catecholamines have been found to modulate 
immune cell function. Whether the direction of immune 
responses is geared towards enhancement or supres-
sion is still a hotly debated topic. Numerous studies 
have focused on the immunosuppressive effect on T 
lymphocytes [28]. But the effect of the SNS on the 
immune response has been revealed to be more com-
plex, depending on the cell type involved, the state 
of cellular differentiation, the timing of the stressor, 
and the organ involved. Systemically, catecholamines 
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seem to suppress Th1 responses and enhance Th2 
responses. They drive a Th2 shift at the level of both 
APCs and Th1 cells by potently inhibiting the produc-
tion of interleukin (IL)-12 and enhancing the produc-
tion of IL-10 through stimulation of β-ARs, which 
are expressed on Th1 but not on Th2 cells [7,21,38]. 
The effect of catecholamines on T cells appears to be 
dependent on the state of cellular differentiation and 
the timing of AR stimulation in relation to the time of 
cell activation (reviewed in [27]). For example, when 
naïve T cells are stimulated to differentiate into Th1 
cells in the presence of NE, these Th1 cells will pro-
duce more interferon (IFN)γ per cell than without NE, 
indicating that NE participates in the generation of 
optimal protective Th1-mediated immune responses. 
The effect of NE on Th1 effector cells is more com-
plex; when added before stimulation, NE reduces the 
amount of IFNγ produced by Th1 cells. It has no effect 
when added at the time of T cell stimulation, but will 
increase Th1 IFNγ production when added after stimu-
lation. Catecholamines have also been found to influ-
ence B cell, natural killer cell, neutrophil [2,47], and 
macrophage [8] distribution and function.

In addition to skewing the immune response towards 
Th2 profiles, it has been suggested that stress hor-
mones lead to a redistribution of leukocytes from the 
blood to peripheral organs, including the skin, and 
that acute stress has an immune enhancing function, 
while chronic stress dampens the immune response in 
the long run (see Chap. 12 and reviews by Dhabhar 
[9,10]). Additionally, the direction of the ensuing 
immune response may be influenced by several factors 
such as the organ involved, the nature of the response, 
the presence or absence of antigen, and/or the presence 
and relative expression of particular receptor subtypes 
on the surface of immune cells [7].

7.6  Catecholamines in Cutaneous 
Immune Function:  
Basic Research Approaches

The effect of adrenergic stimulation on circulating 
lymphocytes is closely paralleled by its effect on resi-
dent immune cells in the skin. The skin is not only 
the largest human organ but also the primary immune 
defense barrier. Positioned at the interface between an 
organism’s internal milieu and an external environment 
characterized by constant assault with potential micro-
bial pathogens, the skin serves not only as a physical 
protective barrier but it is also able to defend the body 

by rapidly mounting an immune response to injury and 
microbial insult. When exploring the effects of cat-
echolamines on cutaneous immune function, different 
logical approaches have been taken. While some groups 
have focused on the effect of isolated catecholamines 
on either cutaneous immune responses or specific cell 
types, others have looked at the consequences of stress 
in general on the whole organism or on distinct cell 
types/organs. While looking at stress responses in gen-
eral will yield functionally relevant information on how 
the different stress response systems interact to change 
immune function generally and locally, it is often dif-
ficult to discern a direct effect of the SNS vs.  multiple 
feedback and substitute mechanisms. An obvious 
problem of this approach is that all stressors lead to 
the  activation of multiple intertwined stress response 
systems, such as the HPA axis and glucocorticoids, 
neuropeptides, endogenous opioids, and not just the 
SNS. Thus, another approach is to focus on the isolated 
effect of catecholamines on distinct cell populations.

7.6.1  Catecholamines Regulate Cutaneous Immune 
Cell Function

Langerhans cells (LC) are epidermal immune cells that 
will first encounter invading pathogens and/or sensitiz-
ing/irritating substances, and present their antigens to 
the effector cells of the immune system. Pretreatment 
of murine epidermal cell preparations as well as puri-
fied murine LCs with epinephrine or norepinephrine 
in vitro lead to a significant dose-dependent inhibition 
of their ability to present antigen to an antigen- specific 
Th1 clone, as measured by the reduced ability of the 
T cells to produce the pro-inflammatory cytokine 
IFNγ [50]. This reduced antigen-presenting capability 
could, in part, be due to a modulation of LC cytokine 
secretion by catecholamines, particularly cytokines 
that would normally promote a Th1 response, such 
as IL-12. As shown with the LC-like murine cell line 
XS106A, incubation with epinephrine prior to stimu-
lation with LPS inhibited LPS-induced IL-12- and 
TNFα-production, and slightly upregulated IL-10 pro-
duction [51]. These findings are supported by studies 
in BMDDC where NE inhibited lipopolysaccharide 
(LPS)-induced IL-12 production and promoted LPS-
induced IL-10 production, an effect that was mediated 
by both β- and α

2
-ARs [32].

These findings suggest that, in vitro, the direct 
effect of catecholamines on LC is to dampen their 
antigen presenting function. But do catecholamines 
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influence LC function in vivo? To determine whether 
catecholamines affect antigen presentation in the elici-
tation phase of an immune response, a murine model 
of delayed type hypersensitivity (DTH), in which mice 
are immunized by subcutaneous injection of tumor 
fragments (the S1509 spindle cell tumor line) was 
used. Injection of antigen-pulsed dendritic cells into 
the hind footpad of previously immunized mice at a 
later time elicits a strong footpad swelling response in 
this model. If epidermal cells enriched for LC content 
were pretreated in vitro with epinephrine or NE prior 
to antigen pulsing, the ability of these cells to elicit 
DTH reactions in vivo was significantly suppressed. 
This effect could be blocked completely by the β

2
-

adrenergic receptor antagonist ICI 118,551, but not by 
the nonspecific α-adrenergic blocker phentolamine, 
indicating that the profound inhibitory effect of cat-
echolamines on antigen presentation in the elicitation
phase of an immune response is β2-mediated. To test 
the ability of epinephrine to modify the sensitization
phase of an immune response, a murine model of con-
tact hypersensitivity (CHS) was used. In this prototype 
of a T cell mediated immune response, immunization 
is achieved by applying the potent contact sensitizer 
dinitroflourobenzene (DNFB) to the back skin of a 
mouse. When the same animal is challenged a week 
later on the ear, a strong immune response, charac-
terized by inflammation, edema, and an increase in 
pinna thickness, ensues. Mice injected intradermally 
with epinephrine before application of DNFB at the 
injected site showed a markedly reduced ear swelling, 
and thus, reduced immune response upon DNFB chal-
lenge 7 days later. Interestingly, the immune inhibi-
tory effect remained when epinephrine was injected 
at a site distant from the site of DNFB immunization 
[50]. The systemic effect of intradermally injected cat-
echolamines may be due to rapid diffusion into sur-
rounding tissues. Alternatively, catecholamines may 
be taken up systemically and influence immune cell 
trafficking and other related functions. In any case, it 
is evident that catecholamines suppress LC function 
when administered to naïve cells before antigen acti-
vation. The finding that the adrenergic system inhib-
its CHS sensitization via β-receptors is supported by 
findings of Maestroni [31], who showed that topical 
application of the adrenergic agonist prazosin at the 
time of sensitization with FITC leads to a decrease in 
ear swelling upon challenge 6 days later. Likewise, a 
transient inhibition of sympathetic activity during sen-
sitization by injection of the ganglionic blocker pen-
tolinium increases FITC-induced CHS reactions [32], 

indicating that endogenous catecholamines may also 
play a role in shaping the immune response.

Interestingly, ganglionic blockade during skin sen-
sitization has also been shown to increase IFNγ pro-
duction in draining lymph nodes [32], suggesting an 
increased Th1 response. This parallels findings by 
other groups that found Th2 polarization (decreased 
Th1 but increased Th2 cytokine profiles) after cate-
cholamine treatment (see Sect. 7.5). Likewise, block-
ing β

2
-receptors resulted in an increased production of 

IFNγ, and IL-2, but not IL-4 in draining lymph node 
cells [34]. This result indicates that adrenergic signal-
ing in addition to antigen presentation may influence 
the extent of Th1 priming, but not necessarily cause a 
Th2 shift in the adaptive response.

Upon capture and processing of an antigen, LCs 
start a maturation process that includes upregulation 
of surface molecules, secretion of proinflammatory 
cytokines, and migration toward lymphoid organs, 
where they present antigen and interact with other 
lymphocytes [59]. Impaired migration has been sug-
gested as one mechanism of catecholamine-induced 
inhibition of cutaneous immune function. Maestroni 
[31] showed that α-adrenergic blockers inhibited 
FITC-induced migration of LC (defined as being 
FITC+ CD86+) to draining lymph nodes 24 h after 
sensitization. While this finding may indicate that α-
agonists would increase LC migration, it could also 
reflect a relative, compensatory, increase in β-adrener-
gic tone after α-blockade, and thus, β-induced inhibi-
tion of migration. Indeed, in vivo blockade of β

2
-AR

in murine skin during FITC-sensitization by topical 
application of the β

2
-adrenergic antagonist ICI 118,551 

enhanced LC-migration to draining lymph nodes (LC 
defined as FITC+ CD11c+ appearing in the draining 
lymph nodes after 24 h). IL-10 is a crucial cytokine 
in LC migration to lymph nodes, since IL-10 knock-
out mice show enhanced migration of LC [61]. The 
mechanism by which catecholamines may interfere 
with the LC migration process may involve enhanc-
ing IL-10 secretion, and thus, decreasing their chemo-
tactic response to chemokines that are essential in the 
emigration pathway from the site of antigen deposition 
to regional lymph nodes, namely CCL-19 and CCL-21 
[34]. The amount of NE present in the skin is deter-
mined through the balance between synthesis, release, 
and degradation or reuptake. Interestingly, recent evi-
dence suggests that the type of antigen encountered 
by the skin may affect the amount of NE in the skin, 
and thus the direction of the ensuing immune response 
[33]. Contact sensitizers that induce a predominant 
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Th1 response, such as oxazolone, appear to do so by 
inhibiting local NE turnover, whereas contact sensitiz-
ers that induce a predominant Th2 response, such as 
FITC, do not affect NE turnover.

The consensus of the studies discussed above 
[31,32,34,50,51] indicates a downregulation of LC-
related immune functions by adrenergic agonists. But 
it has become evident that the immune regulating effect 
of the adrenergic system on dendritic cell (and/or LC)-
function crucially depends on the state of dendritic cell 
activation. NE decreases migration and CHS response 
when added to immature BMDDCs, but enhances 
migration and CHS when added to maturing BMDDCs 
1 h after stimulation [34]. When given 24 h after stimu-
lation, NE has no effect. Given the role β

2
-AR plays in 

downregulating immature LC-immune function, it may 
be expected that this receptor is also instrumental in 
determining immune enhancement in maturing cells. 
Contrary to this assumption, the short acting β

2
-agonists 

salbutamol decreases CHS when acting on immature 
cells, but has no effect after 1 and 24 h of maturation. 
This may suggest either a rapid downregulation of β

2
-

ARs, or it could indicate that the effect on maturing 
cells is mediated by ARs other than β

2
. In summary, 

catecholamines seem to inhibit immature LC func-
tion by downregulating antigen presentation through 
restraining the production of inflammatory cytokines 
and migration to draining lymph nodes. But the effect 
of the SNS is crucially dependent on the state of den-
dritic cell maturation when encountering the stressor, 
with either no effect or even enhanced function when 
acting on maturing or mature cells, respectively.

7.6.2  Catecholamines Mediate the Cutaneous Stress 
Response

Although it is important to focus on the isolated 
effects of catecholamines on distinct cell populations, 
it is somewhat questionable how isolated effects will 
be integrated into the complete immune response to 
stressors that no doubt impact multiple intertwined 
stress response pathways. The general effect of stress 
on cutaneous immunity will be discussed in detail in 
Chap. 12 of this publication. This chapter will focus 
on the possible role the SNS is playing in cutaneous 
immune reactions to stress.

Two common stressors used in examining stress 
effects in the animal model are restraint stress or 
increased population densities. Hosoi et al. [23] 
showed that the elicitation of contact hypersensitiv-

ity was suppressed in mice that received either type of 
stressor. Epidermal sheets of stressed mice showed a 
decrease in I-A molecules (a member of class II major 
histocompatibility complex) as well as lower cell den-
sities and numbers of dendrites, indicating diminished 
LC function. This effect was not observed in adrena-
lectomized mice, suggesting an inhibitory role of 
adrenergic hormones in regulating cutaneous immu-
nity. But just as with the response of LCs to adrenergic 
signaling as discussed above, timing of a stressor is a 
crucial factor in the development of an enhanced or 
suppressed immune response. Dhabhar and colleagues 
showed that exposure of previously sensitized mice to 
an acute stressor immediately before re-exposure to 
antigen resulted in a significant, long-lasting increase 
of CHS and increased numbers of leucocytes at the site
of antigen challenge [11]. Catecholamines as well as 
glucocorticoids are involved in this stress-induced 
enhancement of CHS, since adrenalectomy eliminated 
the stress-induced enhancement of DTH, while low-
dose corticosterone and EPI administration restored 
DTH enhancement [12]. Flint et al. [17] convincingly 
demonstrated the importance of the timing of a stres-
sor (whether it acts in a naïve or sensitized animal) 
in determining the direction of an immune response. 
When BALB/c mice were restrained before cutane-
ous sensitization with DNFB, chemically induced ear 
swelling and leukocyte infiltration were diminished 
upon challenge with antigen. In comparison, if animals 
were restrained before antigen challenge, the immune 
response was enhanced. This effect could be blocked 
in part by a glucocorticoid receptor antagonist, but 
it is very likely that other stress transmitters, such as 
neuropeptides and catecholamines, were involved as 
well. Nevertheless, some conflicting evidence whether 
stress (before sensitization) up- or downregulated the 
ensuing immune response remains in the literature. 
In recent experiments by Viswanathan et al. [60], 
restraint stress prior to DNFB immunization increased 
the magnitude of pinna swelling measured 6 and 24 h 
after DNFB administration, and enhanced CD11c+ cell 
maturation and migration to regional lymph nodes. Of 
note, though, the authors investigated events at initia-
tion phase of the immune response, but not at recall as 
done by Flint et al. [17].

It seems that not just the timing of the stressor, 
but also the amount and type of antigen encountered 
by the organism can influence the outcome of stress 
mediated immune responses. In experiments similar 
to Flint’s by Saint-Mezard et al. [42], restraining mice 
before sensitization with DNFB led to enhanced DTH 
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upon re-exposure to DNFB 5 days later. Since the two 
study designs were comparable (same animal model, 
same stressor, same contact sensitizer), but have 
opposing outcomes, it is tempting to speculate that 
the amount of contact sensitizer used (10 times higher 
in Saint-Mezard’s experiments) may be the deciding 
factor. Future studies will be needed to unravel the 
exact mechanisms by which specific stressors medi-
ate effects on cutaneous immunity and to delineate the 
variables that ultimately guide the directionality of this 
immune response.

7.7  Catecholamines in Cutaneous 
Immune Function: Clinical 
Relevance

As reviewed above, transmitters of the SNS have the 
ability to significantly influence cutaneous immune 
reactions in vitro and in in vivo animal models. But 
what is the evidence that the SNS also affects skin 
disorders seen by physicians on a daily basis? There 
are plenty of anecdotal reports linking stress to atopic 
dermatitis, psoriasis, and multiple other skin diseases, 
and conditions associated with increased sympathetic 
activity, like psychological pressure and anxiety, are 
often said to exacerbate these disorders. The follow-
ing paragraphs will highlight the role of the SNS in 
two skin conditions, psoriasis and atopic dermatitis, 
that are exemplary for Th1 or Th2 dominant immune 
responses, respectively.

7.7.1 Catecholamines and Psoriasis

A well-known phenomenon in dermatologic practice 
is the induction or exacerbation of psoriasis by β-AR 
blocking drugs. Although the mechanisms involving 
both immunologic and non-immunologic factors have 
been examined in various studies, no consensus has been 
reached to date [36]. Psoriasis is generally seen as a Th1-
driven disease. Given that catecholamines have been 
shown to suppress Th1 responses and skew the immune 
response towards Th2 through β-ARs, as discussed 
above, it is tempting to speculate that pharmacologic 
blockade of β-receptors may lead to a predominance of 
Th1 pathways and, thus, initiation or exacerbation of dis-
ease in genetically predisposed individuals.

Another possible theory is that there is a general 
dysregulation of the β-adrenergic reactivity. Increased 

constitutive blood levels of epinephrine and NE and 
increased urinary catecholamine excretion, as well as 
increased reactivity of the SNS to stress (as evidenced 
by higher blood pressure and pulse rate) has been 
reported in psoriasis [1,6]. Paradoxically, β

2
-adren-

ergic receptor mRNAs in the involved epidermis are 
significantly decreased compared with uninvolved 
epidermis [55,57]. Recently, an association of the 
Arg16Gly polymorphism of the β

2
-AR with psoriasis 

has been suggested [37], but it is not clear yet how 
these observations relate to pathomechanisms in pso-
riasis. Clearly, more work needs to be done to eluci-
date a hypothetic role of β-ARs in this condition.

7.7.2 Catecholamines and Atopic Dermatitis

Among skin diseases, the influence of stress has been 
most extensively explored in AD. This is in no small 
part due to frequent anecdotal patient reports of exac-
erbation after stressful life events. A growing number 
of reports also support the role of psychological stress 
[5]. Of note, in psychological tests, AD patients have 
highly increased levels of anxiety, a condition typically 
accompanied by persistent sympathetic overarousal 
[52]. Early observations linked the sympathetic nerv-
ous system to immunological abnormalities. A partial 
block in β-ARs in AD was postulated since leukocytes 
from AD patients show a decreased rise in intracel-
lular levels of cAMP upon incubation with β- agonists 
due to increased phosphodiesterase levels [20,39]. 
This may trigger the release of mediators such as his-
tamine, prostaglandin, and leukotrienes, in turn leading
to itch and inflammation in atopic individuals [3]. 
Although not examined thoroughly, polymorphisms 
in the β

2
-AR that could alter the structure and func-

tion have been suggested [40]. Interestingly, signifi-
cantly higher NE levels in plasma have been reported 
in patients with AD than healthy controls. On the other 
hand, cell extracts from epidermal suction blister roofs 
revealed a threefold induction of the NE-degrading 
enzyme monoamine oxidase A [46], supporting earlier 
observations of defective catecholamine/adrenoceptor 
signaling.

The initiation of AD appears to be driven by an aller-
gen-induced activation of Th2 cells [29], and, as dis-
cussed earlier, catecholamines can skew the immune 
response towards a Th2 phenotype. Additionally, an 
increase in CD8+ T lymphocyte counts after men-
tal stress in AD patients is accompanied by elevated 
NE plasma levels, further supporting the importance 
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of neuroimmunological mechanisms in AD [48]. 
Although additional work is necessary to further  clarify 
the role of the SNS in the initiation and exacerbation 
of disease, the relevance of psychosocial stress as a 
trigger factor is emphasized by the therapeutic effect 
of psychosocial interventions, including stress man-
agement or relaxation training, in AD [14].

It is widely recognized that stress affects immune responses 
in general and the skin in particular. A major pathway that 
regulates the stress response involves the sympathetic nerv-
ous system. The skin is extensively innervated by sympa-
thetic nerve fibers, and almost all circulating and resident 
immune cells express adrenergic receptors. Although stress 
is generally perceived as immunosuppressive and thought 
to increase susceptibility to infection and cancer, it is para-
doxically also thought to exacerbate certain inflammatory 
diseases. Recent work suggests that the directionality of 
the immune response is determined by multiple factors 
such as the duration, type and amount of the “stressor”, 
as well as the type and state of maturation of the immune 
cell the adrenergic system is acting upon. In general, acute 
stress is found to be immuno-enhancing, whereas chronic 
stress is immunosuppressive. Systemically, catecholamines 
skew the immune response away from a Th1 towards a Th2 
response by suppressing cytokines like IL-12 and TNFα,
and enhancing IL-10 and IL-4. At the cellular level, cat-
echolamines suppress antigen presentation, CHS, and DTH 
through β

2
-adrenoceptor mediated pathways. The mecha-

nisms of this inhibition may involve altered cytokine pro-
duction and reduced migration of LCs to regional lymph 
nodes. In any case, the immune regulating effect of the 
adrenergic system crucially depends on the state of den-
dritic cell activation, as migration and CHS are enhanced 
when catecholamines are acting on maturing cells after 
antigen stimulation. Clearly, the neuroendocrine regulation 
of cutaneous immune function is a complex system involv-
ing not only the SNS, but also the hypothalamic–pituitary–
adrenal axis, and numerous distinct neuropeptides (see 
Chaps. 6, 7, 11–13). Under certain circumstances this sys-
tem can become unbalanced, and lead to the exacerbation 
of cutaneous disease, for example, atopic dermatitis and 
psoriasis. A dysregulation of the adrenergic response has 
been suggested in both conditions, and the clinician should 
take these mechanisms into consideration when treating the 
affected population.

Summary for the Clinician
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› Proteolytic processing and degradation plays an important 
role in modulating the generation and bioactivity of neu-
roendocrine peptide mediators, a class of key molecules 
in cutaneous biology.

› Accordingly, the cellular localization and expression, 
and the molecular biology and structural properties of 
selected intracellular prohormone convertases and ectopi-
cally expressed zinc-binding metalloendoproteases are 
discussed.

› A special reference will be made to the physiologic and 
pathophysiologic significance of these endopeptidases in 
cutaneous immunobiology.

› Because of the number of pathologically relevant changes 
in inflammation and tumor progression that can be directly 
attributed to neprilysin and angiotensin-converting enzyme,
a particular focus will be on the role of these enzymes in 
modulating innate and adaptive immune responses in the 
skin.
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8.1 Introduction

Almost every aspect of cutaneous cellular and 
tissue function, including proliferation, differen-
tiation, maturation, communication, antigen (Ag) 
presentation, and survival of cells as well as hair 
growths, eccrine gland function, wound healing, 
and tissue regeneration, is modulated by neuropep-
tides. It is thus quite comprehensible that a vari-
ety of mechanisms have evolved, which limit their 
temporal, spatial, and developmental bioactivity. 
These include temporally and spatially control-
led mediator generation and release, the regulated 
expression of specific receptors on cellular targets, 
receptor desensitization and resensitization, and 
the clearance of excessive extracellular peptides. 
Proteases participate in several of the above mecha-
nisms; thus taking a key regulatory role in cutane-
ous peptide mediator bioavailability. As such they 
serve to generate bioactive peptides from inac-
tive prohormones in order to initialize inflamma-
tory and trophic responses. Importantly, they also 
rapidly terminate the bioactivity of neuropeptides 
released from nerve terminals or endocrine cells 
and thus prevent the development of a neuropep-
tides- initialized or -augmented deleterious chronic 
inflammation. In addition, microbial invaders or 
parasites use peptidases as an evolutionarily suc-
cessful strategy to manipulate the host immune 
defenses. Peptidases play an important role in 
cutaneous plasticity and wound healing by modu-
lating trophic neuropeptide activities. Moreover, 
beyond a mere catalytic function, ectopeptidases 
trigger specific intracellular signal transduction, 
participate in cell–cell or cell–virus recognition, 
and mediate or modulate binding to extracellular 
matrix components. This chapter highlights some 
of the current knowledge on peptidase function 
in cutaneous  immunity and outlines clinical and 
potential future research areas derived from key 
functions of these enzymes. In addition, as zinc 
metalloproteases are among the largest group of 

 proteases relevant for the extracellular cleavage of 
neuro endocrine mediators, a special emphasis will 
be made on this class of proteases.

8.2  Intracellular Endoproteases 
Convert Inactive Prohormones 
to Bioactive Mediators

8.2.1 Cellular Localization and Expression

Despite the important role that intracellular endopro-
teolytic processing and activation of prohormones, 
particularly of proopiomelanocortin (POMC), by 
prohormone convertase (PC) plays for cutaneous 
physiologic and pathophysiologic responses, this 
chapter’s focus centers on functions of extracellular 
proteases. Importantly, with respect to cutaneous 
melanocortin generation, some  extracellular proteases 
may also be capable of  processing larger  pre cursors, 
resulting in bioactive melanocortin  receptor-(MC-) 
activating POMC peptides. Neuroendocrine hor-
mones such as adrenocorticotrophin (ACTH) or 
α-melanocyte-stimulating hormone (α-MSH) are 
released in the skin as part of an intrinsic cutaneous 
hypothalamus– pituitary–adrenal axis and mediate 
the cutaneous response to invasive and noninvasive 
exogenous stress via MC receptors [11,87]. PC are 
an evolutionary conserved class of secretory serine 
proteases of the subtilisin/kexin-type that comprise 
PC1/3, PC2, furin/PACE, PACE4, PC4, PC5/6, PC7, 
and SKI-1 [81]. POMC peptides and POMC process-
ing enzymes including PC1, PC2, PACE4, or furin 
have been identified in a variety of skin cells, skin 
appendages, cutaneous carcinoma cells, and immune 
cells (reviewed in [10,42,81]).

8.2.2 Molecular Biology and Structural Properties

The conserved structure of the PC catalytic domain 
suggests that these proteases have evolved from a 
common ancestral precursor gene. Subtilisin/kex 
family PC are specialized for cleaving multiple hor-
mones, growth factors, and receptor precursors by 
limited internal proteolysis at single or multiple basic 
recognition sites, within the general motive K/R-
(X)

n
-K/R↓ [81]. PC expression and activity is strictly 

regulated at the tissue, cell, or subcellular level. 
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Autocatalytic activation of PC zymogens is another 
means to control PC bioactivity within the secretory 
pathway. In some cases, that is, for PC2, cofactors 
such as the binding protein 7B2 are required for effi-
cient zymogen activation of proPC and full functional 
activity [50,81].

8.2.3 Physiologic Significance

The primary function of cutaneous PC is the conver-
sion of the POMC prohormone in various skin cells. 
The resulting generation of α-MSH, ACTH, or β-
endorphin is highly relevant for skin immunity, stress 
response, and pigmentation (for more details see Chap. 
6 and [42]). Studies of PC1/3- and PC2-deficient 
mice revealed that deletion of these enzymes impairs 
the processing of POMC and other prohormones, 
although some redundancies might exist [71]. The 
pathophysiologic consequences of a dysregulated PC 
expression for cutaneous immunity have not yet been 
fully explored. The simultaneous episodic expression 
of PC1, PC2, and POMC during the murine hair cycle 
suggests a regulatory function of PC for the pilose-
baceous unit [49]. POMC, MC, and PC expression in 
some skin cells are synergistically regulated by UV 
light, melanocortins, and pro-inflammatory cytokines 
in vitro. These stimuli may simultaneously increase 
production and responsiveness of cutaneous cells 
to POMC peptides, although this has not been con-
clusively confirmed in vivo [73,76]. An upregulated 
PC1, PC2, and furin expression positively correlates 
with malignant neuroendocrine tumors and of several 
other cancers [39], suggesting that subtilisin/kex-like 
convertases may increase tumorigenesis and aggres-
siveness by augmenting processing and activation of 
mitogenic peptides. Thus, PC both serve as a prog-
nostic marker for tumor progression and constitute 
an important pharmacologic target in cancer therapy, 
since PC inhibition drastically reduced the metastatic 
properties of certain tumor cells [39,71]. Interestingly, 
some bacterial toxin precursors (e.g., Diphteria toxin, 
Botulinum neurotoxin), as well as viral glycoproteins 
of HIV-1, Ebola, and others viruses need proteolytic 
PC activation for their toxic or infectious capacity 
and/or the cell–cell spreading. This demonstrates the 
high relevance of PC for the cutaneous response to 
infectious agents and, therefore, PC inhibition could 
be beneficial for abrogating microbial-induced cyto-
pathicity (reviewed in [39]).

8.3 Dipeptidylpeptidase IV/CD26

8.3.1 Cellular Localization and Expression

Dipeptidyl peptidase (DP) IV (CD26, EC 3.4.14.5) 
is a multifunctional homodimeric glycoprotein with 
functional roles in hematology, endocrinology, immu-
nology, endothelial cell (EC), and cancer biology and 
metabolism. DPIV is part of a six member gene family 
of enzymes that, in addition to DPIV, includes fibro-
blast activating protein (FAP), DP-like (DPL) 1, DPL2, 
DP8, DP9, and prolyloligopeptidase (POP) [13,27]. 
Human DPIV is ubiquitously expressed by capillary 
EC, activated lymphocytes, DC subpopulations, and 
on apical surfaces of epithelial cells [27]. In addition, 
soluble forms of the enzyme have been described. 
Cutaneous DPIV is expressed on keratinocytes [60], 
fibroblasts [59], melanocytes [55], the axon–Schwann 
cell interface [20], and TCs [41].

8.3.2 Molecular Biology and Structural Properties

The structural and biochemical properties of DPIV have 
been described in detail in [27]. The DPIV gene product 
is a 766 amino acid (AA) ectoprotease with an appa-
rent monomeric molecular weight of about 110 kDa. 
Characteristically, full functional DPIV peptidase activity 
requires homodimerization between one of two extracel-
lular hydrolase domains. This results in a rather unique 
post-proline dipeptidyl aminopeptidase activity of DPIV 
by cutting off N-terminal X-P or X-A dipeptides from 
polypeptides. A variety of DPIV peptide substrates have 
functional relevance for skin (patho) physiology. These 
comprise at least 9 CCL and CXC chemokines (i.e., 
CCL5, RANTES, or CXCL10, IFNγ-induced protein), 
hormones (i.e., glucagon-like peptides (GLP), prolactin, 
leutinizing hormone α, chorionic gonadotropin α chain), 
enkephalins, and neuropeptides such as neuropeptide 
Y, pituitary-adenylate cyclase-activating polypeptide 
(PACAP) 38, vasoactive intestinal peptide (VIP), and SP.

8.3.3  Functional Roles of DPIV/CD26 in Immunity 
and Inflammation

There is compelling evidence that DPIV has a number 
of important physiologic functions in endocrinology 
and metabolism. For instance, DPIV degrades GLP 
and glucose-dependent insulinotropic peptide. The 
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inhibition of DPIV results in accumulation of these 
 peptides, which stimulates greater insulin production 
and is therefore beneficial for the treatment of insulin-
 independent Diabetes mellitus (see [27] for details). 
DPIV/CD26 has gained considerable interest as a T cell 
(TC) activation marker, and is also expressed by some 
dendritic cell (DC) subpopulations [24]. Accordingly, 
DPIV expression, together with other TC activation 
markers such as CD25, CD71 CD45RO, or CD29, 
increases significantly after antigenic and mitogenic 
stimulation, or treatment with the T helper (T

H
)1

cytokine IL-12. Overexpression of human CD26 in TC 
of transgenic mice reduces thymus cellularity, impairs 
thymocyte proliferation, and increases the number of 
peripheral apoptotic CD4+- or CD8+-TC, indicating 
the importance of CD26 for peripheral T lymphocyte 
homeostasis [85]. Interestingly, DPIV upregulation 
increases degradation of VIP and PACAP, two neu-
ropeptides known to trigger T

H
2 immune responses via 

IL-4, IL-5, and IL-10 induction in CD4+ TC [25,27]. 
Up- or downregulated CD26 expression may therefore 
shift the T

H
1/T

H
2 balance [72,82] with high relevance 

for psoriasis, atopic dermatitis [5], or rheumatoid 
arthritis (RA) [8]. However, studies of murine experi-
mental autoimmune encephalomyelitis (EAE) and RA 
revealed surprising discrepancies between functional 
inhibition of DPIV by genetic knock-out and phar-
macologic inhibitors. While DPIV-inhibiting drugs 
delayed the onset and severity of experimental EAE 
or RA, missing CD26 activity in knock-out mice or in 
human patients was inversely correlated to the severity 
of Ag-induced RA or EAE. Thus, DPIV inhibitors may 
have additional functional targets [8]. CD26 expressed 
in lipid rafts within the immunologic synapse also 
transduces intracellular signals that overlap with the 
TC receptor/CD3 signaling pathways. DPIV enzyme 
activity may therefore be dispensable for full immu-
nologic activity of TC, since costimulatory activity of 
CD26 in vitro is retained in DPIV mutants that lack 
hydrolase activity [27].

8.3.4 DPIV/CD26 and the Development of Neoplasms

The skin is the host for a number of extranodal non-
Hodgkin cutaneous TC lymphomas (CTCL) [41]. 
Strikingly, in the most relevant types of CTCL, mycosis 
fungoides (MF) and Sézary syndrome (SS), skin-homing 
malignant CD3+ CD4+ CD7variableCLA+ CCR4+ TCs 
characteristically lack CD26 expression. DPIV/CD26 
is an important diagnostic marker for SS or MF, and 

also highly relevant for the pathophysiology of CTCL 
[88]. Missing CD26 compromises the TC capability 
to degrade the constitutively expressed cutaneous stem 
cell factor 1, which may promote homing of malig-
nant TC into the skin [58]. Infiltrating CTCL-CD26−

TC then generate an immunosuppressive T
H
2 environ-

ment with immature DC incapable of efficiently pre-
senting phagocytozed material derived from apoptotic 
malignant TC. The resulting regulatory TC (T

reg
) then 

contribute to immunosuppression and CTCL-TC 
tolerance [41]. Evidently, DPIV may also be relevant 
for growth, invasiveness, and metastasis of other 
tumors. For instance, DPIV expression is inversely 
correlated to progression of melanoma and even absent 
in metastatic melanoma [67,101]. Conversely, overex-
pression of DPIV in melanoma cells suppresses tumor 
progression in nude mice possibly independently of 
a DPIV enzymatic activity. Likewise, DPIV interacts 
with ECM components such as collagen, fibronectin, 
E-cadherin, or tissue inhibitors of matrix metallopro-
teases [103]. Consequently, a higher DPIV expression 
enhances adherence of tumor cells to the ECM, which 
may be anti-invasive by preventing detachment of 
tumor cells from the solid tumor. Alternatively, DPIV 
may also hamper basic fibroblast growth factor (bFGF) 
mitogenic signaling pathways [106]. In summary, 
DPIV/CD26 (patho-)physiologic effects in tumori-
genesis possibly depend on a direct interaction with 
ECM components or an indirect degradation of impor-
tant inflammatory mediators.

8.4  Ectopic Zinc Metalloendopeptidases: 
Neprilysin and 
Angiotensin-Converting Enzyme

8.4.1 Cellular Localization and Expression

Neprilysin (NEP, EC 3.4.24.11, CD10) and angiotensin-
converting enzyme ACE (EC 3.4.15.1, CD143), two 
mechanistically related EC surface zinc metallopepti-
dases, are widely distributed in the body and highly 
expressed in the vascular endothelium, kidney epithe-
lium, lung, or CNS [99,100]. NEP (“enkephalinase” 
or “common acute lymphoblastic leukemia antigen” 
(CALLA) ) was initially isolated more than 30 years 
ago as an insulin B chain-degrading enzyme abun-
dantly expressed in the renal brush border membrane 
[100]. The history of the ACE family has accomplished 
a journey from the original discovery and isolation 
of ACE 50 years ago as “hypertension-converting 
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enzyme” until the recent identification of the related 
carboxypeptidase ACE2 as vasopeptidase and corecep-
tor for the severe acute respiratory syndrome corona 
virus (SARS-CoV) [30,31]. The somatic isoform of 
ACE and ACE2 are abundantly expressed in the vascu-
lar endothelium surface of the lung and in brush-border 
membranes of kidney, intestine, placenta, and the 
choroid plexus. A soluble isoform of somatic ACE is 
present in the plasma, and a smaller isoenzyme essen-
tial for male fertility is expressed in the testis [30,99]. 
Cutaneous NEP as well as components of the renin-
angiotensin system (RAS) including ACE and ACE2 are 
expressed in basal keratinocytes, hair follicles, eccrine 
and sebaceous glands, the microvascular endothe-
lium, and large nerves or nerve-ensheathing Schwann 
cells (reviewed in [31,75,89]). NEP and ACE, but not 
ACE2, are expressed in DC, macrophages, or TC and 
in bone marrow stromal cells, suggesting functional 
roles in hematopoiesis and immunity [15,31,38,45,47]. 
A recently identified secreted homologue NEP2 related 
to D. melanogaster NEP is expressed in the renal tube 
and in testis, but its relevance for skin immunity still 
has to be determined [96].

8.4.2 Molecular Biology and Structural Properties

Despite structural similarities between ACE and NEP, 
NEP is evolutionarily closer related to the bacterial Zn 
protease thermolysin. NEP homologues were iden-
tified in all organisms from simple prokaryotes to 
higher vertebrates, including men [100]. The mamma-
lian NEP family now comprises at least seven mem-
bers, with NEP and endothelin-converting enzyme 
(ECE, EC 3.4.24.71) as best characterized. The 
molecular biology of NEP is described in [69]. As a 
type II integral membrane protein ectopeptidase, NEP 
(90–110 kDa) consists of a short N-terminal intracel-
lular domain, a transmembrane anchor, and a large 
C-terminal extracellular domain that contains a Zn-
coordinating active site constituted by a HExxH and 
an ExxA/GD sequence [100]. Two closely related ACE 
isoenzymes (somatic and germinal) have been identi-
fied in mammalian cells. Somatic ACE (150–180 kDa) 
is a type I C-terminally membrane-anchored glycopro-
tein that contains two highly homologous extracellular 
domains (N-domain, C-domain), each bearing a zinc-
coordinating catalytic site. By contrast, the smaller 
testicular ACE involved in male fertility contains a 
single catalytic site identical to the C-terminal domain 
of somatic ACE [44,99].

8.4.3 Physiologic Roles of NEP and ACE

Much help in understanding NEP and ACE function is 
derived from using mercaptoalkanoyl inhibitors such as 
captopril [99], or selective NEP inhibitors such as thior-
phan and phosphoramidon [69]. The latter is a strepto-
myces tanashiensis product suggesting an evolutionary 
old relationship between zinc metalloproteases-expressing 
prokaryotes and eukaryotes [100]. In addition to its wide-
spread role in turning off neuronal signals transmitted 
via SP or enkephalins, the panel of today’s known NEP 
substrates includes, but is not limited to, vasoactive pep-
tides such as bradykinin (BK) or angiotensin (Ang) I, 
atrial natriuretic peptide (ANP), growth factors such as 
bombesin, chemotactic peptides such as fMLP, and most 
recently β-amyloid (Aβ) peptide, the key initiator of 
Alzheimer’s disease (AD) [35,86,100]. The structure of 
the mammalian NEP extracellular domain limits acces-
sibility of the catalytic site for substrates. Therefore, and 
in contrast to the protease activity of thermolysin, NEP 
is an oligopeptidase cleaving peptides predominantly 
non-terminal before hydrophobic AA residues [69]. 
ACE’s active sites display endopeptidase and dipeptidyl 
carboxypeptidase activity, which differ in their pH/chlo-
ride dependency and substrate specificity [36,105]. 
A prominent physiological feature of NEP and ACE is 
their overlap in competitively cleaved substrates, resulting 
in opposing roles in renal and cardiovascular regulation 
(reviewed in [9,86]). The successful 30 year use of ACE 
inhibitors to therapeutically intervene with hypertension 
and cardiovascular dysfunction has encouraged attempts 
to additionally inhibit related enzymes such as NEP and 
recently ECE with a single drug. Advantage of such 
dual ACE/NEP- or triple ACE/NEP/ECE-specific 
“vasopeptidase inhibitors” is a limited generation of 
proinflammatory, blood pressure-rising vasoconstrictors 
(Ang II, ET-1), the accumulation of vasodilators 
(BK, Ang

1–7
), and additionally of the diuretic ANP. 

Consequently, vasopeptidase inhibition lowers blood 
pressure, diminishes cardiac hypertrophy and fibrosis, 
promotes renal natriuresis and diuresis, but also bears 
the risk of serious adverse effects [3,9,91].

8.4.4 Zinc Metalloproteases Terminate “Danger Signals”

NEP and ACE are ancient components of the innate 
and adaptive immune response of higher vertebrates. 
First, they participate in the immediate host defense 
– unfortunately with initial advances for a microbial 
intruder. Bacterial thermolysin-like peptidases facilitate 
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entry into the host by degrading peptides with antimi-
crobial properties, for instance nerve-derived host SP, 
but also α-MSH or adrenomedullin [93] [Fig. 8.1(1)].
In parallel, peptidases enhance the bacterial invasive-
ness by degrading ECM (collagen IV) and facilitate the 
entry into the host’s circulation [Fig. 8.1(2,3)] [51,52]. 
The complex peptidase–substrate interplay is reflected 
by the fact that – from the defendant’s point of view 
– limited degradation of vasoactive and neuro peptides
may be advantageous in early inflammation. Neuronal 
and cellular-derived SP, CGRP, or BK induce a vicious 
cycle of releasing IL-1 or TNFα from cutaneous cells 
that conversely promote the release and axonal transport 
of SP and CGRP in sensory neurons ([65,68,74,75], 
and included references.). Indeed, a downregulated 
NEP expression by irritants or endotoxins as observed 
in respiratory tract or intestinal inflammation suggests 
that prolonged activity of SP and BK may be advan-
tageous for kick-off and progression of (neuro genic) 

inflammation and subsequent events, such as a full 
Ag-specific inflammatory response at the site of Ag 
challenge.

Numerous studies using vasopeptidase inhibitors or 
NEP-/ACE-deficient mice confirm the significance 
of NEP and ACE for cutaneous innate immunity 
[65,68,74,75]. The lack of NEP increased inflammatory 
responses and lethality in various murine inflammatory 
models (reviewed in [75]), and functional deletion of 
NEP and/or ACE markedly exacerbated murine allergic 
contact dermatitis (ACD) [23,77,78]. Missing NEP or 
ACE particularly on, or in the vicinity of, hematopoietic 
and immune cells modulates hematopoiesis [38], pro-
foundly disturbs the local immune cell-activating cyto- 
and chemokine microenvironment, and imbalances 
pro- and anti-inflammatory neuropeptides. The latter 
fine-tune the DC:TC interface and T

H
 differentiation in 

adaptive immunity. Initialization of cutaneous delayed-
type hypersensitivity requires activation and migration 

Fig. 8.1 Endopeptidases control multiple steps in inflamma-
tion and initialization of adaptive immunity. Intruding bacte-
rial pathogens utilize thermolysin-like peptidases (T) to partly 
degrade antimicrobial neuropeptides, for example, substance P 
(SP) derived from sensory neurons (SN) or keratinocytes (1). By 
degrading extracellular matrix, peptidases facilitate microbial 
entry into the host (2) and accession to the vascular lumen (3).
In some cases, host peptidases (NEP) may liberate anti-inflam-
matory peptides (α-MSH) from pathogen precursor molecules 
to compromise host’s immunity (4). Released SP and other 
pro-inflammatory peptides serve as “danger signals” to activate 
residing immature dendritic cells (iDC) and induce DC matura-
tion and migration into draining lymph node (LN) (5). In the 

LN, neuropeptides (SP) released from sensory nerves contact-
ing high endothelial venules (HEV) or from matured DC (mDC) 
interacting with naïve T-cells (TC) promote T-helper (T

H
) 1 

polarization and clonal expansion of T
H
1 and CD8+ effector 

TC (CD8+ T
eff

), particularly in the absence of NEP or ACE (6).
Inflammation-downregulated peptidases at the site of ongoing 
inflammation promote vascular responses to released neuropep-
tides, as well as the recruitment and extravasation of inflamma-
tory cells (7). In environment lacking functional NEP, prolonged 
activity of pro-inflammatory neuropeptides released from SN, 
macrophages (Mφ), or TC promote multiple leukocyte effector 
functions, and in parallel, the temporarily increased availability 
of growth factors facilitates recovery of the damaged tissue (8)
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[Fig. 8.1(5)] of Ag-laden dermal DC or Langerhans 
cells and contact to naïve CD4+ TC in skin-draining 
lymph nodes [Fig. 8.1(6)]. Vasoactive peptides such as 
SP, BK, and Ang II via NK

1
, B

2
, and AT1/AT2 receptors, 

respectively, profoundly modulate myeloid DC precur-
sor differentiation [38] and boost important DC and TC 
functions (Fig. 8.2) [45]. APC (DC or macrophages) 
and TC express NK

1
 and B

2
 as well as RAS components 

(ACE, AT1/AT2 receptors) and constitute extra-neuro-
nal sources of SP [2,17,45,46,56]. Importantly, SP and 
BK activate DC NF-κB, a central transcription factor 
involved in DC maturation marker (CD11c, MHC) and 

costimulatory molecule (CD40, B7 molecules) expres-
sion, and thus NEP/ACE-deficiency may promote 
functional maturation of CD11c+ DC [2,45]. Vice versa, 
antagonist blocking of B

2
 or NK

1
 receptors impairs Ag 

sensitization in mice lacking functional ACE or NEP, 
which could be mimicked by adoptive transfer of NK

1

receptor antagonist-treated, Ag-pulsed wild type bone-
marrow DC generated in vitro [23,77–79]. Exogenous or 
endogenous SP contributes to mitogen- or Ag-induced 
TC proliferation and promotes a T

H
1 response charac-

terized by reduced IL-4/IL-5 and increased IL-2/IFNγ
expression [45,74,75,79]. Hence, prolonged bioavailability 

Fig. 8.2 Endopeptidases control the neuroendocrine hormone-
balanced immune response transmitted by the immunologic syn-
apse. Neuroendocrine and vasoactive peptides are released from 
cutaneous sensory neurons or cutaneous or lymphoid tissues (1). 
Ectopic (endo-) peptidase (NEP, ACE) mediator degradation con-
trols the cellular accessibility of substance P (SP), bradykinin 
(BK), and angiotensin (Ang) II and activation of specific neuro-
kinin (NK

1
), bradykinin (B

2
), and Ang (AT) receptors expressed 

by dendritic cells (DC, (2) ). SP, BK, and Ang II constitute endog-
enous danger signals that stimulate DC pro-inflammatory signal 
transduction pathways such as the release of Ca2+ and subsequent 
activation of NF-κB (3). NF-κB plays a central role in the induc-
tion of DC costimulatory B7 molecules, CD40 or major histo-
compatibility complex (MHC) expression, and pro-inflammatory 
T-helper 1 (T

H
1) cytokine release (4). Endopeptidases (e.g., ACE) 

improve the efficacy of antigen presentation to T-cells (TC) by 

intra- or extracellular trimming of peptides for MHC class I or II 
presentation (5). Endogenous SP from DC and TC may in an auto/
paracrine manner drive T

H
1 polarization under control of DC- or 

TC-expressed NEP and ACE (6). Via specific receptors expressed 
by DC and TC, α-MSH, calcitonin-gene related peptide (CGRP), 
somatostatin (SOM), and VIP trigger intracellular cAMP/pro-
tein kinase A (PKA) signal transduction (7). This inhibits endo-
toxin, cytokine-, or SP/BK-induced NF-κB activation and may 
promote a tolerogenic DC phenotype characterized by reduced 
TC costimulation (8), and release of anti-inflammatory cytokines 
(IL-10) (9). As demonstrated for VIP, such DC drive T

H
2 polari-

zation, regulatory TC (T
reg

) development, and suppression of T
H
1

immune responses. T
H
2-inducing neuropeptides such as VIP (10)

under the control of TC-expressed dipeptidyl peptidase IV/CD26 
(DPIV, (11) ) may also directly trigger T

reg
 development from naïve 

CD4+ CD25+ TC, which dampens T
H
1 and CD8+ T

eff
 responses
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of “proinflammatory” tachykinins and kinins consti-
tutes an endogenous “danger signal” per se that gener-
ate fully matured MHC class II/I expressing DC, which 
drive a T

H
1 polarization and efficiently prime T

H
 and 

effector cell (T
eff

) responses (Fig. 8.2). This may be bene-
ficial for fighting intracellular pathogens or malignant 
cells, but could also result in uncontrolled inflammation 
or even organ-specific autoimmunity. In contrast, “T

H
2” 

neuropeptides such as VIP/PACAP, CGRP, or α-MSH 
oppose the above by impairing Ag-presentation, and 
generating tolerogenic DC that attenuate TC activation. 
In addition, this may cause a T

H
2 differentiation and 

give rise to regulatory CD4 and IL-10-producing CD8+

CD28−CTLA4+ TC that subsequently suppress Ag-spe-
cific T

H
1 mediated immune responses [25]. However, 

nature has predetermined additional roles for ACE and 
related peptidases for APC function in adaptive immu-
nity. DC ACE is an important chaperone in the process-
ing and MHC I-restricted presentation of viral and 
other peptides to CD8+ cytotoxic T lymphocytes (CTL) 
[83,108]. ACE interacts with the transporter associ-
ated with Ag presentation (TAP) complex that shuttles 
cytosolic peptides into the exocytic compartment for 
association with nascent MHC I molecules. Carboxy-
terminal ACE trimming of certain peptides improves 
their intracellular transport, and thus rescue their other-
wise inefficient presentation to CTL [108]. Cathepsins, 
or a recently described asparaginyl endopeptidase, play 
a similar role in the endocytotic lysosomal pathway 
of DC and B-cells, with tremendous impact on MHC 
II-restricted Ag presentation [104]. Importantly, gly-
cosylation or deamidation of certain self-proteins pre-
vents cleavage by these proteases. Thus, a loss of these 
initially present post-translational modifications over 
time may suddenly render a self-protein susceptible 
for APC processing and recognition by TC, with fatal 
consequences for the maintenance of tolerance against 
self-antigens [19,104]. Thus, expression and specificity 
of endopeptidases in the MHC I or II compartment is 
essential for the control of peptide antigenicity.

8.4.5  Regulated NEP and ACE: A Protective Role 
Against Ultraviolet Irradiation?

Recent observations nurtured the hypothesis that NEP 
indirectly may have UV-protecting properties. UVB 
irradiation has been demonstrated to downregulate the 
NEP activity in human melanocytes. Pharmacologic 
NEP inhibition increased the efficacy of α-MSH or 
ACTH to induce tyrosinase activity and microphtalia 

expression, suggesting that NEP plays a role in mela-
nogenesis [1]. However, the role of UV in regulating 
NEP and ACE expression may depend on the cellular 
and functional context. UV light or cytokine-exposed 
microvascular EC displayed a time-dependent loss of 
cell surface ACE in vitro, whereas the initially low 
NEP expression increased [75]. This complex recip-
rocal regulatory system of vasopeptidases, which has 
also been observed in hypertensive rats [37], may be 
of particular significance for EC function. Recent bio-
analytical studies demonstrated that endothelial NEP 
and ACE are highly relevant for processing stress 
(ACTH) and anti-inflammatory hormone (α-MSH)
[42]. However, instead of a mere removal of extra-
cellular POMC peptides, NEP and ACE peptidolysis 
generated bioactive novel MC

x
 agonists or antagonists 

distinct from the parental peptide. This phenomenon 
may have currently undefined functional roles for vas-
cular biology and cutaneous inflammatory responses, 
since EC are an established source and target of 
POMC peptides. Of note, invertebrate parasites use 
vasopeptidases to generate anti-inflammatory immu-
nosuppressive melanocortins from POMC precursors, 
suggesting an evolutionary conserved mechanism to 
compromise a host’s immune system [42].

8.4.6  Role of NEP and ACE in Cutaneous Wound 
Healing and Plasticity

It is now widely appreciated that NEP expression down-
regulated by irritants, pro-inflammatory cytokines, 
endotoxins, or phorbol ester, respectively, increases 
the cellular accessibility of mediators and may pro-
mote inflammation and support cell growths as well as 
the development of neoplasms [34,95]. For instance, 
in nonhealing skin of diabetes mellitus patients or of 
mutant diabetic db/db mice, NEP expression and activ-
ity are increased ([75] and included references.). SP 
and CGRP may contribute to wound healing, as they 
promote keratinocyte, endothelial cell, and fibrob-
last proliferation and migration in vitro. Like bFGF, 
they also enhance angiogenesis and neovasculariza-
tion in vivo (reviewed in [6,74]). Thus, increased NEP 
compromises re-epithelialization and wound healing, 
potentially by degrading growth factors such as bFGF-
2 [26] and SP, which may facilitate development of 
diabetic ulcers [62]. Despite an improvement of extra-
cutaneous wound healing after concomitantly applied 
SP and NEP inhibitors [7], these agents may exacerbate
neuroinflammation and contribute to hypertrophic scar 
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formation [80]. However, in pathologic cutaneous scar 
tissue, an increased expression of ACE in comparison to 
normal or wounded skin, particularly by myofibroblasts, 
was detected. Potentially, by generating abundant Ang II, 
ACE may have profibrotic and, thus, adverse effects on 
cutaneous wound healing similar to remodeling in the 
heart after myocardial infarct [54,92].

8.4.7  Development of Neoplasms: Shutting Off 
Growth-Promoting Signals is the Key

Allergens or irritants such as cigarette smoke impair 
NEP expression and activity in the lung, which may
increase respiratory distress and neurogenic inflam-
mation. Moreover, reduced NEP activity in certain 
forms of  prostate or lung carcinoma prevents hydroly-
sis of mitogens such as bombesins, ET-1, or SP, which 
may promote  peptide-driven tumor growths [84,95]. 
Likewise, reduced NEP activity hampers generation of 
the growth inhibitory fragment SP

1–7
 from NEP cleav-

age of SP [22]. One of the discussed mechanisms is an 
indirect phosphorylation and activation of the insulin 
growth factor 1 receptor (IGF-1R) that, further down-
stream, activates protein kinase B (Akt) anti-apoptotic 
cell survival pathways [95]. In line with this hypothesis, 
T and B cells become CD10-positive when undergoing 
apoptosis [16,53]. Hence, NEP expression represents a 
safety device that protects cells from mediators released 
from apoptotic cells and assures apoptotic cell-death by 
preventing access of cell survival-assuring mitogens. 
Interestingly, an apparent positive correlation of higher 
NEP levels with the malignancy of melanoma have 
been observed [4,102]. This increased NEP expression 
was accompanied by downregulated anti-apoptotic and 
upregulated pro-apoptotic proteins (Bcl-2, and Bax, 
respectively) [4]. Thus, NEP serves as a marker for apop-
tosis and progression of melanoma. However, the diver-
gent expression pattern of NEP in metastatic melanoma, 
in contrast to other cancers, suggests that NEP may have 
diverse and tumor-specific modulating properties that 
require detailed future analysis. Noteworthy in this con-
text, not all effects of vasopeptidases can be attributed to 
changes in extracellular mediator levels. Very recently, 
an ACE inhibitor-induced dimerization, phosphoryla-
tion, and signaling of ACE has been demonstrated in 
EC that enhanced endothelial ACE expression [43]. 
Likewise, as demonstrated for ACE, NEP, and tachyki-
nin or BK receptors, the cellular co-expression [61] or a 
sterically close receptor-–peptidase association is impor-
tant for receptor function and resensitization [18,21,48]. 

Therefore, direct vasopeptidase outside-in signaling or 
modulation of G protein-coupled receptor (GPCR) sig-
nal transduction independent of ligand cleavage may 
account for some effects of NEP or ACE inhibitors that 
require future analysis.

8.4.8  NEP and ACE: Are There Functional Roles 
in Psoriasis, Alopecia Areata, and Acne?

Innervation of the pilosebaceous unit plays a pivotal role 
for sebocyte function and hair growth. Stress-induced 
SP promotes both proliferation and differentiation of 
sebaceous glands, resulting in an increased size and 
lipogenesis. Surprisingly, in skin of acne patients in con-
trast to normal skin, the subcellular expression of SP-
induced NEP is increased in germinal sebocytes [97]. 
This may argue against a stress-induced inflammation, 
although the exact role of increased NEP awaits future 
investigation. Likewise, in acute and late stage chronic 
alopecia areata, NEP is strongly expressed in follicular 
structures of the affected area, whereas the perivascular 
expression of ACE in alopecia areata lesions is dimin-
ished [98]. This may prevent the local generation of 
keratinocyte/fibroblast proliferation-inducing Ang II 
[90]. As SP is capable of inducing significant anagen 
hair growth, limited bioavailability of SP, Ang II, and 
growth factors in alopecia areata may attenuate hair 
growth and increase hair follicle regression and apop-
tosis [64,65]. Uncontrolled cellular access to sensory 
neuropeptides and growth factors may also contribute 
to the pathogenesis of psoriasis. A reduced NEP expres-
sion in acute psoriatic lesions, but not in healthy skin, 
may locally increase SP levels that contribute to kerati-
nocyte hyperproliferation, inflammation, and psoriatic 
pruritus [12,57,75]. In conjunction with a reportedly 
enhanced neuronal density and NK

1
 expression, this 

may explain, in part, the susceptibility of psoriasis to 
exogenous stress and, thus, NK

1
 antagonists might be 

beneficial in psoriasis therapy [40]. Likewise, ACE has 
been associated with this disease [63], although the 
exact role of the enzyme is somewhat obscure. Some 
studies proposed elevated serum ACE levels in psoria-
sis as a diagnostic marker and suggested that increased 
amounts of the pro-inflammatory Ang II may contrib-
ute to the pathogenesis of this disease [32,70]. Several 
other reports, however, have associated pharmacologic 
ACE inhibition with the induction or exacerbation of 
psoriasis [14,33,107]. Thus, one adverse side-effect of 
vasopeptidase inhibitors may be the worsening of pso-
riasis due to prolonged availability of SP or BK.
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9.1 Host Innate and Adaptive Immunity

The mammalian immune system detects and elimi-
nates pathogenic microorganisms by the activation of 
a highly organized and complex humoral and cellular 
system that discriminates between self and non-self. 
Immune responses have been traditionally divided 
into two overlapping and complimentary components: 
the innate immune system and the adaptive immune 

 system [50]. The adaptive immune system evolved 
with the advent of jawed vertebrates and is character-
ized by the ability to detect and respond to a wide range 
of antigens by activating specific receptors on the cell 
surfaces of T and B cells. T and B cells are capable 
of expressing more than 1018 different antigen recep-
tor specificities that allows these cells to respond to a 
vast number of foreign and sometimes self antigens. 
Activation of the antigen-specific receptors triggers 
selective host immunologic responses that include the 
clonal expansion of T cells, B cells, cytokine produc-
tion, and immunoglobulin secretion.

Unlike the adaptive immune system, the innate 
immune system is expressed in organisms ranging 
from primitive eukaryotes to humans [50]. Although 
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› Toll-like receptors are key facilitators of innate immunity 
within the skin.

› Different TLRs are activated by various exogenous and 
endogenous ligands.

› TLR signaling provides a mechanism of activating rapid 
and directed immune responses in defense of the host.

› Evidence for TLR expression and function has recently 
been discovered in skin and neuronal tissues.

› The nervous system and specific neuromediators play a 
role in activation and subsequent response of the TLRs.

› Directed therapy that modifies TLR signaling may pro-
vide new avenues of treating auto-immune disease, skin 
cancer, and conditions of inappropriate inflammation.
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the existence of the innate immune system has been 
appreciated for many years, its role and importance in 
the mammalian immune system has often been over-
shadowed by rapid advances in our understanding of 
the adaptive immune system in the past 30 years. The 
innate immune system is composed of both soluble 
and cellular components. Recently, in one of the major 
advances in the field of immunology, a number of 
cell-associated receptors termed pattern- recognition 
receptors (PRRs) were identified that recognize com-
mon molecular structures found in different types of 
microbial pathogens. This observation led to a dra-
matic change in our view of innate immunity and 
resulted in an explosion of publications examining the 
great variety and the surprising specificity of innate 
immune responses [58]. PRRs are capable of recog-
nizing different microbe structures termed pathogen-
associated molecular patterns (PAMPs); thus allowing 
the rapid identification and response to a wide variety 
of environmental pathogens. Many PRRs are located 
on the outer cell surface of leukocytes where inter-
action with different pathogens results in a series of 
intracellular signaling events that initiate directed host 
effector proinflammatory responses. Some PRRs can 
also be secreted or localized within the cell where they 
respond to either blood-borne or intracellular patho-
gens, respectively [54]. PRR mediated innate immune 
responses can include the production of acute phase 
proteins, complement, cytokines, chemokines, neuro-
peptides, antimicrobial peptides, and cell membrane 
costimulatory molecules. Cellular components of the 
innate immune system include NK cells, neutrophils, 
eosinophils, γδT cells, macrophages, and dendritic 
cells [58]. The rapid innate immune response to the 
foreign antigens or pathogens also triggers the activa-
tion of the slower antigen-specific adaptive T cell and 
B cell mediated immune response. In most cases, the 
initial innate immune response neutralizes and elimi-
nates potential pathogens before the development of 
progressive infectious process. B and T cell adaptive 
immune responses both reinforce and amplify these 
innate immune responses [5].

