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Abstract

Background: Expression of the tight junction proteins Cldn1 and 4 is altered in skin
diseases such as atopic dermatitis, and Cldn1 deficiency affects skin barrier forma-
tion. Impedance spectroscopy (IS) has been proven to allow detection of alterations
in the skin barrier but is currently unable to separate effects on viable epidermis (VE)
and stratum corneum (SC).

Methods: Effects of siRNA-mediated Cldnl and 4 knockdown in reconstructed
human epidermis (RHE) on VE and SC barrier function were investigated with Ussing
chamber-based IS. Barrier components were sequentially altered, employing iron
oxide nanoparticles and EGTA, to identify their contribution to the impedance spec-
trum. Resistance changes due to apically applied hyperosmolar electrolyte were used
to identify barrier defects non-invasively.

Results: IS of RHE yielded two relaxation frequencies, representing the barrier prop-
erties of the SC (~1000 Hz) and VE (~100 Hz). As proof of concept, it was shown that
the Cldn1 knockdown-induced resistance drop arises from the impairment of both SC
and VE, indicated by a shift of both relaxation frequencies. Hyperosmolar electrolyte
penetration allowed non-invasive detection of Cldn1 knockdown via time-dependent
frequency shifts. The absence of Cldn4 knockdown-induced changes revealed the
weaknesses of transepithelial electrical resistance analysis.

Conclusion: In conclusion, the present technique allows to separately measure the
barrier properties of SC and VE and further evaluate the Cldn1l and 4 knockdown
impact on the skin barrier. As the measurement with agarose-embedded electrolyte
allowed non-invasive identification of the Cldn1l knockdown, this opens the way to

detailed in vivo skin barrier assessment.
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GRAPHICAL ABSTRACT

Impedance spectroscopy reveals optimum frequency ranges to measure the Stratum Corneum and Viable Epidermis barrier properties
separately and non-invasively. EGTA induces resistance drop proofs that the viable epidermis contributes significantly to the overall
epidermal barrier. The presented methods can detect barrier defects non-invasively ex vivo.

Abbreviations: AC, alternating current; EGTA, ethyleneglycol-bis(-aminoethyl)-N,N,N’,N'-tetraacetic acid; Hz, hertz; KD, knock-down

1 | INTRODUCTION

The healthy epidermis provides a tight barrier against the in-
trusion of pathogens, toxins and allergens, but also against the
unregulated loss of water. Whereas the stratum corneum (SC)
has long been identified as an important component of the skin
barrier,”# it became clear during the past two decades that the
tight junction also plays a role in skin barrier formation.>¢ Several
skin diseases, such as atopic dermatitis, contact dermatitis, pso-
riasis, various forms of inflammation and different types of skin
cancer, are associated with impaired skin barrier function.”””
Especially in allergy-associated diseases, this facilitates the up-
take of allergens and perpetuates a vicious circle. Disease-related
alterations of SC components (eg of Filaggrin or ceramides) are
well established.”1%1! However, many of these conditions are
also accompanied by alterations in the expression of tight junc-
tion proteins in the viable epidermis (VE), especially the stratum
granulosum. Particularly, a down-regulation of claudin-1 and -4
(Cldn1; Cldn44213; for review see'*'®) was described. In vitro,
mouse model and human skin studies demonstrated a correlation
between the degree of Cldn1l down-regulation and the penetra-
tion of macromolecules of different sizes.*®¢ On the other hand,
temporal, controlled opening of skin barrier may be desirable for
dermal drug delivery.”’

The development of efficient treatments for barrier-linked skin
diseases and drug delivery optimization requires full understanding
of the contribution of each component towards skin barrier func-

tion. The overall skin barrier function is often characterized via

19

trans-epidermal water loss,'® transepithelial electrical resistance,

skin permeation of locally applied drugs?®?!

and also impedance
spectroscopy.22'23 However, these techniques lack the ability of
differentiating between barrier properties of the SC and viable
epidermis (VE) including tight junctions. Removing the SC by tape
stripping®* or affecting it via electroporation?’ can evaluate its con-
tribution to the barrier but may also damage the VE.

