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Background. Staphylococcal enterotoxin B (SEB) may be associated with the exacerbation of atopic dermatitis.
We investigated whether SEB causes proliferation of sensory C-fibers and subsequent enhancement of plasma
leakage induced by sensorineural stimulation in rat skin.

Methods. SEB was applied intracutaneously to the abdomen of preweaning and adult rats. Evans blue dye leakage
into the skin induced by topical 10% formalin was measured as an index of neurogenic skin vascular per-
meability. Local expression of substance P, tachykinin NK1 receptors, and nerve growth factor was assessed immuno-
histochemically. In addition, we assessed the effects of topical tacrolimus on these skin responses induced by SEB.

Results.
groups. Innervation of substance P-immunoreactive nerves and expression of tachykinin NK1 receptors and nerve

Increased neurogenic skin plasma leakage was seen 7 days after SEB treatment in 2 different age

growth factor were also promoted by SEB, peaking at 7 days, 7 days, and 56 h after SEB treatment, respectively.

Tacrolimus markedly inhibited these skin changes.
Conclusions.

SEB increased the innervation of sensory C-fibers and tachykinin NK1 receptors in rat skin,

probably because of upregulated production of neurotrophins, including nerve growth factor, leading to
enhancement of neurogenic skin inflammation. T cell activation induced by SEB may initiate these changes.

Patients with atopic dermatitis have an increased sus-
ceptibility to infection or colonization with bacteria,
fungi, and viruses, most notably Staphylococcus aureus
[1, 2]. The main consequence of increased infection or
colonization with S. aureus in the skin may be the de-
velopment and exacerbation of eczematous symptoms
[1, 2]. However, the contribution of superantigens
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released from S. aureus, such as staphylococcal enter-
otoxins A, B, and C [1, 3, 4], to the pathogenesis of
atopic dermatitis is controversial. There are multiple
lines of evidence supporting such an etiological role of
these superantigens: staphylococcal enterotoxin B (SEB)
applied to intact human skin induces eczematous lesions
[5]; in animal models, epicutaneously applied SEB
induces a strong skin inflammatory response that is
T cell-dependent [6]; and repeated epicutaneous expo-
sure to SEB induces allergic skin inflammation [7, 8]. In
addition, SEB potently promotes polyclonal activation
of SEB-reactive TCR V3 families of T cells in the skin of
patients with atopic dermatitis [9, 10]. Further potential
mechanisms by which staphylococcal superantigens can
enhance skin inflammation need to be investigated.
Neurogenic inflammation is defined as inflammatory
responses mainly mediated by neuropeptides, such
as substance P, that are released from sensory C-fibers
[11-13]. The released neuropeptides lead to pain,
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pruritus, vascular modulation (ie, plasma leakage, vasodilation,
and endothelial cell activation), and activation of immune cells,
including T and B cells, and mast cells [11-13]. Therefore,
exaggerated neurogenic skin inflammation, which is based
on pathophysiological changes, including hyperinnervation of
sensory C-fibers, an increase in tachykinin receptors, and
impairment of neutral endopeptidases [11-13], is likely to be
associated with several inflammatory skin diseases, such as
atopic dermatitis. In fact, the production of neurotrophins, such
as nerve growth factor (NGF), increases in the skin of patients
with atopic dermatitis [14, 15]. Toyoda et al [16] showed that
increased plasma concentrations of substance P and NGF
reflect an increased severity of atopic dermatitis. However,
to our knowledge, there are no data indicating that microbial
superantigens augment skin neurogenic inflammation. We
therefore determined whether SEB causes the proliferation of
sensory C-fibers and subsequent enhancement of neurogenic
inflammation in rat skin.

Topical tacrolimus is an immunosuppressive agent that
inhibits T cell activation and T cell-derived cytokine production
[17, 18] and is highly efficacious for the treatment for atopic
dermatitis [19, 20]. We therefore used tacrolimus ointment to
investigate the role of T cell activation in rat skin neurogenic
mechanisms that are affected by SEB treatment.

