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Abstract Atopic eczema is often worsened by stress.
While acute stress is associated with increased turnover of
serotonin (5-hydroxytryptamine; 5-HT), chronic stress
causes a decrease. In chronic stress, there is a decrease of
the 5-HT1A receptor (R)- and an increase in the 5-HT2AR-
responsiveness to 5-HT. In the present study, the impact of
chronic mild stress on the expression of 5-HT1A and
5-HT2A receptors and serotonin transporter protein
(SERT) was investigated in eczematous skin and brain of
atopic-like NC/Nga mice. Twenty-four NC/Nga mice were
subjected to chronic mild stress for 12 weeks, and eczema
was induced by applying a mite antigen (Dermatophago-
ides pteronyssinus) on the ears for the last 4 weeks. The
mice were divided into three groups, eight per group,
stressed eczematous (SE), non-stressed eczematous (NSE)
and stressed control (SC). The biopsies were analysed by

immunohistochemistry, using a streptavidin–biotin tech-
nique. There was an increased number of 5-HT containing
dermal mast cell-like mononuclear cells in the skin of mice
with eczema (SE and NSE, respectively) compared with the
SC, and a tendency to more 5-HT-positive cells in the SE
compared with the NSE group. Increased 5-HT1AR immu-
noreactivity (IR) in the skin and hippocampus of the
eczematous groups compared to the control group was
seen, but no diVerence between the SE and NSE groups.
The epidermal immunoreactivity for 5-HT2AR was highest
in the SE and NSE compared to the SC group, and was also
higher in the SE compared to NSE. 5-HT2AR expression
was also seen on nerve bundles, the number and intensity of
such bundles being decreased in the SE compared to the
NSE group. In the CA1 area of the hippocampus, there was
an increase in the quantity of cells immunoreactive for
5-HT2AR in the SE versus the NSE group and also in the
SE versus the SC group. SERT-IR was found also on nerve
bundles with a decreased number in the SE compared to the
NSE and SC group. There is a modulation of the expression
of serotonergic markers in the eczematous skin and brain of
the atopic-like mouse during chronic mild stress.
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Introduction

Atopic eczema is a chronic inXammatory skin disease that
can be worsened by stress. There are diVerent murine mod-
els that may be used to study the pathogenesis of atopic
eczema, the most common being the NC/Nga strain [12,
19]. The stress worsening of atopic eczema has been shown
in this mouse strain [1].
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There is a bidirectional contact between the skin and the
neuroendocrine system. The ways in which the skin and
brain may communicate are principally two, either endo-
crine or neural. Ligands and receptors for stress hormones
and neuromediators are expressed in the skin [28]. There is
a hypothalamic–pituitary–adrenal (HPA) axis in the skin
and aVerent neural Wbers may interact with the skin through
axonal reXexes.

A stress response involves activation of both the HPA
axis and the autonomic nervous system, both of which inter-
act with the immune system, activating skin mast cells, mac-
rophages, keratinocytes and T lymphocytes. Thus, stress
may cause skin inXammation, which per se may result in
mood disorders including anxiety and depression [32].

Serotonin (5-hydroxytryptamine; 5-HT) is an important
neuromediator involved in skin–brain communication, and
localized both in the brain and periphery. 5-HT has many
eVects in a variety of organs, being involved in blood pres-
sure regulation, stress response, appetite, sleep and memory
etc., and also exerts modulatory eVects on cell Wring and/or
biochemical responses at the cellular level. There is a close
relationship between plasma cortisol concentrations and
5-HT. Acute stress is associated with an increase in the
turnover of 5-HT, whereas chronic stress, with a sustained
increase in plasma cortisol, causes a reduction in serotonin
turnover and release [16]. On the other hand, in stress con-
ditions, brain 5-HT was shown to modulate synthesis of
adrenocorticotropic hormone (ACTH) and cortisol [9, 10].

