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Abstract

Sulfur mustard (HD) is a vesicating agent that has been used as a chemical warfare agent in a
number of conflicts, posing a major threat in both military conflict and chemical terrorism
situations. Currently, we lack effective therapies to rescue skin injuries by HD, in part, due to the
lack of appropriate animal models, which are required for conducting laboratory studies to
evaluate the therapeutic efficacy of promising agents that could potentially be translated in to real
HD-caused skin injury. To address this challenge, the present study was designed to assess
whether microvesication could be achieved in mouse skin by an HD analog 2-chloroethyl ethyl
sulfide (CEES) exposure; notably, microvesication is a key component of HD skin injury in
humans. We found that skin exposure of male SKH-1 hairless mice to CEES caused epidermal-
dermal separation indicating microvesication. In other studies, CEES exposure also caused an
increase in skin bi-fold thickness, wet/dry weight ratio, epidermal thickness, apoptotic cell death,
cell proliferation, and infiltration of macrophages, mast cells and neutrophils in male SKH-1
hairless mouse skin. Taken together, these results establish CEES-induced microvesication and
inflammation-related histopathological changes in mouse skin, providing a potentially relevant
laboratory model for developing effective countermeasures against HD skin injury in humans.
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1. INTRODUCTION

Sulfur mustard (bis (2-chloroethyl) sulfide, HD) is a powerful bifunctional alkylating and
vesicating agent that has been used as a major chemical warfare agent in a number of
conflicts (Noort et al., 2002; Saladi et al., 2006). For the development of useful prophylactic
and/or therapeutic interventions to counter HD’s toxic actions, understanding its mechanism
of action is essential. Although primary targets of HD are skin, eyes and respiratory organs,
it also causes injuries to other organs such as respiratory tract, reproductive system, central
nervous system and gastrointestinal tract (Graham et al., 2005). Upon exposure, HD causes
severe cutaneous injury that occurs hours after its exposure and is associated with erythema,
inflammation, blister formation and cell death mainly of basal epidermal keratinocytes
(Dacre and Goldman, 1996; Graham et al., 2005; Wormser, 1991). HD-related skin toxicity
is a complex process where inflammation plays an important role in the pathological
changes including vesication (Shakarjian et al., 2010). Histopathological analysis of HD-
exposed skin reveals apoptosis in basal keratinocytes leading to a severe inflammatory
response including vasodilatation and infiltration of various inflammatory cells at the site of
injury (Smith et al., 1997; Smith et al., 1998).

A large number of animal models including the weanling pig, hairless guinea pig, hairless
mouse and rabbit have been utilized to study HD-induced vesication and the associated
toxicity in the skin (Blaha et al., 2000; Brodsky et al., 2006; Smith et al., 1997). Several in
vitro models such as epidermal keratinocyte cell culture and bioengineered human skin have
also been employed to understand the mechanisms of HD-induced skin toxicity (Greenberg
et al., 2006; Hayden et al., 2009; Smith et al., 1990; Tewari-Singh et al., 2010). Although
these efforts have helped gain an insight into the pathogenesis and mechanism of action of
HD, an animal skin toxicity model that mimics the vesicating effect of HD in humans is
needed in a laboratory setting to accelerate the development of efficacious countermeasures.
In this regard, the commercially available monofunctional analog of HD, 2-chloroethyl ethyl
sulfide (CEES), has been used in cell culture studies, and in animal studies at a
concentration of 0.5-6 mg/kg/animal causing skin injuries similar to HD (Black et al., 2010;
Chatterjee et al., 2004; Han et al., 2004; Tewari-Singh et al., 2010; Tewari-Singh et al.,
2009). In recent studies, we reported that CEES-induced inflammatory and pathogenic
alterations in female SKH-1 hairless mouse skin and uncovered molecular mechanisms
associated with such skin injury end points (Pal et al., 2009; Tewari-Singh et al., 2009).
However, microvesication that is a key component of HD skin injury in humans, was not
observed in mice exposed to the 2 mg CEES dose that was used in our studies.