Atopic dermatitis often presents within the first 2 years of
life [21]. There is a strong association between infection with
S. aureus and acute and subacute skin symptoms, such as
impetigized lesions, that are commonly seen in infants with
atopic dermatitis [1, 2], suggesting that staphylococcal infection,
partially involving superantigen-mediated mechanisms, may
also potentially contribute to exaggerated neurogenic inflam-
mation in atopic dermatitis during infancy. However, we pre-
viously showed that innervation of sensory C-fibers and
tachykinin NK1 receptors were relatively sparse in the normal
skin of pups, compared with those in adults [22]. We therefore
investigated age-related differences in the effects of SEB on
mechanisms associated with neurogenic skin inflammation
between preweaning and adult rats.

METHODS

Animals

All animal experimentation was conducted with the prior
approval of the Animal Ethics Committee of the Institute for
Laboratory Animal Research, Nagoya University Graduate School
of Medicine. This committee operates in accordance with the
Guide for the Care and Use of Laboratory Animals of Nagoya
University (2007; Nagoya, Japan). Pathogen-free male Wistar rats
aged 14 days (weight, 22-25 g) and 8 weeks (weight, 240-260 g)
were purchased from Japan SLC 3 days before the experiments.
Rat pups that had not been weaned were housed with their dams
in polycarbonate cages with polyester filter covers.

Materials

SEB (Toxin Technology), capsaicin, and 37% (W/V) formal-
dehyde solution (formalin) were dissolved in phosphate-buff-
ered saline (PBS), neat ethanol, and .9% saline, respectively.
Tacrolimus ointment (.03% and .1%; Protopic), its base (in-
gredients: mineral oil, paraffin, propylene carbonate, white
petrolatum, and white wax), and fluocinonide ointment (.05%;
Topsym) were donated by Astellas Pharmaceuticals.

Immunofluorescence Staining Methods

Localization of substance P, transient receptor potential channel
vanilloid 1 (TRPV1), tachykinin NKI1 receptors, endothelial
cells, NGF, brain-derived neurotrophic factor (BDNF), and
tumor necrosis factor (TNF)-o were examined using immu-
nofluorescence staining methods, and fluorescence image anal-
yses were performed according to our previous methods [22].
PBS containing 1.5% nonimmune goat serum (Vector Labora-
tories) or mouse serum (Vector Laboratories) was used for
blocking unoccupied sites. Rabbit antiserum to substance P
(Chemicon International), goat immunoglobulin (Ig) G poly-
clonal antibodies to TRPV1 (Santa Cruz Biotechnology), BDNF
(Santa Cruz Biotechnology) and TNF-a (R&D Systems), rabbit
IgG polyclonal antibodies to tachykinin NKI receptors (Sigma
Aldrich) and NGF (Chemicon International), and mouse IgG1
monoclonal antibody to rat endothelial cells (Hycult Bio-
technology) were used as a primary antibody. Goat IgG poly-
clonal antibody to rabbit IgG (Jackson ImmunoResearch
Laboratories), mouse IgG polyclonal antibody to goat IgG
(Chemicon International), and goat IgG polyclonal antibody to
mouse IgGl (Invitrogen) conjugated with Cy3 were used as
a second step reagent for indirect immunofluorescent staining.
Nonimmune goat IgG (Chemicon International) or non-
immune rabbit serum (Pierce Biotechnology) was used as
a negative control for a primary antibody. Substance P and
TRPV1 are widely distributed not only in nervous systems but
also in nonneural cells [23, 24]. However, nervous systems are
undoubtedly the major source of these molecules in the skin
[11, 12, 23]. In addition, our preliminary experiments showed
that substance P- and TRPV1-immunoreactive sites were almost
all localized in PGP9.5-immunoreactive sites, suggesting that
substance P- and TRPV1-immunoreactivities may mainly rep-
resent nerve fibers (data not shown). Therefore, the substance P-
and TRPV1-immunoreactivites in the skin were defined as nerve
fibers. For all experiments, the immunohistochemical results
were evaluated in a blind manner and were repeated twice.