There is a serotonergic system in the skin of diVerent
species, which is activated during inXammation [24, 29]. In
humans, the most abundant peripheral 5-HT source is blood
platelets that can transport, store and release 5-HT. Addi-
tionally, in mice and dogs, dermal mast cells contain 5-HT
[11]. In the nervous system, and perhaps in non-neuronal
cells, the magnitude and duration of serotonergic responses
is greatly inXuenced by the serotonin transporter protein
(SERT).

The eVect of 5-HT is mediated by 7 diVerent families of
receptors (R) with 14 diVerent subtypes being characterized
[5], with further diversity generated by alternative splicing
and RNA editing. Among the best characterized of these
5-HTRs are the 5-HT1A and 5-HT2A receptors. 5-HT1AR
has a stabilizing and diVerentiating eVect on brain cells and
an anti-inXammatory eVect in mice with allergic contact
eczema [20]. 5-HT2AR on the other hand increases cell
proliferation and apoptosis [3]. Ketanserine, a 5-HT2AR
antagonist, has an anti-inXammatory eVect in murine aller-
gic contact eczema [2]. Of these receptors 5-HT1A shows a
decreased responsiveness during chronic mild stress [15,
31], while the 5-HT2AR aYnity for 5-HT is increased by
chronic stress [25].

In the present study, we investigated how the expression
of 5-HT, 5-HT1AR, 5-HT2AR and SERT varies in the skin

and brain in NC/Nga mice, depending on whether mice
with eczema were subjected to chronic mild stress. Our
Wndings demonstrate that there is a modulation of the
expression of serotonergic markers in the eczematous skin
and brains of these mice during chronic mild stress.

Materials and methods

Animals

In total, 24 6-week-old female NC/Nga mice (Charles River
Laboratories, Germany) were used. The experiments were
approved by the local Animal Ethics Committee. Animals
were left to acclimate for 1 week prior to experiments after
delivery from the vendor.

Chronic stress and immunization

The chronic mild stress procedure used has been described
by Lanfumey et al. [15] and was used in our previous study
[18]. BrieXy, mice were kept in a Scantainer box type
50-SCNT-Z11 (Scanbur AS, Köge, Denmark), in a conven-
tional facility, and fed with pellets (R70, Granngården,
Malmö, Sweden) and tap water. DiVerent stressors were
used on a weekly basis, such as reversed light/dark cycle,
one period of conWnement to small cages for 12 h, two peri-
ods of placement with foreign mice for 2 h, one period of
continuous overnight illumination, one overnight period of
wet soil, one period for 12 h of cage-tilting (30°) and one
period, 3 h, of food and water deprivation.

Mice were divided into three groups (eight mice per
group). One group was stressed and sensitized (stressed
eczematous, SE). The mice in this group were subjected to
chronic mild stress for 12 weeks, and eczema was induced
from week 9, by painting their ears with a mite antigen,
Dermatophagoides pteronyssinus (Allergon, Ängelholm,
Sweden), at a concentration of 10 mg/ml, which had been
dissolved in phosphate-buVered saline (PBS) and 0.5%
Tween 20. A non-sensitized control group was similarly
stressed (stressed control, SC), and had their ears painted
using the solvent. A second sensitized group was relieved
from stress (non-stressed eczematous, NSE), being kept in
a regular cage and the mice in this group were also painted
on their ears with the mite antigen from week 9. These mice
were maintained on a 12 h light/dark cycle under controlled
temperature between 18 and 22°C and a humidity of 40–
60%.

Processing of samples

After 12 weeks, the animals were killed by cervical disloca-
tion and the ear thickness was immediately measured using
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a calliper (Kroeplin, Schluchtern, Germany), before being
preserved together with the brains, for further analysis.
Plasma corticosterone was measured using a corticosterone
RIA kit (RS 490 11) from IBL (Hamburg, Germany) fol-
lowing the instructions of the manufacturer.

