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Abstract Emerging research indicates that central-nervous
stress perception is translated to peripheral tissues such as
the skin not only via classical stress hormones but also via
neurotrophins and neuropeptides. This can result in neuro-
genic inflammation, which is likely to contribute to the
triggering and/aggravation of immunodermatoses. Al-
though the existence of such a “brain—skin connection” is
supported by steadily increasing experimental evidence, it
remains unclear to which extent perceived stress affects the
sensory “hardwiring” between skin and its afferent neurons
in the corresponding dorsal root ganglia (DRG). In this
paper, we provide experimental evidence in a murine model
of stress (exposure of C57BL/6 mice to sound stress) that
stress exposure, or intracutaneous injection of recombinant
nerve growth factor (NGF) to mimic the skin’s response to
stress, up-regulate the percentage of substance P (SP)" or
calcitonin gene-related peptide (CGRP)" sensory neurons in

R. A. Joachim * Q. T. Dinh - B. Handjiski - T. Fischer *
E. M. J. Peters - B. F. Klapp - P. C. Arck

Center of Internal Medicine and Dermatology,

Charité, University Medicine Berlin, Campus Virchow,
Berlin, Germany

A. Kuhlmei
University of Ulm,
Ulm, Germany

R. Paus

Department of Dermatology, University of Schleswig Hostein,
University of Luebeck,

Liibeck, Germany

P. C. Arck (P<)

Universititsmedizin Berlin, Biomedizinisches Forschungszentrum,
R. 2.0549, Augustenburger Platz 1,

13353 Berlin, Germany

e-mail: petra.arck@charite.de

PETRA ARCK

RICARDA JOACHIM
received her medical training at began to develop her scientific

interest on the effects of stress
on the neuroimmunoligical
hemostasis in health and disease
while receiving her medical
training at the University of
Tuebingen, Germany. After
postdoctoral fellowships at the
McMaster University in
Hamilton and the University of
Toronto, Canada, she is now

the University of Berlin,
Germany and the Catholic
University of Cordoba,
Argentina. She continued her
postgraduate training at the
psycho-neuro-immunological
research laboratory at the
Charité, Universitaectsmedizin,
Berlin, where she now leads a
research group. Her research
interests include the neuroim-  head of the psycho-
munological interaction in neuro-immunological research
health and disease, focusing on lab at the Charité, University
bronchial asthma. Medicine Berlin. Further, she is
an international associate of the
Brain Body Institute in Hamilton,
Canada.

skin-innervating DRG. Further, we show that the number of
SP* or CGRP" sensory nerve fibers in the dermis of
stressed C57BL/6 mice is significantly increased. Finally,
we document that neutralization of NGF activity abrogates
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stress-induced effects on the percentage of SP* and CGRP”*
sensory neurons in skin-innervating DRG as well as on
dermal sensory nerve fibers. These data suggest that high
stress perception results in an intense cross talk between the
skin and skin-innervating DRG, which increases the
likelihood of NGF-dependent neurogenic skin inflamma-
tion by enhancing sensory skin innervation.

Keywords Brain—skin connection - Dorsal root ganglia -
Nerve growth factor-dependent pathways - Stress -
Atopic dermatitis - Hair loss

Introduction

Emerging research indicates that the central stress
perception is translated to the body via stress mediators
such as neurotrophins and neuropeptides—besides the
traditional notion of a stress-triggered activation of the
hypothalamic pituitary adrenal (HPA) axis. In general,
such stress-response pathways may be considered as a
physiological process of adaptation to the demands of the
environment; however, an exceeding stress response has
been shown to aggravate or trigger chronic diseases in
selected individuals, such as exacerbations of inflamma-
tory bowel disease, atopic diseases, or pregnancy compli-
cations [1-5]. High perception of stress influences skin
immune homeostasis and may contribute to trigger and/or
aggravate immune dermatoses such as atopic dermatitis,
psoriasis, alopecia areata (AA), or chronic urticaria [6—8].
Further, stress perception has been suggested as a cause or
aggravating factor of telogen effluvium [9, 10].