Experimental Protocols

Time-Course Changes in Histological and Immunohisto-
chemical Features in the Skin Induced by Intracutaneous
SEB. Rats from both age groups were anesthetized using gas-
eous diethyl ether. SEB (2-200 pg/mL) or PBS was injected
intracutaneously in volumes of 20 UL (pups) or 80 pL (adults) in
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4 areas marked on the shaved abdomen in random order. Skin
samples were collected at several times after injection to assess
histological and immunohistochemical changes induced by in-
tracutaneous SEB.

Enhancement of Neurogenic Plasma Leakage in the Skin by
Intracutaneous SEB. Neurogenic microvascular leakage in the
skin was measured by quantifying the extravasation of Evans
blue dye induced by topical formalin, according to our previous
study [22, 25]. SEB (200 ug/mL) or PBS was administered in-
tracutaneously to anesthetized rats of both age groups (6 per
group), as described above. Seven or 14 days later, after induction
of anesthesia and close shaving of the skin, Evans blue dye (20 mg/
kg) was injected via the caudal vein, and 8 pL of 10% formalin and
.9% saline were placed on the sites treated with SEB or PBS. Each
site was then obliquely punctured and lifted with the apical port
(2 mm) of a 21 G injection needle (Terumo). Thirty min later,
skin samples were collected to measure leakage of the dye. All rats
tested were pretreated with phosphoramidon (2.5 mg/kg in-
travenously) to prevent interference with neutral endopeptidases
in the skin, according to a previous study [26].

Assessment of the Ability of Adult Rat Serum to Block the
Effect of SEB in Pups.
was incubated at 56°C for 30 min to inhibit complement ac-

Pooled serum obtained from rat adults

tivities. SEB was mixed with the inactivated serum 30 min before
SEB injection. Histological changes in the skin of rat pups that
were induced by intracutaneous SEB (100 pg/mL) alone or SEB
(100 pg/mL) mixed with the serum (10% or 30%) were assessed.

Effects of Tacrolimus Ointment on SEB-Induced Enhance-
ment of Neurogenic Plasma Leakage and Immunohistochem-
ical Changes in the Skin. Tacrolimus ointment (.03% or
.1%), fluocinonide ointment (.05%), or the tacrolimus ointment
base was topically applied on the shaved abdomen of rat pups (6
per group) at 8 h before and immediately after intracutaneous
injection of SEB (200 pg/mL) or PBS. Seven days later, dye
leakage in the skin induced by topical 10% formalin or .9%
saline was assessed in the groups pretreated with tacrolimus
ointment (.1%) or its base. Substance P content in the skin was
also measured according to our previous methods [22]. In ad-
dition, histological and immunohistochemical changes induced
by SEB were evaluated in all 3 pretreated groups. The concen-
tration of tacrolimus ointment (.03% and .1%) used in this
study was based on previous studies showing that .1% topical
tacrolimus reduces plasma leakage induced by topical m-xylene
in rat skin [27] and delays allergic responses in mouse skin [28].
The fluocinonide ointment (.05%) used was a high-potency
(class II) glucocorticosteroid.

Statistical Analysis

Statistical analysis was performed using StatView software,
version 4.0 (Abacus Concept). Values are expressed as the means
+ standard error of the mean. To evaluate the significance of the
difference between 2 independent groups with equal variance,

which was originally assessed using the F test, we performed an
unpaired Student’s ¢ test (2-tailed). When the variance was
unequal, we used Welch’s test (2-tailed). A level of P < .05 was
considered to be statistically significant.

RESULTS

Effects of Intracutaneous SEB on Histological Features of the
Skin of Rats of 2 Different Ages

In both pups and adults, SEB caused infiltration of lym-
phocytes in the dermis within 28 h, peaking at 56 h after
treatment (Figure 1). The response then gradually returned to
the basal level by day 14 (Figure 1). The SEB response was
concentration-dependent for both groups of rats (data not
shown) and was clearly observed in pups at concentrations of
SEB as low as 20 pg/mL. However, higher SEB concentrations
were required for the SEB response in adults (ie, =80 pg/mL)
and only a weak response was observed in adults when SEB was
injected at the same concentration as in pups. Hardly any in-
filtration of macrophages, neutrophils, or eosinophils in the
dermis was observed in either of the 2 age groups during the
period of observation.