Impedance spectroscopy is a common method for characterizing
the barrier function of monolayered epithelia.26 Measuring transep-
ithelial impedance over a range of frequencies gives rise to a curve
which contains relaxation frequency peaks. The peak position and
height are determined by distinct resistance and capacitance values
of the specific cell type. Impedance spectra can be interpreted by
analysing an equivalent circuit model, containing electrical compo-
nents that represent the sample's response to the applied alternat-
ing current. Six basic components can approximate a monolayered
epithelium: resistance and capacitance of apical and basal side, re-
spectively, resistance of the tight junction and subepithelial resis-
tance (Figure 1A).%

The present study aims to adapt the equivalent circuit model
for use in stratified epithelia and thus allow to distinguish be-
tween SC and VE barrier components. As a proof of principle,
the technique is used to distinguish between the effects of Cldn1l
and 4 knockdown. We used reconstructed human epidermis
(RHE), to have an easily adjustable model of the skin, that allows
to univocally identify the skin barrier components. Our results
promise the prospect of future adaptation of the technology for

in vivo applications.
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FIGURE 1 Equivalent circuit model of a cell monolayer. (A) Schematic illustration of a monolayered epithelium with its electric

components. lon passages are represented by resistors while lipid membranes act as capacitors. The tight junction is denoted as R

that is as the main resistor within the paracellular pathway.R__, C

ap’ ap’

para’

Ry, and C, are the resistances and capacitances of the apical and

basolateral plasma membranes, respectively, R, is the resistance of the subepithelial tissues or filter supports. (B) Schematic illustration of
reconstructed human epidermis, with a conceivable model of its electric components

2 | MATERIALS AND METHODS

2.1 | Materials

Standard bath solution contained (113.6 mM NaCl, 21 mM NaHCO,,
2.4 mM Na,HPO,, 0.6 mM NaH,PO,, 5.4 mM KCI, 1.2 mM CaCl,,
1.2 mM MgCl,, 10 mM Glucose, equilibrated with 5% CO,/ 95% O,
to obtain a pH value of 7.4).

Mouse ear control treatment was performed with phosphate-
buffered solution (PBS (+/+)) with calcium and magnesium (DPBS,
GibcoTM—Thermo Fisher Scientific). Acetone (JT Baker—Fisher
Scientific GmbH) was used to disrupt the skin barrier of mouse ears.

To disrupt the tight junction strands, a 0.1 M EGTA stock solution
was prepared (EGTA (Merck) in ddH,O titrated with 5 M NaOH to
pH 7.0). To modulate SC capacitance, iron oxide nanoparticles (5 nm
diameter, oleic acid functionalization, suspended in 10 ml toluene,
Cytodiagnostics), Decamethylcyclopentasiloxane (TClI Chemicals,
organic solvent commonly used in make-up removers) and a
Neodymium magnet (10 mm diameter, 3 mm thickness, Webcraft
GmbH) were used to coat the SC with the nanoparticles.

For cultivation of primary keratinocytes, human tissue was
gained during surgical removal of foreskin anonymously from male
donors (younger than 5 years; approved by the ethics committee
of the Aerztekammer Hamburg, WF-61/12) gained during surgical
removal of foreskin. All investigations were conducted according
to the principles expressed in the Declaration of Helsinki.

siRNAs for human Cldn1 Hs_CLDN1_8: S104279114, Cldn4 Hs
CLDN4_7 (SI03064418) and AllStars negative control (siRNA ctrl;
S103650318) were purchased from QIAGEN (Hilden). Their effec-
tiveness has been previously established.>2?8

2.2 | Reconstructed human epidermis

Reconstructed human epidermis (RHE) was built essentially as
described before.’* 2 x 10° keratinocytes were seeded onto cell

culture inserts (12 mm diameter, area 0.6 cm?, 400 nm pore size,
Merck Millipore) in 500 pl EpiLife Medium (Life Technologies) in-
cluding 1.5 mM CaCl,. The basal compartment was filled with 2.5 ml
EpiLife medium. Cells were lifted to the air-liquid interface after
30 h and medium in the basal part of the well was exchanged with
1.5 ml of EpilLife medium containing 1.5 mM CaCl,, 92 ug/ml ascor-
bic acid (Merck) and 10 ng/ml recombinant human keratinocyte
growth factor (R&D Systems). Medium was changed every second
day. Experiments were performed at day 4 and day 8 after air-liquid
interface (see alsoi3’14). For characterization of the RHE-system con-
cerning morphology, proliferation, differentiation and barrier func-
tion, see REF.® According to those findings, model batches were
only used for evaluation if the SC surface was dry and TER of the
SiRNA untreated models was >600 Ohm-cm?.

2.3 | siRNA experiments

Confluent cells in passage 3 were trypsinized, resuspended in EpiLife
medium with 1.5 mM CaCl, and subsequently transfected by using
HiPerFect Transfection reagent (Qiagen, Hilden) at a cell density of
4 x 10°/ml with a final siRNA concentration of 80 nM. Transfected
cells were directly used to build RHEs. For evaluation of knockdown
efficiency, see supporting information chapter 7.