9.2  Neuronal Regulation of Cutaneous 
Immunity

There is significant experimental evidence that the 
peripheral and central nervous systems participate in 
cutaneous innate and adaptive immune responses by 

the local and systemic release of neuropeptides and 
neurohormones that can act directly on a variety of 
epidermal and dermal cells, which express specific 
receptors for these neuromediators [100]. The neurologic 
system is capable of modulating both proinflamma-
tory as well as immunosuppressive cutaneous immune 
responses depending on the biological properties of 
the released neuropeptides and the specific neuro-
receptors expressed on the different target cells in the 
skin. It can be argued that the cutaneous neurological 
system is the first component of the innate immune 
system to be activated in the skin after exposure to a 
variety of environmental insults. Cutaneous injury not 
only triggers the release of multiple neuropeptides but 
also a variety of other neural activating agents such 
as cytokines, proteases, histamine, leukotrienes, nitric 
oxide, and transient receptor potential ion channel 
(TRP) mediators [105].

The sensory nerve fibers in the skin are composed 
of fine unmyelinated C fibers and myelinated A delta 
fibers, which are capable of synthesizing neuropeptides
such as substance P (SP) and calcitonin gene-related 
peptide (CGRP) [94,107]. Cutaneous C-fiber neurons 
release these neuropeptides in response to a wide variety of 
noxious stimuli and activate not only regional sensory 
nerves but also epidermal and dermal cells express-
ing SP and CGRP receptors such as keratinocytes, 
Langerhans cells, melanocytes, dermal microvascular 
endothelial cells (DMEC), fibroblasts, resident leuko-
cytes, and hair follicle cells [7,73,108]. SP and CGRP 
can modulate a variety of innate immune responses in 
the skin, including the expression of cytokines, chemo-
kines, nitric oxide, and other soluble proinflammatory 
factors as well as cell associated immune proteins such 
as cellular adhesion molecules (CAMs) and class II 
MHC molecules [11,82]. These neuropeptide induced 
responses are believed to contribute to the cutaneous 
changes observed in many inflammatory diseases of the 
skin. In contrast to SP, CGRP demonstrates immuno-
suppressive activities such as inhibition of proin-
flammatory cytokine production and Langerhans cell 
responses [53].

Like cutaneous sensory nerves, the autonomic 
nervous system (sympathetic and parasympathetic 
nerves) can also regulate a number of biological 
processes in the skin [105]. Cutaneous autonomic 
nerve fibers are localized in the dermis where they 
innervate blood vessels, lymphatic vessels, hair fol-
licles, eccrine glands, and apocrine glands [20,132]. 
The primary function of autonomic nerves in the skin 
is to regulate cutaneous blood and lymphatic vessel 
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function as well as modulation of sweat gland, apocrine 
gland, and hair follicle activities. These autonomic 
neuronal effects are mediated by release of acetyl-
choline with activation of muscarinic and nicotin-
ergic receptors on these cutaneous target tissues 
[35,106]. Acetylcholine has been reported to regulate 
keratinocyte proliferation, adhesion, migration, and 
differentiation as well as modulating the produc-
tion of cellular cytokine and chemokine production 
[35,36,125]. In addition to acetylcholine, cutane-
ous autonomic nerves have been reported to release 
CGRP, VIP, and galanin, which may have immuno-
suppressive activities in the skin [53,67].

There is increasing evidence that the skin is both 
a target and source of neuroendocrine mediators. 
Different types of physical and psychological stress 
can activate the hypothalamus/pituitary system to 
release neurohormones such as CRH, ACTH, αMSH,
and other specialized bioactive peptides that can act in 
an endocrine fashion on distal tissues such as the skin 
to modulate a variety of biological responses, includ-
ing inflammation [105]. Adrenal glands can likewise 
produce catecholamines and cortisol in response to 
stressful stimuli, which are capable of modulating 
inflammatory responses. In recent years, it has become 
apparent that neurohormones such as CRH and αMSH
in addition to opioids, endocannabinoids, endothelin, 
and TRP activating agents can be produced by various 
cutaneous cells [100,109]. An increasing number of 
studies indicate that this diverse group of mediators 
can act in an autocrine, paracrine, or endocrine manner
to modulate inflammatory and neuronal responses in 
the skin.

The cutaneous neurological system is believed to 
play an important role in the pathogenesis of a variety 
of skin disorders such as urticaria, psoriasis, atopic der-
matitis, contact dermatitis, prurigo, and wound healing. 
This concept is supported by experimental evidence 
that demonstrated altered expression of neuropeptides, 
neuro peptide receptors, and nerves, as well as symp-
toms such as itching, burning, and pain associated with 
these cutaneous disorders [12,122,123].

Although this discussion has focused primarily on 
the role of the neurological system on cutaneous innate 
immune responses, there is much evidence that many 
of these same neuropeptides and neurohormones can 
directly modulate T and B cell adaptive immune sys-
tem responses [73]. In addition, neuromodulation of 
cutaneous innate immune responses can also initiate 
the activation of the antigen-specific adaptive immune 
system [124].

9.3  Mammalian TLRs: Structure, Expression, 
Localization, Ligands, Regulation, 
and Function

Our current understanding of the importance of PRRs 
in the innate immune system was greatly accelerated by 
the identification and characterization of a cell surface 
molecule in Drosophila called Toll. It was demonstrated 
that Toll has an essential role in the establishment of 
dorso-ventral polarity in the development of Drosophila
as well as in the initiation of protective responses 
against pathogenic fungal infections [43]. Subsequently, 
a mammalian homologue of Drosophila Toll was iden-
tified [87] and designated Toll-like receptor (TLR). It 
was soon appreciated that TLR family members may have a 
critical role in mammalian immune responses to a wide 
range of infectious agents. TLR biology has become one 
of the most prominent areas of immunology research.

9.3.1 TLR Structure

To date, researchers have identified at least 11 members 
of the TLR family in humans and mice that appear to 
be derived from a common ancestral gene and share 
characteristic extracellular and cytoplasmic domains 
[58,140] (Fig. 9.1). The identified TLR proteins have 
been designated TLR1 through TLR11 and have been 
localized to specific chromosomes in man and mice 
[128]. TLRs belong to a family of type I transmembrane 
receptors [14] that can be divided into five subfamilies 
based on similarities in genomic structure and amino 
acid sequence [128]. Members of the TLR family share 
certain structural features such as several amino-
terminal leucine rich repeats (LRRs) that appear to be 
important for both ligand binding and TLR dimeriza-
tion after ligand binding [14], whereas the carboxy-
terminal domains of TLRs contain a highly conserved 
region that is similar to the cytoplasmic portion of the 
interleukin 1 receptor (IL-1R) and is referred to as the 
Toll/IL-1R homologous region (TIR region) [86]. 
The TIR domain mediates protein–protein interactions 
with specific intracellular signal transduction proteins, 
which initiates the transcription of multiple cellular 
proinflammatory genes [14].

9.3.2 TLR Expression and Localization

TLRs are expressed by a variety of mammalian leuko-
cytes and non-leukocytes. TLR expressing leukocytes 
include cells that often are the first line of defense 
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against pathogens such as macrophages, dendritic 
cells, neutrophils, and mast cells [128]. Monocytes and 
macrophages have been shown to express most types 
of TLRs with the exception of TLR3 [95]. Differential 
expression of TLRs in distinct populations of dendritic 
cells has been observed [60]. For example, myeloid 
dendritic cells have been reported to express TLR1, 
TLR2, TLR4, TLR5, and TLR8, while plasmacytoid-
type dendritic cells express predominantly TLR7 and 
TLR9 [55,59,60,71]. Recent studies indicate that the 
differential expression of TLRs by these dendritic cell 
subsets may significantly influence and direct the type 
of host immunological response to different foreign 
antigens or pathogens [48,88,92,130]. Mast cells have 
been reported to express TLR2, TLR4, TLR6, and 
TLR8, but not TLR5 [84,126]. Although the role of 
mast cell TLR in host immunity remains to be deter-
mined, it was observed that TLR4 mutated mice have 
defective mast cell proinflammatory responses to 
gram (−) bacteria derived LPS [84]. Additionally, it 

was found that mast cell accumulation in the skin in 
response to gram (+) derived PGN is TLR2  dependent
[126]. It has been proposed that mast cell TLRs may 
have an important role in mediating inflammatory 
responses observed in atopic disease [126].

Although the majority of previous studies have 
focused on the biology of leukocyte TLRs, there is 
much evidence demonstrating the importance of TLRs 
in mediating local innate immune responses in non-
leukocytes. The expression and function of TLRs in 
non-leukocytes may differ from TLR responses in leuko-
cytes [30,117,118]. Recent work by our group and 
other laboratories have demonstrated that functional 
TLRs are present on corneal epithelial cells as well as 
human and murine keratinocytes [15,101,114–120]. In 
other studies, the basolateral portion of intestinal epi-
thelial cells was found to express TLR5 that responds 
to bacterial flagellin [32], whereas intracellular intes-
tinal epithelial TLR4 is activated by LPS. These TLRs 
are normally sequestered from the gut luminal surface 

Fig. 9.1 Mammalian TLR structure and representative ligands. 
Toll receptors are characterized by both an extracellular amino-ter-
minal leucine-rich repeat (LRR) domain that participates in ligand 

binding, and an intracellular carboxy-terminal domain termed Toll/
interleukin-1 receptor (TIR) that initiates intracellular signal trans-
duction. Representative ligands of different TLRs are indicated
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to avoid activation by intestinal bacterial flora and are 
activated only if intestinal bacteria invade the outer 
gut luminal epithelial barrier [1,51,96]. Interestingly, 
recent studies also indicate that some interactions 
between gut epithelial TLRs and normal commensal 
bacteria may actually have some beneficial effects in 
the maintenance of intestinal epithelial homeostasis 
[104]. TLRs are also expressed on respiratory tract epi-
thelium where they can respond to a variety of inhaled 
pathogens to initiate both protective and pathological 
immune responses [16]. Similar to gut epithelium, we 
observed that TLRs are not expressed on the outer sur-
face of the cornea epithelium and the epidermis, but 
are expressed on epithelial cells located in the mid or 
basal portion of these tissues [117,118]. As a result, 
pathogen engagement and activation of cornea epithe-
lial cells and keratinocyte TLR would occur only after 
epithelial compromise or injury.

9.3.3 TLR Ligands

The cellular recognition of a vast number of pathogens 
by a limited number of TLRs is possible because these 
microbes share similar essential structural components 
or combinations of components that are not expressed 
by mammalian cells. A number of TLR ligands have 
been identified by studies using specific microbial 
components as well as TLR knockout mice [61]. While 
most PRR ligands are derived from different microbes, 
there is also evidence that certain endogenous cellular 
proteins such as heat shock protein 70 (HSP70) and 
fibrinogen may also activate TLRs [112,131]. These 
endogenous cellular TLR ligands are released after cell 
injury and may act as a local “danger signal” that triggers
a rapid regional host immune response to counter the 
agent causing the injury or infection. The identification 
and characterization of these endogenous cellular
TLR ligands may lead to important new insights in our 
understanding of certain chronic inflammatory states, 
autoimmune diseases, and the development of novel 
vaccines. Recent studies have demonstrated the com-
plexity of TLR biology. TLR family members are capable 
of initiating both distinct and overlapping cellular bio-
logical responses that are dependent on a number of 
factors, including the specific TLR ligand, TLR family 
member, intracellular signaling response pathway, and 
other locally released inflammatory mediators.

TLRs recognize unique PAMPs derived from a vari-
ety of pathogens. For example, TLR3 recognizes dou-
ble-stranded RNA derived from intracellular viruses [8], 
whereas TLR5 recognizes flagellin, a 55 kDa monomer 

obtained from the flagella on the outer membrane of a 
number of gram negative bacteria [32,44]. In contrast 
to other TLRs, the first TLR7 ligands identified were 
not microbial-derived agents but the pharmaceutical 
compounds imiquimod and resiquimod [33,47]. These 
low molecular weight compounds are believed to medi-
ate their therapeutic effects by inducing the produc-
tion of cellular IL-12 and interferon gamma. Currently 
imiquimod is used topically on the skin to treat an 
expanding list of cutaneous diseases, including warts, 
dysplastic skin lesions, and even early skin cancers [81]. 
More recently, it was reported that TLR7 and TLR8 
also respond to single stranded viral RNA [27,46,80]. 
Other studies found that TLR9 specifically responds to 
unmethylated CpG DNA motifs that are found in bac-
terial and viral genomes but not in vertebrate genetic 
material [17]. For a number of years, unmethylated 
CpG dinucleotides have been utilized as adjuvants for 
vaccines due to potent immuno stimulatory activities of 
these compounds [65,70,139]. To date, TLR10 ligands 
have not been characterized although TLR10 is known 
to be a functional receptor that can mediate TLR sign-
aling responses [42]. TLR11 was identified on murine 
uroepithelium, where it may function to trigger host 
defenses against urinary pathogens [140]. Interestingly, 
in contrast to rodents, humans have been found to 
express a nonfunctional form of uroepithelium TLR11, 
which may account for increased uropathogen suscepti-
bility of humans compared to rodents [140].

9.3.4 TLR Signaling

Recent studies have elucidated many of the details of 
the TLR signaling pathway [4,6,69,97] (Fig. 9.2, Table 
9.1). TLRs can form homodimers or heterodimers with 
other TLRs, which then bind by the cytoplasmic TIR 
region to corresponding homodimers of MyD88. This 
interaction initiates the recruitment of IRAK4 and 
IRAK1 to the TLR complex. IRAK4 subsequently phos-
phorylates IRAK1, which results in the recruitment of 
TRAF6. The IRAK1-IRAK4-TRAF6 complex then 
dissociates and acts upon another membrane protein 
complex consisting of TAK1, TAB1, and TAB2. This
results in the formation of TAK1-TAB1-TAB2-TRAF6,
which subsequently activates IKK. IKK then phospho-
rylates IkB, which is then degraded, allowing NF-κB
translocation to the nucleus [3].

An alternative TLR3 and TLR4 signaling path-
way independent of MyD88 has also recently been 
described [52]. Two additional TLR adaptors called 
TIR-adaptor protein (TIRAP or MAL) and TIR-domain 
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adaptor inducing IFN-beta (TRIF or TICAM-1) have 
been identified and linked to the initial intracellular 
signal responses of these particular Toll-like receptors 
[52,137]. It appears that TLR3 signaling responses 
require TRIF, while TLR4 mediated responses involve 
both TRIF and a fourth adaptor molecule called TRIF-
related adapter molecule (TRAM or TICAM-2) [138]. 
Alternatively, TLR4 is also able to signal through an 
interaction of MyD88 with the TIRAP adaptor protein 
[2,136].

Another TLR adaptor molecule has recently been 
identified and is termed SARM (sterile alpha and 

armadillo motif). SARM functions as a negative 
 regulator of TRIF and therefore suppresses the TLR3 
and TLR4 signaling pathways [24].

In addition to SARM, several other negative intra-
cellular TLR regulators have been characterized [77] 
(Fig. 9.3). One such protein termed MyD88s, which is 
a shorter form of MyD88, forms inactive heterodimers 
with MyD88, which prevents MyD88 homodimeriza-
tion and therefore blocks TLR downstream signaling 
[23]. Another cytosolic protein, IRAK-M, also serves 
as a TLR signaling inhibitor by binding to the MyD88 
complex and preventing subsequent downstream events. 

dimers of
TLR5, TLR7,
TLR8, TLR9

dimers of
TLR1, TLR2,
TLR6

dimers of
TLR4

dimers of
TLR3

{

TIR
domain

dsRNALPSlipopeptide
Flagellin, ssRNA,
CpG DNA

MyD88/
MyD88

MyD88/
TIRAP

TRAM/
TRIF

TRIF/
TRIF

1

2

IRAK4
IRAK1

TRAF6

3
TAK1

TAB1

TAB2

4

TAK1

TAB1

TAB2TRAF6

5

Nucleus

IκB

NF-κB
IKK

NF-κB Transcription of
target genes

Fig. 9.2 TLR signaling response overview. (1) Ligands bind 
and activate TLRs, which form homodimers or heterodimers 
with other TLRs. (2) TIR adaptor proteins such as MyD88, 
TIRAP, TRAM, and TRIF form complexes with activated TLRs 
to initiate cell signaling. (3) IRAK4 recruits and phosphorylates 

IRAK1 and associates with TRAF6. (4) IRAK1-IRAK4-TRAF6 
dissociates and interacts with TAK1-TAB1-TAB2. (5) A TAK1-
TAB1-TAB2-TRAF6 complex phosphorylates IKK, which 
allows cytoplasmic NF-κB translocation to the nucleus and 
induction of transcription of multiple proinflammatory genes
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Mice deficient in IRAK-M demonstrate increased 
inflammation in response to LPS compared to wild-type 
animals [66]. Another protein termed TOLLIP (Toll-
interacting protein) has been reported to decrease both 
TLR2 and TLR4-induced NF-κB activation, possibly by 
inhibition of IRAK1 function [141]. Likewise Smad6, 
a protein in the TGF-β1-BMP anti-inflammatory path-
way, has recently been demonstrated to also abrogate 
IRAK1 signaling and therefore inhibit TLR responses 
[26]. Additional mechanisms exist to modulate TLR 
responses. For example, TRIAD3A is a protein that 
binds to the cytoplasmic domain of TLR9 and TLR4 
and promotes their ubiquitylation and degradation. 
TLR-induced apoptosis can likewise inhibit TLR medi-
ated responses. This occurs by the interaction of MyD88 
with FADD (FAS associated death domain), which initi-
ates activation of caspase-8 induced apoptosis [9,10]. 
It is unclear why some TLR ligands trigger apoptosis, 
whereas others upregulate TLR expression. Soluble 
TLR-like proteins have been identified in the serum 
of mice and humans. These soluble Toll-like receptor 
proteins can bind and sequester TLR ligands extracel-
lularly and therefore prevent their interaction with cel-
lular TLR [56,74]. Soluble isoforms of TLR2 and TLR4 
are currently under investigation as anti-inflammtory 
agents. Therefore, as in other inflammatory pathways, 
TLR-induced responses are tightly regulated to prevent 
unwanted inflammation by prolonged activation, which 
could threaten the health of the host organism.

9.4  Microbial Modulation of TLR Expression 
and Function

Commensal organisms may have a beneficial role in 
host epithelial immune responses through modulation 
of cellular PRR function [63,129]. For example, nor-
mal bacterial flora activates PRRs to produce low levels 
of antimicrobial peptides and other proinflammatory 
proteins that are believed to inhibit colonization or 
infection by pathogenic bacteria. Recently it has been 
appreciated that certain pathogens are capable of pro-
ducing factors that dampen cellular TLR inflammatory 
responses and therefore bypass normal host immune 
recognition and activation [38]. For example, vaccinia 
viral derived proteins such as A46R have been identified, 
which inhibit TLR signaling proteins MyD88 and TRIF, 
thus suppressing TLR and IL-1R induced NF-kB 
activation [19,121]. Another vaccinia protein called 
N1L antagonizes IKK activation and therefore blocks 
NF-kB mediated responses [28]. Likewise, the hepati-
tis C virus (HCV) expresses a protease that cleaves the 
intracellular TRIF protein, which, in turn, inhibits I:
C-mediated TLR3-induced INF responses [76]. A number
of RNA virus-derived proteins have also been reported 
to inhibit the RIG RNA helicase PRR system [21,91]. 
DNA viruses such as HSV have evolved mechanisms 
to block TLR mediated IRF and type I interferon pro-
duction [89]. Bacteria and fungi have also developed 
ways to inhibit cellular TLR immune responses. For 

Table 9.1 Definitions of proteins involved in TLR Signaling

Name Full Name Function

FADD FAS-associated via death domain Activates apoptosis
IKK IkappaB kinase Phosphorylates IkappaB
IRAK Interleukin-1-receptor-associated-kinase Signaling downstream of adaptors
IRAK-M Interleukin-1-receptor-associated-kinase-M Negative intracellular regulator
IκB IkappaB Prevent NF-κB translocation
MyD88 Myeloid differentiation primary-response protein 88 Adaptor Protein, TLR1, 2, 4–10
MyD88s Short form of MyD88 Negative intracellular regulator
NF-κB Nuclear factor KappaB Proinflammatory transcription
SARM Sterile alpha and armadillo motif Adaptor protein, suppress TRIF
Smad6 Sma- and Mad-related protein 6 Negative intracellular regulator
TAB TAK1 binding protein Signaling downstream of adaptors
TAK Transforming growth factor β activated kinase Signaling downstream of adaptors
TGF-β1 Transforming growth factor-beta 1 Anti-inflammatory cascade
TIR Toll/IL-1R homologous region Binds TLRs and adaptor proteins
TIRAP TIR-adaptor protein Adaptor protein, TLR 1, 2, 4, 6
TOLLIP Toll-interacting protein Negative intracellular regulator
TRAF TNF receptor-associated factor Signaling downstream of adaptors
TRAM Toll-receptor-associated molecule Adaptor protein, TLR4
TRIAD3A [TLR binding RING finger protein – no full name] Negative intracellular regulator
TRIF TIR domain-containing adaptor induction IFN- β Adaptor protein, TLR 3, 4
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example, bacteria such as H. pylori, P. gingivalis, and 
L. pneumonia express modified LPS molecules that 
are less reactive to TLR compared with LPS molecules 
expressed by other gram (−) bacteria [49,113]. In addi-
tion, Mycobacterium tuberculosis has been found to 
suppress leukocyte INF-γ response by producing a 
TLR2-suppressing lipoprotein that allows persistent 
infection with this pathogen [99], whereas Yersinia 
bacteria has been reported to induce the production of 
immunosuppressive IL-10 by TLR2 activation [45].

Cellular TLR expression can also be upregulated in 
response to various microbial derived antigens. Exposure 
of macrophages to LPS initially leads to increased cell 
surface TLR2 expression, whereas repeated LPS expo-
sure can result in desensitization of cells to the effects 
of LPS [78,83]. Likewise, we have recently observed 
that short exposures to LPS induces increased TLR4 
expression in both cultured human keratinocytes as well 
as corneal epithelial cells [117,118]. Mycobacterium 
avium [134] and Hemophilus influenza have also been 

Fig. 9.3 Negative regulators of TLR signaling. There are multiple 
TLR signaling response inhibitors. (1) Soluble TLRs act as decoys 
to divert TLR ligands from cellular TLRs. (2) TRIAD3A binds to 
the cytoplasmic domain of TLR9 and TLR4 to inhibit signaling, 

whereas FADD can bind the death domain of TLR to initiate cel-
lular apoptosis. (3) MyD88s and possibly IRAK-M bind to MyD88 
and inhibit TLR signaling responses. (4) Smad6 and TOLLIP act as 
TLR signaling inhibitors by blocking IRAK kinase function
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reported to increase TLR2 mRNA expression in leuko-
cytes [110,111]. Like bacteria, certain viruses such as 
influenza A and Sendai virus were reported to up-regulate 
TLR1, TLR2, TLR3, and TLR7 expression in macro-
phages [80,93]. Finally, proinflammatory cytokines 
such as INF-γ, IL-2, IL-15, and TNF-α have been demon-
strated to increase both monocyte and macrophage TLR 
expression [18,83].

9.5 Cutaneous TLRs

TLRs have been proposed to play an important role 
in the pathogenesis of a number of cutaneous diseases 
[64,85]. The epidermis is one of the primary sites of 
pathogen–host interaction. Keratinocytes are the pre-
dominant cell type in the epidermis and act not only as 
an effective physical barrier to harmful environmental 
agents, but when activated can initiate a surprising range 
of innate immune responses. In response to foreign 
antigens or pathogens, keratinocytes are capable of 
producing nitric oxide, defensins, chemokines, and 
cytokines [13,31,39,40,135]. Activated keratinocytes 
can also express cellular immunoreactive proteins such 
as ICAM-1 and class II MHC molecules. Until recently 
little was known about how keratinocytes recognize and 
respond to various pathogens. This concept changed dra-
matically after the identification of specific keratinocyte 
PRRs such as TLR. We have reported that human corneal 
epithelial cells, human keratinocytes, and more recently, 
murine keratinocytes expressed functional TLRs and 
TLR-associated molecules [114–118,120].

Other investigators have also detected functional 
keratinocyte TLRs. Kawai et al. found that cultured 
normal human keratinocytes (NHKC) constitutively 
express functional TLR2 and can be induced to express 
TLR4 [62]. Both TLR2 and TLR4 were detected in 
the epidermis of freshly isolated human skin samples. 
Activation of human keratinocyte TLRs was reported 
to result in the production of beta defensins and IL-8. 
Pretreatment of human keratinocytes with TLR2 lig-
ands was found to induce hyporesponsiveness to TLR2 
and TLR4 ligands. Pivarcsi et al. also reported that 
cultured human keratinocytes express TLR2, TLR4, 
and MyD88 [101]. They found that human keratino-
cyte TLR2 and TLR4 expression was augmented by 
LPS and interferon-gamma. In another study, Baker 
et al reported that human keratinocytes constitutively 
expressed mRNA for TLR1, TLR2, and TLR5, whereas 
TLR3 and TLR4 were barely detectable [15]. Mempel 

et a. also recently reported that Staphylococcus aureus
was able to active human keratinocytes in a TLR2-
specific fashion [90]. Exposure to Candida albicans or 
heat-killed Mycobacterium tuberculosis was found to 
activate human keratinocyte NF-kB [101]. In another 
recent report, Lebre et al. found that supernatants from 
TLR stimulated human keratinocytes induced the mat-
uration of human dendritic cells, which promoted Th1 
responses, indicating that keratinocytes may play an 
important role in directing T cell responses in the skin 
[75]. PRRs are believed to have a significant role in the 
host response and pathogenesis of cutaneous disorders 
such as acne, atopic dermatitis, candidiasis, psoriasis, 
syphilis, and leprosy.

9.6 Neuroregulation of Toll-Like Receptors

9.6.1 Neuronal TLR Expression and Function

TLRs have been identified in different types of neuronal 
cells including human glial cells, which have an impor-
tant supportive role for the function of neurons in both 
the PNS and CNS [22]. Astrocytes and microglia in 
the CNS and Schwann cells in the PNS are considered 
subtypes of glial cells. TLRs and downstream adaptor 
proteins such as MyD88, TIRAP, and TRIF have been 
recently identified in human astrocytes [29].

Several reports indicate that primary CNS neurons also 
express TLR. For example, TLR3 expression was identi-
fied in a human neuron cell line (NT2-N) when infected 
with the herpes simplex virus [102]. Furthermore, 
Perkinje cells were found to express TLR3 in stroke 
and Alzheimer’s disease patients [57]. In another study, 
human neurons were reported to express TLR3 and 
release inflammatory cytokines, including TNFα and 
IL-6 in response to TLR3 activation by double-stranded 
RNA [72]. Finally, a single recent report indicated that 
TLR4 could be detected in oral trigeminal neurons [133]. 
Therefore, these initial studies support the concept that 
both CNS and PNS may express TLRs.

TLR may also play an important role in some 
inflammatory and pathological disorders of the CNS. 
Mice deficient in the MyD88 have an impaired CNS 
inflammatory response to infection with Streptococcus 
pneumoniae [68]. Another study indicated that 
Mycobacterium leprae activation of TLR3 induced 
apoptosis of Schwann cells [98]. In contrast, MyD88 
and TLR9 deficient mice were reported to be resistant 
to experimentally induced autoimmune encephalitis 
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(EAE) [103]. In another study, TLR4 deficient mice 
had decreased brain clearance of a protein implicated 
in the pathogenesis of Alzheimer’s disease [127]. 
Although suggestive, these few animal studies dem-
onstrate the current lack of information regarding the 
biological role of TLR in the CNS and PNS.

9.6.2  Neuropeptide Control of TLR Expression 
and Function

To date only a few studies have examined neuroregu-
lation of TLR expression and function. One study 
reported that VIP released from intestinal neurons 
down-regulated TLR2 and TLR4 expression in intes-
tinal epithelial cells, which was proposed to be sec-
ondary to VIP inhibition of IL1-β or IFN-γ production 
[34]. Another study indicated that VIP reduced human 
rheumatoid fibroblast TLR4 expression, although the 
mechanism of this effect was not known [37]. A recent 
paper likewise reported inhibition of TLR function in 
murine dendritic cells by CGRP, which was believed to 
be mediated by a protein called inducible cAMP early 

repressor (ICER), which participates in the cAMP/
protein kinase A cell signaling pathway [41].

Our laboratory has recently initiated studies to 
determine if cutaneous neuropeptides can directly 
modulate the expression and function of TLR in 
keratinocytes. We observed that α-MSH was capa-
ble of inhibiting the expression and function of TLR2 
in human keratinocytes [79]. In this study, we found 
that Staphoylococcus aureus-derived lipoteichoic acid 
(LTA) augmented both TLR2 and IL-8 expression in 
human keratinocytes. Pretreatment of these cells with 
α-MSH effectively inhibited this response to LTA, 
which was reversed by pretreatment of cells with the 
Agouti protein MC-1 receptor antagonist prior to the 
addition of α-MSH. In another study, we demonstrated 
that substance P can upregulate TLR expression and 
function in both murine and human keratinocytes 
[25]. This effect was inhibited by pretreatment of cells 
with neurokinin-1 (NK-1) or neurokinin-2 (NK-2) SP 
receptor antagonists. These initial studies therefore 
demonstrate another potential mechanism by which the 
neurological system may modulate immune responses 
in the skin (Fig. 9.4).
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Fig. 9.4 TLR2 (a) and TLR4 (b) mRNA expression was meas-
ured in keratinocytes by quantitative RT-PCR 3 hours after the 
addition of 50 nM SP with or without pre-treating cells with 
a SP receptor antagonist (NK-1 RA) 2 hours prior to SP. SP 
induced an increase in the TLR mRNA expression in NHK. This 
response could be inhibited by pre-treating cells with 1 µM NK-

1 RA. Similarly, TLR2 (c) and IL8 (d) mRNA expression was 
measured in keratinocytes 3 hours after the addition of 10 mg/
ml LTA with or without pre-treating cells with a-MSH 2 hours 
prior to LTA. Staphylococcus aureus derived LTA induced an 
increase in the TLR2 or IL8 expression in NHK. This response 
could be inhibited by pre-treating cells with 10 nM a-MSH



Chapter 9 Neuroinflammation and Toll-Like Receptors in the Skin 99

References

1. Abreu MT, et al (2001) Decreased expression of Toll-like 
receptor-4 and MD-2 correlates with intestinal epithelial 
cell protection against dysregulated proinflammatory gene 
expression in response to bacterial lipopolysaccharide. 
J Immunol 167(3):1609–1616

2. Adachi O, et al (1998) Targeted disruption of the MyD88 
gene results in loss of IL-1- and IL-18-mediated function. 
Immunity 9(1):143–150

3. Akira S (2003) Toll-like receptor signaling. J Biol Chem 
278(40):38105–38108

4. Akira S, Takeda K (2004) Toll-like receptor signalling. Nat 
Rev Immunol 4(7):499–511

5. Akira S, Takeda K, Kaisho T (2001) Toll-like receptors: 
critical proteins linking innate and acquired immunity. Nat 
Immunol 2(8):675–680

6. Akira S, Yamamoto M, Takeda K (2003) Role of adapters in 
Toll-like receptor signalling. Biochem Soc Trans 31(Pt 3) :
637–642

7. Albertin G, et al (2003) Human skin keratinocytes and 
fibroblasts express adrenomedullin and its receptors, and 
adrenomedullin enhances their growth in vitro by stimulat-
ing proliferation and inhibiting apoptosis. Int J Mol Med 
11(5):635–639

8. Alexopoulou L, et al (2001) Recognition of double-stranded 
RNA and activation of NF-kappaB by Toll-like receptor 3. 
Nature 413(6857):732–738

 9. Aliprantis AO, et al (1999) Cell activation and apoptosis by 
bacterial lipoproteins through toll-like receptor-2. Science 
285(5428):736–739

10. Aliprantis AO, et al (2000) The apoptotic signaling path-
way activated by Toll-like receptor-2. EMBO J 19(13): 
3325–3336

11. Ansel JC, et al (1993) Substance P selectively activates 
TNF-alpha gene expression in murine mast cells. J Immunol 
150(10):4478–4485

12. Ansel JC, et al (1997) Interactions of the skin and nervous 
system. J Investig Dermatol Symp Proc 2(1):23–26

13. Arany I, et al (1996) Regulation of inducible nitric oxide 
synthase mRNA levels by differentiation and cytokines 
in human keratinocytes. Biochem Biophys Res Commun 
220(3):618–622

14. Armant MA, Fenton MJ (2002) Toll-like receptors: a fam-
ily of pattern-recognition receptors in mammals. Genome 
Biol 3(8):REVIEWS3011

15. Baker BS, et al (2003) Normal keratinocytes express 
Toll-like receptors (TLRs) 1, 2 and 5: modulation of TLR 
expression in chronic plaque psoriasis. Br J Dermatol 
148(4):670–679

16. Basu S, Fenton MJ (2004) Toll-like receptors: function and 
roles in lung disease. Am J Physiol Lung Cell Mol Physiol 
286(5):L887–L892

17. Bauer S, et al (2001) Human TLR9 confers responsiveness 
to bacterial DNA via species-specific CpG motif recogni-
tion. Proc Natl Acad Sci U S A 98(16):9237–9242

18. Bosisio D, et al (2002) Stimulation of toll-like recep-
tor 4 expression in human mononuclear phagocytes by 
interferon-gamma: a molecular basis for priming and 
synergism with bacterial lipopolysaccharide. Blood 
99(9):3427–3431

19. Bowie A, et al (2000) A46R and A52R from vaccinia virus 
are antagonists of host IL-1 and toll-like receptor signaling. 
Proc Natl Acad Sci U S A 97(18):10162–10167

20. Brain SD, Moore PK (1999) Pain and neurogenic inflam-
mation. In: Parnham MJ (ed) Progress in Inflammation 
Research, Birkhauser, Basel

21. Breiman A, et al (2005) Inhibition of RIG-I-dependent sig-
naling to the interferon pathway during hepatitis C virus 
expression and restoration of signaling by IKKepsilon. 
J Virol 79(7):3969–3978

22. Bsibsi M, et al (2002) Broad expression of Toll-like recep-
tors in the human central nervous system. J Neuropathol 
Exp Neurol 61(11):1013–1021

23. Burns K, et al (2003) Inhibition of interleukin 1 recep-
tor/Toll-like receptor signaling through the alternatively 
spliced, short form of MyD88 is due to its failure to recruit 
IRAK-4. J Exp Med 197(2):263–268

24. Carty M, et al (2006) The human adaptor SARM negatively 
regulates adaptor protein TRIF-dependent Toll-like receptor 
signaling. Nat Immunol 7(10):1074–1081

25. Chen H, et al (2006) Modulation of Toll-like receptor 
expression in murine and human keratinocytes by sub-
stance P: another link between the seurosensory and innate 
immune systems in the skin. J Invest Dermatol 127:124

26. Choi KC, et al (2006) Smad6 negatively regulates inter-
leukin 1-receptor-Toll-like receptor signaling through 
direct interaction with the adaptor Pellino-1. Nat Immunol 
7(10):1057–1065

In spite of the great excitement in recent years about the 
potential of new TLR-based therapies, we are only beginning 
to understand their mechanism of action and biological activi-
ties, including a range of beneficial and potentially harmful 
effects. In some situations, TLR agonists may be helpful as 
immune stimulants for the treatment of certain neoplastic, 
infectious, or immunodeficient conditions, whereas in other 
situations, TLR antagonists may prove to be useful as anti-
inflammatory agents for inhibiting the detrimental effects of 
systemic infections. Since TLR-mediated innate responses 
are triggered by essential pathogen structural components not 
found in eukaryotes, pathogens rarely develop selective resist-
ance to TLR-initiated immune activities. Therefore, PRRs 
such as TLR may be exciting new targets for the development 
of novel therapies to treat a wide range of human diseases.

In this chapter we highlighted some important interac-
tions between the nervous system and cutaneous immunity. 
The skin – in conjunction with the cutaneous nervous system 
– serves a unique role in responding to most environmental 
noxious agents before they cause significant injury. Our 
recent studies also indicate that the neurological system can 
uniquely modulate cutaneous immune responses by modu-
lating keratinocyte TLR expression and function.

Summary for the Clinician



100 B. Rothschild et al.

27. Diebold SS, et al (2004) Innate antiviral responses by 
means of TLR7-mediated recognition of single-stranded 
RNA. Science 303(5663):1529–1531

28. DiPerna G, et al (2004) Poxvirus protein N1L targets the 
I-kappaB kinase complex, inhibits signaling to NF-kappaB 
by the tumor necrosis factor superfamily of receptors, and 
inhibits NF-kappaB and IRF3 signaling by toll-like recep-
tors. J Biol Chem 279(35):36570–36578

29. Farina C, et al (2005) Preferential expression and function of 
Toll-like receptor 3 in human astrocytes. J Neuroimmunol 
159(1–2):12–19

30. Faure E, et al (2000) Bacterial lipopolysaccharide activates 
NF-kappaB through toll-like receptor 4 (TLR-4) in cul-
tured human dermal endothelial cells. Differential expres-
sion of TLR-4 and TLR-2 in endothelial cells. J Biol Chem 
275(15):11058–11063

31. Frohm M, et al (1997) The expression of the gene coding 
for the antibacterial peptide LL-37 is induced in human 
keratinocytes during inflammatory disorders. J Biol Chem 
272(24):15258–15263

32. Gewirtz AT, et al (2001) Cutting edge: bacterial flagel-
lin activates basolaterally expressed TLR5 to induce 
epithelial proinflammatory gene expression. J Immunol 
167(4):1882–1885

33. Gibson SJ, et al (2002) Plasmacytoid dendritic cells produce 
cytokines and mature in response to the TLR7 agonists, imi-
quimod and resiquimod. Cell Immunol 218(1–2):74–86

34. Gomariz RP, et al (2005) Time-course expression of Toll-
like receptors 2 and 4 in inflammatory bowel disease and 
homeostatic effect of VIP. J Leukoc Biol 78(2):491–502

35. Grando SA (1997) Biological functions of keratinocyte cholin-
ergic receptors. J Investig Dermatol Symp Proc 2(1):41–48

36. Grando SA, et al (1993) Human keratinocytes synthesize, 
secrete, and degrade acetylcholine. J Invest Dermatol 
101(1):32–36

37. Gutierrez-Canas I, et al (2006) VIP down-regulates TLR4 
expression and TLR4-mediated chemokine production in 
human rheumatoid synovial fibroblasts. Rheumatology 
(Oxford) 45(5):527–532

38. Haga IR, Bowie AG (2005) Evasion of innate immunity by 
vaccinia virus. Parasitology 130(Suppl):S11–S25

39. Harder J, et al (1997) A peptide antibiotic from human skin. 
Nature 387(6636):861

40. Harder J, et al (2001) Isolation and characterization of 
human beta -defensin-3, a novel human inducible peptide 
antibiotic. J Biol Chem 276(8):5707–5713

41. Harzenetter MD, et al (2007) Negative regulation of 
TLR responses by the neuropeptide CGRP is medi-
ated by the transcriptional repressor ICER. J Immunol 
179(1):607–615

42. Hasan U, et al (2005) Human TLR10 is a functional recep-
tor, expressed by B cells and plasmacytoid dendritic cells, 
which activates gene transcription through MyD88. J 
Immunol 174(5):2942–2950

43. Hashimoto C, Hudson KL, Anderson KV (1988) The Toll 
gene of Drosophila, required for dorsal-ventral embryonic 
polarity, appears to encode a transmembrane protein. Cell 
52(2):269–279

44. Hayashi F, et al (2001) The innate immune response to bac-
terial flagellin is mediated by Toll-like receptor 5. Nature 
410(6832):1099–1103

45. Heesemann J, Sing A, Trulzsch K (2006) Yersinia’s strata-
gem: targeting innate and adaptive immune defense. Curr 
Opin Microbiol 9(1):55–61

46. Heil F, et al (2004) Species-specific recognition of sin-
gle-stranded RNA via toll-like receptor 7 and 8. Science 
303(5663):1526–1529

47. Hemmi H, et al (2002) Small anti-viral compounds activate 
immune cells via the TLR7 MyD88-dependent signaling 
pathway. Nat Immunol 3(2):196–200

48. Hertz CJ, et al (2001) Microbial lipopeptides stimulate den-
dritic cell maturation via Toll-like receptor 2. J Immunol 
166(4):2444–2450

49. Hirschfeld M, et al (2001) Signaling by toll-like receptor 
2 and 4 agonists results in differential gene expression in 
murine macrophages. Infect Immun 69(3):1477–1482

50. Hoffmann JA, et al (1999) Phylogenetic perspectives in 
innate immunity. Science 284(5418):1313–1318

51. Hornef MW, et al (2002) Toll-like receptor 4 resides in 
the Golgi apparatus and colocalizes with internalized 
lipopolysaccharide in intestinal epithelial cells. J Exp Med 
195(5):559–570

52. Horng T, Barton GM, Medzhitov R (2001) TIRAP: an 
adapter molecule in the Toll signaling pathway. Nat 
Immunol 2(9):835–841

53. Hosoi J, et al (1993) Regulation of Langerhans cell func-
tion by nerves containing calcitonin gene-related peptide. 
Nature 363(6425):159–163

54. Inohara N, Nunez G (2001) The NOD: a signaling module 
that regulates apoptosis and host defense against patho-
gens. Oncogene 20(44):6473–6481

55. Ito T, et al (2002) Interferon-alpha and interleukin-12 
are induced differentially by Toll-like receptor 7 lig-
ands in human blood dendritic cell subsets. J Exp Med 
195(11):1507–1512

56. Iwami KI, et al (2000) Cutting edge: naturally occurring 
soluble form of mouse Toll-like receptor 4 inhibits lipopol-
ysaccharide signaling. J Immunol 165(12):6682–6686

57. Jackson AC, Rossiter JP, Lafon M (2006) Expression 
of Toll-like receptor 3 in the human cerebellar cortex in 
rabies, herpes simplex encephalitis, and other neurological 
diseases. J Neurovirol 12(3):229–234

58. Janeway CA, Jr., Medzhitov R (2002) Innate immune rec-
ognition. Annu Rev Immunol 20:197–216

59. Jarrossay D, et al (2001) Specialization and comple-
mentarity in microbial molecule recognition by human 
myeloid and plasmacytoid dendritic cells. Eur J Immunol 
31(11):3388–3393

60. Kadowaki N, et al (2001) Subsets of human dendritic 
cell precursors express different toll-like receptors and 
respond to different microbial antigens. J Exp Med 
194(6):863–869

61. Kaisho T, Akira S (2002) Toll-like receptors as adjuvant 
receptors. Biochim Biophys Acta 1589(1):1–13

62. Kawai K, et al (2002) Expression of functional Toll-like 
receptor 2 on human epidermal keratinocytes. J Dermatol 
Sci 30(3):185–194

63. Kelly D, Conway S, Bacterial modulation of mucosal innate 
immunity. Mol Immunol 42(8):895–901

64. Kim J, et al (2002) Activation of toll-like receptor 2 in 
acne triggers inflammatory cytokine responses. J Immunol 
169(3):1535–1541



Chapter 9 Neuroinflammation and Toll-Like Receptors in the Skin 101

65. Klinman DM, et al (2004) Use of CpG oligodeoxynucle-
otides as immune adjuvants. Immunol Rev 199:201–216

66. Kobayashi K, et al (2002) IRAK-M is a negative regulator 
of Toll-like receptor signaling. Cell 110(2):191–202

67. Kodali S, et al (2004) Vasoactive intestinal peptide mod-
ulates Langerhans cell immune function. J Immunol 
173(10):6082–6088

68. Koedel U, et al (2004) MyD88 is required for mounting a 
robust host immune response to Streptococcus pneumoniae 
in the CNS. Brain 127(Pt 6):1437–1445

69. Kopp E, Medzhitov R (2003) Recognition of microbial 
infection by Toll-like receptors. Curr Opin Immunol 
15(4):396–401

70. Krieg AM (2000) The role of CpG motifs in innate immu-
nity. Curr Opin Immunol 12(1):35–43

71. Krug A, et al (2001) Toll-like receptor expression reveals 
CpG DNA as a unique microbial stimulus for plasmacytoid 
dendritic cells which synergizes with CD40 ligand to induce 
high amounts of IL-12. Eur J Immunol 31(10):3026–3037

72. Lafon M, et al (2006) The innate immune facet of brain: 
human neurons express TLR-3 and sense viral dsRNA. 
J Mol Neurosci 29(3):185–194

73. Lambrecht BN (2001) Immunologists getting nervous: 
neuropeptides, dendritic cells and T cell activation. Respir 
Res 2(3):133–138

74. LeBouder E, et al (2003) Soluble forms of Toll-like recep-
tor (TLR)2 capable of modulating TLR2 signaling are 
present in human plasma and breast milk. J Immunol 
171(12):6680–6689

75. Lebre MC, et al (2003) Double-stranded RNA-exposed 
human keratinocytes promote Th1 responses by inducing a 
Type-1 polarized phenotype in dendritic cells: role of kerati-
nocyte-derived tumor necrosis factor alpha, type I interfer-
ons, and interleukin-18. J Invest Dermatol 120(6):990–997

76. Li K, et al (2005) Immune evasion by hepatitis C virus 
NS3/4A protease-mediated cleavage of the Toll-like recep-
tor 3 adaptor protein TRIF. Proc Natl Acad Sci U S A 
102(8):2992–2997

77. Liew FY, et al (2005) Negative regulation of toll-like 
receptor-mediated immune responses. Nat Rev Immunol 
5(6):446–458

78. Lin Y, et al (2000) The lipopolysaccharide-activated toll-
like receptor (TLR)-4 induces synthesis of the closely 
related receptor TLR-2 in adipocytes. J Biol Chem 
275(32):24255–24263

79. Lu Y, et al (2007) Alpha-melanocyte-stimulating hormone 
inhibits the expression and function of keratinocyte TLR-2. 
J Invest Dermatol 127:S133

80. Lund JM, et al (2004) Recognition of single-stranded RNA 
viruses by Toll-like receptor 7. Proc Natl Acad Sci U S A 
101(15):5598–5603

81. Mackenzie-Wood A, et al (2001) Imiquimod 5% cream in 
the treatment of Bowen’s disease. J Am Acad Dermatol 
44(3):462–470

82. Marriott I, Bost KL (2001) Expression of authentic sub-
stance P receptors in murine and human dendritic cells. 
J Neuroimmunol 114(1–2):131–141

83. Matsuguchi T, et al (2000) Gene expressions of Toll-like 
receptor 2, but not Toll-like receptor 4, is induced by 
LPS and inflammatory cytokines in mouse macrophages. 
J Immunol 165(10):5767–5772

 84. McCurdy JD, Lin TJ, Marshall JS (2001) Toll-like receptor 
4-mediated activation of murine mast cells. J Leukoc Biol 
70(6):977–984

 85. McInturff JE, Modlin RL, Kim J (2005) The role of toll-like 
receptors in the pathogenesis and treatment of dermato-
logical disease. J Invest Dermatol 125(1):1–8

 86. Medzhitov R (2001) Toll-like receptors and innate immu-
nity. Nat Rev Immunol 1(2):135–145

 87. Medzhitov R, Preston-Hurlburt P, Janeway CA, Jr. (1997) 
A human homologue of the Drosophila Toll protein signals 
activation of adaptive immunity. Nature 388(6640):394–397

 88. Mellman I, Steinman RM (2001) Dendritic cells: spe-
cialized and regulated antigen processing machines. Cell 
106(3):255–258

 89. Melroe GT, DeLuca NA, Knipe DM (2004) Herpes sim-
plex virus 1 has multiple mechanisms for blocking virus-
induced interferon production. J Virol 78(16):8411–8420

 90. Mempel M, et al (2003) Toll-like receptor expression in 
human keratinocytes: nuclear factor kappaB controlled 
gene activation by Staphylococcus aureus is toll-like recep-
tor 2 but not toll-like receptor 4 or platelet activating factor 
receptor dependent. J Invest Dermatol 121(6):1389–1396

 91. Mibayashi M, et al (2007) Inhibition of retinoic acid-induc-
ible gene I-mediated induction of beta interferon by the 
NS1 protein of influenza A virus. J Virol 81(2):514–524

 92. Michelsen KS, et al (2001) The role of toll-like receptors 
(TLRs) in bacteria-induced maturation of murine den-
dritic cells (DCS). Peptidoglycan and lipoteichoic acid 
are inducers of DC maturation and require TLR2. J Biol 
Chem 276(28):25680–15686

 93. Miettinen M, et al (2001) IFNs activate toll-like receptor gene 
expression in viral infections. Genes Immun 2(6):349–355

 94. Milner P, et al (2004) Regulation of substance P mRNA 
expression in human dermal microvascular endothelial 
cells. Clin Exp Rheumatol 22(3 Suppl 33):S24–S27

 95. Muzio M, et al (2000) Differential expression and regu-
lation of toll-like receptors (TLR) in human leukocytes: 
selective expression of TLR3 in dendritic cells. J Immunol 
164(11):5998–6004

 96. Naik S, et al (2001) Absence of Toll-like receptor 4 explains 
endotoxin hyporesponsiveness in human intestinal epithe-
lium. J Pediatr Gastroenterol Nutr 32(4):449–453

 97. O’Neill LA (2003) The role of MyD88-like adapters in 
Toll-like receptor signal transduction. Biochem Soc Trans 
31(Pt 3):643–647

 98. Oliveira RB, et al (2003) Expression of Toll-like receptor 
2 on human Schwann cells: a mechanism of nerve damage 
in leprosy. Infect Immun 71(3):1427–1433

 99. Pai RK, et al (2003) Inhibition of IFN-gamma-induced 
class II transactivator expression by a 19-kDa lipoprotein 
from Mycobacterium tuberculosis: a potential mechanism 
for immune evasion. J Immunol 171(1):175–184

100. Peters EM, et al (2006) Neuropeptide control mechanisms 
in cutaneous biology: physiological and clinical signifi-
cance. J Invest Dermatol 126(9):1937–1947

101. Pivarcsi A, et al (2003) Expression and function of Toll-
like receptors 2 and 4 in human keratinocytes. Int Immunol 
15(6):721–730

102. Prehaud C, et al (2005) Virus infection switches TLR-3-
positive human neurons to become strong producers of 
beta interferon. J Virol 79(20):12893–12904



102 B. Rothschild et al.

103. Prinz M, et al (2006) Innate immunity mediated by TLR9 
modulates pathogenicity in an animal model of multiple 
sclerosis. J Clin Invest 116(2):456–464

104. Rakoff-Nahoum S, et al (2004) Recognition of commen-
sal microflora by toll-like receptors is required for intesti-
nal homeostasis. Cell 118(2):229–241

105. Roosterman D, et al (2006) Neuronal control of skin func-
tion: the skin as a neuroimmunoendocrine organ. Physiol 
Rev 86(4):1309–1379

106. Schallreuter KU (1997) Epidermal adrenergic signal 
transduction as part of the neuronal network in the human 
epidermis. J Investig Dermatol Symp Proc 2(1):37–40

107. Schmidt R, et al (1995) Novel classes of responsive and 
unresponsive C nociceptors in human skin. J Neurosci 
15(1 Pt 1):333–341

108. Scholzen T, et al (1998) Neuropeptides in the skin: inter-
actions between the neuroendocrine and the skin immune 
systems. Exp Dermatol 7(2–3):81–96

109. Scholzen TE, et al (1999) Expression of proopiomelano-
cortin peptides and prohormone convertases by human 
dermal microvascular endothelial cells. Ann N Y Acad 
Sci 885:444–447

110. Shuto T, et al (2001) Activation of NF-kappa B by non-
typeable Hemophilus influenzae is mediated by toll-like 
receptor 2-TAK1-dependent NIK-IKK alpha /beta-I 
kappa B alpha and MKK3/6-p38 MAP kinase signaling 
pathways in epithelial cells. Proc Natl Acad Sci U S A 
98(15):8774–8779

111. Shuto T, et al (2002) Glucocorticoids synergistically 
enhance nontypeable Haemophilus influenzae-induced 
Toll-like receptor 2 expression via a negative cross-talk with 
p38 MAP kinase. J Biol Chem 277(19):17263–17270

112. Smiley ST, King JA, Hancock WW (2001) Fibrinogen 
stimulates macrophage chemokine secretion through toll-
like receptor 4. J Immunol 167(5):2887–2894

113. Smith MF, Jr., et al (2003) Toll-like receptor (TLR) 2 and 
TLR5, but not TLR4, are required for Helicobacter pylori-
induced NF-kappa B activation and chemokine expression 
by epithelial cells. J Biol Chem 278(35):32552–32560

114. Song IS, et al (1998) CD14 expression in rabbit and 
human corneas. Invest Ophthalmol Vis Sci 39:S773

115. Song IS, et al (1999) The expression and function of 
the LPS, CD14/Toll-like receptor 2 (TLR2) complex in 
human cornea. Invest Ophthalmol Vis Sci 40:S794

116. Song IS, et al (1999) The identity and function of CD14 
LPS receptor and toll-like receptor 2 in a human epithelial 
cell line. J Invest Dermatol 112:546

117. Song PI, et al (2001) The expression of functional LPS recep-
tor proteins CD14 and toll-like receptor 4 in human corneal 
cells. Invest Ophthalmol Vis Sci 42(12):2867–2877

118. Song PI, et al (2002) Human keratinocytes express func-
tional CD14 and toll-like receptor 4. J Invest Dermatol 
119(2):424–432

119. Song PI, et al (2002) Lipoteichoic acid-induced keratino-
cyte activation is mediated by Toll-like receptor 4. J Invest 
Dermatol 119:300

120. Song PI, et al (2003) The expression of Toll-like recep-
tors, MD-2 and CD14 in mouse keratinocytes. J Invest 
Dermatol 121:Abstract 0945

121. Stack J, et al (2005) Vaccinia virus protein A46R targets 
multiple Toll-like-interleukin-1 receptor adaptors and 
contributes to virulence. J Exp Med 201(6):1007–1018

122. Steinhoff M, et al (2003) Modern aspects of cuta-
neous neurogenic inflammation. Arch Dermatol 
139(11):1479–1488

123. Steinhoff M, et al (2006) Neurophysiological, neuroim-
munological, and neuroendocrine basis of pruritus. 
J Invest Dermatol 126(8):1705–1718

124. Steinman L (2004) Elaborate interactions between the 
immune and nervous systems. Nat Immunol 5(6):575–581

125. Summers AE, Whelan CJ, Parsons ME (2003) Nicotinic 
acetylcholine receptor subunits and receptor activity in the 
epithelial cell line HT29. Life Sci 72(18–19):2091–2094

126. Supajatura V, et al (2002) Differential responses of mast 
cell Toll-like receptors 2 and 4 in allergy and innate immu-
nity. J Clin Invest 109(10):1351–1359

127. Tahara K, et al (2006) Role of toll-like receptor sig-
nalling in Abeta uptake and clearance. Brain 129(Pt 
11):3006–3019

128. Takeda K, Kaisho T, Akira S (2003) Toll-like receptors. 
Annu Rev Immunol 21:335–376

129. Tlaskalova-Hogenova, H, et al (2004) Commensal bacte-
ria (normal microflora), mucosal immunity and chronic 
inflammatory and autoimmune diseases. Immunol Lett 
93(2–3):97–108

130. Tsuji S, et al (2000) Maturation of human dendritic cells 
by cell wall skeleton of Mycobacterium bovis bacil-
lus Calmette-Guerin: involvement of toll-like receptors. 
Infect Immun 68(12):6883–6890

131. Vabulas RM, et al (2002) HSP70 as endogenous stimulus 
of the Toll/interleukin-1 receptor signal pathway. J Biol 
Chem 277(17):15107–15112

132. Vetrugno R, et al (2003) Sympathetic skin response: basic 
mechanisms and clinical applications. Clin Auton Res 
13(4):256–270

133. Wadachi R, Hargreaves KM (2006) Trigeminal nocicep-
tors express TLR-4 and CD14: a mechanism for pain due 
to infection. J Dent Res 85(1):49–53

134. Wang T, Lafuse WP, Zwilling BS (2000) Regulation 
of toll-like receptor 2 expression by macrophages fol-
lowing Mycobacterium avium infection. J Immunol 
165(11):6308–6313

135. Weller R (2003) Nitric oxide: a key mediator in cutaneous 
physiology. Clin Exp Dermatol 28(5):511–514

136. Yamamoto M, et al (2002) Essential role for TIRAP in 
activation of the signalling cascade shared by TLR2 and 
TLR4. Nature 420(6913):324–329

137. Yamamoto M, et al (2003) Role of adaptor TRIF in the 
MyD88-independent toll-like receptor signaling pathway. 
Science 301(5633):640–643

138. Yamamoto M, et al (2003) TRAM is specifically involved 
in the Toll-like receptor 4-mediated MyD88-independent 
signaling pathway. Nat Immunol 4(11):1144–1150

139. Yamamoto S, et al (1992) Unique palindromic sequences 
in synthetic oligonucleotides are required to induce 
IFN [correction of INF] and augment IFN-mediated 
[correction of INF] natural killer activity. J Immunol 
148(12):4072–4076

140. Zhang D, et al (2004) A toll-like receptor that pre-
vents infection by uropathogenic bacteria. Science 
303(5663):1522–1526

141. Zhang G, Ghosh S (2002) Negative regulation of toll-
like receptor-mediated signaling by Tollip. J Biol Chem 
277(9):7059–7065



Neuroendocrine Regulation 
of Skin Immune Response

G. Maestroni

10

Synonyms Box:   Dendritic cell, antigen present-
ing cell; Th priming, antigen specific activation of 
T helper cells; adaptive immune response, acquired 
immune response; adrenergic, sympathetic; contact 
hypersensitivity, contact allergy; atopic dermatitis, 
neurodermitis

10.1 Introduction

The skin is the largest organ of the body and plays a 
central role in host defense. The epidermis is composed 
of keratinocytes that function both as physical barrier 
and early warning system. Immune cells of the epidermis 
include Langerhans cells (LCs) and intraepithelial lym-
phocytes. The dermis is composed of connective tissue 
produced by fibroblasts. Immune cells resident in the 
dermis include dermal dendritic cells (DCs), mast cells, 
and cutaneous lymphocyte antigen-positive memory 
T cells. Situated at the frontier with the external environ-
ment, the skin is well equipped for the innate immune 
response, which mediates nonspecific host defense. 

Recent studies have shown that the innate immune sys-
tem is endowed with a highly sophisticated ability to 
discriminate between self and foreign pathogens. This 
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› Disorders of skin immune activity are implicated in the 
pathogenesis of cutaneous infections, skin malignancies, 
and acquired inflammatory skin disorders.

› Immune cells of the skin include epidermal keratinoc-
ytes, which function both as a physical barrier and early 
warning system, Langerhans cells (LCs), intraepithelial 
 lymphocytes, dermal dendritic cells (DCs), mast cells, 
and cutaneous memory T cells.

› The sympathetic nervous system (SNS) affects skin DC 
function and modulates their migration and Th1 priming 
ability. The DC receptors involved are the α1b- and β2-
adrenergic receptors (ARs). These exert opposing func-
tions with α1b-ARs stimulating and β2-ARs inhibiting 
DC (LC) migration. In particular, the effect of β2-ARs
seems predominant and is mainly exerted by enhancing 
interleukin (IL)-10 production in TLR-activated DCs.

› DCs express the cannabinoid receptor CB2 and that its 
physiological ligand, that is, the endogenous endocan-
nabinoid 2-arachydonoylglycerol (2-AG), may act as 
a chemoattractant for DCs. In vivo, 2-AG may recruit 
CD8+ DCs to the skin and act as an adjuvant for a Th1 
adaptive response to a soluble protein. These findings 
may improve our understanding of the pathogenesis of 
skin diseases. In fact, alterations of skin ARs expression 
or function have been associated with skin inflamma-
tory and autoimmune disorders. The involvement of the 
endogenous cannabinoid system in skin diseases is also 
possible but current evidence calls for further studies.
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discrimination relies on a family of receptors, known 
as Toll-like receptors (TLRs), which play a crucial 
role in early host defense mechanisms. TLRs recog-
nize  pathogen-associated molecular patterns (PAMPs) 
and the consequent activation of innate immunity is 
 necessary for the induction of acquired immunity, in 
particular, for Th1 priming. TLRs differ from each 
other in ligand specificities, expression pattern, and 
presumably in the target genes they can affect.

An ideal partner with the innate immune system of the 
skin is the nervous and neuroendocrine system, which 
may react rapidly (from milliseconds to minutes) to 
many types of nonspecific environmental stimuli. Neuro-
transmitters and neuropeptides bind to G-protein coupled
receptors that activate the same signaling pathways as 
those triggered by inflammatory immune mediators.

Here we focused our attention on the neural and 
neuroendocrine influence on a crucial player of the 
innate and adaptive immune response, that is, DCs. 
Interestingly, DCs are uniquely able to either induce 
immune responses or to maintain a state of self-
tolerance. Recent evidence has shown that the ability of 
DCs to induce tolerance in the steady-state is critical to 
the prevention of an autoimmune response. Likewise, 
DCs have been shown to induce several types of regu-
latory T cells, depending on the maturation state of the 
DC and the local microenvironment.

On the other hand, TLRs and neural receptors such as 
those of the adrenergic system have been related to skin 
disorders but in a strictly separate approach [5,8,24,28].