Tissue samples from the ears and brains were subjected
to immunohistochemistry in order to analyze changes in
serotonergic markers. For this purpose, the samples were
Wxed in 4% formalin with 0.2% picric acid for 2 h at 4°C.
They were then rinsed with 0.1 mol/L phosphate buVer
containing 10% sucrose for at least 24 h. Tissues were then
embedded in Tissue-tek (Sakura Finetek, Zoeterwoude,
The Netherlands) and sectioned (14 �m thick) using a
Microm cryostat (Heidelberg, Germany). Cryosections
were then mounted on Super Frost Plus glass slides
(Menzel-Gläser, Freiburg, Germany) and stored at ¡70°C
until being used for immunohistochemistry employing an
immunoXuorescence technique.

Immunohistochemistry

A streptavidin-biotin technique was used to detect all anti-
body-labelled molecules. The primary antibodies used were
rabbit polyclonal antibodies against 5-HT (20080; dilution
1:10,000; DiaSorin, Stillwater, MN, USA), 5-HT2AR
(24288; 1:300; ImmunoStar, Hudson, WI, USA) and SERT
(SERT48; 1:2,000 [4, 21]), as well as a guinea pig antibody
against 5-HT1AR (AB5406; 1:7,500; Chemicon, Teme-
cula, CA, USA). Slides were then incubated with secondary
biotinylated anti-rabbit (BA-1000) or anti-guinea pig (BA-
7000) antibodies (1:2,000; Vector, Burlingame, CA, USA),
and Wnally the Xuorochrome Cy2-labelled streptavidin
(PA42001; 1:2,000; Amersham Pharmacia Biotech, Upp-
sala, Sweden) was added for visualization of antibody-
target labelling.

When staining for 5-HT, adjacent sections were also
stained with a rabbit polyclonal antibody against tryptase
(1:20,000), a kind gift from prof. I. Harvima, Tampere,
Finland.

We also performed double staining in order to conWrm
the neuronal characteristics of the 5-HT2AR and SERT-
positive nerve-like bundles. For this purpose we used a
guinea pig polyclonal antibody against protein gene-
product 9.5 (PGP 9.5) (GP14104), at a dilution of 1:1,000
(Neuromics, Minneapolis, MN, USA), the secondary bio-
tinylated anti-guinea pig antibody (from above) and then a
streptavidine-conjugated Texas Red (SA-5006; 1;2,000;
Vector).

As controls, the primary antibodies were omitted or nor-
mal rabbit serum IgG (X 936, Dako, Glostrup, Denmark),
or guinea pig serum IgG (006-000-003; Jackson Immuno-
Research, West Grove, PA, USA) were used in the same
dilution as the primary antibodies. In addition, we

performed preadsorption for 5-HT (serotonin creatine sul-
fate monohydrate, 85030; Sigma-Aldrich, Stockholm, Swe-
den), 5-HT1AR (AG349, Chemicon), 5-HT2AR (24333,
Immunostar) and SERT (K596 peptide- the target for the
SERT antisera). In the case of 5-HT, we utilized serotonin
creatine sulfate at a concentration of 10¡3 mol/L, the 5-HT1AR
and 5-HT2AR peptides were used at a concentration of
5 �g/ml, respectively, whereas the SERT peptide was used
at 1 �M. All the above mentioned controls resulted in sub-
stantially decreased or abolished signals.

Finally, the sections were mounted with Kaiser’s glyc-
erol gelatine (Merck, Darmstadt, Germany) before being
covered with glass slips.

Microscopy

Labelled sections were analyzed using a Xuorescence Zeiss
Axioskop 2 MOT microscope (Carl Zeiss, Stockholm,
Sweden). Slides were coded prior to analysis to permit
blind evaluation by the investigator (AR).

The numbers of 5-HT-positive mononuclear cells were
counted in four representative Welds per ear section and the
mean of four sections per mouse was calculated.