24 | Mice

All experiments were performed in accordance with the German law
on animal protection and approved by the Landesamt fiir Gesundheit
und Soziales (LAGeSo), Berlin (T0256/16 and TCH 0012/20). Adult
male and female mice (22-34 weeks old, C57BI/6NCrl background,
see supporting information chapter 6) were sacrificed, and organs
were harvested for use in an unrelated experiment. The carcasses
were then immediately used for application of impedance spectros-
copy on ear skin as described below.
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2.5 | Manipulation of electrical parameters

To identify the VE barrier component of the RHEs, 300 ul of the
0.1 M EGTA stock solution was applied to the basal (or apical) side
of the Ussing chamber (final concentration 3 mM) to disassemble TJ
strands and thus reduce the VE resistance.?’

To coat the SC with iron oxide nanoparticles, the cell culture
insert was removed from the Ussing chamber and placed in a cell
culture incubator (37°C, 5% CO,, 85% humidity). Nanoparticles
resuspended in Decamethylcyclopentasiloxane were added to
the apical side (Figure S1), and a magnet was placed under the in-
sert for 10 min to enrich the iron oxide nanoparticles at the SC.
Subsequently, the inserts were submerged in standard bath solu-
tion, causing the iron oxide nanoparticles solution to rise, as the
Decamethylcyclopentasiloxane density is lower than that of water.
Thus, only nanoparticles that attached to the SC remained.

Mouse ear skin was manipulated by wiping both sides of the ear
pinnae 10 times with a cotton swab, soaked with the treatment solu-
tion. As a control PBS(+/+) was used while acetone and hyperosmolar
0.5 M KCl solution were supposed to cause changes in the barrier prop-
erties. Acetone as an amphiphilic compound was expected to destabi-

lize the structures in the VE if capable of penetrating through the SC.

2.6 | Ussing chamber-based impedance
spectroscopy

A standard Ussing chamber-based setup was used as described in
Figure 2A.2% The electric setup consists of two current electrodes
(Working Electrode, Counter Electrode) and two reference elec-
trodes (RE1, RE2).

For the alternating current (AC) impedance measurement, a
25 pA sinusoidal current was applied through the current electrodes
while the reference electrodes recorded the resulting transepithelial
voltage drop and phase angle using a Newtons 4th Ltd PSM1700
phase sensitive multimeter. Each spectrum consisted of 48 data
points ranging from 1.3 Hz to 65 kHz. The calculated impedance val-
ues, Z, for individual frequency data points are complex numbers
that can be either expressed as real (Re(Z)) and imaginary (Im(Z)) part
or magnitude (|Z]) and phase shift (¢).

RHE models mounted in the Ussing chamber divided the cham-
ber into a basal and an apical compartment. Both compartments
were filled with 10 ml standard bath solution. Continuous perfusion
was achieved via bubble lift. Once the RHE models had reached sta-
ble transepithelial resistance values, impedance spectra recordings

were started.
2.7 | ‘Static’ Ussing chamber technique
The ‘static’ Ussing chamber aimed to transfer electric characteris-

tics of a standard Ussing chamber to a solid electrode as is neces-
sary for in vivo implementation. Therefore, standard bath solution

was embedded in a 1% agarose gel in a 1.5 ml Eppendorf® tube.
‘Static’ in this context refers to the fact that there is no perfusion
of the agarose-embedded electrolyte. Electrodes were attached
as depicted in Figure 2B and C. The bottom of the Eppendorf tube
was cut so that the exposed agar could be directly placed onto the
air-exposed SC, while the basal side of the RHE was placed in bath
solution. Thus, the RHE models could be measured under air-liquid
interface conditions without being damaged or removed from their
culture well (Figure 2B).

In addition to the steady-state measurements, time series of six
impedance spectra (one spectrum/min) were recorded to investigate
characteristic behaviour due to hydration of the SC.%° To enhance
the hydration-induced resistance drop, hyperosmolar 0.5 M KCI
solution embedded in a 1% agarose gel was used for the apical side
of the chamber.

One-sided ‘static’ Ussing chamber used the same principle as
the ‘static’ measurement, but both sides of the chamber were at-
tached to the SC (Figure 2D and E). This mimics the measurement
under in vivo conditions where the basal side of the skin is not
accessible. For a detailed description of the ‘static’ chambers, see
Figure S2.

