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Abstract

Background and aim: A connection between chronic mild stress and altered innervation in the skin of an

atopic mouse strain, NC/Nga, was studied.

Material and methods: We used three groups of mice, stressed control (SC, stressed but not immunized with
a mite antigen), non-stressed eczematous (NSE, not stressed but immunized) and stressed eczematous (SE,

stressed and immunized).

Results: There was a decrease of protein gene product (PGP) 9.5 positive nerve fibers in SE compared to SC
mice, in both epidermis and dermis, also in SE compared to NSE mice. Also a decrease in growth associated
protein (GAP)-43 positive nerve fibers was seen in SE compared to SC, in both epidermis and dermis.

Conclusion: Chronic mild stress in atopic mice leads to decreased innervation in eczematous lesions.
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Introduction

Atopic dermatitis (AD) is a common multifactorial
chronic eczematous skin disorder that often starts in early
childhood, affecting 10-20% children worldwide and
1-3% of the adult population [1]. This disease often has
a remitting/flaring course, and is exacerbated by social,
environmental and biological triggers. Psychological
stress is known to aggravate the symptoms of AD [2, 3].
Nevertheless, the exact mechanism by which psychologi-
cal stress deteriorates AD is not yet known. The patients,
from our treatment perspective, are more able to handle
acute compared to chronic stress.

The definition of acute and chronic stress is related to
the duration of the stress. Acute stress lasts for minutes
to hours whereas chronic stress persists several hours a
day for weeks or months. In general, acute stress has been
found to be immunoenhancing compared to chronic
stress which is immunosuppressive. An important

marker for chronic stress is dysregulation of the cortisol/
corticosterone rhythm [4].

The cross-talk between neuroendocrine and immune
systems is well documented [5]. Stress can stimulate the
hypothalamic-pituitary-adrenal axis (HPA) to release
stress hormones, such as cortisol, that may influence
the pathogenesis of immune and cutaneous diseases.
Furthermore, stress is known to cause mast cell activa-
tion and degranulation [5]. Slominski et al. [6] showed the
cutaneous synthesis and release of adrenocorticotropic
hormone (ACTH) by keratinocytes and melanocytes.
ACTH has been suggested to play a regulatory role in skin
inflammatory diseases [7].

It has been reported that the innervation of the lesional
skin from patients with AD is increased [8, 9]. In addi-
tion, the diameter of the nerves was also larger [10]. This
implicates that nerve fiber growth could be a part in the
pathogenesis of AD. Acute stress has been reported to
increase the innervation in humans [11] and mice [12].
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It is possible to examine innervation and axonal
growth by using PGP 9.5 (protein gene product 9.5),
which is ubiquitin carboxyl-terminal hydrolase that is
abundantly present in unmyelinated epidermal C fibers
and also most of the cutaneous nerves [13], and GAP-43
(growth associated protein-43) that detects newly gener-
ated nerve fibers.

There are different animal models where an AD-like
disease may be obtained [14]. The most common used
of these models is the NC/Nga mouse that upon immu-
nization suffers from both macroscopic and microscopic
AD-like skin lesions [15, 16]. These animals constitute a
good model for studying the processes that take place in
the skin, and for comparisons with AD in humans.

It is of interest to investigate whether chronic mild
stress [17] could lead to a change in the innervation of the
affected skin in AD. In the present study we examined the
expression of PGP 9.5 and GAP-43 positive nerve fibers in
atopic mice exposed to chronic mild stress.

Material and Methods

Animals

Six-week- old female NC/Nga mice (Charles River
Laboratories, Solna, Sweden) were used.

Chronic stress

The chronic mild stress procedure used was earlier
described by Lanfumey et al. [18]. The mice were kept
in a Scantainer box type 50-SCNT-Z11 (Scanbur AS,
Koge, Denmark) and we used different stressors such as
reversed light/dark cycle, confinement to small cages,
one period of continuous overnight illumination, over-
crowding of the animals, one overnight period of wet soil,
repeated periods of cage-tilting (30°) and short periods
of food and water deprivation.

Immunization

The mice were divided into 3 groups (8 mice per group).
One group was stressed and immunized (stressed ecze-
matous, SE). They were subject to chronic mild stress
for 8 weeks. In addition to a continuation of the stress,
eczema was induced, in parallel for an additional 4
week period, by painting their ears with a mite antigen,
Dermatophagoides pteronyssinus (Allergon, Angelholm,
Sweden).

Anon-immunized control group was stressed (stressed
control, SC), being painted on their ears using the sol-
vent, whereas a second immunized group was relieved
from stress (non-stressed eczematous, NSE), being kept
outside the box and also painted on their ears with the

mite antigen for the last 4 weeks. They were maintained
on a 12-hr light/dark cycle under controlled temperature
between 18 and 22°C.

