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Abstract
Aim—To characterize how nicotinic acetylcholine receptors (nAChRs) influence epidermal
barrier function and recovery following prolonged stress or direct nAChR activation or
antagonism.

Main Methods—Mice were subjected to psychological stress or treated topically with nAChR
agonist or antagonist for 3 days. We assessed barrier permeability and recovery by measuring
transepidermal water loss (TEWL) before and after barrier disruption. In parallel, we analyzed the
production and localization of several epidermal cornified envelope proteins in mouse skin and in
human EpiDerm™ organotypic constructs stimulated with a nAChR agonist (nicotine) and/or a
nAChR selective antagonist (α-bungarotoxin).

Key Findings—We determined that psychological stress in mice impairs barrier permeability
function and recovery, an effect that is reversed by application of the α7 selective nAChR
antagonist, α-bungarotoxin (Bung). In the absence of stress, both topical nicotine or Bung
treatment alone impaired barrier permeability. We further observed that stress, topical nicotine, or
topical Bung treatment in mice influenced the abundance and/or localization of filaggrin, loricrin,
and involucrin. Similar alterations in these three major cornified envelope proteins were observed
in human EpiDerm™ cultures.

Significance—Perceived psychological stress and nicotine usage can both initiate or exacerbate
several dermatoses by altering the cutaneous permeability barrier. Modulation of nAChRs by
topical agonists or antagonists may be used to improve epidermal barrier function in skin diseases
associated with defects in epidermal barrier permeability.
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INTRODUCTION
As a barrier between the external and internal environment, the skin functions to prevent the
loss of vital fluids, to provide a physical impediment to external stressors, and to defend
against pathogen challenge. To maintain this barrier, rapidly proliferating keratinocytes
located in the basal layer migrate through the upper layers of the epidermis. During this
process, keratinocytes will undergo keratinization and several morphological modifications
to generate the outermost protective layer of the epidermis, the stratum corneum. During the
granular transition, keratinocytes release the contents of keratohyalin granules containing
key structural proteins (i.e. involucrin, loricrin, and profilaggrin) into the cytoplasm (Candi
et al., 2005, Kalinin et al., 2001, Steven and Steinert, 1994). Keratinocytes further limit
barrier permeability by maintaining cell-cell interactions via desmosomes, adherens
junctions, and tight junctions, while packing intercellular spaces with glycoproteins and
lipoproteins (Candi, Schmidt, 2005). Desmosomes and adherens junctions provide
mechanical intercellular connections by bridging keratin-filament cytoskeletons of adjacent
cells (Green and Simpson, 2007), whereas tight junctions fuse plasma membranes and allow
selective passage of ions and uncharged small molecules via a paracellular mechanism
(O’Neill and Garrod, 2011). During the final stages of terminal differentiation into
anucleated corneocytes, keratinocytes located within the granular layer undergo lamellar
body secretion to deposit lipids and antimicrobial peptides onto the surface of the skin to
provide a physical and chemical shield against water loss, chemical stressors, and pathogen
invasion (Aberg et al., 2008, Elias et al., 2000). In parallel, keratin and filaggrin create the
primary structural scaffold for the cornified lipid envelope, while involucrin and loricrin
provide the filamentous framework for the binding of additional structural proteins and
ceramides (Elias, Fartasch, 2000). Ultimately, an effective barrier is dependent upon the
tight regulation and organization of these molecules within the stratum corneum. Thus,
inadequate barrier function results in excess water loss and penetration of allergens, irritants,
and microbes, which likely contribute to or exacerbate pathologic skin diseases.

Acetylcholine (ACh) serves a critical role in both the development of the stratified epidermis
and maintenance of the epidermal barrier. Keratinocytes have the capacity to synthesize,
process, store, and release ACh to activate nicotinic (nAChR) or muscarinic (mAChR)
acetylcholine receptors expressed on the cell surface as a part of the non-neuronal
cholinergic system. In the absence of neuronal-derived ACh, keratinocytes employ their
inherent cholinergic system to regulate migration, differentiation, proliferation, and
apoptosis as a mechanism to help sustain the epidermal barrier (Denda et al., 2000, Grando,
1993). Various combinations of nAChR subunits form ligand-gated ion channels that, upon
activation, result in an influx of calcium which acts as a second messenger, while
stimulation of mAChRs results in G-protein coupled signaling cascades (Grando, 2012).
During keratinocyte differentiation, the diverse expression of nAChR or mAChR subunits
and ACh regulatory enzymes facilitates essential functions required for the specific
microenvironment of each layer (Kurzen et al., 2004). Furthermore, ACh resides in the
epidermis as a chemical gradient, where the highest concentrations of ACh exist in the
outermost epidermal compartment to facilitate differentiation (Nguyen et al., 2001). Studies
have demonstrated that altered expression or pharmacologic manipulation of nAChRs and
mAChRs correlates with impaired differentiation and barrier defects, in part, due to the loss
of intercellular connections (acantholysis) in a model of human organotypic epithelial raft
cultures (Kurzen et al., 2006). However, few studies have examined the role of these
receptors in regulating barrier permeability using in vivo models of nAChR receptor
activation or inhibition.