As a proof of principle for ex/in vivo application, mouse ear
skin was measured with a special aligned setup based on the static
Ussing chamber as shown in the supplement (Figure S7C and D). In
the following, this setup is denoted as ‘static mouse’. Allimpedance
values were corrected by the measurement area of the correspond-
ing chamber, which were 0.6 cm? for standard, 0.17 cm? for static
and 0.07 cm? for one-sided static and static mouse Ussing chamber
measurement. In the case of one-sided static RHE and static mouse
skin measurements, the values were additionally corrected by a

factor of 0.5 as the current passes the skin layers twice (Figure 2E).

2.8 | Impedance spectra evaluation

The general appearance and the interpretation principles of imped-
ance spectra are explained in the supporting information chapter 1
(Figure S2). The spectra were fitted with appropriate equivalent cir-
cuit models (Figure 1B, supporting information chapter 1, Figure S2)
using the EIS Analyzer software.%!

To assess the effect of substances manipulating the electrical
properties of the tissue, pairwise analysis was performed. The value
diffy was calculated, describing the relative resistance change after

treatment of the same sample:

diffR — RO - RR;reatment
0

Analogous calculations were carried out for capacitance changes.
As the measured epithelia did not yield ideal capacitance behaviour,
the extraction of the capacitance value was performed with the help
of the so called constant phase element as described in the support-
ing formation chapter 1 (Figure S2).
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FIGURE 2 Ussing chamber designs. (A) Standard Ussing chamber setup. 1: Acrylic glass Ussing chamber. 2: Cells on cell culture insert
mounted vertically inside the chamber. 3: Bath solution inlet. 4: Bath solution outlet. 5: Heated water jacket as reservoir to keep the bath
solution at 37°C. 6: Bath solution, mixing and rapid perfusion of the Ussing chamber is achieved by using a bubble lift. 7: Current injecting
electrodes. 8: Reference voltage electrodes. 9: Differential amplifier calculating the potential difference. 10: Phase sensitive multimeter. Image
(B) and scheme (C) of the ‘static’ Ussing chamber setup. Electrical current flow is narrowed down to the contact area at the SC. The second part
of the chamber is placed in the bath solution. (D) One-sided ‘static’ setup and Scheme (E). Both parts of the chamber are attached to the SC

If equivalent circuit fitting was not sufficiently accurate, quanti-
tative analysis of the spectra was performed by fitting the relaxation
frequency peaks in the -Im(Z) versus log,(frequency) graph via
Origin 2020 Peak Fitting tool (Figure S3). Here, only the position of
the relaxation frequency f; was taken into account for evaluation and
not the peak amplitude, as the relaxation frequency is insensitive to
changes in the electrode size and current pathway as long as the cells
maintain their characteristics (supporting information chapter 1 and
4). The impact of 0.5 M KClI penetration on the spectrum was anal-
ysed by calculating the shift of the relaxation frequencies f; before f,-D

and after f; KCl penetration:

KCl

Af; = logyoff,,) — logo(fi,)

KCl

The transepithelial electrical resistance (TER) was evaluated by
TER
maximum TER value of the RHE model batch.

norme Which is given by normalizing individual TER values by the

2.9 | Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.3.0 soft-
ware. Data are expressed as a mean + standard error of the mean
(SEM). The sample size is annotated to each bar in the graphs.
Unpaired student's t test was performed to compare values of dif-
ferent conditions. When multiple testing was performed, adjusted
p-values were determined by Tukey's range test. The corresponding

p-values are listed in the figure annotations.

3 | RESULTS

Many skin diseases comprise barrier defects. However, to which ex-
tent these defects concern the SC or the VE is often not clear. We
used RHE as a model system for human skin which is easy to (geneti-
cally) manipulate and can also be prepared using cells from patients
with skin diseases.3? Currently, there is no convincing equivalent cir-
cuit model for skin that describes all barrier components and allows
to choose the optimum frequency for measuring the desired barrier
component. To draft such an equivalent circuit model (Figure 1B),
potential barrier components were sequentially manipulated.

3.1 | Standard Ussing chamber technique

Impedance spectra of RHE measured in standard Ussing chambers
yielded two predominant relaxation frequencies, in the range of

10 Hz to 100 Hz (f, ) and in the range of 500 Hz to 10,000 Hz (fhigh)

(Figure 3A). The absolute values of these frequencies remained un-

fI ow!

changed over time (Figure 3B). Comparison of the fitting parameters
resistance and capacitance over time (day 4 and day 8 after ca?
switch) showed an increase for the resistance value of fhigh while its
capacitance values dropped. There were no significant changes for
(Figure 3C and D).