Effects of Intracutaneous SEB on Skin Innervation with
Substance P- and TRPV1-immunoreactive Nerves Using
Immunofluorescent Staining

In adults, innervation of the skin with substance P- and TRPV1-
immunoreactive nerves increased at 7 days after SEB injection
but had returned to the basal level by day 14 (Figure 2). Both
immunoreactive nerve types were distributed throughout
the dermis, and parts of their endings reached into the epi-
dermis. These proliferative changes in nerve fibers were SEB
concentration—dependent for both groups of rats (data not
shown) and were less marked in the pups than in the adults
(Figure 2). However, the threshold concentration for induction
of these changes was lower in pups (2 pg/mL) than in adults
(80 png/mL).

Tachykinin NK1 receptors were detected mainly on endothelial
cells of blood vessels in the dermis and were markedly upregulated
in both groups of rats at 7 days after SEB injection (Figure 3). The
level of these receptors had almost reverted to the basal level by
day 14 (Figure 3). These changes were concentration-dependent
for both groups of rats (data not shown); the threshold concen-
tration was 2 ptg/mL in pups and 80 pg/mL in adults. In the rats
from both age groups, the observed changes in endothelial cell
distribution induced by SEB closely paralleled those induced in
the expression of tachykinin NK1 receptors (Figure 3).

Effects of Intracutaneous SEB on Immunohistochemical
Localization of NGF, BDNF, and TNF-o. in the Skin of Rats of 2
Different Ages

In the 2 age groups, NGF and BDNF were constitutively expressed
by fibroblasts in the dermis based on immunofluorescence
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Vehicle

28 hours

Figure 1.

56 hours 7 days 14 days

Histological changes in the skin in 2- and 8-week-old rats after staphylococcal enterotoxin B (SEB) or vehicle injection. Twenty or 80 ul of

SEB (200 pg/mL) or vehicle per site was injected intracutaneously into the shaved abdomen of rat pups or adults, respectively. Skin samples were stained
with hematoxylin and eosin 28 or 56 h or 7 or 14 days after injection. Bars=50 um. The photographs are representative of at least 6 independent

experiments.

analysis, although the signals were very faint (Figure 4). SEB
markedly enhanced the expression of NGF and BDNF at 56 h
after treatment (Figure 4), and this response had disappeared
by day 7 (data not shown). In pups, increased expression of
NGF was also detected at 28 h after treatment with SEB (Figure
4). These responses were concentration dependent for both
groups of rats (data not shown); the threshold concentration
was 2pig/mL in pups and 80 pg/mL in adults.

SEB enhanced the expression of TNF-o. mainly in lympho-
cytes that were sparsely localized in the dermis at 14 h after
Vehicle 7 days

14 days Background

Substance P

TRPV1

Adults

-

Figure 2. Innervation of sensory C-fibers in the skin of 2- and 8-week-
old rats after intracutaneous injection of staphylococcal enteratoxin B
(SEB). Sensory C-fibers in skin sections of rat pups and adults were
analyzed by immunofluorescent staining using substance P and transient
receptor potential channel vanilloid 1 (TRPV1) antibodies or using control,
nonimmune serum (Background) 7 and 14 days after SEB injection as in
Figure 1. Dotted lines outline the borders of the dermis. Bars=20 um. The
photographs are representative of at least 6 independent experiments.

treatment of both age groups of rats (data not shown). Sub-
sequently, TNF-o expression was enhanced in keratinocytes and
fibroblasts as well as in infiltrating lymphocytes and reached
a peak at 56 h after SEB injection (Figure 5). The level of TNF-a
expression returned to the basal level by day 7 (Figure 5). In the
rats from both age groups, the observed changes in TNF-a
expression were concentration dependent (data not shown); the
threshold concentration of SEB for this effect was 2 pg/mL in
pups and 80 pg/mL in adults.

