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OPEN A fluorescence imaging technique

suggests that sweat leakage
in the epidermis contributes
to the pathomechanism

of palmoplantar pustulosis
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Nobushige Kohril, SatoshiYoshida?l, Ken Shiraishi?, Jun Muto?, Hideki Mori?,
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Sweat is an essential protection system for the body, but its failure can result in pathologic conditions,
including several skin diseases, such as palmoplantar pustulosis (PPP). As reduced intraepidermal
E-cadherin expression in skin lesions was confirmed in PPP skin lesions, a role for interleukin (IL)-1-rich
sweat in PPP has been proposed, and IL-1 has been implicated in the altered E-cadherin expression
observed in both cultured keratinocytes and mice epidermis. For further investigation, live imaging

of sweat perspiration on a mouse toe-pad under two-photon excitation microscopy was performed
using a novel fluorescent dye cocktail (which we named JSAC). Finally, intraepidermal vesicle
formation which is the main cause of PPP pathogenesis was successfully induced using our "LASER-
snipe" technique with JSAC. "LASER-snipe" is a type of laser ablation technique that uses two-photon
absorption of fluorescent material to destroy a few acrosyringium cells at a pinpoint location in three-
dimensional space of living tissue to cause eccrine sweat leakage. These observatory techniques and
this mouse model may be useful not only in live imaging for physiological phenomena in vivo such as
PPP pathomechanism investigation, but also for the field of functional physiological morphology.

Sweat is the body’s surface thermal control system but in human skin it plays other roles as well, acting as a
moisturizer, an inactivator of allergens, and in the protection against infection based on the secretion of anti-
microbial peptides!?. Given these multiple functions of sweat, its failure results in the development of several
diseases. While common skin diseases such as miliaria and eczema can be treated with topical agents, palmo-
plantar pustulosis (PPP), a chronic inflammatory skin disease, is often resistant to treatment. In Japan, PPP has
a prevalence of 0.12%?.

The main clinical manifestations of PPP are erythema, vesicles, pustulo-vesicles, pustules, and scales on the
palms and soles. Typical lesions are usually localized, but may affect the patient’s quality of life*; in severe cases
patients may have difficulty walking due to the intense pain.

Based on its skin manifestation, PPP is regarded as a subtype of psoriasis referred to as pustular psoriasis but
it has also been argued that it is a distinct disease. Pustular psoriasis is often classified into localized and general-
ized form®. Enhanced IL-36 signaling is a crucial pathway in generalized pustular psoriasis®’. On the other hand,
PPP, one of the localized pustular psoriasis, is sometimes associated with plaque psoriasis, but it is proposed
not to formally include this under the heading "psoriasis” in its clinical, epidemiological, genetic, and biological
features®. Its pathogenesis is unclear but two types of PPP, type-A and type-B, have long been recognized*. Most
Japanese PPP patients have the type-A form. Histopathologically, type-A PPP skin lesions typically begin with
vesicle formation, followed in turn by pustulo-vesicles and, finally, pustules®. The pustulo-vesicle and pustule
phases have been well studied but little is known about the vesicle phase, and it may provide insights into the
pathomechanism of PPP.
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The most common site of PPP development is around the acrosyringium. The lesion begins as a small vesicle*®
containing the eccrine sweat-derived antimicrobial peptides dermcidin and hCAP-18/LL-37%°. These findings
strongly suggest a relationship between eccrine sweat and intraepidermal vesicle formation in PPP. We have
already succeeded in showing that the direct evidence for this relationship was obtained using our three-dimen-
sional, deep-imaging technique with a new pyrene probe and two-photon excitation microscopy (TPM)*. In
contrast to routine histopathology with hematoxylin-eosin (H&E) staining, this approach can reveal the three-
dimensional structure of the acrosyringium.

In the development of eczema, spongiosis formation is accompanied by hyaluronan production and decreased
E-cadherin expression by cytokine-stimulated keratinocytes'!. In pompholyx, a type of vesicular dermatitis, small
vesicles are seen in the lesion epidermis, and the clinical and histopathological features resemble those of PPP'>13,
We previously showed that keratinocytes around the vesicles or pustules of PPP do not express hyaluronan, nor is
hyaluronan present in the intercellular space of the epidermal keratinocytes in pompholyx'*. Those observations
suggest that the mechanism of vesicle formation in PPP differs from that in eczema.

In human sweat from the palms and soles, interleukin (IL)-1a and IL-1p concentrations are higher than in
sweat from other parts of the body'>!°. IL-1f decreases E-cadherin expression by primary normal human epi-
dermal keratinocytes (NHEKS), leading to almost complete cell dissociation'’. Neither IL-1a nor IL-1 increases
hyaluronan production by primary NHEKs'"!%. Based on these findings, we hypothesized that, in PPP, IL-1-rich
acral eccrine sweat leaking in the epidermis leads to intraepidermal vesicle formation without an eczematous
reaction.

To test this hypothesis, we developed a high-quality fluorescence imaging technique using a novel fluores-
cent dye cocktail (which we named JSAC). By combining our "LASER-snipe" technique with TPM, live imaging
of sweat perspiration and real-time vesicle formation in the epidermis was possible in a mouse model of PPP.

Results

E-cadherin expression is decreased in the lesional epidermis of patients with PPP

To explore the pathomechanism of intraepidermal vesiculation in PPP, lesional skin samples were obtained from
three patients with PPP. Tissue sections prepared from samples were subjected to H&E (Fig. 1a) and immu-
nofluorescence (Fig. 1b) staining to investigate the expression patterns of intercellular adhesional molecules
(E-cadherin, desmoglein-1, and desmoglein-3) on epidermal keratinocytes. In normal human skin, classical
and desmosomal cadherins are differentially expressed in different layers of the epidermis. E-cadherin is present
in almost all layers while desmoglein-1 is dominant in upper layers and desmoglein-3 in lower layers'*?°. Our
focus was on the fluorescence signal intensity of Alexa-488-labeled E-cadherin and desmoglein-1 in the upper
layers of the pustulo-vesicle (Fig. 1b, boxed area), which showed reduced E-cadherin fluorescence signal inten-
sity compared to normal skin whereas there was no change in the fluorescence signal intensity of desmoglein-1
(Fig. 1b, zoom). The immunoglobulin fraction from non-immunized rabbits was used as a negative control
to assess background signals; complete negative staining was routinely achieved using our standard protocol
(Fig. 1b, control). We therefore hypothesized that decreased E-cadherin expression in the epidermis is associated
with intraepidermal PPP vesicle formation.