Figure 3A also demonstrates that basally applied EGTA mainly

fl ow

affected f,,, while fhigh remained unchanged. Apically applied
EGTA impacted f,,, only slightly and f,;,, not at all (Figure 3A).
Consistently, basal EGTA treatment caused the f,,, resistance calcu-
lated by equivalent circuit fitting to drop significantly more than the
fhigh resistance, whereas there was no significant change for apical
treatment (Figure 3E). For basal treatment no significant difference
in capacitance change could be observed (Figure 3F). Furthermore,
the relaxation frequency f,,, was significantly higher after basal
EGTA treatment.

Iron oxide nanoparticle deposition onto the SC affected pre-
dominantly fhigh and in some cases f,,, (Figure 4A), causing a sig-
nificantly higher decrease of the capacitance value and increase of
the resistance and relaxation frequency value for fhigh compared
with f, . (Figure 4B and C), leading to an overall increase of the
frequency value for fhigh (Figure 4D). Basal EGTA post-treatment
only showed significant decrease of the relative resistance diff
(Figure 4E).

The absence of a significant increase of the f,, frequency value
upon EGTA post-treatment and details on the effect of nanoparticle
deposition are discussed in the supporting information.

In summary, EGTA acts on f,;,, when applied from basal side and
predominantly affected its resistance and frequency value. The fre-
quency shift of f, is predominantly caused by the resistance drop.
Iron oxide nanoparticle deposition on the SC (from apical side) mainly
affected fhigh, while f, ,, was also affected in some cases. Here, the
frequency shift of fhigh is dominated by the capacitance decrease.
Throughout RHE cultivation, the capacitance dropped for fhigh while
its resistance increases. Together, this indicates that f, , represents
the VE, fhigh the SC.

3.2 | ‘static’ Ussing chamber technique

For a future in vivo implementation, the ‘static’ Ussing chamber
technique was applied to RHE models and mouse ear pinnae.

The relaxation frequencies f, ,, and fhigh were also detectable in
static RHE, static one side RHE and static mouse skin (Figure 5A), with
the latter yielding a lower relaxation frequency distance (exemplary
spectra and fitting details see supporting information chapter 5). The
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FIGURE 3 Effects of EGTA on RHE components. (A) Exemplary plot of negative imaginary part of the impedance -Im(Z) versus frequency
showing the impact of EGTA application from apical and basal side on the impedance spectrum. Only the low relaxation frequency in the
region of 10 Hz to 100 Hz appears to be affected by EGTA treatment. The effect can already be seen after 5 min of treatment. After 10 min,
the additional impact on f, , is low with respect to the 5 min time point, thus indicating that the effect of EGTA is reaching an endpoint.

(B) Frequency values for relaxation frequencies fiow @nd fhigh remain unchanged over time (d4/8: day 4/8 after calcium switch). (C and D)
Resistance and capacitance values for relaxation frequency f,,,, do not change over time. Resistance value for fhigh increases significantly,
while its capacitance value decreases. (D) Secondary axis shows values for fhigh. (E) Impact of EGTA treatment from apical and basal side on
resistance in RHE. Relative change of the resistance values before (R,) and after 10 min (EGTA) treatment is shown. Only basal treatment
showed significant difference in resistance change. (F) No significant capacitance (C) change before and after 10 min EGTA treatment could
be observed. (G) The frequency value is significantly higher after basal EGTA treatment for relaxation frequency f, . *p < 0.05, **p < 0.01,
****p < 0.0001; numbers at bars, n

peak heights -Im(Z) of fiow and fhigh were significantly lower for the showed a change in fhigh, while f,, remained unchanged (Figure 5C).
standard Ussing chamber measurement, whereas the —Im(Z(fhigh)) Alterations were mainly due to a decrease in Ry (Figure 5D), with no
was much higher for the static mouse measurement (Figure 5B). change in the frequency. Subsequent basal application of EGTA was

Time-resolved measurement of SC hydration, used as an al- used to assure correct assignment of the relaxation frequencies for
ternative to the nanoparticle-based SC assignment in static RHE, the static Ussing chamber setup (Figure 5C). Only f,  was affected
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FIGURE 4 Effects of iron oxide
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by basal EGTA treatment with the resistance decreased (Figure 5D)
and frequency value increased (Figure 5E). Apical penetration of
0.5 M KCl, used to enhance the effect of SC hydration, resulted in a
resistance change for both relaxation frequencies (Figure 5D) while
a significant increase in the frequency value was only observed for
fhigh (Figure 5E).