ACh is also a key molecule involved in the stress response that is released from neuronal
junctions following activation of the parasympathetic nervous system. Stress simultaneously
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activates both the sympathetic nervous system to increase ACh and catecholamines (e.g.
epinephrine and norepinephrine) and the hypothalamic-pituitary-adrenal axis to increase
glucocorticoid release. For decades, stress has been implicated as a risk factor for the
development or progression of pathologic conditions, including inflammatory skin diseases,
delayed wound healing, and an increased risk of infection. Since a defective epidermal
barrier is frequently observed in several dermatoses, initial studies were aimed at
investigating the influence of psychological stress on factors important for barrier
maintenance, such as epidermal lipid and antimicrobial peptide (AMP) production. Stressed
mice exhibited delayed barrier recovery following disruption via tape stripping and also
decreased epidermal proliferation and differentiation (Choi et al., 2005, Denda, Tsuchiya,
2000). Furthermore, stress reduced the production and secretion of lamellar bodies (Choi,
Brown, 2005), epidermal lipids, and AMPs, which was reversed by pretreatment with a
glucocorticoid receptor antagonist (Aberg, Man, 2008). These findings established a direct
effect of stress-induced neuroendocrine mediators on the biochemical pathways required for
normal epidermal barrier homeostasis.

ACh signaling through α7 nAChR ligand-gated ion channels is known to directly regulate
the late stages of epidermal differentiation by influencing cell cycle progression, apoptosis,
and terminal differentiation (Arredondo et al., 2002). We recently reported that both
psychological stress and nAChR activation via topical nicotine treatment reduced epidermal
AMP production and activity in mice and human keratinocytes, which could be reversed by
the presence of the α7 nAChR selective antagonist, α-bungarotoxin (Bung) (Radek et al.,
2010). Given that topical application of Bung to mouse skin was able to reverse the effects
of stress on epidermal AMPs, we concluded that non-neuronal epidermal nAChR activation
was responsible for this perturbation. Since the permeability barrier and the chemical AMP
barrier are co-dependent (Aberg, Man, 2008), we investigated whether manipulation of
nAChR stimulation also resulted in functional and structural barrier defects. We explored
whether psychological insomnia stress or topical nicotine treatment on mouse skin altered
cornified envelope protein localization and production, and we measured barrier integrity by
assessing transepidermal water loss (TEWL). We further investigated the specific role of the
α7 nAChR by determining if topical application of Bung could restore barrier defects.
Finally, we confirmed the effects of nAChR activation on cornified envelope proteins in
human EpiDerm™ organotypic constructs, as a means of translating our findings in both in
vitro cell culture and animal models into a more clinically relevant system.

MATERIALS AND METHODS
Animals

8–10 week old male C57BL/6 mice (Jackson Laboratories) were divided into 8 treatment
groups. Mice were housed under normal conditions or subjected to 3 days of psychological
insomnia stress conditions (i.e. crowding, radio static, constant light) in the presence or
absence of topical Bung (MP Biomedicals) as described (Aberg et al., 2007). Alternatively,
mice were treated topically with vehicle or 1nM nicotine (Sigma) in the presence or absence
of 100nM Bung as described (Radek, Elias, 2010). All animal protocols were approved by
Loyola University Chicago, Health Sciences Campus IACUC.