IL-1 diminishes E-cadherin expression in primary NHEKs

To determine whether IL-1, a cytokine present at high levels in acral human sweat, decreases epidermal E-cad-
herin expression, primary NHEKSs were stimulated for 18 h with IL-1a and IL-1p at concentrations of 10, 100, or
1000 ng/ml (Fig. 2a—c). The results showed a decrease in fluorescence signal intensity in IL-1a (Fig. 2a) and IL-1p
(Fig. 2b)-treated cells compared to the non-treated cells (Fig. 2¢) at all concentrations. However, the action of IL-1
was not uniform, as a mosaic pattern area of normal E-cadherin expression was seen (Fig. 2a,b). A comparison of
the parallel H&E-stained cultures showed no marked morphological difference between non-treated and treated
cells (Supplementary Fig. 1). To further explore the lack of uniform IL-1 expression, the fluorescently stained
primary NHEKs were stimulated for 18 h with 10 ng/ml IL-1a or IL-1, after which E-cadherin expression was
analyzed by multicolor flow cytometry. In line with the result of the immunocytochemical assay, E-cadherin
expression was reduced in treated vs. non-treated cells (Fig. 2d) but there was no statistically significant difference
in the mean fluorescence intensity (data not shown). These results suggested that IL-1a and IL-1p decrease the
cell membrane expression of E-cadherin. Based on these results and those of previous studies showing an associa-
tion between eccrine sweat, IL-1, acrosyringium structure, and PPP, we hypothesized that decreased E-cadherin
expression, induced by IL-1-rich eccrine sweat from the palms and soles leaking into the epidermis, is the cause
of intraepidermal vesicle formation in PPP. This hypothesis was tested in a mouse model, as described below.

Three-dimensional, deep-imaging technique with TPM reveals numerous eccrine sweat glands
in mouse toes and in humans

A recently established fluorescent solvatochromic pyrene probe was used to perform TPM for three-dimensional,
deep imaging of a lipid-stained tissue sample from a C57BL/6 mouse toe. This technique clearly showed that, like
the human toe, the mouse toe has numerous eccrine sweat glands (Fig. 3a, c and Supplementary Movie. 1). The
acrosyringium and epidermal keratinocytes in the mouse toe were also visualized using this technique (Fig. 3b).
These findings confirmed the validity of a mouse model for studies of sweat and the sweat ducts in skin disorders
such as PPP as well as the use of a solvatochromic pyrene probe and TPM to study the underlying pathology.
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Figure 1. E-cadherin expression is decreased in the lesional epidermis of patients with PPP. (a) Representative
image of H&E staining in human palmoplantar pustulosis (PPP) lesional skin (n=3). Magnified areas are
marked with black rectangles. Scale bar =100 um. (b) Representative images of immunofluorescent staining
for E-cadherin (green), desmoglein-1 (green), and desmoglein-3 (green) in human PPP lesional skin (n=3).
Magnified areas are marked with white rectangles. The immunoglobulin fraction from non-immunized rabbits
served as a negative control. Scale bar =100 pm. PI, propidium iodide (red).

IL-1 diminishes E-cadherin expression by the epidermal keratinocytes of C57BL/6 mouse toe
skin

To demonstrate the effect of IL-1 on mouse epidermal keratinocytes, the subcorneal to spinous layers of mouse
toe epidermis were stimulated for 24 h with 10 ng/ml IL-1a or IL-1p using an Alzet osmotic pump drug delivery
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Figure 2. Interleukin (IL)-1 diminishes E-cadherin expression on the cell membrane of primary NHEKSs.

(a,b) Immunofluorescent microscopy images of NHEKs stimulated with IL-1a (a) or IL-1p (b) and stained
with anti-E-cadherin (green) and Hoechst dye (blue). Magnified areas are marked with white rectangles.

Scale bar =100 pm. (c¢) Immunofluorescence microscopy images of non-treated NHEKSs stained with anti-E-
cadherin (green) and Hoechst dye (blue). Magnified areas are marked with white rectangles. Scale bar =100 pm.
(d) Representative data of E-cadherin expression in IL-1a- or IL-1f-treated NHEKS as determined by flow
cytometry.

system (Fig. 4a). In line with the immunocytochemistry results obtained in NHEKSs (Fig. 2a—c), the fluorescence
signal intensity of Alexa-488-labeled E-cadherin on the cell membranes of the treated epidermis was decreased
compared to non-treated or phosphate-buffered saline (PBS)-treated epidermis (Fig. 4b). Again, there was no
apparent difference in the epidermis of the respective H&E-stained specimens (Fig. 4c). These results suggested
that, as in NHEKSs, E-cadherin expression on the keratinocytes of mouse epidermis was diminished by IL-1a
or IL-1.

Three-dimensional, deep-imaging with TPM together with a novel dye cocktail (JSAC) in the
live imaging of perspiration on the mouse foot-pad

Three-dimensional live imaging of perspiration on the mouse toe was performed by injecting JSAC, a novel
dye cocktail of three dyes, into the foot-pad of C57BL/6 mice, followed by an injection of pilocarpine. Live
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Figure 3. Three-dimensional and deep-imaging with two-photon excitation microscopy (TPM) reveals
eccrine sweat glands in the mouse toe. (a) TPM image of the cleared mouse toe (marked with a blue rectangle)
stained with a fluorescent solvatochromic pyrene probe (green). Scale bar =200 pm. (b) Magnified images of
the acrosyringium (marked with blue circles) in the epidermis of the mouse shown in (a). Scale bar=50 pm. (c)
Magnified images of the eccrine sweat ducts (left) and glands (right) in the dermis of the mouse shown in (a).
Scale bar=50 pm.

