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Abstract
A defective skin epidermal permeability barrier (EPB) is responsible for a high mortality rate in
premature infants, and is an important risk factor in inflammatory skin diseases such as eczema.
We report here fast and accurate methods for measurement of EPB in animal models or in human
patients using simple techniques that monitor diffusion of dyes (X-Gal or Lucifer Yellow) through
the upper epidermis and measure transepidermal water loss (TEWL) resulting from a defective
skin barrier. Accurate diagnosis and early detection of EPB defects in human patients are critical
for effective treatment of certain classes of inflammatory skin diseases.

Keywords
Skin; EPB; TEWL; X-Gal diffusion; Lucifer Yellow

1. INTRODUCTION
The skin, which consists of the epidermis and underlying dermis, is a very attractive tissue
in which to study the in vivo functions of genes that regulate the expression of proteins
involved in the control of cellular proliferation and differentiation. It is the largest organ in
the body comprising approximately 10% of body weight, and protects the body from
dehydration and environmental insults through establishment of the protective epidermal
permeability barrier (EPB). During embryonic development, the ectodermal cell layer
covering the body develops into a stratified epidermis that is essential at birth, when the
organism confronts the arid and toxic postnatal environments. Keratinocytes, an
ectodermally derived cell type, form the proliferative, basal layer of the epidermis.
Keratinocytes periodically withdraw from the cell cycle and commit to terminal
differentiation, while migrating through the suprabasal layers. The outermost layer of the
skin (stratum corneum) is composed of mechanically tough, dead, cornified cells (squames),
which develop as a result of a complex terminal differentiation program, and provide vital
physical and permeability barriers to vertebrates (1,2).

The epidermal barrier, which is composed of the cornified envelope, the cornified lipid
envelope and extracellular lipids, is formed in a highly reproducible pattern during late
stages of embryogenesis (3–5). Formation of the EPB requires the delivery of lipids and
proteins, which are contained in lamellar granules (keratinosomes) present in keratinocytes
of the granular layer, to the stratum corneum interstices, as well as the formation of high
molecular weight polymers through the crosslinking of corneocyte envelope proteins
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(loricrin, involucrin, filagrin and other peptides) and packing of corneocytes by
corneodesmosomes. Postnatally, the epidermal barrier is maintained by a complex epidermal
differentiation program, which results in the constant production of the cellular and lipid
components of the barrier [reviewed in (6)]. Epidermal homeostasis relies on a tightly
regulated balance between keratinocyte proliferation and differentiation, the alteration of
this leads to various skin diseases (7,8).

A defective EPB accounts for high mortality rate (>40%) in premature infants, and is an
important feature of many inflammatory skin diseases such as eczema and psoriasis,
affecting nearly 10% of the world population. Compromised barrier function in prematurely
born infants or in patients with certain inherited skin diseases often results in dehydration
and increased susceptibility to infections (9–12). Defects in protective skin barrier
function(s) and minor lesions of the skin result in an increased transepidermal water loss
(TEWL), altered skin pH and hydration.

(13) have developed an elegant and qualitative, whole-mount assay for skin permeability
and showed that the assay measures the first stage of barrier formation. The barrier forms
first at distinct epidermal sites then spreads across the epidermis as a moving front. It has
been demonstrated that late stages of cornified envelope assembly accompany movement of
the front. Hence the whole-mount permeability assays record developmental acquisition of a
known, essential component of the adult barrier. The authenticity and utility of the assays
was further validated by monitoring barrier formation after hormonal treatment (maternal
glucocorticoid therapy) known to accelerate foetal barrier development. Similar patterned
skin barrier acquisition in additional species confirmed that patterned change is probably a
ubiquitous mode of epidermal differentiative change during mammalian development (13).
Several laboratories, including us, have used those assays to demonstrate that barrier
formation is indeed highly patterned during development (14,15,16).

Dye diffusion assays provide a rapid and cost-effective means of assessing EPB function in
rodent models without the need of investing in additional equipment. Dye diffusion assays
are most useful when the magnitude of EPB disruption is large. However, owing to the
enhanced sensitivity of the technique, measurement of TEWL has become the preferred
means for quantitative assessment EPB function, particularly when EPB dysfunction is
subtle, as is likely the case in human dermatological diseases. For example, both
Ctip2ep−/−and Gata-3ep−/− (conditional deletion of transcription factors Ctip2 and GATA-3,
respectively, in epidermis) mice are able to exclude X-gal dye at ~E18.0 (before birth),
suggesting normal EPB function. However, both lines of mice exhibit a significantly
increased rate of TEWL at that stage compared to the control littermates (16,17). In these
cases, dye diffusion assays and TEWL measurements appear at odds simply as a result of
the differential sensitivities of these two techniques. In the present article, we briefly
describe the various methodologies of determining EPB formation using mouse as a model
system.