Stimulation of Human Epidermal Constructs
EpiDerm™ (EPI-200) was purchased from MatTek Corporation. Constructs were acclimated
in modified phenol-red-free MatTek media supplemented with 11ng/ml hydrocortisone and
penicillin/streptomycin for 24 hours at 37 C, 5% CO2. Constructs were stimulated for 24
hours with MatTek media containing 0.01nM nicotine, 100nM Bung, or vehicle control.
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Immunohistochemistry (IHC) and Lucifer Yellow Permeability
Standard IHC was performed on mouse skin and MatTek organotypic constructs, using
primary antibodies for Filaggrin (Covance), Loricrin (Abcam), or Involucrin (Abcam), and
appropriate secondary antibodies conjugated to either Cy3 or AlexaFluor 568. For Lucifer
Yellow staining, experiments were adapted from (Mildner et al., 2010). In brief, ~20μl of
1mM Lucifer Yellow solution (Sigma) was added to the epidermal surface of skin biopsy
punches excised from mice treated as described. Samples were protected from light and
incubated at 37 C for 1 hour. Skin was mounted in optimal cutting temperature medium,
sectioned (8μM), fixed in acetone, and nuclei were stained using Prolong Antifade Gold
with DAPI. Photos were taken on an Evos Digital Inverted Microscope using a 20X
objective and analyzed in a blinded manner.

Transepidermal Water Loss (TEWL)
TEWL measurements were taken on the dorsum of live, anesthetized mice prior to and
following barrier disruption via tape stripping (20 strips) after 0, 3, 6, and 24 hours using a
Courage and Khazaka TM-300 TEWAmeter. Measurements were taken continuously until a
steady value was reached. Higher raw values typically indicate an abnormal and/or disrupted
barrier. Percent barrier recovery 3 hours post tape-stripping was calculated as follows:

where 100% recovery indicates return to the baseline (pre-tape-stripping) value.

Statistical Analysis
TEWL was calculated as the mean ± standard error of the mean (SEM). Data were analyzed
using GraphPad Prism v5 by One-way ANOVA and Dunnet’s multiple comparison post test,
where p<0.05 values were considered statistically significant.

RESULTS
We previously reported that nAChR activation via topical nicotine (1nM) diminished
extractable antimicrobial activity against Staphylococcus aureus in mouse skin, and further
determined that topical application (100 nM) of the α7-nAChR selective antagonist, α-
bungarotoxin (Bung) (100nM= 10-fold > than Kd of Bung) could reverse the susceptibility
of mice to cutaneous infection induced by prolonged psychological stress (Radek, Elias,
2010). Furthermore, psychological stress delays barrier recovery in both mouse and human
skin (Choi et al., 2006, Garg et al., 2001). Taken together, these findings suggested that the
cholinergic branch of the stress response, and specifically the α7 nAChR, negatively
regulated AMP production and activity in the epidermis.

TEWL measurements are a useful biomarker for determining stratum corneum integrity and
permeability and elevated TEWL has been observed following physical disruption and is
associated with several skin dermatoses (Elias, Fartasch, 2000). Our first goal was to
determine if Bung could reverse the increase in TEWL observed during stress by blocking
α7-nAChR activation. We found that vehicle-treated stressed mice had significantly higher
initial TEWL values following three days of psychological stress compared to unstressed
vehicle-treated mice. However, this effect was abolished in the presence of Bung, as stressed
mice treated with topical Bung were not significantly different from unstressed vehicle-
treated mice (Figure 1A). To determine if direct, topical nAChR stimulation or antagonism
alters barrier permeability, TEWL was assessed in unstressed mice treated topically with
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nicotine or Bung. Compared to vehicle, both treatments resulted in a significant increase in
TEWL values (Figure 1B), indicating a defect in barrier permeability homeostasis following
non-neuronal nAChR activation or antagonism. Thus, our results from Figure 1A and B
suggest that the presence of a nAChR antagonist (e.g. Bung) prior to excess agonist induced
by stress (e.g. ACh) can successfully block the effects of the agonist by acting as a
competitive inhibitor. However, the presence of either agonist or antagonist alone promotes
similar alterations in TEWL to suggest a more dynamic role for nAChR antagonists in
maintaining barrier permeability To next evaluate whether nAChR activation changes
normal barrier recovery, we measured TEWL 3, 6, and 24 hours following barrier disruption
via tape-stripping, a superficial wounding that extracts cells and lipids within the stratum
corneum. Unstressed vehicle-treated mice exhibited a 64% barrier recovery 3 hours post-
tape stripping (Figure 1C), whereas unstressed mice treated with Bung exhibited only a 49%
recovery. Vehicle-treated stressed mice merely demonstrated a 41% barrier recovery, which
was significantly less than vehicle-treated unstressed mice. Interestingly, stressed mice
treated with Bung exhibited a 55% recovery, restoring barrier recovery similar to that of
vehicle-treated unstressed mice. Similar recoveries were observed at 6 and 24 hours,
although vehicle-treated stressed mice demonstrated a statistical difference from unstressed-
vehicle treated mice only at the 24 hour time point. We further observed a trend towards
delayed barrier recovery following nAChR activation by nicotine, as mice treated with
nicotine alone exhibited a 49% recovery compared to 64% in vehicle-treated mice (Figure
1D). Barrier recovery improved to 61% with the addition of Bung, although differences
were not statistically significant (Figure 1D). Similar results were observed at 6 and 24
hours post-barrier disruption (Figure 1D). However, topical application of muscarine
(150μM, 10-fold >than the Kd), a selective mAChR agonist, did not alter initial TEWL or
barrier recovery (data not shown).