imaging with TPM (Fig. 5a) clearly showed the spiral structure of the acrosyringium in mouse toe (Fig. 5b and
Supplementary Movie. 2). Both the stratum-corneum-weighted (Fig. 5¢ and Supplementary Movie. 3) and the
epidermis-weighted (Fig. 5d and Supplementary Movie. 4) images showed that the fluorescein (green) of JSAC
entered the sweat ducts (data not shown), while the inner walls of the sweat ducts were stained with sulforhoda-
mine 101 (SR101, red) and epidermal keratinocytes around the acrosyringium with LipiORDER® (light green)
(Fig. 5d). After perspiration, the sweat ducts closed, such that the SR101 signal faded (data not shown). These
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Figure 4. IL-1 diminishes E-cadherin expression on the cell membrane of epidermal keratinocytes in mouse
toe. (a) Graphical depiction of the Alzet osmotic pump and cannula implantation in C57BL/6 mice under
general anesthesia. Following administration of a continuous intraepidermal dose of 10 ng IL-1/ml mixed
with SR101 to the mouse toe, a red fluorescence signal was detected (right, bottom). (b) Immunofluorescent
microscopy images of mouse toe epidermis stimulated with PBS, IL-1a, and IL-1p and stained with anti-E-
cadherin (green) and Hoechst dye (blue). (c) H&E staining of the specimens in (b). In (b) and (c), the yellow
arrows indicate the needle insertion sites. Scale bars in (b) and (¢)=100 um.
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Figure 5. Three-dimensional, deep-imaging with TPM using a novel mixture of dyes in live imaging of
perspiration on a mouse toe-pad. (a) Mice under general anesthesia were restrained for TPM live imaging. The
observation field is indicated by a red circle. (b) Three-dimensional TPM image of the moment of perspiration
on a mouse toe stained with a mixture of three dyes: fluorescent solvatochromic pyrene probe (light green),
fluorescein (green), and SR101 (red). Scale bar =100 pm. (c) Stratum-corneum-weighted image of (a) in top,
lateral, and bottom views. Scale bar =100 pm. (d) Epidermis-weighted image (a) viewed from the top, oblique,
and bottom. Scale bar =100 pm.

results demonstrated the validity of our three-dimensional live imaging system in examining perspiration in
the mouse toe.

A laser ablation technique to establish an eccrine sweat leakage model in mouse epidermis in
turn induces intraepidermal vesicle formation

An eccrine sweat leakage model in mouse epidermis was created by adapting laser ablation for skin tissue?!. To
optimize the laser illumination conditions, the lining cells of the acrosyringium were disrupted, without damage
to the surrounding tissue (Fig. 6a,b and Supplementary Movie. 5). This TPM laser ablation technique, named
"LASER-snipe”, allowed observation of dye leakage from the acrosyringium using time-lapse TPM (Fig. 6¢ and
Supplementary Movie. 6), confirming our eccrine sweat leakage model in mouse epidermis. A three-dimensional
view of the moment of leakage (Fig. 6d and Supplementary Movie. 7) revealed that eccrine sweat leakage in the
mouse epidermis occurred in a concentric fashion and mimicked the shape of an intraepidermal vesicle in human
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Figure 6. Laser ablation technique induces eccrine sweat leakage and subsequent intraepidermal vesicle
formation in the mouse epidermis. (a) Z-axis view of a three-dimensional TPM image of the moment of
perspiration on a mouse toe stained with a mixture of three dyes: fluorescent solvatochromic pyrene probe (light
green), fluorescein (green), and SR101 (red). The white arrow shows the acrosyringium in the stratum corneum.
Magnified areas are marked with white circles. Scale bar=100 pm. (b) LASER-snipe. Orange arrowheads
indicate the sniped acrosyringium. Magnified areas are marked with white circles. Scale bar=100 pm. (c)
Leakage of eccrine sweat from the LASER-sniped acrosyringium. Magnified areas are marked with white circles.
Scale bar=100 pm. (d) Three-dimensional view of (c). (e) An intraepidermal vesicle in (d) in left lateral, bottom,
and right lateral views. Scale bar =100 um. (f) Schematic diagram showing the mechanism of intraepidermal
vesicle formation.
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PPP (Fig. 6e and Supplementary Movie. 8). We therefore succeeded in inducing formation of an intraepidermal
vesicle around the sniped acrosyringium (Fig. 6f).

Discussion

The sweating function has been the focus of many studies' but advanced morphological studies of eccrine sweat
glands have been hindered by the lack of significant progress in the required histopathological methods. In addi-
tion to classical H&E staining of tissue sections, immunohistochemistry and in situ hybridization have enabled
the visualization of protein and mRNA expression in tissues. However, these techniques require fixed thin sec-
tions and are thus only able to reveal expression patterns in dead cells and tissues. In the field of perspiration
research using human tissues, there is a need for methods allowing the observation of cell and tissue reactivity
as well as morphological changes over time. Ideally, this would be achieved by observing the three-dimensional
tissue architecture and physiological or biochemical changes at the tissue and cell level under direct observation.

We developed a method to observe eccrine sweat gland structures based on a three-dimensional, deep-
imaging technique using a new pyrene probe and TPM, which allows observation of the three-dimensional
structures of eccrine sweat glands ex vivo under direct vision??. This technique was successfully applied in a
previous study to observe vesicles and pustules in PPP in 3D under direct vision'’. However, this technique
did not allow microscopy observations of physiological sweat flow in real-time, which is necessary to study the
pathomechanism of PPP.

In Japan, PPP is a relatively common chronic inflammatory palmoplantar skin disease that is often refractory
to treatment?®. The characteristic histological feature of PPP is intraepidermal vesicle formation preceding pustule
development*®. In previous studies, our group demonstrated the presence of eccrine sweat-derived antimicrobial
peptides in PPP vesicles®>***, decreased sweating in the lesional vs. non-lesional area®, and partial damage to the
structure of the acrosyringium, the source of eccrine sweat in the epidermis, at the site of PPP lesions'’. These
findings strongly suggested a relationship between intraepidermal PPP vesicle formation and eccrine sweat leak-
age in the epidermis. However, direct evidence that eccrine sweat leaking from the acrosyringium is the cause
of intraepidermal vesicle formation was lacking.