When mouse ear skin was measured with the static Ussing cham-
ber, f,,,, was only affected by acetone treatment, with its frequency
value being significantly increased. For fhigh, both acetone and 0.5 M
KCl treatment increased the frequency value significantly, while PBS
showed no effect (Figure 5F).

In summary, the frequencies found in the standard Ussing
chamber could also be assigned with the static technique via
SC hydration and basal EGTA treatment, that is f,_, represents

viable epidermis and fhigh SC. Ex vivo testing with mouse ear skin
showed that the relaxation frequencies found in RHE are also
present in mouse ear skin and can be affected with acetone and
0.5 M KCI.

3.3 | Cldn knockdown evaluation

For standard Ussing chamber, spectra of RHE treated with dif-
ferent siRNAs and of untreated controls, normalized transepithe-
lial resistance and relaxation frequency values were evaluated.
Transepithelial resistance was significantly decreased for Cldnil
and Cldn4 knockdown compared to the control groups (Figure 6A).

For Cldn1 knockdown, significant increase of the frequency values
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FIGURE 5 Comparison of standard and static Ussing chamber approaches. Different Ussing chamber setups (standard and static Ussing
chamber) as well as different skin samples (RHE and mouse ear skin) were used. (A) Evaluation of the distance of the relaxation frequencies
by subtracting the log, (frequency) value of f,, from fhigh. The distance is significantly lower for static mouse skin in comparison with the
other measurements. (B) Evaluation of the peak height -Im(Z) for the corresponding relaxation frequencies. For f,, only standard RHE
yields significantly lower values. For fhigh, standard RHE values are also significantly lower while static mouse yields much higher values.

All values were corrected for the chamber measurement area. Static one-sided RHE and static mouse skin were additionally corrected by
the factor 0.5, as the current passes two skin layers in these setups. (C) Exemplary spectra demonstrating the hydration of the SC upon
static Ussing chamber attachment within 2 min. Only fhigh appears to be affected by the hydration. 10 min of subsequent basal EGTA
treatment only affected f . (D and E) Impact of Stratum Corneum (SC) hydration and basal EGTA treatment on RHE measured in static
Ussing chamber. (D) Graphs show relative resistance change before (R,) and after (R,,nnt) the treatment. SC hydrated with bath solution
causes significant resistance decrease for fhigh. Hyperosmolar 0.5 M KCl penetration of SC affects both f,  and fhigh with no significant
difference between them. Basal EGTA significantly decreases the resistance for f,,,,. (E and F) Graphs show the log,, frequency value for the
relaxation frequencies (RF) fi,,, and fy.. (E) For fi,,,, the RF value after basal EGTA treatment is significantly higher then untreated control
and bath solution hydrated RHE. 0.5 M KCI treatment shows no significant differences to the other conditions. For fhigh, the RF value is
significantly higher after 0.5 M KCI treatment. (F) Impact of different apical treatments on mouse ear skin RF values measured with static
Ussing chamber. For f, . the RF value is significantly increased after acetone treatment. For fhigh, both acetone and hyperosmolar 0.5 M KCI
treatment increase the RF value significantly. PBS treatment shows no effect. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; numbers at
bars, n

was present for f,  (representing VE) and fhigh (representing SC), When using the static Ussing chamber technique, both the
whereas Cldn4 knockdown only shows slight changes in f, impact of hydration on the RHE model and the absolute values
(Figure 6B). of the relaxation frequencies were evaluated (Figure 6A-D). In
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these experiments, hyperosmolar 0.5 M KCI solution was used
from apical side, to enhance the impact of hydration on the re-
sistance. Comparing the first and last impedance spectra of the
time series, the impact of KCl penetration differed between
Cldn1 knockdown and untreated controls (Figure 6C and D). In
untreated controls, only fhigh was affected, whereas in Cldn1l
knockdown fhigh was only slightly affected and f,,,, highly. The
ratio of the shift of f,,,, and fhigh due to KCI penetration showed
a significant difference for the Cldn1 knockdown (Figure 6E).
Furthermore, there was a highly significant difference for the ab-
solute values of the relaxation frequencies for Cldn1 knockdown
in comparison to the other siRNA treatments (Figure 6F). This
implicates that both barrier components have lower resistance
and thus lower barrier integrity. In contrast to the transepithelial
resistance evaluation in standard Ussing chamber, static Ussing
chamber measurements showed no characteristic changes for
the Cldn4 knockdown. This is further evaluated in supporting in-
formation chapter 4.

4 | DISCUSSION

The main goal of the present study was to draft an electrical model
for the partial resistances of RHE and to evaluate the contribution of
SC and VE to overall skin barrier function.