Taken together, the present study was designed to address whether microvesication could be
achieved in mouse skin by CEES exposure, as well as whether there are sex-related
variations in CEES-induced inflammatory responses in mouse skin. Because 2 mg CEES-
related histopathological changes observed in our studies were similar in both the male and
female hairless mice, we further exposed only male mice to a higher dose of 4 mg CEES
that caused microvesication and could be used as a key biomarker in efficacy studies. Our
results herein also demonstrate that CEES causes inflammation-related histopathological
alterations in male hairless mouse skin, which are comparable to those in female mice of the
same strain. This newly developed mouse CEES-vesicant laboratory model provides an
opportunity for accelerated agent efficacy studies to develop counteragents against HD skin
injury in humans without having to use the highly toxic HD compound itself.
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2. Materials and Methods
2.1. Materials

2.2. Animals

CEES was purchased from Sigma-Aldrich Chemicals Co. (St. Louis, MO). Apoptosis
detection kit (DeadEnd Colorimetric Terminal deoxynucleotidyl transferase dUTP nick end
labeling {TUNEL} System) was purchased from Promega (Madison, WI). Anti proliferative
cell nuclear antigen (PCNA) antibody was purchased from DAKO (Carpinteria) and BM8
monoclonal F4/80 rat anti-mouse 1gG2a antibody was obtained from Caltag, (Invitrogen,
Carlsbad, CA). Other chemicals used were purchased from Sigma-Aldrich Co. (St. Louis,
MO) unless otherwise specified.

Male SKH-1 hairless mice (4-5 weeks of age) were purchased from Charles River
Laboratories (Wilmington, MA) and housed under standard condition at the University of
Colorado centre of Laboratory Animal Care. The animals were acclimatized for one week
before their use in our experimental studies following the specified protocol approved by the
IACUC of the University of Colorado Denver, CO.

2.3. CEES exposure

CEES was dissolved in acetone and applied topically to the dorsal skin of the male SKH-1
hairless mice according to the protocol published earlier by Tewari-Singh et al., (2009).
Acetone, a well established vehicle for skin topical treatments, was used as a vehicle for
CEES application due to its ability to enhance the skin permeability to hydrophilic and
amphipathic compounds (Tewari-Singh et al., 2009; Tsai et al., 2001). To assess CEES-
induced toxic effects on the skin of male SKH-1 hairless mice, 200 ul acetone alone or 1 or
2 mg CEES/mouse in the same acetone volume was applied for 9, 12, 24 and 48 h; an
untreated mouse group was included as a further control. The selection of CEES doses and
time of exposure were based on our earlier studies in female SKH-1 hairless mice (Tewari-
Singh et al., 2009). To study the toxic effect of a higher dose of CEES for its ability to
induce blistering, the above detailed treatment protocol was repeated in male mice but with a
4 mg CEES dose/mouse. At the end of each experiment, mice were euthanized and dorsal
skin was collected as described earlier (Saladi et al., 2006; Tewari-Singh et al., 2009).
Importantly, enough tissue slices were harvested from each animal to allow processing in all
of the following manners: 1) snap freezing using liquid nitrogen, 2) fixation in 10%
phosphate-buffered formalin, and 3) fixation in Bouin’s solution.

2.4. Measurement of skin bi-fold thickness and wet/dry weight ratio

Following topical application of acetone or 2 mg CEES in acetone, skin bi-fold thickness
was measured (in mm) at 9, 12, 24 and 48 h using an electronic digital caliper (Marathon,
Inc. Belleville, ON, Canada). For wet/dry weight ratio measurements, 10 mm skin tissue
biopsies were collected, weighed before and after drying in an oven at 37°C for 24 h, and the
wet/dry weight ratios were calculated.

2.5. Histopathological evaluation of skin sections and measurement of epidermal

thickness

The fixed skin tissue samples were dehydrated in ascending concentrations of ethanol,
cleared with xylene and embedded in paraffin (Triangle Biomedical Sciences, Durham, NC).
Five-micron sections were cut and after haematoxylin and eosin (H&E) staining, tissue was
microscopically evaluated for epidermal thickness, epidermal-dermal separation, apoptotic
cell death, epidermal necrosis, and infiltration of inflammatory cells. The epidermal
thickness (um) was measured randomly in at least five fields per tissue sample from two sets
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of H&E stained slides using Axiovision Rel 4.5 software (Carl Zeiss, Inc. Germany; x400
magnification).

2.6. Apoptotic cell detection via TUNEL staining

Apoptotic cells were detected using the DeadEnd Colorimetric TUNEL system according to
the manufacturer’s protocol with some modifications as described earlier (Tewari-Singh et
al., 2009). The brown colored TUNEL positive cells were quantified in 10 randomly
selected fields at 400x magnification, and an apoptotic cell index was calculated as the
number of apoptotic cells x100 divided by total number of cells.