Intraepidermal vesicle formation, or epidermal acantholysis, occurs in various skin diseases such as pemphi-
gus, Darier disease, Hailey-Hailey disease, transient acantholytic dermatosis, and miliaria?®-?8. Several studies
have shown that the disruption of desmosomes or adherens junctions, essential structures for cell-cell contact'?,
plays a role in intraepidermal vesicle formation, or epidermal acantholysis, in pemphigus, Darier disease, and
Hailey-Hailey disease®*-%. Hence, we initially investigated the expression pattern of intercellular adhesional
molecules (for desmosomes: desmoglein-1 and desmoglein-3, for adherens junction: E-cadherin) in the lesional
epidermis of PPP patients. Among the studied markers, only a decrease in the membrane expression of E-cad-
herin by keratinocytes around the pustulo-vesicles or pustules was observed. We therefore hypothesized that
decreased E-cadherin expression in the epidermis is the initial step in intraepidermal vesicle formation in PPP.

Human eccrine sweat is mainly composed of water, but also contains electrolytes, bicarbonates, lactic acids,
amino acids, heavy metals, immunoglobulins, proteases, protease inhibitors, and cytokines such as IL-1a, IL-1p,
IL-6, IL-8, IL-31, and tumor necrosis factor (TNF)-a?. A previous study showed that IL-1a and IL-1f are highly
concentrated (6-30 ng/ml, mostly IL-1a) in human sweat, especially that from the palms and soles'>'¢. In another
study, IL-1B (10 ng/ml) stimulation was shown to induce a loss of E-cadherin expression by primary NHEKSs
and almost complete cell dissociation, whereas the effects of transforming growth factor-p, TNF-q, interferon-y,
and lipopolysaccharide were weak!. In the present study, immunocytochemical and flow cytometric analyses
showed that both IL-1f and IL-1a lead to a decrease in E-cadherin expression in primary NHEKs. Consistent
with the above-cited study, continuous stimulation by IL-1a or IL-1f was shown to reduce E-cadherin expression
in the epidermis of the C57BL/6 mouse toe, based on immunohistochemical analysis in which drug delivery was
achieved using an osmotic pump system. Taken together, these results implied that IL-1 can disrupt adherens
junctions both in vitro and in vivo.

These results supported our hypothesis regarding the pathogenesis of intraepidermal vesicle formation in PPP.
Following damage to the acrosyringium, IL-1-rich eccrine sweat leaks into the epidermis, disrupting E-cadherin
expression on keratinocytes and in turn leading to intraepidermal vesicle formation. Support for this hypoth-
esis required establishing a link between eccrine sweat leakage and vesicle formation in a living skin equivalent
(LSE). Since there is currently no human LSE with eccrine sweat ducts, a mouse model of PPP3**! that also
included intraepidermal vesicles on the palmoplantar area of the mouse paw is required. The model described
in the present study included those structures and thus allowed us to test our hypothesis of eccrine sweat leak-
age in the epidermis as the cause of vesicle formation. The model was explored using two techniques with TPM,
described in the following.

Three-dimensional, deep imaging with TPM clearly showed that, like the human toe, the mouse toe contains
numerous eccrine sweat glands. Using our newly developed fluorescent dye cocktail, JSAC, made up of SR101,
fluorescein, and LipiORDER’, we were able to follow sweat flow histologically and visualize the structure of the
acrosyringium, including its spiral structure, inner walls, and surrounding keratinocytes, in the living mouse
foot-pad epidermis. Moreover, JSAC allowed the successful depiction of pilocarpine-induced sweating from
eccrine sweat glands in the mouse foot-pad (Fig. 5) and thus, for the first time, live imaging of perspiration in
the mouse toe.

We also developed a novel eccrine sweat leakage mouse model using a laser ablation technique, “LASER-
snipe,” for use in combination with both JSAC-mediated detection of the lining cells of the acrosyringium in
living mouse toe and TPM. In LASER-snipe, one laser pulse kills a few acrosyringium cells. The formation of
the equivalent of an intraepidermal vesicle in the intercellular space after leakage of eccrine sweat was confirmed
around the LASER-sniped acrosyringium. This finding demonstrated that the leakage of eccrine sweat into the
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mouse toe-pad epidermis can disrupt intercellular adhesion and induce intraepidermal vesicle formation, thus
supporting our hypothesis on the pathogenesis of intraepidermal vesicle formation in PPP. This is also the first
study to show live sweat leakage from the acrosyringium by microscopy.

Nonetheless, our study had two limitations. First, the exact mechanism of eccrine sweat leakage from the
acrosyringium remains unclear; while it likely involves the disruption of tight junctions in the lining cells, the
responsible factors are so far unknown. A study of lesional skin in atopic dermatitis reported the decreased
expression of claudin-3, a tight junction component, in sweat glands, accompanied by sweat leakage in the
dermis*. It also showed reduced claudin expression in the histamine-treated dermal sweat duct of the mouse
footpad, resulting in tracer leakage into the paracellular space®’. Although the presence of one of the tight
junction-associated proteins occludin in the acrosyringium of human skin has also been described®, the barrier
system for sweat leakage in the acrosyringium has not been clarified. Second, the induction of pustule formation
requires neutrophil recruitment into an intraepidermal vesicle, which was not reproduced in our mouse model.
The release of IL-8 and IL-36, key cytokines that mediate neutrophil recruitment, in human tonsil epithelial cells
and primary NHEKSs exposed to cigarette smoke was also shown to contribute to the pathogenesis of PPP*, as
was dysbiosis of the oral microbiota®-%". In a previous study, our group detected a microbiome in sterile pustules
of PPP*. From these perspectives, our mouse model would benefit from extrinsic stimulation, such as cigarette
smoke and bacterial components in the oral cavity, upper airway, and palms and soles, to recruit neutrophils
into the intraepidermal vesicle.

In conclusion, this study sheds light on the pathogenesis of PPP. According to our model, mechanical or func-
tional damage to the acrosyringium in the palms and soles by a yet unidentified stimulant causes IL-1-rich eccrine
sweat to leak into the epidermis. IL-1 disrupts E-cadherin expression on keratinocytes, leading to intraepidermal
vesicle formation. While this sequence of events was demonstrated in a mouse model of vesicle formation in
PPP, the model must be expanded if it is to completely mimic human PPP.

Methods

Human skin samples

Three 2-mm punch biopsy specimens were obtained at Ehime University Hospital from three patients diagnosed
with PPP based on clinical features, disease course, and the diagnostic histopathological features of the vesicles,
i.e., without spongiosis and microabscess on their edges'?.