2. Methods
ICR or CD1 mice can be purchased from Jackson Laboratory (http://jaxmice.jax.org/) or
Charles River Laboratories (http://ftp.criver.com). Ctip2L2/L2 and Brg1L2/L2 mice can be
obtained from Mark Leid (Mark.Leid@oregonstate.edu) and Pierre Chambon
(chambon@titus.u-strasbg.fr), respectively.

PBS (Dulbecco’s phosphate-buffered saline) (Cat. No. D5652),

potassium ferricyanide (Cat. No. 244023),
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potassium ferrocyanide (Cat. No. P3289),

Lucifer Yellow CH (Cat. No. L0259),

toluidine blue O (Cat. No. T3260)

Hematoxylin solution A (Cat. No. 32897) are from Sigma-Aldrich ;

Diamidino-2-phenylindole dihydrochloride (DAPI) (Cat. No. 236276)

and X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) (Cat. No. 745740) are from
Roche Diagnostics.

Tewameter® (Academ Inc., USA).

Zeiss Axio Scope fluorescent microscope with X-cite120 for four channels (green, red, blue,
Hoecht) attached with an Axiocam monochromatic camera running with Axiovision 4.7.1
system software.

3. Methods
The X-Gal and Lucifer Yellow diffusion assays (described below), as well as the
measurement of the TEWL, are routinely performed in laboratories around the world to
detect skin barrier defects in mouse models. Using those techniques we have successfully
established the roles of a transcriptional regulatory protein, Ctip2, and a member of the
chromatin remodeling complex, Brg1, in epidermal terminal differentiation and skin barrier
formation (14–16). Diagnostic TEWL is also routinely performed by dermatologists on
patients with skin disorders, such as eczema and psoriasis, and the technique is also useful
for evaluation of the efficacy of topical drug treatment on barrier recovery in the skin of
these patients.

3.1 Embryos
1. ICR or CDI mice were time-mated within a 5-hour mating window (permeability

assays, TEWL and EM studies).

2. The mid-point of the mating window designated gestational age zero.

3. Embryos were derived from random matings within a 4 day period and categorized
according to gross morphology and barrier status.

4. Fetal gestational age was calculated (see Note 1) and pregnant dams were sacrificed
by CO2 asphyxiation prior to recovery of the embryos.

3.2. Skin permeability assay
Assay 1—This assay depends on barrier-dependent access of 5-bromo-4-chloro-3- indolyl-
β, D-galactopyranoside (X-gal) to untreated skin.

1. Unfixed, untreated, freshly isolated E18.5 embryos were rinsed in phosphate-
buffered saline (PBS) and dried briefly.

2. Embryos were immersed in standard X-gal reaction mix (18), with pH adjusted to
4.5.

1Estimated fetal gestational age (EGA, #98) was calculated from the time designated zero. For example, 16 days/5 hours after time
zero was termed E16.5 or 16.5 days EGA.
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3. Embryos were incubated at 37°C for 8–10 hours, washed in PBS for 1–2 minutes
and photographed.

4. EPB defect was assessed functionally depending on the diffusion of X-Gal dye into
the embryos (Figure 1A, see Notes 2 and 5).

Assay 2—This assay modifies skin to permit barrier-dependent penetration by histological
dyes such as toluidine blue or hematoxylin.

1. Unfixed, untreated embryos were incubated for 1–5 minutes in methanol and rinsed
in PBS.

2. Embryos were incubated in 0.5% hematoxylin or 0.1% toluidine blue.

3. Embryos were embedded in agarose and photographed using a Zeis Stemi SV11
microscope with transmitted and surface illumination.

4. Scanned images were processed with Adobe Photoshop and the agarose
background was removed.

5. EPB defects were evaluated depending on degree of dye penetration (see Notes 3, 4
and 5).

3.3. In vivo transdermal absorption of the fluorescent dye Lucifer yellow
1. E18.5 fetuses/embryos were restrained in Petri dishes with their backs in contact

with 1 mM Lucifer Yellow (Sigma) in PBS (pH 7.4) at 37°C, as described (19).

2. After 1 hour of incubation, fetuses were sacrificed, frozen, and cryosectioned
dorsoventrally at a thickness of 5 μm.

3. Sections were counterstained with 10 μg/ml DAPI (4′,6-diamidino-2-phenylindole
dihydrochloride), dehydrated and mounted with DPX mounting medium.

4. Sections were analyzed by fluorescence microscopy and photographed using a
Zeiss fluorescent microscope [see Figure 2 and Note 6].

3.4. Assessment of TEWL
TEWL is the most important and sensitive parameter for evaluating the integrity of the EPB
in all conditions in laboratory mice, rats and in humans (see Notes 7 and 8).