2.7. Immunohistochemical staining for the detection of proliferating cells and
macrophages

Paraffin embedded sections were deparaffinized, rehydrated and treated for antigen retrieval
using 10 mM sodium citrate (pH 6.0) for 30 min at 70°C. The endogenous peroxide activity
was blocked using 3% hydrogen peroxide in methanol (v/v) and the sections were incubated
with either mouse monoclonal PCNA antibody or with BM8 monoclonal F4/80 rat anti-
mouse 1gG2a antibody for the detection of macrophages in PBS for 2 h at 37°C in a
humidity chamber. The N-Universal negative control rabbit IgG antibody (DAKO) was used
as a negative control. After washings in PBS, the sections were incubated with the
appropriate biotinylated secondary antibody for 1 h followed by incubation with HRP
conjugated streptavidin (DAKO) in PBS for 30 min at RT in a humidity chamber. The
sections were then incubated in DAB working solution for 10 min at RT and counterstained
with diluted hematoxylin for 2 min followed by dehydration and mounting for microscopic
observation. The DAB positive nuclei were counted in 10 randomly selected fields (x400
magnification), and the proliferation index was determined as number of PCNA positive
cells x100/total number of cells. The macrophages were counted per cm? field in five
randomly selected fields per section (x400 magnification).

2.8. Toluidine blue staining for mast cells

The toluidine blue staining for mast cells in the skin sections was carried out as reported
earlier (Tewari-Singh et al., 2009). Briefly, the sections were treated with toluidine blue
(Sigma-Aldrich Chemical Co. St. Louis., MO) working solution (5 ml toluidine blue + 45 ml
of 1% sodium chloride, pH 2.0-2.5) for 2-3 min, washed in distilled water, dehydrated,
cleared in xylene and mounted for microscopic observation. The mast cells were quantified
by counting their number per cm? field in five randomly selected fields (x400
magnification).

2.9. Measurement of myeloperoxidase (MPO) activity

The MPO activity was measured in skin tissue samples by using a fluorescent MPO
detection kit from Cell Technology (Mountain View, CA) as detailed in our previous report
(Tewari-Singh et al., 2009). In brief, about 100 mg skin tissue samples without the red blood
cells were homogenized in 1X homogenization buffer with N-ethylmaleimide using a
polytron PT 10-35 (Kinematica, AG, Bohemia, NY). After homogenization, 1 ml of
solubilization buffer was added to the pellet and samples were further homogenized and
sonicated for 30 sec. The protein was isolated via freeze thaw cycles and estimated by
Lowry’s method (Bio-Rad DC protein assay kit, Bio-Rad laboratories, Hercules, CA). For
MPO assay, 50 ul reaction mixture (50 uM of detection reagent, 20 mM hydrogen peroxide,
1X buffer, 0.1 uM eosinophil peroxidase inhibitor and 20 mM catalase inhibitor (3-
amino-1,2,4-trizole)) and 50 ul of prepared sample or serially diluted MPO (for the standard
curve) were added in a 96-well opaque black plate for reaction. The plate was incubated in
the dark for 60 min at room temperature and the fluorescence was measured using a
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fluorescence reader at 530 nm excitation and 590 nm emission. The blank reading was
subtracted from the entire sample reading and the MPO activity was expressed as a mU/pg
protein using the MPO standard curve.

2.10. Immunohistochemical and statistical analyses

All the immunohistochemical and H&E stained slides were observed under Zeiss Axioscop
2 microscope (Carl Zeiss, Inc., Germany), and image analyses were done by using Carl
Zeiss Axiovision Rel 4.5 software. The data were analyzed and all statistical calculations
were done using SigmaStat software version 2.03 (Jandal Scientific Corp., San Raphael,
CA). Data are expressed as mean £ SEM and were analyzed via one way ANOVA followed
by the Bonferroni t-test for multiple comparisons. P< 0.05 was considered statistically
significant.

3. Results

3.1. CEES topical exposure causes inflammation and microvesication in male SKH-1
hairless mouse skin

Recently, we reported that topical application of up to 2 mg CEES, causes strong skin
toxicity, including edema and inflammation but not vesication in female SKH-1 hairless
mice. Accordingly, to assess whether CEES could induce microvesication, male SKH-1
hairless mice were exposed to a higher dose of 4 mg CEES, and skin samples were
temporally examined for inflammation-related histopathological alterations and
microvesication. This higher dose of CEES caused a substantial increase in skin bi-fold
thickness that peaked between 9 (2.0 mm) and 12 (2.04 mm) h post-CEES exposure and
declined thereafter, compared to 1.06 and 1.16 mm for untreated and vehicle control groups,
respectively (Fig. 1A). Similarly, CEES (4 mg) also caused a significant (p<0.01) increase in
the skin wet/dry weight ratio at 9 h (5.50 mm) post-CEES exposure (Fig. 1B).