Based on published evidence indicating a link between
stress perception and skin diseases [6, 7], we previously
postulated the existence of the “brain—skin connection”
through which the central stress response and peripheral
mediators of stress response execution challenge the skin’s
cell homeostasis and neuro-endocrine-immune equilibrium
[11]. The stress-induced increased expression of substance
P (SP) in skin nerve fibers and of cutaneous nerve growth
factor (NGF) consequently lead to the development of neu-
rogenic skin inflammation, recognized by its classical
features of mast cell degranulation, vasodilatation, and
plasma extravasation [12, 13]. Both SP and NGF are now
widely acknowledged as cardinal immunomodulators and
prevailing stress markers in different settings [4, 14-16].
NGF, an essential trophic factor for axon sprouting of
peptidergic and sympathetic neurons, promotes cross-talk
between neuronal cells, glia, and immune cells and facil-
itates monocyte/macrophage migration through vascular
endothelium [17]. During inflammation, NGF is markedly
up-regulated in nerves associated with the inflamed area
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[18], and NGF levels are increased in inflammatory skin
diseases such as psoriasis [19].

Today, established mouse models are on hand to investi-
gate stress effects on skin diseases. Sound stress, which is
widely used in neuro-endocrine-immunological research [3,
5, 20, 21], has been demonstrated to induce neurogenic skin
inflammation in mice [4, 22] and the premature termination
of murine hair growth [2, 4]. Blockade of the neurokinin-1
receptor [2], for which SP has the highest affinity, as well as
neutralization of NGF abrogate stress-induced neurogenic
inflammation [4]. Interestingly, Aoki and Kawana [23], who
employed a mouse model of intermittent foot shock stress,
independently supported the existence of a stress-associated
brain—skin connection by observing a retardation of hair
follicle cycling in stressed mice.

In the skin, sensory nerves derive from the dorsal root
ganglion (DRG) and represent the initial somatic portion of
the afferent sensory pathway. This cutaneous sensory
nervous system comprises a network of fine C-fibers which
innervate multiple target structures and play an essential
role in inflammation. SP is synthesized in DRG and
transported to the terminals of C-fibers located in the
dorsal horn of the spinal cord and in the skin [24], where it
can be released from sensory nerve fiber endings, e.g., in
response to NGF [25]. In-depth analysis of the intricate skin
innervation further revealed that—besides SP—the neuro-
peptide calcitonin gene-related peptide (CGRP) is localized
in primary afferent sensory neurons in bundles as well as
single nerve fibers, with distinct distribution patterns and
major hair-cycle-associated changes [26, 27]. In the
epidermis and around the distal hair follicle and the arrector
pili muscle, CGRP" nerve fibers can be detected, whereas
SP" nerve fibers are largely restricted to the dermis and
subcutis. Compared to telogen skin, the number of CGRP"
and SP" single nerve fibers is increased during anagen in
skin regions such as the bulge region [27], where the
epithelial stem cells of the hair follicle are located. CGRP is
a potent vasodilator, mediates weal and flare reaction, and
hence contributes to the perpetuation of neurogenic
inflammation [28]. Like SP, CGRP can be released in
response to peripheral stimuli or by inflammatory mediators
like interleukin (IL)-1 or prostaglandins [12]. Peptidergic
cutaneous innervation, which is subject to lifelong plastic-
ity, is altered in response to stress, as reflected by an in-
creased number of SP" nerve fibers and an increased
expression of NGF [2, 22]. However, to date, no insights
are available on cutaneous CGRP expression in response to
stress. Further, it remains to be elucidated whether or not
NGF-dependent skin inflammation orchestrates neuropep-
tide expression in DRG and if stress-triggered plasticity of
SP" and CGRP' DRG neurons and skin nerve fibers is
largely dependent on NGF.
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By employing the technique of retrograde tracing [29],
skin-innervating neurons in cervical and thoracic DRG can
be identified and allow their phenotypic evaluation. This
method, fundamental to map connectivity in the nervous
system, may provide insights if and how stress-induced and
NGF-dependent skin inflammation orchestrates neuropep-
tide expression in DRG by altering the relative expression
of neuropeptides among traced neurons.

Thus, in the present study, we aimed to investigate

1. whether stress exposure or subcutaneous (s.c.) injection
of recombinant NGF (to mimic stress in the absence of
sonic stress) affects the percentage of SP" and/or
CGRP" sensory neurons in skin-innervating thoracic
and cervical DRG in mice.