To confirm that increased TEWL following nAChR activation via nicotine treatment
corresponds to increased barrier permeability, we utilized an ex vivo approach using the
hydrophilic fluorescent dye, Lucifer Yellow. An intact, effective barrier normally limits
Lucifer Yellow penetration beyond the stratum corneum, as observed in vehicle-treated mice
(Figure 2A). However, Lucifer Yellow penetration into the basal layer and partial dermis
was observed in nicotine-treated (Figure 2B) and Bung-treated mice (Figure 2C), confirming
a compromised epidermal barrier following agonist or antagonist treatment. In a separate
pilot study, we observed that mice treated with Bung prior to treatment with nicotine did not
have significantly different initial TEWL values when compared to vehicle-treatment alone
(data not shown). Accordingly, we observed Lucifer Yellow was confined to the stratum
corneum in mice treated topically with Bung prior to nicotine treatment (Figure 2D),
suggesting a unique role for Bung in the presence of an agonist to block the effects on
barrier permeability.

Since nicotine and Bung both independently increased barrier permeability, we next sought
to determine if these treatments altered the localization or production of cornified envelope
proteins (e.g. filaggrin, loricrin, and involucrin) in mouse skin or human EpiDerm™

constructs by immunohistochemistry. We previously determined that ACh and nicotine
elicited similar effects within the same dosing range in keratinocytes (0.01–1nM), with
maximal suppression of AMP responses observed at 0.01nM ACh or nicotine compared to
controls (Radek, Elias, 2010). In parallel studies, we observed that 100nM Bung, which is
~10-fold greater than its reported Kd, was able to reverse the suppression of AMP responses
in keratinocytes. Since AMP production and barrier permeability are co-dependent, we
stimulated organotypic rafts with 0.01nM nicotine and 100nM Bung, which would mimic
our previous conditions using keratinocyte cultures and mouse models of nAChR activation/
blockade. In our current study, treatment with the nAChR agonist (nicotine) and antagonist
(Bung) increased filaggrin in both mouse skin and in human constructs (Figure 3A). In a
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healthy epidermis, involucrin is normally confined to the upper spinous layers and the
stratum granulosum, as observed in vehicle-treated mouse skin (Figure 3B). However,
nicotine treatment decreased involucrin abundance in the more differentiated layer of the
epidermis in mouse skin, whereas Bung increased epidermal involucrin. In human
EpiDerm™ constructs, greater involucrin production was observed in the stratum corneum in
vehicle-treated constructs, which normally acts as an early component in the assembly of the
cornified envelope. In contrast, a more diffuse, premature involucrin production was
identified following nicotine or Bung treatment (Figure 3B). Lastly, we noted that the
production of loricrin in the granular layer of mouse epidermis decreased with nicotine
treatment compared to vehicle (Figure 3C). However, Bung treatment robustly increased
loricrin production throughout the entire mouse epidermis (Figure 3C). Although changes in
the production of loricrin in human EpiDerm™ constructs was not observed, we did detect a
profound change in localization with both nicotine or Bung treatments, where loricrin
appeared to be more confined to the less differentiated corneocytes in treated constructs
compared to vehicle (Figure 3C).

DISCUSSION
Both anecdotal and clinical evidence for the role of perceived stress in skin disease
pathophysiology has existed for decades. Psychological stress has been correlated with
deterioration of the cutaneous barrier, suggesting that barrier perturbations may trigger or
exacerbate the clinical manifestations of skin disease pathogenesis (Garg, Chren, 2001).
Furthermore, our recent investigations uncovered a previously unknown pathway for the
negative regulation of epidermal AMPs through activation of nAChRs, as AMPs are co-
factors which act in parallel with epidermal lipids to maintain epidermal barrier permeability
and homeostasis (Radek, Elias, 2010).