Microscopic examination of H&E stained skin tissue sections following the 4 mg dose of
CEES also revealed an increased epidermal thickness (Fig. 1C). Compared to the untreated
control (epidermal thickness of 20.04 um), 4 mg CEES exposure significantly (p<0.001)
increased epidermal thickness to 48.14, 43.68, 40.59 and 54.41 um at 9, 12, 24 and 48 h,
respectively (Fig. 1D). In addition to increasing the epidermal thickness, higher dose of 4
mg CEES also caused microvesication, which was observed histologically as an epidermal-
dermal separation with attendant dermal edema and inflammation (Fig. 1E, ii and iii, green
arrows); violet arrow (Fig. 1E, iv) shows the artifact of microvesication because it is not
filled with protein exudate and is not counted as true microvesication. This effect was most
severe at 9 h post-CEES exposure (Fig. 1E, ii, green arrows). The observed microvesication
was quantified as the number of incidences per 6 cm? field (x400 magnification). Compared
to the untreated and vehicle controls which showed no incidences of microvesication, we
observed 6.66, 4.41, 4.58 and 2.33 average incidences of this event at 9, 12, 24 and 48 h
post-CEES exposure of skin, respectively (Fig. 1E, v). Detachment of hemidesmosomes at
the epidermal-dermal junction is known to play an important role in microvesication
(Shakarjian et al., 2010). Consistent with this, hemidesmosomal components were also
observed in the CEES-induced microblisters (Fig. 1E, ii, red arrow). Bouin’s fixative is
known to reduce tissue stretching to allow better confirmatory observation of any changes in
epidermis and microblister formation. Accordingly, in addition to formalin fixation, skin
samples from control and 4 mg CEES exposed mice were also fixed in Bouin’s fixative and
then processed similarly. This approach helped in identifying the induction of parakeratosis
(retention of nuclei in the stratum corneum layer), also present in many skin diseases
including psoriasis and exfoliative dermatitis (Brady, 2004). This process was more severe
at 24 and 48 h post-CEES exposure (Fig. 1E, iv, black arrow). Other observed change with
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CEES (4 mg) exposure was an increase in the inflammatory cells such as mast cells and
neutrophils in the dermis of the skin tissue (Fig. 1E, viii and ix, blue arrows).

Most of our previous studies have employed female SKH-1 hairless mice, however, the
major portion of the human population expected to be exposed to HD is male including
battlefield casualties or chemical terrorism-associated first responders. This rationale related
to our second question addressed in this study, namely whether there are any sex-related
variations in CEES-induced inflammatory responses in mouse skin. To address this issue,
male SKH-1 hairless mice were exposed to similar treatments and assessed for similar
inflammatory responses to what was observed in female mice. In this study, compared to
untreated controls, CEES exposure caused a significant (p<0.001-p<0.05) increase in skin
bi-fold thickness that peaked at 24 h (Fig. 2A). Next, we assessed skin tissue wet/dry weight
ratio following CEES exposure and observed a significant (p<0.001) increase at 24 h (4.68)
in CEES-exposed compared to untreated (2.75 ) and vehicle (3.32) control groups (Fig. 2B).

Since an increase in skin bi-fold thickness following CEES exposure was associated with
inflammation in our previous study in female SKH-1 hairless mice, we next examined
CEES-caused histopathological changes in male SKH-1 hairless mouse skin, which could
possibly be associated with the observed increase in skin bi-fold thickness and edema.
Quantitative analysis of H&E stained sections showed a significant (p<0.001-p<0.01)
increase in epidermal thickness following CEES exposure compared to untreated and
vehicle controls (Fig. 2C and D). In addition, CEES caused an increase in upper epidermal
cell necrosis and desquamation (Fig. 2E, iv, black arrow). There also appeared to be an
increase in Langerhans cells (Fig. 2E, iv to vi, green arrows). In the dermal region, increased
numbers of mast cells (Fig. 2E, v and xii, red arrows) and neutrophils (Fig. 2E, ix to xii, blue
arrows) were observed after CEES exposure. These inflammation-related histopathological
alterations in male SKH-1 hairless mouse skin following CEES exposure were further
analyzed and quantified; in particular, mast cells (toluidine blue staining), macrophages
(F4/80 immunohistochemical staining), neutrophil infiltration (MPO activity), apoptotic cell
death (TUNEL), and cell proliferation (PCNA) all were quantitated.