Here we report the role of ARs in modulating DC 
function and the influence of the endogenous cannabi-
noid 2-arachidonoylglycerol (2-AG) and its specific 
CB2 receptors.

10.2  Adrenergic Regulation 
of Skin DCs Function

DCs are bone marrow-derived antigen-presenting cells 
distributed in both lymphoid and non-lymphoid tis-
sues [22,27]. After antigen internalization and inflam-
mation, DCs leave the tissues interfacing with the 
external environment and enter the lymphatic vessels 
to reach the lymphoid organs and undergo maturation 
[22,27,33]. While still immature, the primary function 
of the DC is to capture and process antigens, then to 
present the antigenic peptides, and activate specific T 
cells [22,27]. Activation of naive T-helper (Th) cells 
also results in their polarization toward the Th1 and/
or Th2 type, which orchestrates the immune effector 

mechanism that is more appropriate for the invading 
pathogen. Th1 cells promote cellular immunity, pro-
tecting against intracellular infection and cancer but 
carry the risk of organ-specific autoimmunity. Th2 
cells promote humoral immunity, are highly effective 
against extracellular pathogens, and are involved in 
tolerance mechanisms and allergic diseases. The initia-
tion and type of adaptive immune responses is control-
led by innate immune recognition, which is mediated 
by DCs that produce IL-12, a prerequisite for both the 
activation of innate immunity and the development of 
Th1 responses [3,25].

Recently, we and others have begun to investigate 
neuronal influences on DCs. LCs, which reside within 
the epidermis, often lie in apposition with epidermal 
nerves, including both sensory and sympathetic fibers 
[4,30]. Chemokines expressed by endothelial cells in 
lymphatics and lymph node venules and chemokine 
receptors in LCs seem to contribute to LCs migra-
tion as chemoattractants and by triggering integrin-
dependent adhesive interactions [3,9,32]. However, 
the mechanisms that drive LCs migration are not 
completely understood.

We investigated whether the sympathetic neurotrans-
mitter norepinephrine (NE) could affect LCs migration 
and/or exert a chemotactic/chemokinetic effect on bone 
marrow-derived DCs in vitro. Fluorescein isothiocy-
anate (FITC) was used as an antigen to induce migration 
of LCs to regional lymph nodes. The results obtained 
showed that local application of the α1-AR antagonist, 
prazosin, inhibited migration of LCs to the draining 
lymph nodes. Furthermore, enhancement of DCs emi-
gration from dorsal halves of ear skin was noted when 
NE was added in organ cultures, and prazosin inhibited 
the NE effect [12]. These results confirmed that NE can 
mobilize skin DCs via α1-ARs. To investigate whether 
the adrenergic influence on skin LCs migration in vivo 
resulted in an altered development of LC-dependent 
immune response, we measured the contact hypersen-
sitivity (CHS) response to FITC after sensitization in 
presence of prazosin. Prazosin treatment during sensi-
tization inhibited the CHS response expressed as net 
ear swelling after FITC challenge 6 days later [12]. This 
indicated that the prazosin-induced inhibition of DC 
migration resulted in a reduced sensitization to FITC. 
Other experiments performed in vitro revealed that NE 
is indeed a chemotactic and chemokinetic factor in bone 
marrow-derived DCs via α1-AR [12].

Other authors have confirmed the expression of 
mRNA coding for various ARs in LC; purified LC 
as well as LC-like cell lines expressed mRNA for β1,
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β2, and α1
A
-ARs [26]. Furthermore, pretreatment of 

LCs with NE or epinephrine suppressed their antigen-
presenting ability and inhibited their capacity to elicit 
a CHS response. This effect was neutralized by the 
β2-AR blocker, ICI 118,551, suggesting the involve-
ment of β2-ARs [26]. More recently, we also showed 
that bone-marrow-derived DC express β1-, β2-, α2

A
-,

and α2
C
-ARs genes. Both β2- and α2

A
-ARs inhibited 

IL-12, while IL-10 was stimulated by β2-ARs only. In 
addition, LC migration, the CHS response, and produc-
tion of IFN-γ and IL-2 in draining lymph node cells 
are increased in mice treated topically with the β2-AR
antagonist, ICI 118,55, during FITC sensitization. 
Activation of β2-ARs in DCs before adoptive trans-
fer could reduce both migration and CHS response to 
FITC. Finally, preincubation of DCs with LPS in the 
presence of the specific β2-AR agonist, salbutamol, 
impaired their chemotactic response to CCL19 and 
CCL21, and this effect was neutralized by anti-IL-
10 mAb. Thus it appears that the physiological activa-
tion of β2-ARs in LCs results in stimulation of IL-10, 
which in turn restrains LCs migration, influencing 
antigen presentation and the consequent CHS response 
[15]. The reported adrenergic stimulation of LC migra-
tion via α1-ARs is seemingly in contrast with the 
present finding. A reasonable explanation may be that, 
physiologically, the final NE effect on LC migration 
results from two opposing effects: chemotaxis/chem-
okinesis mediated by α1-ARs and inhibition medi-
ated by β2-ARs. The selective blockade of these two 
ARs results, in fact, in divergent effects on both LCs 
migration and CHS response [12,13,15]. The binding 
affinity of NE for α1-ARs is considerably higher than 
that for β2-ARs; this means that concentrations of NE 
that may activate α1-ARs do not activate β2-ARs and 
this might account for the contrasting results. In any 
case, our results suggested that the sympathetic nerv-
ous system is involved in regulating LCs migration 
and the consequent induction of the CHS response to a 
chemical allergen through modulation of IL-12 and IL-
10 production. The sympathetic nervous system might 
thus play a modulating role during the innate immune 
response and this would contribute in determining the 
type and intensity of the adaptive response.

We also reported that oxazolone, which induces a 
predominant Th1-type CHS response, but not FITC, 
which induces a prevailing Th2-type response, inhib-
its the local NE turnover in the skin of mice during 
the first 8 h of sensitization (Fig. 10.1). Oxazolone 
also induced higher expression of the inflammatory 
cytokines IL-1 and IL-6 mRNA in the skin [14]. Thus, 

the extent of Th1 priming in the adaptive response to 
a sensitizing agent seems to depend also on its abil-
ity to modulate the local sympathetic nervous activity 

Fig. 10.1 Effect of allergen sensitization on the rate of NE 
release in the skin. Either 1, 4, and 8 h (a) or 18, 21, and 25 h 
(b) after application of oxazolone (OX), FITC, or vehicle 
(VEH), skin samples from 3H-NE-treated mice were collected 
for determination of the rate of NE release as NE turnover rate 
(nanograms per gram per hour; inset). Each point represents the 
mean ± standard deviation for specific activity from 21 mice 
per experiment; r values are the least square regression coef-
ficients using raw data points for each line. The p values are 
indicated when significant. The specific activity of the 3H-NE
(cpm per ng of NE) was calculated as the quotient of 
3H-NE present in the tissue and the total tissue NE content. To 
determine NE turnover rates (rate constant × tissue NE) the specific 
activity of tissue NE was plotted as a function of time. The decay 
of specific activity is a first-order function, a straight line with a 
negative slope, and decay lines were calculated by the method of 
least squares. The rate constant represents the fraction of the NE 
pool replaced per unit time (h−1). Rate constants (k) were calcu-
lated from the slope of logarithm of the specific activity vs. time 
relationship (0.434 [k] = slope). Differences between the slopes 
of the regression lines were tested by student’s t test, using the 
pooled standard errors of sample regression. From [14]
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during the innate immune response. This suggests the 
existence of a reciprocal cross-talk between the skin 
immune system and the SNS aimed at shaping the 
most appropriate immune responses.

10.3  The Endogenous Cannabinoid 2-AG 
as In Vivo Chemoattractant for DCs

Endogenous cannabinoids such as anandamide and 2-AG 
may be produced in most tissues upon a variety of stim-
uli, including exposure to agonists of TLRs and traumatic 
injury [18,29]. These substances act as physiological 
ligands for the G protein-coupled cannabinoid recep-
tors CB1 and CB2, with CB2 receptors being expressed 
mostly in immunocompetent cells [29]. Interestingly, 
human myeloid DCs express both the cannabinoid CB1 
and CB2 receptors and produce 2-AG [16].

Relevant to our previous work, peripheral sympa-
thetic nervous system activity may be inhibited by 
activation of presynaptic cannabinoid CB1 receptors 
[6,17]. Therefore, we asked whether the presence of 
2-AG during the innate immune response to a soluble 
protein could influence the ensuing adaptive response.

We studied the influence of 2-AG in a model in 
which a soluble foreign protein was injected in com-
bination with peptidoglycan (PGN) from S. aureus to 
provide a danger signal to DCs. TLR2 recognizes the 
highest number of microbial products and PGN is a 
TLR2 agonist that has been reported to instruct mye-
loid DCs to induce a Th2 response [1,19]. Mice were 
injected with KLH and PGN in presence or absence of 
2-AG (50 µM). The concentration of 2-AG used was 
similar to those induced in tissues by inflammatory 
stimuli or traumatic injury [18,29]. Ten days later the 
mice were boosted subcutaneously with KLH (50 µg)
in complete Freund’s adjuvant (CFA). After 7 days the 
mice were challenged with KLH (50 µg in 20 µl PBS) 
in the right hind footpad to evaluate the DTH response 
and cytokine production in draining popliteal lymph 
nodes. Addition of PGN to KLH during primary 
immunization resulted in a mixed Th1/Th2 response 
as assessed by the DTH response, IFN-γ, and IL-4 pro-
duction in draining lymph node cells. The presence of 
2-AG resulted in a significantly higher DTH response 
upon the recall memory response and in a strong inhi-
bition of IL-4 production. These effects were neutral-
ized when the specific CB2 antagonist SR 144528 was 
injected together with 2-AG in the primary immuniza-
tion. Thus, 2-AG exerted a Th1 skewing effect during 
primary immunization via CB2 receptors.

We used real time RT-PCR to investigate CB2 recep-
tor mRNA expression in lymphoid CD8+, CD11c+ 
and CD8−, CD11c+ DCs populations that were puri-
fied from the spleen of C57BL/6 mice or obtained 
from bone marrow cell cultures, respectively. We per-
formed a semi-quantitative analysis of the CB2 mRNA 
expression in immature and mature DCs subsets using 
brain RNA as reference. We found that CD8+ CD11c+ 
DCs showed the highest expression of the CB2 mRNA 
and that both subsets of immature DCs showed higher 
expression of the CB2 mRNA compared to the con-
trol brain tissue. The CB2 expression was, however, 
reduced to the brain level upon maturation by PGN.

2-AG has been reported to enhance the migra-
tion of cells expressing the CB2 receptor [7,10]. 
Therefore we thought that the effect of 2-AG could 
be related to an enhanced migration of DCs. To chal-
lenge this  hypothesis we injected OVA-FITC (50 µg)
as foreign protein ±2-AG and 24 h later we enumer-
ated the CD11c+ FITC+ and the CD8+ FITC+ cells 
in the CD11c+-enriched cell population from the drain-
ing lymph nodes. 2-AG indeed increased the number 
of DCs loaded with OVA-FITC in the draining lymph 
nodes, with the CD8+ FITC+ subpopulation being more 
affected. When the CD11c+ FITC+ general population 
was considered, the percent increase in migration was 
163% (p < 0.03) while for the CD8+ FITC+ subset only, 
the figure rose to 364% (p < 0.01). The presence of SR 
144528 completely counteracted these effects, indicat-
ing that the increase in the antigen-loaded DCs was a 
CB2-mediated phenomenon. In addition, 2-AG could 
exert a powerful chemotactic activity on both imma-
ture and mature DCs in vitro. Checkerboard analysis 
showed that this effect was real chemotaxis, as 2-AG 
was ineffective in absence of a concentration gradient. 
Again, the CB2 antagonist SR 144528 inhibited com-
pletely the chemotactic effect of 2-AG, indicating that 
the effect observed was CB2-mediated.

The observation that 2-AG may especially increase 
the number of antigen-loaded CD8+ DCs in the drain-
ing lymph nodes suggests that its action is possibly 
exerted on circulating DC precursors. In fact, the skin 
does not contain CD8+ DCs and 2-AG was reported 
to act as chemoattractant for human monocytes and 
macrophages [10] and, in general, for hematopoi-
etic cells expressing the CB2 receptor [7]. Once 
recruited, DCs engulf and process the foreign protein 
while maturing upon the TLR2 stimulation. Finally 
they migrate to the draining lymph nodes where they 
present the antigen to Th cells (Fig. 10.2). The quality 
and quantity and subset of the DCs may influence Th 



Chapter 10 Neuroendocrine Regulation of Skin Immune Response 109

priming [2,23]. On the one hand, during in vivo T-cell 
responses, CD8− DCs mainly induce Th2 responses, 
whereas CD8+ DCs elicit Th1 responses due to their 
high capacity to produce IL-12 [2]. On the other 
hand, in vitro and in vivo studies indicate that the 
functional division between CD8+ and CD8− DCs 
can be altered by environmental factors that modu-
late the function of DCs, in particular, the ability to 

produce IL-12 [2,14,15]. Thus, both the increased 
migration and type of DC subset might explain the 
final effect on Th priming. Thus, we suggest that the 
endocannabinoid 2-AG may act as a chemotactic 
substance capable of recruiting DCs and/or their pre-
cursor cells during the innate immune response that, 
in presence of a TLR2 agonist, consequently instruct 
a Th1  adaptive (Fig. 10.2).

Fig. 10.2 AG (A) may exert a chemotactic activity on imma-
ture dendritic cells (iDC) and or on CD8+ dendritic cells precur-
sors (DCp) via the cannabinoid CB2 receptor. In presence of the 
TLR2 agonist PGN and the foreign soluble protein KLH, the 
cells engulf the foreign protein and mature, ultimately leading to 
a Th1 shift of the adaptive response upon migration in the drain-

ing lymph nodes. This shift is maintained in the memory recall 
immune response that, in turn, results in a high delayed-type 
hypersensitivity (DTH) response. In the absence of 2-AG (B), 
no recruitment of dendritic cells or precursor cells takes place 
and the ensuing adaptive response is a mixed Th1/Th2 type that 
results in a low DTH response. From [11], with permission
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10.4 Conclusion and Perspectives

Our studies on the SNS regulation of DC func-
tions revealed that NE may shape the appropriate 
immune response to a foreign antigen by exerting 
a discrete influence on the cytokine production and 
migratory properties of the DC response to micro-
bial products. NE acts mainly on β2-AR expressed 
in LCs (DCs) and results in the production of large 
amounts of IL-10 upon stimulation with allergens 
or TLR2 and TLR4, that is, the DC receptors for 
bacterial products. The presence of NE at the begin-
ning of LC (DC) activation might serve to limit the 
inflammatory response and an excessive Th1 polari-
zation, which may be potentially dangerous for the 
organism. By doing this, NE would also decrease 
the probability of autoimmune reactions. However, 
why the SNS should play such a role in the skin, that 
is, in an organ completely exposed to the external 
environment and its potential threats? This question 
seems important as all stimuli perceived as threats 
would activate the SNS in the so-called stress reac-
tion. Other reports show that, indeed, stress may 
activate the skin immune responsiveness as a part 
of the homeostatic response to environmental 
challenges [31]. Other contributions in this book 
detail this topic. So we are in front of an apparent 
controversy. The existence of a controversy usually 
alludes to poor knowledge. The current dogma about 
the role of the innate immune response and DCs in 
the skin dictates that DCs must be alerted by dan-
ger signals (TLRs or other receptors) and undergo 
a complex cascade of events starting from antigen 
uptake, migration to the draining lymph nodes, and 
antigen presentation to naïve Th cells or cross pres-
entation to CD8+ cells [21].

In the frame of this dogma we could consider that 
the discordant results might depend on the type of 
ARs that is activated. We might speculate that acti-
vation of α1-ARs by NE would result in increased 
migration and antigen presentation, while activation 
of β2-ARs by higher NE concentration or, better, by 
epinephrine would end in a down-regulation of DC 
migration and antigen presentation. However, are we 
sure that all immune reactions in the skin follow the 
above mentioned dogma? Some recent studies have 
started to question it. It has been reported that in cer-
tain cases migrating DCs do not present skin antigens 
in the draining lymph nodes but rather it is the lymph 
node resident DCs that do the job [20]. So the SNS 

influence that matters in term of type and strength of 
the adaptive immune response might depend, not only 
on events occurring locally in the skin at the infection 
site, but also in the draining lymph nodes, and this dur-
ing the very early phase of the innate response.

This reasoning may apply also to endocannabinoids 
as well as for any other potential immunomodulat-
ing neuroendocrine factor. Cannabinoids have been, 
in fact, reported to exert both anti-inflammatory and 
pro-inflammatory effects, resulting in a complex 
and controversial picture. However, most in vivo stud-
ies are related to systemic and direct effects on T and 
B cell responses of pharmacological treatments, with 
the primary psychoactive component of marijuana, ∆9-
tetrahydrocannabinol, and related substances. In any 
case, we believe to have revealed a potentially impor-
tant role of 2-AG, which might have several impli-
cations. For example, 2-AG is induced in the central 
nervous system by traumatic brain injury at tissue 
concentrations largely above that used in our study. Its 
pathophysiological relevance seems to be that of atten-
uating brain damage via a CB1-mediated mechanism 
in a model of closed head injury where no exogenous 
danger signals were involved. Perhaps, in presence of a 
danger signal (infection) or inflammation, the effect of 
2-AG in the brain would promote neuroinflammatory 
diseases. As far as the skin is concerned, future studies 
should investigate the possible production of 2-AG in 
the skin and its physiopathological correlates.

The crucial role of the skin immune surveillance system is 
evident from the increased frequency of cutaneous infec-
tions and malignancies in patients with acquired immuno-
deficiency and in those receiving immunosuppressive drugs. 
Disorders of the skin immune activity are also implicated in 
the pathogenesis of acquired inflammatory skin disorders, 
including psoriasis, atopic dermatitis, contact hypersensitiv-
ity, lichen planus, alopecia areata, and vitiligo.

The present chapter describes studies showing that β-
ARs in skin DCs play an important role in cutaneous innate 
and acquired immune responses. In particular, activation of 
these adrenoceptors inhibits DCs migration and Th1 prim-
ing. These findings should be considered together with 
the observation that most inflammatory skin disorders are 
associated with deranged local adrenergic mechanisms. In 
vitiligo, there is a dysregulation of catecholamine biosyn-
thesis with increased plasma and epidermal norepinephrine 

Summary for the Clinician
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› Psychological stress can have bidirectional effects on 
immune function, being immunosuppressive under 
certain conditions but immunoenhancing under others.

› Chronic stress (lasting for weeks, months, or years) is 
known to suppress or dysregulate immune function.

› Acute stress (lasting for minutes to hours) has been shown 
to enhance immune function, particularly in the skin.

› Acute stress experienced at the time of immune activation 
or antigen exposure significantly enhances primary/innate 
or secondary/adaptive immune responses.

› Acute stress induces a redistribution of leukocytes from 
the blood to compartments like the skin and sentinel 
lymph nodes, and this redistribution is thought to be one 
important mediator of the immunoenhancing effects of 
acute stress.

› The studies described here may provide substrates for 
interventions that could be designed to ameliorate stress-
induced exacerbation of allergic, inflammatory, or auto-
immune diseases.

› These studies also provide the framework for develop-
ing therapeutic interventions that may harness the body’s 
endogenous adjuvant-like immunoenhancing mechanisms 
to enhance protective immunity during vaccination, infection, 
or wound healing.
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Synonyms Box: CGRP, calcitonin gene related pep-
tide; CHS, contact hypersensitivity; CMI, cell-medi-
ated immunity; CRH, corticotropin-releasing hormone; 
CTACK, cutaneous T cell-attracting chemokine; CTL, 
cytolytic T cell; HPA, hypothalamic pituitary adre-
nal axis; IFN-gamma, interferon gamma; KLH, key-
hole limpet hemocyanin; LTN, lymphotactin; MCP-1, 
monocyte chemotactic protein -1; MIP-1alpha, macro-
phage inflammatory protein 1 alpha; MSH, melanocyte-
stimulating hormone; NK, natural killer cell; POMC, 
proopiomelanocortin; SCC, squamous cell carcinoma; 
SP, substance P; Th, helper T cell; TNF-alpha, tumor 
necrosis factor alpha; UV, ultraviolet; VIP, vasoactive 
intestinal peptide

11.1 Introduction

Psychological stress is known to suppress immune 
function and increase susceptibility to infections and 
cancer. Paradoxically, stress is also known to exacer-
bate autoimmune and inflammatory diseases, including 
psoriasis and numerous other inflammatory skin dis-
orders. This suggests that stress may enhance immune 
function under certain conditions. It has recently been 
appreciated that while chronic stress suppresses or 
dysregulates immune function, acute stress often has 
immunoenhancing effects [28].

One of the most under-appreciated effects of stress 
on the immune system is its ability to induce signifi-
cant changes in leukocyte distribution in the body [31]. 
Importantly, these changes in leukocyte distribution 
have significant effects on immune function in different 
body compartments, with the skin being a critical com-
partment in which the effects of different stressors are 
observed. Acute stress induces rapid, robust, and revers-
ible changes in leukocyte distribution between the blood 
and other body compartments [31]. Acute stress can 
affect dendritic cell, neutrophil, macrophage, and lym-
phocyte trafficking, maturation, or function, in ways that 
can enhance innate and adaptive immunity [29,69,85,86]. 
Acute stress experienced prior to novel cutaneous anti-
gen exposure increases memory T cell formation and 
results in a significant and long-lasting increase in 
immunity [29,69,86]. Similarly, acute stress experienced 
during antigen re-exposure enhances secondary immune 
responses [24]. This suggests that depending on the con-
dition against which the immune response is directed, 
stress can enhance the acquisition as well as expression 
of immunoprotection and immunopathology.

In contrast to acute stress, chronic stress suppresses 
or dysregulates innate and adaptive immune responses 

through mechanisms that involve suppression of leuko-
cyte numbers, trafficking, and function or changes in the 
Type 1-Type 2 cytokine balance [2,40]. Chronic stress 
has recently been shown to increase susceptibility to skin 
cancer by suppressing Type 1 cytokines and protective T 
cells while increasing suppressor T cell function [72].

We have suggested that the primary biological pur-
pose of a physiologic stress response may be to promote 
survival, with stress hormones and neurotransmitters 
serving as beacons that prepare the immune system 
for potential challenges (e.g., wounding or infection) 
perceived by the brain (e.g., detection of an imminent 
attack) [28,31]. However, this same system may exacerbate 
immunopathology if the enhanced immune response is 
directed against innocuous or self-antigens, or if the 
system is over-activated as seen during chronic stress. In 
view of the ubiquitous nature of stress and its significant 
effects on immunoprotection and immunopathology, it 
is important to further elucidate the mechanisms medi-
ating stress–immune interactions and to meaningfully 
translate findings from bench to bedside.

11.2 Stress

Although the word “stress” generally has negative con-
notations, stress is a familiar aspect of life, being a 
stimulant for some, but a burden for others. Numerous 
definitions have been proposed for the word stress. 
Each definition focuses on aspects of an internal or 
external challenge, disturbance, or stimulus; on percep-
tion of a stimulus by an organism; or on a physiologi-
cal response of the organism to the stimulus [41,54,70]. 
Physical stressors have been defined as external chal-
lenges to homeostasis and psychological stressors as the 
“anticipation justified or not, that a challenge to home-
ostasis looms” [71]. An integrated definition states that 
stress is a constellation of events, consisting of a stimu-
lus (stressor), that precipitates a reaction in the brain 
(stress perception), that activates physiologic fight or 
flight systems in the body (stress response) [25]. The 
physiologic stress response results in the release of neu-
rotransmitters and hormones that serve as the brain’s 
alarm signals to the body. It is often overlooked that a 
stress response has salubrious adaptive effects in the 
short run [28,29], although stress can be harmful when 
it is long-lasting [40,47,53,70].

An important distinguishing characteristic of stress 
is its duration and intensity. Thus, acute stress has been 
defined as stress that lasts for a period of minutes to hours, 
and chronic stress as stress that persists for several hours 
per day for weeks or months [25]. The intensity of stress 
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may be gauged by the peak levels of stress hormones, 
neurotransmitters, and other physiological changes such 
as increases in heart rate and blood pressure, and by the 
amount of time for which these changes persist during 
stress and following the cessation of stress.

It is important to bear in mind that there exist signif-
icant individual differences in the manner and extent 
to which stress is perceived, processed, and coped with 
[28]. These differences become particularly relevant 
while studying human subjects because stress percep-
tion, processing, and coping mechanisms can have 
significant effects on the kinetics and peak levels of 
circulating stress hormones and on the duration for 
which these hormone levels are elevated. The magni-
tude and duration of catecholamine and glucocorticoid 
hormone exposure in turn can have significant effects 
on leukocyte distribution and function [27,64,74].

11.3  Stress-Induced Changes in Immune 
Cell Distribution

Effective immunoprotection requires rapid recruitment 
of leukocytes into sites of surgery, wounding, infection, 
or vaccination. Immune cells circulate continuously on 
surveillance pathways that take them from the blood, 
through various organs, and back into the blood. This cir-
culation is essential for the maintenance of an effective 
immune defense network [80]. The numbers and propor-
tions of leukocytes in the blood provide an important rep-
resentation of the state of distribution of leukocytes in the 
body and of the state of activation of the immune system. 
The ability of acute stress to induce changes in leukocyte 
distribution within different body compartments is per-
haps one of the most under- appreciated effects of stress 
and stress hormones on the immune system.

Numerous studies have shown that stress and stress 
hormones induce significant changes in absolute 
numbers and relative proportions of leukocytes in the 
blood. In fact, changes in blood leukocyte numbers 
were used as a measure of stress before methods were 
available to directly assay the hormone [44]. Studies 
have also shown that glucocorticoid [32,35,36] and 
catecholamine [7,8,17,57,58,65] hormones induce 
rapid and significant changes in leukocyte distribution 
and that these hormones are the major mediators of 
the effects of stress. Stress-induced changes in blood 
leukocyte numbers have been reported in fish [63], 
hamsters [9], mice [48], rats [30–32,67], rabbits [84], 
horses [79], non-human primates [60], and humans 
[14,43,57,66,73]. This suggests that the phenomenon 
of stress-induced leukocyte redistribution has a long 

evolutionary lineage, and that perhaps it has important 
functional significance.

Studies in rodents have shown that stress-induced 
changes in blood leukocyte numbers are  characterized 
by a significant decrease in numbers and percentages 
of lymphocytes and monocytes, and by an increase in 
numbers and percentages of neutrophils [30,31]. Flow 
cytometric analyses revealed that absolute numbers of 
peripheral blood T cells, B cells, NK cells, and mono-
cytes all show a rapid and significant decrease (40–70% 
lower than baseline) during stress [31]. Moreover, it has 
been shown that stress-induced changes in leukocyte 
numbers are rapidly reversed upon the cessation of 
stress [31]. In apparent contrast to animal studies, human 
studies have shown that stress can increase rather than 
decrease blood leukocyte numbers [14,15,56,61,73]. 
This apparent contradiction may be resolved by tak-
ing the following factors into consideration: First, 
stress-induced increases in blood leukocyte numbers 
are observed following stress conditions, which prima-
rily result in the activation of the sympathetic nervous 
system. These stressors are often of a short duration 
(few minutes) or relatively mild (e.g., public speaking) 
[15,56,61,73]. Second, the increase in total leukocyte 
numbers may be accounted for by stress- or catecho-
lamine-induced increases in granulocytes and NK cells 
[8,15,56,61,73]. Third, stress or pharmacologically 
induced increases in glucocorticoid hormones induce 
a significant decrease in blood lymphocyte and mono-
cyte numbers [32,44,73,81]. Thus, stress conditions 
that result in a significant and sustained activation of 
the HPA axis result in a decrease in blood leukocyte 
numbers.

In view of the above discussion, it has been proposed 
that acute stress induces an initial increase followed by 
a decrease in blood leukocyte numbers. Stress condi-
tions that result in activation of the sympathetic nervous 
system, especially conditions that induce high levels of 
norepinephrine, may induce an increase in circulating leu-
kocyte numbers. These conditions may occur during the 
beginning of a stress response, very short duration stress 
(order of minutes), mild psychological stress, or during 
exercise. In contrast, stress conditions that result in the 
activation of the hypothalamic–pituitary–adrenal (HPA) 
axis induce a decrease in circulating leukocyte numbers. 
These conditions often occur during the later stages of 
a stress response, long duration acute stressors (order of 
hours), or during severe psychological, physical, or physi-
ological stress. An elegant and interesting example in 
support of this hypothesis comes from Schedlowski 
et al. who measured changes in blood T cell and NK cell 
numbers as well as plasma catecholamine and cortisol 
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levels in parachutists [73]. Measurements were made 
2 h before, immediately after, and 1 h after the jump. 
Results showed a significant increase in T cell and NK 
cell numbers immediately (minutes) after the jump that 
was followed by a significant decrease 1 h after the jump. 
An early increase in plasma catecholamines preceded 
early increases in lymphocyte numbers, whereas the 
more delayed rise in plasma cortisol preceded the late 
decrease in lymphocyte numbers [73]. Importantly, 
changes in NK cell activity and antibody-dependent 
cell-mediated cytotoxicity closely paralleled changes in 
blood NK cell numbers; thus suggesting that changes 
in leukocyte numbers may be an important mediator 
of apparent changes in leukocyte “activity.” Similarly, 
Rinner et al. have shown that a short stressor (1 min 
handling) induced an increase in mitogen-induced prolif-
eration of T and B cells obtained from peripheral blood, 
while a longer stressor (2 h immobilization) induced 
a decrease in the same proliferative responses [68]. 
In another example, Manuck et al. showed that acute 
psychological stress induced a significant increase in 
blood CTL numbers only in those subjects who showed 
hightened catecholamine and cardiovascular reactions 
to stress [52].

Thus, an acute stress response may induce biphasic
changes in blood leukocyte numbers. Soon after the 
beginning of stress (order of minutes) or during mild 
acute stress, or exercise, catecholamine hormones and 
neurotransmitters induce the body’s “soldiers” (leuko-
cytes), to exit their “barracks” (spleen, lung, marginated
pool, and other organs) and enter the “boulevards” (blood 
vessels and lymphatics). This results in an increase 
in blood leukocyte numbers, the effect being most 
prominent for NK cells and granulocytes. As the stress 
response continues, activation of the HPA axis results in 
the release of glucocorticoid hormones, which induce 
leukocytes to exit the blood and take position at poten-
tial “battle stations” (skin, mucosal lining of gastro-
intestinal and urinary-genital tracts, lung, liver, and 
lymph nodes) in preparation for immune challenges, 
which may be imposed by the actions of the stressor 
[24,27,31]. Such a redistribution of leukocytes results 
in a decrease in blood leukocyte numbers. Thus, acute 
stress may result in a redistribution of leukocytes from 
the barracks, through the boulevards, and to potential 
battle stations within the body.

Since the blood is the most accessible and com-
monly used compartment for human studies, it is 
important to carefully evaluate how changes in blood 
immune parameters might reflect in vivo immune 
function in the context of the specific experiments or 
study at hand. Moreover, since most blood collection 

procedures involve a certain amount of stress, since all 
patients or subjects will have experienced acute and 
chronic stress, and since many studies of psychophysi-
ological effects on immune function focus on stress, 
the effects of stress on blood leukocyte distribution 
become a factor of considerable importance.

Dhabhar et al. were the first to propose that stress-
induced changes in blood leukocyte distribution may 
represent an adaptive response [26,30]. They suggested 
that acute stress-induced changes in blood leukocyte 
numbers represent a redistribution of leukocytes from 
the blood to other organs such as the skin, draining 
sentinel lymph nodes, and other compartments [24,27]. 
They hypothesized that such a leukocyte redistribution 
may enhance immune function in compartments to 
which immune cells traffic during stress. In agreement 
with this hypothesis, it was demonstrated that a stress-
induced redistribution of leukocytes from the blood to 
the skin is accompanied by a significant enhancement 
of skin immunity [24,26,33].

11.4  Functional Consequences of Stress-Induced 
Changes in Immune Cell Distribution

When interpreting data showing stress-induced changes
in functional assays such as lymphocyte proliferation 
or NK activity, it may be important to bear in mind the
effects of stress on the leukocyte composition of 
the compartment in which an immune parameter is 
being measured. For example, it has been shown that 
acute stress induces a redistribution of leukocytes 
from the blood to the skin and that this redistribution 
is accompanied by a significant enhancement of skin 
cell mediated immunity [24,29]. In what might at first 
glance appear to be contradicting results, acute stress 
has been shown to suppress splenic and peripheral 
blood responses to T cell mitogens [20] and splenic 
IgM production [89]. However, it is important to note 
that in contrast to the skin that is enriched in leuko-
cytes during acute stress, peripheral blood and spleen 
are relatively depleted of leukocytes during acute 
stress [23]. This stress-induced decrease in blood and 
spleen leukocyte numbers may contribute to the acute 
stress-induced suppression of immune function in these 
compartments.

Moreover, in contrast to acute stress, chronic stress 
has been shown to suppress skin cell mediated immu-
nity, and a chronic stress-induced suppression of blood 
leukocyte redistribution is thought to be one of the 
factors mediating the immunosuppressive effect of 
chronic stress [25]. Again, in what might appear to be 
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contradicting results, chronic stress has been shown to 
enhance mitogen-induced proliferation of splenocytes 
[59] and splenic IgM production [89]. However, the spleen
is relatively enriched in T cells during chronic gluco-
corticoid administration, suggesting that it may also 
be relatively enriched in T cells during chronic stress 
[55], and this increase in spleen leukocyte numbers 
may contribute to the chronic stress-induced enhance-
ment of immune parameters measured in the spleen.

It is also important to bear in mind that the hetero-
geneity of the stress-induced changes in leukocyte 
distribution [31] suggests that using equal numbers of 
leukocytes in a functional assay may not account for 
stress-induced changes in relative percentages of dif-
ferent leukocyte subpopulations in the cell suspension 
being assayed. For example, samples that have been 
equalized for absolute numbers of total blood leuko-
cytes from control vs. stressed animals may still contain 
different numbers of specific leukocyte subpopulations 
(e.g., T cells, B cells, or NK cells). Such changes in 
leukocyte composition may contribute to the effects of 
stress even in functional assays using equalized numbers 
of leukocytes from different treatment groups. This 
possibility needs to be taken into account before con-
cluding that a given treatment changes an immune 
parameter on a “per cell” rather than a “per population” 
basis. Therefore, stress may affect immune function at a 
cellular level (e.g., phagocytosis, antigen presentation, 
killing, antibody production) and/or through leuko-
cyte redistribution that could increase or decrease the 
number of cells with a specific functional capacity in 
the compartment being studied.

11.5  Effects of Acute Stress on Leukocyte 
Trafficking to a Site of Surgery or Immune 
Activation

Viswanathan and Dhabhar used a clinically relevant 
subcutaneously implanted surgical sponge model to 
elucidate the effects of stress on the kinetics, magni-
tude, subpopulation, and chemoattractant specificity 
of leukocyte trafficking to a site of immune activa-
tion or surgery [85]. Mice that were acutely stressed 
before subcutaneous implantation or the surgical 
sponge showed a two- to threefold higher neutrophil, 
macrophage, NK cell, and T cell infiltration than 
non-stressed animals. Leukocyte infiltration was evi-
dent as early as 6 h and peaked between 24 and 48 h. 
Importantly, sponges from non-stressed and acutely 
stressed mice had comparable and significantly lower 
leukocyte numbers at 72 h, indicating effective reso-

lution of inflammation in both groups. These authors 
also examined the effects of stress on early (6 h) 
leukocyte infiltration in response to a predominantly 
pro-inflammatory cytokine, TNF-α, and lymphocyte-
specific chemokine, lymphotactin (LTN). Acute stress 
significantly increased infiltration of macrophages, in 
response to saline, LTN, or TNF-α; neutrophils only 
in response to TNF-α; and NK and T cells only in 
response to LTN. These results showed that acute stress 
significantly enhances the kinetics and magnitude of 
leukocyte infiltration into a site of immune activation 
or surgery in a subpopulation and chemoattractant spe-
cific manner with tissue damage, antigen-, or pathogen-
driven chemoattractants synergizing with acute stress 
to further determine the specific subpopulations that 
are recruited [85]. Thus, depending on the primary 
chemoattractants driving an immune response, acute 
stress may selectively mobilize specific leukocyte sub-
populations into sites of surgery, wounding, or inflam-
mation. Such a stress-induced increase in leukocyte 
trafficking may be an important mechanism by which 
acute stressors alter the course of different (innate vs. 
adaptive, early vs. late, acute vs. chronic) protective or 
pathological immune responses.

11.6  Acute Stress-Induced Enhancement of 
Innate/Primary Immune Responses in Skin

In view of the skin being one of the target organs to 
which leukocytes traffic during stress, studies were con-
ducted to examine whether skin immunity is enhanced 
when immune activation/antigen exposure takes place 
following a stressful experience. Studies showed that 
acute stress experienced at the time of novel or primary 
antigen exposure results in a significant enhancement 
of the ensuing skin immune response [29]. Compared 
to controls, mice restrained for 2.5 h before primary 
immunization with keyhole limpet hemocyanin (KLH) 
showed a significantly enhanced immune response when 
re-exposed to KLH nine months later. This immunoen-
hancement was mediated by an increase in numbers of 
memory and effector helper T cells in sentinel lymph 
nodes at the time of primary immunization. Further 
analyses showed that the early stress-induced increase 
in T cell memory may have stimulated the robust 
increase in infiltrating lymphocyte and macrophage 
numbers observed months later at a novel site of anti-
gen re-exposure. Enhanced leukocyte infiltration was 
driven by increased levels of the Type-1 cytokines, IL-2 
and IFN-γ, and TNF-α, observed at the site of antigen 
re-exposure in animals that had been stressed at the time 
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of primary immunization. Given the importance of induc-
ing long-lasting increases in immunological memory 
during vaccination, we have suggested that the neuroen-
docrine stress response is nature’s adjuvant that could be 
psychologically and/or pharmacologically manipulated 
to safely increase vaccine efficacy [28,29].

A similar enhancement of the sensitization/immuni-
zation/induction phase of cell-mediated immunity by 
different types of stressors administered at the time of 
antigen exposure has been observed in mice, rats, and 
non-human primates [12,18,88]. In a series of elegant 
experiments, Saint Mezard et al. showed that acute 
stress experienced at the time of sensitization resulted 
in a significant increase in the contact hypersensitivity 
(CHS) response [69]. These investigators showed that 
acute stress experienced during sensitization enhanced 
dendritic cell migration from skin to sentinel lymph 
nodes and also enhanced priming of lymph node 
CD8+ T cells. These CD8+ T cells responded in greater 
numbers at the site of antigen re-exposure during the 
recall phase of the CHS response. These studies also 
suggested that the effects of acute stress in this case 
were mediated primarily by norepinephrine [69].

Viswanathan et al. further elucidated the molecu-
lar and cellular mediators of the immunoenhancing 
effects of acute stress [86]. They showed that compared 
to nonstressed mice, acutely stressed animals showed 
significantly greater pinna swelling, leukocyte infil-
tration, and upregulated macrophage chemoattractant 
protein-1 (MCP-1), macrophage inflammatory protein-
3α (MIP-3α), IL-1α, IL-1β, IL-6, TNF-α, and IFN-γ
gene expression at the site of primary antigen exposure. 
Stressed animals also showed enhanced maturation and 
trafficking of dendritic cells from skin to lymph nodes, 
higher numbers of activated macrophages in skin and 
lymph nodes, increased T cell activation in lymph 
nodes, and enhanced recruitment of surveillance T cells 
to skin. These findings showed that important interac-
tive components of innate (dendritic cells and macro-
phages) and adaptive (surveillance T cells) immunity 
are mediators of the stress-induced enhancement of a 
primary immune response. Such immunoenhancement 
during primary immunization may induce a long-term 
increase in immunologic memory, resulting in subse-
quent augmentation of the immune response during 
secondary antigen exposure.

In addition to elucidating mechanisms that could be 
targeted to reduce stress-induced exacerbation of pro-
inflammatory reactions, the above-mentioned studies 
provide further support for the idea that a psycho-
physiological stress response is nature’s fundamental 

survival mechanism that could be therapeutically har-
nessed to augment immune function during vaccina-
tion, wound healing, or infection.

11.7  Acute Stress-Induced Enhancement of 
Adaptive/Secondary Immune Responses in Skin

Studies have shown that in addition to enhancing primary 
cutaneous immune responses, acute stress experienced at 
the time of antigen re-exposure can also enhance second-
ary or recall responses in skin [24]. Compared to non-
stressed controls, mice that were acutely stressed at the 
time of antigen re-exposure showed a significantly larger 
number of infiltrating leukocytes at the site of the immune 
reaction. These results demonstrated that a relatively mild 
behavioral manipulation can enhance an important class 
of immune responses that mediate harmful (allergic der-
matitis) as well as beneficial (resistance to certain viruses, 
bacteria, and tumors) aspects of immune function.

Other groups have similarly shown enhancement 
of the elicitation/recall phase of cell-mediated immu-
nity by different stressors administered at the time of 
antigen re-exposure, in mice, rats, hamsters, and non-
human primates [9,12,18,88]. Flint et al. showed that 
acute stress enhanced CHS responses in both male and 
female mice [37]; however, they failed to observe the 
stress-induced enhancement of the sensitization phase 
of CHS [38] that has been reported by several independ-
ent groups as described above [10,12,18,29,69,86,88]. 
In contrast to the results of several studies (described 
above) from independent groups, Hosoi et al. have 
reported a suppression of skin CHS when stress is 
administered prior to elicitation [45].

While the mechanisms mediating a stress-induced 
enhancement of in vivo immune responses need to be 
further investigated, taken together, results from numerous 
studies show that acute stress can significantly enhance 
innate as well as adaptive immunity and can potentiate 
the immunization/sensitization/induction as well as the 
elicitation/recall phases of an immune response.

11.8  Hormone and Cytokine Mediators  
of Stress-Induced Enhancement  
of Immune Function

Although much work remains to be done to identify 
molecular, cellular, and physiological mechanisms 
mediating the adjuvant-like, immunoenhancing effects 
of acute stress, several studies have begun to identify 
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endocrine and immune mediators of these effects. 
Studies have shown that corticosterone and epinephrine 
are important mediators of an acute stress-induced 
immunoenhancement [26]. Adrenalectomy, which 
eliminates the glucocorticoid and epinephrine stress 
response, eliminated the stress-induced enhancement 
of skin cell-mediated immunity (CMI). Low dose cor-
ticosterone or epinephrine administration significantly 
enhanced skin CMI [26]. In contrast, high dose corti-
costerone, chronic corticosterone, or low dose dexam-
ethasone administration significantly suppressed skin 
CMI. These results suggested a novel role for adrenal 
stress hormones as endogenous immunoenhancing 
agents. They also showed that stress hormones released 
during a circumscribed or acute stress response may 
help prepare the immune system for potential chal-
lenges (e.g., wounding or infection) for which stress 
perception by the brain may serve as an early warn-
ing signal. Studies by Flint et al. have also suggested 
that corticosterone is a mediator of the stress-induced 
enhancement of skin CHS [37], while Saint-Mezard et 
al have suggested that the adjuvant-like effects of stress 
on dendritic cell and CD8+ T cell migration and func-
tion are mediated by norepinephrine [69].

Studies have also examined the immunological medi-
ators of an acute stress-induced enhancement of skin 
immunity. Since gamma interferon (IFNγ) is a criti-
cal cytokine mediator of cell mediated immunity and 
delayed as well as contact hypersensitivity, studies were 
conducted to examine its role as a local mediator of the 
stress-induced enhancement of skin CMI [33]. The effect 
of acute stress on skin CMI was examined in wild-type 
and IFNγ receptor gene knockout mice (IFNγR−/−) that 
had been sensitized with 2,4-dinitro-1-fluorobenzene 
(DNFB). Acutely stressed wild-type mice showed a sig-
nificantly larger CMI response than nonstressed mice. In 
contrast, IFNγR−/− mice failed to show a stress-induced 
enhancement of skin CMI. Immunoneutralization of 
IFNγ in wild-type mice significantly reduced the stress-
induced enhancement of skin CMI. In addition, an 
inflammatory response to direct IFNγ-administration 
was significantly enhanced by acute stress. These results 
showed that IFNγ is an important local mediator of a 
stress-induced enhancement of skin CMI [33]. In addi-
tion to IFNγ, TNF-α, MCP-1, MIP-3α, IL-1, and IL-6 
have also been associated with a stress-induced enhance-
ment of the immunization/sensitization phase of skin 
cell-mediated immunity [29,86]. It is clear that further 
investigation is necessary in order to identify the most 
important molecular, cellular, and physiological media-
tors of a stress-induced enhancement of skin immunity.

11.9  Chronic Stress-Induced Suppression 
of Skin Immunity

In contrast to acute stressors, chronic stress has been 
shown to suppress or dysregulate immune function, 
including skin immunity (for review see [11,13,40,46,
49,50,76,90]). Dhabhar et al. conducted studies designed 
to examine the effects of increasing the intensity and 
duration of acute stress as well as the transition from 
acute to chronic stress on skin immune function [25]. 
These studies showed that acute stress administered for 
2 h prior to antigenic challenge significantly enhanced 
skin cell-mediated immunity [25]. Increasing the dura-
tion of stress from 2 to 5 h produced the same magni-
tude immunoenhancement. Interestingly, increasing the 
intensity of acute stress produced a significantly larger 
enhancement of the CMI response, which was accom-
panied by increasing magnitudes of leukocyte redeploy-
ment. In contrast, these studies found suppression of the 
skin immune response when chronic stress exposure was 
begun 3 weeks before sensitization and either discon-
tinued upon sensitization, or continued an additional week 
until challenge, or extended for 1 week after challenge 
[25]. Interestingly, acute stress-induced redistribution 
of peripheral blood lymphocytes was attenuated with 
increasing duration of stressor exposure and correlated 
with attenuated glucocorticoid responsivity. These results 
suggested that stress-induced alterations in lymphocyte 
redeployment may play an important role in mediating the 
bi-directional effects of stress on cutaneous cell-mediated 
immunity [25]. An association between chronic stress 
and reduced skin cell mediated immunity has also been 
reported in human subjects [78].

Given the importance of cutaneous cell-mediated 
immunity in elimination of immunoresponsive tumors 
like squamous cell carcinoma (SCC) [42,51], Saul et al. 
examined the effects of chronic stress on susceptibility 
to ultraviolet radiation (UV) induced SCC [72]. Mice 
were exposed to a minimal erythemal dose of UVB 
three times a week for 10 weeks. Half of the UVB-
exposed mice were left nonstressed (i.e., they remained 
in their home cages) and the other half were chronically 
stressed (i.e., restrained during weeks 4–6). UV-induced 
tumors were measured weekly from week 11 through 
week 34, blood was collected at week 34, and tissues 
were collected at week 35. mRNA expression of IL-
12p40, IFN-γ, IL-4, IL-10, CD3ε, and CCL27/CTACK, 
the skin T cell-homing chemokine, in dorsal skin was 
quantified using real-time polymerase chain reaction. 
CD4+, CD8+, and CD25+ leukocytes were counted 
using immunohistochemistry and flow cytometry. 
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Stressed mice had a shorter median time to first tumor 
(15 vs. 16.5 weeks) and reached 50% incidence earlier 
than controls (15 weeks vs. 21 weeks). Stressed mice 
also had lower IFN-γ, CCL27/CTACK, and CD3ε gene 
expression and lower CD4+ and CD8+ T cells infiltrat-
ing within and around tumors than nonstressed mice. 
In addition, stressed mice had higher numbers of tumor 
infiltrating and circulating CD4+ CD25+ suppressor 
cells than nonstressed mice. These studies showed that 
chronic stress increased susceptibility to UV-induced 
SCC by suppressing skin immunity, Type 1 cytokines, 
and protective T cells, and increasing active immuno-
suppression through regulatory/suppressor T cells [72].

11.10  Other Mediators and Effects of Stress 
on Skin Immune Function

While the above discussion has focused on the role of 
psychological stress and stress hormones in mediating 
changes in skin cell-mediated immunity, numerous 
other studies (many described in this volume) have 
examined other mediators of the effects of changes 
in central nervous system activity on skin immunity 
as well as cutaneous wound healing and changes in 
skin barrier function [5,19,22]. Although the principal 
stress hormones appear to play a major role, additional 
factors that could mediate the effects of stress and other 
emotional states on skin immunity include the actions 
of cutaneous nerves and the release of peptides like 
calcitonin gene related peptide (CGRP), substance P 
(SP), vasoactive intestinal peptide (VIP) [21,75], and 
proopiomelanocortin (POMC) peptides [62,77] like 
alpha-melanocyte stimulating hormone (alpha-MSH), 
local and systemic release of corticotropin releasing 
hormone (CRH) [3,34], mast cell factors [3,83], and 
mediators that also induce neurogenic inflammation 
[82]. Therefore, it is clear that much research remains 
to be done in order to identify the various psychophysi-
ological factors that may mediate the effects of stress 
and other emotional states on skin immune reactivity.

11.11 Conclusion

An important function of physiological mediators 
released under conditions of acute psychological 
stress may be to ensure that appropriate leukocytes 
are present in the right place and at the right time to 
respond to an immune challenge which might be initiated

by the stress-inducing agent (e.g., attack by a predator, 
invasion by a pathogen, etc.). The modulation of 
immune cell distribution by acute stress may be an 
adaptive response designed to enhance immune sur-
veillance and increase the capacity of the immune 
system to respond to challenge in immune compart-
ments (such as the skin), which serve as major defense 
barriers for the body. Thus, neurotransmitters and hor-
mones released during stress may increase immune 
surveillance and help enhance immune preparedness 
for potential (or ongoing) immune challenge. Stress-
induced immunoenhancement may increase immuno-
protection during surgery, vaccination, or infection, but 
may also exacerbate immunopathology during inflam-
matory (dermatitis, cardiovascular disease, gingivitis) 
or autoimmune (psoriasis, arthritis, multiple sclerosis) 
diseases that are known to be negatively affected by 
stress [1,4,6,39].
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› UVR component of sunlight is immunomodulatory with 
suppression of cellular immunity to antigens applied at 
both irradiated and non-irradiated sites.

› Via isomerization of trans-urocanic acid in the stratum 
corneum to its more soluble cis isomer, UVR activates 
peripheral sensory nerves for release of calcitonin gene-
related protein and substance P.

› Dermal mast cells activated by neuropeptides contribute 
to the immunomodulatory properties of UV.

› UVR-induced keratinocyte nerve growth factor produc-
tion augments activation of peripheral sensory nerves for 
neuropeptide release.

› UVR-induced keratinocyte α-melanocyte stimulating 
hormone is immunosuppressive by stimulating keratinocyte 
IL-10 production, as well as increasing melanogenesis 
and repair of UV-induced DNA damage in melanocytes 
and keratinocytes.

› There is debate upon whether UVA wavelengths (400–
320 nm) have immunosuppressive properties similar to 
those of UVB (320–290 nm).

Key Features

12.1 Introduction

Sunlight contains visible light (400–700 nm) as well as 
ultraviolet radiation (UVR); the latter is arguably one of 
the most important environmental insults and stressors 
to human skin. Environmental and dermatological 
photobiologists define UVA radiation as 400–320 nm, 
UVB radiation as 320–290 nm, and UVC radiation as 
290–200 nm [15]. The UV component of terrestrial 
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sunlight is composed of approximately 5% UVB and 
95% UVA radiation. UVC radiation is not present in 
sunlight reaching the earth’s surface as it is effectively 
blocked by stratospheric ozone. UVR can be produced 
in the laboratory by use of optically filtered xenon arc 
lamps or more commonly by specialized fluorescent 
lamps. Most studies described in this chapter refer 
to the use of a UVR source enriched in UVB radia-
tion (containing approximately 60% UVB radiation), 
although some studies have used solar-simulated 
light. In Sect. 12.7, investigations of the comparative 
immunoregulatory roles for UVA vs. UVB wave-
lengths are discussed.

As detailed many times in this book, strong evidence 
now exists that the immune and neuronal systems in the 
skin are a highly integrated and interactive unit with neuro-
peptides and neuroendocrine hormones of neuronal 
and non-neuronal origin, respectively, responsible for 
much of the cross-talk. In this chapter we present evidence
that the neuroimmune system via neuropeptide–cell 
interactions plays an important role in the mechanisms 
by which UVR is immunomodulatory. Many labora-
tories [18], including our own [62], have shown that 
immune responses in neuropeptide-depleted mice 
(resulting from capsaicin treatment early in life) are 
not suppressed by UV irradiation. Further, capsaicin 
applied 48 and 24 h before exposure of human skin to 
erythemal UV reversed the ability of UVR to suppress 
Mantoux reactions in volunteers sensitive to tuber-
culin purified protein derivative [32]. Neuropeptides 
and neuroendocrine hormones both contribute to UV-
induced immunomodulation, as well as to adaptive 
responses of skin to UV.

12.2  Photoneuroimmunology, Health, 
and Disease

The contribution of UV-induced immunomodulation 
to skin cancer development was first recognized two 
decades ago. Tumors develop in mice treated with a 
carcinogenic dose of UVR. If a UVR-induced tumor 
is transferred to a syngeneic mouse with a compe-
tent immune system, it is rejected [36]. However, if 
the recipient mouse is given a suberythemal dose of 
UVR before transfer, the tumor grows [36]. These, 
and other data, have demonstrated a dual role for 
UVR in skin cancer induction, where UVR induces 
DNA damage and also modulates the immune sys-
tem. UVR-induced immunomodulation in humans 
for the progression of skin cancers has also been 

documented. Perhaps the strongest evidence relates 
to the increased skin  cancer rate in transplant patients 
on  immunosuppressive  therapies [47]. Patients with 
non-melanoma skin cancers have a 30% increased 
risk of developing other cancers, which is consistent 
with the systemic nature of the immunomodulation 
induced by UVR [33]. It has been hypothesized that 
UVR-induced immunomodulation protects against 
over-zealous responses to nuclear antigens exposed 
by UVR-killed (sunburn) cells.

Further evidence of the immunomodulatory effects 
of UV radiation has been derived in the clinic, where 
UVR is used to treat inflammatory skin conditions 
such as psoriasis [40]. Suppression of the immune 
system by UVR may also affect responses to vaccines
and to infectious agents [45]. In animal models, 
several experimental bacterial, viral, and protozoan 
infections have developed in UV-irradiated but not 
unirradiated hosts and suggests that individuals living 
at low latitudes may have an enhanced susceptibility 
to infectious diseases. Populations living at higher 
latitudes have an enhanced incidence of multiple scle-
rosis [65], and perhaps other autoimmune diseases, 
possibly due to a reduction in immunosuppressive 
UV radiation. Epidemiological studies are required 
to consolidate these proposals and to determine the 
contribution, if any, of UV-induced vitamin D status 
as a significant contributor to the disease patterns for 
populations dwelling at different latitudes. A potential
interaction between the formation of 1,25 (OH)

2

vitamin D3 by UVR and photoneuro immunology is 
currently unknown. At present, the contribution of 
vitamin D status to the immunomodulatory effects 
following both acute and chronic exposure to UV 
irradiation remains a subject of intense research.

Although studies with human skin are performed 
whenever possible, UVR-induced immunosuppression is 
most commonly studied in rodents by analysis of alter-
ations to delayed or contact hypersensitivity responses 
to an experimental antigen or hapten. UVR modulates 
immune responses by multiple mechanisms. However, 
mechanisms clearly differ if the sensitizing antigen is 
applied to irradiated skin or to a non-irradiated site. 
“Local” UVR-induced immunosuppression is shown 
by application of the sensitizing antigen to the same 
site that has been irradiated and can be detected even 
with sub-erythemal amounts of UVR. The mechanisms
of UVR-induced local immunosuppression involve 
modified antigen presentation by UVR-damaged 
Langerhans cells or immature dermal dendritic cells 
(for review, [7,64]).
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The mechanisms behind “systemic” immunosup-
pression are less clear, particularly as the applied antigen 
will be handled by Langerhans cells or dendritic cells 
from unirradiated sites. For systemic immunosuppres-
sion, erythemal amounts of UVR are required, with 
UVR administered at least 3 days before antigen sensi-
tization. The irradiation of skin may affect responses to 
antigens administered to distant skin, the airways, or the 
peritoneal cavity, to name but a few possible sites.

Dermal mast cells at the site of UV irradiation play 
an important role in the mechanism by which UV 
radiation is immunoregulatory to antigens applied to 
distant sites. From studies of UV-induced systemic 
suppression of contact hypersensitivity responses in 
mice, the following is known: (a) the prevalence of 
mast cells correlates directly with their susceptibility to 
UV-induced systemic immunosuppression, (b) BALB/
c mice carrying Uvs1, a major locus for susceptibility 
to UV-induced immunosuppression, contain greater 
concentrations of dermal mast cells than BALB/c mice 
of the same parental origin, and (c) mast cell-depleted 
mice (Wf/Wf) are not susceptible to UV-induced sys-
temic immunosuppression unless they were reconsti-
tuted on their dorsal skin with bone marrow-derived 
mast cells precursors from nonmutant mice, at least 
6 weeks prior to UV irradiation at the same site [28]. 
Mast cells are also essential for UV-induced local 
immunosuppression [49] and suppression of delayed 
type hypersensitivity responses to allogeneic spleen 
cells [28].

Many products from mast cells may contribute to 
immunomodulatory events by production of TNFα
and IL-10 [49]. Further, histamine working alone or 
together with other mast cell or keratinocyte prod-
ucts may initiate downstream immunomodulation. 
Histamine stimulates prostaglandin E

2
 production by 

cultured keratinocytes, where prostaglandin E
2
 may act 

locally on epidermal cells, in lymph nodes, or systemi-
cally [64]. Prostanoids are responsible for at least 50% 
of the systemic suppression of contact hypersensitivity 
responses caused by UV irradiation [27]. Histamine 
may modulate the maturation and activation of dendritic
cells [44] that then contribute towards UVR-induced 
systemic immunomodulation. However, we have been 
unable to detect changes to CD11c-expressing antigen 
presenting cells in the lymph nodes of mice draining 
distant sites of antigen challenge [22]. As detailed below, 
neuroendocrine hormones from UVR-degranulating 
mast cells may also contribute to the adaptive response 
of skin to UVR, and the maintenance of epidermal 
health [3].

In both local and systemic immunosuppression 
caused by UVR, the neuroimmune system, includ-
ing products of keratinocytes and nerves, has been 
implicated. Perhaps this is not surprising due to the 
important role of mast cells in UVR-immunoregula-
tion, the close positioning of mast cells adjacent to 
nerves in skin [16] and the fact that neuropeptides 
are the major mechanism of IgE-independent mast 
cell activation.

12.3  Skin Photoreceptors for UVR. 
Links to the Neuroimmune System

Very little UVB radiation penetrates skin beneath the 
epidermis. Thus, photoreceptors in skin for UVR have 
been keenly investigated. UVR-initiated responses in 
the epidermis include cellular DNA damage, oxidation
of membrane proteins, and alterations to intracellular 
signaling events, leading to deficient function or pro-
duction of immunocompetent molecules. It has been 
hypothesized that UVR causes the oxidation of phos-
phatidylcholine in the membranes of irradiated skin 
cells [66]. In turn, oxidized phosphatidylcholine binds 
to, and activates, receptors for platelet activating factor 
on cells and stimulates a variety of downstream effects, 
including activation of MAP kinases, phospholipases, 
and gene transcription.

Several types of DNA damage may be induced by 
UVR, with cyclobutane pyrimidine dimers now rec-
ognized as the predominant DNA lesions in whole 
human skin exposed to UVA and UVB radiation 
[46]. Mechanisms of life and death and DNA repair 
are being investigated in UV-irradiated keratinocytes, 
melanocytes, and Langer hans cells and their role in 
UVR-immunoregulation studied. Langerhans cells and 
other dendritic cells with UVR-damaged DNA present 
antigen suboptimally in the skin-draining lymph 
nodes, which suppress immunity to the antigen, and 
induce regulatory cells and sometimes tolerance to the 
antigen [7]. As will be discussed later, UVR-induced 
neuroendocrine hormones may play an important role 
in the repair of UVR-induced pyrimidine dimers and 
the extent of UVR-induced immunomodulation, as 
well as the survival of precursor cells for keratinocyte 
and melanocyte tumors.