Histological and immunohistochemical analyses of human skin samples

Formalin-fixed, paraffin-embedded blocks of pustulo-vesicles or pustules from biopsy specimens of the three
PPP patients were prepared for H&E staining using routine histological techniques. For immunohistochemical
analysis of intercellular adhesional molecules in the lesional epidermis, 5-um tissue sections were deparaffinized,
hydrated, and subjected to antigen retrieval by heat mediation either in citrate buffer, pH 6, or in antigen retrieval
solution (415211; Nichirei, Tokyo, Japan), pH 9, according to the manufacturer’s protocol. The tissue sections
were then incubated overnight with primary antibodies [anti-E-cadherin (1:500; Abcam, ab40772), anti-desmo-
glein-1 (1:500; Abcam, ab209490), and anti-desmoglein-3 (1:250; Abcam, ab183743)] in background-reducing
antibody diluent (Agilent, S$3022) in a humidified chamber at 4 °C. An Alexa-Fluor 488-conjugated goat anti-
rabbit IgG (1:200) was used as the secondary antibody. Nuclei were counterstained with propidium iodide. The
stained tissue sections were examined by light and fluorescence microscopy (BZ-X800, Keyence Corp., IL, USA).

Cell culture

Primary NHEKSs isolated from surgically discarded neonatal skin samples were cultured in MCDB153 medium
supplemented with the appropriate reagents as previously described”. Cells used for the experiments were in
their fourth passage, and subconfluent cultures were subjected to stimulation.

Immunocytochemical assay

Primary NHEKSs were seeded and cultured in EpiLife™ medium containing 0.06 mM calcium (Gibco) and sup-
plemented with 5 ml of Epilife™ defined growth supplement (EDGS, Gibco) in 8-well chamber slides coated
with type I collagen. After 48 h, the medium was replaced with EpiLife™ medium containing 1.2 mM calcium
to facilitate cell differentiation. After an additional 48 h, cells were stimulated for 18 h with 10, 100, or 1000 ng
IL-1a or IL-1p/ml'” and processed for immunocytochemical staining. For the assay, cells on slides were fixed
with 4% paraformaldehyde in PBS for 30 min at room temperature and then incubated overnight with an anti-
E-cadherin rabbit monoclonal primary antibody (1:500; Abcam, ab40772) in background-reducing antibody
diluent (Agilent, $3022) in a humidified chamber at 4 °C. An Alexa-Fluor 488-conjugated goat anti-rabbit IgG
(1:200) served as the secondary antibody. Finally, the nuclei were counterstained with Hoechst dye. The stained
tissue sections were examined by light and fluorescence microscopy (BZ-X800, Keyence Corp., IL, USA).

Flow cytometric analysis

Primary NHEKSs were seeded and cultured in EpiLife™ medium containing 0.06 mM calcium (Gibco) and sup-
plemented with 5 ml of EDGS (Gibco) on 60-mm type-I-collagen-coated dishes. After 48 h, the medium was
replaced with EpiLife™ medium containing 1.2 mM calcium without EDGS to facilitate cell differentiation.
After 48 h, the cells were stimulated with 10 ng of IL-1a or IL-1f/ml for 18 h and prepared for flow cytometry.
Specifically, the cells were trypsinized, adjusted to a concentration of 1 x 10° cells per 100 pl PBS, incubated with
10 ul of phycoerythrin-conjugated anti-E-cadherin mouse primary monoclonal antibody (Abcam, ab128125) for
30 min at room temperature, washed, and analyzed for E-cadherin expression using multicolor flow cytometry
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(Gallios, Beckman Coulter). The data were analyzed using FlowJo™ v7.6.5 software (Becton, Dickinson and
Company, New Jersey, USA).

Mice

Six- to 22-week-old C57BL/6 mice originally purchased from CLEA Japan (Tokyo, Japan) were used in this
study. The mice were housed in the animal facility at Ehime University in a specific pathogen-free environment
at 23+2 °C with a 12 h/12 h dark/light cycle. All mice were anesthetized with mixture of medetomidine(0.3 mg/
kg), midazolam(4.0 mg/kg), and butorphanol(5.0 mg/kg) by intraperitoneal injection and euthanized with carbon
dioxide by oral inhalation.

IL-1 treatment and E-cadherin expression analysis of mouse skin

For the continuous intraepidermal stimulation assays, C57BL/6 mice were implanted with an Alzet” osmotic
pump (Muromachi Kikai Co., Ltd., Tokyo, Japan) and cannula under general anesthesia for continuous intraepi-
dermal administration of 10 ng IL-1a or IL-1B/ml (3 pl/h; two animals, respectively) or PBS (two animals for
positive control) to the toes for 24 h (Fig. 4a—c). Non-treated toes served as an additional positive control.
After stimulation, the mice were euthanized under general anesthesia. The toes were isolated using scissors
and fixed with 4% paraformaldehyde in PBS for 2 h at room temperature. After dehydration, the samples were
paraffin-embedded and 5-um tissue sections were prepared for immunohistochemical staining. The tissue sec-
tions were deparaffinized, hydrated, and subjected to antigen retrieval by heat mediation in a citrate buffer, pH
6, according to the manufacturer’s protocol followed by incubation overnight with an anti-E-cadherin rabbit
monoclonal primary antibody (1:80,000; Abcam, ab76319) in background-reducing antibody diluent (Agilent,
$3022) in a humidified chamber at 4 °C. An Alexa-Fluor 488-conjugated goat anti-rabbit IgG (1:200) was used
as the secondary antibody. Cell nuclei were counterstained with Hoechst dye. The stained tissue sections were
examined by confocal laser scanning microscopy using a Nikon A1R MP + multiphoton confocal microscope
at 403 and 488 nm wavelength excitation. Subsequently, the sections were processed for H&E staining using
routine histological techniques.

Three-dimensional histopathological analysis of mice eccrine glands

C57BL/6 mice were euthanized after general anesthesia, and the paw was removed for three-dimensional imag-
ing of the eccrine sweat glands in the toe. The samples were fixed overnight in 4% paraformaldehyde in PBS at
4°C, optically cleared, and stained using the LUCID method and a pyrene probe (LipiORDER’; Funakoshi Co.,
Ltd., Tokyo, Japan), according to a previously described protocol.