3.2. CEES topical exposure causes increase in the mast cells, macrophages and MPO
activity in male SKH-1 hairless mouse skin

Inflammatory cells are reported to play an important role in HD-caused skin toxicity and
vesication (Cowan and Broomfield, 1993). Consistent with this idea, earlier, we too
observed an increase in epidermal inflammatory cell types post CEES exposure of female
SKH-1 mice (Tewari-Singh et al., 2009). In the present study, H&E staining of the CEES-
treated skin sections showed an increase in mast cells as assessed by toluidine blue staining
(Fig. 3A). Quantification of the toluidine blue-stained skin sections showed that all 1, 2, and
4 mg CEES exposures resulted in significant (p<0.001) increases in number of mast cells in
the dermis as compared to respective controls (Fig. 3B & C). Similarly,
immunohistochemical staining for F4/80 antigen demonstrated an increase in the total
numbers of macrophages in CEES-exposed skin from male SKH-1 hairless mice (Fig. 3D).
Quantification of the F4/80 staining clearly showed that 1, 2, and 4 mg CEES exposures
caused a significant (p<0.001) increase in the number of macrophages in the dermis
compared to controls (Fig. 3E & F). However, there was no significant difference found
either between exposures with 1 or 2 mg of CEES doses or between untreated and vehicle
control groups at any studies time point (Fig. 3E).

Tissue MPO activity, an indicator of neutrophil infiltration, is another established biomarker
of HD/CEES-induced skin toxicity in the hairless guinea pig and mouse models (Bradley et
al., 1982; Tewari-Singh et al., 2009). Indeed, H&E stained skin sections of male SKH-1
hairless mice showed neutrophil infiltration following CEES exposure and skin injury (Fig.
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2E). We measured MPO activity in order to biochemically quantitate this observed
neutrophil infiltration. As shown in Fig. 4A, 2 mg CEES exposure caused a significant
(p<0.01) increase in MPO activity at 9 h (3.14 mU/ug protein) and 12 h (2.77 mU/ug
protein) compared with their controls (1.64 mU/ug protein). However, 1 mg CEES dose
demonstrated a statistically significant (p<0.01) increase in MPO activity only after 12 h of
exposure. Comparable observations were made following the exposure to 4 mg CEES dose
(Fig. 4B); however the maximum increase in MPO activity was observed at 48 h (2.72 mU/
ug protein) compared to untreated controls (1.06 mU/ug protein, Fig. 4B).

3.3. CEES topical exposure causes increase in the apoptotic and proliferating cells in male
SKH-1 hairless mouse skin

Based on our observation of pyknotic keratinocytes in H&E stained skin tissue sections from
CEES exposed male SKH-1 hairless mice, we estimated an apoptotic index using TUNEL
staining. As seen in the representative TUNEL-stained skin sections from various treatment
groups, a substantial increase in the number of TUNEL- positive cells compared to controls
was observed in CEES-exposed mice (Fig. 5A). The percent of TUNEL- positive cells was
significantly (p<0.001) increased following 1, 2 or 4 mg CEES exposure for 9-48 h (Fig. 5B
& C). Our previous study also reported PCNA as a biomarker of CEES- induced skin
toxicity in female SKH-1 hairless mice (Tewari-Singh et al., 2009), therefore we also
examined that marker in the present study. Quantification of PCNA-stained skin sections
showed a substantial increase in PCNA positive cells the basal epidermal layer of the CEES-
exposed skin tissues (Fig. 5D), and compared to control tissues, CEES exposure caused a
significant (p<0.001 — 0.01) increase in cell proliferation at all doses (Fig. 5E & F).