Another important process induced by UVR is the 
isomerization of trans-urocanic acid (trans-UCA) to 
its cis isomer [51]. Trans-UCA (deaminated histidine)
is a molecular species located superficially in the 
stratum corneum of skin (comprising 0.5% of its dry 
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weight). Upon irradiation trans-UCA is converted to 
its more soluble cis isomer. The action spectrum of 
UVR-induced suppression of contact hypersensitivity
responses in mice closely follows the absorption 
spectrum of UCA [13]. Mice genetically deficient in 
histidase, and thus in skin UCA, are not susceptible to 
immunosuppression caused by UVR irradiation [51]. 
UCA isomers in human urine may be a biomarker of 
recent UVA/UVB radiation exposure [55]. A single 
exposure to approximately 70% of an MED of solar 
simulated UVR to 90% of skin area produced a five-
fold increase in the ratio in urine of cis-UCA to trans-
UCA relative to baseline [55]. The role of cis-UCA
in UV-induced immunomodulation may vary with 
the response examined and the experimental model 
adopted but significant roles in delayed and contact 
hypersensitivity responses have been confirmed by 
neutralization studies with a cis-UCA monoclonal 
antibody (for review, [35]). The receptor and the target 
cells for the actions of cis-UCA remain a subject of 
investigation.

12.4  Stimulation by cis-Urocanic Acid 
of Neuropeptide Release from Peripheral 
Sensory Nerves

cis-UCA, but not trans-UCA, can activate sensory 
nerves in skin to release neuropeptides [35]. To investi-
gate sensory nerve activation, a blister was induced on 
the hind footpad of rats, the surface epithelium removed, 
and a perspex chamber with inlet and outlet ports fixed 
over the blister base. A peristaltic pump controlled per-
fusion of UCA solutions, whilst the cutaneous blood 
flow was measured by an attached laser Doppler flow-
meter probe [35]. cis-UCA at concentrations measured 
in UV-irradiated skin, but not trans-UCA, increased 
microvascular flow. Further, by use of receptor antagonists 
to substance P and CGRP, the action of cis-UCA largely 
depended on the combined activity of the neuropep-
tides, substance P, and calcitonin gene-related peptide 
(CGRP). Perfusion of cis-UCA over the base of blisters 
induced in rats depleted of sensory neuropeptides by 
subcutaneous injection of capsaicin when two days of 
age did not have any stimulatory effect above that seen 
with perfusion of cis-UCA together with neuropeptide 
receptor antagonists in control rats. Finally, the effect of 
cis-UCA on immuno suppression, not blood flow, was 
examined in sensory neuropeptide-depleted mice. Mice 
administered cis-UCA or UV to dorsal skin prior to 
hapten sensitization had a significantly reduced immune 

response to that hapten. However, if the mice were 
depleted of neuropeptides when 4 weeks of age, neither 
UV nor cis-UCA was immunoregulatory in adult mice 
[35]. Garssen and colleagues [18] first showed that UV-
induced systemic immunosuppression was dependent 
on neuropeptides from sensory nerves, but this was the 
first study to determine a UV-induced mechanism for 
the stimulation of the peripheral terminals of primary 
afferent sensory nerves (Fig. 12.1).

The identity of the receptor for cis-UCA on the 
peripheral sensory nerves remains elusive. It had been 
reported that cis-UCA bound competitively to receptors 
for γ-amino-butyric acid (GABA) on rat cortex mem-
branes [38]. However, GABA receptors are not gen-
erally found on peripheral nerves. Further, GABA at 
10 mM did not alter microvascular flow in the rat blister 
model [35]. It was hypothesized that cis-UCA bound 
to a histamine receptor but quite distinct functions for 
cis-UCA and histamine have now been described on 
monocytes, keratinocytes, and fibroblasts (for review, 
[68]). Because of some structural similarities between 
cis-UCA and serotonin, there have also been sugges-
tions that cis-UCA binds to the 5-hydroxy tryptamine 
(5-HT)2A receptor. However, by studying the mechanism 
by which cis-UCA suppressed lipopolysaccharide-induced 
TNFα production by human monocytes, we have clearly 
shown that cis-UCA, serotonin, and a 5-HT2A receptor 
agonist use different membrane receptors [68].

12.5  Immunoregulatory Properties of UVR/ 
cis-Urocanic Acid-Induced Neuropeptides

12.5.1 Calcitonin Gene-Related Peptide

A link between UVR exposure and CGRP release from 
peripheral sensory nerves was first reported in rats in 
the early to mid 1990s, with CGRP implicated in UVR-
induced vasodilation of skin [8,20]. An immune regula-
tory consequence of these CGRP changes was soon 
identified with numerous reports that UVR-induced CGRP 
was responsible for some of the suppressive properties 
of UVB on local contact hypersensitivity responses 
[4,21]. Topical application of CGRP had many of the 
same histological and functional consequences as UV, 
including a reduction of Ia-positive epidermal antigen 
presenting cells and suppressed contact hypersensitivity 
responses. Studies depending on the neutralizing prop-
erties of the CGRP receptor antagonist, CGRP

8–37
,

confirmed the functional involvement of CGRP in 
UVR-induced immunomodulation [18,57]. CGRP is 



Chapter 12 Photoneuroimmunology: Modulation of the Neuroimmune System by UV Radiation 129

critical for not only local but also systemic suppression 
of contact hypersensitivity responses by UV radiation. 
Further, CGRP

8–37
 reduced immunoregulation caused 

by a single erythemal dose of UV, and also to mul-
tiple suberythemal doses of UV administered daily 
for 4 days [18].

Most of the early studies (for review, [59]) hypoth-
esized that CGRP was downregulating the activity of 
Langerhans cells, the major antigen presenting cells 
of the epidermis (Fig. 12.1). An intimate association of 
CGRP-containing epidermal nerves with Langerhans 
cells was shown in the early 1990s by confocal and 
transmission electron microscopy and further, CGRP 
was identified on the surface of some Langerhans 
cells [31]. Functionally, CGRP inhibited the ability of 
murine epidermal cells to stimulate allogeneic T cells 
and to present protein antigen to a T cell hybridoma 
[31]. Also, pre-exposure of Langerhans cells to CGRP 
before pulsing with tumor-associated antigens resulted 
in their reduced ability to elicit a delayed-type hyper-
sensitivity response [31]. Activation of the CGRP 
receptor on Langerhans cells increases production of 
cyclic AMP by adenylate cyclase and augmentation 
of lipopolysaccharide- and granulocyte-macrophage 
colony stimulating factor-induced IL-10 production 
[5]. IL-10 downregulates CD86 and inhibits antigen 
presentation by Langerhans cells [39].

A further target cell for the functional activity of 
UV-induced CGRP is the dermal mast cell (Fig. 12.1). 
Neuropeptides are well characterized degranulating 
agents for rodent and human mast cells, with mast cell 
products such as histamine implicated in the vasodila-
tory effects of UV. The contribution of mast cells to 
UV-immunosuppression has been demonstrated by use 
of mast cell deficient mice and an inability of both UV 
and cis-UCA to be immunosuppressive in these mice 
[28,30,49]. In one murine study of hapten applied to 
the irradiated site, UVR-induced CGRP stimulated 
degranulation of mast cells causing the release of 
pre-formed TNFα which both reduced epidermal 
Ia density and suppressed a contact hypersensitivity 
response to the hapten. An anti-TNFα antibody admin-
istered intraperitoneally 6 h before the CGRP adminis-
tration or UV irradiation of skin reversed CGRP- and 
UV-induced immunomodulation [49].

UVR-induced systemic immunosuppression is also 
reversed in mice given the CGRP antagonist, CGRP

8–37

(5 × 10−9 mol/mouse) when delivered intravenously 
30 min before UV irradiation [49]. However, TNFα pro-
duction by CGRP-activated mast cells is not required 
for UVB-induced systemic immunomodulation. We 
[29] and others [2], by use of anti-TNFα antibodies and 
experiments in TNFα−/− and TNF receptor−/− mice 
have clearly shown that TNF activity is not responsible 

Fig. 12.1 Induction of immunomodulation by cis-urocanic 
acid (cis-UCA). Trans-urocanic acid in the stratum corneum of 
skin isomerizes to its cis form upon UV irradiation. cis-UCA 
stimulates peripheral sensory nerves by an as-yet-unidentified 
receptor for release of the neuropeptides CGRP and substance 
P (SP). Both CGRP and substance P degranulate dermal mast 

cells for release of the immunomodulatory mediators, hista-
mine, α-MSH, IL-10, and TNF-α. In turn, these products of 
mast cells can contribute to the cross-talk between various skin 
cells, as well as more systemic target cells. CGRP as a prod-
uct of activated sensory c-fibres can regulate the function of 
Langerhans cells (LC) migrating to draining lymph nodes
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for the systemic immunomodulatory effects of UVR. 
Our studies suggest that mast cell-derived histamine may 
contribute to the systemic effects of UVR [27,28]. The 
extent to which CGRP-activated mast cells are neces-
sary for UVR-induced immunosuppression may vary 
for local and systemic models with a greater dependency 
in systemic immuno suppression [28]. Further, mast 
cells are immunomodulatory by different mechanisms 
depending on whether the experimental antigen is applied 
to the irradiated site or to a distant non-irradiated site.

The translation of these findings in rodents to UV-
irradiated human skin has been addressed. Fifteen 
volunteers were exposed to UV for five consecutive 
days with one personally determined just perceptible 
minimal erythemal dose per day [60]. CGRP levels 
in human Finn chamber skin samples taken after UV 
exposure were significantly higher than those taken 
prior to UV irradiation. Further, CGRP levels of UVB-
exposed volunteers positively correlated with the dose 
of UVR they received.

12.5.2 Substance P

Substance P immunoreactivity in rodent skin increases 
after UV irradiation [17]. Substance P is generally 
considered to have a proinflammatory role due to its 
involvement in the initial vascular inflammation that 
occurs in UV-irradiated skin, including vasodilation and 
plasma extravasation, leading to edema and erythema. 
In addition, substance P via the neurokinin-1 receptor 
can stimulate increased keratinocyte cytokine produc-
tion of IL-1, IL-6, and TNFα to create an inflammatory 
epidermal environment [39,52,57]. In vitro studies have 
shown that substance P activates antigen presenting cells, 
leading to the initiation of antigen-specific responses and 
the production of Th1 cytokines [58]. Reports have dif-
fered with respect to the role of substance P in immune 
responses of experimental animals. A substance P ago-
nist administered within 30 min of the sensitizing agent 
promoted hapten-specific skin immunity [50]. Further, 
substance P could reverse UVR-suppression of a local 
contact hypersensitivity response [61]. However, sub-
stance P has not as yet been implicated in UV-induced 
systemic suppression of contact hypersensitivity [18]. 
In human skin, topical capsaicin pretreatment had no 
effect on skin immunity as measured by a Mantoux 
response in tuberculin-sensitized volunteers [32].

Substance P and CGRP are colocalized in sensory 
nerves of the skin. From studies that used the rat blister 
model, both of these molecules were released upon 

exposure to cis-UCA [35]. The paradox of the differing 
roles for substance P and CGRP released from the same 
nerve terminals introduces the possibility that they act 
to reduce the immunoregulatory properties of the other. 
Further work is required to determine the extent of the 
interplay between sensory neuropeptides. One study 
has suggested that greater amounts of CGRP are pro-
duced by sensory nerves in chronically UV-irradiated 
skin [42]. Studies have implicated UV/cis-UCA-induced
neuropeptides in mast cell degranulation, and release of 
suppressive mediators. Could substance P and CGRP 
differentially control mast cell activity? The response 
of mast cells enzymatically digested from human skin 
to substance P is mediated predominantly by neuro-
kinin-1 receptors [26]. However, substance P can also 
act on mast cells by a unique pertussis-toxin-sensitive, 
cation-dependent, receptor-independent process [12]. 
Thus, the studies with a neurokinin-1 receptor antagonist
may not have investigated all properties of substance 
P on mast cells. Substance P may have varied immuno-
modulatory properties on mast cells depending on the 
immune environment. Further, substance P triggered 
histamine release from purified human skin mast cells 
but did not stimulate the production of TNFα or IL-8, 
which was measured in response to FcεR1 activation. 
Substance P also suppressed IL-6 production by human 
skin mast cells [26]. These issues require further inves-
tigation particularly as substance P may cause immune 
enhancement or immune suppression depending on the 
other factors involved.

12.5.3  Bioavailability of UV/cis-Urocanic 
Acid-Induced Neuropeptides

UV irradiation of skin activates neuropeptide-degrading 
enzymes. Thus, the bioavailability of UVR-induced 
neuropeptides depends not only on their produc-
tion but also on their breakdown by enzymes such as 
neutral endopeptidase, angiotensin-converting enzyme, 
and dipeptidyl peptidase IV (for review, [52]). CGRP 
is less sensitive than substance P to degradation by 
these zinc-metalloproteases [56]. Neutral endopepti-
dase and angiotensin-converting enzyme are regulated 
in an inversely correlated manner. For example, UV 
irradiation can dose-dependently reduce angiotensin-
converting enzyme activity of epidermal cells after 
24 and 48 h. Conversely, UV irradiation upregulates 
neutral endopeptidase expression and activity over 
time in cutaneous cells and reduces substance P activity
(for review, [56]).
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12.6  Immunoregulatory Properties 
of Neuroendocrine Hormones 
from UV-Irradiated Keratinocytes

Cross-talk between sensory nerves, keratinocytes, 
melanocytes, Langerhans cells, and other dendritic 
and lymphoid cells all contribute to the complex and 
integrated response of the epidermis to UV irradiation 
(Figs. 12.1 and 12.2). Two important contributors from 
UV-irradiated keratinocytes to the integrated neuroim-
mune response to UV are nerve growth factor (NGF) 
and α-melanocyte stimulating hormone (α-MSH).

12.6.1 Nerve Growth Factor

NGF belongs to the neurotrophin family of four struc-
turally and functionally related proteins that not only 
control the development, maintenance, and apoptotic 
death of neurons but also regulate proliferation, dif-
ferentiation, and apoptosis of non-neuronal cells (for 
review, [11]). In particular, neurotrophins contribute 
to the control of skin homeostasis and hair growth, 
with functions varying according to the ligand and the 
receptor and coreceptors expressed by the different cell 

types. Recent studies implicate UVR-induced keratino-
cyte NGF expression in UVR-induced systemic sup-
pression of contact hypersensitivity responses in mice 
via effects on the neuroimmune system [62].

Increased expression of NGF was first shown immu-
nohistochemically in the paws of UV-irradiated rats by 
Gillardon and colleagues [21], with peak expression 
after 12 h. In response to UV irradiation of dorsal skin 
of BALB/c mice, keratinocytes produce NGF with 
maximal expression detected immunohistochemically 
after 8 h [62]. Keratinocyte NGF expression may have 
several roles. NGF expression can protect keratino-
cytes and melanocytes from UVR-induced apoptosis 
via Bcl-2 expression [43]. NGF has also been reported 
to stimulate degranulation and cytokine release from 
skin mast cells [62]. However, we propose that the 
biologic action of UVR-induced, keratinocyte-derived 
NGF on dermal mast cells in vivo is indirect.

In our studies [62], UVR suppression of a contact 
hypersensitivity response was reversed by intraperi-
toneal administration of a polyclonal anti-NGF anti-
body to mice 3 h prior to UV irradiation. Further, NGF 
(20µg/mouse) administered 5 days before hapten sen-
sitization could suppress a contact hypersensitivity 
response but only in mice replete with mast cells and 
sensory nerves and not in mast cell-depleted mice 

Fig. 12.2 Induction of immunomodulation by neuroim-
mune mediators from UV-irradiated keratinocytes (KC). 
UV-irradiated KC produce several neuroimmune media-
tors, including NGF and α-MSH. NGF stimulates release 
of the neuropeptides, CGRP, and substance P (SP), from 
peripheral sensory c-fibres, as well as providing growth 

and survival signals to nerves and mast cells. The immu-
nomodulatory properties of CGRP and substance P, and the 
products from neuropeptide-activated mast cells, have been 
described in Fig. 12.1. α-MSH is anti-apoptotic for both KC 
and melanocytes (MC) and stimulates KC production of the 
regulatory cytokine IL-10
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or mice treated with capsaicin at an early age. These 
data are consistent with UVR-induced NGF acting 
predominantly on the epidermal afferents of sensory 
c-fibers innervating the skin, with subsequent release 
of neuropeptides in the dermis and mast cell degranu-
lation. This hypothesis is supported by the anatomical 
location of nerve terminals in the epidermis, with mast 
cells in murine dermis located remotely from the epi-
dermis in the reticular layer.

The maximal expression of keratinocyte NGF 8–12 h 
after UV irradiation of skin provides a mechanism for 
sustained activation of sensory c-fibers for neuropep-
tide release. In support, increased CGRP immunore-
activity in c-fibers has been observed for up to 48 h 
after UV irradiation of rat skin [8]. This contrasts with 
a more immediate effect of cis-UCA on neuropeptide-
induced immunoregulation that we detailed in Sect. 
12.4, resulting in neuropeptide release within minutes 
of irradiation, and mast cell release of histamine and 
other immunomodulatory products. We attempted to 
determine a relationship between the biological actions 
of cis-UCA and keratinocyte NGF expression in UV-
irradiated skin, but were unsuccessful due to the effect 
of the anti-NGF antibodies on mast cell homeostasis 
per se. Thus, it must be concluded that at separate 
times after UV-irradiation and in a potentially unre-
lated fashion, both cis-UCA and UVR-induced NGF 
independently activate sensory nerves for neuropep-
tide release, which in turn degranulates mast cells.

12.6.2 a-Melanocyte Stimulating Hormone

UV irradiation of human and murine skin stimulates 
increased expression of both α-MSH, a major member 
of the melanocortin family of neuroimmune mediators, 
and also the melanocortin-1 receptor (MC-1R) to which 
it binds (for review, [10]). Most skin cells are involved 
in the α-MSH-MC-1R network in that they can produce 
α-MSH and can respond to α-MSH. UVR-induced 
keratinocyte-derived α-MSH production has been con-
sidered part of an adaptive response to UVR exposure. 
α-MSH stimulates mammalian skin pigmentation and 
increased melanin synthesis by epidermal melanocytes. 
α–MSH can block UVR-induced apoptosis of normal 
human melanocytes and keratinocytes by stimulating 
nucleotide excision repair, thus reducing the amount 
of cyclobutane pyrimidine dimers induced by UVR 
and reducing the potential for melanocyte malignant 
transformation [9]. α-MSH can also reduce apoptosis 
by a mechanism that inactivates UVR-induced reac-
tive oxygen species [37]. α-MSH stimulates keratino-

cyte proliferation and differentiation and thus may play 
a significant role in maintaining the functional integ-
rity of the epidermis in response to UV radiation [9]. 
If shown to have similar effects on the repair of DNA 
lesions in UV-irradiated Langerhans cells and other 
antigen presenting cells in the epidermis, α-MSH may 
help to restore their optimal antigen presenting func-
tion, prevent the induction of regulatory T lymphocytes, 
and reverse consequent immunosuppression.

However, epicutaneously applied α-MSH can also 
inhibit both the induction and elicitation of a contact 
hypersensitivity response, as well as induce hapten-
specific tolerance [23]. In these experiments, in vivo 
tolerance induction by α-MSH was abrogated by 
administration of an anti-IL-10 antibody at the site of 
sensitization [23] and suggested that some of the immu-
noregulatory functions of α-MSH were due to induction 
of keratinocyte IL-10 in concert with reduced produc-
tion of inflammatory mediators by keratinocytes and 
other immune cells [53]. Degranulation of mast cells by 
α-MSH and release of histamine and TNFα may also 
contribute to UVR-induced immunomodulation [25], 
see Sect. 12.2. α-MSH-stimulated mast cells may also 
be a source of further regulatory α-MSH [3].

Further studies are required to better understand the 
immunoprotective and immunoregulatory properties 
of α-MSH and their contribution to photoneuroimmu-
nology and to the development of both melanocytic 
and non-melanocytic skin cancers.

12.7  Role  of  Different  UVR  Wavelengths 
in  Photoneuroimmunology

UVB radiation is generally more active than longer 
wavelength UVA radiation in photobiological proc-
esses. For example, neonatal UVB but not UVA radia-
tion induces melanocytic neoplasms very similar to 
human cutaneous malignant melanomas in hepato-
cyte growth factor/scatter factor transgenic mice [14]. 
However, in the last decade studies from different 
laboratories have suggested that UVAII light (320–
340 nm) may also have an immunomodulatory effect 
on immune responses.

In a murine study of delayed-type hypersensitiv-
ity responses, UVA (320–400 nm) radiation was as 
effective as solar-simulated light (UVA with UVB, 
290–320 nm) in suppressing the elicitation of an estab-
lished immune response [48]. Further, a sunscreen 
that filtered both UVA and UVB wavelengths, but 
not one filtering only UVB, prevented UVR-immune 
suppression [48]. In studies with 119 and 211 human 
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volunteers, respectively [6,34], a sunscreen which 
was primarily a UVB radiation absorber protected 
against UVR-erythema but only partially against 
UVR-immunosuppression. This suggested that UVA 
radiation was immunosuppressive and that a broad-
spectrum sunscreen with high UVA filtering capacity 
was optimal.

However, immunosuppression by UVA radiation 
remains a highly contested finding as others have 
reported a protective effect of UVA radiation against 
UVB-induced erythema/edema and systemic suppres-
sion of contact hypersensitivity [54]. Recently, the 
biological effects of varying ratios of UVA and UVB 
radiations were examined. With an increased UVA 
component, both the erythema/edema reaction and the 
degree of systemic immunosuppression were reduced. 
The photoprotection by UVA radiation has been 
largely attributed to the induction by UVA radiation 
of the heme-catabolizing enzyme, heme oxygenase-1, 
an enzyme that can neutralize some of the oxidative 
actions of UVA radiation [63]. The UVA component 
also prevented the UVB radiation-induced expression 
of IL-10 in irradiated skin [54].

Both UVA and UVB radiation can isomerize trans-
UCA to its cis form [67]. In turn, cis-UCA stimula-
tion of peripheral sensory nerves (see Sect. 12.4) may 
contribute to immunomodulation by both UVA and 
UVB radiation. However, there have been reports that 
UVA radiation can reverse the immunomodulatory 
effects of not only UVB radiation, but also cis-UCA
[1,19]. Further study is urgently required to better 
understand the basis for these diverging reports of 
both an immunoprotective and an immunomodulatory 
effect of UVA radiation. This knowledge is critical for 
optimal sunscreen design.

12.8  Photoneuroimmunology in Chronically 
UV-Irradiated Skin

Most of this chapter has concentrated on the response 
of skin to a single experimental dose of UVR. After 
induction of various neuroimmunomodulators, their 
mechanisms of action have been studied by the meas-
urement of immune responses and changes to these 
responses in the presence of antagonists. However, 
are these studies relevant to chronically UV-irradiated 
skin? Further, does the neuroimmune system adapt to 
chronic exposure to UVR?

In a murine study, neuropeptide levels, and in par-
ticular CGRP, increased with repeated UVR exposure 
[42]. Hairless mice (SKH-1) were exposed to subin-

flammatory UV three times per week for 4 weeks and 
then skin examined immunohistochemically 1, 3, and 
7 days after the final UVR exposure. While the total 
number of epidermal nerve fibers did not significantly 
change, the number immunoreactive for CGRP sig-
nificantly increased. Levels of CGRP in skin homo-
genates also increased [42]. In contrast, there was a 
relatively small increase in substance P immunoreac-
tive epidermal nerve fibers, and in skin homogenates, 
there was no increase in immunoreactive substance 
P. The increased epidermal CGRP correlated with a 
reduced contact hypersensitivity response to DNFB 
applied to the chronically irradiated site, a suppres-
sion reversed by application of a commercial SPF20 
sunscreen prior to each irradiation, or by intravenous 
CGRP

8–37
 (200 nmol/kg) one day after the last of the 

chronic UV irradiations and 10 min before contact 
sensitization [42].

Human photoaged skin is also generally charac-
terized by an increased number of epidermal and 
dermal nerve fibers. It has been suggested that UVR-
 stimulation of keratinocyte synthesis of NGF, a sur-
vival factor for developing sensory nerve fibers and a 
factor important in maintaining sensory nerve integrity, 
may be responsible. Chronically UV-irradiated skin 
also contains increased numbers of mast cells [24], 
which by crosstalk with cutaneous sensory nerve fib-
ers are linked with the immunosuppressive properties 
of UVR and some of the tissue changes of photoaged 
skin [24]. UVR-induced NGF may also be linked with 
mast cell viability in skin [62]. These findings suggest 
photoaged skin may be highly sensitive to the immu-
nomodulatory effects of UVR. However, this hypoth-
esis requires further investigation.

The survival of skin cancer cells in photoaged skin may 
also be affected by an increased prevalence of neuro-
peptide and the major components of the neuroimmune 
system. Survival of skin cancer cells may be enhanced 
by the immunosuppressive and anti-apoptotic properties 
of the neuroimmune system (for review, [41]).

12.9 Conclusion

The epidermis is extensively innervated by neuropeptide-
containing unmyelinated nerve fibers that extend 
vertically up from the dermis through the basement 
membrane to the stratum corneum. When the stratum 
corneum is irradiated with UVR, trans-UCA isomer-
izes to its more soluble cis form. In turn, cis-UCA can 
activate epidermal and dermal nerve fibers and stimu-
late the release of CGRP and substance P. Epidermal 
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sensory nerve endings are also closely networked 
with keratinocytes, melanocytes, and Langerhans cells 
and as an integrated unit these cells can respond to 
the effects of UV irradiation. cis-UCA may initiate 
some of these responses, or alternatively the primary 
response to UVR may also be driven by UVR damage 
to membrane proteins, signaling molecules or nuclear 
DNA of epidermal cells.

As shown in Figs. 12.1 and 12.2, mediator traffic is 
two-way between epidermal cells and sensory nerves. 
UV-irradiated keratinocytes produce both NGF and 
α-MSH. As its name suggests, NGF can activate 
 sensory nerves for neuropeptide release and may 
 provide a more sustained signal than cis-UCA for neu-
ropeptide release in UV-irradiated skin. However, NGF 
also contributes to the viability of nerves and mast 
cells of the skin. Similarly, α-MSH is anti-apoptotic 
and assists in repair of DNA of UVR-damaged epider-
mal cells including keratinocytes and melanocytes.

Dermal mast cells are key responder cells to the sig-
nals generated in the UV-irradiated epidermis, and in 
turn provide important mediators responsible for reduced 
immune responses to antigens applied to the irradi-
ated site and to distant unirradiated sites. In particular, 
dermal mast cells degranulate in response to the neu-
ropeptides, CGRP, substance P, and NGF. In turn, both 
local and systemic immune responses to antigens are 
modulated by the mast cell products, histamine, TNFα,
and IL-10. Of course these are not the only pathways of 
UVR-induced immunomodulation; however, the use of 
neuropeptide-depleted and mast cell-deficient mice has 
shown that these cells and the neuroimmune system are 
important contributors to suppressed immune responses 
following UV irradiation of skin.
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› The hair follicle is one of a few body tissues with immune 
privilege status located in its transient inferior portion 
during the anagen growth phase, which is maintained by 
the production of potent immunosuppressive compounds.  

› The hair follicle represents our body’s only permanently 
regenerating organ, with two associated neural networks; 
one located around the hair follicle ostium, and the other 
around the isthmus/bulge region, and is associated with 
numerous mast cells. 

› The hair follicle is both a source and a target of numerous 
cytokines, neuropeptides, neurohormones, neurotrophins, 
and neurotransmitters. 

› A functionally organized hypothalamic-pituitary-adrenal 
axis (HPA) equivalent has been found in the skin and hair 
follicle with principal components CRF, POMC (and its 
cleavage peptides), and cortisol. 

› Systemic neuro-immuno regulation of the hair follicle 
involves the sympathetic axis.

› Neuropeptides/ neurotrophins (e.g., Substance P, CGRP and 
NGF) regulate hair growth and perifollicular inflammation.

Key Features

Dopachrome tautomerase (DCT), Tyrosinase-related pro-
tein 2 (TRP-2); Arrector pili muscle, musculi arrectores 
pilorum, arrectores pilorum; Adrenalin/Noradrenalin, 
Epinephrine/ Norepinephrine

13.1  Brief Overview of Immunology 
of the Hair Follicle

Of the hair follicle’s many surprises, perhaps one of the 
most fascinating revealed so far is its unique immuno-
logical status. This is further modulated as a function 
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of its life-long cycling. The latter is characterized by 
periods of active proliferation that drives elongation 
of a pigmented hair fiber during the anagen phase, 
followed by a massive apoptosis-driven loss of >60% 
of its proximal tissue mass during catagen, and subse-
quent entry into a relative resting phase during telo-
gen before the telogen follicle commences the cycle 
again. Despite the flurry of exciting work in the 1970s 
that assigned the skin to so-called first-level lymphoid 
organ status [33], including the exquisite dissection of 
its cellular and humoral constituents at both the innate
and adaptive immunity levels, researchers oddly 
neglected the skin’s most prominent appendage – the 
hair follicle. Not only does our body’s complement 
of hair follicles provide approximately 5 million 
 potential ports of entry for microorganisms, the out-
ward movement of the new hair shaft and displace-
ment of the old club hair opens up a further potential 
access routes to the deeper and vascularized regions 
of the skin. Furthermore, the growing hair follicle is 
responsive to myriad immunomodulatory substances 
(e.g., cytokines, hormones, neuropeptides, drugs, etc), 
and the hair follicle undergoes dramatic alterations in 
the peri-follicular populations of both macrophages 
and mast cells during catagen [69].

Striking links between the hair follicle and the 
immune system can also be observed when things 
go wrong. This is dramatically seen in the presump-
tive autoimmune hair follicle disorder alopecia 
areata (AA), where the normally “immuno-silent” 
lower region of the growing hair follicle draws 
unwelcome attention from the immune system as it 
submits to a cyclic and reversible “autoimmune” 
attack of its transient structures [111]. This immuno-
silence is evidenced by several characteristics of 
the highly vascularized (but lymphatics-lacking) 
hair follicle, including the curious near-absence of 
MHC class I transplantation antigen expression in 
its proximal epithelium. Moreover, there is an active 
suppression of Natural Killer (NK) cell function in 
this tissue [49], which would usually be expected to 
respond to such low Class I-expressing cells. The total
lack of MHC class II in the proximal hair follicle 
[70,119] is associated with a remarkable absence of 
functional Langerhans cells and T cells [20,26,40,68]. 
This immunologic peculiarity of the hair fiber-producing
region of the hair follicle is very likely the product of 
intense selective pressure in mammalian evolution to 
retain an intact coat at all costs, that is, the avoidance 
of accidental or bystander immune damage. By contrast,
Langerhans cells are present in the upper distal hair 

follicle, where they operate as sentinel cells respond-
ing to a range of noxious stimuli. Furthermore, the 
striking reduction in the incidence of dendritic T cells 
below the level of the hair follicle bulge correlates 
with reduced expression of T cell receptor stimulatory 
ligands there.

The maintenance of hair follicle immune privilege 
is facilitated by the production of potent immunosup-
pressive compounds (e.g., transforming growth factor 
beta1 [TGF-β1], α-melanocyte-stimulating hormone 
[α-MSH], adrenocorticotropic hormone [ACTH], 
etc.). These peptides may be particularly important 
for the hair follicle’s cyclically active and melanin-
forming melanocyte population. The latter are neural 
crest-derived cells, which engage in a biochemically 
hazardous synthesis of melanin characterized by the 
production of mutagenic intermediates [4], as well as 
reactive oxygen species via the oxidation of tyrosine 
and DOPA to melanin [41]. Despite this, melanogenesis
must proceed without attracting a potentially cata-
strophic bystander immune recognition [69].

Emerging evidence is providing support for the 
involvement of the bone marrow-derived mast cell in 
hair follicle growth and cycling [63]. This immuno-
cyte distributes strategically to the dense extracellular 
matrix-rich connective tissue sheath encapsulating the 
hair follicle [114,115], and more specifically close to 
the hair follicle’s vasculature and innervation. Their 
numbers are greatest in hairy human skin. Skin mast 
cells share some functions with macrophages, including 
roles in anti-microbial/parasitic defense and immuno-
modulation [69], and are additionally a critical compo-
nent of neurogenic inflammation (see later).

A significant stimulus for research into the hair 
follicle’s immune privilege status comes from the 
interpretation that this may breakdown in immune-
mediated hair follicle disorders (e.g., AA). Thus, the 
subsequent repair of the collapsed immune privilege 
may be of therapeutic benefit. It has been proposed 
by Paus and coworkers that in immunogenetically pre-
disposed individuals, the hair follicle may be attacked 
by an immune system [37]. This may be stimulated by 
unknown trigger/response to a hair follicle autoantigen to 
induce interferon-γ (IFN-γ) production, especially dur-
ing early stages of growth coincident with the recon-
struction of its pigmentary unit [36]. IFN-γ upregulates 
the expression of MHC class I and II in the lower hair 
follicle. In this way, transiently expressed hair follicle 
anagen-associated antigens (now lacking the cover of 
their former immuno-privilege) may be presented to 
the immune system.
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This may result in a full-blown anti-hair follicle 
immune response, which involves primarily CD8 T cells, 
and also CD4 T cells and possibly also hair follicle-spe-
cific IgG autoantibodies [35,112]. This lowering of the 
immune privilege threshold may be further exacerbated 
(and so increase still further the hair follicle’s vulner-
ability to immune attack) if the production or func-
tion of locally sourced immunosuppressive cytokines 
and neurohormones (e.g., α-MSH) is deficient. Using 
organ culture of anagen hair follicles, Ito and colleagues 
reported that ectopic expression of MHC class I anti-
gens can be normalized by treatment with α-MSH, IGF-
1, or TGF-β1, all of which are generated locally in the 
hair follicle [49]. Thus, these agents may have therapeu-
tic potential for the restoration of immune privilege and 
maintenance of MHC class I suppression in AA [48].

13.2  Brief Overview of Innervation 
of the Hair Follicle

Just as remarkable as the prominent position of the 
hair follicle in the design and function of the cutane-
ous immune system, the hair follicle has long been rec-
ognized as the most densely and complex innervated 
skin appendage [43]. Three tiers of nerve fiber bundles 
carry autonomic and peptidergic nerve fibers to their 
cutaneous targets. The epidermis, blood vessels, glands, 
and smooth muscles receive rather simple innervation 
structures. These structures mainly consist of individual 
nerve fibers, which terminate on or intermingle with 
their target cell populations. Their functional purposes 
are clear-cut, such as sensory perception, blood flow 
regulation, glandular secretion, or smooth muscle con-
traction. The occasional single nerve fiber, however, 
appears to terminate freely in the dermis or subcutis 
with a less clear biological role. It is conceivable that 
these nerve fibers contact individual mesenchymal and 
especially immune cells in these compartments since 
nearly every skin cell population including fibroblasts 
and mast cells was shown to entertain such contacts 
(c.f. [83]).

By comparison, nerve fibers that terminate on the 
hair follicle form two quite complex and distinct 
neuronal networks. With increasing size and function 
of the hair follicle these networks gain complexity and 
elaboration (c.f. [43]). However, the basic structure 
is common to virtually all hair follicles and species 
studied so far, ranging from the tiny and pigment-free 
vellus hair follicle to the impressive vibrissae follicle 
or from the mouse to the camel and is suggestive of 

a neuro immune regulatory role in the control of hair 
cycling, on the one hand, and shaping the skin immune 
system, on the other.

In detail, one hair follicle neural network is located 
around the hair follicle ostium and innervates the hair 
follicle epithelium adjacent to the epidermis (FNA). 
Fibers constituting this network are fine and unmyeli-
nated and contain a wide range of neuronal markers 
from neurotransmitters to neuropeptides and neuro-
trophins. They outnumber epidermal innervation and 
the wide range of nerve fiber subsets present suggests 
functions beyond the obvious afferent and efferent func-
tions described above. Especially, their close neighbor-
hood to immune cells in the hair follicle epithelium, 
such as dendritic cells which selectively populate this 
hair follicle compartment, clearly marks the hair follicle 
ostium as a high impact neuroimmune interaction site 
(Fig. 13.1).

Deeper into the skin the second hair follicle neural 
network organizes itself around the so-called isthmus 
and bulge region of the hair follicle. The precise loca-
tion of this network is in between the isthmus of the 
sebaceous gland into the hair canal and the insertion of 
the arrector pili muscle into the hair follicle surround-
ing connective tissue sheath. This location, known 
as the isthmus and bulge region of the hair follicle, 
harbors hair follicle stem cells [27,29] responsible for 
hair cycling and hair pigmentation and also for wound 
healing and repopulation of the epidermis with pig-
ment cells, for example, in vitiligo. Supplied by a nerve 
fiber bundle of the deep dermal plexus, the flattened 
longitudinal axons stretch upwards in a palisade manner
along the basement membrane, which segregates the 
hair follicle epithelium from the surrounding mesen-
chyme. In the narrow space provided by the hooding 
sebaceous gland, these fibers terminate in a widening 
containing many neuro-mediator filled vesicles. Here 
they are free of their supporting Schwann cell lamellae 
and ready to shed their content upon stimulation. These 
nerve fibers have actually been observed to form inter-
cellular junctions with processes of outer root sheath 
cells penetrating the basal lamina of the hair follicle 
[50], providing evidence for a direct impact of neuro-
nal signaling molecules on the biology of cells in the 
stem cell region of the hair follicle.

Around them, c-fibers closely intermingled with 
stabilizing collagen fibrils circulate the hair follicle and 
the longitudinal fibers. Together they form a basket-
like structure known variably as a lanceolate, palisade 
or Ruffini nerve ending, etc. The function of this neural 
network is only partially elucidated and comprises high 
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threshold mechanical nociception detection, for exam-
ple, velocity. Its density and complexity may house 
many more functions important to hair biology and skin 
immune responses alike. Depending on the research-
ers’ main interest (anatomy, histochemistry, physiol-
ogy, perception, etc.) the respective nomenclature has 
been used for the entire structure, including longitudi-
nal and circular fibers or for only part of the structure 
that, and so has always been confusing. Accordingly, 
it was proposed to refer to this structure by the neutral 
name – follicular neural network B (FNB), which does 
not refer to either morphology or function [15].

In the neuroimmunological context (besides the pos-
sible direct impact on the isthmus and bulge cells) the 
nerve fiber bundle supplying fibers to the FNB is com-
monly accompanied by numerous mast cells. Passing 
through the dermis–subcutis border very close to the 
insertion of the arrector pili muscle into the connective 
tissue sheath, the FNB unites nerve fibers and innate 
immune cells to rapidly responding to environmental 
triggers close to the enigmatic hot-spot of hair follicle 
biology i.e. the isthmus and bulge region (Fig. 13.1). 
Acute, nonspecific neuroinflammatory responses to 
endogenous and exogenous  environmental challenges, 

Fig. 13.1 Hair follicle neuroimmune network
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such as neurogenic inflammation, can therefore rapidly 
reach this change-sensitive control centre of the hair 
follicle and for example, contribute to premature ter-
mination of hair growth [8,75,92].

At the same time, the FNB is rich in calcitonin gene 
related peptide (CGRP) and other anti-inflammatory 
neuropeptides in almost all species studied [78]. This 
neuropeptide is known to suppress Langerhans cell 
activation [10,31,45]. Thus the FNB may contribute to 
the unique protection of this hair follicle compartment 
from specific inflammatory insult under physiological
conditions, until the hyperactivation of neurogenic 
inflammation deleteriously overwhelms the hair fol-
licle in case of damage (see later).

13.3  A Hypothalamo–Pituitary–Adrenal Axis 
equivalent in the Hair Follicle

The skin has enormous capacity to act as a peripheral 
neuroendocrine organ [94], and so it is expected to play 
a major role in maintaining a constant internal body 
environment or homeostasis [95,96]. Although such 
a view may have been considered heretical just a few 
years ago, with hindsight it should not be too surprising 
given the skin’s strategic location between the external 
and internal environments. The hypothalamo–pituitary–
adrenal axis (HPA) proper coordinates the body’s response 
to systemic stress, and in the brain its most proximal 
component CRF (together with related urocortin I-III 
(URC I-II)-peptides) also regulates behavioral, auto-
nomic, endocrine, reproductive, cardio vascular, gastro-
intestinal, metabolic, and immune systemic functions 
[49,95].

While the existence of an HPA equivalent in skin and 
its appendages is now increasingly well-established, we 
have only begun to explore its capability and function-
ality. An early query raised in the context of the exist-
ence of a cutaneous stress-system was its apparent lack 
of structural organization and compartmentalization, as 
compared to the HPA axis proper [60]. However, cuta-
neous production is not aimed at systemic effects and 
despite this difference, the HPA equivalent in skin is still 
functionally organized [49,94] and the same principal 
components are produced, including corticotropin releas-
ing factor (CRF), the downstream proopiomelanocortin 
(POMC) with its multiple cleavage products (includ-
ing most predominantly adrenocorticotropic hormone 
(ACTH), α-melanocyte stimulating hormone (α-MSH), 
β-endorphin, etc.) [53,89], as well as cortisol [49].

Thus, both the initiation and the termination of a 
classical stress response (i.e., via the cortisol-associated
attenuation of CRF/POMC production) now appear to 
be present in the hair follicle and a role in immuno-
logical processes as well as hair cycling is conceivable. 
Remarkably, the human hair follicle expresses the 
genes and proteins for CRF and POMC, POMC-derived 
melanocortin peptides (α-MSH, ACTH, β-endorphin), 
pro-hormone convertases (PC-1 and PC-2), and the 
receptors for CRF (CRF1, CRF2) and melanocortins 
(e.g., MC-1R, µ-opiate receptor) [94,95,96,97,99,105]. 
In addition to HPA axis components, the skin and hair 
follicle are also invested with steroid, secosteroid, and 
a serotinergic/melatoninergic systems [49,57,100], 
and still others are likely to be found in this life-
critical organ for most mammals.

13.3.1  Corticotropin-Releasing Factor (CRF) 
and the Hair Follicle

In skin cells, for example, melanocytes and dermal 
fibroblasts CRF initiates a cascade of events that is 
hierarchically ordered in a manner similar to that in 
the central HPA axis. In this way CRF activates its 
receptor CRF1 to induce cAMP accumulation fol-
lowed by increased POMC gene expression and subse-
quent production of ACTH. In particular, melanocytes 
respond to CRF and ACTH with an enhanced produc-
tion of cortisol/corticosterone [101,102]. We recently 
extended these studies and reported the expression of 
CRF (and the related urocortin) signaling systems in 
the human hair follicle (Fig. 13.2a) [54,104]. CRF and 
urocortin I peptides, as well as the receptors CRF1 
and CRF2 were expressed in follicular keratinocytes, 
follicular papilla fibroblasts, and follicular melano-
cytes in vitro (Fig. 13.2a) [54,104]. The latter are also 
expressed in anatomically defined locations in human 
scalp anagen hair follicles, with the greatest expression 
of these peptides found in the differentiating kerati-
nocytes of the pre-cortex and inner root sheath (Fig. 
13.2b). Indeed, the expression of CRF peptide and of 
its receptors appears to correlate with keratinocyte dif-
ferentiation status [54,104].

CRF/urocortin and their receptors are also 
expressed variably within follicular fibroblast subpop-
ulations, critical for hair follicle growth and cycling 
[54,114,115]. Interestingly, the urocortin/CRF1 pair-
ing was more highly expressed in fibroblasts of the 
follicular papilla than CRF/CRF2. Both CRF and uro-
cortin signal via both CRF receptors; however, while 
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Fig. 13.2 Expression of the CRF/Urocortin/CRF1,2 system 
in human scalp anagen hair follicles in situ and in isolated hair 
follicle cell populations in vitro. a Primary hair follicle papilla 
fibroblasts (FP). The pattern of expression of CRF, urocortin, 
CRF1, CRF2 was very heterogeneous in cultured follicle papilla 
cells. CRF expression was strongly nuclear, though also located in 
the cell cytoplasm. By contrast, urocortin expression was broadly 
cytoplasmic, where it exhibited a strong cytoskeletal pattern. The 
expression profiles of both CRF1/2 were broadly similar and were 
characterized by an intense granular cytoplasmic staining in a 
sub-population of cells; Primary hair follicle keratinocytes (ORS). 
CRF, urocortin, CRF1, and CRF2 were variably expressed in cul-
tured hair follicle keratinocyte. CRF expression did not show any 
obvious correlation with cell differentiation and was characterized 
by both cytoplasmic and nuclear staining. By contrast, urocortin 
expression was weak/negative in matched follicular keratinocytes. 
CRF1 expression was detected in relatively high levels in all cells, 
where it exhibited a granular cytoplasmic distribution and also 

in cell nuclei. CRF2 expression was weak in the vast majority of 
cells; Primary hair follicle melanocytes. CRF, urocortin, CRF1, 
CRF2 were variably expressed in cultured hair follicle melano-
cytes. CRF expression correlated positively with differentiation 
status, with fine cytoplasmic staining and nuclear/nuclear mem-
brane expression also found. By contrast, urocortin expression 
exhibited strong cell membrane localization. CRF1 expression 
was located both cytoplasmically and at the cell membrane, while 
CRF2 staining was intense at the cell membrane (adapted with 
permission from [53]). b The lower human hair follicle expresses 
CRF, urocortin, and associated receptors CRF1/2, which were 
variably detected in subpopulations of fibroblasts, keratinocytes, 
and melanocytes in the lower anagen hair follicle. For all four 
markers expression was broadly absent from melanotic melano-
cytes located above and around the follicular papilla (FP), and 
instead was detected in a minor sub-population of melanocytes 
located in the proximal/peripheral matrix region (adapted with 
permission from [54])
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urocortin is equipotent for both receptors, CRH shows 
higher potency for CRF1 [118,121]. Thus, it would 
appear that signaling through CRF1 system predomi-
nates in this hair follicle cell population. Human dermal 
fibroblasts (but not epidermal keratinocytes) respond 
to CRF with stimulation of cAMP, induction of POMC 
gene and protein expression, and ACTH production 
and release [101]. Moreover, ex vivo stimulation of 
hair follicles with ACTH can upregulate cortisol in 
follicular papilla fibroblasts [48]. The greater expres-
sion of CRF message and protein in these hair growth 
inductive fibroblasts than in the noninductive interfol-
licular dermal fibroblasts is of particular interest and 
warrants further study. Given the close proximity of 
follicular papilla fibroblasts to hair bulb melanocytes 
and the observation that eumelanin is still produced 
in POMC knock-out C57BL/6 mice [123], it is pos-
sible that CRF (amongst other potential ligands) from 
the follicular papilla could stimulate melanogenesis in 
bulbar melanocytes.

A surprising finding of our immunolocalization stud-
ies to date is the striking apparent down-regulation in the 
expression of CRF, Urocortin, and CRF1, -2 receptors in 
the melanogenic zone of the anagen hair bulb, despite their 
being moderate expression close by in the most proximal 
and least differentiated hair bulb matrix. Moreover, the 
expression profiles of CRF1, -2 and their ligands do not 
fully overlap, as has also been observed in other tissues, 
including the brain [12]. However, these ligands did colo-
calize with their receptors in the differentiating kerati-
nocytes of the keratogenous region of the growing hair 
follicle, and in this way concur with recent findings in 
human immortalized (HaCaT) and in normal epidermal 
keratinocytes where activation of CRF1 triggered both 
G0/1 arrest and early differentiation [84,95,124,125]. The 
functional significance of this expression in the pigmen-
tary system is further emphasized by the pro-dentritogenic 
(Fig. 13.3a) and pro-melanogenic (Fig. 13.3b) effects of 
CRF1 agonists on follicular melanocytes in vitro [54]. 
Not only does this subpopulation of cutaneous melano-
cytes differentially express CRF, urocortin, CRF1, and 
CRF2 in situ, but CRF and modified CRF/urocortin 
peptides (selective for either CRF1 or for both CRF1 
and CRF2) also modulate melanocyte phenotype in vitro 
by upregulating melanogenesis and dendricity. The phe-
notypic changes associated with CRF receptor agonists 
correlates with alterations in the expression and activity 
of melanogenic enzymes. Importantly, CRF is a potent 
inducer of tyrosinase protein, unlike urocortin (higher 
affinity for CRF2), which exerts little effect (Fig. 13.3c). 
Moreover, CRF is a potent stimulator of the activity of this 
rate-limiting enzyme for melanogenesis, whereas urocor-

tin is not effective. CRF also increases the expression lev-
els of the two other melanogenic enzymes, TRP-1 and 
DCT, whereas urocortin either reduces the expression of 
these enzymes or had no effect [54]. The relative absence 
of expression in the melanogenic zone of anagen hair fol-
licle suggests that the CRF/CRF1 system may instead be 
functional during the early stages of follicular melano-
cyte differentiation, and rather becomes down-regulated 
in mature and fully melanogenic melanocytes. Consistent 
with this interpretation is the observed down-regulation 
of CRF1 during melanization of melanoma cells when 
compared with their amelanotic phenotype [97]. Thus, 
these findings suggest a role for CRF peptides in regulat-
ing human hair follicle melanocyte differentiation.

There is also evidence that CRF may act as a growth 
factor for melanocytes of the hair follicle in particular. 
CRF (10−7–10−9 M) significantly stimulates melanocyte 
proliferation (Fig. 13.3d), while urocortin either has not 
effect or may even inhibit proliferation at 10−9 and 10−10

M [54]. These data suggests the involvement of both 
CRF1 and CRF2 receptors in the regulation of follicular 
melanocytes proliferation. Observed differences in the 
proliferative response of epidermal vs. follicular melano-
cytes both in situ and in vitro may be in part explained 
by the different pattern of CRF receptor expression; 
epidermal melanocytes express solely CRF1, while 
follicular melanocytes express both CRF1 and CRF2 
[54,103]. Therefore, it is likely that several interdepend-
ent signaling pathways (i.e., Gsα/cAMP and Gq/11 
/PLC, IP3, and PKC) are involved in mediating the 
effects of CRF and urocortin [38,98,120]. In addition, 
observations from other cell systems (e.g., endothelium) 
suggest that urocortin can signal via CRF2β to increase 
both cAMP and nitric oxide [64]. Both of these second 
messengers have been associated with melanogenesis in 
epidermal melanocytes [88]. Thus, our observation that 
a CRF2-selective urocortin analog fails to induce a mela-
nogenic response suggests that hair follicle melanocytes 
may not express the relevant CRF2 isoform. In fact, it 
has been shown that CRF-related peptides exhibit a 
tenfold greater potency in stimulating CRF2β (in terms 
of adenylate cyclase activation) compared with either 
CRF2α or γ [122]. These differences in expression of 
CRF1 isoforms between these two distinct but related 
cutaneous melanocyte subpopulations may result in 
differential coupling to the activation of local POMC 
systems. Moreover, there may also be a requirement 
for significant cross-talk between the CRF1 and CRF2 
signaling systems such that neither alone can provide 
optimal induction of melanocyte proliferation, dendric-
ity, as well as melanogenesis. Although these tempting 
possibilities remain to be experimentally tested, if true 
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it may be possible to down-regulate different aspects of 
melanocyte phenotype by alternately antagonizing sig-
naling via either receptor type.

We have preliminary evidence that CRF/urocortin 
may also affect hair follicle fiber growth (Tobin et al, 
unpublished data). CRF significantly inhibits hair fiber 
elongation in organ cultured hair follicles [52], most 
likely due to the inhibition of keratinocyte prolifera-
tion in the anagen hair bulb and by inducing a corre-
sponding and premature precipitation of the growing 
hair follicle into an apoptosis-driven catagen-like state. 
By contrast, urocortin did not inhibit hair fiber elonga-
tion in this assay and may even protect the hair follicle 
from entry in catagen. Thus, like in the epidermis, CRF 
signaling via CRF1 leads to inhibition of keratinocyte 
proliferation with corresponding induction of keratino-

cyte differentiation, while preferential activation with 
CRF2-selective urocortin analogs may invoke the oppo-
site effect facilitating continuous hair fiber production. 
If a local stress response system is involved in regula-
tion of the normal hair cycle, it may also have a role in 
hair follicle disorders like AA. It has been reported that 
the expression of CRF, ACTH, and α-MSH is raised in 
hair follicles from lesional AA skin [55].

13.3.2  Pro-Opiomelanocortin and its Melanocortin 
Peptides ACTH, a-MSH, and b-Endorphin 
and the Hair Follicle

Some skin and hair pigmentation phenotypes are 
linked to polymorphisms in the melanocortin 1  receptor 

Fig. 13.3 CRF and Urocortin induce phenotypic change in 
human scalp hair follicle melanocytes in vitro. a Hair follicle 
melanocyte dendricity was stimulated by CRF, and less so by uro-
cortin. b CRF, but not urocortin, stimulated melanogenesis in hair 
follicle melanocytes in culture. c CRF, but not urocortin, markedly 
upregulated tyrosinase protein expression in hair follicle melano-
cytes in culture. Lane 1: molecular weight marker; Lane 2: CRF 

10−7 M; Lane 3: [D-Pro5]-CRF 10−10 M; Lane 4: [D-Glu20]-CRF 
10−8 M; Lane 5: [D-Pro4]-r-urocortin 10−10 M; Lane 6: unstimu-
lated control; Lane 7: negative control. d CRF, but not urocortin, 
is a potent stimulator of proliferation in hair follicle melanocytes 
in culture. Results are expressed as a percentage increase in cell 
number over control unstimulated levels and are a mean ± SEM of 
seven cell lines (adapted with permission from [54])
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(MC-1R) gene [85]. The MC-1R receptor, a G pro-
tein-coupled receptor expressed at low levels on the 
surface of melanocytes, is activated by α-melanocyte 
stimulating hormone (α-MSH) and adrenocortico-
tropic hormone (ACTH) and to some extent by pro-
opiomelanocortin itself [89]. Many lines of evidence 
indicate that melanocortin peptides are important 
regulators of skin and coat color [1]. Other persua-
sive evidence comes from the phenotypes that result 
from inactivating mutations in the POMC gene. For 
example, POMC null mutations in humans result in 
the red hair and fair skin phenotype (RHC pheno-
type) and this is thought to reflect a lack of ligands 
for the MC-1R [58,59]. In addition, MC-1R is highly 
polymorphic, and several of its alleles are associated 
with the red hair color (RHC) phenotype [85,86]. 
Although, the MC-1R/α-MSH, ACTH system occu-
pies the dominant position in our current concept 
of the regulation of mammalian pigmentation [99], 
there is also accumulating evidence that non-MC-1R-
dependent pathways can regulate pigmentation [90] in 
both epidermal and follicular melanocytes. For example,
we have found that β-endorphin, operating via the 
µ-opiate receptor, is also able to modulate epidermal 
melanocyte biology in vitro and both the ligand and the 
high affinity receptor are expressed in situ [51,52].

Some cytokines and paracrine factors of the immune 
system, which are also produced in skin (e.g., inter-
leukin [IL]-1α and IL-1β [34], can upregulate MC-1R
mRNA in normal human melanocytes, while other 
cytokines suppress melanogenesis (tumor necrosis 
factor-α [TNF-α] [61] and TGF-β [62] by downregu-
lating MC-1R expression in human melanocytes and 
mouse melanoma cells. α-MSH stimulates follicular 
melanogenesis in rodents by preferentially increas-
ing the synthesis of eumelanin over pheomelanin 
(reviewed in [99,109]) in large part via the stimulation 
of tyrosinase activity at the transcriptional, transla-
tional, or post-translational levels [22,23].

In human epidermal melanocytes, α-MSH and 
ACTH stimulate melanogenesis, dendricity, and pro-
liferation via action at the MC-1R [1,46,106,107,117], 
mediated predominately via the cAMP second mes-
senger system [21,24]. We have recently also detected 
the expression of the α-MSH, ACTH/MC-1R system 
in human scalp hair follicles in situ (Fig. 13.4a) and 
in follicular cell sub-populations in vitro (Fig. 13.4b), 
including in melanocytes, keratinocytes, and fibrob-
lasts [13,53]. POMC and its associated processing 
machinery and the MC-1R are expressed at the mRNA 
and protein level in cultured human follicular melano-

cytes, follicular keratinocytes, and follicular dermal 
papilla cells (Fig. 13.5). These findings are in agree-
ment with the previous detection of POMC mRNA 
in these hair follicle cell sub-populations [51,52]. 
Importantly, α-MSH/ACTH peptides, POMC process-
ing enzymes, and MC-1R are differentially expressed 
in hair follicle melanocytes in situ as a function of 
their anatomic location and melanogenic activity. 
Indeed, α-MSH/ACTH peptide expression is con-
fined to a minor sub-population of melanocytes located 
in the outer root sheath and in melanocytes located in 
the most proximal and peripheral matrix region of the 
hair bulb. The role of this melanocyte subpopulation is 
unclear, but they may reflect a less differentiated pool of 
melanocytes involved in the reconstruction of the hair 
follicle pigmentary unit during the hair cycle [113].

Interestingly, α-MSH, ACTH, and POMC process-
ing machinery were undetectable in the gp100-postive 
melanocytes located in the hair follicle melanogenic 
zone – the site of active melanin synthesis [53]. These 
findings suggest that POMC peptides exhibit a close 
relationship with melanocyte differentiation status 
and that this system may not be directly involved in 
the maintenance of melanogenesis during the growth 
or anagen phase of the hair cycle. This heterogene-
ous pattern of α-MSH and ACTH expression has also 
been reported for CRF and the CRF1 [48] – the chief 
regulator of pituitary POMC gene expression and the 
production and secretion of POMC peptides [2,99]. 
However, rare α-MSH and ACTH positive melanocytes 
can also be detected in the regressing epithelial strand 
of regressing catagen follicles and in the epithelial sac 
of telogen follicles. Some of these cells are likely to 
reflect apoptosis-resistant melanocytes of the previous 
proximal anagen bulb [28,110,113]. Therefore, on the 
basis of our current knowledge, expression of α-MSH
and ACTH may be associated with the ability of some 
hair bulb melanocytes to survive the apoptosis-driven 
catagen process. Indeed, there is evidence in humans 
that ACTH may stimulate and/or prolong anagen, as 
overproduction of ACTH or therapeutic administra-
tion of ACTH causes acquired hypertrichosis associ-
ated with increased pigmentation [68].

Further evidence that POMC peptides have an 
important role to play in melanocyte differentiation is 
indicated by the observation that α-MSH, ACTH, and 
β-endorphin all increases dendricity (Fig. 13.6a), mel-
anogenesis (Fig. 13.6b), and proliferation (Fig. 13.6c) 
in follicular melanocyte cultures [53,109]. ACTH 
1–17 appears to be more effective at inducing melano-
genesis in follicular melanocytes than either α-MSH
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Fig. 13.4 Expression of POMC processing hormones, 
POMC peptides, and associated receptors in the human 
scalp anagen hair bulb in situ and in hair follicle cell popula-
tions in vitro. a α-MSH and ACTH peptides, PC1 and PC2 
prohormone convertases, and the MC-1R and µ-opiate recep-
tors were variably detected in subpopulations of keratinoc-
ytes, fibroblasts, and melanocytes in the lower anagen hair 
follicle in situ. For all markers, with the exception of β-
endorphin, peptide and receptor expression was absent from 
melanogenic melanocytes located above and around the fol-
licular papilla (FP), and instead was detected in a minor sub-
population of melanocytes located in the proximal/peripheral 
matrix region (adapted with permission from [53]). b α-MSH 
and ACTH peptides, PC1 and PC2 prohormone convertases, 
and the MC-1R and µ-opiate receptors were variably detected 
in cultured hair follicle-derived keratinocytes, fibroblasts, 
and melanocytes. Primary hair follicle papilla fibroblasts 

(FP): The expression of the named markers was variable in 
cultured follicular papilla fibroblasts, with highest levels of 
expression confined to a sub-population of cells. Expression 
was strongest in the peri-nuclear region of the cells where 
it was distributed in a granular pattern. The expression of 
the MC-1R exhibited a distinctive granular distribution pat-
tern that was marked in a sub-population of cells; Primary 
hair follicle keratinocytes (ORS):. The expression of named 
markers was variable in cultured hair follicle keratinocytes, 
with expression higher in keratinocytes with a basal cell 
phenotype compared with more differentiated keratinocytes. 
Expression of the POMC peptides α-MSH and ACTH, PC1/2, 
and MC-1R/µOR was higher in amelanotic melanocytes and 
was significantly downregulated in terminally differentiated 
pigmented bulbar melanocytes. A notable exception was 
β-endorphin, which was highly expressed in both melanocyte 
subtypes (adapted with permission from [53])



Chapter 13 Neurobiology of Hair 149

or β-endorphin, while all three are potent inducers 
of melanocyte dendricity. The melanogenic and den-
dritogenic effects of α-MSH and ACTH 1–17 in fol-
licular melanocytes appear to correlate positively with 
increasing hair color, supporting earlier data showing 
that α-MSH binding sites maybe linked to hair color 
[65]. We have recently detected the secretion of intact 
POMC from hair follicle melanocytes in culture. This 
unexpected finding was associated with observed 
binding of POMC with the MC-1R (albeit at 10–100 
times lower affinity than MSH or ACTH). Still, POMC 
induced a cAMP response, with corresponding induc-
tion of dendricity, melanogenesis, and proliferation in 
pigment cells [89]. These findings suggest that both 
constitutively-released POMC as well as its cleavage 
products can be potent biologic response modifiers 
produced by hair follicle cells.