The stratum corneum provides the protective interface between the internal and external
environment by strategically incorporating lipids, structural proteins, and AMPs into a
virtually impermeable barrier. In the present study, we compared the effects of a traditional
nAChR agonist and antagonist on barrier permeability and the regulation of the cornified
envelope proteins in both mouse and human epidermis. We established that nAChRs
contribute to barrier integrity and recovery, which may be due to alterations in the
production or localization of cornified envelope proteins. Several studies have implicated
defects in cornified envelope proteins in the development or progression of skin dermatoses.
Vohwinkel syndrome and progressive symmetric erythrokeratodermia dermatoses are
associated with a genetic mutation in loricrin that perturbs cornified envelope formation
(Ishida-Yamamoto et al., 1997, Maestrini et al., 1996), and reduced loricrin production has
also been observed in skin lesions from atopic dermatitis patients (Jensen et al., 2004).
Filaggrin deficiency or mutation is correlated with ichthyosis vulgaris, psoriasis, and atopic
dermatitis (Irvine et al., 2011, Kim et al., 2011). Moreover, defective filaggrin processing
has been correlated with Netherton’s syndrome, which results in the overproduction of
filaggrin monomers and, consequently, compromises barrier permeability and the adhesive
capacity of the stratum corneum (Hewett et al., 2005). Since we observed an increase in
filaggrin throughout most of the epidermis in response to nAChR stimulation, we speculate
that nAChRs may augment epidermal protease activity, resulting in the accumulation of
filaggrin monomers within the epidermis.

Earlier studies demonstrated a critical role for nAChR signaling in the development of
organotypic epithelial raft cultures, where AChR blockade via mecamylamine and atropine
treatment during epidermal development completely inhibited formation of an intact
epithelium (Kurzen, Henrich, 2006). Treatment with select cholinergic agonists or
antagonists led to variations in the production and localization of structural proteins,
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including filaggrin and several desmosomal proteins, such as desmoplakin, desmoglein-1,
desmoglein-3, desmocollin-1, and the critical tight junction protein, Zona occludens-1
(ZO-1), during different stages of epidermal development (Kurzen, Henrich, 2006). Since
the physical foundation of the stratum corneum is catalyzed via transglutaminases by cross-
linking structural proteins and covalently attaching lipids to form the cornified envelope, the
alternate or parallel mechanism to explain the defects in barrier permeability and/or
localization of cornified envelope proteins identified in our study may be associated with
alterations in transglutaminase activity (Matsuki et al., 1998). Our findings further highlight
the importance of cholinergic activation on regulating epidermal structural proteins in a fully
developed epidermis, and emphasize the sensitivity of epidermal barrier function to nAChR
agonists and/or antagonists.

Our unpublished results indicate that psychological stress increases the levels of cutaneous
ACh in mouse skin. Since ACh serves critical roles in the development of the stratified
epidermis and maintenance of the permeability barrier by regulating keratinocyte migration,
differentiation, proliferation, and apoptosis, the tight regulation of any of these processes
may be disrupted by an increase in cutaneous ACh (Kurzen et al., 2007). This could occur
by disturbing the normal epidermal ACh gradient, altering the distribution of specific
nAChR subunits, and/or the activity of ACh regulatory enzymes, such as
acetylcholinesterase. It was previously demonstrated that stimulation of keratinocyte
monolayers with micromolar concentrations of nicotine increased protein levels of filaggrin,
involucrin, keratin-10, and transglutaminase type 1 (Grando et al., 1996). Furthermore,
during the granular cell-corneocyte transition, the m1-AChR, α7- and α9- nAChRs are
required for apoptotic secretion, a process through which keratohyalin contents, including
organelles and large amounts of filaggrin, are released in a characteristic membrane
blebbing (Nguyen, Ndoye, 2001). Interestingly, we observed alterations in both barrier
permeability and the regulation of cornified envelope proteins with both a traditional
nAChR agonist (e.g. nicotine) and antagonist (e.g. Bung).