4. Discussion

HD, a potent vesicating chemical warfare agent, poses an imminent threat both in military
conflicts and against civilians (Noort et al., 2002; Saladi et al., 2006). Earlier studies have
demonstrated that high doses of HD induce severe skin lesions that include erythema,
edema, inflammation and formation of blisters (Balali-Mood and Hefazi, 2005; Greenberg et
al., 2006; Shakarjian et al., 2006; Wormser et al., 2005). The results of the present study
using a male SKH-1 hairless mouse model demonstrate similar findings to those with HD
but through use of the less toxic HD-analog, CEES. A dose of 2 mg CEES in this study
demonstrates inflammation-related histopathological changes in male SKH-1 hairless mice,
which are comparable to our earlier reported study in female mice of this strain (Tewari-
Singh et al., 2009). In our previous studies of CEES-induced mouse skin alterations
(Tewari-Singh et al., 2009), we employed female mice because most previous skin toxicity
studies, including chemical carcinogen-caused skin tumorigenesis and/or tumor promotion
events have employed female rather than male mice (Gu et al., 2005a; Gu et al., 2007).
However, due to the higher probability of males being exposed to HD in the battlefield and
as first responders during any attack, we compared our 2 mg CEES studies in female mice
with the male mice and conducted further studies in male mouse skin injury model. In this
report, exposure of male mice to a higher dose of 4 mg CEES induced microvesication
(epidermal-dermal separation), an important consequence similar to the vesication inflicted
following HD exposure, which was not achieved in our studies with 2 mg CEES in this
rodent model. These toxic effects are induced in humans with a much lower exposure of 10—
40 pg/cm?2 of HD (Kehe et al., 2008), and CEES being less toxic requires a higher
concentration for this effect. The concentrations of CEES used here that mimics the
inflammation and microvesication effects of HD in this model, overcome the drawback of
non-occurrence of vesication in animal models with CEES, and could be used appropriately
for the efficacy studies to identify effective agents that can counter these toxic effects of HD
in humans.
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HD/CEES-induced skin toxicity is mainly characterized by inflammation in the dermis and
apoptosis or necrosis of basal keratinocytes. These changes may be due to a direct DNA
damaging effect, alkylation or an oxidative stress (Kehe and Szinicz, 2005; Paromov et al.,
2007). The HD and CEES-induced cell death in the epidermis may also lead to an
inflammatory response (Kan et al., 2003; Rosenthal et al., 2001). Following apoptosis, cell
proliferation allows replacement of dead cells, and PCNA plays an important role in DNA
replication and damage repair, serving as a biomarker of proliferation (Gu et al., 2005b;
Tewari-Singh et al., 2009). Consistent with this and other reports (Graham et al., 2005; Kan
et al., 2003; Kehe and Szinicz, 2005), we observed apoptotic death of epidermal
keratinocytes and an increase in the PCNA -positive cells following mouse skin exposure to
CEES. Indeed, these results suggest that CEES mediated DNA damage could play an
important role in the apoptotic cell death of keratinocytes as observed in epidermal
keratinocytes after CEES exposure (Tewari-Singh et al., 2010).

The CEES-induced inflammatory response including recruitment of mast cells, neutrophils,
macrophages and their mediators is thought to be important for vesication (Cowan and
Broomfield, 1993). HD exposure has been documented to result in the release of several
inflammatory cytokines including TNFa and multiple interleukins (ILs), together with
activation of the transcription factor NF-xB and increased expression of MMP-9 (Paromov
etal., 2007; Wormser et al., 2005). Both TNFa and ILs have strong chemotactic activity for
neutrophils and macrophages (Arroyo et al., 2001; Sabourin et al., 2002; Sabourin et al.,
2000). The CEES-induced increase in the numbers of mast cells observed in our present
study may be involved in the production and delivery of inflammatory mediators such as
histamine, proteases, chemotactic factors and cytokines (Theoharides and Cochrane, 2004).
Additionally, the observed increase in mast cells herein may also be associated with
neutrophil infiltration and the increased number of macrophages in the male SKH-1 mouse
skin. Importantly, our results are similar to the documented HD-induced inflammatory cell
response reported using the mouse ear vesicant model (MEVM) model (Wormser et al.,
2005).