13.3.3  Stress Has It: Actions of the Sympathetic 
Axis in Hair Follicle Neurobiology and Immunology

Besides the HPA, the sympathetic axis has long been 
recognized to play a role in skin and hair biology. 
Clinical observation has long reported the hair growth 
inhibitory side effects of treatment with b

2
-adreno-

receptor blockers such as propranolol. Moreover, the 

hair follicle was also shown to express this receptor in 
the early growth phase in the enigmatic isthmus and 
bulge region, and to depend on noradrenalin signaling 
to conduct a fully functional hair cycle [16,73].

Apparently, in this context noradrenergic signaling 
primarily protects and promotes hair growth. Possibly 
this occurs not only by direct keratinocyte prolifera-
tion effects, but also via its neuroimmune interference. 
Derived from the innervation of the arrector pili muscle 
[16] or produced directly by keratinocytes and melano-
cytes [39,91], noradrenalin is both mast cell protec-
tive and in a wider sense also anti-inflammatory. This 
wider sense requires some explanation. Production of 
cytokines traditionally attributed as T-helper cell type 
1 (TH1) cytokines such as IFN-γ or TNF-α promote 
cellular inflammatory responses and therefore count as 
proinflammatory, while so called TH2 cytokines (such 
as TGF-β) terminate cellular immune responses, con-
duct humoral immunity, and count as anti-inflamma-
tory. The balance between these responses determines 
an effective host defense and is under tight regulation 
by neuroendocrine mechanisms (Fig. 13.7).

From systemic responses and direct neuroimmune 
interaction in lymphoid organs, we know that b-adren-
ergic signaling initiates a shift from TH1 to TH2 and 
suppresses the production of the potent hair growth 
terminator IFN-γ, while promoting the hair follicle 
immune privilege protective molecule TGF-β [32]. 
Moreover, it inhibits the local release of  TNF-α by 
mast cells [11] and inhibits their degranulation induced 
by neuropeptides [87]. Thus systemic neuroimmune 
regulation through the sympathetic system may be mir-
rored in the skin and is complemented by regulation of 
neurogenic inflammation. However, the definite role of 
the sympathetic signaling system in the protection 
of the hair follicle immune privilege, inhibition of 
perifollicular cellular immune responses, and mast 
cell degranulation as well as its therapeutic potential 
in inflammatory hair growth disorders still awaits 
elucidation.

13.4  The Third Stress Axis in the Skin: 
Neuropeptides and Neurotrophins Regulate 
Hair Growth and Perifollicular Inflammation

13.4.1  Substance P and Inhibition 
of Hair Growth by Neurogenic Inflammation

A further neuroimmune link in the control of hair cycling 
as well as in the pathogenesis of common hair loss dis-
orders such as telogen effluvium or AA is suggested 

Fig. 13.5 Detection of POMC, PC1, PC2, and MC-1R and 
µOR-specific transcripts by RT-PCR in cultured follicular 
melanocytes, keratinocytes, and follicular papilla fibroblasts. 
a Detection of a 260 bp product specific for POMC; b Detection 
of 674 bp product specific for PC1, c Detection of 299 bp prod-
uct specific for PC2; d Detection of a 416 bp product specific 
for MC-1R; e Detection of a 433 bp product specific for µ- opiate 
R.. Lane 1: DNA ladder, Lane 2: HFM, Lane 3: HFK, Lane 4: 
FPF; Lane 5 (a): plasmid containing POMC gene; Lane 5 (b–d): 
Epidermal melanocyte positive control; Lane 6 and 7: negative 
controls (adapted with permission from [53])
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by increased substance P (SP)-positive nerve fibers in 
early anagen, in stressed skin or in early AA lesions 
[7,43,75,76,77,92]. This neuropeptide has recently 
gained recognition as a prominent player in the 
cutaneous stress response and as a potent immune-
modulator of both innate and specific immune responses 
[42,78].

Initial observations suggested that SP acts as a 
hair growth promoter, just like noradrenalin, since it 

enhanced keratinocytes proliferation in culture, and 
because hair growth depends on proliferating keratino-
cytes [108]. Accordingly and physiologically, the 
number of SP+ nerve fibers in the interfollicular dermis 
was found increased during the hair cycle in early 
anagen mouse skin [74] and it promoted anagen pro-
gression in early anagen hair follicles in murine full 
thickness skin organ culture [74]. Finally, SP was also 
able to promote anagen induction in telogen mouse 
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Fig. 13.6 POMC peptides induce phenotypic change in human 
scalp hair follicle melanocytes in vitro. a Hair follicle melano-
cyte dendricity was stimulated by α-MSH, ACTH 1–17, and 
β-endorphin. A marked (and broadly similar) increase in cell 
dendricity was seen 72 h after Ac-α-MSH, ACTH 1–17, and β-
endorphin stimulation (adapted with permission from [53]). b 
Melanogenesis and c proliferation in follicular melanocytes was 
stimulated Ac-α-MSH, ACTH 1–17, and β-endorphin. Cells with 

low basal melanin levels showed visible increases in melanogen-
esis after Ac-α-MSH, ACTH 1–17, and β-endorphin stimulation. 
Cell proliferation was assessed by determining cell counts before 
and after Ac-α-MSH, ACTH 1–17, and β-endorphin stimulation. 
Results are expressed as a percentage increase in cell number over 
control unstimulated levels and are a mean ± SEM of seven cell 
lines. Statistical significance was assessed by one way ANOVA 
*** = p < 0.001 (adapted with permission from [53])
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skin when released in low concentrations from slow 
release gel capsules [67].

However, SP holds a central position in the con-
duction of the so called neurogenic inflammation. In 
response to a wide variety of triggering challenges 

ranging from physical via chemical to biological SP 
degranulates mast cells via neurokinin receptors, 
releasing an array of pro-inflammatory mediators 
including histamine and TNF-α [5,78]. The result is a 
rapid reddening, swelling, and itching of the affected 

Fig. 13.7 Schematic representation of cutaneous stress 
responses and involved neuro-immune circuitry. a Summary 
of the discussed literature on acute stress responses and their 

implications for skin and hair follicle disease. b Summary of the 
discussed literature on chronic stress responses and their impli-
cations for skin and hair follicle disease
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skin and subsequently infiltration, meant in the first 
place to defend against intruders like parasites and 
bacteria. Mast cell degranulation has deleterious lateral
effects on bystander tissue and has repeatedly been 
reported to occur in response to a trigger not normally 
involved in local host defense, psychoemotional stress 
[6,93]. Thus, this adds stress (in most known senses 
of the term) to the list of triggering factors of mast 
cell degranulation and finally a hypothetical link was 
drawn between SP, mast cells, an inflammatory periph-
eral stress response, and inflammatory skin diseases 
[9,71,77,95].

When this hypothesis was tested on the murine hair 
follicle, it was found that stress was just as potent in 
degranulating perifollicular mast cells as was systemic 
SP [6]. A direct anatomical association between acti-
vated SP+ nerve fibers, degranulating mast cells, apop-
totic skin cells, and activated blood vessel endothelia 
could be determined in the cutaneous response to a 
systemic psychoemotional stressor such as noise [76]. 
Moreover, stress was as effective a trigger for the 
transit of hair follicles from anagen to catagen as was 
SP itself. However, this response depended on neuro-
kinin receptor 1 and mast cell-dependent mechanisms, 
which were associated with hair follicle cell apoptosis 
and MHC class II positive perifollicular immunocyte 
infiltration [7,8].

Thus, in case of a challenge, potential direct SP-hair 
growth promotion effects are overrun and a deleteri-
ous perifollicular inflammation driven by SP-dependent
neurogenic inflammation may damage the grow-
ing anagen hair follicle. Intriguingly, in the cultured 
human anagen hair follicle assay this SP-driven hair 
follicle damage is associated with upregulation of 
MHC class I expression and other indicators of a col-
lapse of the hair follicle immune privilege [81]. This 
is especially intriguing in the light of increased SP 
+ nerve fiber numbers in early AA skin lesion in the 
murine AA model, which here is associated not only 
with activated mast cells but also with activated CD8+ 
T cells [92].

A new twist to neurogenic inflammation and neu-
roimmune communication is provided by the recent 
observation that longitudinal nerve fibers in the FNB 
express the H3 Histamine receptor, a receptor respon-
sible for counter-regulatory downregulation of inflam-
matory responses and decreased nociception [25]. So 
even during a neurogenic inflammatory assault on the 
hair follicle, with the potential to terminate active hair 
growth, this hair follicle compartment may have pro-
tective neuroimmune defense mechanisms in place.

13.4.2  CGRP and Inhibition of Specific Immune 
Responses and Their Association with 
the Hair Growth Cycle

These above observations are further supported by the 
fact, that in contrast to the FNA, the FNB selectively 
expresses strong CGRP and vasoactive intestinal peptide 
(VIP) immunoreactivity in most species studies so far, 
though there is no SP-immunoreactivity. These neuropep-
tides are potent inhibitors of Langerhans cell function, 
for example by, inhibiting antigen presentation and NF-
kappaB activation [10,31,45] and possibly Langerhans 
cell migration (Peters et al unpublished observation). 
Intriguingly, it was shown in mice that the density of 
FNA nerve fibers, especially CGRP+ ones, depends on 
the hair cycle stage. The densest innervation is observed 
during the early growth phase [74], while this precise 
phase is also characterized by a suppression of the con-
tact hypersensitivity response [44] in the same model.

13.4.3  The Neurotrophin Family and Their Receptors 
as Potent Hair growth, Stress, 
and Immune Modulators

Sensory and sympathetic innervation in the skin 
depends on target derived neurotrophins both for their 
development and differentiation as well as their main-
tenance during adult live. In the light of hair cycle 
associated fluctuations in cutaneous innervation, neu-
rotrophin fluctuations thus appear natural. Their role 
in the neuroimmune complex, however, is expanding 
rapidly, with new functions continuously identified for 
neurotrophin signaling. Besides neuronal plasticity, its 
implications now also include tissue remodeling, for 
example, during hair cycling, mast cell degranulation/
neurogenic inflammation, endothelial activation, TH2 
shifting, and the cutaneous stress response [82].

A detailed analysis is beyond the scope of this 
chapter and has been provided in detail by others 
[17–19,82]. We therefore focus on the most recent 
findings described in neuroimmune hair follicle biol-
ogy. Perhaps the most intriguing finding corresponds 
to the realization that the heretofore “low”-affinity pan-
neurotrophin receptor p75NTR, a member of the death 
receptor family, is a high affinity receptor for the pro-
neurotrophin of nerve growth factor (proNGF) [47]. 
In this combination it prominently induces premature 
termination of hair growth, catagen involution of the 
strongly p75NTR+ hair bulb, and marked apoptosis in 
the non-permanent part of the hair follicle [79,80].
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NGF and SP appear to be closely linked in skin stress 
responses and inflammatory disease. Not only are they 
both elevated after stress and in cutaneous inflamma-
tory disease [3,56,116], NGF and SP also act in unison 
in the stress-driven premature involution of the hair 
follicle [81,83]. Here NGF is not only responsible for 
SP+ innervation in the stressed skin [75], it can also 
be induced in keratinocytes by neuropeptides such as 
SP, pro-inflammatory cytokines [30] and the p75NTR 
[81]. Its effect on hair follicle biology [80,81] is thus 
twofold: direct hair follicle involution via p75NTR 
activation and perifollicular deleterious inflammation 
via mast cell degranulation [75] and altered neuro-
trophin receptor expression on the inflammatory infil-
trate, for example, in AA [14,66].

13.5 Concluding Remarks

One of the fascinating implications of the above stud-
ies when taken together is that functional regulation of 
the hair follicle occurs by all known stress-response 
pathways implemented in the local neuroimmune 
network of the hair follicle. In case of the CRF/
POMC system, for example, (including its regula-
tory principles) a symmetry or “self-similarity” of 
the melanocortin systems at both local (hair fol-
licle) and systemic (CNS) levels is indicated [72]. 
In this way there appears to have been evolutionary 
selective pressures to reproduce preferred structural 
regulatory mechanisms (especially those involving 
important control and defense/stress responses) that 
have both stimulatory and an inhibitory feedback sig-
nals, and that these employ a universal biochemical 
language. In this context, the highly accessible hair
follicle, and especially its continually remodeling hair 
follicle neuroimmune network, can provide a won-
derful opportunity to dissect mechanisms underlying 
multiple basic cell biological phenomena including, 
neuroendocrinologic functioning.
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Synonyms Box: ACTH Adrenocorticotropin,  
CRH Corticotropin-releasing hormone, CRH-R
 Corticotropin-releasing hormone receptor, CGRP 
 calcitonin  gene-related peptide, DOR δ-Opioid
 receptor, ED Endorphin, HPA Hypothalamic- pituitary-
adrenal, IL Interleukin, MC-R Melanocortin receptor, 
MOR µ-Opioid receptor, NEP Neutral endopepti-
dase, NDP-α-MSH [Nle4, D-Phe7]-α-MSH, NGF
Nerve growth factor, NPY Neuropeptide Y, POMC
Proopiomelanocortin, SP Substance P, Trk Tyrosine 
kinase, VIP Vasointestinal peptide, VPAC VIP
receptor

14.1 Introduction

Our present view that the sebaceous gland is an inte-
gral part of the cutaneous neuroendocrine and neu-
roimmune system is based on both basic science and 
clinical experience. Accordingly, research over the last 
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› The human sebaceous gland is both a target organ 
and a source for various neuromediators.

› Neuromediators appear to act in an autocrine, a 
paracrine and/or a classical endocrine fashion to 
modulate sebaceous gland function.

› The so far identified neuromediators have been 
shown to regulate sebocyte differentiation, prolifera-
tion, and inflammatory responses.

› The presence of virtually all components of the 
proopiomelanocortin system indicates expression of 
a local hypothalamic–pituitary–adrenal axis within 
the sebaceous gland.

› Selected neuromediators and their receptors are 
also present in periglandular nerve fibers, suggest-
ing bilateral communication between the sebaceous 
gland and the nervous system.

Key Features

years has shown that sebocytes share many features 
with epidermal keratinocytes with regard to expres-
sion of neuropeptide receptors and generation of neu-
ropeptides [28]. In this context, the close anatomical 
connection between the sebaceous gland and the hair 
follicle, the latter an established immune privileged 
organ within the skin and both a prominent source 
of a plethora of neuroendocrine mediators and target 
site for neuropeptides, should also be noticed [4]. The 
concept of the sebaceous gland as a stress-sensitive 
organ is also supported by clinical wisdom and obser-
vations [2,20], which recently could be recapitulated 
by a study linking the stress experienced by university 
students with the course of acne vulgaris [9].
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This review summarizes our current basic knowledge 
of “neuromediators” and their receptors in sebaceous 
gland biology. The term “neuromediator” has been 
chosen deliberately to include not only the bona fide
neuropeptides, but also neurotransmitters, some which 
are chemically not peptides but amino acid derivatives. 
According to the aim of this book, the emphasis of the 
following chapter is on the human sebaceous gland but 
where necessary related interesting findings from animal
models as well as from modified sebaceous glands 
of man are mentioned. The chapter is structured into 
two principal sections: the first section describes the 
state of the art of neuromediators and their receptors 
expressed exclusively by sebocytes; the second section 
summarizes our current knowledge of neuromediators 
and neuromediator receptors expressed by nerve fibers 
around the human sebaceous acini.

14.2  The Sebaceous Gland: An Integral 
Part of the Neuroimmune System

14.2.1  Neuromediators and Neuromediator Receptors 
Expressed by Sebocytes

14.2.1.1 Melanocortins

One of the earliest findings that established a functional
connection between the neuroendocrine system and the 
sebaceous gland was the demonstration of a regulatory 
effect of α-melanocyte-stimulating hormone (MSH) 
and adrenocorticotropin (ACTH) on sebum produc-
tion by the rat preputial gland [11,27,38], a modified 
sebaceous gland of rodents. Both ACTH and α-MSH
were originally characterized as neurohormones 
released from the rat pituitary gland and proposed 
to act directly or indirectly on the preputial gland to 
increase sebum secretion. Removal of the neuroin-
termediate lobe decreased sebum secretion to a level 
comparable with that following total hypophysectomy 
[37]. Since the pars intermedia of the rodent pituitary 
gland is a source for α-MSH, this melanocortin was 
coined a “sebotrophin” specifically increasing the 
biosynthesis of wax esters and sterols in the rat [39]. 
However, in vivo studies in the rodent model could not 
substantiate a direct effect of α-MSH on the sebum 
rate in adrenalectomized animals, indicating that both 
α-MSH and ACTH act via androgen induction in the 
adrenal gland [36,38].

Recent studies on human sebocytes, however, 
clearly demonstrate that these cells are direct tar-

get cells for melanocortin peptides. By using the 
immortalized sebocyte cell line SZ95, created by 
transfecting primary human facial sebocytes with 
the coding region of the Simian virus-40 large T 
antigen, we showed a direct immunomodulatory 
effect of α-MSH on sebocytes [5]. The SZ95 cell 
line was previously reported to exhibit all morpho-
logic, phenotypic, and functional characteristics 
of normal human sebocytes, therefore, underscor-
ing the usefulness of this in vitro model for human 
sebocyte studies [47]. Accordingly, secretion of the 
chemokine intrerleukin (IL)-8 was dose-dependently 
inhibited by α-MSH in SZ95 sebocytes both in the 
absence or presence of the proinflammatory mediator 
IL-1β [5]. An effective concentration of α-MSH in 
the nanomolar range suggested the presence of specific 
α-MSH binding sites in SZ95 sebocytes. Autoradio-
graphy studies could furthermore confirm the pres-
ence α-MSH binding sites, which were upregulated 
by incubating the cells with IL-1β or tumor necrosis 
factor-α (Böhm and Schiöth, unpublished findings). 
These findings may suggest a role for α-MSH as a 
negative regulator of inflammation in the sebaceous 
gland. Subsequent studies addressing the effect of 
ACTH as well as the superpotent MSH analogue [Nle4, 
D-Phe7]-α-MSH (NDP-α-MSH) in a primary human 
sebocyte culture system derived from facial skin 
revealed that both melanocortin peptides increased 
cytoplasmic lipid droplet formation at a level similar 
to stimulation with bovine pituitary extract. Moreover, 
NDP-α-MSH increased squalene synthesis in a dose-
dependent manner with peak synthesis of squalene at 
10 nM [44].

The biological effects of melanocortins on sebo-
cytes are mediated via melanocortin receptors (MC-
Rs), which are small heptahelical surface receptors 
and which belong to the superfamily of G protein-
coupled receptors. Activation of all five so-far 
identified and cloned MC-Rs leads to activation of 
adenylate cyclase and an increase in intracellular 
cAMP [21]. In man, there is increasing evidence that 
both MC-1Rs and MC-5Rs are expressed within the 
sebaceous glands as shown by immunohistochemis-
try [5,15,35,44,45]. In particular, MC-5R has been 
suggested as a marker of sebocyte differentiation 
since, in human skin, MC-5R immunoreactivity was 
most pronounced in terminally differentiated cells 
while MC-1R was mostly detected in the peripheral 
nondifferentiated epithelia of the sebaceous acini. 
Moreover, in cultured primary human sebocytes, 
RNA expression of MC-5R was detected only at 
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the onset of differentiation and in fully differenti-
ated cells containing lipid granules [45]. The lat-
ter finding is in accordance with the detection of 
MC-1R but not MC-5R in the human sebocyte cell 
line SZ95 which, under routine culture conditions, 
rapidly proliferates but shows few signs of termi-
nal differentiation [5]. It is therefore possible that 
the MC-1R expressed by human sebocytes is more 
involved in immunoregulation, as pointed out above, 
whereas MC-5R is more concerned with sebogene-
sis. Indeed, transgenic mice with targeted disruption 
of MC-5R displayed reduced sebum secretion, lack 
of NDP-MSH radiolabeling of the preputial glands 
and loss of NDP-MSH-induced cAMP increase in 
membrane fractions from these glands [8]. In situ 
expression of MC-5R could be demonstrated by 
in situ hybridization of secretory epithelia in both 
the preputial gland as well as sebaceous glands in 
the skin of normal mice. However, we do not know 
whether mice with targeted disruption or signal 
deficiency of MC-1R have defective sebum produc-
tion. Of note, the observed reduction in sebum 
 production in mice with targeted disruption of MC-
5R was mild [8]. Preliminary evidence exists that 
MC-1R is also expressed in the sebaceous glands of 
murine skin (Böhm et al., unpublished).

Given the capacity of the skin to express MC-Rs 
in numerous cell types as well as to generate pro-
opiomelanocortin (POMC)-derived peptides upon 
proinflammatory stressors, it is also of some interest 
to know whether the sebaceous gland is stimulated 
to produce melanocortin peptides in an autocrine 
or a paracrine fashion. Preliminary evidence exists 
that POMC expression can be induced in human 
primary sebocytes by the artificial cAMP inducers 
forskolin and choleratoxin [17]. On the other hand, 
POMC RNA expression was undetectable in SZ95 
sebocytes even after stimulation with natural pro-
totypical POMC-inducers including proinflamma-
tory cytokines, α-MSH, and corticotropin-releasing 
hormone (Böhm et al., unpublished findings). In 
vivo, POMC and POMC peptide expression may be 
induced in the sebaceous gland by natural, yet to be 
identified factors. Accordingly, expression of POMC 
RNA has been detected by RT-PCR in laser cap-
ture microdissected human sebaceous glands [19]. 
More recently, immunostaining for both α-MSH 
and ACTH was reported in hair follicle epithelia 
and in secretory epithelia of the sebaceous gland in 
patients with alopecia areata and control patients. In 
situ staining of α-MSH in the aforementioned cells 

was more accentuated in lesional skin of patients 
with alopecia areata [18], suggesting induction of 
the cutaneous hypothalamic pituitary adrenal (HPA) 
axis by disease stress.

In summary, these findings demonstrate that sebo-
cytes, via expressing specific receptors, are target 
cells for the action of melanocortin peptides delivered 
by the classical endocrine route or via the cutane-
ous melanocortin system [7]. Melanocortin recep-
tors expressed by human sebocytes mediate, on one 
side, immunoregulatory effects (such as chemokine 
secretion) and, on the other side, cell-differentiating 
effects (such as lipid production) of (NDP)-α-MSH 
or ACTH. The detection of POMC and melanocortin 
peptides in the sebaceous gland itself, moreover, sug-
gests that a “seboglandular” HPA axis is operational, 
which could serve as a regulator of local homeos-
tasis during cutaneous inflammatory and immune 
responses.

14.2.1.2 Endogenous Opioids

The endogenous opioid β-endorphin (β-ED) is 
another POMC-derived peptide and, like α-MSH and 
ACTH, is considered a prototypical stress-responsive 
neurohormone. Until now, β-ED immunoreactivity 
could only be verified in sebaceous glands of rodents. 
Immunoreactivity for β-ED was reported in seba-
ceous glands of mice, but only in the telogen phase of 
the hair cycle. β-ED immunoreactivity increased in 
the pilosebaceous glands with increasing time after 
induction of anagen [29]. β-ED immunostaining 
was also detectable in guinea pig sebaceous glands 
of normal skin with an increase during immune 
inflammation, that is, after experimental induction of 
a passive Arthus reaction, the latter suggesting that 
sebaceous glands participate in the regulation of the 
cutaneous immune system [12]. In contrast, immuno-
histochemical studies on human skin failed to detect 
β-ED immunostaining [30]. In light of the detected 
POMC RNA and the immunoreactivity for α-MSH 
and ACTH in sebocytes in situ as outlined above 
[18,19] more studies are needed to definitely rule out 
β-ED production by the human sebaceous gland.

Regarding the functional role of β-ED in the seba-
ceous gland, there is preliminary evidence that β-ED, 
in addition to its potential immunoregulatory role, 
may act as another lipidogenic hormone [6]. In vitro 
treatment of SZ95 sebocytes with β-ED in chemically 
defined medium induced cytoplasmic lipid droplet 
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formation and suppressed cell proliferation induced 
by epidermal growth factor. Most interestingly, β-ED
stimulated lipogenesis and specifically increased the 
amount of C16:0, C16:1, C18:0, C18:1, and C18:2 fatty 
acids to an extent similar to linoleic acid. To elucidate 
the mechanism of action of β-ED in human sebocytes, 
expression studies on opioid receptors (ORs), that is, 
the µ-opioid receptor (MOR) and the δ-OR (DOR) 
were performed. RT-PCR analysis, Western immunob-
lotting, and immunocytochemical studies disclosed the 
presence of MORs in both SZ95 sebocytes as well as 
in the human sebaceous gland in situ [6]. In contrast, 
expression of DORs was not detectable. The detected 
MOR immunoreactivity in human sebocytes supports 
previous findings describing the expression of MORs 
in human epidermal keratinocytes in vitro as well as 
in epidermal and follicular keratinocytes and various 
glandular epithelia in normal human skin in situ [3].

These data extend our present knowledge about the 
seboglandular POMC system towards endogenous 
opioids (such as β-ED) and ORs (such as the MOR). 
Recent preliminary findings demonstrate that the 
MOR is expressed by human sebocytes in vitro and 
in situ. β-ED appears to regulate cell proliferation, 
lipidogenesis, and possibly immune and inflammatory 
responses within the sebaceous gland.

14.2.1.3 Corticotropin-Releasing Hormone

There is evidence that corticotropin-releasing hormone 
(CRH), its binding protein (CRH-BP), and corticotro-
pin receptors (CRH-Rs) are also expressed in human 
sebocytes [19,48]. These findings are in accordance 
with the now established role of CRH as a master 
player in the cutaneous stress response and support the 
idea of a cutaneous analogon of the HPA axis [31]. 
By using laser-capture microdissection with RT-PCR, 
CRH, CRH-R, and POMC were detected in sebaceous 
cells [19]. The presence of CRH in the human seba-
ceous gland was recently supported by immunohisto-
chemical studies of skin samples from patients with 
alopecia areata, in which sebaceous glands in lesional 
skin appear to express more CRH immunoreactity 
than sebaceous glands in normal skin [18]. In vitro, 
expression of CRH, CRH-BP, and CRH-R1 and 2 was 
also detected at the mRNA and protein levels in SZ95 
sebocytes. CRH-R1 was the predominant type of 
CRH-R expressed by human sebocytes. Functionally, 
CRH is likely to act as an autocrine or a paracrine fac-
tor with pro-differentiating effects [48]. CRH induced 
lipidogenesis and enhanced mRNA expression of 

3β-hydroxysteroid dehydrogenase/∆5–4-isomerase, an 
enzyme that converts dehydroepiandrosterone to tes-
tosterone. In contrast to α-MSH, CRH did not modu-
late IL-1β-induced IL-8 release by SZ95 sebocytes in 
vitro. Testosterone suppressed CRH-R1 and CRH-R2 
mRNA expression in SZ95 sebocytes, while growth 
hormone switched CRH-R1 mRNA expression to 
CRH-R2 [48].

These findings highlight a role for CRH as a lipo-
genic regulator of human sebocytes in concert with 
other hormones (e.g., testosterone or growth hormone). 
Concomitant expression of CRH with POMC-derived 
peptides, such as α-MSH within human sebaceous 
glands, furthermore points towards an integral role of 
CRH and its receptor in the neuroimmune response of 
this glandular structure.

14.2.1.4 Miscellaneous

In contrast to the increasing body of data emphasizing 
the role of the POMC system in sebaceous gland activity 
and neuroimmunomodulation, comparatively little is 
known about the expression of other neuromediators 
and their receptors by sebocytes. It should also be 
noted that the majority of the following studies rely on 
immunohistochemical approaches, warranting a closer 
examination by biochemical and molecular biology 
methods as well as in sebocyte culture systems.

Within the human system, immunoreactivity for nerve 
growth factor (NGF) and its high affinity receptor, tyro-
sine kinase A (TrkA), has been detected in the sebaceous 
gland especially in peripheral cells [1]. This contradicts 
earlier findings in which NGF and TrkA were only 
detectable in sebaceous glands of acne patients [40]. 
Interestingly, secretions from the Meibomian gland, a 
modified sebaceous eyelid gland crucially involved in 
production of the outermost layer of the tear film, con-
tained the TrkC, the receptor for the NGF-related neuro-
peptide neurotrophin-3 [42]. At the functional level, it 
was reported that IL-6 can induce nerve growth factor 
expression by sebocytes in human facial organ cultures 
[40]. The authors suggested that during inflammatory 
stress, proinflammatory mediators such as IL-6 may 
induce the NGF system in the sebaceous gland, leading 
to increased periglandular innervation, possibly followed 
by neurogenic inflammatory stimuli.

In another immunohistochemical study, serotonin 
immunoreactivity was detected within the cytoplasm of 
the sebaceous glands of patients with chronic eczema 
[16]. Of note, skin cells have the full enzymatic capac-
ity to synthesize the neurotransmitter/neuromediator 
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serotonin [32]. In light of the well known proinflam-
matory actions of serotonin and the increasing identi-
fication of its receptors on various cell types, some of 
which already have been identified in various skin cell 
types [32], efforts should be fruitful to define the rel-
evant receptor for serotonin in human sebocytes and to 
establish their function.

Recent data suggest that the sebaceous gland is also a 
target site for somatostatin [14], a neuroendocrine pep-
tide expressed by the nervous system but also by endo-
crine cells in the periphery (pancreas, gut, thyroid, and 
others). In human skin, somatostatin immunoreactive 
nerve fibers were described some time ago. Somatostatin 
consists of two bioactive forms, a 14 amino acid peptide, 
and a congener of somatostatin-14 extended at the 
N-terminal domain [22]. Using immunohistochemistry, 
it was found that sebaceous glands express all five sub-
types of the somatostatin receptors [14]. In light of the 
pleiotropic effects of somatostatin, including regulation 
of other neuromediators, for example, CRH, immu-
nomodulation, proliferation, and apoptosis, exploring 
the serotonin system in the sebaceous should be highly 
interesting.

In another study it was reported that the vanilloid 
receptor subtype 1 (VR1/TRPV1) is expressed not 
only in cutaneous sensory nerve fibers, but also in var-
ious resident skin cells, including the sebaceous gland 
[33]. VR1 is a nonselective cation channel that binds 
vanilloids, for example, the alkaloid capsaicin but 
also endogenous cannabinoids [34]. In the sebaceous 
gland, VR1 immunoreactivity was most prominent in 
differentiated sebocytes, whereas the undifferentiated 
cells were largely negative [33].

Preliminary evidence exists that human sebo-
cytes express vasoactive intestinal polypeptide (VIP) 
receptors (VPAC) with VPAC2 exhibiting the most 
pronounced expression in cells surrounded by VIP-
immunoreactive nerve fibers. Sebocytes also were 
found to express neuropeptide Y (NPY) and calcitonin 
gene-related peptide (CGRP) receptors [26].

14.3  Neuromediators and Neuromediator 
Receptors Expressed by Periglandular 
Nerve Fibers

The density of nerve fibers around the human seba-
ceous glands in normal skin is generally sparse and, 
accordingly, this appendage structure is classically 
considered not be innervated. On the other hand, a few 
reports describe the presence of neuromediator and 

neuromediator receptor-positive nerve fibers around 
sebaceous glands and around Meibomian glands in 
man and in other species.

Expression of the DOR has been studied in the rat 
skin. DOR-immunoreactive nerve fibers were found 
to be associated with hair follicle sebaceous glands, 
including the ducts [43]. All DOR immunoreactive 
nerve fibers around the glandular structures also con-
tained CGRP. In sebaceous glands of guinea pig skin, 
CGRP- and NPY-immunoreactive nerve fibers were 
also detected [13]. Light and electron microscopy 
studies of rat skin furthermore revealed the presence 
of SP immunoreactive nerve fibers along the outer 
border of sebaceous glands [23].

The above findings have been extended by stud-
ies on the modified sebaceous Meibomian gland of 
the eyelid in humans and in several other species. 
Accordingly, nerve fibers with colocalization of CGRP 
were detected around the outside of the rat Meibomian 
gland acini [43]. The presence of CGRP as well as VIP, 
NPY, and substance P (SP) was also found in nerve 
fibers near the Meibomian gland acini in guinea pigs 
and monkeys (Macacca fascicularis and Macacca
mulatta) [10,24]. The human Meibomian gland was 
likewise reported to contain SP- and CGRP-positive 
nerve fibers around the acini [24]. In another report, 
VIP-positive nerve-like structures were identified in 
the stroma of the human Meibomian gland [25].

Regarding the human sebaceous gland and the role 
of periglandular nerve fibers, it was reported that the 
number of SP immunoreactive nerve fibers around 
sebaceous glands were more numerous in lesional skin 
of patients with acne than in skin of healthy subjects 
[41]. Expression of the SP-inactivating cell surface 
protein neutral endopeptidase (NEP) was observed 
within sebaceous germinative cells of acne patients 
but not of healthy volunteers. Exogenous SP treatment 
increased expression of NEP within sebaceous germi-
native cells and resulted in an increase in the size of 
the sebaceous glands as well as in the number of lipid 
granules in a skin organ model [41]. These data suggest 
that SP could act as a neurogenic inflammatory media-
tor involved in the pathogenesis of acne vulgaris.

14.4 Summary

The data presented in this review demonstrate that the 
sebaceous gland is both a pleiotropic target structure 
and source for various neuromediators (Table 14.1). 
Multiple neuromediators, either delivered via the clas-
sical endocrine route (e.g., during activation of the 
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classical HPA axis), by paracrine or autocrine path-
ways (e.g., by activation of the cutaneous or seboglan-
dular HPA axis), or by periglandular nerve fibers (i.e., 
during neurogenic inflammation), can act as regula-
tors of exocrine, immune, and inflammatory effector 
functions of sebocytes (Fig. 14.1). This concept [46] 
supports the view of a “psychotropic” nature of the 
sebaceous gland, which not only helps to understand 
diseases of sebocyte dysfunction, for example, acne 
vulgaris as a stress-sensitive disease, but also points 

towards novel and fascinating future treatment options 
for such diseases. Given the possibility of neurophar-
macological intervention against many of the herein 
described neuromediators (e.g., via melanocortin pep-
tides and their derivatives, their antagonists, opiate 
antagonists, SP inhibitors, serotonin antagonists, etc.), 
further exploration of the neurobiology of the seba-
ceous gland is a promising research field for the basic 
scientist and dermatologist.
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Summary for the Clinician

› The human sebaceous gland is a prominent target for a 
variety of neuromediators including classical neuropep-
tides and neurotransmitters

› Via expression of specific receptors for such neuromedia-
tors, the sebaceous gland is susceptible to stress

› Understanding this important connection between stress 
and the sebaceous gland will optimize the relation between 
the clinical dermatologist and the patient affected by dis-
orders of the sebaceous gland, e. g. acne.

› Molecular targeting of neuromediator receptors expressed 
by sebocytes may be expected to become a future therapy 
for inflammatory disorders of the sebaceous gland.
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› Eccrine sweat gland innervation is mostly cholinergic:
The major neurotransmitter released from the periglan-
dular nerve endings is acetylcholine, whose concentration 
determines the sweat rate in humans. Eccrine sweat glands 
express various muscarinic acetylcholine receptor subtypes 
and eccrine sweat secretion can be blocked effectively by 
anti-muscarinic substances.

› Eccrine sweat secretion can be blocked effectively by 
botulinum toxin (BTX): Botulinum neurotoxins are metal-
loproteases that cleave SNARE (soluble n-ethylmaleim-
ide sensitive factor attachment protein receptor) proteins, 
thereby inhibiting the trafficking process of acetylcholine 
vesicles, their fusion with pre-synaptic membranes and 
finally the release of acetylcholine.

› Dermcidin (DCD): Patients suffering from atopic derma-
titis have reduced DCD concentrations in eccrine sweat. 
Therefore, in contrast to healthy patients, sweating does 
not lead to a reduction of bacteria on the skin.

› Frey’s syndrome: This pathological state of gustatory 
sweating which affects the area of the cheek can occur 
after parotid surgery due to disruption of parasympathetic 
secretomotor fibers. These fibers anastomose with sudo-
motor sympathetic fibers of the skin, thereby gaining control
of sweat gland activity.

› Apocrine sweat gland innervation is believed to be adren-
ergic: The apocrine secretion is controlled via epinephrine 
and norepinephrine but it is still unclear whether activation 
of apocrine glands takes place via sympathetic innerva-
tion or via circulating catecholamines.

› Cystic fibrosis: Patients suffering from cystic fibrosis show 
increased sweat chloride levels due to a defect in CFTR, which 
plays an important role in chloride reabsorption from sweat.
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Synonyms Box: Acetylcholine, neurotransmitter in 
both the peripheral nervous system and central nerv-
ous system, acts as main activator of the eccrine sweat 
gland, being released from the periglandular nerve 
endings; Acrosyringium, intra-epidermal part of the 
sweat gland; Apocrine sweat gland, mainly present 
in the armpits and around the genital area, secretes 
a fluid that is rich in proteins and lipids; Botulinum 
toxin (BTX), a neurotoxin produced by the bacte-
rium Clostridium botulinum, inhibits the fusion of 
acetylcholine vesicles with pre-synaptic membranes 
and thereby inhibits sweat secretion effectively; 
Catecholamines, hormones that are released by the 
adrenal glands in situations of stress (“fight-or-
flight” hormones), namely Epinephrine (Adrenaline) 
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and Norepinephrine (Noradrenaline); Cystic f ibrosis 
transmembrane conductance regulator (CFTR), a 
protein involved in the transport of chloride ions 
across cell membranes, plays an important role in the 
reabsorption of ions from primary sweat; Dermcidin 
(DCD), an antimicrobial peptide being expressed in 
eccrine sweat glands and is believed to play a role in 
innate host defense mechanisms; Eccrine sweat gland, 
plays an important role in body temperature regula-
tion, secretes a fluid mainly composed of water and 
various ions; Frey’s syndrome, a pathological state 
of gustatory sweating, which affects the area of the 
cheek, and may occur after parotid surgery; Major 
histocompatibility complex (MHC), a chromosomal 
segment that codes for cell-surface histocompatibil-
ity antigens and is the principal determinant of tissue 
type and transplant compatibility; Muscarinic acetyl-
choline receptors, acetylcholine receptors that are 
more sensitive to muscarine than to nicotine, play a 
role in signal transduction processes of eccrine sweat 
secretion

15.1 Introduction

Sweat glands are cutaneous appendages that, besides 
other functions, enable mammals to regulate their 
body temperature. According to their morphology and 
their mode of secretion, sweat glands can be classified 
as eccrine or apocrine. This distinction was introduced 
by Schiefferdecker in 1922 [58]. Moreover, in 1987, 
Sato described glands that showed the characteristics 
of both eccrine and apocrine glands and therefore were 
named apoeccrine [55,56].

15.1.1 Eccrine Sweat Glands

Eccrine sweat glands already exist at birth and are 
widely distributed over the whole skin surface with only 
two exceptions: lips and glans penis [57]. Depending 
on individual variation, there are 1.6–5 million sweat 
glands found across the human body with an average 
density of 200 sweat glands/cm2 ranging from 64 sweat 
glands/cm2 on the back to 700 sweat glands/cm2 on the 
palms and soles [15,18,57]. An eccrine gland consists 
of a single tubule ranging from about 4–8 mm in total 
length. The intra-epidermal part of the sweat gland is 
called the acrosyringium followed by the straight duct, 
a coiled duct, and a coiled, secretory portion which 

is found in the deep dermis. Glands appear as coils in 
their natural three dimensional context, where one coil 
may consist of more than one gland tubule [75].

The acrosyringium consists of epithelial cells with 
no clear distinction or border to the epidermis. The 
epithelial cells differentiate towards the lumen; there-
fore, cornified cells can be found inside the lumen. The 
luminal diameter is between 20 and 60 µm, whereas the 
dermal duct, whether straight or coiled, has a smaller 
inner diameter of only 10–20 µm. The coiled duct is 
described as an epithelium of two to three layers of 
epithelial cells [24,37]. These are connected at numer-
ous sites by desmosomes and intercellular junctions. A 
functional barrier is thus created between the luminal 
and extracellular compartments [22]. The inner cells 
are rich in tonofilaments, yielding a thick terminal 
web or cortical zone called cuticula. The outer or basal 
cells are surrounded by a continuous basal membrane, 
which in turn is enclosed by a collagenous and fibro-
cyte sheath [53]. The basic function of the sweat duct 
is the reabsorption of ions from the primary sweat 
fluid. In this process, besides others, the chloride 
channel cystic fibrosis transmembrane conductance 
regulator (CFTR), being abundantly expressed in the 
apical membranes of the duct, plays an important role 
in chloride reabsorption [49]. This is why patients suf-
fering from cystic fibrosis due to a defect in CFTR 
show increased sweat chloride levels [34].

The secretory portion of the sweat gland consists 
of a tubule with an outer diameter of 60–120 µm and 
an inner diameter of 30–40 µm. The overall diameter 
of the coil is around 500–700 µm. Three different cell 
types can be distinguished within the secretory por-
tion: clear cells, dark cells, and myoepithelial cells 
[24]. Clear cells contain many mitochondria. Between 
adjacent cells, intercellular canaliculi can be found, 
which are specific for eccrine secretory cells [9]. Their 
role in secretion together with convoluted cell mem-
branes of adjacent cells is not fully understood [21]. 
Dark cells, in contrast to clear cells, can be intensely 
stained with eosin, toluidine blue, and methylene blue 
[23]. Moreover, they are osmiophillic, appear denser, 
and are also called granular cells because of their 
abundant granules, whereas clear cells are also called 
agranular. Dark cells form the luminal cell layer and 
clear cells the basal cell layer, while the function of the 
myoepithelial cells remains unclear.

Eccrine sweat can vary in composition, depend-
ing on hydration, exercise, state of health, and region 
of the body [36,38,46]. Besides water, that accounts 
for 99% of eccrine sweat, further components are 
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sodium, chloride, potassium, calcium, magnesium, 
lactate, ammonia, amino acids, urea, and bicarbonate 
[20,36,61]. In addition, several proteins and peptides, 
for example, cysteine proteinases [79], DNAse I [78], 
lysozyme, Zn-α2-glycoprotein [40], CRISP-3 [68], 
and dermcidin (DCD) [59], have been identified in 
eccrine sweat. Some of these, like DCD, an antimicro-
bial peptide, that is expressed constitutively in eccrine 
sweat glands, are believed to play a role in innate host 
defense mechanisms [50,59]. Recently, it could be 
shown that sweating leads to a reduction of bacteria 
on the skin of healthy subjects, but not in patients with 
atopic dermatitis having reduced DCD concentrations 
in eccrine sweat [51].

15.1.2 Apocrine Sweat Glands

Apocrine glands already exist at birth but do not become 
active until puberty. They are restricted to hairy body 
areas as they open and secrete into the hair canal and 
can only be found in the axillary, mammary, perineal, 
and genital region. The density of apocrine glands in 
the axillary region have been investigated in a study 
performed by Sato [56], in which he found 8–43 clear 
apocrine and up to 54 apoeccrine glands/cm2. With 
an outer diameter of about 800 µm, an apocrine gland 
coil clearly exceeds that of an eccrine gland. The outer 
diameter of the gland tubule is about 120–200 µm,
while the inner diameter is around 80–100 µm. It is 
hardly possible to differentiate between a duct and a 
secretory coil as the apocrine duct is very short and 
can be found in close vicinity to hair [2]. The secretory 
coil consists of two different types of cells: secretory 
and myoepithelial cells. Although secretory cells are 
typically tubular shaped, they can vary in shape due 
to their secretory activity. Their nucleus is located in 
the basal cell region and the cytoplasm is filled with 
mitochondria and different granules. The cell mem-
branes are convoluted; microvilli are present towards 
the lumen. Pinching-off as the mode of secretion can 
be observed at the ultrastructural level. The function 
of the surrounding myoepithelial cells remains to be 
elucidated.

The fluid secreted by the apocrine sweat gland is 
an oily, odorless substance, containing proteins, lipids, 
and steroids [32]. However, it can not be excluded that 
apocrine secretions are mixed with sebum, as both 
apocrine and sebaceous glands open into the hair fol-
licle. Recently, it was shown that two apocrine proteins, 
referred to as apocrine secretion odor-binding proteins 1 

and 2 (ASOB1 and ASOB2) function as carrier proteins 
for volatile odor molecules, for example, 3-methyl-2-
hexenoic acid, that are subsequently released by bacterial 
enzymes. ASOB2 was shown to be identical to the 
lipocalin apolipoprotein D (apoD) [26,80]. ASOB1 shares 
homology to the α-chain of apolipoprotein J (apoJ) 
[63]. As in other species lipocalins serve as carrier pro-
teins for pheromones, an analogous function has been 
suggested for ASOB1/2.

Recent investigations suggest that genes encoding 
the major histocompatibility complex (MHC) influence 
human body odor as well as body odor preferences. 
MHC proteins are cell-surface proteins that bind short 
polypeptides and present them to T lymphocytes. Doing 
so, they play a vital role in the complex immunological 
dialogue that occurs between T cells and other cells, 
allowing the body to differentiate from oneself. Recent 
studies show that women score male body odors more 
pleasant when they differ from these men regarding 
their MHC genotype and that these preferences depend 
on the women’s hormonal status. The function of the 
MHC-dependent mating preferences is not yet clear. 
Yet, it is speculated that an increased heterozygosity in 
MHC genes may lead to a higher resistance to infectious 
diseases in offspring and avoids inbreeding [72–74].

15.1.3 Apoeccrine Sweat Glands

The apoeccrine gland is a mixed type gland which was 
first described by Sato in 1987 [56]. Apoeccrine glands 
are believed to develop during puberty from eccrine 
glands as the proportion of eccrine glands decreases 
with age. Like apocrine glands, apoeccrine glands can 
also be found in the anogenital region [70]. It is very 
likely that the apoeccrine gland is also restricted to 
hairy body regions.

A typical morphological characteristic is the irregu-
lar shape of the tubule and of the cells. As the apoec-
crine gland is composed of myoepithelial cells, eccrine 
secretory cells, and apocrine secretory cells, the identi-
fication is possible with specific markers correspond-
ing to the particular cell types, that is, Phalloidin, S-
100, or CD15 [76,77].

Apoeccrine glands secrete an eccrine-like watery 
fluid. As they share multiple similarities with eccrine 
glands concerning morphology, marker proteins, and 
mode of secretion [55,56,77], it is conceivable that 
the composition of apoeccrine sweat resembles that of 
eccrine sweat. Sato and Sato [55] determined sodium 
and potassium concentrations in the duct of isolated 
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apoeccrine glands and found similar values as for 
eccrine sweat. However, until now the composition of 
apoeccrine sweat has not been elucidated, as it is not 
feasible to discriminate between eccrine and apoec-
crine sweat during sweat collection in the axilla.

15.2 Innervation of Sweat Glands

15.2.1 Eccrine Sweat Glands

Eccrine sweat glands are innervated by postganglionic 
sympathetic fibers. Spinal cord segments from T2 to T8 
provide innervation to the skin of the upper limbs, from 
T1 to T4 to the skin of the face, from T4 to T12 to the 
skin of the trunk, and from T10 to L2 to the skin of 
the lower limbs [20]. Normally, norepinephrine is the 
peripheral neurotransmitter of sympathetic innervation. 
The eccrine sweat gland displays an exception of this 
general rule, as the major neurotransmitter released from 
the periglandular nerve endings is acetylcholine, whose 
concentration determines the sweat rate in humans [Fig. 
15.1]. Eccrine sweat glands express various muscarinic 
acetylcholine receptor subtypes in myoepithelial cells 
(m2-m5 AChR) as well as in acinar cells (m1, m3, m4-
AChR) [31]. It is assumed that this receptor type is 
responsible for primary eccrine sweat secretion as the 
secretion can be blocked effectively by anti-muscarinic 
substances. Besides the muscarinic receptors, ion trans-
porters as well as aquaporins seem to be involved in 
the secretory process [42,43]. Additionally, it could be 
shown that eccrine sweating can be induced locally by 
adrenergic stimulation [54,71], although it is not yet 
clear whether this response has physiological relevance. 
Furthermore, recent investigations demonstrate that 
several other receptors such as β2-adrenoceptor [65], 
VIP-receptor [30], EGF-receptor [52], vanilloid recep-
tor-1 [64], and nicotinic acetylcholine receptors [31] are 
abundant in sweat glands. However, the complete secre-
tory mechanism is not yet fully understood.

15.2.2 Apocrine Sweat Glands

Apocrine sweat glands respond to emotional stimuli 
such as anxiety, pain, or sexual arousal. The apocrine 
secretion is controlled via epinephrine and norepine-
phrine [5,35,41]. However, it remains unclear whether 
activation of apocrine glands takes place via sympa-
thetic innervation or via circulating catecholamines. 
Interestingly, until now no adrenergic receptors have 
been identified in human apocrine sweat glands.

15.2.3 Apoeccrine Sweat Glands

In vitro, apoeccrine glands show a very high choliner-
gic sensitivity but can also be stimulated with β-adren-
ergic and α-adrenergic agonists. Their responsiveness 
to cholinergic as well as adrenergic stimuli is greater 

Fig. 15.1 Innervation of eccrine sweat glands. Acetylcholine 
is released from the periglandular nerve endings of sympathetic 
cholinergic fibers and subsequently binds to the corresponding 
muscarinic acetylcholine receptors of the sweat gland
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than that of eccrine glands to these stimuli. This 
enhanced responsiveness might be the reason for the 
higher overall sweat rate of apoeccrine sweat glands 
compared to other sweat gland types, suggesting that 
apoeccrine sweat glands contribute strongly to axillary 
sweating [55,56].

15.3 Perspiration Control

Sweat gland function is a key element in the regula-
tion of skin and body temperature, which is crucial for 
survival; constant body core temperatures above 40°C 
result in protein denaturation and cell death, which 
finally lead to multiple organ failure. Consequently, 
the decrease of body core temperature under condi-
tions of high environmental temperature or under 
physiological stress is the most important role of per-
spiration. Thermal energy is released by the evapora-
tion of sweat from the skin surface and as a result, skin 
and body core temperature are lowered. Perspiration 
can also be stimulated due to emotional stress or con-
sumption of spicy food. However, these stimuli are 
less well understood.

15.3.1 Thermal Sweating

Being distributed over the whole body surface, 
eccrine sweat glands contribute strongly to the ther-
moregulatory process. Along with vasodilatation in 
the skin, thermoregulatory sweating decreases body 
t emperature under heat stress conditions. Failure of 
this mechanism can lead to hyperthermia and death. 
The center for thermoregulation is the hypothalamus. 
Therefore, eccrine sweat gland activity is directly 
controlled by the central nervous system. Besides 
changes in core body temperature, this center also 
responds to hormones, endogenous pyrogens, physical 
activity, and emotions [25]. The sum of internal body 
temperature and mean skin temperature is the main 
drive for thermal sweating, whereas the influence of 
the first exceeds the one of the second by a factor of 
10 [27,28]. In addition, sweat rate is affected by local 
cutaneous thermal conditions, leading to an increased 
sweat rate due to augmentation of local skin tempera-
ture. The mechanism by which this reaction is control-
led remains unclear. However, possible explanations 
are a greater release of neurotransmitter as well as an 
increased sensitivity of sweat glands to a specific ago-
nists during  conditions of higher local skin  temperature 
[11,39,45]. Furthermore, thermoregulatory sweating 

is influenced by many other internal factors such as 
gender, menstrual cycle and circadian rhythm as well 
as external factors like humidity [7,16,66].

15.3.2 Emotional Sweating

Emotional sweating, as the name implies, occurs in 
response to excitement, fear, anxiety, pain, and a mul-
titude of other disturbed states. Emotional sweating 
arises independently from ambient temperature and can 
occur over the whole body surface but is most evident 
on palms, soles, and in the axillary region [4,8,14]. 
Emotional sweating is often mentioned in the course of 
the so-called fight-or-flight response as a primitive acute 
stress response that is induced by the hypothalamus and 
leads to the release of norepinephrine and epinephrine 
from the adrenal medulla [Fig. 15.2]. Finally, this reac-
tion induces a series of physical responses, for example, 
increase of heart rate and rise of blood pressure leading 
to an immediate provision of energy.

Emotional sweating of the axillary region does not 
occur until the age of puberty. This is why apocrine 

Fig. 15.2 Potential activation mechanism of emotional sweat-
ing during fight-or-flight response. Under stressful conditions, 
the human body reacts with the fight-or-flight response, which 
is induced by the hypothalamus. In the course of this response, 
emotional sweating might be activated directly via circulating 
catecholamines from the adrenal medulla
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and apoeccrine glands are believed to play a major 
role in emotional axillary sweating because they are 
known to become active during this developmental 
stage [58,76]. Apocrine sweat glands respond vigor-
ously to emotive stimuli and are physiologically acti-
vated by adrenergic stimulation [19,41,60]. However, 
it is still unclear whether this stimulation takes place 
via innervation or circulating catecholamines from the 
adrenal medulla. The function of apocrine sweat secre-
tion has not been completely elucidated until now. One 
hypothesis deals with apocrine odors exhibiting a phe-
romone-like effect [1,80]. As apoeccrine glands show 
strong cholinergic and adrenergic sensitivity, their 
involvement in emotional sweating is very likely [55].

Emotional sweating of palms and soles can already 
occur in babies [67]. It has evolved as an improved 
fleeing reaction in different mammals during evolution 
as palmoplantar sweating increases friction and thus 
prevents slipping during running or climbing in stress-
ful situations [3]. Moreover, sweating of palms and 
soles is mainly induced by emotive stimuli, not by high 
ambient temperature [29]. Emotional sweating of palms 
and soles only involves eccrine sweat glands that are 
typically activated by cholinergic fibers of the sympa-
thetic nervous system. However, recent investigations 

on subjects suffering from anhidrosis due to deficits in 
cholinergic transmission indicate that adrenergic stimu-
lation is also present in palms and soles [41].

15.3.3 Gustatory Sweating

Under certain conditions sweat secretion can be 
induced by ingestion. The exact mechanism is still 
unknown. Nevertheless, two different mechanisms 
are conceivable inducers of gustatory sweating. First, 
ingestion causes an increase in metabolism, which 
leads to elevated body temperature followed by ther-
mal sweating as a direct effect. Second, a mild form of 
gustatory sweating is induced by hot and spicy food as 
an indirect effect that is confined to the face, the scalp, 
and the neck. This reaction is believed to be driven 
by the substance capsaicin, which binds to warm sen-
sors in the oral cavity, leading to a thermoregulatory 
response [6,33,48].

Frey’s syndrome, a pathological state of gustatory 
sweating, which affects the area of the cheek, can 
occur after parotid surgery. Presumably this unilateral 
form of gustatory sweating results from disruption 
of parasympathetic secretomotor fibers. These fibers 

Fig. 15.3 Inhibition of acetylcholine release by botuli-
num toxin. Top: Docking of synaptic acetylcholine vesicles 
to the pre-synaptic membrane and subsequent membrane 
fusion is mediated by the SNARE protein fusion complex. 
Acetylcholine is released into the synaptic cleft and binds 

to acetylcholine receptors on the postsynaptic membrane. 
Bottom: After entering the nerve endings, botulinum toxin 
cleaves SNARE proteins and thus inhibits membrane fusion 
of synaptic vesicles and acetylcholine release
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anastomose with sudomotor sympathetic fibers of the 
skin, thereby gaining control of sweat gland activity 
[13,44]. Besides Frey’s syndrome, gustatory sweating 
is a rare complication in diabetic patients with auto-
nomic neuropathy [69].

15.3.4 Inhibition of Sweat Secretion by Botulinum Toxin

Eccrine sweat secretion can be blocked effectively 
by botulinum toxin (BTX), a neurotoxin produced by 
the bacterium Clostridium botulinum, which acts on 
autonomic cholinergic nerve terminals. Botulinum 
neurotoxins are metalloproteases that cleave SNARE 
(soluble n-ethylmaleimide sensitive factor attachment 
protein receptor) proteins, thereby inhibiting the traf-
ficking process of acetylcholine vesicles, their fusion 
with presynaptic membranes, and finally the release 
of acetylcholine. There are seven serologically dis-
tinguishable BTX types (A-G) acting on the proteins 
synaptobrevin, syntaxin, and SNAP-25 (25-kDa syn-
aptosome-associated protein) that form the ternary 
SNARE complex [Fig. 15.3]. As an example, BTX 
A, the pharmaceutically most relevant toxin, cleaves 
SNAP-25. BTX consists of ~50 kDa light chain and 
~100 kDa heavy chain, which are linked by a disulfide 
bond and leads to blockade of acetylcholine release in 
a three-step process. First, the toxin binds to the pre-
synaptic membrane and is subsequently internalized 
by endocytotic vesicles. Second, the vesicular lumen is 
acidified by the action of an ATPase proton pump. The 
pH-change induces a conformational change of the 
BTX protein leading to its insertion into the vesicular 
membrane. Finally, the light chain is released into the 
cytosol displaying its proteolytic activity. Because of 
its local action, long-lasting effect, and high efficacy, 
BTX injections are used to treat different forms of 
hyperhidrosis [10,12,17,47,62]. References
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Neurophysiology of Itch

G. Yosipovitch and Y. Ishiuji

16

Synonyms Box: Itch, pruritus; alloknesis, when touch 
or brush-evoked itch occurs around an itching site; allo-
dynia, when inflamed skin reacts to gentle mechanical 
stimuli by giving rise to a perception of pain

16.1 Introduction

Itch (Latin pruritus) is been defined as unpleasant sen-
sation that elicits the desire to scratch. It is a dominant 
symptom of skin disease, almost all inflammatory skin 
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› A subset of nociceptive histamine sensitive C neurons has 
been demonstrated to be dedicated for transmission of 
itch.

› Histamine independent nocicpetive C nerves that are 
mechanosensitive are capable of transmitting itch.

› Central pathways are involved in itch transmission both 
spinally and in the brain.

› Chronic itch shares similar patterns to chronic pain.

› Both central and peripheral mediators are important in 
pruritus.

› Neurotrophic factors, particularly NGF, have a role in 
chronic itch.

Key Features

diseases can itch [64,69]. In most cases, itch results 
from interaction of the brain–skin axis [27,39]. Itch 
has many similarities to pain; both are unpleasant sen-
sations which consist of multidimensional phenomena 
including sensory discriminative, cognitive, evaluative, 
and motivational components. A significant difference 
between both sensations is the behavioral response 
patterns – while pain elicits a reflex withdrawal, itch 
leads to a scratch reflex [44]. Nevertheless, both can 
lead to serious impairment of quality of life. Another 
unique feature of itch is that it is restricted to the skin 
and some adjoining mucosa such as conjunctiva. Itch 
sensations emanate from activity of nerve fibers in the
epidermis and upper layers of dermis; nerve fibers 
located in deeper layers of the reticular dermis and 
subcutaneous fat do not seem to transmit itch.
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16.2 The Neural Basis of Itch

The neurophysiological basis for itch was unclear for 
decades. Historically three theories were proposed to 
explain the neuronal mechanism of itch [34].

Specificity theory suggested that there is a group of 
primary sensory neurons that respond to pruritogenic 
stimuli and no other. The existence of labeled lines for 
itch sensation has been supported by the findings [45] 
of specific C nerve fibers that transmit itch peripherally 
in humans and further by findings of histamine sensi-
tive neurons in the spinothalamic tract [2]. However, 
there may be other nerve fibers that transmit itch as 
well, especially in patients suffering from chronic itch.

The Intensity theory was proposed [61] suggesting 
that itch is a subluminal form of pain and low activ-
ity in nerve fibers induces itch that will turn into 
pain by increased stimulation. However, this theory 
has been abandoned since direct testing of noxious 
stimuli (thermal and mechanical) in threshold doses 
do not illicit itch. Microneurography has also helped 
to disprove this historic concept that pruritus and pain 
are simply responses of the same neurons to mild vs. 
intense stimuli, respectively. Moreover, many treat-
ments that inhibit pain do not inhibit itch and vice 
versa. For example, the effect of µ-opiods that inhibit 
pain and may actually aggravate itch.

The Selective theory recognizes the absence of 
specific populations of sensory neurons dedicated to 
signaling of itch. It suggests instead that a subset of affer-
ent nociceptors that respond to pruritogenic stimuli have 
different central connectivity’s and activate separate cen-
tral neurons. This theory has recent support from studies 
using noxious stimuli, including thermal, mechanical, 
and chemical using bradykinin [22,25] that induced itch 
rather than pain in patients with chronic itch.

16.2.1 Histamine Sensitive C Nerve Fibers

Histamine was found to directly stimulate histamine 
type 1 receptors on C pruritoceptors [45]. These neu-
rons are sensitive to pruritogenic and thermal stimuli, 
but not mechanical stimuli. The response pattern of 
these fibers matched the time course of itch sensation 
reported by participants (see Fig. 16.1). They have 
exceptionally slow conduction velocity, unusually 
wide innervation territories, and represent no more 
than 5% of total C fibers. These C fibers were shown to 
have spontaneous activity in a recent microneurographic
study of a patient with chronic itch [46]. In contrast, 

the vast majority of C fibres are sensitive to mechani-
cal and heat stimuli and are entirely insensitive to his-
tamine [47].