2. whether an increase in intracutaneous NGF (either as a
skin response to stress or as a result of s.c. NGF
injection) alters the number of immunohistochemically
detectable SP" and/or CGRP" sensory nerve fibers in
the dermis.

3. whether neutralization of NGF mitigates or abro-
gates stress-induced effects on the percentage of SP*
or CGRP" sensory neurons in skin-innervating DRG
and/or on SP* /CGRP" sensory dermal nerve fibers.

Materials and methods
Animals

Six- to 8-week-old female C57BL/6 mice were purchased
from Charles River (Sulzfeld, Germany) as mice at this age
show the most reliable and profound stress response and are
in the telogen stage of the hair cycle. The animals were
housed in community cages with 12-h light periods and
were fed water and mouse chow ad libitum. Animal care
and experimental procedures were followed according to
guidelines of the respective institutions and conformed to
the requirements of the state authority for animal research
conduct.

Anagen induction

Anagen was experimentally induced by depilation, as
previously published [30]. Briefly, mice were anesthetized
with intramuscular injection of ketamine hydrochloride
(Ketanest, Parke-Davis, Freiburg, Germany, 10 mg/kg body
weight) and xylazine hydrochloride (Rompun, Bayer,
Leverkusen, Germany, 10 mg/kg). Then, a wax/rosin mix-
ture was applied to the dorsal skin of mice with all hair
follicles in telogen, as evidenced by the pink back skin
color. Peeling off the wax/rosin mixture removes all hair

shafts and immediately induces a highly synchronized hair
growth.

Retrograde Tracing of DRG

Mice were anesthetized 9 days post-depilation (p.d.), and a
FluoroGold-like tracer (hydroxystilbamidine; Biotium) was
applied in five s.c. injections with a total volume of 20 pl at
a concentration of 1.25% (100 mg/800 pl distilled H,O) in
the dorsal skin tissue right below the scapula, covering a
total tissue area of about 1 cm”. All animals recovered
undisturbed for a postoperative period of 5 days, until day
14 p.d. [4].

Application of stress

For each experimental setting, a group of C57BL/6 mice
(n=4) was exposed to sonic stress for the duration of 24 h
starting on day 14 p.d., when all back skin hair follicles
were in late anagen. The time point of stress application in
the model of induced anagen was chosen based on earlier
experiments, where stress effects on hair cycle and
neurogenic inflammation in the skin were examined [2,
4]. In this paper, we aimed to extend the knowledge about
stress effects to the level of skin-innervating neurons and
influence on neuronal and peripheral CGRP expression.
The sonic stress was emitted by a rodent repellent device
(Conrad Electronics, Berlin, Germany) at a frequency of
300 Hertz in intervals of 15 s. The stress device was placed
into the mouse cage so that the mice could not escape
sound perception.

Application of NGF

A subgroup of nonstressed mice (n=4) was injected
subcutaneously on day 14 in the dorsal skin with murine
NGF (7S; Roche, Mannheim, Germany) with 10 ul/mouse
at a concentration of 100 pg/ml phosphate-buffered saline
(PBS). The NGF concentration has been selected consider-
ing a publication with local NGF application to murine
airways [31]. We included this subcutaneous application of
NGF to mimic stress-triggered increase in skin NGF.
Another subgroup of mice was injected with PBS alone
and served as a nonstressed control (n=4).

Application of anti-NGF

Intraperitoneal application of 200 pl polyclonal rabbit
antimouse NGF antibody (Sigma-Aldrich, Munich, Ger-
many) at a dilution of 1:1,500 in PBS was performed in two
respective groups of nonstressed control (n=4) or stressed
mice (n=4) on days 14 and 15 p.d. According to the
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manufacturer, a 1:4,000 dilution of this antibody blocks
bioactivity of 5 ng/ml NGF.

Tissue preparation

On day 16 p.d., at the time when control mice are just about
to spontaneously enter the anagen/catagen transformation of
their depilation-induced hair cycle [32], all mice were killed.
The animals were perfusion-fixed retrogradely through the
left ventricle with freshly prepared Zamboni’s solution (2%
paraformaldehyde, 15% picrinic acid, 0.1 mol/l PBS,
pH 7.4) for 5 min. Dissection of the Zamboni-fixed cervical
and thoracic DRG (C4 to Th10) was performed by rinses in
0.1 mol/l phosphate buffer (pH 7.4) and cryoprotection with
18% sucrose in 0.1 mol/l phosphate buffer overnight. On
average, 30 DRGs were harvested per mouse and screened
for traced neurons by preparing cryosections of each DRG.
Traced DRG could predominantly be identified from C5 to
Th3, thus, on average, 14 traced DRG/mouse were
available for the preparation of serial sections, and
approximately 40 consecutive slides were cut per DRG.