4.1 | Standard Ussing chamber
Standard Ussing chamber impedance spectra of stratified epithelia
revealed two relaxation frequencies, f,, and fhigh.

Basally applied EGTA allowed to assign f,,,, to the VE, as it only
acts in viable tissue via tight junction strand disassembly®® and
jon channels activity (eg TRP channel).>*%> The EGTA-induced fre-
quency increase was attributed to a resistance drop in the VE and
was used as a measure for barrier impairment.

Apical nanoparticle deposition not only added an additional
layer on top of the SC but also altered its electric properties

(A) standard Ussing chamber (B) I untreated standard Ussing chamber
ok k B negative control
* % TN Cldn 1 "
ok 3k 5k 54 EH Cld: 4 "
*kok ok ok — —_— —_—
1.0 ) N 3 44 *k kK o
FIGURE 6 Effects of Cldnl and £ T § *okkok © ~
Cldn4 knockdown. (A and B) Evaluation £ os o g 3 —
of RHE models measured with standard E © EO ©
Ussing chamber. (A) Evaluation of impact > 29 © ©~
of siRNA treatment on normalized 0.0- ! N N 2 ﬁ %
transepithelial electrical resistance ‘60'5& @f\@\ 0\6‘\ 0\6‘\ 1
(TER,,) shows significant differences for c & s o' «
Cldn1 and Cldn4 compared to the control ( )7000 : ; (D) 1000 -
groups. 3 different batches of RHE models 6000 o untreated
were measured on day 4 and day 8 after T 5000 - 800 - Cldn 1 KD
Ca?" switch. (B) The same samples from *E T
(A) were evaluated for their relaxation _§ 4000 1 *; 600 1
frequencies. Significant increase was = 30001 . S 400 -
present for Cldn1 knockdown for both E 2000 - O min =
fiow and fy g, Whereas Cldn4 knockdown 1000 A 1 min £ 2001
caused significant increase in f,,, only. 0 ——2min . , o . . . . ,
(C-F) Evaluation of the siRNA treatment 0 1 2 3 4 5 0 1 2 3 4 5
impact with static Ussing chamber logy(frequency) log,(frequency)
techniques. One batch of RHE models )
at day 4 and 8 after Ca?* switch was (E) Impact of 0.5 M KClI penetration (F) I untreated static Ussing chamber
analysed. (C and D) Exemplary spectra a = negative control
over time during 0.5 M KCI penetration 201 k M Cldn 1 *kk
through the RHE model. (C) Only f, ., ’ @ Ed Cldn 4 ok
is affected for the untreated control, 1.5 51 *%
while for Cldn1 knockdown (D) f,,,, is 5 :_,>~\
highly affected. (E) The ratio of the g 104 - 5
shifts Af,,,, and Afy., due to 0.5 M KCl j 0.5 © E;
penetration in RHE shows significant < T % £
difference for Cldn1 knockdown. (F) 0.0 1 §
Only Cldn1 knockdown relaxation 05 . b . . -
frequencies significantly differ from the '@b & o
other treatments. *p < 0.05, **p < 0.01, & 00?660\ ® ®
#*p < 0,001, ****p < 0.0001 ST

85U8017 SUOLILLIOD @A 18810 3cedl[dde ayy Aq peusencb o e sajoiLe VO ‘8sn Jo Se|ni Joj Afeiq1T8UlUO A8]IAA U (SUORIPUOD-PUR-SLURIALI0O" A3 | IM"Ae.q|BU UO//SANY) SUORIPUOD pUe SWiB | 8L} 88S *[2202/TT/9T] U0 AkidiTaulluo A8|IM ‘Uizipeuwsisels.eAIN - 911eyd Aq TS8YT |l/TTTT OT/I0p/W0d A8 |imAreiq iUl juo//Sdiy wolj pepeoumoqd ‘0T ‘TZ0Z ‘S66686ET



MANNWEILER €T AL.

(supporting information chapter 2) thereby predominantly de-
creasing the capacitance, increasing the resistance and solely af-
fecting the relaxation frequency value of fhigh. Thus, fhigh could be
assigned to the SC.

Finally, the development of capacitance and resistance values
over time supports the assignment of the relaxation frequencies.
Decrease in the SC capacitance, increase in resistance and un-
changed relaxation frequency 1/(R,-C.) over time were due to the
increasing thickness of the sc.B Interestingly, no resistance increase
or capacitance decrease could be observed for the VE over time.
This is only possible if this relaxation frequency is predominantly
represented by a barrier component with a fixed number of cells
that do not change their properties over time and supports the find-
ing that the main barrier forming tight junctions are found in a cell
monolayer in the stratum granulosum.3'4’36'37

The absolute values of the relaxation frequencies for SC and
VE did not change over time and thus are characteristic for the
two barrier components identified here. The equivalent circuit
analysis explained the origin of the frequency shift due to EGTA
and nanoparticle application. For further analysis, the frequency
shift could be used, as it is insensitive to changes in the electrode

area.