Vehicle

7 days 14 days Background

Pups

Adults

Figure 3. Local expression of tachykinin NK1 receptors and endothelial
cells in the skin of 2- and 8-week-old rats after intracutaneous injection
with staphylococcal enterotoxin B (SEB). Skin sections were analyzed
by immunofluorescent staining using specific antibodies against
tachykinin NK1 receptors (NK1R) and endothelial cells (End) or using
control, nonimmune serum (Background) 7 and 14 days after SEB
injection as in Figure 1. Dotted lines outline the borders of the dermis.
Bars=50 um. The photographs are representative of at least 6
independent experiments.
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Vehicle

56 hours

Background

Figure 4. Effect of staphylococcal enterotoxin B (SEB) injection on the
local expression of nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF) in rat skin. Skin sections of rat pups and
adults were analyzed by immunofluorescent staining using specific
antibodies against NGF and BDNF or using control, nonimmune serum
(Background) 28 or 56 h after SEB injection as in Figure 1. Dotted lines
outline the borders of the dermis. Bars=50 um. The photographs are
representative of at least 6 independent experiments.

Enhancement of the Effect of Intracutaneous SEB on Neurogenic
Skin Plasma leakage

Dye leakage in the skin induced by topical formalin was sig-
nificantly enhanced at 7 days after treatment with SEB in pups
(15.7 £ 1.3 vs 22.8 £ 2.1 pg/mg of wet tissue; P < .05; n = 6;
analyzed by an unpaired ¢ test) and in adults (49.0 = 4.9 vs
82.7 = 5.6 pg/mg of wet tissue; P < .01; n = 6; analyzed by an
unpaired ¢ test). The enhanced response induced by SEB was not
observed in pups or adults after 7 days (data not shown).

Assessment of the Ability of Adult Rat Serum to Block the Effect
of SEB

There were no differences in histological changes, particularly in
lymphocyte infiltration, in the skin of the 3 groups of rat pups
injected with SEB alone or with SEB mixed with serum from rat
adults (10% or 30%; data not shown). Intracutaneous injection
of the serum (30%) alone had no effect.

Effects of Tacrolimus and Fluocinonide Qintments on
Histological and Imnmunohistochemical Changes Induced by
Intracutaneous SEB in the Skin of Rat Pups

Tacrolimus (.03 and .1%) and fluocinonide (.05%) almost
completely inhibited lymphocyte infiltration in the skin that
was induced by SEB injection (data not shown), as well as the
SEB-induced increased skin innervation with substance P- and
TRPV1-immunoreactive nerves (Figure 6 and data not shown,

Vehicle

Figure 5. Effect of staphylococcal enterotoxin B (SEB) injection on the
local expression of tumor necrosis factor (TNF}—o in the skin. Skin
sections of rat pups and adults were analyzed by immunofluorescent
staining using specific antibodies against TNF-o. or using control,
nonimmune serum (Background) 28 or 56 h or 7 days after SEB injection
as in Figure 1. Dotted lines outline the borders of the dermis. Bars=50 pm.
The photographs are representative of at least 6 independent ex-
periments. Infiltrating lymphocytes are indicated by asterisks in the photo
at bottom right.

respectively, and the SEB-induced increased expression of ta-
chykinin NKI1 receptors and endothelial cells in the skin (Figure
6). The base of the tacrolimus ointment, used as a control, had
no effect on these parameters. Furthermore, tacrolimus (.03 and
.1%) and fluocinonide (.05%), but not the base, markedly in-
hibited the enhanced expression of NGF, BDNF, and TNF-a
that was induced in the skin after SEB injection (Figure 7).