Processing of samples

After 12 weeks the animals were sacrificed and the ear
diameters were immediately measured using a calliper
(Kroeplin, Schluchtern, Germany). Blood samples were
collected at 10 a.m. and the plasma corticosterone was
measured using a Corticosterone RIA kit (RS 490 11) from
IBL (Hamburg, Germany) following the instructions of
the manufacturer.

Tissue samples of the ears were subject to immunohis-
tochemistry in order to analyze a change in innervation.
For that purpose the ears were fixed in 4% formalin with
0.2% picric acid for 2h at 4°C. They were then rinsed with
0.1 mol/L phosphate buffer containing 10% sucrose for
at least 24 h. Tissues where then embedded in Tissue-
tek (Sakuro Finetek, Zoeterwoude, The Netherlands)
and sectioned (14um thick) using a Dittes cryostat
(Heidelberg, Germany). The cryosections were mounted
on SuperFrost/Plus glass slides (Menzel-Glaser, Freiburg,
Germany) and stored at —-70°C until the application of
immunohistochemistry using an immunofluorescence
(IF) technique.

Immunohistochemistry

Polyclonal rabbit antibodies directed against PGP 9.5
(dilution 1:10 000; RA95101, UltraClone, Cambridge,
England) and GAP-43 (1:3 000; AB5220, Chemicon,
Temecula, CA, USA) were used. The sections were incu-
bated with the primary antibodies at 4°C overnight.

On the next day the secondary biotinylated goat
anti-rabbit antibody (BA 1000; Vector, Burlingame, CA,
USA), diluted 1:200 in 1% bovine serum albumin (BSA)/
phosphate buffered saline (PBS), was applied and incu-
bated for 40 min. This step was followed by adding fluoro-
chrome Cy2-labelled streptavidine (1:2 000; PA 42001,
Amersham, Biosciences, Uppsala, Sweden), for 40 min,
in order to visualise the primary antibodies.

As negative controls the primary antibodies were
omitted or normal rabbit serum (X0936; Dako, Glostrup,
Denmark) was used replacing the primary antibody,
which gave a negative staining for the nerve fibers.
Lastly, the sections were rinsed in PBS and mounted with
Kaiser’s glycerol gelatin.

Microscopy

For examining and photographing the PGP 9.5 sections
a Nikon Eclipse E 800 (Yokohama, Japan) microscope
equipped for epifluorescence was used. Cy2-fluorescent
elements were visible with a B-1E filter cube (excitation



at 465-495nm). The PGP 9.5 stained sections were then
analysed using a software program (see Image analysis).
Twenty-four pictures, representing four sections, were
taken per mouse. All areas of the sections were repre-
sented except the ends.

GAP-43 positive nerve fibers were counted manually
for practical reasons due to the low contrast between
the positive nerves and the surrounding tissue, which
influenced the threshold settings for detection of the
fluorescence. Nerve fibers that crossed the dermoepider-
mal junction were included in the layer in which most
of the nerve fiber was found. Fibers that were clearly
connected to hair follicles or glands were not included.
From the GAP-43 stained sections 2 areas per section (8
per mouse) were counted. The microscopic evaluation
was performed by one observer (LL).

Image analysis

The image analysis was performed on the PGP 9.5
stained nerve fibers using the software program Easy
Image Analysis (Bergstrom Instruments, Solna, Sweden).
Images from microscopic fields for the ear sections (1 cm
long) were stored by using a digital video camera system
(Nikon DXM 1200, Yokohama, Japan) attached to the
Nikon Eclipse E 800 microscope and connected to a PC.
The results were given in area fraction (ratio of specifi-
cally stained fluorescent/nonfluorescent area).

Statistical analysis

For statistical analysis the Student’s t-test was used. A p
value of <0.05 was regarded as significant.

Results

Corticosterone levels

At the termination of the experiment the SE group showed
lower corticosterone levels, 496.4+221.5 (mean+SD)
ng/ ml, compared to the other groups, 738.6£232.1, in
the NSE and 805.2 +144.4ng/ml, in the SC.

Degree of inflammation

The diameter of the ears was larger in the SE group,
0.49+0.11mm, compared to the NSE, 0.36+0.13mm
(p<0.01) and the SC, 0.23+0.00mm (p<0.001).

PGP 9.5

Epidermis
There was a decrease (p<0.01) in the PGP 9.5 positive
nerve fibers (Figure 1A-C) in the SE (area fraction,
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0.8+0.3, mean + SD) compared to the NSE group
(2.4+1.2) (Figure 2). Also the SE compared to the SC
group (2.5+1.2) showed a decrease (p<0.01) of these
fibers.