Skin specimens from the neck region of the murine back
were harvested parallel to the vertebral line, snap-frozen in
liquid nitrogen, and then covered with embedding medium, as
described in detail in by Miiller-Rover et al. [30]. Cryosec-
tions were then processed for immunohistochemistry.

Fluorescence immunohistochemistry of SP and CGRP
in ganglia and skin tissue

Ganglion (7 um) and skin (14 pm) sections were air dried
for 30 min and incubated overnight with the correspond-
ing primary antibody at a dilution of 1:400 with a mono-
clonal rat antimouse SP antibody (Chemicon) and at a
dilution of 1:200 with monoclonal rabbit antimouse CGRP
antibody (Chemicon). Several washing steps were fol-
lowed by an incubation of 1 h at 37°C with rhodamine-
conjugated F(ab), fragments of goat antimouse IgG or
goat antirabbit IgG (Jackson ImmunoResearch), respec-
tively, at a Tris-buffered saline (TBS) dilution of 1:200 in
2% mouse normal serum. All sections were mounted and
stored at —20°C until further analysis.

Quantitative histomorphometry and statistical analysis

A fluorescence microscope (Axioplan; Zeiss, Jena,
Germany) with appropriate excitation emission filter
system for fluorescence induced by rhodamine was used
to analyze fluorescence immunohistochemistry (FIH)-
labeled sections. FluoroGold-positive neurons were iden-
tified through a wide-band UV filter. To avoid double
counting of neurons, only neurons with an apparent
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nucleus were counted. Expression of neuropeptides in
ganglion sections is indicated as percentage of retrograde
traced neurons. Analysis and photo documentation was
performed by a digital image analysis system (Spot
advanced software, version 3.5.2; Visitron Systems;
Puchheim, Germany). Quantification of single dermal
nerve fibers was performed by histomorphometry as pre-
viously described [33]. From each mouse, two to four
different sections were used to analyze at least ten adjacent
microscopic fields. This number was raised up to 100 mi-
croscopic fields per mouse if there were microscopic fields
with no positive nerve-fiber profiles detectable. The data
were pooled per mouse and the mean and standard error
calculated per group. Nonparametric tests were used because
of nonnormal distribution of the results (Kolmogorov—
Smirnov). Significance of differences between groups was
determined using the nonparametric Kruskal-Wallis test
followed by the Mann—Whitney U test to compare two
groups. Differences were judged as significant if the p value
was <0.05.

Results

Stress and cutaneous injection of NGF up-regulate
the percentage of SP™ and CGRP" sensory neurons
in skin-innervating DRG

The percentage of SP* and CGRP" sensory neurons in skin-
innervating DRG was determined among the total number
of neurons which could be traced by retrograde labeling. As
already shown in pilot experiments in one of our earlier
publications [4], the percentage of SP™ sensory neurons in
skin-innervating DRG was significantly increased in ani-
mals exposed to sonic stress compared to nonstressed
control animals (p<0.05; Fig. la; representative photo-
graphs are shown in Fig. 2a—d). S.c. injection of recombi-
nant murine NGF in the dorsal skin mimicked the effect of
stress on neuronal plasticity in DRG, as the percentage of
SP" sensory neurons in skin-innervating DRG was signif-
icantly increased in these animals compared to nonstressed
control animals (p<0.05; Fig. la).