4.2 | ‘static’ Ussing chamber

The standard Ussing chamber proved to be disadvantageous for
applications on RHE (supporting information chapter 4, Figure S9).
Yet, the assignment of the relaxation frequencies to the cellular
barrier components VE and SC established with the standard
Ussing chamber were validated for the static Ussing chamber via
basal EGTA treatment and time-resolved hydration observation
of the SC. EGTA decreased f,, resistance and frequency values
while hydration solely affected the fhigh resistance. Both compo-
nents could also be identified in ex vivo mouse skin (Figure 5F,
Figure S10E).

Using the static Ussing chamber technique in the one-sided con-
figuration in RHE and for ex vivo mouse ear skin measurement main-
tained relaxation frequencies discovered with the standard Ussing
chamber, thereby demonstrating the suitability for in/ex vivo appli-
cations. Higher impedance values for the SC of mouse ear skin are
expected as in/ex vivo skin barrier is tighter than RHE barrier.%® The
differences in the frequency positions could be caused by an alter-
native current pathway such as sweat glands and hair follicles in the
mouse ears acting as a shunt.

The ability to individually measure alterations in both SC and VE
could be demonstrated under ex vivo conditions via acetone treat-
ment which is a model for irritant dermatitis®? and only SC via 0.5 M
KCI treatment. The method thus allows to reassess previous in vivo
approaches from the literature that were restricted to impedance
measurements at 1 kHz.?

In summary, the ‘static’ technique has clear advantages over
the commonly used techniques for transepithelial resistance

measurement. Most importantly, the ‘static’ technique delivers
separate information on the state of the VE and SC. The sample
does not need to be submerged, so that the SC remains closer
to its physiological state. The technique is independent of the in-
sert used for RHE model cultivation as the area of current flow
is limited by the electrode's geometry. When the electrolyte is
prepared under sterile conditions, the technique can be used for

sterile measurements.

4.3 | Cldn knockdown evaluation

Standard Ussing chamber measurements revealed significantly
lower transepithelial resistance for Cldn1 and 4 knockdown, indicat-
ing a direct effect of these claudins on epidermal barrier function as

131316 3nd in

has been shown previously in vivo and in vitro for Cldn
2D-cultures for Cldn4.223° Furthermore, Cldn1 knockdown resulted
in shifts of both relaxation frequencies, f,,,, (VE) and fhigh (SC), to
higher values while for Cldn4 knockdown only f, (VE) is slightly
altered.

The static Ussing chamber eliminated shunt contributions and
verified characteristic frequency differences for the Cldn1 knock-
down, but proved that Cldn4 knockdown did not result in any fre-
quency changes (supporting information chapter 4 and Figure S11).
Of note, no obvious skin barrier abnormalities were described in
Cldn4 knockout mice.**#

The shift of both relaxation frequencies to higher values and the
lowered overall resistance indicates lower barrier integrity both in
the SC and the VE caused by the absence of Cldn1, confirming pre-
vious studies on Cldn1-deficient mice.!?

When considering implementing this technique for in vivo mea-
surements, however, it will be problematic to rely on absolute resis-
tance or relaxation frequency values, as these absolute values will
vary for different individuals. This difficulty may be overcome by
evaluating the time-dependent development of the spectra during
penetration of hyperosmolar electrolytes. Under these conditions,
we could identify Cldn1 knockdown-induced barrier defects in RHE
by analysing the relaxation frequency shift without the need of a

reference resistance or frequency value.

5 | CONCLUSION

The barrier properties of SC and VE of an epidermal stratified epi-
thelium can be separately measured and individually characterized.

Cldnl-induced barrier defects can be identified by analysing the
impact of hyperosmolar electrolyte penetration through the RHE
model on the impedance spectrum over time. This demonstrates
that tight junctions play an essential role in VE and thus in epidermal
barrier function and opens up the possibility to exploit the present
technique for a refinement of in vivo diagnostic tools for skin dis-
eases with altered skin barrier such as allergic and irritant contact

dermatitis.1>#?
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This may help to understand the contribution of barrier defects
in SC and VE to different skin diseases and their endotypes in pa-

tients but also in various mouse models of skin diseases.*>4*
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