The co-responsiveness of this subset of C neurons 
to temperature change as well as pruritic stimuli is of 
interest because raising the temperature of skin lowers 
the threshold of receptors to pruritic stimuli [14] and 
most pruritic patients complain of aggravation of pruritus
in a warm environment.

Another important question is whether other histamine
receptors are activated during itch induction; recent 
studies suggest that other receptors such as histamine 
receptor 4 [4] induce itch in mice. However, their role 
in human itch remains to be elucidated.

16.2.2 Histamine Independent Itch Fibers

Mechanically induced itch, for example, itch associated 
with exposure to wool, without an accompanying flare 
reaction, cannot be explained by activation of histamine 
fibers. Moreover, chronic itch associated with most 
inflammatory and systemic diseases does not respond 
to antihistamines, suggesting that there are other pathways 
for itch transmission, which are histamine independent. 

Fig 16.1 a Electrophysiological recordings of discharge fre-
quency of histamine sensitive C-fibers in the peroneal nerve 
after histamine iontophoresis. The unit was not spontaneously 
active before histamine application. b Average itch magnitude 
ratings of the healthy volunteers after an identical histamine 
stimulus. Ratings were at 10 s intervals on a VAS with the end 
points no itch. Error bars indicate SE. This figure is modified, 
with permission, from [45]
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Itch can be generated without flare reaction using elec-
trical stimuli [26] as well as with spicules of Cowhage 
[49] via mechano-sensitive C fibers [27]. Peripheral 
activation of itch can involve several classes of 
C-f ibers, both histamine mechano-insensitive as well 
as mechano-sensitive.

16.2.3 Central Pathways

In the spinal cord, nociceptor C neurons synapse with 
secondary transmission neurons in the gray matter of 
the dorsal horn. These neurons then cross over and 
ascend in the lateral spinothalamic tract to the thala-
mus. Recent studies using microneurography have 
identified a subclass of lamina I spinothalamic tract 
neurons specifically and selectively excited by ionto-
phoretically administered histamine [2]. Thus, pruritus 
is transmitted by dedicated neurons not only peripher-
ally, but also centrally (Fig. 16.2).

16.2.3.1  Higher Centers Involved 
in Itch Processing

Supra-spinal processing of itch and its corresponding 
scratch response has not been studied as extensively as 
pain brain imaging. Most of the studies examined itch 
response with histamine stimulation in healthy volun-
teers using positron emission tomography (PET) and 
functional MRI with the BOLD response [33,36,63]. 
Induction of itch by intradermal injection of histamine 
and histamine skin-prick elicits coactivation of the 
anterior cingulate cortex, insular cortex and premotor 
and supplementary motor area, inferior parietal lobe, 
with a left-hemisphere predominance as well as the 
cerebellum [7,11,23]. The substantial coactivation of 
the motor area supports the clinical observation that 
itch is inherently linked to a desire to scratch. In these 
studies, the “intention to scratch” was mirrored by 
functional increases in blood flow in the cortical motor 
areas and cerebellum. Activation of multiple brain 

Fig. 16.2 Neurophysiology of itch. Information on 
itch and pain transmission is conveyed through unmy-
elinated C nerve fibers that both use the lateral spi-
nothalamic tract. Studies have demonstrated specific 
C nerve fibers that transmit itch. Itch representation 
in the brain activates several regions similar to pain, 
such as the premotor cortex and anterior cingulate 
cortex but does not seem to activate somatosensory 
cortex I and II
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areas suggests that there is not a sole itch centre, and 
shows the multidimensionality of the itch sensation. 
Pain demonstrates a similar pattern of brain activation 
involving many of the same cortical regions [11]. 
However, there are subtle differences in the activation 
pattern between itch and pain; for example, in itch 
there is no detectable activation of the somatosensory 
cortex II and the activation of the somatosensory cor-
tex I is minimal, while both are significantly activated 
in pain. A possible explanation is that there is weaker 
activation of these primary and secondary somatosen-
sory cortices. Thus, differences between pain and itch 
processing may not result from distinct brain centers, 
but rather, reflect different activation patterns. The 
anterior cingulate cortex has a significant role in aver-
siveness to sensory stimuli and is also associated with 
motivation for rewarding events. This could explain 
patients’ desire for repetitive scratching. A recent 
study has examined the effect of an allergen-induced 
itch in patients with a history of atopy as well as hista-
mine prick tests in healthy volunteers. This study dem-
onstrated activation of multiple regions, which were 
not documented simultaneously previously, notably 
the insula, the anterior cingulate cortex, and the orbito-
frontal cortex. These results correlated to itch inten-
sity. The activation of the orbitofrontal cortex as well 
as the limbic system may reflect the subjects desire to 
relieve itch by scratching [31].

16.2.4  Chronic Itch and Peripheral and Central 
Sensitization

Chronic itch can be related to different types of itch 
such as pruritoceptive itch originating from skin 
disease, neuropathic itch due to pathology in the 
nervous system, as well as itch due to systemic and 
psychiatric causes [5,58,65]. Chronic itch shares 
many similarities with chronic pain, both have simi-
lar peripheral sensitization as well as central nervous 
system sensitization.

16.2.4.1 Peripheral Sensitization in Chronic Itch

Patients with chronic itch have increased skin innerva-
tion density [60]. Moreover, increased nerve growth 
factor (NGF) expression has been found in patients 
with atopic dermatitis in the skin and serum [15,57]. 
These same neurotrophins are elevated in chronic 
localized pain and are known to sensitize primary 
afferent fibers [35].

16.2.4.2 Central Sensitization in Chronic Itch

Chronic itch leads to sensitization of second order neu-
rons in the dorsal horn, thereby leading to increased 
sensitivity to itch. There are two forms of increased sen-
sitivity to itch. First, alloknesis (itchy skin) [44,50,65] 
can be observed when touch- or brush-evoked itch 
occurs around an itching site [51]. This phenomenon 
is analogous to the better known allodynia, in which 
inflamed skin reacts to gentle mechanical stimuli by 
giving rise to a perception of pain. Like allodynia, it 
requires ongoing activity in primary afferents and is 
elicited by low threshold mechanoreceptor A beta 
fibers. Alloknesis is common; for example, alloknesis 
is a prominent feature of atopic dermatitis [20] and 
explains patients’ complaints of severe pruritus asso-
ciated with sweating, sudden changes in temperature, 
dressing, and undressing. The second type of increased 
sensitivity to itch is termed punctuate hyperknesis, in 
which a prick induces intense itch sensation in the 
area surrounding histamine induction, similar to the 
phenomena in chronic pain coined punctuate hyper-
algesia [44].

Noxious pain and repetitive scratching have been 
known to inhibit itch for decades. These stimuli have 
been shown to inhibit histamine induced itch in healthy 
controls using psychophysical methods [70]; however; 
studies in patients with chronic itch demonstrate that 
painful stimuli, such as electrical stimuli and heat pain, 
may be perceived as itch [22,25,26,29]. An analogous 
phenomenon has been noted in chronic pain patients 
who suffer from post-herpetic neuralgia (PHN), in which
histamine iontophoresis is perceived as painful [3]. 
These findings indicate that pain-induced inhibition of 
pruritus may be compromised in patients with chronic 
itch. This may also explain why scratching aggravates 
itch and induces a vicious circle of scratching induc-
ing itch.

16.2.5 Pruritus Receptor Unit

Removal of the epidermis abolishes perception of pru-
ritus, suggesting that pruritus receptor units are located 
predominantly within this layer. Light microscope and 
ultrastructural studies of human skin have shown the 
existence of intraepidermal nerve fibers with ‘free’ 
nonspecialized nerve endings extending to the stratum 
granulosum [21]. To date, it has not been possible to 
prove that these include free nerve endings serving 
the sensation of pruritus, but demonstration that many 
of these f ibers stain positively for neuropeptides 
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suggests that this is indeed the case, and that pruritus 
is transmitted in the epidermis by C fibers. C fibers are 
primary afferent nociceptors. Moreover, keratinocytes 
express a variety of neural mediators and receptors, all 
of which appear to be involved in the itch sensation [9]. 
These include opioids, proteases, substance P, nerve 
growth factor (NGF), neurotrophin 4, and their respec-
tive receptors, including µ- and κ-opioid receptors, 
PAR-2, vanilloid receptors, TRKA, TRPV ion channels,
and cannabinoid receptors 1 and 2. Keratinocytes also 
have voltage-gated ATP channels and adenosine similar
to C nerve fibers (see Chap. 2). Since these channels 
have a role in pain [28], these findings suggest that 
keratinocytes may act as itch receptors in specific 
inflammatory conditions.

16.3 Neuromediators of Pruritus

There are many mediators that cause pruritus in inflam-
matory skin diseases. Both central and peripheral 
mediators are important in pruritus. Most such mediators 
also cause other signs of inflammation (pain, erythema 
due to vasodilation, increased vascular permeability). 
Several of these cause pruritus indirectly by evoking 
release of histamine and other mediators from mast 
cells (e.g., substance P and several opioid peptides) 
or by potentiating the actions of other mediators (e.g., 
prostaglandin E

1
). This chapter will cover in brief recent 

findings related to neuromediators associated with 
pruritus. For a detailed description of neuromediators 
see Chap. 2.

16.3.1 Proteinases

Recent work has revealed the mechanism whereby 
mast cell-derived tryptase contributes to the neurogenic
inflammatory response [53]. Studies using dermal 
microdialysis have shown that levels of tryptase and 
its receptor (PAR-2) are elevated fourfold in atopic 
dermatitis [54]. PAR-2 is also highly expressed in the 
epidermis of atopic dermatitis patients. PAR2 agonists 
induce itch in patients with atopic eczema, suggesting 
that itch in atopic eczema is associated with activation 
of these receptors. Administration of a PAR2 inhibitor 
inhibited itch in a mouse model. Currently, there are 
no published human studies using PAR2 antagonists in 
treatment of itch. The role of PAR1 and PAR4, recently 
discovered in nerve fibers, in itch is unknown. It is 
noteworthy that proteinase activity can also be found 
in common allergens [16] and staphylococcal skin 

infections, both of which are known to aggravate atopic 
dermatitis and itch. The importance of epidermal 
serine proteases in eliciting itch has been further 
demonstrated in a mouse model, which showed that 
overexpression of a serine protease caused severe itch 
and scratching [19].

16.3.2 Opioid Peptides

It is well known that the perception of pruritus is modi-
fied by endogenous opiates via central opioid receptors 
[43]. The concept of central pruritus and possible 
involvement of pruritic mediators located in the central 
nervous system is becoming increasingly recognized as 
important in both cutaneous and systemic diseases, with 
implications for treatment. Opioids appear to induce 
itch via two possible mechanisms. First, by degranula-
tion of cutaneous mast cells [12]; Second, via a direct 
central and peripheral pruritogenic effect by activat-
ing µ-opioid receptors [6,12,13,18]. It has recently 
been suggested that generalized pruritus is induced 
by an imbalance between the µ- and κ-opioid systems 
[30,59]. Activation of µ-opioid receptors stimulates 
itch perception, whereas κ-opioid receptor stimulation 
inhibitsµ-receptor effects both centrally and peripherally 
[38,56,59]. Administration of butorphanol a µ-antagonist 
and a κ-agonist demonstrated a rapid and marked improve-
ment in patients with intractable pruritus [8]. Nociceptin, 
the endogenous peptide ligand for opioid receptor like-1
(ORL1) receptor, has also been implicated in cutane-
ous inflammation, pain, and pruritus. Recent data using 
a mouse model suggests that nociceptin acts on ORL1 
receptor expressed on keratinocytes to produce leukot-
riene B, which induces scratching [1]. Nociceptin-induced 
scratching was significantly inhibited by treatment 
with systemic naloxone.

16.3.3 Neurotrophins

Neurotrophins are factors that regulate growth and 
function of nerve cells (see Chap. 9). The prototypical
neurotrophic factor is nerve growth factor (NGF). 
Increased levels of epidermal NGF correlate with the 
proliferation of terminal cutaneous nerves and upreg-
ulation of neuropeptides. NGF is known to induce 
sprouting of nerve fibers, sensitization of nerve end-
ings, axonal transport in spinal ganglia (DRG cells), 
and increased expression of neuropeptides.

Keratinocytes express high levels of NGF, which 
is required not only for survival and regeneration of 
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sensory neurons but also controls the responsiveness 
of such neurons to external stimuli [37,41]. There is a 
significant correlation between plasma levels of NGF 
with disease activity in atopic dermatitis [57]. The 
most sensitive marker of pruritus in atopic dermatitis
was NGF receptor in urine (TRKA). Increased cutane-
ous gene expression of NGF was found in mast cells, 
keratinocytes, and fibroblasts of atopic dermatitis 
patients and was highly associated with plasma levels 
of NGF, thus providing further data that NGF may 
contribute significantly to itch in atopic dermatitis 
[17]. Other neurotrophins, such as neurotrophin 4, 
have been recently found to be upregulated in keratino-
cytes of atopic dermatitis patients [15].

16.4 Other Peripheral Mediators of Itch

A number of other peripheral mediators appear to be 
involved in itch or attenuating itch sensation, such 
as neuromediators that activate ion channels that are 
part of the transient receptor potential (TRP) channel 
family. TRPV1 is a vanilloid receptor located on both 
C nerve fibers and keratinocytes [52]. This receptor 
is activated by capsaicin as well as endogenous sub-
stances such as cannabinoids, prostaglandins, and various
neurotrophins. Cannabinoid receptors CB1 and CB2 
are located in the epidermis; recently, a cannabinoid 
agonist has been shown to inhibit histamine-induced 
itch [42]. Another TRP that may have a role in itch 
attenuation is TRPM8, which is expressed in C nerve 
fibers. TRPM8 is thought to be a thermosensor for 
coolness and is activated by menthol and induces 
analgesia in chronic neuropathic pain [40].

16.5 Immune Cells as Itch Mediators

There is a significant cross-talk between the cutaneous 
nervous system and cutaneous immune system (see 
Chap. 4) [48,55]. Neuropeptides released by cutaneous 
sensory nerves can directly modulate skin and immune 
cell functions. Neuropeptides activate transcription fac-
tors and regulate the expression of adhesion molecules 
and proinflammatory cytokines, thereby modulating 
immune and inflammatory reactions [32]. This inter-
action is bidirectional: cytokines and chemokines have 
been shown to regulate primary nerve afferents via 
receptor activation. Immune diseases such as psoriasis, 
atopic dermatitis, and lichen planus are associated with 

significant itch and involve cutaneous nerve fibers and 
neuropeptides.

Interleukin 2 (IL-2) causes pruritus on intrader-
mal injection [62]. High doses of IL-2 administered 
to cancer patients causes intense generalized pruritus.
Supernatants of mitogen stimulated leukocytes in 
patients with atopic eczema contain large amounts 
of IL-2 and IL-6. Moreover, treatments with topical 
immunomodulators such as tacrolimus, pimecrolimus, 
which inhibit the production of Il-2, are known to 
inhibit itch. As yet it is not clear whether this is a direct 
receptor-mediated effect or an indirect effect via mast 
cells or endothelial cells.

TNF alpha is known to sensitize nociceptive nerve 
endings via its effect on TNF alpha receptors [69]; 
however, its role in itch is unclear. Interleukin 31 is 
a newly discovered cytokine produced by T helper 
2 cells. In a recent study using a transgenic mouse 
model, overexpression of this cytokine led to severe 
scratching and dermatitis [10]. Keratinocytes express 
the IL-31 receptor; however, the mechanism by which 
IL-31 induces itch is unclear.

16.6 The Effect of Psychological Stress on Itch

Patients with different types of itch often report that 
emotional stress aggravates their itch [66–68]. Atopic 
eczema and psoriasis are two inflammatory diseases 
where stress clearly can induce or aggravate the itch 
and the disease [66,68]. One of the most intriguing 
aspects of studies of itch will be understanding the 
influence of the neuroendocrine system in the complex 
interaction of the hypothalamus–pituitary–adrenal 
(HPA) axis. Mediators such as cortisol, adrenocorti-
cotropin-releasing hormone, and noradrenaline may 
have a role in itch transmission. Drugs that can inhibit 
or reduce stress responses or mediators in the brain 
have been shown to alter itch intensity [24,71].

16.7 Conclusions

Our understanding of the neurophysiology and neuro-
chemistry of itch has grown tremendously in recent 
years. Numerous neurotransmitter systems and recep-
tor mechanisms have been identified. Continued focus 
on neuronal factors involved in itch transmission will 
lead to better understanding of this complex symptom 
and offer promising treatments.
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› Psoriasis and its associated systemic inflammatory arthri-
tis is a chronic inflammatory disease of unknown etiology. 
Significant progress has been made in elucidating the patho-
genesis of psoriasis; still the molecular basis of the inflam-
matory and proliferative processes of psoriasis is largely 
unknown. The role of neurogenic inflammation has provided 
a new dimension in understanding the pathogenesis of vari-
ous cutaneous and systemic inflammatory diseases such as 
atopic dermatitis, urticaria, rheumatoid arthritis, ulcerative 
colitis and bronchial asthma. 

› In this article we have addressed certain key events with 
respect to the role of neurogenic inflammation in the devel-
opment of a psoriatic lesion. Significant are the prolifera-
tion of nerves, upregulation of neuropeptides and increased 
levels of nerve growth factor (NGF). 

› In immunoperoxidase studies, we found that keratinoc-
ytes in lesional and non-lesional psoriatic tissue express 
high levels of NGF in the terminal cutaneous nerves of 
psoriatic lesions and that there is a marked upregulation 
of the NGF receptors: p75 neurotrophin receptor (p75NTR)
and tyrosine kinase A (TrkA). Keratinocytes of psoriatic 
plaques express increased levels of NGF and it is likely 
that murine nerves will promptly grow into the trans-
planted plaques on a severe combined immunodeficient 
(SCID) mouse. Indeed, we have noted marked prolifera-
tion of nerve fibers in transplanted psoriatic plaques on 
a SCID mouse compared with the few nerves seen in 
transplanted normal human skin. These observations, as 
well as a recent report suggesting therapeutic efficacy 
following manipulation of TrkA induced signal in the 
SCID-psoriasis xenograft model, further substantiate a 
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17.1 Introduction

Psoriasis is a chronic inflammatory dermatologic 
disease. It affects nearly 2% of the world population 
and both males and females are equally prone to pso-
riasis [16]. This common skin disease can appear at 
any age [48]. The lesions of psoriasis are character-
ized by erythema, scaling, and infiltration. Elbows, 
knees, and scalp are common sites of involvement, 
although no part of the skin is resistant to psoriasis. 
Psoriasis is a non-fatal life long disease, but on occa-
sions psoriasis can be a source of significant morbid-
ity. Erythroderma, extensive pustular lesions, and an 
associated systemic inflammatory polyarthritis are 
severe forms of psoriasis.

As of now there is no cure for psoriasis. The pathogen-
esis of psoriasis is incompletely understood. There is 
substantial evidence that activated T lymphocytes play 
a key role in the pathogenesis of psoriasis. Cytokines,
chemokines, growth factors, adhesion molecules, 
neuropeptides, and T cell receptors act in integrated 
ways to evolve in unique inflammatory and prolif-
erative processes typical of psoriasis. The concept of 
neuroimmunology as it relates to psoriasis is relatively 
new. In last 20 years, independent studies from several 
psoriasis research centers have proposed a possible 
role of neurogenic inflammation in the pathogenesis 
of psoriasis.

In this chapter we discuss interactions of the neu-
roimmune system with respect to T cell functions, 
endothelial cell biology, chemokine expression, and 
cell trafficking. We also provide evidence from in vivo 
and in vitro studies about the role of neuroendocrine 
factors in chronic inflammatory human diseases such 
as psoriasis and psoriatic arthritis.

contributing role of NGF and its receptor system in the 
pathogenesis of psoriasis. 

› As psoriasis and psoriatic arthritis are within the spectrum 
of the same disease process, currently we are exploring the 
role of NGF/NGF-R in the pathophysiology of psoriatic 
arthritis.

› A new discipline has emerged in clinical pharmacology 
focusing on development of drugs targeting the neuropep-
tides (NP), NP receptors and the NGF/NGF-R system We 
are in the process of developing novel therapeutic agents 
for psoriasis and psoriatic arthritis by manipulating TrkA 
induced signal transductions.

17.2 Neurogenic Inflammation in Psoriasis

The process of antidromic stimulation of dorsal roots 
resulting in vasodilatation, exudation of plasma, and 
migration of leukocytes is referred to as neurogenic 
inflammation. Neurogenic inflammation results due to 
release of neuropeptides from unmyelinated sensory 
nerve endings. Our research group has a special inter-
est in neurogenic inflammation. Correlating the clini-
cal observation that stress exacerbates psoriasis and 
psoriasis is symmetrically distributed, Farber et al. pro-
posed a role for cutaneous nerves and neuropeptides in 
the pathogenesis of psoriasis [18]. Subsequently many 
investigators, including us, have reported an upregula-
tion of neuropeptides such as SP, VIP, and CGRP along 
with marked proliferation of terminal cutaneous nerves 
in psoriatic lesions [12,41,42,68]. Neuropeptides can 
play significant role in the inflammatory and prolifer-
ative processes of psoriasis. SP is chemotactic to neu-
trophils [61], activates T cells [10], VIP is mitogenic to 
keratinocytes [24], CGRP acts synergistically with SP 
to stimulate keratinocyte proliferation [73], and both 
VIP and CGRP are potent mitogens for endothelial 
cells [25].

In several case reports it has been reported that in 
areas of anesthesia active plaques of psoriasis resolves 
[47]. Here we provide brief information on three 
patients. A 68-year-old Caucasian male had chronic 
plaque psoriasis involving the elbows, forearms, knees, 
and legs. The patient underwent a reconstructive sur-
gery on the left knee for osteoarthritis. By 6–8 weeks 
following surgery, a large plaque on the lateral surface 
of the left leg resolved. On examination the skin at 
the resolved site was found to be anesthetic, probably 
due to nerve damage following surgery. A comparable 
plaque on the contralateral leg remained active. In an 
elderly lady, psoriasis plaques on left forearm resolved 
at sites of anesthesia following a radical mastectomy 
for breast cancer, whereas in the contralateral forearm 
psoriasis remained active. In another patient it was 
observed that psoriasis resolved at the anesthetic area 
over knee and, with the return of sensation, psoriasis 
reappeared at the same site.

These clinical and histopathological observations that 
psoriasis resolves at sites of anesthesia, neuropeptides 
are upregulated in lesions, and there is a marked prolif-
eration of terminal cutaneous nerves in psoriatic plaques 
provided us with convincing cause to study the cellular 
and molecular mechanisms for these unique events. As 
nerve growth factor (NGF) plays a role in regulating 
innervation [76] and upregulating neuropeptides [34,60], 
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we decided to investigate the expression of NGF/NGF-
R in the lesional and nonlesional psoriatic skin, normal 
skin, and other inflammatory skin diseases.

In an immunohistochemical study (Table 17.1), we 
found that keratinocytes in lesional and nonlesional 
psoriatic tissue express high levels of NGF compared 
to the controls [50]. Fantini et al. have observed simi-
lar results in tissue extracts; it was found that levels of 
NGF are higher in psoriatic lesions [15].

Several functions of NGF are relevant to the inflamma-
tory and proliferative processes of psoriasis (Table 17.2). 
Nerve growth factor promotes keratinocyte proliferation 
and protects keratinocytes from apoptosis [74,44]. NGF 
degranulates mast cells and induces migration of these 
cells; both are early events in a developing lesion of pso-
riasis [2,43]. In addition, NGF activates T lymphocytes 
and recruits inflammatory cell infiltrates [64,6,31]. In 
one of our recent studies, we have observed NGF induces 
expression of the potent chemokine RANTES in kerati-
nocytes. RANTES is chemotactic for resting CD4+ 
memory T cells, and activated naive and memory T cells 

[58]. It is possible that in a developing psoriatic lesion, 
upregulation of NGF induces the influx of mast cells and 
lymphocytes, which in turn initiates an inflammatory 
reaction contributing to the pathogenesis of psoriasis.

17.3  Koebner Phenomenon: Role of NGF/NGF-R 
System in the Evolution of an Isomorphic 
Response

A wound induces a reaction characterized by prolif-
eration of keratinocytes, fibroblasts, vascular elements, 
nerves, and an accumulation of inflammatory cells. In 
non-psoriatics, healing stops after a finite time depend-
ing on the nature of the wound. In patients with psoriasis 
a wound frequently results in papulosquamous lesions.

Recent reports suggest that NGF produced by the 
keratinocytes plays a role in wound healing. NGF pro-
motes axonal regeneration and reinnervation of termi-
nal cutaneous nerves. Upregulation of NGF in injured 
skin has been confirmed [39]. In developing lesions of 
psoriasis, we have observed is marked expression of 
NGF in the basal keratinocytes following 24 h of trauma 
induced by tape stripping, whereas with the same proce-
dure in patients without psoriasis there was no induction 
of NGF in the epidermis.

These findings suggest that the increased expres-
sion of NGF in the keratinocytes of lesional and non-
lesional psoriatic tissue may be an early event in the 
pathogenesis of psoriasis. As in the primed kerati-
nocytes of nonlesional psoriatic skin, the basal level 
of NGF is upregulated (Table 17.1); proliferation of 
keratinocytes induced by a wound will result in sig-
nificantly higher levels of NGF in lesion-free skin of 
a psoriasis patient compared to a healthy individual. 
Elevated levels of NGF will induce an inflamma-
tory response (Table 17.2), proliferation of nerves, 
and upregulation of neuropeptides such as SP, CGRP. 
Increased levels of neuropeptides and NGF, in addi-
tion to their pro-inflammatory effects, will induce 
keratinocyte proliferation [24,44,73,74], which in turn 
will result in increased expression of NGF. Thus, a 
vicious cycle of a proliferative and inflammatory proc-
ess is established (Fig. 17.1) in one who is genetically 
psoriatic. In subjects without psoriasis, the expres-
sion of NGF is 3–4 times less per square millimeter of 
epidermis, compared to nonlesional psoriatic skin 
(Table 17.1). The healing events, therefore, do not 
generate the critical levels of NGF and neuropeptides 
to initiate or maintain cascades essential for a chronic 
inflammatory reaction.

Table 17.1 Expression Of NGF in the keratinocytes and 
NGF-R within papillary dermal nerves in lesional/nonlesional 
psoriatic skin, inflammatory dermatoses including lichen 
planus, and normal skin

Type of skin NGF+ KC/mm2 NGF-R+/3 mm

Psoriasis
 A. Lesional 84.68 ± 46.35 (n = 8) 34.0 ± 23.0 

(n = 26)
 B.Nonlesional 44.80 ± 29.96 (n = 8) 28.1 ± 4. 5 

(n = 8)

Normal skin 18.88 ± 11. 76 (n = 5) 18.88 ± 11.76 
(n = 8)

Lichen plaus 7.54 ± 16. 86 (n = 5)

Inflammatory
dermatoses

12.75 ± 22.0 
(n = 12)

All values displayed as mean number of positively stained 
keratinocytes/mm2 (KC/mm2) in epidermis and papillary dermal 
nerves/3 mm biopsy ± standard deviation
NGF nerve growth factor, NGF-R nerve growth factor-receptor

Table 17.2 Inflammogenic properties Of NGF

1. Degranulates mast cells
2. Upregulates expression of SP, CGRP
3. Activates T cells
4. Upregulates expression of RANTES in keratinocytes
5. Recruits inflammatory cellular infiltrates
6. Induces expression of ICAM-1 on endothelial cells
7. Promotes angiogenesis



190 S.P. Raychaudhuri and S.K. Raychaudhuri

Stressful events can alter substance P levels in the 
CNS and in the periphery. In an animal model it has 
been reported that stress can increase levels of substance 
P in the adrenal glands by activating the descending 
autonomic fibers [66]. Some of the descending auto-
nomic fibers innervate opioid interneurons in the dorsal 
horn and as interneurons exists in the spinal cord for the 
substance P containing nerves, and it is conceivable that 
descending autonomic paths can cause release of cuta-
neous neuropeptides [20]. Studies have reported that 
psychosocial stressful events result in increased levels 
of NGF in blood and the NGF mRNA synthesis in the 
hypothalamus [35,3]. Thus, it is likely that a similar cas-
cade of events as mentioned in the preceding paragraph 
may occur in “distressed” psoriatic patients.

17.4 Is Psoriasis a Neuroimmunologic Disease?

To designate psoriasis purely as a T cell disease is 
too simplistic. Some investigators consider psoriasis 
to be an autoimmune disease induced by an antigen 
[8,65,13]. Up to now the alleged role of an antigen 
in psoriasis is hypothetical; no antigen has yet been 
discovered for psoriasis. An antigen-induced T cell 
activation process alone fails to clarify various salient 
features of psoriasis. It does not explain the Koebner 
phenomenon, the symmetrical distribution of pso-
riasis lesions, proliferation of cutaneous nerves, and 
the upregulation of neuropeptides in psoriatic tissue 

[18,12,41,1,69]. It does not have an answer either for 
the striking clinical observation that psoriasis resolves 
at sites of anesthesia [47].

In the last two decades, extensive work has been done 
to explore the immunological mechanisms involved in 
psoriasis. An active role of T cells is strongly substanti-
ated by the following observations: (1) Immunotherapy 
targeted specifically against CD4+ T cells clears active 
plaques of psoriasis [22]. (2) In SCID mice, transplanted 
nonlesional psoriatic skin converts to a psoriatic plaque 
subsequent to intradermal administration of T cells 
activated with an antigen cocktail [75]. However, it is 
equally true that psoriasis treated with agents such as 
calcipotriol and etretinate, which affect the differentia-
tion process of keratinocytes, are very effective in pso-
riasis. Neither calcipotriol nor etretinate are effective in 
other T cell-mediated cutaneous diseases such as atopic 
dermatitis or contact dermatitis.

Though psoriasis has been claimed to be an autoim-
mune disease, the antigen or specific endogenous fac-
tors responsible for activation of T cells in psoriasis 
is still unknown. Regarding induction of psoriasis 
in transplanted nonlesional skin in the SCID mouse 
model, the T cells were activated with an antigen cock-
tail [75]. As such artificial antigen cocktail does not 
exist in a lesional or nonlesional psoriatic skin, and 
it is possible that local epidermal and dermal factors 
like NGF and SP may be responsible for lesional T 
lymphocyte activation. Recently we have identified 
increased levels of RANTES in psoriatic keratinocytes 
[52]. Increased levels of RANTES induced by NGF 
may also be a contributing factor for the activation of 
the lesional T cells [53].

Nickoloff and his group reported that they could 
induce psoriasis by injecting lymphomononuclear cells 
activated with substance P in the SCID mouse model 
(personal communication). In a double-blinded, placebo 
controlled study, we addressed the role of NGF/NGF-R 
in psoriasis in an in vivo system using the SCID mouse 
model of psoriasis [54] and in human by tape stripping 
method [56]. We have observed a novel observation that 
in the SCID mouse model of psoriasis, autologous immu-
nocytes activated with NGF can convert transplanted 
nonlesional skin to a psoriatic plaque in 3 weeks.

17.5  Significance of NGF and Its Receptor 
System in Psoriatic Arthritis

Psoriatic arthritis is a systemic inflammatory disease 
mainly involving the skin and the joints. It is reason-
able to postulate that the skin and joint involvement 
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will share common pathophysiologic processes. Both 
psoriasis and psoriatic arthritis share several similar 
key biologic events in respect to HLA phenotyping, 
cell trafficking, nature of T cell phenotypes, cytokine 
profiles, and angiogenesis. Methotrexate, retinoids, 
cyclosporine, and TNF antagonists are effective for 
both psoriasis and psoriatic arthritis.

Coexistence of psoriasis and psoriatic arthritis, 
sharing of critical pathologic principles including tro-
pism of CD8 lymphocytes/neutrophils in epidermis/
synovium, and clinical efficacy of different groups of 
pharmacological agents provide evidence that psoriatic 
skin disease and psoriatic arthritis are manifestation of 
a multiorgan disease that likely share a common patho-
physiologic origins. NGF influences several essential 
biological events of an inflammatory process such as 
induction of adhesion molecules and upregulation of 
chemokines. NGF receptors have been identified in 
both B and T lymphocytes. NGF is a growth factor, 
and its antiapoptotic function in different types of 
cells including keratinocytes, Schwann cells, and lym-
phocytes is well established. NGF is a key regulatory 
molecule for nerve proliferation and upregulation of 
inflammogenic neuropeptides such as substance P 
and CGRP. NGF is mitogenic to endothelial cells and 
promotes angiogenesis. All of these functions of NGF/
NGF-R are potentially relevant in maintenance or ini-
tiation of the inflammatory cascades contributing to 
the pathogenesis of psoriasis and psoriatic arthritis.

The role of NGF/NGF-R system in inflamma-
tion and inflammatory diseases is an active field 
of research. There is no animal model for psoriatic 
arthritis. Transgenic mice expressing the human TNF 
gene (Tg197) are reported to have upregulation of 
NGF in the synovium of inflamed joints; and sub-
cutaneous injection of NGF antibody was noted to 
be therapeutically beneficial in these mice [4]. It 
has been reported that human synovial fibroblasts 
produce and release NGF, and TrkA NGF receptors 
are expressed in normal human synovial fibroblasts. 
Also, both TNF-alpha and IL-1 can promote synthe-
sis of NGF in cultured synovial fibroblasts [36]. In 
patients with psoriatic arthritis and other forms of 
inflammatory arthritis, no comprehensive work has 
been carried out to address the role of NGF and its 
receptor system. Very limited information is availa-
ble about the role of neurogenic inflammation in pso-
riatic arthritis; only a few case reports. Nonetheless, 
these reports indicate that substance P release from 
the synovial membrane into joint fluid is blocked 
by nerve damage, and digital denervation prevented 
development of arthritis in the interphalangeal joints. 

There are reports that NGF and substance P levels 
in the synovial fluid of psoriatic arthritis patients may 
be elevated [26]. In a very recent report, modulation 
of intra-articular innervation and neuropeptides has 
been suggested as a potential new and unused thera-
peutic approach in ameliorating joint inflammation 
in psoriatic arthritis [29]. Thus we believe, NGF and 
its receptor system may play an important role in 
the inflammatory cascades of psoriatic arthritis. The 
results of our initial investigations suggest that NGF 
levels are increased in the synovial fluid of posoriatic 
arthritis patients compared to patients with osteoar-
thritis. Also we have noticed marked expression of 
TrkA in endothelial cells of the synovium of psoriatic 
arthritis patients.

17.6  Knowledge of Psychoneuroimmunology 
Provides a New Dimension for the 
Treatment of Psoriasis

The role of neuroimmunologic cascades in the patho-
genesis of psoriasis has provided a new approach for 
the treatment of psoriasis. Understanding the factors 
that increase the morbidity of a disease is essential for 
providing effective clinical care. A treatment regimen 
without controlling the exogenous and endogenous 
factors responsible for the increased severity of pso-
riasis is only partially effective. There is unequivo-
cal evidence that stress is a triggering factor for the 
appearance or exacerbation of psoriasis. This indicates 
that, in addition to the standard therapies available to 
dermatologists, it is advisable to consider stress relax-
ation measures. Psychological evaluation is a sine qua 
non for the management of psoriasis. It is essential to 
understand whether a patient has a primary emotional 
disorder or whether emotional instability is secondary 
to the psychosocial impact of psoriasis. In selected 
patients, antidepressants or anxiolytics may be appro-
priate. The other aspect of psychological evaluation 
is to find out the underlying physical and emotional 
stresses, the patient’s personality, and the way the 
patient react to a stressful situation. Analysis of these 
factors will indicate the desirability of various stress 
relaxation modalities such as hypnosis, biofeedback, 
meditation, visual imagery, and cognitive organization. 
A change in lifestyle or attitude can have significant 
effect on the course of psoriasis. Studies have demon-
strated that psychologic interventions such as hypnosis 
[70] and biofeedback [27,37] are helpful in the treat-
ment of psoriasis. At the Psoriasis Research Institute, 
we initiated a total care program [17]. By total care of 
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psoriasis, we mean exemplary skin care with the avail-
able pharmacological agents and, in addition, control 
of the associated factors that affect the morbidity of 
psoriasis [49]. Total care encompasses the following: 
complete physical evaluation, evaluation of the type 
and extent of psoriasis, a personal wellness question-
naire analysis to measure patient’s current health status, 
psychological examination, teaching stress reduction 
techniques, and patient education (self-help/mutual 
aid group). We expect patients adhering to a total care 
program will require less medication and have longer 
periods of remission.

A more direct approach would be to design drugs 
to counter the inflammatory and proliferative cas-
cades induced by NGF and neuropeptides. To date, 
relatively few clinical studies have used this prin-
cipal to treat inflammatory diseases. Neuropeptide 
receptor analogues have been reported to block the 
inflammatory effects of neuropeptides, such as plasma 
extravasation [77], nociceptor flexor reflexes [72], 
and erythematous responses [68]. In vitro effects of 
neuropeptides on lymphocytes [23], keratinocytes 
[45], and mast cells [30] can be modulated by neu-
ropeptide receptor antagonists as well. These results 
indicate that neuropeptide analogues can be applied 
for inhibiting the inflammatory and vascular changes 
associated with psoriasis.

Peptide T, a synthetic octapeptide, is a protease 
resistant analog of VIP [68]. The first report of the 
efficacy of peptide T in psoriasis arose from an anec-
dotal case report where psoriasis in an AIDS patient 
significantly improved following the intravenous infu-
sion of peptide T [57]. Subsequently, intravenous use 
of peptide T has been reported to improve psoriasis 
[71,38]. Farber et al. evaluated the efficacy of peptide 
T by a direct administration into psoriatic lesion by 
mini-osmotic pump [63]. In a double blind, placebo 
controlled study the authors reported that infusion of 
peptide T in nanogram amounts improved psoriatic 
lesions both clinically and histopathologically. The 
mechanism of action peptide T in psoriasis is not clear; 
possibilities suggested are antagonizing the action of 
VIP, up-regulation of somatostatin in the psoriatic 
lesions, and immunomodulation [19,28,51].

A somatostatin analog (Sandostatin) is the other 
neuropeptide analog reported to be efficacious in pso-
riasis [11]. However, a high frequency of gall stones 
was noted among these patients. Somatostatin is a well 
known SP inhibitor [32]. Another neuropeptide modu-
lating agent used as a therapeutic agent in psoriasis is 

capsaicin (trans-8methyl-N-vanillyl-G-nonenamide), 
the extract of the hot pepper, which depletes substance 
P from the sensory C nerve fibers [21]. Topical use of 
capsaicin has been reported to be effective in psoria-
sis [9] but it is unsuitable because it causes significant 
burning of the skin.

Substance P antagonists may also be useful therapeutic 
agent for psoriasis. Spantide, a structural analogue of 
substance P, has been reported to cause inhibition of 
delayed-type cutaneous hypersensitivity reactions in 
healthy human volunteers [67]. Spantide also can inhibit 
substance P-induced keratinocyte proliferation in vitro 
[45]. Peptide antagonists are metabolically unstable 
and can cause hypersensitivity reaction. The discovery 
of CP-96,345, a synthetic nonpeptide substance P receptor 
(NK-1 receptor) antagonist, has opened new avenues 
to evaluate the effects of NK-1 receptor antagonism in 
man [62]. In animal models, CP-96,345 has been found 
to inhibit plasma exudation induced by substance P and 
can block nociceptor responses to noxious cutaneous 
stimuli [33,46]. Spantide II is a peptide with a molecular 
weight of 1670.2, which binds to neurokinin-1 receptor 
(NKR-1) and blocks proinflammatory activities asso-
ciated with substance P. Spantide II can effectively be 
delivered to epidermis and dermis to exert a significant 
anti-inflammatory activity on the reduction of inflam-
mation in a mouse model of allergic contact dermatitis 
[5]. These results indicate the applicability of substance 
P antagonists in various inflammatory conditions, 
including psoriasis. Currently various synthetic sub-
stance P antagonists are being evaluated in psoriasis and 
other inflammatory diseases.

Several peptidases including neutral endopepti-
dase (NEP), angiotensin-converting enzyme (ACE), 
and dipeptidyl amino peptidase IV (DAP IV) are 
responsible for degradation of neuropeptides [14]. 
Glucocorticoids can induce NEP [7]. This provides 
another explanation for the efficacy of glucocorticoids 
in the treatment of psoriasis. Neurogenic inflamma-
tion induced by substance P can be suppressed with 
exogenous human recombinant NEP [40]. The effector 
phase of allergic contact dermatitis (ACD) responses 
was examined in NEP(−/−) knockout and NEP(+/+) 
wild-type mice and compared with the irritant contact 
dermatitis response in these animals. NEP was found 
to be normally immunolocalized in epidermal keratino-
cytes and dermal blood vessels. The ACD ear swell-
ing response was 2.5-fold higher in animals lacking 
NEP and was accompanied by a significant increase in 
plasma extravasation and infiltration of inflammatory 
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leukocytes [59]. The augmented ACD response in 
NEP(−/−) animals could be abrogated by either 
administration of a neurokinin receptor 1 antagonist or 
by repeated pretreatment with topical capsaicin. This 
suggests that neurogenic inflammation induced by 
substance P can be suppressed and provides the logis-
tics of using exogenous human recombinant NEP for 
therapy of inflammatory diseases [59].

Although clinical and laboratory studies suggest 
a critical role for NGF and its receptor (NGF-R) in 
the inflammatory process of psoriasis, direct evidence 
has been lacking. To determine the significance of the 
NGF/NGF-R system in the inflammatory process of 
psoriasis, we evaluated the effects of K252a, a high 
affinity NGF receptor inhibitor [55]. In this double-
blinded, placebo-controlled study, we addressed the 
role of NGF/NGF-R in psoriasis in an in vivo system 
using the severe combined immunodeficient (SCID) 
mouse–human skin model of psoriasis. Transplanted 
psoriatic plaques on the SCID mice (n = 12) were 
treated with K252a, a high affinity NGF receptor 
blocker. Psoriasis significantly improved following 2 
weeks of therapy. The length of the rete pegs changed 
from 308.57 ± 138.72 to 164.64 ± 64.78 µm (p < 0.01, 
Student’s t-test). The control group, treated with normal
saline, did not improve. A similar improvement of 
psoriasis was observed by directly antagonizing NGF 
with a NGF neutralizing antibody.

Elucidation of the molecular and cellular mechanisms 
responsible for the pathogenesis of psoriasis had been 
significantly handicapped due to lack of an ideal animal 
model. Recent establishment of the SCID-human skin 
chimeras with transplanted psoriasis plaques has opened 
new vistas to study the molecular complexities involved 
in psoriasis [54]. Histologic and immunologic fea-
tures of psoriasis can be maintained in the transplanted 
plaques for more than 6 months. Using this model we 
have established that modulation of NGF and its high 
affinity receptor results in striking histological and clin-
ical improvement of psoriasis. We are in the process of 
designing safe and effective therapeutic agents that can 
provide a prolonged remission of psoriasis.

In this article we have addressed certain key clinico-
pathological events, which directly or indirectly regulate 
the development of a psoriatic lesion. Significant are the 
proliferation of nerves, upregulation of neuro peptides, 
and increased levels of NGF. Clearance of psoriatic 
lesions at sites of anesthesia following nerve injury sug-
gests an indisputable role for neurogenic inflammation 
in the pathogenesis of psoriasis. In serial biopsies from 

induced Koebner lesions, we noticed marked upregula-
tion of NGF in Koebner-positive lesions following 24 h 
of cutaneous trauma. Synthesis of NGF reached its peck 
levels in the second week and remained persistently 
high thereafter. This suggests that the NGF/NGF-R sys-
tem is functionally active at a very early phase of the 
inflammatory and proliferative processes of psoriasis. 
In SCID mice with xenograft transplants, we observed 
a marked proliferation of NGF-R (p75) positive nerve 
fibers in the transplanted psoriatic plaques compared 
to the transplanted normal human skin. This observa-
tion substantiates the in vivo effect of NGF produced by 
keratinocytes in a psoriatic plaque. Using this model we 
have established that modulation of NGF and its high 
affinity receptor (TrkA) results in striking histological 
and clinical improvement of psoriasis.

Our focus in this article is psoriasis because the role of 
neurogenic inflammation, neuropeptides, NGF/NGF-R 
system, and neuroimmunologic cascades has been 
studied most extensively in this disease. Currently, 
we are working to elucidate the role of neuropeptides 
and NGF/NGF-R system in the pathogenesis of psori-
atic arthritis. Neuropeptides, and especially substance 
P, has been studied in several human diseases [59]. 
Various exogenous and endogenous stimuli can induce 
or upregulate neuropeptide release from sensory 
nerves in the lung, including allergen, histamine, pros-
taglandins, and leukotrienes. Patients with asthma are 
hyper-responsive to substance P and NK-1R expres-
sion is increased in their bronchi. Neurogenic inflam-
mation also participates in virus-associated respiratory 
infection, nonproductive cough, allergic rhinitis, and 
sarcoidosis. Substance P regulates smooth muscle con-
tractility, epithelial ion transport, vascular permeabil-
ity, and immune function in the gastrointestinal tract. 
Elevated levels of Substance P and upregulated NK-1R 
expression have been reported in the rectum and colon 
of patients with inflammatory bowel disease (IBD) and 
correlate with disease activity. Increased levels of SP 
are found in the synovial fluid and serum of patients 
with rheumatoid arthritis (RA) and NK-1R mRNA is 
upregulated in RA synoviocytes.

A new discipline is emerging in clinical pharmacology 
focusing on development of drugs targeting the neuro-
peptides (NP), the NP receptors, and the NGF/NGF-R 
system. Currently, we are evaluating antagonists to 
selected neuropeptides, NGF, and NGF-R (p75/TrkA), 
with the expectation of developing novel therapies for 
psoriasis and psoriatic arthritis. In this article we have 
discussed our observations and reviewed the current 
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literature regarding the role of neurogenic inflamma-
tion in inflammatory diseases. It is likely that in the 
near future unique neuropharmacologic drugs will be 
used for the treatment of a wide variety of inflamma-
tory disorders.
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Synonyms Box: cytokine: mediators mainly released 
by immune cells, neurotrophin: growth factors modu-
lating nerve function, neuropeptide: peptides released 
by sensory neurons (rarely autonomic nerves), 
Interleukin: cytokines regulating immune responses, 
neurotransmitter: classical mediators of autonomic 
nerves (adrenaline, acetylcholine)

Abbreviations: ACh Acetylcholine, AD Atopic der-
matitis, BDNF Brain-derived neurotrophic factor, CB
Cannabinoid, CGRP Calcitonin gene related peptide, 
CNS Central nervous system, Der f Dermatophagoides 
farinae, FK506 Immunosuppressant that prolongs all-
ograft survival, H4R Histamine receptor-4, H3R Hista-
mine receptor-3, HMC-I Human mast cell line, HU210
Synthetic cannabinoid agonist, IFN-f Interferon-γ, IL
Interleukin, MIF Macrophage  migration inhibitory 
factor, MSH Melanocyte-s timulating hormone, NGF

Nerve growth factor, NK1R Neurokinin-1-receptor, 
NT4/NT3 Neurotrophin-4/neurotrophin-3, PACAP
Pituitary adenylate cyclase activating polypeptide, 
PAR Proteinase-activated receptor, POMC Pro-
opio-melano-corticotropin, RA Rheumatoid arthri-
tis, RT PCR Reverse  transcription polymerase chain 
reaction, SMS Somatostatin-derived peptide, SP
Substance P, SST Somatostatin, TH T-helper cell, 
trk Tropomyosin-related kinase receptors, TRPV1
Transient receptor potential  vanilloid type-1, VIP
Vasoactive intestinal peptide

18.1 Introduction

Sensory and autonomic nerves play a role in the regu-
lation of skin homeostasis and disease. A role for the 
nervous system in the pathophysiology of atopic der-
matitis (AD) is also reflected by the fact that the term 
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› Sensory and autonomic nerves are capable of modulat-
ing vascular responses (white dermographism, inflamma-
tory vasodilatation, and edema), immunomodulation of 
T-cells and mast cells as well as keratinocyte proliferation 
(eczema).

› Sensory nerves can receive signals from keratinocytes or 
endothelial cells after stimulation of the latter by inflam-
matory stimuli. This may result in activating or inhibitory 
signaling, depending on the stimulus.

› There is no doubt that the nervous system of the skin has 
an impact in the pathophysiology of AD.

Key Features
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“neurodermatitis” has a long and well-accepted history 
for this disease. A dysregulation of neuropeptides and 
neurotrophins has been described in different stages 
of AD. In AD, neurocutaneous interactions influence 
a variety of functions such as cell growth, immune 
defense, inflammation, and itching. This interaction is 
mediated by primary afferent sensory fibers as well as 
autonomic nerves releasing neuromediators, which acti-
vate specific receptors on many target cells during the 
inflammatory and pruritic process. A variety of receptors 
for neuropeptides, neurotrophins, and neuro transmitters 
as well as ion channels or cytokines are involved in the 
pathophysiology of AD. This neuro immune interaction 
is controlled by endopeptidases, which are able to ter-
minate neuropeptide-induced inflammatory or immune 
responses. This chapter discusses recent advances in our 
understanding of the role of nerves in the pathophysiol-
ogy of AD and suggests that the peripheral as well as the 
central nervous system represents a crucial component 
of the inflammatory and pruritic amplification cycle in 
this disease. This knowledge may help to develop new 
strategies for the treatment of AD and sensitive skin 
with barrier dysfunction.

18.2 Neuroimmune Aspects of Atopic Dermatitis

In acute as well as chronic lesions of AD, an increased 
staining of cutaneous nerves or altered concentrations 
of neuropeptides have been observed [17,19,30,36,47,
51,78,82,85]. Furthermore, characteristics of the triple 
response (erythema, wheal, flare) of “neuro genic inflam-
mation” as well as pruritus have been observed after 
injection of neuropeptides into human skin [23,24].

In patients with AD, tachykinin receptors have been 
detected on blood vessels and keratinocytes by autora-
diography [43,72]. Additionally, NK1R expression on 
endothelial cells was diminished after UVA irradia-
tion, whereas NK1R expression on keratinocytes was 
unchanged, indicating a differential regulation of this 
receptor in different target cells by UV light and during 
cutaneous inflammation. Interestingly, an altered expres-
sion pattern of neurokinin receptors was observed after 
UV-A irradiation in patients with AD. UVA irradiation 
seems to reduce skin inflammation through the modula-
tion of NK 1R expression on endothelial cells [72].

The tachykinin substance P (SP) may have a modu-
latory effect on proliferation and cytokine mRNA 
expression in monocytes in response to dust mites 
(Dermatophagoides farinae Der f) in AD patients. 
Moreover, SP promoted Der f-induced proliferation 
and upregulated interleukin (IL)-10 mRNA expres-

sion while downregulating IL-5 mRNA expression. Of 
note, the proliferation in high responders was associated
with the upregulation of IL-2 mRNA expression and 
the induction of IL-5 mRNA expression, indicating 
that SP modulated the immune responses of T cells 
towards Der f by promoting the proliferation and alter-
ing the cytokine profile in these patients. The authors 
concluded that these changes may control clinical 
manifestations of AD [93], especially when consider-
ing the elevated levels of SP in AD lesions [30,36].

Neuropeptides can exert different effects during 
inflammation. For example, SP and vasoactive  intestinal
peptide (VIP) have opposing effects on the release 
of TH

1
- and TH

2
-related cytokines in AD. Although 

SP increased both the TH
2
 cytokine IL-4 and the 

TH
1
 cytokine interferon (IFN)-γ, the release of both 

cytokines was inhibited by VIP in vitro. These data 
suggest that a clear understanding about the patho-
physiological impact of the detected neuropeptides 
and neuropeptide receptors as modulators of the 
TH

1
/TH

2
 balance in atopic dermatitis is still missing.

VIP also influences the induction of pruritus. 
Intracutaneous injection of VIP led to dose-dependent
pruritus as well as wheal and flare in normal and atopic 
skin. Furthermore, an increase in blood flow was meas-
ured after combined VIP and acetylcholine (ACh) admin-
istration in AD patients suffering from acute AD, whereas 
flare area and plasma extravasation were significantly 
reduced after single VIP and combined VIP and ACh 
injections, respectively [56,57]. Recent in vivo studies 
in human skin suggest that active vasodilatation depends 
solely on functional cholinergic fibres, but not on ACh 
itself [6]. Downregulation of VIP-receptor expression 
and elevated VIP serum levels in AD patients strongly 
support a role for this receptor in this disease [19,84].

The role of POMC-derived neuropeptides in the 
pathogenesis of AD is suggested by the observation that 
α-MSH modulates IgE production and the finding of 
increased levels of POMC-peptides in the skin of AD 
patients [59,60]. Recently, the role of β-endorphin in the 
pathophysiology of AD was investigated. It was found 
that the immunoreactivity for β-endorphin in keratinoc-
ytes and unmyelinated sensory nerve fibers was changed 
as compared to normal controls. β-endorphin-positive 
keratinocytes were clustered around µ-opioid receptor-
positive nerves [8]. Moreover, the µ-opioid recep-
tor expression was diminished in skin biopsies from 
patients with AD. This was due to that fact that the 
receptor was internalized after activation in keratinocytes 
of AD patients [9]. Because morphine and endorphins 
are known to be involved in the transmission of itch in 
sensory nerves, one may speculate that the endorphin/
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µ-opioid receptor system may be implicated in inflam-
matory and pruritic processes of AD [70]. However, these 
types of preliminary studies support, but do not prove, a 
direct role for neuropeptides in AD. This has to await 
further clinical studies using neuropeptide inhibitors.

Recent studies suggest that neurotrophins may partici-
pate in the pathophysiology of AD. Nerve-growth factor 
(NGF) and its high- and low-affinity receptors tropomy-
osin-related kinase receptor (trk)A and trkB, respectively, 
are upregulated in the skin of AD patients (Fig. 18.1). 
Recent evidence indicates that NGF supports nerve-
sprouting and may thereby modulate itch perception in 
inflamed skin as well as neurogenic inflammation.

In AD, an enhanced expression and release of NGF 
has been described in mast cells and keratinocytes, less 
so in fibroblasts [20]. Plasma levels of NGF were also 
increased in those patients. Interestingly, NGF induced 
the release of histamine and tryptase from a mast cell 
line (HMC-I). This finding, together with the known 
effects on keratinocytes, may lead one to speculate that 
NGF may regulate mast cell–nerve and keratinocyte–
nerve interactions in the skin during AD.

In addition to their neurotrophic effects, neurotrophins 
can also be regarded as inflammatory cytokines. In 
particular, they exert a networking effect on neurons, 
classical cutaneous cells (keratinocytes, fibroblasts, 
Langerhans cells) as well as invading immune cells, 
which simultaneously operate as a source of, as well 
as a target for, neurotrophins during inflammation. 
Neurotrophins have also been verified to exert ang-
iogenic and microvascular remodeling activities during 
allergic airway inflammation [45]. In human keratino-
cytes, neurotrophin (NT)-4-production was induced 
by IFN-γ in vitro and the expression was increased in 
AD [18]. Of note, the NT-4 protein accumulated in the 
epidermis while NT-3 staining was exclusively found 
in the dermal compartment, suggesting a differential 
role for specific neurotrophins in the pathophysiology 
of AD. However, NT-4 but not NT-3 expression was 
markedly increased in the IFN-γ-injected skin, suggest-
ing an impact of NT-4 in the chronic phase of AD. In 
addition, prurigo nodularis lesions of AD patients also 
stained intensively for NT-4, indicating the involve-
ment of this neurotrophin in AD and in prurigo.

T-

cell

Neurotrophins
NGF, NT-4

trkA, trkB
upregulated in

AD skin

NT-4 ↑
in AD

pruritus

nerve
outgrowth

sprouting of nerves

neurogenic inflammation ↑

itch perception in inflamed skin ↑

release NGF
(enhanced in AD)

release of histamine
and tryptase

release NGF
(enhanced in AD)

+

Eosino-

phil

mast

cell

activationmodulation

fibroblastskeratinocytes

Fig. 18.1 Neurotrophins exert a networking effect on neurons, 
classical cutaneous cells (keratinocytes, fibroblasts, Langerhans 
cells) as well as invading immune cells which simultaneously 

operate as a source of, as well as a target for, neurotrophins during 
inflammation
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18.3 Neurovascular Aspects of Atopic Dermatitis

The skin of AD patients is characterized by atypical 
vascular responses characterized by vasoconstric-
tion instead of vasodilatation. This may be triggered 
by mechanical (white dermographism) or chemi-
cal (e.g., acetylcholine) stimuli. These patients show 
a pronounced and prolonged vasoconstriction after 
exposure to cold and a lower temperature of the body 
appendages. The underlying pathophysiological mech-
anisms of these phenomena, however, are still unclear. 
Sensory as well as autonomic nerves may be involved. 
In autonomic nerves, in addition, it is still under debate 
whether neuropeptides such as neurotensins or only 
classical neurotransmitters such as the beta-adrenergic 
receptor system are implicated in vascular events dur-
ing AD [62].

Because of the close anatomical association between 
nerves and the dermal vasculature, a modulatory role 
of nerves on the recruitment of lymphocytes to the site 
of inflammation has been suggested. This may be sup-
ported by the finding that the relation of TH

1
- to TH

2

cells in skin lesions of AD patients can be influenced 
by stress, for example, by neuronal manipulation of 
cytokines, chemokines, or cell adhesion molecules. 
In particular, mechanisms such as oxidative stress 
pathways, nerve–mast cell interactions as well as modu-
lation of the synthesis and release of chemokines, amines, 
reactive oxygen products, glucocorticoids, macrophage 
migration-inhibitory factor (MIF), proteases, or neuro-
peptides delineate the complex mechanisms linking AD 
to “stress” molecules and pathways (Fig. 18.2). In sum, 
the vascular endothelium exerts a fundamental posi-
tion for the control of acute and chronic inflammatory 
responses during AD.

The dermal vasculature is highly innervated and 
neuropeptides are differently regulated in nerves 
around vascular cells during AD (reviewed in [73]). 
This influences inflammation as well as pruritus, for 
example, by inducing the release of mediators from 
mast cells [IL-4, tumor necrosis factor (TNF)-α, hista-
mine, tryptase]. As said, neurotrophins such as NGF or 
brain-derived neurotrophic factor (BDNF) regulate the 
function of mast cells as well as eosinophils as effec-
tor cells in AD [52]. Thus, a dysregulated interaction 
between the skin vasculature and sensory nerves are 
ultimately involved in pathogenic events during AD 
(Fig. 18.2).

Furthermore, AD patients suffer from exaggerated
vasodilator responses to emotional stress with conse-
quent pruritus and scratching. Of note, during vasodil-

atation the threshold for itch is decreased, the duration 
is prolonged, and the frequency of night-time scratch-
ing movements is dramatically enhanced, suggesting 
an interaction of nerves and vasculature in the patho-
physiology of AD.

The neuropeptide galanin inhibits plasma extrava-
sation. Galanin and galanin-binding sites, which are 
located around blood vessels [38] in rat skin, are 
upregulated and indicate the role of the galanin system 
in the cutaneous microvasculature [65].

On the other hand, the neuropeptide pituitary ade-
nylate cyclase activating polypeptide (PACAP) is a 
potent vasodilatator [77], Of note, immunohistochemical 
as well as reverse transcription polymerase chain reac-
tion (RT PCR) studies demonstrated a close association 
of PACAP-immunoreactive fibers with mast cells as 
well as dermal blood vessels in AD skin, supporting the 
idea of PACAP as a regulator of human vasculature 
in vivo.

18.4  Role of Nerves in the Pathophysiology 
of Pruritus in Atopic Dermatitis

Pruritus is the cardinal symptom of AD [88]. Anato-
mically, it is localized to the skin or mucosa and has 
a punctate, phasic quality. Although pruritus is experi-
enced as a sensation arising in the skin, strictly speak-
ing, it is also an extracutaneous event, because the 
central nervous system (CNS) is ultimately involved 
[48]. The intensity of itch we feel, for example, after 
an insect bite, represents a neuronal projection of a 
centrally formed sensation into defined regions of the 
integument (localized pruritus), or into large territories 
of our body surface (generalized pruritus) [48,89].

Clinically, pruritus has a high impact on the quality 
of life in AD. Interestingly, removal of the epidermis 
abolishes pruritus. However, the selective block of 
myelinated nerve fibers does not prevent itch sensa-
tion and, C-fibers, and probably certain subtypes of 
Aδ-fibers mediate chemical, thermal, and probably 
osmotic or electrical stimuli to the CNS. Accordingly, 
both the peripheral cutaneous and central nervous sys-
tems coordinate the sensation of itch, which results in 
the autonomic reflex of scratching, which is a chronic 
symptom of AD.

Neurophysiological data revealed that the excitation 
of neuropeptide-containing C-fibers transmits pruritus 
[63,64]. Various studies have shown that the number 
of sensory and neuropeptide-containing nerve fibers 
is increased in skin lesional of AD [69,85].