Similar results were obtained with respect to CGRP"
sensory neurons in skin-innervating DRG. In the present
study, stress exposure resulted in a significantly higher
percentage of CGRP" neurons among the skin-innervating
neurons localized in spinal DRG compared to nonstressed
control mice (p<0.05). Further, s.c. injection of NGF into
the dorsal skin also caused an increase in the relative CGRP
expression among the traced neurons, akin to stress
exposure (p<0.05; Fig. 1b, representative photographs are
shown in Fig. 2e-h).
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Fig. 1 a Percentage of sub- a
stance P-positive neurons from
total number of retrograde

traced neurons in dorsal root
ganglia from nonstressed con-
trols, stressed mice, and non-
stressed mice subcutaneously
injected with NGF. Columns
represent mean and SEM per
group. b Percentage of CGRP-
positive neurons from total
number of retrograde traced
neurons in dorsal root ganglia
from nonstressed controls,
stressed mice, and nonstressed
mice subcutaneously injected
with NGF. Columns represent
mean and SEM per group
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Increased numbers of SP* and CGRP" sensory nerve fibers
in the dermis

Besides the effect of stress and/or cutaneous NGF on
neuronal plasticity of DRG, we wished to identify the effect
of stress exposure or s.c. NGF injection in the dorsal skin
on the expression of neuropeptides in the skin. In this
paper, we confirmed our pilot data [2] by showing that
stress exposure resulted in an increased number of SP*
nerve fibers in the skin, compared to nonstressed mice (p<
0.01). In addition, we now provide experimental evidence
that local injection of NGF in the dorsal skin led to an
increased expression of SP' nerve fibers in the skin,
although levels of significance could not be reached when
compared to nonstressed control mice (Fig. 3a, representa-
tive photographs are shown in Fig. 2i and j).

Stress exposure resulted in an increased number of
CGRP" nerve fibers in the skin compared to nonstressed
mice (p<0.05). Further, local injection of recombinant NGF
in the dorsal skin led to a significantly increased number of
CGRP" nerve fibers in the skin when compared to
nonstressed control mice (»p<0.05; Fig. 3b; representative
photographs are shown in Fig. 2k and I).

Neutralization of NGF abrogates stress induced effects
on the percentage of SP” and CGRP" sensory neurons
in skin-innervating DRG

In a second set of experiments, we determined the role of
NGF in stress-induced neuronal plasticity of SP* and
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CGRP " neurons in retrograde traced neurons of the DRG
and nerve fibers in the skin, respectively, by neutralizing
NGF in mice, employing an established method of injecting
mice with a neutralizing antibody to NGF [4, 34]. This
showed that neutralization of NGF significantly abrogated
the effect of stress on the increased percentage of SP*
neurons in DRG (p<0.05; Fig. 4a). Similarly, neutralization
of NGF also diminished the stress-triggered increased
percentage of CGRP" neurons in DRG (p<0.05; Fig. 4b).

Neutralization of NGF abrogates stress induced effects
on numbers of SP* and CGRP" sensory nerve fibers
in the dermis

Next, we analyzed the effect of NGF neutralization on SP*
and CGRP" sensory nerve fibers in the dermis and
observed that both the stress-triggered increase in SP"
(Fig. 5a) as well as CGRP" nerve fibers in skin (Fig. 5b)
were significantly abrogated upon NGF neutralization.

Discussion

With the present work, we provide experimental evidence
that stress exposure and cutancous NGF modulate the
percentage of SP” and CGRP" neurons in skin-innervating
DRG. We further show that stress exposure or s.c. injection
of NGF up-regulate the number of CGRP" and SP" skin
nerve fibers. Lastly, we provide substantiation that the cross
talk between neuropeptide expression in skin and DRG is
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Fig. 2 Representative examples of flourogold-traced dorsal root
ganglia from nonstressed (a) and stressed mice (¢). b Corresponding
area to a using the rhodamine filter to identify substance P (SP)-
positive neurons. d Corresponding area to ¢ using the rhodamine filter
to identify SP-positive neurons. Arrows indicate SP-positive neurons.
Representative examples of flourogold-traced dorsal root ganglia from
nonstressed (e) and stressed mice (g). f Corresponding area to e using
the rhodamine filter to identify CGRP-positive neurons. h Corresponding
area to g using the rhodamine filter to identify CGRP-positive neurons.
Arrows indicate CGRP-positive neurons. Immunoreactivity for SP (i, j)
and CGRP (k, 1). Representative dermis sections from nonstressed
controls (i, k) and stressed mice (j, ). Magnification 200x
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dependent on NGF, as systemic neutralization of NGF
prevented stress-triggered alterations of CGRP" and SP*
skin nerve fibers and skin-innervating DRG neurons.