2X-Gal diffusion assay depends on barrier-dependent access of 5-bromo-4-chloro-3- indolyl-β, D-galactopyranoside (X-gal) to
untreated skin. At low pH skin contains abundant endogenous β-galactosidase-like activity, which cleaves X-gal to produce a coloured
precipitate (13–16).
5The EPB begins to develop on the dorsal aspect of developing fetuses at approximately E16.5, and spreads ventrally resulting in
complete dye impermeability by E17.5 (13–16). Mice with impaired EPB development and/or function display increased staining
which was assessed by either assay 1 or 2.
3The basis of the skin modification during dye diffusion (Assay 2) is unknown but is likely to involve extraction of polar lipid (20).
4Skin permeability Assays 1 and 2 gave the same staining pattern, inferring that those techniques measure similar skin characteristics.
Comparisons were performed on sagittal sides of a single embryo to eliminate variation arising from differences in developmental
stage.
6When visualized by fluorescence microscopy at E18.5 the flurescent dye Lucifer yellow labels the upper layer of the stratum
corneum of control fetuses (19). In contrast, diffused staining was seen throughout the stratum corneum which extends down to the
dermis and hypodermis of mutant fetuses with compromised EPB function [see Figure 2 (15,19)
7The skin constantly loses water in form of vapor and that TEWL is accelerated by minor skin lesions and other factors that disrupt
the EPB function. That has rendered the technique of measuring TEWL invaluable for both dermatological and cosmetological
applications. In addition, TEWL measurment is widely used in occupational medicine, medical consultancy, observation of the
newborn, and the food industry.
8TEWL Measuring Principle and Methodology : The measurement of water evaporation is based on the diffusion principle in an open
chamber. The open chamber measurement method is the only method available for assessing TEWL continuously, and in a non-
invasive manner. Stable TEWL measurements can be made rapidly and with ease using a variety of instruments on the market such as
a tewameter (Acaderm Inc., USA) or a vaporimeter (Delphin Inc., USA).
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1. Dorsal and ventral skin TEWL were determined on E17.5 and E18.5 embryos,
neonatal or adult mice (after shaving to remove the hair) with a tewameter
(Acaderm Inc., USA) equipped with a TEWL probe (see Figure 3).

2. Embryos, neonatal or adult mice were restrained on their dorsal or ventral side and
TEWL on the skin surface was directly measured with the Tewameter®, which is
the most accepted and best-selling TEWL measurement device worldwide
[(Academ Inc., USA); see Note 9]

3. Mean values of six measurements per animal were determined.

4. Data were expressed in g/m2-h, as means ± s.e.m. from 3–4 animals [(Figures 1B
and 3) see Note 10].

In summary, assessment of EPB function is an extremely important technique for scientists,
clinicians, and the cosmetological industry. It seems likely that the technology behind EPB
measurement will continue to evolve and provide more sophisticated methods for the
enhanced detection of compromised EPB function in mice and man. In addition, further
research in this area will identify the biophysical properties of the skin barrier that regulate
the relative permeabilities of small molecules, infectious agents, water, and gases across this
surface, all of which are still poorly understood.
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Figure 1. Epidermal permeability barrier defects in Ctip2−/− (germline deletion of gene
encoding transcriptional regulator Ctip2), and CTIP2ep−/−(selectively lacking the gene for Ctip2
in epidermal keratinocytes) fetuses
(A) X-gal diffusion assay performed on Ctip2+/+, CTIP2−/−, CTIP2L2/L2 and CTIP2ep−/−

fetuses at E17.5 and E18.5 as indicated. (B) TEWL measurements from dorsal and ventral
skin of CTIP2+/+, CTIP2−/−, CTIP2L2/L2 and CTIP2ep−/− mice at E17.5 and E18.5. (Plotted
are mean measurements of three independent mice per genotype ± S.E.M.). * - p < 0.05, # -
not statistically significant. Ctip2+/+ (wild type littermates) and CTIP2L2/L2 (with floxed
Ctip2 allele) fetuses were used as controls. (Courtesy of Arup Kumar Indra and Mark Leid;
adapted with permission from Golonzhka et al., 2009)
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Figure 2. Impaired skin barrier function in Brg1 ep−/−(c) mutant fetuses selectively lacking the
gene for Brg1 (a member of the mammalian chromatin remodeling protein complex)
(A) Gross morphology of E18.5 Brg1 L2/L2 (control; a) and Brg1 ep−/−(c) fetuses (B) In vivo
Lucifer yellow diffusion in (a) Brg1L2/L2 and (b) Brg1ep−/−(c) E18.5 fetuses. (Courtesy of
Arup Kumar Indra and Pierre Chambon; reproduced and adapted with permission from
Indra et al., 2005b).
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Figure 3. Measurement of TEWL using a tewameter
The tewameter probe is touched on the skin surface and the readings are noted on the screen
of a multiprobe adaptor (21) system.
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