JSAC, a novel fluorescent cocktail for the live imaging of sweat from mice eccrine glands

For the three-dimensional live imaging of perspiration by mouse toe, C57BL/6 mice were placed under general
anesthesia and retro-orbitally injected with our JSAC dye mixture, consisting of SR101 (Sigma, 5 mg/ml), fluores-
cein (Sigma, 5 mg/ml), and LipiORDER’ (100 uM) in 100 pl PBS. The foot-pad of each mouse was subcutaneously
injected with 50 pg of pilocarpine (Wako Junyaku Co., Ltd., Osaka, Japan) in 20 pl PBS to induce perspiration.
Subsequently, the toe-pad was observed by time-lapse TPM, as described below.

Two-photon excitation microscopy

A Nikon A1R MP + multiphoton confocal microscope (MaiTai eHP DeepSee, Spectra-Physics) with an Apo LWD
25x1.10W objective lens was used for TPM. All 3D images were acquired at 1024 x 1024 (0.51 mm/pixel) with
0.5-fps and 2.0-pum Z steps. Fluorescein signals were detected at excitation (ex)/emission (em) wavelengths of
880/500-550 nm, SR101 fluorescence signals at ex/em wavelengths of 880/593-750 nm, and LipiORDER  signals
at ex/em wavelengths of 880/500-550 nm, 560-593 nm, and 593-750 nm.

LASER-snipe: a technique for inducing eccrine sweat leakage in mouse epidermis

C57BL/6 mice were placed under general anesthesia and the JSAC dye mixture was retro-orbitally injected into
one. Laser ablation of the detected lining cell of the acrosyringium in the mouse toe using our LASER-snipe tech-
nique was then performed under TPM. A laser pulse of 880 nm was delivered for ~ 8 s with 100% laser power into
a 2-um? area of the toe. Ablation was followed by subcutaneous injection of 50 pg of pilocarpine in 20 ul PBS into
the toe-pad of each mouse to induce perspiration. Subsequently, the toe-pad was observed by time-lapse TPM.

Study approval

Human participant studies were approved by the Institutional Ethics Committee of Ehime University School of
Medicine (approval number: 18022009) and were performed in accordance with the principles of the Declaration
of Helsinki. Informed consent to collect and evaluate skin biopsy specimens was obtained from all patients. All
animal experiments were approved by the Institutional Animal Care and Use Committee of Ehime University
(approval number: 05NE49-1,16) and conformed with the NIH guidelines for the care and use of animals, the
recommendations of the International Association for the Study of Pain, and the ARRIVE guidelines. All efforts
were made to minimize suffering.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Scientific Reports |

(2024) 14:378 | https://doi.org/10.1038/s41598-023-50875-x nature portfolio



www.nature.com/scientificreports/

Received: 18 October 2023; Accepted: 27 December 2023
Published online: 03 January 2024

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Baker, L. B. Physiology of sweat gland function: The roles of sweating and sweat composition in human health. Temperature 6(3),
211-259. https://doi.org/10.1080/23328940.2019.1632145 (2019).

Murota, H., Yamaga, K., Ono, E. & Katayama, I. Sweat in the pathogenesis of atopic dermatitis. Allergol. Int. 67(4), 455-459. https://
doi.org/10.1016/j.alit.2018.06.003 (2018).

Kubota, K. et al. Epidemiology of psoriasis and palmoplantar pustulosis: A nationwide study using the Japanese national claims
database. BMJ Open. 5(1), €006450. https://doi.org/10.1136/bmjopen-2014-006450 (2015).

. Murakami, M. & Terui, T. Palmoplantar pustulosis: Current understanding of disease definition and pathomechanism. J. Dermatol.

Sci. 98(1), 13-19. https://doi.org/10.1016/j.jdermsci.2020.03.003 (2020).

. Griffiths, C. E. et al. A classification of psoriasis vulgaris according to phenotype. Br. J. Dermatol. 156(2), 258-262. https://doi.org/

10.1111/j.1365-2133.2006.07675.x (2007).

. Marrakchi, S. et al. Interleukin-36-receptor antagonist deficiency and generalized pustular psoriasis. N. Engl. J. Med. 365(7),

620-628. https://doi.org/10.1056/NEJMo0al013068 (2011).

. van de Kerkhof, P. C. From empirical to pathogenesis-based treatments for psoriasis. J. Investig. Dermatol. 142(7), 1778-1785.

https://doi.org/10.1016/;.jid.2022.01.014 (2022).

. Murakami, M. et al. Acrosyringium is the main site of the vesicle/pustule formation in palmoplantar pustulosis. J. Investig. Dermatol.

130(8), 2010-2016. https://doi.org/10.1038/jid.2010.87 (2010).

. Murakami, M. et al. Vesicular LL-37 contributes to inflammation of the lesional skin of palmoplantar pustulosis. PLoS ONE. 9(10),

€110677. https://doi.org/10.1371/journal.pone.0110677 (2014).

Murakami, M. et al. New fluorescent three-dimensional and deep-imaging technique confirms a direct relationship between the
acrosyringium and vesicles/pustules of palmoplantar pustulosis. J. Dermatol. Sci. 102(2), 130-132. https://doi.org/10.1016/j.jderm
$¢i.2021.03.004 (2021).

Ohtani, T. et al. Increased hyaluronan production and decreased E-cadherin expression by cytokine-stimulated keratinocytes lead
to spongiosis formation. J. Investig. Dermatol. 129(6), 1412-1420. https://doi.org/10.1038/jid.2008.394 (2009).

Masuda-Kuroki, K. et al. Diagnostic histopathological features distinguishing palmoplantar pustulosis from pompholyx. J. Der-
matol. 46(5), 399-408. https://doi.org/10.1111/1346-8138.14850 (2019).

Yoon, S. Y., Park, H. S, Lee, . H. & Cho, S. Histological differentiation between palmoplantar pustulosis and pompholyx. J. Eur.
Acad. Dermatol. Venereol. 27(7), 889-893. https://doi.org/10.1111/j.1468-3083.2012.04602.x (2013).