Vesication is an important sequel of human HD exposure; however, most animal models do
not mimic this effect and only show microvesication in response to HD (Black et al., 2010;
Casillas et al., 2000; Hayden et al., 2009). In the present study, CEES induced
microvesication in SKH-1 mouse model. Other mouse models such as the liqguid HD MEVM
and the HD vapor hairless mouse vesicant model have been widely used to access the HD-
induced skin toxicity since they show microblister (microvesication) formation with dermal
edema (Casillas et al., 2000; Ricketts et al., 2000). For instance, in the MEVM model,
microblistering occurs without a marked inflammatory infiltrate; this is helpful to study the
relative role of proteases in microblister formation (Casillas et al., 2000; Powers et al.,
2000). The hairless guinea pig also has been widely used to study HD-induced skin toxicity
since it possesses a multilayer epidermis similar to human skin. In the guinea pig model,
microblisters, necrosis in epidermis, degenerative changes in the stroma with vascular
necrosis, and hemorrhage have all been reported following HD exposure (Smith et al., 1997;
Smith et al., 1995). The weanling pig is another model used for wound healing studies
because of its similarity with human skin. This model shows microblister formation and
necrosis following exposure to HD at higher doses (King and Monteiro-Riviere, 1990; Reid
et al., 2000). From an experimental standpoint it is important to mention that most of the
skin vesicant and toxicity models developed utilizing exposure to HD require special
containment facilities and involve multiple procedural limitations. In contrast, the SKH-1
hairless mouse vesicant model reported here utilizing CEES can be used in a less restrictive
laboratory setting.
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It has been reported that vesication occurs via apoptosis in basal keratinocytes and
degradation of anchoring filaments/hemidesmosomes after HD exposure (Greenberg et al.,
2006; Kan et al., 2003; Mol et al., 2009). Furthermore, detachment of hemidesmosomes at
the epidermal-dermal junction plays an important role in HD-induced microvesication
(Shakarjian et al., 2010). Consistent with these studies, our CEES-treated animals also
showed microvesication with detachment of hemidesmosomes at the epidermal-dermal
junction and damage to the keratinocytes; both possibly leading to microvesication. More
studies are needed to further elucidate the involvement of hemidesmosomes, type VIII
collagen and MMPs that have been reported to play a role in HD-induced vesication
(Hayden et al., 2009; Mol et al., 2009; Shakarjian et al., 2006). Future studies are also
needed to define the mechanisms involved in the observed CEES-induced microvesication
and to identify whether these are the same as reported following HD treatment.

Lastly, in our hairless mouse skin injury model with 4 mg CEES, we observed induction of
parakeratosis (retention of nuclei in the stratum corneum layer). Parakeratosis is present in
many skin diseases including psoriasis and exfoliative dermatitis and may be due to a
number of inciting agents (Brady, 2004). Many of the reported causes of parakeratosis
involve large increases in the number of dermal neutrophils. We too observed a large
neutrophil influx into and around the hair follicles following CEES application. The
significance of this finding will require further investigation, which could facilitate our
mechanistic studies of CEES-induced cell death and vesication in future.

In conclusion, the new information in this study and associated significance are that for the
first time we found that skin exposure of male SKH-1 hairless mice to HD analog CEES
causes epidermal-dermal separation indicating microvesication, which is a key component
of HD skin injury in humans. Notably, HD poses major threat in both military conflict and
chemical terrorism situations and currently we lack effective therapies to rescue skin injuries
by HD in part due to the lack of appropriate models. Accordingly the major significance of
the findings, namely CEES-induced microvesication and inflammation-related
histopathological changes in mouse skin, is that they provide potentially useful relevant
laboratory model for developing effective countermeasures against HD skin injury in
humans.
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Fig. 1.

CEES topical exposure at a 4 mg dose causes inflammation-related histopathological
alterations and microvesication in male SKH-1 hairless mouse skin. Following 4 mg CEES
and control exposures, skin bi-fold thickness (A) and wet/dry weight ratio (B) were recorded
as detailed under Materials and Methods. Representative H&E stained skin tissue sections
from untreated control, vehicle control, and 4 mg CEES exposed mice at 9 to 48 h post
exposure showing changes in epidermal thickness (x400 magnification; C) and quantitated
epidermal thickness (D). Representative H&E stained skin sections from untreated (i and vi)
and vehicle (vii) controls, 4 mg CEES treatment for 9 h (ii and viii), 12 h (iii and ix), and
number of epidermal-dermal separations incidences (v) per 6 cm? field, x400 magnification
(E); (iv) shows the artifact of microvesication because it is not filled with protein exudate
and not counted as true microvesication. Data presented are mean + SEM of four-five
animals in each treatment group. Statistical significance of difference between CEES and
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control groups were determined by one way ANOVA followed by Bonferroni t-test for pair
wise multiple comparisons. *, p<0.001; $, p<0.01 and #, p<0.05 as compared to untreated
control. UC, untreated control; VC, vehicle control; e, epidermis; d, dermis; hf, hair follicle;
bc, blood capillary; green arrows, epidermal-dermal separations (microvesication); black
arrow, parakeratosis; violet arrow, artifact (not microvesication); red arrow,
hemidesmosomal components; and blue arrows, neutrophils.
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Fig. 2.