Chapter 18 Neuroimmunology of Atopic Dermatitis 201

Fi
g.

 1
8.

2 
T

ri
gg

er
ed

 b
y 

ex
og

en
ou

s 
fa

ct
or

s 
lik

e 
al

le
rg

en
s,

 h
ou

se
 d

us
t m

ite
s,

 o
r s

ta
ph

yl
oc

oc
cu

s 
au

re
us

 a
s 

w
el

l a
s 

en
do

ge
no

us
 f

ac
to

rs
 s

uc
h 

as
 s

tr
es

s 
m

ed
ia

to
rs

 a
re

 r
el

ea
se

d 
by

 k
er

at
in

oc
yt

es
 

(ß
-e

nd
or

ph
in

), 
en

do
th

el
ia

l 
ce

lls
, 

m
as

t 
ce

lls
 (

tr
yp

ta
se

, 
hi

st
am

in
e,

 T
N

F-
α,

 l
eu

ko
tr

ie
ns

), 
an

d 
T-

ly
m

ph
oc

yt
es

 (
IL

-3
1)

. T
he

se
 m

ed
ia

to
rs

 b
in

d 
to

 s
pe

ci
fi

c 
re

ce
pt

or
s 

(e
.g

., 
fo

r 
hi

st
am

in
e,

 p
ro

s-
ta

gl
an

di
ns

, c
an

na
bi

no
id

s,
 p

ro
te

as
es

, p
H

-c
ha

ng
es

, h
ea

t, 
co

ld
) 

on
 p

er
ip

he
ra

l 
en

ds
 o

f 
pr

im
ar

y 

af
fe

re
nt

 n
eu

ro
ns

. T
he

 f
ir

st
 b

od
ie

s 
of

 t
he

 a
ff

er
en

t 
ne

ur
on

s 
ar

e 
lo

ca
te

d 
in

 d
or

sa
l 

ro
ot

 g
an

gl
ia

 
be

fo
re

 th
e 

ne
ur

ite
s 

ha
ve

 th
ei

r f
ir

st
 s

yn
ap

se
s 

in
 th

e 
do

rs
al

 h
or

n 
of

 th
e 

sp
in

al
 c

or
d 

an
d 

ar
e 

co
n-

ne
ct

ed
 to

 n
eu

ro
ns

 o
f t

he
 s

am
e 

or
 c

ol
la

te
ra

l s
id

e,
 w

hi
ch

 tr
an

sm
it 

ch
em

ic
al

 o
r e

le
ct

ri
ca

l s
ig

na
ls

 
to

 th
e 

C
N

S.
 T

o 
st

ud
y 

th
e 

ge
ne

 e
xp

re
ss

io
n 

st
at

us
 o

r t
he

 re
le

as
e 

of
 n

eu
ro

pe
pt

id
es

 fr
om

 p
ri

m
ar

y 
pe

ri
ph

er
al

 n
er

ve
s,

 th
e 

ce
ll 

bo
di

es
 lo

ca
te

d 
in

 d
or

sa
l r

oo
t g

an
gl

ia
 a

re
 e

xp
er

im
en

ta
lly

 e
xa

m
in

ed

br
ai

n

sp
in

al
 c

or
d

D
R

G

ep
id

er
m

is

pain

pruritus

pr
ot

on
s,

 k
in

in
s,

pr
ot

ea
se

s,
 a

m
in

es
,

pr
os

ta
gl

an
di

ns
, l

eu
ko

tr
ie

ns
,

ca
nn

ab
in

oi
ds

, e
nd

ot
he

lin
s,

ne
ut

ro
ph

in
s

ne
ur

op
et

id
es

Im
m

un
e 

ce
lls

(m
as

t c
el

ls
,

T
 c

el
ls

)

bl
oo

d
ve

ss
el

La
ng

er
ha

ns
 c

el
l

   
 IL

-4
, I

L
-5

,
   

 IL
-1

3,
 IL

-3
1,

IF
N

-γ

an
tig

en
-p

re
se

nt
at

io
n

cy
to

ki
ne

 / 
ch

em
ok

in
e

re
le

as
e

ke
ra

tin
oc

yt
e 

ac
tiv

at
io

n
ap

op
to

si
s

A
C

h
β

-e
nd

or
ph

in
(p

ro
te

as
es

?)

pr
ol

ife
ra

tio
n

pl
as

m
a 

ex
tr

av
as

tio
n

ed
em

a

pe
rip

he
ra

l
ne

rv
e 

en
di

ng
(C

-f
ib

er
)al
le

rg
en

s,
ho

us
e 

du
st

 m
ite

,
st

ap
hy

lo
co

cc
us

 a
ur

eu
s

st
re

ss



202 A. Steinhoff and M. Steinhoff

A wide range of peripheral itch-inducing stimuli 
that are generated within or administered to the skin 
can trigger pruritus. An armada of mediators (Fig. 
18.2) with amines (histamine, serotonin in rodents), 
prostanoids (prostaglandins, leukotrienes), kinins, kal-
likreins, proteases (tryptase), cytokines, protons, and 
others suffice to produce itching and/or edema and 
erythema upon stimulation. The crucial mediators 
involved in the pathophysiology of AD, however, are 
still unknown.

The most extensive substance studied so far in AD 
is histamine, which has a well established role in 
mediating pruritogenic effects in urticaria. Its role in 
AD is still uncertain. Recently, additional histamine 
receptors were cloned and characterized such as the 
histamine-receptor-4 (H4R). H4R is associated with 
the induction of itch in mice [5]. In addition, H3R is 
involved in scratching behavior of mice [26]. When 
positron emission tomography was used after hista-
mine application, certain areas of the CNS were found 
to indeed participate in itch perception by humans 
[27]. Furthermore, patients with AD appear to have 
an altered histamine response and a decreased ability 
of sensory nerves to signal itching to the CNS [21]. 
The fact that antihistamines fail to eliminate itch in 
many other skin diseases (e.g., AD) suggests that other 
mediators and mechanisms are involved in this process.
Intradermal injection of neuropeptides such as SP into 
human skin provoke itch, along with the characteristics
of neurogenic inflammation, such as wheal and flare. 
These responses were inhibited by antihistamines 
and the mast cell stabilizer compound 48/80, indi-
cating an involvement of mast cell mediators in this 
process. This is also the case for VIP, somatostatin, 
secretin, and neurotensin [22,56,87,88]. Interestingly, 
the potent vasodilatator CGRP does not stimulate his-
tamine release from mast cells and does not mediate 
pruritogenic effects in humans [14]. However, there is 
evidence that SP-induced itch responses can be medi-
ated by NK1R activation in mice [2], supporting a 
direct effect of SP in mediating pruritus in vivo.

Intracutaneous injection of both VIP and acetylcholine 
(ACh) induce wheal, flare, and a dose-dependent pruritus 
in healthy skin and in patients with AD. However, the 
subjective pruritus score did not differ between com-
bined injections of VIP and ACh from ACh-injections 
alone [56]. This suggests a predominant role of ACh 
over VIP involved in the pathophysiology of pruritus in 
patients with AD. Moreover, a higher density of sensory 
nerve fibers with a larger diameter was observed by 
electron microscopy in lichenified lesions of AD [85]. 

In notalgia paresthetica, a neuropathia characterized 
by pruritus, pain, and hyperalgesia, immunostaining 
for several neuropeptides revealed that affected areas 
had a significant increase in intradermal nerve fibers 
as well as epidermal dendritic cells, suggesting that 
sensory nerve fibers are involved in the pathogenesis 
of this disease. Agents such as capsaicin, which deplete 
neuropeptides from sensory neurons, have been shown 
to have a therapeutic effect in diseases associated with 
pruritus and pain.

Intradermally injected morphine induced an itch 
response and low doses of β-endorphin or enkephalins 
intensify histamine-induced pruritus, although single 
doses of opioids at the same concentrations did not pro-
voke pruritus [14,15]. Opioid µ-receptors seem to play 
an important role in the central neural mechanisms of 
itch sensation, because, in addition to analgesia, mor-
phine provokes pruritus when applied intrathecally and 
the opioid antagonist naloxone is effective in abolish-
ing or diminishing itch in mice, monkeys, and humans 
[7,80,81]. Thus, endogenous opioids may participate in 
the transmission or modulation of pruritic stimuli to the 
cortex, although the precise mechanisms and the central 
role of opioids for itch responses are still unknown. 
Opioids may be involved in the pathophysiology of 
cholestatic pruritus [33,34]. Importantly, effective treat-
ment of pruritus varies amongst different itchy disorders. 
For example, in contrast with skin-derived pruritus, 
cholestatic pruritus can be significantly reduced by 
application of an antagonist to 5-hydroxytryptamine, 
although serotonin is synthesized in platelets and prob-
ably human melanocytes, not in human mast cells or 
nerve fibers [31].

Like opioids, cannabinoids have been the focus of 
pruritus research [37,49,76], partly because cannabinoid 
receptor-1 (CB1) and transient receptor potential vanil-
loid type-1 (TRPV1) are highly colocalized in small-
diameter primary afferent neurons [37]. Moreover, 
CB1 agonists effectively suppressed histamine-induced 
pruritus in humans [13], suggesting involvement of CB1 
and cannabinoids in mast-cell-dependent itching. Further-
more, under inflammatory conditions [67], endo genous 
cannabinoids such as anandamide are capable of acti-
vating and sensitizing TRPV1, thereby switching their 
neuronal effect from inhibition [1] to excitation and 
sensitization [86]. Finally, cannabinoid receptors are 
also constitutively expressed by human non-neuronal skin 
cells such as keratinocytes [41,71], and induce release 
of β-endorphin from murine keratinocytes [29]. Thus, 
cannabinoids may be involved in the neuronal–non-
neuronal cellular network of pruritogenic and painful 



Chapter 18 Neuroimmunology of Atopic Dermatitis 203

stimuli arising in or from skin. Consequently, coadmin-
istration of a TRPV1 agonist with a CB1 agonist would 
lead to an anti-pruritic response, and may prevent acute 
burning sensations induced by capsaicin stimulation, 
because CB agonists (e.g., anandamide, HU210) would 
prevent the excitation induced by capsaicin [54,58].

The idea that proteinases, for example, those from 
plants or bacteria, are involved in the induction of pru-
ritus is rather old [66]. Papain and trypsins, as well 
as tryptase, are capable of inducing itch responses in 
humans. This may at least in part be mediated by the 
activation of PARs. Mast cells store large amounts of 
proteases including tryptase and chymase in their cyto-
plasm. Recently, a new mechanism was demonstrated 
where activated dermal mast cells localized in the 
proximity of afferent unmyelinated C-fibers directly 
induce pruritoceptive itch [74]. Via the activation of 
the G protein-coupled receptor proteinase-activated 
receptor-2 (PAR-2), tryptase transmits itch perception
and in parallel mediates neuropeptide release, which 
in turn may activate mast cells through neurokinin recep
tors [74]. Interestingly, PAR-2 was shown to be involved 
in the pathophysiology of itching in AD patients. 
Accordingly, the concentration of the ligand, tryptase,
was also enhanced, suggesting a role for the tryptase-
PAR-2 system in this context. Interestingly, the con-
centration of histamine was not enhanced in lesional 
skin of the patients [74]. These results were recently 
confirmed in experimentally induced murine itch 
models, using either PAR-2 agonists in mice or the 
trypase-inhibitor nafomastate [83].

Very recently, a new itch pathway was identified in 
AD that linked the inflammatory and pruritic response 
via the IL-31 pathway, because mice overexpressing 
IL-31 developed skin lesions and pruritus that were 
similar to this disease [12]. IL-31 expression is not 
only increased in patients with AD but also in those 
with ACD, 2 pruritic skin disorders. In both types of 
eczema, expression of IL-31 is associated with the 
expression of the TH2 cytokines IL-4 and IL-13. [44]. 
Moreover, the receptor for IL-31 and IL-31 RA was 
found to be highly expressed in a mouse model of AD 
[68]. This finding sheds a new light on the interaction 
between cytokines and peripheral nerves in pruritus, 
although the role of this interaction in humans is not 
completely understood as yet. Taken together, these 
findings show that IL-31 may represent a novel target 
for antipruritic drug development.

Unfortunately, most knowledge gained from animal 
experiments so far is not directly transferable to humans, 
as people may have different expression patterns of the 

cytokine in question or its receptor compared to ani-
mals. This is currently under investigation.

In summary, future studies with specific agonists 
and antagonists to neuropeptides and their receptors, 
endopeptidases, proteases, neurotrophins, or cytokines, 
as well as the pharmacological modulation of peripheral, 
spinal, or central neuronal mechanisms will be helpful 
to determine the role of sensory nerves and develop bet-
ter treatments for pruritus in AD.

18.5  Therapeutic Consequences of Neuroimmune 
Interactions for Atopic Dermatitis

Since our understanding of the interactions of the skin 
and nervous system continues to expand, novel thera-
pies will likely be developed to treat the inflammatory 
skin diseases that are mediated through neuroinflam-
mation. Specific pharmacologic targets for the devel-
opment of new agents will include the neuropeptides 
released in the skin, neuropeptide receptors expressed 
on target cells in the skin, proteases that degrade neu-
ropeptides, agents that modify the function of vanilloid 
receptors, and growth factors that influence cutaneous 
innervation. These approaches promise the develop-
ment of more specific therapies for a wide range of 
chronic, debilitating skin diseases.

Most clinical experience so far has been developed 
with the topical agent capsaicin. The usefulness of cap-
saicin has been demonstrated in several inflammatory 
diseases, including intestinal and airway inflammation 
or arthritis. Capsaicin was effective for the treatment 
of painful diabetic neuropathy [55], cold urticaria [28], 
AD [91,92], herpes infection, tumor pain, and different 
forms of pruritus [40]. Thus capsaicin and its analogs 
appear to be useful in reducing pain, pruritus, or neu-
rogenic inflammation. Capsaicin was effective in some 
patients with ophthalmicus neuralgia due to herpes 
zoster [16,35,42]. Pretreatment of patients with IgE-
mediated responses to capsaicin, for example, signifi-
cantly reduced the flare response after histamine- or 
SP-injection but enhanced erythema responses after UV 
irradiation, tuberculin reaction, and contact dermatitis 
[90]. These contradictory skin reactions are probably 
due to more complex mechanisms of neuropeptide reg-
ulation and receptor stimulation in various diseases not 
yet completely understood. However, antagonists to the 
neurokinin-1 receptor (NK1R) may be beneficial for the 
treatment of AD because of their anti-inflammatory and 
antipruritic capacity. These findings also point out the 
need for further studies regarding the role of capsaicin 
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as well as more specific and potent antagonists to TRPV1 
in human skin diseases. This is important because the 
side effects of topical capsaicin treatment (such as burn-
ing sensations and hyperesthesia) currently limit its use. 
Furthermore, capsaicin treatment was ineffective in 
some patients [16]. One alternative may be resinifera-
toxin, an ultrapotent analog of capsaicin (reviewed in 
[11]). Further, pharmacological and clinical studies and 
the development of new capsaicin analogs and synthetic 
capsaicin receptor ligands are indispensable to clarify 
the effectiveness of capsaicin as a therapeutic agent for 
skin diseases [4,10,32,39,79].

Other currently more experimental treatments for 
cutaneous neuroinflammation include the use of UV-
irradiation. UVA irradiation, for instance, modulated 
the expression of tachykinin receptors in AD [72]. 
Topical treatment with the tricyclic antidepressant dox-
epin significantly inhibited histamine or SP-induced 
wheal and/or flare responses in patients with AD [61], 
suggesting a new therapeutic approach to mast cell- and 
neuropeptide-associated diseases. A major drawback 
of this therapy, however, is the sensitizing capacity of 
this drug, leading to allergic contact dermatitis. It also 
evoked sedative effects in some patients.

Cannabinoids have been shown to reduce hyperal-
gesia and neurogenic inflammation via interaction with 
cannabinoid-1 receptors and inhibition of neurosecre-
tion (CGRP) from peripheral terminals of nociceptive 
primary afferent nerve fibers in rat hind paw [53,54]. 
Moreover, cannabinoid-2 (CB-2) receptor inhibition may 
be beneficial for the treatment of pain and itch [29].

Somatostatin (SST) and its receptors seem to play a 
regulatory, largely inhibitory, role in immune responses. 
A SST analogue peptide (SMS 201–995) enhanced the 
immunosuppressive effect of FK506 (tacrolimus) in rat 
spleen cells in vitro. Moreover, combined therapy with 
the SST analogue and FK506 at very low doses led to 
effective immunosuppression without any undesirable 
side effects, indicating a therapeutic synergistic effect 
of this neuropeptide analogue by decreasing the tox-
icity of other immunosuppressives [50]. This finding 
is in good agreement with the finding that neuronal 
SST, after stimulation by capsaicin, exerts anti-inflam-
matory effects in a murine model of experimentally 
induced contact dermatitis [3].

Recent results suggest the potential of antagonists 
to ligands of protease-activated receptors (PARs) as 
targets for anti-inflammatory therapy by downregulat-
ing inflammation as well as pruritus [25,46,75].

The finding that IL-31 is a cytokine that links the 
mechanism of inflammation and pruritus in AD opens 

up a new field for specifically targeting inflammatory 
mediators that are associated with the neuroimmune 
network in the skin. Thus, antagonists for IL-31 R may 
be beneficial for the treatment of inflammation and 
pruritus in AD patients.

In summary, in view of a key role in the skin for 
interactions between the nervous and immune sys-
tems through various mediators, the possibility of 
producing anti-inflammatory agents through activities 
against ligands or receptors will be an important task 
for research in dermatological therapy.
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Summary for the Clinician

There is no doubt that the nervous system of the skin has 
an impact in the pathophysiology of AD. Sensory as well 
as autonomic nerves are capable of modulating vascular 
responses (white dermographism, inflammatory vasodila-
tation, and edema), immunomodulation of T-cells and mast 
cells as well as the control of keratinocyte proliferation 
(eczema). Endogenous as well as exogenous trigger factors 
for AD activate epidermal as well as dermal nerves in the 
skin, thereby inducing and amplifying the itch response. AD 
can be induced, for example, by direct activation of TRPV1 
receptors on sensory nerves by pH changes or peptides. 
Secondarily, sensory nerves can receive signals from kerati-
nocytes or endothelial cells after stimulation of the latter by 
inflammatory stimuli. This may result in activating or inhibi-
tory signaling, depending on the stimulus.

When stimulated, nerve fibers release neuromediators of 
different chemical origin, predominantly peptides, which 
target skin cells expressing specific neuropeptide receptors. 
Homeostasis is accomplished by peptidases, which degrade 
neuropeptides, and neurotrophins that influence innervation 
and receptor expression in the ganglia of primary afferent 
neurons. In addition, anti-inflammatory and/or analgetic 
(antipruritic) neuropeptides such as cannabinoids are able to 
reconstitute or establish homeostasis. Therefore, certain neu-
ropeptides and transmitters can also have therapeutic effects 
in inflammatory, pruritic diseases such as AD. However, the 
precise ability of the cutaneous nervous system to regulate 
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Synonyms Box:

Angioedema, similar to hives but involves swell-
ing below the dermis (hives involve swelling in the 
superficial portion of the dermis); ‘Body memories’— 
body sensations or symptoms that may symbolically 
or literally capture some aspect of the trauma. They 
may be experienced during a traumatic flashback and 
may represent a conversion reaction. Conditioned
response— a learned or acquired response to a pre-
viously neutral stimulus.  For example, exposure to a 
certain food item (initially a neutral stimulus) in the 
presence of the unconditioned stimulus (eg., severe 
stress) that triggers an unconditioned response (eg. hives),

may, at a later date, result in the development of hives 
when the patient is exposed to the same food item 
(now a conditioned stimulus).

19.1 Definition

Urticaria or hives has a spectrum of clinical presentations, 
ranging from occasional localized wheals to widespread 
recurrent whealing and angioedema [12]. Fifteen to twenty 
percent of individuals in the general population usually 
develop hives at some point in their lives. Urticaria is char-
acterized by short-lived swelling of the skin, mouth, and/or 
genitalia due to transient leakage of plasma from small blood 
vessels into the surrounding connective tissue. Superficial 
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› Underlying etiology of urticaria is not identifiable in 
about 70% of cases.

› Psychogenic factors are important among approximately 
50% of urticaria patients.

› In the presence of a stressful situation, the patient may 
develop an urticarial rash as a result of an allergic 
response; the same allergen may not produce the rash 
when the stressor is removed.

› Childhood abuse and posttraumatic stress disorder may 
be associated with urticaria and/or angioedema when the 
patient is exposed to abuse–reminiscent stimuli.

› The effect of stress on uritcaria is most likely mediated by 
corticotropin releasing factor (CRH), which can increase 
mast cell degranulation. CRH is elevated during stress 
and in psychiatric disorders such as major depression and 
PTSD.

Key Features
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swellings of the dermis present as wheals; deeper swelling 
of the dermis and subcutaneous and/or submucosal tissue 
is called angioedema. The wheals are usually pruritic and 
often pale in the center because of intense edema, before 
maturing into pink superficial plaques that resolve over 
2–24 h, without leaving a mark on the skin unless the skin 
has been damaged by excoriation. Angioedema, in contrast 
to wheals, may be more painful than itchy, and generally 
takes longer time to resolve. In urticaria, the wheals and 
angioedema often coexist, but each may occur alone. Any 
pattern of recurrent urticaria occurring at least twice a week 
for 6 weeks is called chronic urticaria [12]. Therefore, by 
definition, all chronic urticaria goes through an acute (<6 
weeks duration) phase. The diagnosis of urticaria is pri-
marily clinical and additional screening tests often add lit-
tle information to the diagnosis or underlying cause [12]. 
The importance of histamine as a mediator of urticaria 
has been recognized for many years; mast cell degranu-
lation with release of histamine is central to the develop-
ment of the wheals and angioedema [12]. However, the 
specific reason for this enhanced release of histamine 
and the underlying cause of the urticaria is often not clear. 
The underlying etiology of urticaria was not identifiable 
in 70% [13] to 79% [5] of cases and psychogenic factors 
were important in 48% [13] to 35.5% [5] of cases, respec-
tively. It has been observed [5], however, that ‘the role 
of psychological factors is extremely difficult to assess’. 
Czubalski and Rudzki [9] have examined psychosomatic 
factors in 48 patients with specific types of urticaria and 
reported exacerbation by emotional factors occurred in 
77% of cholinergic urticaria and 82% with dermographism. 
About 81.8% of the 18 patients with dermographism had 
“abnormal” electroencephalograms [9]. Emotional factors 
did not exacerbate cold urticaria [9]. Adrenergic urticaria
is a rare entity that is largely stress induced [22,48]; symp-
toms can be reproduced by intradermal injection of epine-
phrine and norepinephrin and treated with the beta-blocker 
propranolol [22]. Adrenergic urticaria may coexist with 
cholinergic urticaria [35]. There have been case reports 
of a relationship between angioedema and neurological 
symptoms [57], suggesting both focal and generalized 
central nervous system involvement.

19.2 Role of Psychosocial Stress

A large body of the literature on stress and urticaria is 
more than 25-years-old. Wittkower and Russell (1953) 
[65] classified urticaria under “Skin diseases in which 
psychosomatic factors are of particular importance”; 
Obermayer (1955) [37] under “Dermatoses in which emo-

tional factors usually constitute an important component”; 
and Whitlock (1976) [63] has observed that “Urticaria is 
one of two skin conditions – atopic dermatitis being the 
other – which most frequently has been ascribed to emo-
tional disturbances.” Rook and Wilkinson (1979) [45] 
have categorized urticaria under “Dermatoses in which 
emotional predisposing, precipitating or perpetuating 
factors are often of importance.” Medansky and Handler 
(1981) [32] classified urticaria under “the collaborative 
group” where organic causes and emotional disorders 
collaborate in different degrees to cause the skin disor-
der, and note that ‘most experienced dermatologists are 
convinced that emotional factors play an important role 
in 25–50% of chronic urticaria cases’. Koblenzer (1983) 
[26] classified urticaria under “a condition in which 
strong psychogenic factors are imputed”; and Panconesi 
(1984) [40] has referred to urticaria as an “emotional 
allergy.” He has described two forms of psychogenic 
urticaria [41]: (i) the acute emotional form that follows 
specific events with a clear cause–effect relationship; 
and (ii) the chronic recurrent form that “seems to be 
structured deeply on a psychodynamic basis as a psy-
chosomatic disease”. Panconesi further notes [41] that 
in specific immunologic tests, IgE-dependent induction 
is evident in only a minority (<20%) of cases. Some
patients with chronic urticaria have been show to have 
lower serum levels of  dehydroepiandrosterone sulfate 
(DHEA-S) during the active period of the disease [25]; 
patients with low serum DHEA-S reported greater 
psychological distress as exemplified by a lower sense 
of coherence and higher anxiety and depression scores 
[4].   DHEA-S and the DHEA-S/Cortisol ratio are 
important in an individual’s response to stress and may 
play a significant role in modulating the vulnerability 
of the organism to the negative effects of stress [36].

19.2.1 Types of Stress

A wide range of psychological and stress ratings 
have been described in the literature [17], which 
largely reflects the most prevalent view of psychoso-
matic disorders at the time of the respective studies. 
Measures of psychological comorbidity range from 
assessment of emotional states and personality vari-
ables to psychodynamic formulations and diagnoses 
of comorbid psychiatric disorders. Various studies 
refer to emotional or psychological factors. Several 
studies have examined the association of stressful 
or catastrophic major life events and other stressful 
events with strong emotional valence for the patient; 
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some studies have examined traumatic life events 
such as abuse and/or neglect during childhood and 
later life. Finally, there is increasing recognition of 
the impact of urticaria upon the quality of life of the 
patient [2,15,53] – this disease related stress may 
further impact the course of urticaria. Psychiatric 
comorbidity can significantly increase quality of life 
impairment in chronic urticaria [53].

19.2.2  Personality Variables and Psychodynamic 
Formulations

Whitlock [63] has quoted some of the early work of 
Erasmus Wilson (1863), who mentioned “mental 
excitement, anxiety, and nervous debility” as a cause 
of urticaria, and Hillier (1865), who also felt that 
“nervous excitement was associated with the onset of 
urticaria.” Warin and Champion [62] have quoted the 
work of Heinz Auspitz (1835–1886) who, influenced 
by the work of contemporary neurologists, placed 
urticaria with the angioneuroses to describe a local 
disturbance of the tonicity of blood vessels; and Ernst 
Schwimmer of Budapest (1837–1898) who called urti-
caria a “vasomotor sensory neurosis.” Up to the 1930s, 
urticaria was described as a vasomotor neurosis [62]. 
There is extensive literature from prior to the 1960s, 
which has been discussed in some of the major reviews 
of psychosomatic dermatology [37,63,65].

A wide range of personality traits have been 
described in urticaria; however, overall, there is little 
evidence to substantiate a specific “hives personality” 
[63]. Stokes et al. [56] in a study involving 100 urit-
caria patients described “the urticariogenic personal-
ity” as “high tension, competitive personality, keyed 
to high pitch and perpetually intent on destination.…” 
They reported “psychoneurogenous elements” in the 
backgrounds of 83.5% of urticaria patients vs. 24% 
of controls with psoriasis, acne, and impetigo [56]. 
Rees [44] studied 100 patients (76 urticaria only, 16 
angioedema, and 8 both urticaria and angioedema) 
and described the “most common emotional precipi-
tants” as “anxiety and tension” followed by “feelings 
of resentment and hostility,” and “humiliation and 
embarrassment,” while “tension arising from arousal 
of sex desires without satisfaction” was a precipitant in 
some women. These patients [44] had “more neurotic 
symptoms such as tension, anxiety, and depression 
than controls”. In contrast, Wittkower [64] described 
the personality characteristics of 35 urticaria patients 
and observed that “these patients have in common an 

inability to tolerate the denial of love and a tendency 
to react angrily to any situations of this kind”. He [64] 
observed that “situations which objectively or subjec-
tively intensified either their need for affection or their 
sense of frustration precipitated the onset or recurrence 
of urticaria”. Wittkower [64] further notes that “their 
angry reactions may be openly displayed, completely 
repressed, or expressed in the disguised form of urti-
carial lesions”. Graham and Wolf [11] studied 30 cases 
of urticaria and reported that the patients had “a pas-
sive attitude towards punishment and failed to feel or 
express hostility.” They concluded that “the vascular 
reactions in the disease are the same as those that occur 
after actual trauma to the skin” [11]. The above are 
examples of the wide-ranging and sometimes appar-
ently discrepant personality types described by various 
authors. In view of this, Rees [44] comments that “the 
importance of personality type is not so much a matter 
of specificity but rather to the extent that it determines 
reaction to stresses, production of emotional tension, 
and the degree to which emotions are suppressed and 
inadequately expressed.”

There are wide-ranging psychodynamic formulations, 
which are discussed in the earlier reviews [37,63,65]. 
Wittkower [64] refers to the role of “repressed aggres-
siveness”; “masochism” where, “instead of hurting, 
scratching, and attacking their love denying objects, 
these individuals scratch themselves and develop attacks 
of urticaria”; “repressed exhibitionism”; “skin erotism”; 
and “secondary gain”. Shipman et al. [49] reached similar 
conclusions and observed that “patients were overtly 
submissive and pleading or very aggressive, and they 
all seemed to have strong underlying hostility, particu-
larly masochistic trends”. Shoemaker [50] described 
“the crucial affective state in an attack of urticaria” 
and observed “at the time the urticarial reaction occurs 
the patient appears to be hung dead center between the 
extremes of passivity and aggression, immobilized in 
his conflict betwixt abject dependence and destructive 
rage”. A recent study [8] of 41 chronic idiopathic urti-
caria patients reported a correlation between difficulties 
with anger regulation and pruritus in urticaria.

19.2.3 Psychological Factors

Graham and Wolf (1950) [11] studied the stress-medi-
ated pathogenesis of urticaria in 30 patients with recur-
rent urticaria of at least 3 weeks duration. Controls 
were hospital personnel without skin diseases. A 
detailed life history was obtained with particular 
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reference to the setting in which the first and subse-
quent urticarial attacks occurred. In the experimental 
setting these issues were brought up with the “aim to 
arouse in the patient the same emotional state as that 
which had been associated with the event when they 
actually occurred” [11]. The skin temperature and the 
reactive hyperemia threshold were employed as meas-
ures of cutaneous vascular function during the men-
tal interviews, “since they reflect the activity of the 
arterioles and the minute vessels, respectively”. When 
examining the relationship between life situations and 
symptoms, Graham and Wolf [11] observed that the 
central theme in stressful situations that precipitated 
hives was a feeling of being wronged or injured, usu-
ally by someone in a close family relationship. The 
patients became “intensely resentful and the urticaria 
developed”. Their assessment of vascular changes dur-
ing stressful interviews revealed that “all patients were 
seen to flush… and 5 subjects had urticarial lesions 
while discussing their problems.” The skin tempera-
ture and response to mechanical stimuli increased 
and the reactive hyperemia threshold decreased [11]. 
These changes indicate that “the essential difficulty is 
an increased tendency of both arterioles and minute 
vessels to dilatation”. Graham and Wolf further com-
ment that “the vessels behave as they would have if the 
person had actually been receiving blows.” This dilat-
ing tendency was further exemplified by the increased 
sensitivity of the skin to locally applied histamine 
(23/24 patients vs. 6/25 controls) and pilocarpine 
(23/24 patients vs. 3/25 controls), with development 
of a wheal during emotionally neutral situations [11].

In a study involving 100 patients, Rees (1957) [44] 
observed that the concept of stress as an external force 
or stimulus is meaningful only if taken in conjunction 
with individual susceptibility and reaction. He noted 
that “the same force may be stressful to some and not to 
others and may be stressful at one time to the individ-
ual and not at another”. Overall, psychological factors 
were considered to play a causal role among 68% of his 
patients – among 39% psychological factors played a 
“dominant” role while they played a “subsidiary role” 
among 29%. In 13% psychological factors were con-
sidered subsidiary to allergic and infective causes.

Green et al. (1965) [13] reviewed 236 cases of chronic 
urticaria at the Mayo Clinic (152 patients with urticaria; 
14 with angioedema; 70 with both urticaria and angi-
odema at some time) and reported that an allergic or 
physical factor was determined among only 20 patients 
or about 8% of the total sample. The primary etiologi-
cal factor was classified as “indeterminate” for 165/ 236 

or 70% of the patients [13] and “psychogenic” for the 
remaining 22%. A further evaluation of other possible 
secondary contributory factors revealed psychogenic 
factors to be important in an additional 26% of the “inde-
terminate” group. Therefore, in total, psychogenic factors 
were assessed as being important among 48% or almost 
half of the patients with chronic urticaria. It is important 
to note that 113/236 patients were assessed as having an 
“atopic constitution” or a family and/or personal history 
of allergy; however, specific allergic factors were not 
identified as the primary etiology for their urticaria [13].

Champion et al. (1969) [5] examined 554 consecutive 
patients with urticaria and reported that in 79% the urti-
caria was of “unknown etiology.” Psychological factors 
were considered to be the “main cause” among 11.5% 
and a “significant contributory cause” in a further 24% 
of cases [5], with a total of 35.5% of cases where psy-
chological factors were considered to play an important 
role. Psychological factors were less frequently observed 
in children and men over 45 years; however, they were 
implicated in 44.5% of women over 15 years of age. In 
severe cases of urticaria, psychological factors were less 
frequent with a prevalence of 4%. When psychological 
factors were involved the total duration of disease was 
significantly longer by about 1 year [5].

Juhlin (1981) [23] evaluated 330 patients with recur-
rent urticaria using a questionnaire. Fifty men and 50 
women had only urticaria and the rest had both urticaria 
and angioedema. All patients had recurrent attacks for 
more than 3 months. They [23] reported that “severe 
depression or psychiatric problems were mentioned 
by 16%,” mainly women, and 7% reported that “stress 
and nervousness made their urticaria worse”.

Steinhardt [54] studied two series of patients 
between 1942 and 1947 and between 1948 and 1953, 
and reported that psychogenic factors were responsi-
ble for chronic urticaria in 15% of the earlier series 
and 39.5% of the later series. He attributed this differ-
ence to the increase in awareness among physicians of 
the importance of psychological factors in urticaria. 
Badoux et al [1] showed that 74 patients with chronic 
idiopathic urticaria had psychopathologic ratings that 
were higher than healthy controls, similar to asthmatic 
patients, and lower than psychologically distressed 
patients. Depression scores were lower among 34 
patients with chronic urticaria than among 34 patients 
with idiopathic generalized pruritus [47]. A study 
of 19 patients with chronic idiopathic urticaria [52] 
showed higher psychopathological scores for somati-
zation, obsessive-compulsiveness, interpersonal sensi-
tivity, depression, and anxiety compared to controls. 
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In a study of 296 dermatology patients with pruritic 
dermatoses, including 32 patients with chronic idio-
pathic urticaria, the severity of pruritus increased with 
the severity of depressive symptoms [19]. A recent 
study [38] of 84 patients with chronic idiopathic urti-
caria and 75 controls reported that 60% of the urticaria 
patients had a psychiatric diagnosis, the most frequent 
(40%) diagnosis being depressive disorders. Another 
study [60] of 89 patients with chronic idiopathic urti-
caria who were evaluated using structured clinical 
interviews, 49.4% had at least one major psychiatric 
disorder and 44.9% were diagnosed with a personality 
disorder.  Among patients with a major psychiatric dis-
order 43.3% had an anxiety disorder and  13.5% had 
a major depressive disorder with 20.2% meeting the 
criteria for any mood disorder. The most commonly 
diagnosed personality disorders were obsessive –com-
pulsive (30.3%) and avoidant (18%) personality. There 
are case reports of association of cold urticaria with 
hypomania during winter [21] and recurrent idiopathic 
urticaria with panic disorder [16].

19.2.4 Stress from Life Events

Rees [44] observed that the onset of urticaria was 
associated with stressful life situations in 51% in con-
trast to the control group of hernia and appendicitis, 
which were associated with stress in 8% of cases. In 
urticaria “the stress was sudden and severe in 11% 
and prolonged in 40%”. In the case of “sudden stress,” 
the onset of illness followed “bereavement of a loved 
person in 5 patients and illness or accident to a loved 
person in 3 patients”. In the case of “prolonged stress” 
there were a variety of situations and stresses asso-
ciated with family and marital problems, work and 
financial problems, “sex problems”, “engagement 
difficulties” with periods of “humiliation and anxi-
ety arising from objections by relatives”, “humiliating 
experiences”, and “situations evoking marked jealousy 
reaction”. Lyketsos et al. [30] reported that a sample 
of 28 urticaria patients scored significantly higher 
in stress, as measured by the Social Readjustment 
Rating Scale, experienced in the year preceding the 
onset or exacerbation of their illness, than 38 inpa-
tients with other skin diseases. Fava et al. [10] admin-
istered Paykel’s interview for stressful life events to 
20 patients with chronic urticaria and 20 patients with 
fungal infections who served as controls, and reported 
that 90% of the urticaria patients reported at least one 
life event before illness vs. 50% of controls; the total 

number of life events in the urticaria group was almost 
3 times the number of events in the control group. In 
a study of 43 patients, Michaelsson [34] reported that 
“increased mental tension and fatigue” were spontane-
ously reported as the main exacerbating or precipitat-
ing factor by 77% of the sample. In another study of 53 
patients, Teshima et al. [59] observed that a stressful 
event such as a change in school and residence, change 
in type of work, promotion, marriage, birth of a child, 
or emotional shock had occurred before the onset of 
urticaria in 30% of cases. Griesemer and Nadelson 
[14] reported an emotional trigger among 68% of urti-
caria patients. In aTaiwanese study of 75 patients with 
chronic idiopathic urticaria vs. 133 controls with tinea 
pedis, Yang et al. [66] reported that in the 6 months 
preceding disease onset, patients with urticaria had 
experienced significantly more life events, higher sub-
jective weighting of impacts from life events, and more 
somatic symptoms such as insomnia. Insomnia is typi-
cally associated with stress and psychiatric pathology, 
and the high comorbidity of insomnia with urticaria is 
most likely an index of psychological distress in these 
patients. In a Turkish study [38] involving 84 patients 
with chronic idiopathic urticaria, 81% of patients 
believed that their disease was due to stress.

19.2.5 Traumatic and Catastrophic Life Events

Traumatic life events represent a more severe variety of 
stress where the human capacity to cope is overwhelmed 
[20]. There have been case studies of development of 
acute urticaria immediately after major traumatic events 
[33,43,46] such an earthquake [55], patient’s favorite 
football (soccer) team performing poorly at a World Cup 
game [33], or acute realization by the patient that he had 
been the victim of business fraud [43]. Other case stud-
ies suggest that such fear-related psychophysiological 
responses may also manifest as acute angioedema [6] 
or urticaria, which may be mistakenly attributed to latex 
allergy [29] in the patient with a phobia of dental pro-
cedures. Teshima et al. [58] have shown increased plas-
min activity during emotional stress in 2 patients with 
hereditary angioedema, which flared with emotional 
stress. In larger scale studies of catastrophic events such 
as earthquakes [3,39], it has been noted during the first 
3 months after the event, most dermatologic complaints 
are infections and injuries related to the immediate 
damage to the infrastructure, while the stress-mediated 
dermatoses such as urticaria, eczema, etc. had a higher 
incidence 4–6 months post-earthquake.
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19.2.6 Childhood Abuse and Developmental Trauma

Shoemaker (1963) [50] examined 40 urticaria patients 
and observed “some form of parental rejection” in 
their histories. He describes a very traumatic home 
environment such as “shifting placement in foster 
homes,” “drab endurance of institutional anonym-
ity,” and “history of violently embattled parents 
matched numerically the incidence of actual separa-
tion from a parent by death, divorce, or desertion.” 
Shoemaker [50] further observed that these patients, 
who were products of an embattled childhood, tended 
to be caught up in an equally embattled life situation as 
adults and their urticaria occurred within the context of 
these traumatic settings. The role of severe childhood 
trauma often associated with severe emotional, sexual, 
and physical abuse during early development is pos-
sibly under-recognized as an underlying factor in idi-
opathic urticaria. Individuals with childhood abuse are 
more vulnerable psychologically to the development 
of trauma-related syndromes such as post-traumatic 
stress disorder (PTSD) as adults. These individu-
als may therefore also be more predisposed to react 
somatically to traumatic stress. The following are three 
illustrative cases describing psychogenic urticaria in 
patients with histories of severe childhood abuse:

Case 1. This 36-year-old woman was referred for 
psychiatric evaluation because of recurrent angioedema 
involving her tongue and floor of her mouth that had 
necessitated several visits to the emergency depart-
ment. Extensive dermatologic studies including 
immunologic workup were all negative. Psychiatric 
history revealed that the patient had been recurrently 
orally sexually abused by her stepfather as a child. The 
patient was diagnosed with PTSD. This stepfather had 
moved back to the patient’s city recently and this had 
coincided with the development of angioedema. As 
the patient worked through her trauma issues and her 
dysregulated emotional state was managed with phar-
macotherapy and psychotherapy, her angioedema was 
no longer a problem.

Case 2. This 45-year-old woman with a history of 
severe childhood physical and emotional abuse and 
neglect by her mother and sexual abuse by the father 
was diagnosed with PTSD at the age of 40 years after 
she reacted by impulsively hitting and injuring her 
husband. The patient described that the husband had 
made an advance that triggered memories of abuse by 
her father. The patient had a history of recurrent urti-
caria of recent onset for which she had been put on a 
tapering dose of oral corticosteroids on at least four 

occasions. Extensive dermatological and immunologi-
cal workups were all negative. The patient was man-
aged with mood stabilizing agents and psychotherapy 
and there has been no recurrence of her urticaria for 
over 1 year.

Case 3. This 38-year-old married woman with a 
recent diagnosis of PTSD secondary to severe child-
hood trauma, where she may have been physically 
beaten and sexually abused in a cult, presented with 
recurring linear welts on her left arm as she was under-
going therapy for her complex PTSD. The patient 
recalled that the linear welts had occurred in the same 
location where she had experienced trauma after being 
tied down and abused as a child in the cult. The urti-
carial reaction was diagnosed as a “body memory” or 
conversion reaction. After extensive therapy includ-
ing eye movement desensitization and reprocessing 
(EMDR) [18], the patient no longer experienced the 
urticarial reaction.

Childhood maltreatment can result in classically 
conditioned associations between abusive stimuli and 
negative emotions [20,61]. Such traumatic memo-
ries are not remembered per se, and are evoked by 
events that are similar to the original abuse situation. 
Therefore, later in life, exposure to abuse-reminiscent 
stimuli and memories may produce strong memories 
and negative affects or the memories may be re-
experienced as a somatic level as ‘body memories’.

19.3 Urticaria as a Conditioned Response

There are cases where, in the presence of a stressful 
situation, the patient may develop an urticarial rash 
as a result of an allergic response to a food or drug, 
and the same food or drug may not be associated 
with an urticarial rash when the psychosocial stres-
sor is removed. In such cases, “the patient’s state of 
emotional tension may constitute an associated, if not 
dominant causative factor, and may raise or lower the 
threshold for an allergic response” [37]. An individual 
may develop stress induced hives as part of an uncon-
ditioned response to stress.  Exposure to the stressful 
situation while eating an item of food (initially a neu-
tral stimulus) may subsequently result in hives when 
the patient eats the same food item, as part of a condi-
tioned response.

Rudzki et al. [46] have observed a significant pla-
cebo response in urticaria in nonhypnotized patients 
among whom 94% showed improvement in chronic 
urticaria with placebo instead of an antihistamine. There 
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is extensive earlier literature on the effect of hypnotic 
suggestion on urticaria and immediate and delayed type 
hypersensitivity reactions. Obermayer [37] reviewed the 
case of a patient who was allergic to quinine. Urticaria 
could be produced when the suggestion of taking qui-
nine was made under hypnosis; while actual admin-
istration of quinine during a hypnotic period, when it 
was suggested that the drug was not quinine, failed to 
produce urticaria [37]. However, controlled studies of 
hypnotic suggestion on the histamine-induced wheal 
in patients with urticaria and controls showed no sig-
nificant effect of hypnosis [27], and more recent studies 
[28] have failed to demonstrate the effect of hypnosis on 
delayed-type hypersensitivity reactions.

19.4 Neuroimmunology

The possible neuroimmunological mechanisms under-
lying the effect of stress on urticaria have been discussed 
in depth in earlier chapters. The skin appears to have 
the equivalent of a hypothalamic–pituitary–adrenal 
(HPA) axis, including local expression of corticotro-
pin-releasing hormone (CRH) and its receptors (CRH-
R) [42]. Acute stress and intradermal administration of 
CRH stimulate skin mast cells and increase vascular 
permeability through CRH-R1 activation. Acute stress 

increases skin CRH that can trigger mast cell-depend-
ent vascular permeability [31]. Furthermore, psychiatric
disorders such as major depression and PTSD have 
been associated with increased levels of CRH [7,24,51].
The effect of CRH on mast cell degranulation is one of 
the important mechanisms underlying stress-mediated 
symptom exacerbation in urticaria.
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Acne Vulgaris and Rosacea

C.C. Zouboulis

20

20.1 Acne Vulgaris

Synonyms Box: ACME (= akmh¢ )

20.1.1 Introduction

The possibility of a causative influence of emotional 
stress, especially of stressful life events, on the course of 
acne has long been postulated [47,56]. Clinical wisdom 
and experience [8], as well as many anecdotal obser-
vations [4,30,45] and uncontrolled case series [71], 

support this opinion [118]. Using a self-administered 
questionnaire sent to 4,000 adult women aged 25–40 
years, Poli et al. reported that stress was recorded as the 
cause of acne in 50% of their patients [71]. However, 
the role of stressful events in the triggering or exacerba-
tion of acne has not been explored in detail [67]. Only one 
current study met the acceptable methodological stand-
ards for stress measurement: Chiu et al., in a prospec-
tive study of 22 university students, found that patients 
with acne may experience a worsening of their disease 
during examinations [18]. Changes in acne severity 
correlated highly with increasing stress, suggesting 
that emotional stress from external sources may have a 
significant influence on acne.
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› There is increasing evidence that the nervous system (for 
example emotional stress) can influence the course of acne.

› Neuropeptides are expressed in the skin, in which they 
exhibit a number of immunomodulatory influences on 
cellular differentiation.

› Substance P, ectopeptidases, the CRH system, α-MSH
and endogenous opioids exhibit activity on the piloseba-
ceous unit.

› Flushing or transient erythema in rosacea is controlled by 
humoral substances and neural stimuli.

› The major neuropeptides probably involved in rosacea 
include substance P, VIP and CRH.

› Ultraviolet radiation is an initial stress factor for the devel-
opment of inflammatory lesions in rosacea.
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20.1.2 Neuropeptides and Acne

Acne is a chronic inflammatory, exclusively human 
disease of the pilosebaceous unit, mostly affecting the 
sebaceous gland follicles – usually referred to as seba-
ceous follicles – located on the face, chest, shoulders 
and back, where they are most common. The aetiol-
ogy of acne is not yet fully clarified but it is widely 
accepted that its pathogenesis is multi-factorial, with 
abnormal follicular differentiation and increased 
cornification, enhanced sebaceous gland activity and 
hyperseborrhea, bacterial hypercolonization as well as 
inflammation and immunological host reaction being 
the major contributors.

Ongoing research is modifying the classical view of 
acne pathogenesis. The beginning of micro-comedone 
formation is associated with aberrant differentiation of 
the follicular epithelium [50,64], vascular endothelial 
cell activation and inflammatory events [42], which 
supports the hypothesis that acne may represent a 
genuine inflammatory disease [116,122]. The identi-
fication of upstream mechanisms leading to the char-
acteristic clinical lesions, the comedones, which also 
seem to represent a sign of follicular inflammation, 
supports this hypothesis. A hereditary background, 
androgens, skin lipids, inflammatory signalling and 
regulatory neuropeptides seem to be involved in this 
multi-factorial process [122]. As reported elsewhere, 
communication and reciprocal regulation between 
nervous, endocrine and immune systems are essen-
tial for biological stability and responses to external 
and internal challenges [15]. In particular, neuropep-
tides, hormones and cytokines act as signalling mol-
ecules that mediate communication between the three 
interacting systems. Analogous to central responses to 
stress, which involve predominantly the hypothalamic–
pituitary–adrenal (HPA) axis, it has been proposed 
that the skin may share similar mediators [2,57,90]. 
Neuropeptides, originally described in central nervous 
tissue [19], are also expressed in the skin, in which 
they exhibit a number of immunomodulatory influ-
ences on cellular differentiation [11,89,91,115,117]. 
Associations among the central nervous system, the 
autonomous nervous system, the endocrine glands 
and the peripheral organs (especially the sebaceous 
glands, the sweat glands, hair and vessels) were 
proposed as early as in 1964 by Stüttgen [92]. Since then, 
receptors for the following neuropeptides have been 
reported in human sebaceous glands:  corticotropin-
releasing hormone [26,121], α- melanocyte stimulat-
ing hormone [13,27,96], β-endorphin [55], vasoactive 

intestinal peptide (VIP), neuropeptide Y and calcitonin 
gene-related peptide (CGRP) [84].

20.1.3  Role of Neuropeptides for Regulation of Clinical 
Inflammation in Acne

There is current evidence that regulatory neuropeptides 
with hormonal and non-hormonal activity may control 
the development of clinical inflammation in acne. 
Numerous substance P immunoreactive nerve fibres 
were detected in close apposition to the sebaceous 
glands and expression of the substance P-inactivating 
enzyme neutral endopeptidase was observed within 
sebaceous germinative cells of acne patients [102]. 
In vitro experiments using an organ culture system 
demonstrated that substance P induced expression of 
neutral endopeptidase in sebaceous glands in a dose-
dependent manner. Neutral endopeptidase belongs to 
the group of ectopeptidases, which are expressed in the 
sebaceous glands and may be involved in the develop-
ment and/or resolution of acne lesions [98]. On the 
other hand, treatment of sebocytes with interleukin (IL)-
1β, which resulted in marked increase of IL-8 release 
[121], was partially blocked by co-incubation of the 
cells with α-melanocyte-stimulating hormone in a dose-
dependent manner [13]. IL-8 and IL-6 are involved in 
the development of acne lesions [3] and their release by 
sebocytes can also be induced by corticotropin- releasing 
hormone by an IL-1β-independent pathway [48]. The 
latter neuropeptide also induces the synthesis of seba-
ceous lipids in vitro [48,121]. Adrenocorticotropic 
hormone evokes adrenal dehydroepiandrosterone to 
regulate skin inflammation [2]. These current findings 
indicate that central [91] or topical ‘stress’ [2,117] (Fig. 
20.1) may, indeed, influence the feedback regulation; 
thus inducing the development of clinical inflammation 
in early acne lesions.

20.1.4 Substance P and the Ectopeptidases

The ectopeptidase neutral endopeptidase (CD10) has 
been reported to be significantly upregulated within 
sebaceous glands of acne patients, but is not detectable 
in those of healthy subjects [102]. Ectopeptidases are 
a group of enzymes which are ubiquitously expressed 
and have pleiotropic functions [5]. Interaction with 
agonistic antibodies or inhibitors revealed that ecto-
enzymes, beyond their proteolytic activity, influence 
fundamental biological processes such as growth, 



Chapter 20 Acne Vulgaris and Rosacea 221

apoptosis, differentiation, adhesion, motility, invasion, 
cell–cell interaction, angiogenesis and transforma-
tion [21,40,80]. This implies a possible role for these 
enzymes as targets to influence pathophysiologic con-
ditions. The skin represents an interesting new target 
organ of ectopeptidase inhibitors, not only because 
skin diseases involve the activation of immune cells, 
but also because ectopeptidases are expressed on 
human keratinocytes and sebocytes in vivo and are 
upregulated in hyperproliferative skin diseases, for 
example, psoriasis and acne [37,65,78].

Neutral endopeptidase inactivates substance P, a neu-
ropeptide belonging to the tachykinin family, which 

can induce neurogenic inflammation [81]. Substance P 
immunoreactive nerve fibers have been detected in close 
apposition to sebaceous glands of acne patients but not 
to those of healthy volunteers [100,102] (Fig. 20.2). 
In vitro experiments using an organ culture system dem-
onstrated that substance P induced the expression of neu-
tral endopeptidase within sebaceous germinative cells in 
a dose-dependent manner [102]. Moreover, a significant 
increase was detected in the size of the sebaceous glands 
and in the number of sebum vacuoles in sebocytes on 
treatment with substance P [100]. Substance P stimulates 
IL-1 expression in human sebocytes in vitro [51].

Neutral endopeptidase is often co-expressed in vivo 
with other ectopeptidases, such as dipeptidyl peptidase 
IV (DPIV) and aminopeptidase N (APN) [80] (Fig. 
20.3).The pharmacological inhibition of DPIV (CD26) 
as well as APN (CD13) affects growth, cytokine produc-
tion and typical functions of human peripheral T cells
both in vitro and in vivo [54,77,79]. Inhibitors of DPIV 
have potent immunosuppressive and anti-inflammatory 
effects in various disease models such as murine experi-
mental autoimmune encephalomyelitis, collagen- and 
alkyldiamone-induced arthritis and rat cardiac trans-
plantation, and are presently undergoing clinical phase 
II and III trials for type II diabetes [98]. APN inhibitors 
have shown therapeutic efficacy in analgesia models 
and tumour neoangiogenesis, and bestatin is clinically 
used as an immunomodulator in cancer patients.

Moreover, inhibitors of DPIV and APN suppress kerat-
inocyte and sebocyte proliferation in vitro [25,97,98],
partially restore keratinocyte differentiation in vivo 
[97] and induce terminal differentiation of sebocytes 
in vitro [98]. In addition, they increase the expression of 
the anti-inflammatory cytokine IL-1 receptor antago-
nist (IL-1RA) in sebocytes and keratinocytes in vitro.

CRH

IL-1

IL-6

IL-8
Substance

P

NGF

α-MSH

Ø

IL
-1

R

Ectopeptidase
inhibitors IL-1RA

?

Fig. 20.1 Neuropeptide – cytokine/chemokine signalling in 
human sebaceous glands and human sebocytes. a-MSH α-
melanocyte stimulating hormone, CRH corticotropin-releasing 
hormone, IL-6 interleukin-6, IL-1 interleukin 1, IL-8 interleukin-
8, IL-1R interleukin-1 receptor, IL-1RA interleukin-1 receptor 
antagonist, NGF neural growth factor, ø no influence, question
mark unknown regulation in sebocytes, equal to inhibition, red = 
proinflammatory activity, green = anti inflammatory activity 

Fig. 20.2 Immunohistochemical staining with substance P (arrows) around sebaceous glands (SG) in a control subject (a) and in 
a patient with acne (b) (from [102])
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The proinflammatory cytokine IL-1α represents a 
hallmark in early acne pathogenesis. Increased levels can 
be found in uninvolved follicles [6], micro-comedones 
[1,42] and abundantly in extracted mature comedones 
[38]. Its functional relevance was studied in an in vitro 
organ model, where it induced a follicular hyperkera-
tosis in isolated sebaceous infundibula [33]. This proc-
ess could be blocked or reversed by the application of 
IL-1RA, indicating that the ratio of IL-1α/IL-1RA is 
involved in regulating growth and differentiation of 
follicular keratinocytes. It is likely that infundibular 
keratinocytes are a major source of the increased 
IL-1 levels around acne follicles. On the other hand, 
sebocytes “stressed” in vitro produce IL-1α on the 
mRNA and protein level [119] and in vivo investiga-
tions detected presence of IL-1α immunoreactivity 
and mRNA in sebaceous glands [6,10]. Treatment of 
sebocytes with IL-1β results in marked increase of IL-8 
release [121], whereas IL-8 is probably involved in the 
development of acne lesions [3].

In addition to substance P, antigens of station-
ary, but not exponential, phase live bacteria seem to 
induce IL-1α in follicular keratinocytes and sebocytes 
[31,63,69], but there is no correlation between levels 
of any cytokine, in particular IL-1α, and numbers of 
follicular micro-organisms [39].

20.1.5  Corticotropin-Releasing Hormone 
and Its Analogues

Corticotropin-releasing hormone (CRH), the most proxi-
mal module of the cutaneous hypothalamus–pituitary–
adrenal-like axis, its binding protein (CRHBP) and 
corticotropin receptors (CRH-Rs) act as a central 
regulatory system of the HPA axis [89,91]. Pro-CRH 
processing into CRH appears to be similar at the cen-
tral and peripheral levels, including the skin. Current 
studies have confirmed the presence of a complete 
CRH/CRHBP/CRH-R system in human sebocytes. CRH
and CRH-Rs have been detected in human sebaceous 
glands at the mRNA and protein levels in tissue [26,44] 
(Fig. 20.4). CRH, CRHBP, CRH-R1 and CRH-R2 
are also expressed in human sebocytes in vitro at the 
mRNA and protein levels [48,121]. CRH is likely to 
serve as an important autocrine hormone in sebocytes 
with a homeostatic pro-differentiation activity. It directly 
inhibits proliferation, induces lipid synthesis and 
enhances mRNA expression of ∆5–3β-hydroxy steroid 
dehydrogenase in human sebocytes in vitro, the enzyme 
that converts dehydroepiandrosterone to testosterone 
[24,121]. Testosterone and growth hormone, which 
also enhance sebaceous lipid synthesis, antagonize 
CRH in human sebocytes in vitro by down-regulating or 

Fig. 20.3 Expression of neutral endopeptidase within SG in a control 
subject (a) and in a patient with acne (b). Neutral endopeptidase 
staining is restricted to the sebaceous germinative cells (from 

[102]). Detection of dipeptidyl peptidase IV (c) and aminopeptidase 
N (d) within the sebaceous glands of control subjects (from [98]). 
Arrows indicate positive labelling of the sebaceous germinative cells
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modifying CRH-R expression, respectively [121]. The 
induction of sebaceous lipids by CRH is CRH-R1-
mediated. CRH also enhances the release of IL-6 and 
IL-8 in human sebocytes in vitro by an IL-1β-inde-
pendent pathway [48]. The CRH analogue urocortin
also inhibits sebocyte proliferation in vitro, while uro-
tensin and sauvagine seem to be inactive.

On the other hand, CRH enhances keratinocyte immu-
noactivity by upregulating the interferon-γ-stimulated

expression of homing-associated cell adhesion mole-
cules and intercellular adhesion molecule-1 and of the 
HLA-DR antigen [74]. In addition, it enhances IL-6 
and inhibits IL-1β production in human keratinocytes 
[112].

These findings implicate a major involvement of CRH 
in the clinical development of seborrhoea and acne, as 
well as in other skin disorders and diseases associated 
with alterations in the formation of sebaceous lipids.

Fig. 20.4 Expression of corticotropin-releasing hormone 
(CRH), CRH-binding protein (CRH-BP), CRH receptor 1 
(CRH-R1) and CRH receptor 2 (CRH-R2) in sebaceous glands 

of control subjects. CRH barely is expressed, whereas strong 
expression of CRH-BP and CRH-R2 and weaker of CRH-R1 
are detected (from [110])
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20.1.6 Melanocortins

The role of α-melanocyte-stimulating hormone (α-MSH) 
as a “sebotropin” has been postulated decades ago based 
on its effect on the rat preputial gland [22,86,99], but 
only recently it was shown that human sebocytes express 
melanocortin receptors. Cloning of the melanocortin 
receptors [61], application of novel research tools and 
the generation of the SZ95 immortalized human seba-
ceous gland cell line [120] have paved the way for novel 
and ongoing studies aimed at ultimately delineating the 
action of α-MSH in sebocytes and its role in acne.

First, melanocortin (MC)-5 receptor knock-out mice 
were shown to exhibit reduced exocrine gland function
[17]. The transgenic animals show reduced sebum 
secretion, lack of [NIe (4), D-Phe (7)] α-MSH radiola-
belling of the preputial glands and a loss of [NIe (4), 
D-Phe (7)] α-MSH-induced cyclic adenosine mono-
phosphate increase in membrane fractions from these 
glands. MC-5 receptor expression has also been dem-
onstrated in microdissected human facial sebaceous 
glands, as well as in facial skin biopsy specimens, by 
immuno histochemistry [35,96]. On the other hand, in 
situ expression of the MC-1 receptor was also detected 

in skin specimens from patients with acne vulgaris and 
healthy individuals [13,27].

The MC-1 receptor is also expressed in hair follicle 
epithelium, while interfollicular epidermis is largely 
non-reactive [12].

Interestingly, MC-1 receptor immunostaining is more
accentuated in the sebaceous glands of involved and 
non-involved skin from acne patients than in seba-
ceous glands from healthy individuals [27] (Fig. 20.5). 
Moreover, the reactivity of the MC-1 receptor is most 
prominent in basal and differentiating peripheral sebo-
cytes, which are the biologically most active cells of 
the sebaceous gland. MC-1 receptor expression has 
been shown to be upregulated by proinflammatory 
signals [9,34], whereas IL-1 increases MC-1 receptor 
expression and the number of detectable α-MSH bind-
ing sites in human sebocytes [27]. The latter generates 
a negative feedback mechanism for α-MSH, which 
exerts direct anti-inflammatory actions, that is, inhi-
bition of IL-1-mediated IL-8 secretion [13], indicat-
ing an α-MSH-mediated cytoprotection from harmful 
cytotoxic stimuli released during inflammation.