Stress exposure up-regulates the number of CGRP*
and SP" skin nerve fibers via NGF-dependent pathways

In the skin, neuropeptides comprise a large family of
regulatory molecules including tachykinins, CGRP, vasoac-
tive intestinal peptide (VIP), pituitary adenylate cyclase-
activating polypeptide (PACAP), and others. Their important
role in skin health and disecase has been investigated
intensively (latest reviews [35, 36]). In this context, a
wealth of published data is now available on the role of
cutaneous SP. Once released into the skin, the tachykinin
SP induces inflammation and vasodilatation and activates
mast cells [16, 37]. Increased numbers of SP* nerve fibers
have been observed in inflammatory skin diseases like
atopic dermatitis and psoriasis, as well as in AA and telogen
effluvium (recently reviewed in [38]). SP induces adhesion
molecule expression (P-selectin, E-selectiny, VCAM-1) on
skin-isolated human endothelial cells and promotes infiltra-
tion with neutrophil and eosinophil granulocytes [39].
Further, emerging research indicates that cutaneous
CGRP is released by sensory neurons and modulates
vasodilatation, plasma extravasation, as well as several
biological functions of epidermal and dermal cells [37].
There is some evidence that immunocompetent cells like
macrophages, lymphocytes, neutrophils, mast cells, and
Langerhans cells express CGRP receptors indicating the
immunomodulating potential for CGRP [40—44]. In the
skin, like SP, CGRP exerts vasoactive effects [12].
Clearly, the skin is a crucial barrier protecting the body
against external harmful influences [45], which is largely
mediated by the skin’s immune system, whereas an im-
paired barrier function is characteristic in immune derma-
toses such as atopic dermatitis and psoriasis vulgaris [46,
47]. Thus, an increased release of SP or CGRP in response
to stress, as identified in the present study by employing a
mouse model, may trigger or aggravate such immune
dermatoses and/or AA by challenging skin immune
homeostasis and skin barrier function. This notion is
supported by studies in humans suggesting that CGRP is
involved in the pathophysiogenesis of AA. Hordinsky et al.
[48] reported increased neuronal CGRP immunoreactivity
around eccrine glands of AA patients, while Meyronet et al.
[49] found decreased immunoreactivity of skin and hair
follicles in the areas of lesions compared to biopsies from
healthy scalp regions. Lower levels of CGRP were detected
when comparing biopsies from AA patients with those from
healthy controls [50]. Other mediators like the neuropeptide
neurotensin [51] or the corticotropin-releasing hormone
(CRH) [52] via induction of mast cell degranulation might
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Fig. 3 a Number of substance a
P-positive nerve fibers per visu-
al field in the dermis from non-
stressed controls, stressed mice,
and nonstressed mice subcuta-
neously injected with NGF.
Columns represent mean and
SEM per group. b Number of
CGRP-positive nerve fibers per
visual field in the dermis from
nonstressed controls, stressed
mice, and nonstressed mice
subcutaneously injected with
NGF. Columns represent mean
and SEM per group

12 7

%

SP*nerve fibers/visual field

[ no stress exposure
stress exposure
[l s.c. NGF injection

be involved in the pathogenesis of inflammatory skin
disorders, especially those exacerbated by stress effects.
Future research is needed to identify whether alterations of
skin neuropeptide expression in humans may be identified in
response to high stress perception.

Stress-triggered cross talk between neuropeptides
expression in skin and DRG is dependent on NGF

Neuropeptides are synthesized in the neuronal cell body
located in DRG and are transported to the peripheral nerve
ending and released under certain conditions like local

Fig. 4 a Percentage of sub- a
stance P-positive neurons from
total number of retrograde

=y
D

(o]

CGRP*nerve fibers/visual field

[] no stress exposure

stress exposure
[ s.c. NGF injection

mechanical or thermical stimulation [53, 54]. As neuro-
peptides located in cutaneous nerve fibers originate from
sensory neurons, we aimed to investigate their neuronal
expression. It is well established that increases in the
neuropeptides SP and CGRP in the innervating DRG occur
after target-tissue damage like inflammation [18] or
wounding [55]. In this paper, we were able to show that
sonic stress, a stimulus processed and transmitted from the
central nervous system, induces neuronal plasticity in skin-
innervating sensory neurons.