CEES topical exposure at 1 or 2 mg dose causes inflammation-related histopathological
alterations in male SKH-1 hairless mouse skin. Following 1 or 2 mg CEES and control
exposures, skin bi-fold thickness (A) and wet/dry weight ratio (B) were recorded as detailed
in Materials and Methods. Representative H&E stained skin tissue sections from untreated
control, vehicle control, and 1 or 2 mg CEES exposed mice at 9 h post exposure, showing
changes in epidermal thickness (x400 magnification; C) and its measurement (D)
Representative H&E stained skin sections from untreated (i and vii) and vehicle (ii and viii)
controls, 2 mg CEES for 9 (iii, ix and x), 12 (iv, xi and xii), 24 (v) and 48 (vi) h, x400
magnification (E). Data presented are mean = SEM of five animals in each treatment group.
Statistical significance of difference between the CEES exposed and untreated control group
was determined by one way ANOVA followed by Bonferroni t-test for pair wise multiple
comparisons. *, p<0.001; $, p<0.01 and #, p<0.05 as compared to untreated control group.
UC, untreated control; VC, vehicle control; e, epidermis; d, dermis; hf, hair follicle; bc,
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blood capillary; black arrow, epidermal necrosis; red arrows, mast cells; blue arrows,
neutrophils; green arrows, langerhans cells.
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Fig. 3.

CEES topical exposure causes an increase in the number of mast cells and macrophages in
male SKH-1 hairless mouse skin. Following 1, 2 or 4 mg CEES and control exposures, skin
samples were collected as a function of time, and processed and stained as detailed under
Materials and Methods. Representative toluidine blue stained mast cells (A) and F4/80
stained macrophages (D) in the skin sections from untreated and vehicle controls, and 1, 2 or
4 mg CEES exposed groups (x400 magnification). Mast cells/cm? (B and C) and
macrophages/cm? (E and F) were calculated from various treatment groups by counting
positive stained cells in randomly selected five fields per sample (x400 magnification) as
detailed under Materials and Methods. Data presented are mean + SEM of five animals of
each group. Statistical significance of difference between the CEES exposed and control
groups were determined by one way ANOVA followed by Bonferroni t-test for pair wise
multiple comparisons. *, p<0.001; $, p<0.01 as compared to untreated control group. UC,
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untreated control; VC, vehicle control; e, epidermis; d, dermis; red arrows, toluidine blue or
F4/80 positive cells.
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Fig. 4.

CEES topical exposure causes an increase in MPO activity, indicating neutrophil infiltration,
in male SKH-1 hairless mouse skin. Following 1, 2 (A) or 4 (B) mg CEES and control
exposures, skin samples were collected as a function of time, and MPO activity was
determined using a fluorescence assay kit as described under Materials and Methods. Data
presented are mean £ SEM of three-five animals in each treatment group and samples were
taken in duplicate for the MPO assay. Statistical significance of difference between the
CEES exposed and control groups were determined by one way ANOVA followed by
Bonferroni t-test for pair wise multiple comparisons. *, p<0.001; $, p<0.01 as compared to
untreated control group. UC, untreated control; VVC, vehicle control.
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Fig. 5.

CEES topical exposure causes an increase in both apoptotic and proliferating cells in male
SKH-1 hairless mouse skin. Following 1, 2 or 4 mg CEES and control exposures, skin
samples were collected as a function of time, and processed and stained for apoptotic cell
death (TUNEL) and cell proliferation (PCNA) as detailed in Materials and Methods.
Representative TUNEL (A) and PCNA (D) stained skin sections from untreated and vehicle
controls, and 1, 2 or 4 mg CEES exposed groups (x400 magnification). Percent TUNEL
positive cells (B and C) and percent PCNA positive cells (E and F) were calculated from
various treatment groups by counting positive stained cells in randomly selected five fields
per sample (x400 magnification) as detailed in Materials and Methods. Data presented are
mean + SEM of five animals of each group. Statistical significance of difference between
the CEES exposed and control groups were determined by one way ANOVA followed by
Bonferroni t-test for pair wise multiple comparisons. *, p<0.001; $, p<0.01 as compared to
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untreated control group. UC, untreated control; VC, vehicle control; e, epidermis; d, dermis;
red arrows, TUNEL or PCNA positive cells.
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