Under situations of increased systemic or cutaneous 
stress, as in patients with acne vulgaris, aberrant α-MSH 

Fig. 20.5 Localization of melanocortin-1 receptor in sebaceous 
glands of involved (a) and uninvolved skin (b) of acne patients 
and in healthy controls (c). Very strong and strong immuno-
staining of melanocortin-1 receptor in almost all sebocytes of 
involved and uninvolved skin is observed; reactivity is most 

prominent in basal and differentiating peripheral sebocytes with 
less intense staining of mature cells. Note, apoptotic sebocytes 
are not labelled with the anti-melanocortin-1 receptor antibody. 
Melanocortin-1 receptor immunoreactivity in sebaceous glands 
of normal skin is less intense (from [27])
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levels may induce increased MC-1 receptor expression 
in sebaceous glands [27]. Initial functional studies on 
human sebocytes revealed that melanocortin peptides 
increase lipid droplet formation and [NIe (4), D-Phe 
(7)] α-MSH furthermore stimulates squalene synthesis 
in these cells [113]. In primary human sebocytes, the 
MC-1 receptor has significantly higher expression than 
the MC-5 receptor [113], while in SZ95 sebocytes MC-
5 receptor expression is undetectable [13]. Interestingly, 
MC-5 receptor expression levels were found to be 
dependent on the differentiation level of normal and 
SZ95 sebocytes [114,118] and that the MC-5 receptor 
mediates the intracellular calcium increase induced by 
α-MSH [114]. On the other hand, the difference in MC-
1 receptor immuno reactivity in the pilosebaceous unit 
between acne patients and healthy individuals is most 
accentuated in the ductus seboglandularis, which plays a 
crucial role in the pathogenesis of acne due to increased 
cellular turnover or keratinization [100]. α-MSH can, 
indeed, increase the metabolic activity in HaCaT kerati-
nocytes [41] in contrast to sebocytes, in which this neu-
ropeptide does not augment proliferation [13,119].

Based on these findings, melanocortins released 
upon psychoemotional stress may influence the course 
of acne vulgaris [66]. However, since α-MSH also has 
anti-inflammatory effects on sebocytes [13], ligands 
of melanocortin receptors may be interesting candi-
dates for acne treatment [28,60].

20.1.7 Endogenous Opioids

β-Endorphin, another propiomelanocortin-derived 
peptide and member of the endogenous opioid family 
of neuropeptides, has sebotropic activity. The µ-opioid
receptor, which binds β-endorphin with high affinity, 
is expressed by the human sebaceous gland in situ as 
well as by SZ95 sebocytes in vitro [14]. β-Endorphin 
inhibits proliferation and stimulates lipogenesis and 
specifically increases the amount of C16:0, C16:1, 
C18:0, C18:1 and C18:2 fatty acids to an extent similar
to linoleic acid. These data highlight another prototypical
stress-induced neuroendocrine mediator that acts on 
the human sebocyte and modulates proliferation, dif-
ferentiation, and lipogenesis.

20.1.8 Other Neuropeptides

There is evidence that additional neuropeptides with 
hormonal and non-hormonal activity may control the 
development of clinical inflammation in acne. Nerve 
growth factor is only detected within the germinative 

sebocytes [103], but it does not influence sebaceous 
gland size or the number of lipid vacuoles in human 
sebocytes [100]. An increase in the number of mast 
cells and a strong expression of endothelial leukocyte 
adhesion molecule-1 on the post-capillary venules 
were observed in areas adjacent to the sebaceous 
glands. Among several molecules produced by mast 
cells, IL-6 selectively induced sebocytes to produce 
nerve growth factor [101] (Fig. 20.6).

VIP receptors were expressed in human sebocytes, 
with VIP receptor-2 exhibiting the most pronounced 
expression in cells surrounded by VIP immunoreactive 
nerve fibers [84]. Sebocytes also express CGRP and neu-
ropeptide Y receptors. However, neither VIP, nor CGRP or 
neuropeptide Y influenced sebaceous gland size or the 
number of lipid vacuoles in human sebocytes [100].

20.1.9 Outlook

There is increasing evidence to suggest that the nervous 
system (for example emotional stress) can influence 
the course of acne (Fig. 20.7). Cutaneous neurogenic 
factors may contribute to the onset and/or exacerba-
tion of acne inflammation. Central or topical stress 
may, indeed, influence the feedback regulation in the 
sebaceous gland, thus inducing the development of 
clinical inflammation in early acne lesions. The iden-
tification of the precise action of such neuromediators 
on the pilosebaceous unit can be expected to lead to 
novel treatment options with neuropeptide-like active 
substances and/or neuropeptide inhibitors in order to 
normalize the altered formation of sebaceous lipids 
and to reduce inflammation in acne.

20.2 Rosacea

Synonyms Box: Acne rosacea

20.2.1 Introduction

Rosacea is a chronic disorder of the interfollicular 
skin, affecting primarily the convexities of the central 
face (cheeks, nose, chin and central forehead) and pro-
gressing through stages over time [72]. Its onset usu-
ally occurs between the ages of 30 and 50 years, equally 
affecting both genders. Although rosacea occurs in all 
racial and ethnic groups, white-skin colour individuals 
of Celtic origin are thought to be particularly prone to 
the disorder [70], which is rather uncommon in per-
sons with dark skin.

Although the precise aetiology of rosacea remains 
unknown, various factors have been suspected of 
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contributing to this condition with the most-cited 
pathogenic theory centred on inherent abnormalities in 
cutaneous vascular homeostasis [59,76,107]. Flushing 
or transient erythema is controlled by two vasodilatory 
mechanisms: humoral substances and neural stimuli 
[16,106]. In this context, cytokines, hormones and neu-
ropeptides probably communicate within the network 
made of the endocrine, nervous and immune systems. 
The apparent inflammatory reaction in rosacea is likely 
the result of altered communication and/or reciprocal mod-
ulation between them [93,104,105]. The major neuropep-
tides probably involved in rosacea include substance 
P [49,73], VIP [109] and CRH [23] (Fig. 20.8). Apart 
from their proinflammatory properties, neuropeptides 
and neurohormones are also potent downregulators of 
immunity.

20.2.2 Ultraviolet Radiation as Initial Stress Factor 
for the Development of Inflammatory Lesions

Kligman’s postulate, that rosacea should be viewed as 
an ultraviolet (UV)-induced dermatosis [43], meets 

Fig. 20.6 Interleukin-6 (IL-6) specifically induces the expres-
sion of neural growth factor (NGF) in sebaceous glands main-
tained ex vivo. Further macrophages-derived mediators, such 
as histamine, tryptase, chymase, leukotriene D4 (LTD

4
), pros-

taglandin E2 (PGE
2
), interleukin-4 (IL-4), interleukin-6 (IL-6), 

interleukin-8 (IL-8), platelet-activating factor (PAF) and tumour 
necrosis factor-α, interferon-γ (the latter two not shown) did not 
affect NGF expression. Pre-incubation of explants with antibodies 
specific for the IL-6 receptor, followed by exposure to IL-6, 
abrogated the NGF induction (from [101])

Fig. 20.7 Effects of the neuropeptide and sexual hormone net-
work on human sebocytes in vivo and in vitro (modified from 
[121]). CRH corticotropin-releasing hormone, GH growth hor-
mone, ACTH adrenocorticotropin, a-MSH α-melanocyte-stimu-
lating hormone, BP binding protein, EGF epidermal growth 
factor, MC-R melanocortin receptor, R receptor, IL interleukin, 
HSD hydroxysteroid dehydrogenase
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a general consensus among clinicians, who consider 
rosacea to be at least a photoaggravated disorder. Patho-
physiologic processes induced by UV radiation, which 
are processes similar to those seen in photoaging, con-
tribute to the signs and symptoms of rosacea [62]. The 
pivotal role of sunlight is supported by the distribution 
of erythema and telangiectasias on the facial convexi-
ties. Sun-protected areas, such as the supraorbital and 
submental areas, are typically spared. However, several 
photoprovocation studies in rosacea patients have 
failed to show heightened skin sensitivity to the acute 
effects of UV radiation [29]. On the other hand, UV 
radiation stimulates angiogenesis, which promotes tel-
angiectasia. UVB irradiation of human skin results in 
pronounced dermal angiogenesis accompanied by the 
up-regulation of the potent angiogenic factor vascular 
endothelial growth factor and the down-regulation 
of thrombospondin-1, an endogenous angiogenesis 
inhibitor [111]. These newly formed blood vessels 
facilitate the infiltration of inflammatory cells into the 
dermal tissue, resulting in damage to dermal matrix 
components.

At the cellular level, epidermal Langerhans cells are 
considered as the main target of UV radiation, since 
UV light inhibits their antigen-presenting activity and 
their capacity to stimulate allogeneic type 1 T cells [7]. 

CD11β+ macrophages and neutrophils infiltrate the 
epidermis after intense UV radiation. Although the 
mechanisms by which immune regulatory suppressor 
T cells act still remain unclear, there is increasing evi-
dence that apoptosis of epidermal Langerhans cells or 
reactive T cells may play an important role. Even at 
suberythemal doses, UVB reduces Langerhans cell 
density, migration and maturation in the epidermis 
and regional lymphoid tissue [75]. It has been sug-
gested that this immunosuppressive effect is in large 
part due to the effects of UVB in modulating cytokine 
gene expression in keratinocytes. Keratinocytes are also 
a target of UV light and they produce and release 
numerous soluble immunosuppressive mediators and 
pro-angiogenetic factors [36,46,85]. UVB induces an 
angiogenic switch on human keratinocytes by a gene 
expression mechanism [36].

20.2.3  Neuropeptides Mediate Effects of UV 
Radiation-Induced Immunosuppression

There is accumulating evidence that neurogenic media-
tors contribute to inflammation and immunosuppression 
following UV irradiation of the skin. The interaction 
between peripheral nerves and the immune system is 

↑ IL-8
↑ IL-6

VEGF ?

↑ CRH

↑ CRH

↑ substance P
↑ VIP

Fig. 20.8 Current concept of the induction of inflammation and modification of vascular homeostasis by ultraviolet light and neu-
ropeptides in rosacea. VIP vasoactive intestinal peptide, CRH corticotropin-releasing hormone, IL interleukin
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mediated by different types of cutaneous nerve fibres 
that release neuromediators and activate specific recep-
tors on target cells in the skin such as keratinocytes, 
mast cells, Langerhans cells, micro-vascular endothelial 
cells, fibroblasts and infiltrating immune cells. Among 
the best-studied neuropeptides are CGRP and substance 
P; knowledge on CRH [89,91] and other neuropeptides 
is emerging. These neuropeptides are capable of medi-
ating cutaneous neurogenic inflammation by induction 
of vasodilation, plasma extravasation and augmenta-
tion of cytokine, chemokine and cellular adhesion 
molecule expression [82,83,89]. CGRP may contribute to 
local immunosuppression in mice mediated by repeated 
sub-inflammatory UV irradiation [53]. The number 
of epidermal nerve fibers immunoreactive for CGRP 
in skin increases without altering their total number. Also 
in human skin samples CGRP is significantly enhanced 
after UVB exposure [88]. In Sprague–Dawley rats, 
repeated subinflammatory UVB irradiation locally aug-
ments the content of cutaneous substance P and CGRP by 
an increase of neuropeptide content of nerve fibres rather 
than by an accretion of overall nerve fibre density [52].

Substance P has been mentioned in previous rosacea 
studies [49,73]. Other proposed mediators include VIP 
[109], serotonin, histamine, prostaglandins [32] and 
somatostatin [68]. VIP is known to induce histamine 
release and to include a nitric oxide (NO)-dependent 
vasodilation in human skin [108]. A possible modula-
tory role for somatostatin in the outcome of rosacea 
has been reported [68]: Four patients presenting long-
standing recalcitrant facial rosacea were treated with 
octreotide for diabetic retinopathy. Rosacea improved 
rapidly and even cleared without any recurrence in 
three of the patients. The beneficial effect may be 
attributed to inhibitory actions on the sebaceous gland, 
on the neovascularization and/or on the inflammatory 
process. In particular, somatostatin plays a prominent 
role in neuroendocrinological aspects of the skin and 
may help to clear some inflammatory dermatoses, 
including rosacea [90].

20.2.4 CRH and the Response to Peripheral Stress

A number of studies have indicated that CRH and its 
analogues can cause marked increases in vascular 
permeability in the skin microcirculation through the 
degranulation of mast cells, an action mediated via 
CRH-R1 receptors [20,87]. Both CRH and urocortin 
increase vascular permeability in rat skin via mast cell 
degranulation [87,94]. Mast cell degranulation involves 

the release and stimulation of numerous vasoactive 
molecules, including histamine and NO. CRH-induced 
vasodilation in human skin appears to be mediated, at 
least in part, by mast cell-derived histamine. Human 
mast cells synthesize and secrete both CRH and uro-
cortin in response to immunoglobulin E receptor 
cross-linking. Mast cells also express CRH receptors, 
activation of which leads to the selective release of 
cytokines and other pro-inflammatory mediators [95]. 
Acute stress increases skin CRH that can trigger mast 
cell-dependent vascular permeability, effects inhibited 
by certain histamine-1 receptor antagonists, possibly 
acting to reduce intracellular Ca2+ ion levels [58]. CRH 
is upregulated in human sebocytes and keratinocytes in 
vitro by UVB [23].

20.2.5 Conclusions

An involvement of neurogenic components in the 
pathogenesis of vascular lesions of rosacea has been 
suggested and neuropeptides are thought to play a 
modulatory role in cutaneous inflammation. The role 
of neuropeptides and proinflammatory cytokines in 
producing the flush response is yet to be defined but 
the light sensitivity of rosacea skin and circulating 
neuropeptide vasoactive mediators are important 
factors to be considered.

Ongoing research is modifying the classical view of acne
pathogenesis. A hereditary background, androgens, skin lipids,
inflammatory signalling and regulatory neuropeptides seem 
to be involved in this multifactorial process. Emotional stress 
from external sources may have a significant influence on 
acne vulgaris. Cutaneous neurogenic factors (substance P, 
ectopeptidases, the CRH system, α-MSH and endogenous 
opioids) may contribute to the onset or exacerbation of acne 
inflammation. The identification of the precise action of such 
neuromediators on the pilosebaceous unit can lead to novel 
treatment options of inflammation in acne. On the other 
hand, flushing or transient erythema in rosacea is controlled 
by humoral substances and neural stimuli. The major neu-
ropeptides probably involved in rosacea include substance P, 
VIP and CRH. Ultraviolet radiation is an initial stress factor 
for the development of inflammatory lesions in rosacea.

Summary for the Clinician
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Synonyms Box: ACTH Adrenocorticotropic hormone, 
CFU Colony forming units, CRH Corticotropin-releasing
hormone, EPI Epinephrine, GC Glucocorticoid, HBO
Hyperbaric oxygen, HPA axis Hypothalamic–
pituitary–adrenal axis, KGF Keratinocyte growth factor, 

NE Norepinephrine, NK cells Natural killer cells, SNS
Sympathetic nervous system, TEWL Trans-epidermal 
water loss, TNF Tumor necrosis factor, VEGF Vascular 
endothelial growth factor

21.1 Overview

The skin provides an essential, constantly renew-
ing protective barrier to the external environment. If 
the barrier is broken by injury, infection, or immune 
destruction, rapid repair programs are activated (for 
reviews, see [34,107]). These programs are often 
described as three overlapping phases: an early 
inflammatory phase (minutes to days), a prolifera-
tive phase (days to weeks), and a remodeling phase 
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› In both animals and humans it is well accepted that chronic 
stress delays dermal wound healing.

› This occurs through activation of both the HPA and SNS 
pathways. It is mediated by the release of cortisol and 
norepinephrine into the periphery.

› Through these pathways stress dysregulates the early 
wound repair process, prolonging the inflammatory phase 
of healing.

› A prolonged inflammatory phase results in higher bacte-
rial counts and an increased incidence of infection, which 
in itself delays wound closure and worsens healing out-
comes (e.g., scarring).

› Negative effects on wound healing caused by other factors 
(e.g., aging, diabetes) are exacerbated by stress.
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(weeks to months). These phases are interdependent 
and overlapping. Thus, inflammation during the early 
stages of healing induces growth factors required for 
the proliferative phase. Activity of the proliferating 
epithelium helps to resolve the inflammatory phase. 
Finally, the timing and activity of the remodeling 
phase depends upon the resolution of the prolifera-
tive phase. As a result, dysregulation of this cascade, 
especially early in the healing process, can impair 
healing on multiple levels.

At all stages of wound repair, psychological stress 
has been shown to dysregulate inflammatory, immune, 
and physiologic reactions important to both wound 
healing and protection from infection after injury. The 
negative outcomes of stress-impaired healing include 
infection, altered esthetics, poor tensile strength, and 
scarring. This chapter will briefly review how stress 
impacts upon dermal wound healing.

21.2 Stages of Wound Healing

21.2.1 The Inflammatory Phase

The first phase of healing, the inflammatory phase, 
is initiated as soon as the injury occurs and is impor-
tant in minimizing damage, protecting from infection, 
removing debris, and initiating the downstream proc-
esses for tissue repair [34]. When plasma and formed 
elements of the blood, including platelets and white 
blood cells, come in contact with connective tissue, a 
number of important mediators are released or acti-
vated in response to the injury. These include comple-
ment products, kinins, fibrin, and prostaglandins. A 
provisional matrix, the clot, forms which temporizes 
the injury and later provides a scaffold for repair. The 
clot is not inert. Factors are released from the clot 
that is important in the activation and recruitment of 
phagocytic cells and tissue cells.

Endogenous cells are early participants in the develop-
ment of the inflammatory phase of healing. Epithelial 
cells contain preformed IL-1α that is released in 
response to injury. A network of monocyte-derived 
Langerhans cells in the epidermis release inflamma-
tory mediators, and mast cells deliver preformed 
histamine and tumor necrosis factor (TNF) in response 
to injury. These mediators increase blood flow to the 
injury site and help to recruit and activate inflamma-
tory cells by inducing the expression of adhesion 
molecules on endothelial cells (e.g., E-selectin and 
ICAM) and chemokines (e.g., IL-8 for neutrophils; 
MCP-1 and MIP-1α for macrophages), which regulate

the ordered migration of inflammatory cells. Within 
minutes, neutrophils begin to arrive and within hours 
monocytes follow. These recruited phagocytic cells 
debride damaged tissue and begin the clearance of 
microbial contaminants. They also help to recruit 
and produce growth factors for cells involved in the 
proliferative phase of healing, such as fibroblasts and 
endothelial cells.

The timeline and extent of phagocytic cell recruit-
ment and inflammation is dependent on several local 
parameters, including the status of the tissue before 
wounding, wound site and dimensions, the degree of 
microbial contamination, wound coverings, and also 
patient-specific parameters. Under conditions of low 
bacterial load and rapid bacterial clearance, phago-
cytic recruitment is limited and resolved rapidly. When 
microbial load is sustained in wound tissue, continued 
recruitment occurs and inflammation is extended and/
or exuberant [98]. It is well-documented that greater, 
more prolonged inflammation is detrimental to the 
outcome of healing [106]. Interestingly, the most ide-
alized healing, fetal wound healing, is characterized by 
almost no inflammation and no scarring (for review, 
see [113]). Despite this, the inhibition of inflammation 
in adult skin, in the presence of microbial contami-
nation, increases the risk of infection and associated 
complications. Thus, healing of cutaneous wounds in 
adults requires an appropriate level of inflammation, 
with appropriate kinetics, to proceed optimally without
scarring.

21.2.2 The Proliferative Phase

The second phase of healing, the proliferative phase, 
involves the rebuilding of lost or damaged structures. 
The proliferative phase begins within hours of injury 
and involves the activity of fibroblasts, epithelial cells, 
and endothelial cells. There is a dramatic increase in the 
proliferation and recruitment of all of these cells and the 
resultant tissue is called granulation tissue. These cells 
accomplish the rebuilding processes required to restore 
the injured tissue’s structure and function, including 
wound contraction, reformation of the epithelial barrier, 
redevelopment of blood supply, reformation of sensory 
connections, and regeneration of lost connective tissue. 
The control of these processes is through a myriad of 
growth factors that overlap in specificity for cell type 
and activity. Growth factors are produced by monocytes 
and tissue cells in a complex web of interactions among 
the cells, under the control of multiple factors, in an 
architecturally sensitive fashion. For example, vascular 
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endothelial growth factor (VEGF) is produced by epithe-
lial cells, monocytes, and even endothelial cells. VEGF 
is upregulated by inflammatory mediators (e.g., IL-1), 
other growth factors, and hypoxia. One of the important 
growth factors for epithelial cells is keratinocyte growth 
factor (KGF). It is produced by fibroblasts and, like 
VEGF, is upregulated by inflammation [111].

Early after injury endothelial cells migrate and prolif-
erate to form tubular structures, which mature to form 
functional blood vessels. Revascularization of tissue is 
under the control of growth factors (e.g., VEGF), matu-
ration factors (e.g., angiopoietins), inflammation, and 
oxygen balance (i.e., oxygen, oxidants, oxygen demand, 
etc.). Oxidative metabolism, which is needed to clear 
microbial contamination, further amplifies oxygen 
demands in tissue [58]. Since tissue repair has a high 
metabolic cost, the degree of vascularization exceeds 
what is required for normal tissue maintenance.

A central cell in the proliferative phase of healing is the 
fibroblast. Fibroblasts are responsible for manufactur-
ing and remodeling the matrix of the connective tissue, 
as well as regulating many of the processes involved 
during the proliferative phase. Some fibroblasts migrate 
to the wound margin, form contractile elements, and 
become myofibroblasts [56]. Myofibroblasts and less 
well-defined contractile fibroblasts cause the wound to 
contract to minimize reconstructive costs by decreas-
ing the area of the wound to be resurfaced. Many of 
the fibroblasts, under control of a cascade of growth 
factors, manufacture collagen, hyaluronic acid, peptido-
glycans, elastin, and other components of the connec-
tive tissue matrix. The early collagen fibers formed by 
fibroblasts are relatively small in diameter, not well 
cross-linked, and somewhat disorganized. Over time 
collagen fibers become thicker, more cross-linked, and 
better organized. Under ideal conditions (i.e., limited 
inflammation) this reorganization is optimized, allow-
ing healing tissues to most closely resemble that of 
normal mature connective tissues (i.e., scarring is 
minimal).

Epithelial cells are predominately involved in re-
establishing the external barrier of the wound [93]. 
At the wound margins and at residual hair follicles, 
keratinocytes form a hyperproliferative advancing front 
of the epithelium. Epithelial cells migrate between the 
eschar and the connective tissue, remaining in contact 
with the advancing barrier, to cover the entire wound 
surface. As the wound surface is covered by the epithe-
lium, signals to reduce inflammation are transmitted. 
To complete barrier function, the epithelium thickens 
and produces structural proteins such as involucrin and 
keratins [111].

21.2.3 The Remodeling Phase

The remodeling phase of healing occurs over a period 
of weeks to months, depending upon the parameters 
of the wound (e.g., wound site, size of injury, etc.). 
The relatively disorganized weak connective tissue 
matrix is remodeled into a more organized, stronger 
matrix [87]. It is the final outcome of remodeling that 
will determine how close original form and function is 
restored to a tissue (i.e., how much scarring occurs). 
Scarring is characterized by smaller, less cross-linked, 
less organized collagen fibrils with weaker tensile 
strength. Scarred dermal tissue may also have changes 
in the surface appearance, including pigment changes 
and loss of hair that compromise the esthetics of the 
tissue. In adult dermal tissue where wounding involves 
a significant amount of tissue, scarring nearly always 
occurs to some extent. Scarring is more likely to occur 
in wounds that require an extended period of time to 
close. Scarring will also occur when there is extended 
inflammation and/or exuberant granulation tissue, 
since the growth factors and other mediators that regu-
late matrix quantity and quality are produced in larger 
amounts [106].

As stated before, during the proliferative phase of 
healing the connective tissue is hypercellular as compared 
to what is required to maintain the tissue at homeostasis. 
Therefore, an important aspect of the remodeling phase 
is the ordered and timely removal of cellular machinery 
that is no longer required for rebuilding. Ideally, this 
occurs through a process of apoptosis where cells go 
through programmed death and removal by macrophages 
before cells lyse. If cells are allowed to lyse or go 
through necrosis, inflammation results with additional 
tissue damage and additional scarring. The process of cell 
removal is more likely to lead to scarring when a greater 
excess of cells are produced, again during extended 
inflammation or as a result of infection. Therefore, the 
avoidance of scarring is dependent upon the quick 
resolution of the earlier phases of healing.

21.2.4 Summary

Cutaneous healing after injury encompasses a series of 
overlapping, well-orchestrated processes to restore the 
form and function of the skin. If these processes are 
disrupted, wound healing is not optimal and the restora-
tion of form and function is impaired. The proceeding 
sections of this chapter will provide evidence for a role 
of stress in dysregulating wound healing. Most of the 
studies presented focus on the early events of healing, 
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particularly the inflammatory phase. This is because 
stress has been shown to have significant effects on 
inflammation and inflammatory mediated processes, 
including responses to infection and skin diseases. 
Furthermore, wound closure, an objective measure of 
healing, is well-correlated with inflammation. Since the 
final outcomes of healing, such as scarring and wound 
strength, are dependent upon the early phases, it is pre-
sumed that stress will impact these outcomes as well.

21.3 Stress

The degree of stress which one experiences from any 
given stressor is subjective, as multiple factors influ-
ence the nature and intensity of the stress response. 
In humans, especially, these factors are numerous and 
include genetics, past experiences, concurrent stress, 
health, social setting, social support, etc. That being 
said, this chapter will focus on chronic stress, defined 
for our purposes as being: (1) stress that is relatively 
unremitting for a period of longer than a few hours 
(e.g., Alzheimer’s caregiving, presurgical stress); or (2) 
stress that is relatively intense and experienced repeat-
edly (e.g., restraint stress in animals). It is important to 
differentiate chronic stress from acute stress, which is 
shorter lasting (minutes to hours), often less intense and 
typically not repeated. As this chapter will illustrate, 
chronic stress has been shown in multiple models and 
species to be deleterious to wound healing. Conversely, 
acute stress may actually benefit some aspects of immu-
nity including skin function, presumably by priming the 
immune system and allowing for quicker responses 
when challenged (for reviews, see [26,54]). While fas-
cinating, a discussion of the effects of acute stress on 
immunity is beyond the scope of this chapter.

21.4 Stress Pathways

Most of the physiological effects of stress are mediated
by two major neuroendocrine systems.

21.4.1 Hypothalamic–Pituitary–Adrenal (HPA) Axis

When stress is perceived by the integrative cortex, 
corticotropin-releasing hormone (CRH) is secreted by 
the paraventricular nucleus of the hypothalamus into 
the hypophyseal portal system. This induces the ante-

rior pituitary to release adrenocorticotropic hormone 
(ACTH) into the systemic circulation which, in turn, 
causes glucocorticoids (GCs) and epinephrine (EPI) to 
be secreted from the adrenal cortex. Collectively, this 
neuroendocrine system is known as the hypothalamic–
pituitary–adrenal (HPA) axis, and is one of the two 
major stress pathways. The primary GC in humans and 
non-human primates is cortisol, whereas in rodents it 
is corticosterone. GCs regulate HPA activity through a 
negative feedback mechanism, targeted at type II GC 
receptors located in various brain regions (e.g., hippoc-
ampus, hypothalamus) and on the pituitary. Activation 
of these receptors inhibits further release of both CRH 
and ACTH, hence the system is self-regulating.

Immune cells possess GC receptors and, thus, GCs 
have effects on virtually all aspects of immunity (for 
review, see [17]). It is the potent immunosuppressive 
effects of GCs, and particularly the anti-inflamma-
tory and anti-mitotic properties, that account for their 
inhibitory effects on wound healing [6].

Multiple studies have shown that exogenous GC 
administration is detrimental to tissue repair. Such treat-
ment reduces neutrophil [18] and monocyte recruitment 
[85], suppresses phagocytosis and bacterial killing 
[37], and may serve as an immunocompromised wound 
model in animals [53]. In humans, a single administra-
tion of corticosteroids reduces circulating lymphocytes 
and monocytes by 70% and 90%, respectively [8]. 
Inflammation at the wound site is decreased largely due 
to reduced production of pro-inflammatory cytokines 
(e.g., IL-1α, IL-1β, TNF-α) [56]. GCs also inhibit 
keratinocyte [31] and fibroblast proliferation, and the 
expression of collagen [6]. These effects result in poor 
bacterial elimination, delayed wound debridement, and 
a poorer quality of epithelialization. Wound strength is 
impaired and wound closure is delayed.

In mice, this delay in epithelialization has been asso-
ciated with reduced mRNA expression for keratino cyte 
growth factor (KGF) following injury [12]. In vitro 
studies have further confirmed that GCs reduce KGF 
mRNA and protein levels in human dermal fibroblasts 
[16]. These effects on KGF levels may be indirect, 
stemming from the inhibition of factors which induce 
KGF-release (e.g., IL-1β, TNF-α), as the addition of 
IL-1β or TNF-α reverses the above inhibition of KGF 
in GC-treated fibroblasts.

Pro-inflammatory cytokines play an essential role in 
normal healing. For example, IL-6 knockout mice exhibit 
reduced inflammation and heal up to three times more 
slowly than wild-type controls, and the administration 
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of recombinant IL-6 1 h before wounding reverses 
these effects [41,42]. In mice, GC treatment reduces 
the induction of pro-inflammatory cytokines (IL-1β
and TNF-α) and impairs dermal wound closure [61]. 
Similarly, in rats, hydrocortisone treatment prior to 
wounding produces an immunocompromised state, 
which impairs healing by reducing cell proliferation, 
contraction, and wound tensile strength [53].

These effects of GCs on inflammation are of particu-
lar importance to healing. GCs inhibit the production 
of pro-inflammatory cytokines and also cause resist-
ance of some cells to the inflammatory effects of these 
molecules [61,79]. Interestingly, the natural circadian 
rhythm of cortisol is inversely proportional to levels 
of circulating blood lymphocytes (i.e., T, B and natural 
killer (NK) cells) and pro-inflammatory cytokines [8]. 
Stress has been shown to disrupt the circadian rhythm 
of cortisol [33] which, in turn, can dysregulate inflam-
matory responses. Under severe stress, low grade sys-
temic inflammation can result (for review, see [54]). As 
a result, stress has been shown to play a role in the onset, 
pathogenesis, and severity of numerous inflammatory 
diseases, including inflammatory bowel disease, hyper-
tension, coronary artery disease, rheumatoid arthritis, 
psoriasis, and asthma [9]. Many of these effects stem 
directly from the actions of GCs on immune cells. 
However, stress also activates the sympathetic nervous 
system (SNS), which constitutes the second major 
stress pathway and regulates multiple immune param-
eters important for healing.

21.4.2 Sympathetic Nervous System (SNS)

The role of the SNS in “stress and wound healing” has 
often been overlooked, as research has focused more on 
the effects of GCs. Along with HPA activation, CRH 
stimulates the locus coeruleus, an autonomic region of 
the brainstem, to release norepinephrine (NE) from sym-
pathetic nerve endings, which can alter both cell function 
and blood flow. The adrenal medulla is similarly stimu-
lated to produce EPI. Recently, Gosain et al. [51] studied 
wound healing in mice that were NE-depleted (NED), 
via chemical axotomy using 6-hydroxydopamine, and 
compared them to NE-intact (NEI) mice. Early in the 
wound healing process, NEI mice had higher infiltra-
tions of neutrophils and macrophages to the wound site, 
and exhibited quicker re-epithelialization, than NED 
mice. This suggests that the SNS plays a critical role 
in normal wound healing. Importantly, dysregulation of 

the SNS by stress can negatively impact upon important 
wound healing parameters.

For instance, these catecholamines (NE, EPI) con-
tribute to local tissue edema, increase endothelial 
cell wall adhesion [75], and inhibit epidermal cell 
migration [27]. This suggests that increased levels 
of catecholamines at the wound site, either arising 
from the systemic circulation or released from local 
sympathetic nerve endings, can impact upon wound 
healing processes by increasing edema and retarding 
epithelialization. Moreover, norepinephrine binding 
to β-adrenergic receptors increases cAMP levels. 
This increase is associated with a reduction in pro-
inflammatory cytokine levels [99], which can also 
impair wound healing.

Oxygen influences multiple healing processes, includ-
ing collagen synthesis, angiogenesis, epithelialization, 
and metabolic reactions for leukocyte bactericidal 
action [112]. Moreover, oxygen tension significantly 
influences revascularization and epithelialization in 
wounds in a variety of animal models [88]. Overall, 
the disruption of blood supply and the accumulation 
of a large population of oxygen consuming cells in the 
wound make the availability of oxygen a vital requisite 
for physiologic healing [15,58]. Indeed, wounded tissue
is typically hypoxic. Importantly, because catechol-
amines promote vasoconstriction via α-adrenergic 
receptor activation [1], stress drives these tissue oxygen 
levels lower again. This can have profound effects on 
wound healing.

Decreased oxygen in wounds predicts wound infec-
tion in both surgical patients [59] and in animal models 
[65]. Moreover, the infusion of epinephrine decreases 
wound oxygen by around 45% [64] and a discontinu-
ation of epinephrine results in a rebound of wound 
oxygen levels. Finally, a local injection of epinephrine 
during vaginal hysterectomies has been associated 
with increased rates of infections in patients [36]. 
Therefore, stress-induced catecholamines appear to 
mediate vascular changes that play a key role in the 
dysregulation of oxygenation, and ultimately impact 
upon wound infection and healing.

Many other molecules for which immune cells have 
receptors are also released in association with stress 
such as arginine vasopressin, α-melanocyte-stimulating
hormone, endorphins, enkephalins, substance P, dop
amine, and serotonin [9]. However, GCs, NE, and EPI 
are the three primary stress hormones. The effects of 
these other mediators will not be discussed in detail in 
this chapter.
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21.5 Human Studies

21.5.1 Effects of Psychological Stress

A number of well-controlled human studies have 
been conducted, which show that psychological stress 
impairs a variety of critical health parameters including 
dermal wound healing (for recent reviews, see [25,47]). 
Given that caregiving has been associated with immune 
dysregulation [46,69], Kiecolt-Glaser et al. [68] placed 
3.5 mm punch biopsy wounds on the arms of 13 chroni-
cally stressed Alzheimer caregivers and 13 age-matched 
controls. Healing took 4–7 weeks. Alzheimer caregivers 
took an average of 9 days longer than controls (24% 
longer) to heal standardized wounds. Group differ-
ences in wound sizes were evident during week one and 
reached statistical significance during week two. Whole 
blood was obtained and stimulated with endotoxin, 
from which an ex vivo IL-1β gene expression assay 
was performed to test the subjects’ abilities to mount 
an inflammatory response. Alzheimer caregivers pro-
duced significantly less IL-1β than controls. This con-
curs with other reports in humans that stress-induced 
increases in cortisol suppress IL-1β and TNF-α levels 
[22]. These findings suggest that chronic stress impairs 
the early inflammatory phase of wound repair, resulting 
in delayed wound closure.

To further examine this notion that stress affects 
inflammation, skin blisters were induced by suction on 
the forearms of 36 women. Women with higher scores on 
the Perceived Stress Scale had lower levels of IL-1α and 
IL-8 in the wound sites which, in turn, related to higher 
levels of salivary cortisol [45]. This is another instance in 
which stress appears to have inhibited normal inflamma-
tory responses in the skin, this time demonstrated directly 
in the wound site. These effects were likely mediated by 
the anti-inflammatory effects of cortisol.

Ebrecht et al. [30] demonstrated that perceived stress 
and cortisol levels predicted healing rates in a cross sec-
tional study of healthy young males. Subjects received 
a 4 mm dermal punch biopsy and healing was assessed 
using high resolution ultrasound scanning, which 
allows for the determination of width at the base of the 
wound. This is a more accurate marker of wound heal-
ing progress than surface photography [30]. Salivary 
(unbound) cortisol was measured two weeks before, 
directly after, and two weeks after wounding. Wound 
healing was negatively correlated with perceived stress 
and positively correlated with perceived optimism. 
Furthermore, when a median split was performed to 
subdivide slow healers from fast healers, slow healers 

had significantly higher stress levels, lower trait optimism, 
and higher cortisol levels to awakening. This study 
further confirms links among stress, anti-inflammatory 
stress hormones, and impaired healing.

It has been shown that higher preoperative stress 
relates to reductions in lymphocyte responses, lym-
phocyte blood counts [77], and NK cell activity 
[74,105] following surgery. To examine the effects of 
preoperative stress on early post-surgical wound repair, 
Broadbent et al. [13] determined Perceived Stress Scale 
scores in 47 patients prior to undergoing an open inci-
sional hernia operation. Higher preoperative stress 
predicted lower IL-1 levels in wound fluid, and greater 
worry about the operation predicted lower metallopro-
teinase-9 levels, as well as a more painful, slower, and 
poorer recovery. Thus, preoperative stress appears to 
impair inflammatory and matrix degradation processes 
following surgery, resulting in poorer outcomes.

Multiple studies have examined the effects of stress on 
wound healing in nondermal tissues, most commonly in 
mucosal tissues of the mouth. Clinically, it is well accepted 
that stress affects inflammation of the mucosa and that 
stress is a risk factor for periodontal disease [11]. Using 
a within-subjects design, Marucha et al. [78] placed a 
3.5 mm circular standardized wound on the hard palate of 
second year dental students at two different time points. 
Students were found to heal 40% slower when they were 
wounded three days prior to examinations (stress) than 
during summer vacation (nonstress). These data show 
that something as transient, predictable, and benign, as 
examination stress can significantly impair wound heal-
ing, even in young healthy adults.

21.5.2  Effects of Depression and Other 
Behavioral Constructs

In a study of marital interactions, 42 couples underwent 
on separate days a structured social support interaction 
and a discussion of a marital disagreement. Experimental 
dermal blister wounds were found to heal slower, and 
had lower levels of pro-inflammatory cytokines (IL-1β,
IL-6, and TNF-α) in the wound fluid, following the con-
flictive interaction compared to the supportive interac-
tion. In addition, high hostile couples were found to heal 
at only 60% of the rate of low hostile couples [70]. This 
further highlights the impact that everyday stressors and 
behavioral patterns can have on immune parameters 
such as inflammation and dermal healing.

Using the mucosal wound healing model described 
earlier, Bosch et al. [10] examined healing rates in
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individuals with higher depressive symptoms, as 
changes in many immune parameters occur in clinically 
depressed patients (for recent review, see [101]). It was 
found that individuals with higher depressive scores, 
as assessed by the Beck Depression Inventory, exhib-
ited slower closure of mucosal wounds than subjects 
with lower scores. This is of particular interest as these 
subjects were not clinically depressed, but rather they 
placed further along the depressive spectrum than most 
individuals. Thus, sub-clinical depression can delay 
wound closure.

The above-mentioned studies have reported the effects 
of stress and depression on either acute experimental 
wounds or surgical recovery. Cole-King and Harding 
[19] studied the effects of anxiety and depression on the 
healing of chronic leg ulcers in 53 outpatients. Using 
the Hospital Anxiety and Depression Score, they found 
that slower healing was associated with higher anxi-
ety and depression scores. Furthermore, patients who 
scored in the top 50% were four times more likely to 
be categorized as slow healers than patients who scored 
in the bottom 50%. Thus, psychological stress, such 
as anxiety or depression, can delay the healing of both 
acute and chronic wounds.

Post-operative pain can also act as a stressor. It was 
recently shown that acute and especially persistent 
pain after elective gastric bypass predicted slower clo-
sure of 2 mm dermal wounds. This was independent 
of depressive symptoms, pre-existing pain, or medical 
symptoms following discharge [81]. Although surgery 
dysregulates a variety of immune parameters (e.g., 
inflammation), these effects are lessened by analgesics 
[7]. Together, this suggests that pain is a unique form 
of stress. As a result, pain may cause or exacerbate 
stress-impaired healing.

To summarize, it is clear that psychological stress in 
many forms can negatively impact upon wound heal-
ing and surgical recovery in humans. Longer healing 
times, altered inflammatory responses, and higher cir-
culating cortisol levels have been consistently related 
to chronic stress.

21.5.3 Health Behaviors

It is important to note that stress can affect immunity and 
healing both directly and indirectly. Its direct effects are 
primarily mediated by activation of the HPA and SNS 
pathways as previously discussed. Indirect stress effects 
stem from associated negative emotions and behavioral 
alterations such as changes in sleep or diet, increased 

consumption of alcohol or nicotine, reduced exercise, 
and self-neglect [11]. For instance, sleep deprivation can 
hinder immunity, disrupting macrophage/lymphocyte 
functions and pro-inflammatory cytokine levels (for 
review, see [63]). These behavioral changes may in turn 
promote stress, often in the form of depression, loneli-
ness, or anxiety, which then impact further on immune 
parameters creating a downward spiral effect. Another 
behavioral change is smoking, which often increases 
during stress and has been shown to impair collagen 
deposition and alter extracellular matrix turnover in 
wound healing [66,73]. Interestingly, smoking interven-
tion programs implemented 6–8 weeks prior to surgery 
have been found to reduce post-operative morbidity, 
including wound related complications [83]. Although 
a full discussion of these indirect behavioral effects is 
beyond the scope of this chapter, it is important to rec-
ognize their contribution to stress-impaired health.

Interventions that lower stress levels have shown some 
promise in reducing healing impairments. A meta-analysis 
of 191 studies by Devine [24] indicated that psychoedu-
cational care can reduce anxiety and distress to patients, 
and ultimately lead to better recovery with reduced pain 
and hospital stays. Field et al. [39] demonstrated that 
massage therapy decreased levels of anxiety, depression, 
cortisol, and pain in burn patients undergoing debride-
ment. In addition, Holden-Lund [57] showed that patients 
who underwent cholecystectomy and utilized Relaxation 
with Guided Imagery had lower state anxiety, lower uri-
nary cortisol levels, and less wound erythema compared 
to randomly selected controls. Thus, interventions aimed 
at lowering stress such as the provision of patient educa-
tion, massage therapy, or relaxation techniques appear to 
have some merit in reducing the negative effects of stress 
on surgical outcomes.

21.6 Animal Studies

One of the drawbacks to human research is that it is 
largely correlational in nature and, hence, it can be dif-
ficult to determine mechanism(s). Conversely, animal 
studies have less variability, and are better designed 
to examine both causation and mechanism(s) of 
action. Interestingly, the effects of stress on immunity 
and healing are quite consistent across both human 
and animal studies. Although mostly studied in mice 
[86,82], stress has been shown to affect dermal healing 
and/or healing parameters in other rodent species such 
as hamsters [71], voles [48], and rhesus monkeys [67], 
and typically does so to a degree similar to humans.
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21.6.1 Stress and the HPA Axis

The previously described findings that GCs can alter 
the course of healing suggest that stress itself, through 
its effects on the HPA axis, might impair healing. In a 
seminal paper in 1998, Padgett et al. tested this hypoth-
esis. Mice were restrained in 50 ml well-ventilated 
conical tubes for 12 h per day, 3 days prior to and 5 
days after receiving two 3.5 mm dermal back wounds. 
Control mice were food- and water-deprived during the 
same time period. Mice that underwent restraint stress 
healed 27% more slowly (i.e., 3 days longer) than non-
restrained control mice. This negative effect of stress 
on healing was robust and has since been replicated 
many times using this same model [97,40,60,55].

Mice subjected to restraint stress had wounds, which 
exhibited lower levels of pro-inflammatory cytokines 
(e.g., IL-1β) and growth factors (e.g., KGF) [86,82,55], 
and higher counts of opportunistic bacteria [97] one 
day after wounding. Conversely, on days 3 and 5, post-
wounding neutrophil counts in the wounds were higher 
in stressed vs. nonstressed mice (unpublished observa-
tions). As the clearance of neutrophils from the wound 
site typically coincides with the end of the inflamma-
tory phase of healing, this suggests that the wounds of 
stressed animals remained inflamed for a period of time 
beyond that of controls. In support of this, wounds of 
stressed mice had elevated gene expression for chemo-
kines (KC, MCP-1, MIP-1α, and MIP-2) at days 3 and 
5 (unpublished observations), and for cytokines (IL-1α
and IL-1β) at day 5 [76], compared to nonstressed mice. 
These results are in line with evidence that neutrophils in 
the wound site can delay wound closure [28]. Fibroblast 
migration, differentiation and, in turn, wound contrac-
tion were also impaired in mice that were stressed [60]. 
Finally, granulation tissue in the wound site was reduced 
in the stressed vs. nonstressed condition when assessed 
5 days post-wounding [82].

To summarize, stress appears to have effects 
throughout the healing process. It reduces inflamma-
tion, resulting in higher bacteria counts during the 
early healing process. By days 3–5, neutrophil counts 
and inflammatory infiltrate are higher in the wounds 
of stressed animals compared to controls, suggesting 
that prolonged inflammation occurs in the wound site 
due to stress. The outcome of these effects is slower 
wound closure in stressed vs. nonstressed animals.

Interestingly, treatment of stressed mice with the 
GC antagonist RU486 restored normal expression of 
IL-1β, but only partially ameliorated normal heal-
ing and to a lesser extent microbial clearance [97]. 

Because not all immune impairments were restored by 
GC receptor blockade, these findings indicate that a 
second stress-activated pathway impacts upon dermal 
healing. As previously discussed, this pathway is the 
SNS, which exerts its effects on wound healing largely 
through altering blood and oxygen supplies to tissues.

21.6.2 Stress and the SNS

Human studies have demonstrated the importance of 
tissue oxygen during healing, and healing rates are 
limited by oxygen availability [62]. Activation of the 
SNS can cause peripheral vasoconstriction, resulting 
in tissue hypoxia which hinders both tissue repair and 
microbial clearance. Not surprising, oxygen modulated 
genes are also dysregulated by stress. For example, 
inductible nitric oxide synthase (iNOS) gene expression
is upregulated threefold in the wounds of restraint-
stressed mice [40]. Interestingly, hyperbaric oxygen 
(HBO) treatment restores both healing and iNOS gene 
expression to normal levels in this same model [40], 
indicating a critical role for oxygen in this model of 
stress-impaired healing.

Studies in mice have shown that peripheral NE 
release modulates both the inflammatory and prolifer-
ative phases of wound healing. As a result, a dysregu-
lation of NE often occurs during chronic stress and can 
be detrimental to wound healing. In restraint-stressed 
mice, nonspecific blockade of peripheral α-adrenergic 
receptors has been shown to attenuate impairments in 
wound closure and contraction, and normalize edema. 
This was not seen when peripheral β-adrenergic recep-
tors were blocked [32]. Conversely, in vitro studies have 
shown that activation of the β2-adrenergic receptor 
subtype delays wound healing [90], and inhibition of 
this same receptor accelerates healing [91] via pro-
migratory and pro-proliferative pathways [89].

To summarize, restraint stress delays dermal 
healing in mice through activation of the HPA axis. 
However, GC blockade attenuates, but does not fully 
block, these stress-induced healing impairments. 
Evidence shows that tissue oxygen levels mediate 
these effects as well, indicating a critical role for the 
SNS in this stress model. Both α- and β-adrenergic 
receptors appear to be involved in modulating these 
effects. Thus, inhibiting activation of both the HPA 
axis and the SNS simultaneously during wound heal-
ing may provide optimal healing responses in stressed 
individuals. Importantly, various stressors may differ-
entially activate these two pathways. This may explain 
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the inconsistencies of reported “stress effects” on 
immunity when different stress paradigms are used.

21.6.3 Alternative Stressors/Models

Aside from rodents and humans, stress has been seen 
to alter the molecular mechanisms of healing in non-
human primates. Confinement stress decreased the 
expression of pro-inflammatory chemokines (IL-8, 
MIP-1α) associated with early healing in the dermal 
wounds of rhesus monkeys [67]. Interestingly, lesions 
of the central nucleus of the amygdala, which mediates 
anxiety and fear responses, increased the expression of 
these chemokines.

Other studies have shown that factors that are anxi-
olytic (reduce anxiety) can alleviate stress-induced 
wound healing deficits. For instance, immobilization 
stress in Siberian hamsters delays wound healing in 
isolated but not in socially housed animals [23]. Social 
housing, which is anxiolytic to these animals, appears 
to improve wound healing through a suppression of 
HPA axis reactivity to stress [23]. It has been simi-
larly shown in some mouse species that social contact 
facilitates wound healing [48].

It is important to note that not all chronic stressors 
affect immunity and healing equally. Social disrup-
tion, in which an aggressive intruder mouse defeats 
all mice in a cage thereby changing the group’s social 
order, has also been examined in the context of wound 
healing. This disruption occurs for 2 h per day, repeat-
edly for six days. Interestingly, although this stressor is 
severe enough to cause the formation of GC resistance 
in splenocytes [102], it has no effect on wound heal-
ing rates [103]. Similarly, restraint stress in mice for 
only a few hours per day does not delay wound healing 
(unpublished observations). Therefore, both the type
and the duration of a stressor are critical components 
in determining the effects of stress on dermal healing.

21.7 Stress and the Skin Barrier

The epithelium provides a crucial barrier, providing 
resistance to pathogens and limiting the loss of water 
from the body. Tape stripping is a relatively noninva-
sive technique used to assess the repair of this barrier. 
Cellophane tape is repeatedly applied and removed 
from an area of dermis, commonly to the forearm, 
to cause skin barrier disruption. Barrier recovery is 
then assessed by using an evaporimeter to measure 

transepidermal water loss (TEWL) over time. Studies 
in hairless mice have shown that stress slows barrier 
recovery times, and anxiolytic drugs (i.e., tranquilizers) 
reduce this effect [21]. In humans, interview stress 
(Trier Social Stress Test) has been demonstrated to 
slow barrier recovery kinetics, and to increase circu-
lating levels of pro-inflammatory cytokines [72,2]. 
Moreover, cytokine responses were inversely correlated 
to skin barrier recovery, suggesting that stress-induced 
changes in cytokine secretion may lead to changes in 
barrier function homeostasis [2]. Muizzuddin et al. 
[84] showed that the stress associated with marital dis-
solution related to slower barrier recovery times but not 
to initial skin barrier strength, defined as the number 
of tape strippings required to disrupt the skin barrier 
(TEWL ≥ 18 g/m2/h). Other studies have demonstrated 
that slower barrier recovery times were related to the 
stress caused by university examinations [43] and by 
sleep deprivation [2]. These effects were generally the 
greatest in the individuals reporting the most stress. 
Thus, it is clear that stress affects skin barrier recovery, 
which is an important factor in many skin diseases 
(e.g., atopic dermatitis, psoriasis) and in dermal wound 
healing [43]. Interestingly, stress appears to impact these 
disease states and dermal healing, in part, by causing a 
generalized state of low grade inflammation.

21.8 Stress and Infection

Infection is the invasion and proliferation of microor-
ganisms into body tissues. If the body’s defenses are 
effective, these microorganisms will either be elimi-
nated or remain localized with sub-clinical effects. 
However, under conditions of stress, microorganisms 
may continue to proliferate and produce acute infec-
tion with localized clinical effects. Chronic infection 
is the persistence of this state. Finally, systemic infec-
tion may result if the microorganisms gain entry into 
the lymphatic or vascular systems.

Infected wounds heal slower with an increased 
chance of scarring [95]. The ability to prevent wound 
infection is reduced by various stressors such as foot 
shock in rats [104] and restraint stress in mice [14,97]. 
For example, in mice, the bacterial count after restraint 
stress in either excisional [97] or incisional wounds 
(unpublished observations) is greater than four logs 
more than controls, and at a level considered an indi-
cation of wound infection (i.e., >105 colony forming 
units [CFU]/g tissue) [96]. Using this criterion, 85.4% 
of excisional wounds became infected in stressed 
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mice vs. 27.4% in controls [97], resulting in a three-
fold increase in infection. Clearly, stress can greatly 
increase the risk of infection in healing wounds.

In a separate experiment, 107 CFU of group G 
Streptococcus were applied to the wound surface imme-
diately after wounding. Although sepsis has been shown 
to retard wound healing [94], this application of bacteria 
surprisingly improved healing rates in nonstressed con-
trol mice. This was presumably due to enhanced inflam-
mation, which quickens wound contraction. Interestingly, 
in stressed mice healing rates were not affected by this 
application of bacteria, and bacterial numbers remained 
higher than controls. Thus, under conditions of high 
microbial contamination, nonstressed mice exhibited 
accelerated wound closure and retained the ability to 
clear microbial contaminants, whereas stressed mice 
were unable to do either.

As previously discussed, multiple studies have dem-
onstrated that stress can slow wound closure. In as 
much as slower wound healing increases the chance of 
infection [95], persistence of bacteria in the wound 
site further delays wound closure by causing tissue 
damage and inhibiting re-epithelialization. Stress may 
also reduce neutrophil function and prolong neutrophil 
recruitment (unpublished observations), thereby increas-
ing neutrophil numbers at the wound site. Neutrophils 
themselves cause tissue damage through the oxidative 
burst, which is an important mechanism for killing 
microbes. In addition, neutrophils release substances that 
accelerate keratinocyte differentiation, thereby slowing 
keratinocyte proliferation and re-epithelialization [29]. 
Thus, through a variety of mechanisms stress may slow 
wound closure and promote infection, both of which 
promote each other.

Oxygen is reduced in the wound sites of stressed 
mice, and these levels rebound once stress is termi-
nated. Similarly, the number of microbes in the wounds 
of stressed mice drops dramatically once stress ends 
[40]. These findings suggest that oxygen is critical for 
microbial clearance. This seems likely, as neutrophils 
in the wound site have high oxygen requirements for 
killing bacteria. For this reason, keeping a wound open 
may help neutrophils function better, as oxygen levels 
are reduced upon wound closure. Interestingly, inhib-
iting neutrophils in wounds has been shown to accel-
erate wound closure without altering the quality of 
healing [28]. As discussed above, although neutrophils 
provide protection against infection they may simulta-
neously slow healing rates. Recently, their necessity in 
the healing of sterile (i.e., surgical) wounds has been 
questioned [28].

21.9 Aging and Wound Healing in Humans

It is well accepted that aging alters skin morphology 
[5]. Different studies have shown that older adult skin 
undergoes reductions in vascularization [110], collagen
density [20,50,110], granulation tissue [110], elastin 
[4,109], and fibroblast numbers [110]. However, whether
such morphological changes necessarily translate to 
delayed/impaired healing has been unclear. In addition, 
age-related differences in skin exist that are related to 
exposure to the sun, cell turnover, availability of stems 
cells, etc. [109]. Again, these differences do not nec-
essarily translate to age-related deficits. To date, the 
mechanisms by which aging impairs wound healing 
are not fully understood [3].

Numerous studies have reported delayed wound heal-
ing in the elderly (65+ years) [38,44,49]. Such findings 
have been criticized, however, because confounding 
factors more common in the elderly, such as morbidity 
and medication use, have not been adequately controlled 
[3,5,109]. In addition, these have mostly been clinical 
reports so wounds were not standardized between indi-
viduals. Therefore, while it is generally accepted that 
aging slows wound healing in animal models [92,108], 
until recently it has been unclear that aging per se delays 
wound healing in humans.

Using the previously described mucosal wound 
model, Engeland et al. assessed the effects of aging on 
mucosal wound healing for 7 days post-wounding in 
humans. Older individuals (50–88 years; n = 93) healed 
mucosal wounds significantly slower than younger 
adults (18–35 years; n = 119), regardless of gender. 
At five days post-wounding, wounds were 56% larger 
in older vs. younger subjects, and younger individuals 
were 3.7 times more likely to be considered healed than 
older individuals [35]. Additional analyses were per-
formed, which excluded individuals that were on any 
type of medication (excluding allergy medication, birth 
control, or nutritional supplements) and/or ever had a 
serious medical condition (e.g., diabetes, cancer, stroke, 
heart disease, hypertension, hypothyroidism, arthritis, 
other inflammatory disease, psychopathology). When 
these individuals were excluded from the analyses, 
older individuals were still found to heal slower than 
younger subjects. Surprisingly, the exclusion of indi-
viduals on medication strengthened the finding of an 
age-associated deficit in wound healing [35]. Thus, age-
associated delays were not exaggerated by medication 
use. Moreover, these findings suggest the detrimental 
effects of aging on wound healing may be even stronger 
than previously suspected.
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The effects of age appear to be interactive with other 
known risk factors for delayed healing. For instance, 
women were found to heal oral mucosal wounds 
slower than men, and older women (50+ years) healed 
the slowest of all subgroups (i.e., younger and older, 
men and women). Compared with younger men (18–
35 years of age), who were the fastest healing adult 
group, wound closure in older women was delayed by 
up to 95% [35]. Elderly individuals also have a higher 
frequency of chronic wounds (e.g., diabetic ulcers) 
than young adults [109], and concomitant morbidities 
(e.g., diabetes) which are more prevalent in the aged 
can certainly impair wound healing.

Aging is known to influence the HPA axis. It is gener-
ally accepted that peak levels of GCs are not substantially 
different in older vs. younger adults, but that termina-
tion of the stress response becomes impaired with aging 
[80,100]. Thus, GCs are expressed for a longer period 
of time in the elderly following stress. Such an extended 
period of GC secretion can result in lower cell recruit-
ment and an inhibition of cytokines and growth factors 
during healing. In addition, advanced age is associated 
with a hyper-inflammatory state, evidenced by higher 
circulating levels of pro-inflammatory cytokines and 
prostaglandins [76]. This is similar to what happens dur-
ing chronic stress (for review, see [54]) and can hinder 
appropriate immune responses upon injury. Hence, the 
impact of stress and age on immunity is interactive, with 
stress exacerbating the effects of aging [52]. This inter-
action between stress and aging may partially explain 
the increased variability in healing among older adults, 
and the morphological differences in tissues between 
older and younger adults.

21.10 Summary

Optimized dermal healing requires carefully regulated 
inflammation, which is rapidly resolved once bacte-
rial contamination has been eliminated. Recruitment 
of neutrophils is then discontinued, at which point 
remaining neutrophils undergo phagocytosis by mac-
rophages. If these processes are delayed or impaired in 
any way, for instance through reduced early recruitment 
or functioning of neutrophils, a period of extended 
inflammation results, leading to higher risks of both 
infection and scarring [95].

Chronic stress, in many forms (e.g., depression), has 
been shown to negatively impact healing rates. Stress-
induced activation of the HPA axis inhibits inflamma-
tory cytokine expression during the healing process. 

This not only impacts on inflammatory cell function 
during early healing, but also reduces cytokine-induced 
growth factor expression. SNS activity causes vaso-
constriction, thereby reducing oxygen levels in tissue, 
which can damage reparative cells. Oxygen is necessary 
for proper neutrophil function. Hence, tissue hypoxia 
impedes the clearance of microbes from the site of 
injury. As a result, stress prolongs the inflammatory 
phase of healing, inhibits re-epithelialization, and 
delays wound closure. Aside from infection, this delay 
can result in altered integrity of the injured tissue, com-
promised esthetics, and impaired function [95].

Many different factors act as stressors and/or inter-
act with stress such as pain, age, and medical condi-
tions such as diabetes. The average age of our society 
is on the incline. Thus, an increasing number of peo-
ple are at risk for stress-impaired healing and the need 
to identify such individuals prior to elective surgery 
is growing. Fortunately, the quantity of research and 
resources being dedicated to this important area is on 
the rise. With the increasing stressful lifestyle of mod-
ern society and with an increase in elective surgery, 
including cosmetic surgery, the need for optimized 
healing is high. The simultaneous targeting of both the 
HPA axis and the SNS, along with behavioral therapies 
aimed at reducing stress, provides a good potential 
model for “normalizing” wound healing in chronically 
stressed individuals. However, a greater understanding 
of the mechanisms involved in stress-impaired healing 
is needed to address these problems therapeutically.

› The available data strongly suggest that individuals under-
going chronic stress are at higher risk for delayed healing 
following surgery. Delays in wound closure, in turn, relate 
to higher rates of infection and medical complications.

› The effects of chronic stress on dermal wound healing include 
reduced early inflammation and higher bacterial counts. This 
is followed by delayed clearance of cellular infiltrates and a 
period of prolonged inflammation. The end result is slower 
contraction and re-epithelialization of the wound, and a 
poorer healing outcome (e.g., increased scarring).

› HPA activation is potently immunosuppressive and inhib-
its inflammation. SNS activation causes vasoconstriction, 
which reduces oxygen supply to the wound site and, in 
turn, hinders bacterial clearance and re-epithelialization. 
Concurrent inhibition of the HPA and SNS pathways may 
be a good therapeutic target for ameliorating impaired 
healing in individuals who are chronically stressed.

Summary for the Clinician
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