SEB significantly increased substance P content in the skin
(21.15 = 1.07 vs 26.83 = .85 ng/g of wet tissue; P < .01; n = 6;
analyzed by an unpaired ¢ test). Tacrolimus (.1%) and fluoci-
nonide (.05%) completely suppressed the increased substance
P content (26.83 * .85 vs 20.41 * .87 and 21.29 = .87 ng/g of
wet tissue, respectively; P < .01; n = 6; analyzed by an unpaired
f test). In addition, SEB significantly enhanced the dye leakage
induced by topical formalin in the skin from 18.3 = 2.0 to
26.6 £ 2.5 pg/mg of wet tissue (P < .05; n = 6; analyzed by an
unpaired ¢ test). Tacrolimus (.1 %) decreased this response
to the basal level (26.6 * 2.5 vs 15.9 * 1.8 pg/mg of wet tissue;
P < .01; n = 6; analyzed by an unpaired ¢ test).

DISCUSSION

We showed that intracutaneous SEB enhances neurogenic skin
microvascular leakage 7 days after treatment of rat pups and
adults. Using immunohistochemical methods, we revealed that
intracutaneous SEB increases innervation of substance P- and
TRPV1-immunoreactive nerves in the skin of rat pups and
adults at 7 days after treatment with SEB. Because substance
P- and TRPV1-immunoreactive nerves mainly represent sensory

866 e JID 2011:203 (15 March) e Ohshima et al.



Tacrolimus Fluocinonide

Base

Sp

NKIR

End

Figure 6. Effect of topical tacrolimus, fluocinonide, and base on
staphylococcal enterotoxin B (SEB) enhancement of sensory C-fiber
proliferation, expression of tachykinin NK1 receptors and endothelial cells
in rat pups. Tacrolimus (.1%), fluocinonide (.05%), and base were topically
applied to the skin of rat pups treated with SEB as in Figure 1. Seven days
after injection, skin sections were analyzed by immunofluorescence for
proliferation of sensory C-fibers (SP. upper panels, using substance
P antibody), expression of tachykinin NK1 receptors (NK1R, middle panels)
and endothelial cells (End, lower panels). Dotted lines outline the borders
of the dermis. Bars=50 um. The photographs are representative of 6
independent experiments.

C-fibers [11, 12], our data indicate that SEB promotes the
proliferation of sensory C-fibers in both age groups. This finding
was confirmed by the SEB-induced increase in substance
P content in the skin of rat pups. These results suggest that
innervation of sensory C-fibers may be positively related to the
amount of endogenously released tachykinins in the skin.

In the present study, there were significant age-dependent
differences in the increased innervation of sensory C-fibers in-
duced by SEB. Thus, the SEB-induced increase was less in pups
than it was in adults at 7 days after treatment with SEB. In
contrast, the expression of tachykinin NKI1 receptors was
strongly upregulated by SEB in both age groups. Hu et al [29]
also showed that exogenous NGF doubles the expression of ta-
chykinin NK1 receptors in the lungs of weaning and adult rats.
SEB increased neurogenic skin microvascular leakage to a simi-
lar extent in rat pups and adults. Thus, the enhanced expression
of tachykinin NK1 receptors may play a more important role in
induction of the enhanced neurogenic skin inflammation in rat
pups [30, 31] than in the increased innervation of sensory C-
fibers.

An increased level of both endogenous and exogenous NGF
has been demonstrated to increase the innervation of sensory C-
fibers in the skin [32-34]. The effects of NGF on sensory C-fibers
appear to be similar to those of BDNF in the skin [11, 35]. These
neurotrophins also increase the level of tachykinin NKI1 re-
ceptors, as shown in the rat airway [29]. We found that the local

Fluocinonide

Tacrolimus

BDNF NGF

TNF-a

Figure 7. Effect of topical tacrolimus, fluocinonide, and base on
staphylococcal enterotoxin B (SEB) enhancement of neurotrophins and
tumor necrosis factor (TNFj—o in the skin of 2-week-old rats. Tacrolimus
(.1%), fluocinonide (.05%) and base were topically applied to the skin of
rats intracutaneously injected with SEB (200 pg/mL). The expression of
neurotrophins (NGF and BDNF) and TNF-or was assayed by immunoflu-
orescence using specific antibodies 56 and 28 h, respectively, after
injection. Dotted lines outline the borders of the dermis. Bars=50 um.
The photographs are representative of 6 independent experiments.