Epidermal area of expression was estimated as: 0–25%
(1), 26–50% (2), and higher than 50% (3). Fluorescence
intensity was scored as: none = 0, low = 1, moderate = 2
and high = 3. The number of immunoreactive nerve bun-
dles were calculated per section, the absolute number being
given, and the intensity of staining being semiquantiWed as
none = 0, low = 1, moderate = 2 and high = 3.

For the brain, a semiquantitative technique was used.
The cells in the prefrontal cortex immunoreactive for the
diVerent markers were evaluated as: none = 0, low = 1,
moderate = 2 and high = 3, and their intensity as above. In
the hippocampus, we focused on CA1 and CA3 regions and
used 1 = 1–3, 2 = 4–6 and 3 = 7 or more positive cells in
the respective area. The intensity was scored as above.

Statistical analysis

For comparison of the number of 5-HT-positive cells
between the groups, Student’s t-test was used. For the
semiquantitative data, the chi-square test and/or Fisher’s
exact test were used. A p value of <0.05 was regarded as
signiWcant.

Results

General Wndings

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

Corticosterone levels

The SE group showed lower (p < 0.05) corticosterone val-
ues 496.4 § 221.5 ng/ml, compared to other groups,
738.6 § 232.1 in the NSE and 805.2 § 144.4 ng/ml in the
SC.

Skin

Table 1 summarizes the data.
There was an increase (p < 0.01) in the number of 5-HT-

containing dermal mononuclear cells (Fig. 1a, b) in the
mice with induced eczema (SE 295 § 46 cells/section and
NSE 259 § 58) compared with the control group (SC
164 § 23). There was a trend (p = 0.09) toward more
5-HT-containing cells in the SE group, compared with the
NSE. In the SC group, the 5-HT-positive cells were smaller
and less granulated. In the SE group, these cells were
larger, often degranulating, widely distributed and located
closer to the epithelium compared with both the NSE and
SC groups. When staining adjacent sections for tryptase a
similar expression was obtained indicating that these 5-HT-
positive cells are mast cells.

5-HT1AR-immunoreactivity (IR) was seen in the skin
sections (Table 1; Fig. 2a), with an increase in the eczema-
tous groups (p < 0.01 for SE and p < 0.05 for NSE) com-
pared to the control, and with no diVerence between the SE
and NSE groups.

5-HT2AR-IR was found in nerves, Langerhans cell-like
cells and in the apical epithelium (Fig. 3a, shown for SE).
In both eczema groups, the dendrites of the Langerhans
cell-like cells were longer than in the SC group. The
5-HT2AR epidermal area immunoreactivity was most evi-
dent in the SE (2.4 § 0.5) and NSE (2.1 § 0.4) groups
compared to the SC (1.3 § 0.5) group, with a diVerence
(p < 0.01) between the SE and NSE groups, and between
the SE and SC (p < 0.001) groups, whereas the intensity
was highest in the SE (2.8 § 0.4) and NSE (2.6 § 0.6)
groups compared to the SC (1.4 § 0.5) group. A diVerence
in intensity levels was detected (p < 0.05) between the SE
and NSE, and also between SE and SC (p < 0.001).

5-HT2AR expression was also seen on nerve bundles
(Fig. 4a). This was conWrmed by double staining with PGP
9.5 (Fig. 4a–c). The number of 5-HT2AR-positive nerve
bundles was decreased (p < 0.01) in the SE (6.3 § 3.1 bun-
dles per section) compared to the NSE (11.3 § 3.6), and SC
(8.8 § 3.4) groups (Fig. 5). In addition, the Xuorescence
intensity of the nerve bundles for 5-HT2AR was lower
(p < 0.01) in the SE (1.8 § 0.5) as compared with the NSE
(2.6 § 0.7) and SC (2.3 § 0.4) groups (Fig. 6). T
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SERT-IR, in addition to the epidermis, was also found in
nerve bundles (Fig. 7) with a decreased number in the SE
(5.9 § 2.4) compared to the NSE (11.9 § 3.1; p < 0.001)
and SC (9.5 § 3.2; p < 0.05) groups. There was no diVer-
ence in bundle intensity between the NSE (2.4 § 0.6), SE
(2.1 § 0.4) and the SC (2.2 § 0.6) groups.