Second aim of the study was to dissect the role of NGF
in stress-induced neuropeptide expression in DRG neurons.

b

traced neurons in dorsal root
ganglia from nonstressed con-
trols, stressed mice, and non-
stressed mice and the respective
groups subcutaneously injected
with anti-NGF. Columns repre-
sent mean and SEM per group.
b Percentage of CGRP-positive
neurons from total number of
retrograde traced neurons in
dorsal root ganglia from non-
stressed controls, stressed mice,
and nonstressed mice and the
respective groups subcutaneous-
ly injected with anti-NGF.
Columns represent mean

and SEM per group

e — |

% SP*neurons/all fluorogold* neurons
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Fig. 5 a Number of substance a
P-positive nerve fibers per visu-
al field in the dermis from non-
stressed controls, stressed mice,

and the respective groups sub-
cutaneously injected with anti-
NGF. Columns represent mean
and SEM per group. b Number
of CGRP-positive nerve fibers
per visual field in the dermis
from nonstressed controls,
stressed mice, and the respective
groups subcutaneously injected
with anti-NGF. Columns repre-
sent mean and SEM per group

—t—

% SP*nerver fibers/visual field

[J no stress exposure
[l stress exposure
V) no stress, anti-NGF
[ stress, anti-NGF

In the recent years, NGF and its ability to induce tachykinin
and other neuropeptide expression in DRG have been
investigated intensively in animal models in vivo and in
vitro. More than 20 years ago, Kessler and Black [25]
showed for the first time that neonatal NGF application
dramatically increased SP content in DRGs 2 days after
application. Similar results were reported by Otten et al.
[24] the same year; however, administration of anti-NGF
reduced SP content in sensory neurons and nerve fibers in
the skin. Local NGF injection into paws or ear skin led to
increased preprotachykinin and prepro CGRP mRNA
expression in the corresponding DRG and increased SP
and CGRP immunoreactivity in corresponding afferent
neurons [56]. In the present study, we were able to prove
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that neuronal plasticity of DRG is under the influence of
stress, as the percentages of CGRP' and SP" skin-
innervating neurons significantly increased, and higher
numbers of nerve fibers localized in the skin showed
neuropeptide positivity. Such stress-triggered ganglionic
and peripheral neuropeptide expression is clearly regulated
by NGF, as neutralization of NGF abrogates the stress
effects. Further, s.c. application of recombinant NGF
mimicked the increase in neuronal neuropeptide expression
in DRG. In this paper, no effect of s.c. NGF application
could be identified with respect to the number of SP*
cutaneous nerve fibers, which may be attributable to of the
experimental approach we chose, such as an impaired
bioactivity of NGF by local degradation. However, NGF

DRG Stress Response

Neuronal Plasticity
Stress ‘
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e <
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Skin Stress Response
Neurogenic Inflammation

NGF%&
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Dermatoses
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Fig. 6 Hypothetical scenario. After stress or exogenous NGF
application, SP and CGRP are up-regulated in skin-innervating
neurons located in DRG. This neuronal increase is associated with
local neuropeptide increase in skin nerve fibers. Release of these
neuropeptides leads to increased neurogenic inflammation, which
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might not only interfere with hair follicle cycling, subsequently
leading to telogen effluvium or an aggravation of alopecia areata, but
also deteriorate immune-driven dermatoses such as psoriasis or atopic
dermatitis
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application increased the number of CGRP' cutaneous
nerve fibers. This result is in line with findings from Albers
et al. [57] who found increased sensory innervation in the
skin of NGF-overexpressing mice.

Together with the finding that anti-NGF application
abrogated stress-induced effects on neuropeptide expression
in retrograde traced neurons and local nerve fibers, our data
strongly suggest a stress-mediating role for NGF. Probably,
stress through the demonstrated neuropeptide release and
neurogenic inflammation might impair the skin barrier
function by increasing vascular permeability and/or influ-
encing local immunocompetent cell populations like den-
dritic cells. This question has to be investigated in the
future.

Finally, a hypothetical scenario based on our recent
findings is drawn in Fig. 6. After stress or exogenous NGF
application, SP and CGRP are up-regulated in skin-
innervating neurons located in DRG. This neuronal increase
is associated with local neuropeptide increase in skin nerve
fibers. Release of these neuropeptides leads to increased
neurogenic inflammation, which might not only interfere
with hair follicle cycling, subsequently leading to telogen
effluvium or an aggravation of AA, but also deteriorate
immune-driven dermatoses such as psoriasis or atopic
dermatitis.
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