From a pharmacological perspective, traditional neuronal nAChR antagonists are a subtype
of anti-cholinergic molecules that are expected to inhibit the action elicited by an
appropriate agonist, and must not promote any intrinsic activity. nAChR antagonists are
usually large molecules that can interact with the agonist binding site and extend beyond the
binding site perimeter to block any necessary conformational changes required for ion
channel opening and downstream agonist-induced responses. Alternatively, antagonists may
interact at unique allosteric sites which do not usually activate the receptor (Albuquerque et
al., 2009). However, several intermediate forms of agonists exist, which may explain our
divergent observations seen with the nAChR antagonist, Bung. SLURP-1 (secreted
mammalian Ly-6/urokinase-type plasminogen activator receptor (uPAR)-related protein-1)
is an endogenous, allosteric agonist of nAChRs that is produced and secreted by
keratinocytes and acts to finely-tune cholinergic pathways in the presence of the natural
agonist, ACh (Chimienti et al., 2003). Interestingly, SLURP-1 and Bung have similar
structural characteristics, and both preferentially bind to α7-nAChR due to a higher affinity
for the α7 nAChR compared to other receptor subtypes (Arredondo et al., 2005). Hence, it is
plausible that in some circumstances, Bung may function similarly to SLURP-1 to modulate
cholinergic activation rather than antagonizing α7 nAChR signaling. Furthermore, it is the
combined contribution of specific nAChRs and mAChRs that orchestrates the development
and maintenance of the stratified epidermis (Grando, 2012). Therefore, antagonism of α7
nAChR by Bung may indirectly augment mAChR or α9 nAChR stimulation, and possibly
explain the similar effects we observed with topical nicotine and Bung treatments.
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CONCLUSION
Collectively, these investigations demonstrate that non-neuronal nAChRs in keratinocytes
play an important role in epidermal barrier permeability maintenance and recovery during
stress and following direct nAChR stimulation. This effect may be mediated, in part, by
modulating the production or localization of cornified envelope proteins, including filaggrin,
involucrin, and loricrin. Our observation that the α7-selective nAChR antagonist, Bung,
promotes similar defects in barrier permeability in the absence of nicotine agonist, but is
also able to block the detrimental effects in the presence of nicotine suggests that Bung may
function similarly to the endogenous allosteric agonist, SLURP-1, to modulate cholinergic
activation rather than antagonizing α7 nAChR signaling under certain conditions.
Furthermore, the delay in barrier recovery in stressed animals was restored by topical Bung
treatment, implicating an important role for the α7 nAChR in barrier recovery during stress.
Although we observed changes in several cornified envelope structural proteins,
keratinocytes may compensate for the loss of one cornified envelope component by
employing or altering the production of other available proteins in an effort to help restore
normal barrier function. Normally, nAChR agonists can rapidly promote receptor
desensitization to impede their function; however, the data presented here suggest that
nAChR antagonists provide an alternative target for the treatment of disease by offering
another means to modulate nAChR function. The limited appreciation for nAChR
modulators in the skin, as well as the obstacles arising from the existence of multiple
nAChR subtypes within the epidermis, emphasize the complexity of the non-neuronal
cholinergic system that necessitates further scrutiny. Future investigations may lead to the
identification of more potent and selective nAChR targets to treat inflammatory skin
diseases associated with barrier defects or dysregulated structural protein expression.
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Figure 1. Stress and topical treatment with nicotine or α-bungarotoxin (Bung) promotes
epidermal barrier disruption and reduces barrier recovery following barrier disruption
Transepidermal water loss (TEWL) was measured on the mouse dorsum (n=10–18/group)
following three days of psychological stress in the presence or absence of Bung (A), or in
unstressed mice treated topically with vehicle, nicotine, or Bung (B). TEWL measurements
taken 3, 6 and 24 hours following barrier disruption via tape stripping were used to assess
barrier recovery following stress (C) or nicotine treatment (D) +/− Bung. All comparisons
represent differences from unstressed, vehicle (A, C) or vehicle alone (B, D) within the same
time-point by One-way ANOVA with Dunnett’s multiple comparison post-test where *p <
0.05 was considered significant. #p = 0.06
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Figure 2. Topical nicotine and α-bungarotoxin (Bung) treatment increases barrier permeability
beyond the stratum corneum
Lucifer Yellow was retained in the stratum corneum in vehicle (A) treated mouse skin.
Lucifer Yellow penetrated into the basal layers of the epidermis and dermis in nicotine (B)
and Bung (C) treated mouse skin. Lucifer Yellow was retained in the epidermis in combined
nicotine + Bung treated mouse skin (D). Scale bar= 200μm
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Figure 3. Nicotine and α-bungarotoxin (Bung) treatment alters the abundance or localization of
cornified envelope proteins in mouse skin and human epidermal constructs
Immunohistochemical analyses were performed on mouse skin sections or human
EpiDerm™ constructs using primary antibodies for filaggrin (A), involucrin (B), or loricrin
(C), and appear as red staining on all images. DAPI nuclear staining appears blue. All panels
are oriented with mouse skin in the upper portion and human EpiDerm constructs in the
lower portion.
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