Murakami, M. et al. Pompholyx vesicles contain small clusters of cells with high levels of hyaluronate resembling the pustulovesicles
of palmoplantar pustulosis. Br. J. Dermatol. 181(6), 1325-1327. https://doi.org/10.1111/bjd.18261 (2019).

Didierjean, L. et al. Biologically active interleukin 1 in human eccrine sweat: Site-dependent variations in alpha/beta ratios and
stress-induced increased excretion. Cytokine. 2(6), 438-446. https://doi.org/10.1016/1043-4666(90)90053-v (1990).

Sato, K. & Sato, F. Interleukin-1 alpha in human sweat is functionally active and derived from the eccrine sweat gland. Am. J.
Physiol. 266(3 Pt 2), R950-R959. https://doi.org/10.1152/ajpregu.1994.266.3.R950 (1994).

Maretzky, T. et al. ADAM10-mediated E-cadherin release is regulated by proinflammatory cytokines and modulates keratinocyte
cohesion in eczematous dermatitis. J. Investig. Dermatol. 128(7), 1737-1746. https://doi.org/10.1038/sj.jid.5701242 (2008).

Sayo, T. et al. Hyaluronan synthase 3 regulates hyaluronan synthesis in cultured human keratinocytes. J. Investig. Dermatol. 118(1),
43-48. https://doi.org/10.1046/j.0022-202x.2001.01613.x (2002).

Hegazy, M., Perl, A. L., Svoboda, S. A. & Green, K. J. Desmosomal cadherins in health and disease. Annu. Rev. Pathol. 17, 47-72.
https://doi.org/10.1146/annurev-pathol-042320-092912 (2022).

Green, K. J., Niessen, C. M., Rubsam, M., Perez White, B. E. & Broussard, J. A. The desmosome-keratin scaffold integrates ErbB
family and mechanical signaling to polarize epidermal structure and function. Front. Cell Dev. Biol. 10, 903696. https://doi.org/
10.3389/fcell.2022.903696 (2022).

Yamaguchi, K., Kitamura, R., Kawakami, R., Otomo, K. & Nemoto, T. In vivo two-photon microscopic observation and ablation
in deeper brain regions realized by modifications of excitation beam diameter and immersion liquid. PLoS ONE. 15(8), €0237230.
https://doi.org/10.1371/journal.pone.0237230 (2020).

Murakami, M. et al. High-quality fluorescence imaging of the human acrosyringium using a transparency: Enhancing technique
and an improved, fluorescent solvatochromic pyrene probe. Acta Histochem. Cytochem. 53(6), 131-138. https://doi.org/10.1267/
ahc.20-00020 (2020).

Murakami, M. Guselkumab for the treatment of palmoplantar pustulosis. Expert Opin. Biol. Ther. 20(8), 841-852. https://doi.org/
10.1080/14712598.2020.1760244 (2020).

Murakami, M. et al. TLN-58, an additional hCAP18 processing form, found in the lesion vesicle of palmoplantar pustulosis in the
skin. J. Investig. Dermatol. 137(2), 322-331. https://doi.org/10.1016/j.jid.2016.07.044 (2017).

Hu, C. H. Sweat-related dermatoses: Old concept and new scenario. Dermatologica. 182(2), 73-76. https://doi.org/10.1159/00024
7748 (1991).

Burge, S. M. & Schomberg, K. H. Adhesion molecules and related proteins in Darier’s disease and Hailey-Hailey disease. Br. J.
Dermatol. 127(4), 335-343. https://doi.org/10.1111/j.1365-2133.1992.tb00451.x (1992).

Furukawa, E. et al. Cadherins in cutaneous biology. J. Dermatol. 21(11), 802-813. https://doi.org/10.1111/j.1346-8138.1994.tb032
94.x (1994).

Hakuno, M., Akiyama, M., Shimizu, H., Wheelock, M. J. & Nishikawa, T. Upregulation of P-cadherin expression in the lesional
skin of pemphigus, Hailey-Hailey disease and Darier’s disease. J. Cutan. Pathol. 28(6), 277-281. https://doi.org/10.1034/j.1600-
0560.2001.028006277.x (2001).

Dai, X. et al. Eccrine sweat contains IL-1alpha, IL-1beta and IL-31 and activates epidermal keratinocytes as a danger signal. PLoS
ONE. 8(7), €67666. https://doi.org/10.1371/journal.pone.0067666 (2013).

Yamanaka, N., Yamamoto, Y. & Kuki, K. Engraftment of tonsillar mononuclear cells in human skin/SCID mouse chimera-valida-
tion of a novel xenogeneic transplantation model for autoimmune diseases. Microbiol. Immunol. 45(7), 507-514. https://doi.org/
10.1111/§.1348-0421.2001.tb02651.x (2001).

Hayashi, M. et al. Pathogenic role of tonsillar lymphocytes in associated with HSP60/65 in Pustulosis palmaris et plantaris. Auris
Nasus Larynx. 36(5), 578-585. https://doi.org/10.1016/j.anl.2008.11.009 (2009).

Yamaga, K. et al. Claudin-3 loss causes leakage of sweat from the sweat gland to contribute to the pathogenesis of atopic dermatitis.
J. Investig. Dermatol. 138(6), 1279-1287. https://doi.org/10.1016/j.jid.2017.11.040 (2018).

Wilke, K. et al. Are sweat glands an alternate penetration pathway? Understanding the morphological complexity of the axillary
sweat gland apparatus. Skin Pharmacol. Physiol. 19(1), 38-49. https://doi.org/10.1159/000089142 (2006).

Kobayashi, K. et al. Cigarette smoke underlies the pathogenesis of palmoplantar pustulosis via an IL-17A-induced production
of IL-36gamma in tonsillar epithelial cells. J. Investig. Dermatol. 141(6), 1533-1541.e4. https://doi.org/10.1016/j.jid.2020.09.028
(2021).