expression of NGF and BDNF was strongly upregulated by SEB
predominantly in fibroblasts in both age groups and that this
upregulation was followed by increased proliferation of sensory
C-fibers and the upregulation of tachykinin NK1 receptors.
These data suggest that NGF and BDNF, released from fibro-
blasts by SEB, may promote the observed SEB-induced neuro-
genic mechanisms in the skin. However, our data only provide
indirect evidence for this hypothesis, because we did not eval-
uate the effect of blockade of these neurotrophins on the re-
sponses induced by SEB.

In the present study, in rats of 2 different ages, SEB rapidly
increased expression of TNF-o in infiltrating lymphocytes in the
skin, followed by increased expression of NGF and BDNF in
dermal fibroblasts and TNF-a in keratinocytes and fibroblasts.
TNF-o and IL-1B are known to promote the production of
neurotrophins, such as NGF and BDNF, from epithelial cells and
fibroblasts in the airway [36-38]. TNF-a also induces the pro-
duction of NGF in human foreskin fibroblasts [39] and increases
the expression of NGF in mouse skin [40]. Therefore, it is
possible that, in our study, primarily and secondarily released
TNF-a triggered the production of NGF and BDNF in the skin
and maintained their production at high levels.

We revealed that the threshold concentrations of SEB re-
quired for increases in innervation of substance P- and TRPV1-
immunoreactive nerves, for expression of NGF, BDNF, and
TNF-0, and for induction of lymphocyte infiltration in rat skin
are much lower in pups than in adults. To our knowledge, there
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is no report regarding age-dependent differences in these skin
responses induced by SEB. The reason for these age-dependent
differences is not clear. However, in the present study, addition
of rat adult serum to SEB did not alter the time course or the
extent of histological changes induced by SEB in rat pups. Thus,
these age-dependent differences are unlikely to depend on an
antibody that blocks SEB effects that was acquired by adult rats.

We revealed that tacrolimus completely suppresses the SEB-
induced upregulation of TNF-a expression in infiltrating lym-
phocytes in the skin by strongly inhibiting T cell activation [17, 18].
In addition, tacrolimus likely blocked the release of other T cell-
derived cytokines or mediators, such as IL-1pB, that promote
production of neurotrophins, because previous data showed that
tacrolimus largely inhibited the release of TNF-o and IL-1B from
human T cells stimulated with monoclonal antibodies to CD3 and
CD28 [41, 42]. In our study, tacrolimus strongly suppressed the
SEB-induced enhancement of expression of NGF and BDNF,
innervation of substance P- and TRPV1-immunoreactive nerves,
and neurogenic inflammation in the skin. Therefore, SEB-induced
T cell activation may initiate these changes. This possibility is
supported by our finding that fluocinonide had the same sup-
pressive effect as tacrolimus, because glucocorticoids are known to
suppress activation of T cells [43]. However, we cannot exclude
the possibility that something other than the superantigenic
property of SEB contributed to these skin changes, because we
have not shown that SEB expands T cell subsets in the skin that are
specifically responsive to SEB as a superantigen.

In conclusion, SEB enhanced the innervation of sensory
C-fibers and the expression of tachykinin NKI receptors in the
skin of rat pups and adults. These changes were likely caused by
the upregulated production of neurotrophins, such as NGF and
BDNF, at least partially through a TNF-o—mediated pathway.
T cell activation induced by SEB may initiate these changes. The
duration of the SEB-induced enhancing effects was short but was
of similar duration to enhancing effects in a skin-scratching
mouse model [44]. However, SEB may have the potential to
trigger a vicious circle of chronic skin inflammation, because the
SEB-induced enhancement may be maintained by repeated
stimulation with SEB and scratching, which increase in the skin
of patients with atopic dermatitis. Finally, further investigation
is required to assess whether other superantigens, such as SEA
and SEC, also promote mechanisms associated with increased
neurogenic skin inflammation.
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