Brain

Prefrontal cortex

Expression of all the serotonergic markers was low and no
signiWcant changes were found between the groups (data
not shown).

Hippocampus

There was no diVerence in neither 5-HT- nor SERT-IR in
CA1 and CA3 areas between the groups (data not shown).

Immunoreactivity was generally low and restricted to
Wbers.

There was a hippocampal (CA1 and CA3) expression of
5-HT1AR. There was an increase (p < 0.05) in the SE com-
pared to the SC group, however, with no diVerence between
the SE and NSE, regarding Xuorescence intensity in CA1.
In the CA3, a higher (p < 0.05) immunoreactive cell num-
ber in the eczematous groups compared to SC, and an
increase (p < 0.05) in Xuorescence intensity in the NSE in
contrast to SC, were obtained (Table 1; Fig. 2b).

In the hippocampal CA1 area, we noted an increase in the
quantity of cells immunoreactive for 5-HT2AR (Fig. 3b, c) in
the SE (1.5 § 0.5) compared to the NSE (1.0 § 0.0;
p < 0.05), and SC (1.0 § 0.0; p < 0.05) groups, whereas the
Xuorescence intensity was 1.6 § 0.5 in SE, 1.1 § 0.4 in NSE
and 1.3 § 0.5 in SC, with a tendency (p = 0.07) toward an
increase in SE compared to NSE (Fig. 8). In the CA3 area, no
diVerences could be found between the SE and NSE.

Fig. 1 Increased numbers of 5-HT immunoreactive mononuclear cells
in the dermis of stressed eczematous (SE, a) compared to stressed con-
trol (SC, b) atopic-like mouse ears. EP epidermis, DE dermis. Scale
bars 20 �m

Fig. 2 Expression of 5-HT1AR in skin (arrow in a showing EP-IR)
and hippocampus (arrow in b showing a neuronal cell) of non-stressed
(NSE) mice. CA1 and CA3 areas of the hippocampus are indicated.
Scale bars 20 �m
123
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Discussion

The highest degree of eczema in our study was found in the
group exposed to chronic mild stress. This Wnding is con-
sistent with other studies showing that chronic stress may
increase an eczematous reaction [1, 6, 22].

It is interesting that the SE group had the lowest level
of corticosterone, while both the NSE and SC groups had
higher levels. The low level in the SE group indicates a
chronic HPA suppression when both stress and inXam-
mation are combined. In atopic eczema patients, a blunt
HPA axis responsiveness to stress has been described,
resulting in a failure to mount a suYcient cortisol
response [7].

In the present study, we observed a decreased neuronal
expression of 5-HT2AR and SERT in the skin of an atopic-
like mouse strain exposed to chronic mild stress. At the
same time, we detected increased hippocampal expression
of 5-HT2AR, in the CA1 area. These Wndings are interest-
ing since the CA1 area has been associated with chronic
stress [17, 27]. The discrepancy with an increased hippo-
campal signal for 5-HT2AR but a decreased skin nerve

signal for this marker, in the SE group, might be due to a
downregulation of this receptor in the peripheral neurons
and a central upregulation in the hippocampus. In addition,
the increased 5-HT2AR expression may suggest a lower
level of the ligand inXuenced by both stress and eczema.
This may in turn be reXected on the activity of the HPA
system and the subsequent lower levels of corticosterone in
the SE mice.