Scientific Reports |

(2024) 14:378 | https://doi.org/10.1038/s41598-023-50875-x nature portfolio


https://doi.org/10.1080/23328940.2019.1632145
https://doi.org/10.1016/j.alit.2018.06.003
https://doi.org/10.1016/j.alit.2018.06.003
https://doi.org/10.1136/bmjopen-2014-006450
https://doi.org/10.1016/j.jdermsci.2020.03.003
https://doi.org/10.1111/j.1365-2133.2006.07675.x
https://doi.org/10.1111/j.1365-2133.2006.07675.x
https://doi.org/10.1056/NEJMoa1013068
https://doi.org/10.1016/j.jid.2022.01.014
https://doi.org/10.1038/jid.2010.87
https://doi.org/10.1371/journal.pone.0110677
https://doi.org/10.1016/j.jdermsci.2021.03.004
https://doi.org/10.1016/j.jdermsci.2021.03.004
https://doi.org/10.1038/jid.2008.394
https://doi.org/10.1111/1346-8138.14850
https://doi.org/10.1111/j.1468-3083.2012.04602.x
https://doi.org/10.1111/bjd.18261
https://doi.org/10.1016/1043-4666(90)90053-v
https://doi.org/10.1152/ajpregu.1994.266.3.R950
https://doi.org/10.1038/sj.jid.5701242
https://doi.org/10.1046/j.0022-202x.2001.01613.x
https://doi.org/10.1146/annurev-pathol-042320-092912
https://doi.org/10.3389/fcell.2022.903696
https://doi.org/10.3389/fcell.2022.903696
https://doi.org/10.1371/journal.pone.0237230
https://doi.org/10.1267/ahc.20-00020
https://doi.org/10.1267/ahc.20-00020
https://doi.org/10.1080/14712598.2020.1760244
https://doi.org/10.1080/14712598.2020.1760244
https://doi.org/10.1016/j.jid.2016.07.044
https://doi.org/10.1159/000247748
https://doi.org/10.1159/000247748
https://doi.org/10.1111/j.1365-2133.1992.tb00451.x
https://doi.org/10.1111/j.1346-8138.1994.tb03294.x
https://doi.org/10.1111/j.1346-8138.1994.tb03294.x
https://doi.org/10.1034/j.1600-0560.2001.028006277.x
https://doi.org/10.1034/j.1600-0560.2001.028006277.x
https://doi.org/10.1371/journal.pone.0067666
https://doi.org/10.1111/j.1348-0421.2001.tb02651.x
https://doi.org/10.1111/j.1348-0421.2001.tb02651.x
https://doi.org/10.1016/j.anl.2008.11.009
https://doi.org/10.1016/j.jid.2017.11.040
https://doi.org/10.1159/000089142
https://doi.org/10.1016/j.jid.2020.09.028

www.nature.com/scientificreports/

35. Kouno, M. et al. Dysbiosis of oral microbiota in palmoplantar pustulosis patients. J. Dermatol. Sci. 93(1), 67-69. https://doi.org/
10.1016/j.jdermsci.2018.12.003 (2019).

36. Akiyama, Y. et al. The oral microbial composition and diversity affect the clinical course of palmoplantar pustulosis patients after
dental focal infection treatment. J. Dermatol. Sci. 104(3), 193-200. https://doi.org/10.1016/j.jdermsci.2021.11.001 (2021).

37. Kageyama, Y. et al. Dysbiosis of oral microbiota associated with palmoplantar pustulosis. Dermatology. 237(3), 347-356. https://
doi.org/10.1159/000511622 (2021).

38. Masuda-Kuroki, K. et al. The microbiome of the “sterile” pustules in palmoplantar pustulosis. Exp. Dermatol. 27(12), 1372-1377.
https://doi.org/10.1111/exd.13791 (2018).

Acknowledgements

We thank Dr. Tasuku Nishihara, Department of Anesthesia and Perioperative Medicine, Ehime University Gradu-
ate School of Medicine, Ehime, Japan, for his technical support. This study was supported by JSPS KAKENHI
(grant number 20K08691and 22K06960), Grant-in-Aid for Scientific Research on Innovative Areas-Platforms
for Advanced Technologies and Research Resources "Advanced Bioimaging Support,” and AMED (grant number
JP22ym0126810). This study was also supported by the Division of Medical Research Support the Advanced
Research Support Center (ADRES), Ehime University.

Author contributions

K.Y. designed and conducted experiments and analyzed data. R.K. and M.M. supervised the research and ana-
lyzed data. Y.N., T.T., and K.K. provided the experimental platform and environment. K.Y, RK., and M.M.
drafted the manuscript. N.K,, S.Y., K.S., JM., HM.,, Y.E, and T.I. substantively revised the manuscript. All authors
discussed the experiments and read and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-50875-x.

Correspondence and requests for materials should be addressed to M.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:378 | https://doi.org/10.1038/s41598-023-50875-x nature portfolio


https://doi.org/10.1016/j.jdermsci.2018.12.003
https://doi.org/10.1016/j.jdermsci.2018.12.003
https://doi.org/10.1016/j.jdermsci.2021.11.001
https://doi.org/10.1159/000511622
https://doi.org/10.1159/000511622
https://doi.org/10.1111/exd.13791
https://doi.org/10.1038/s41598-023-50875-x
https://doi.org/10.1038/s41598-023-50875-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A fluorescence imaging technique suggests that sweat leakage in the epidermis contributes to the pathomechanism of palmoplantar pustulosis
	Results
	E-cadherin expression is decreased in the lesional epidermis of patients with PPP
	IL-1 diminishes E-cadherin expression in primary NHEKs
	Three-dimensional, deep-imaging technique with TPM reveals numerous eccrine sweat glands in mouse toes and in humans
	IL-1 diminishes E-cadherin expression by the epidermal keratinocytes of C57BL6 mouse toe skin
	Three-dimensional, deep-imaging with TPM together with a novel dye cocktail (JSAC) in the live imaging of perspiration on the mouse foot-pad
	A laser ablation technique to establish an eccrine sweat leakage model in mouse epidermis in turn induces intraepidermal vesicle formation

	Discussion
	Methods
	Human skin samples
	Histological and immunohistochemical analyses of human skin samples
	Cell culture
	Immunocytochemical assay
	Flow cytometric analysis
	Mice
	IL-1 treatment and E-cadherin expression analysis of mouse skin
	Three-dimensional histopathological analysis of mice eccrine glands
	JSAC, a novel fluorescent cocktail for the live imaging of sweat from mice eccrine glands
	Two-photon excitation microscopy
	LASER-snipe: a technique for inducing eccrine sweat leakage in mouse epidermis
	Study approval

	References
	Acknowledgements