Dermis

There was a decrease of the PGP 9.5 positive nerve fib-
ers (p<0.01) in the SE (1.3+0.3) compared to the NSE
group (2.9+1.2) (Figure 3). Also the SE compared to the
SC group (3.4+0.9) showed a decrease (p<0.001).

GAP-43

Epidermis

There was a decrease (p<0.005) in the GAP-43 positive
epidermal fibers (Figure 4A,B) in the SE (40.7 +20.5 fibers
per section) compared to the SC group (75.9+20.4). Also
the NSE (48.1+28.8) compared to the SC group showed
a decrease (p<0.05). There was no difference in the
stressed eczema group, SE, compared to the NSE group
(Figure 5).

Dermis

There was a decrease (p<0.05) in the number of GAP-43
positive dermal fibers in the SE (108.6 +29.7 fibers per
section) compared to the SC group (133.5+31.8). The
value for the NSE group was 122.9+27.5.

Discussion

In the present study there was a decrease in PGP 9.5 posi-
tive nerve fibers in the SE compared to the NSE mice, in
both epidermis and dermis. Also a decrease in GAP-43
positive nerve fibers was seen in the SE compared to the
SC group in both the epidermis and dermis.

An increase in innervation has been shown in some
studies of AD [8-10]. Since stress is known to make the
symptoms of AD worse it might have been expected that
the innervation would have been increased instead of
being decreased in response to stress, in our present
study. In this respect the skin innervation has been noted
to increase in mice exposed to sonic stress for 24 h [12]
and also in humans 24 h after acute social stress [11]. Yet,
in a human study of AD patients with a history of worsen-
ing during chronic stress it was found that the number
of nerve fibers was decreased in involved compared to
non-involved eczematous skin [19].

A possible explanation for our present results could be
that the stress situation used was a chronic one. Initially
stress might increase the innervation, but with time it
might instead lead to a decrease. It is possible that there
has been a mechanical injury of the nerve fibers caused
by the scratching, giving a slight nerve damage. This
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Control

Figure 1. Expression of PGP 9.5 positive nerves (arrows) in the epidermis and dermis of stressed eczema (SE) (A), non-stressed eczema (NSE) (B)
and stressed control (SC) (C) groups. A negative control, where the primary antibody has been omitted, is seen in (D). Scale bars 20 pm.
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Figure 2. Graph showing area fraction (mean+SD) of PGP 9.5 fibers
in the epidermis of the different mice groups.

scratching per se might be due to central effects of the
chronic stress, lowering the threshold for perception of
pruritus.

One should also consider a modulation in the function
of the keratinocytes as a result of the chronic inflam-
mation in the skin, which worsens by chronic stress.
Keratinocytes have a trophic effect on sensory neurons
that is mediated by soluble factors among which nerve
growth factor (NGF) is believed to play an important role
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Figure 3. Graph showing area fraction (mean+SD) of PGP 9.5 fibers
in the dermis of the different mice groups.

[20]. One could speculate on a stress-related decrease of
the innervation mediated by the central and peripheral
nervous systems, presumably caused by a combination
of the physical, in the form of eczema, with keratinocyte
malfunction, and psychological stress, decreasing the
neurogenesis. This may further lead to a dysregulation
of the functions of factors such as neurotrophins, NGF
and brain-derived neurotrophic factor (BDNF).
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Figure 4. Expression of GAP-43 positive nerves (arrows) in the epidermis and dermis of stressed eczema (SE) (A) and stressed control (SC) (B)

groups. Scale bars 20 pm.
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Figure 5. Graph showing number (mean+SD) of GAP-43 fibers in the
epidermis of the different mice groups.

In the present study there was no difference in the
GAP-43 expression between the SE and NSE groups.
This might indicate that the chronic mild stress does
not affect the newly formed nerve fibers. In a rat model
it has been shown that chronic psychosocial stress and
chronic restraint stress lead to suppression of neuro-
genesis of the hippocampus as measured by the bro-
modeoxyuridine (BrdU) labeling method [21]. Yet, after
chronic restraint stress GAP-43 expression was shown
to be only slightly decreased in specific areas of the hip-
pocampus or not decreased when analyzing the total
hippocampus [21, 22].

However, one should consider possible differences
in the GAP-43 expression in the central compared to the
peripheral nervous systems. It should also be taken under
consideration that GAP-43 might not be sensitive enough
when studying effect of stress on neuronal tissue.

In conclusion, chronic mild stress can cause a decrease
in preformed cutaneous nerves in eczematous skin. The
slowdown of the process of neuronal regeneration in
the eczematous skin of atopic mice could be due to the
inflammation per se.
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