Both 5-HT1 and 5-HT2 receptors exist on peripheral
nerve endings. It has been recently reported that 5-HT1/5-HT2
receptors may be involved in scratching in mice [14]. Prior
electron microscopy studies demonstrated that 5-HT2AR
receptors are expressed on peripheral sensory axons in the
rat skin [8]. In the present study, we conWrm by immuno-
histochemistry that these receptors also exist on sensory
nerve Wbres extending far out into the mouse epidermis.
5-HT2ARs have also been reported to contribute to
mechanical hyperalgesia in a rat model of neuropathic pain
[23]. Both nociceptive and A-� nerve cell bodies are also
known to express 5-HT2AR in rat dorsal root ganglia [30].

We also detected an increase of 5-HT2AR immunoreac-
tivity in the ear epithelium of the SE compared to the NSE,

Fig. 3 Expression of 5-HT2AR in the skin on apical EP and nerve
Wbres (arrow in a) of SE mice and in neuronal cells of the hippocampus
of SE mice (arrow in b) and SC mice (arrow in c). Preadsorption with

a 5-HT2AR peptide is shown in skin, with non-speciWc labelling (d),
SE mice. Scale bars 20 �m
123
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and SC mice. The mild chronic stress appears to have
resulted in a worsening of the inXammatory status of the
skin exposed to the mite antigen, and also induced a stron-
ger scratching behavior. The explanation could either be

that the stress reduced the degree to which the mice were
able to cope with the itch stimuli, causing a greater scratch-
ing behavior. Alternatively, stress responsive pathways in
the brain may indirectly, via neural or humoral pathways,
increase the inXammatory response through an impact on

Fig. 4 Double staining on nerve bundles (arrows) for 5-HT2AR
(a) (Cy2), PGP 9.5 (b) (Texas Red) and 5-HT2AR + PGP 9.5
(c) (double Wlter) of SE mice. Scale bars 20 �m

Fig. 5 Graph showing number of 5-HT2AR immunoreactive nerve
bundles in the skin of the diVerent mice groups, SE, NSE and SC

Fig. 6 Graph showing Xuorescence intensity of 5-HT2AR-positive
nerve bundles in the skin of the diVerent mice groups

Fig. 7 Expression of SERT in skin nerve bundles (arrow) of SE mice.
Scale bar 20 �m
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inXammatory cells, such as keratinocytes, which have been
shown to express 5-HT2AR and 5-HT1AR [24, 29]. Fur-
ther studies are needed to distinguish between these possi-
bilities.

Serotonin transporter protein was shown to be present in
nerve bundles in the mouse ears, where we observed a
downregulation in the eczema group exposed to stress com-
pared to non-stressed eczema group. This is interesting,
since SERT modulating eVects have been suggested to be
mediated through 5-HT2AR [26].

It has been suggested that a 5-HT1AR agonist may be of
use in the clinical management of stress-associated aggra-
vation of atopic eczema in humans [13]. However, in the
present study, we could not Wnd any diVerence in 5-HT1AR
expression between the eczematous groups, SE and NSE,
neither in the skin nor brain. It was more an upregulation
dependent on the inXammation, which could be seen in the
skin and in the brain.

5-HT containing mast cell-like cells were found to be
more numerous in the skin of the SE and NSE groups com-
pared to the SC, suggesting that a good part of this eVect is
caused by the eczema procedure. However, there was also a
tendency for more 5-HT-positive cells in the SE than in the
NSE group suggesting a possible added eVect of stress. The
cells were also larger, more often degranulating and located
closer to the basement membrane, consistent with a more
vigorous inXammation. In this context we note a lack of
5-HT1A receptors on the mast cells, in contrast to human
and dog Wndings [11, 24]. The increase in the number of
mast cell-like cells and their degranulation with secretion of
5-HT in the skin might contribute to a decreased peripheral
neuronal 5-HT2AR expression.

In conclusion, we observed a modulation of expression
of studied serotonergic markers in the eczematous skin and
brains of the atopic-like mouse, during chronic mild stress.
Further studies are needed to investigate the mechanistic
basis for these observations, which may be relevant for

pathogenic mechanisms as well as potential therapies for
atopic eczema worsened by stress.
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