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Preface

The skin is the largest organ in the body and plays important roles in protection from a
variety of environmental insults as well as in the control of temperature and water balance,
defense from external insults, sensation, and physical communication. The rapid develop-
ment of novel methodologies has allowed scientists to achieve significant progress in our
understanding of the molecular and cellular mechanisms that control skin physiology and its
contribution to cutaneous pathologies. This volume offers readers an opportunity to learn
about and use the most important laboratory techniques that underlie dermatological
investigation and includes in situ, in vitro, ex vivo, and in vivo models of skin and its
appendages. Moreover, in recent years, investigative dermatology has been revolutionized
by the establishment of unique techniques that unravel epigenetic mechanisms in skin cells,
such as gene organization in the nucleus and gene expression regulation by the non-coding
transcriptome, and such techniques are included in this volume. Lastly, we include several
methodologies for mimicking or modulating skin pathologies such as wound healing, skin
cancer, hair follicle disorders, and effects of visible light (photobiomodulation). This volume
will be an essential resource for researchers working in the areas of fundamental as well as
applied dermatological science.

Münster, Germany Natalia V. Botchkareva
Bradford, UK Gillian E. Westgate
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Charité—Universit€atsmedizin Berlin, Berlin, Germany; Department of Dermatology,
Kuopio University Hospital and University of Eastern Finland, Kuopio, Finland

M. JULIE THORNTON • Faculty of Life Sciences, The Centre for Skin Sciences, University of
Bradford, Bradford, UK

YOSHIKAZU UCHIDA • Northern California Institute for Research and Education, San
Francisco, CA, USA; Department of Dermatology, University of California, San Francisco,
CA, USA

NATALLIA E. UZUNBAJAKAVA • Philips Research, Eindhoven, The Netherlands
V. JULIAN VALDES • Department of Cell Biology, Instituto de Fisiologı́a Celular, Universidad
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Chapter 1

Isolation of Epidermal Keratinocytes from Human Skin:
The Scratch-Wound Assay for Assessment of Epidermal
Keratinocyte Migration

Irene Castellano-Pellicena and M. Julie Thornton

Abstract

The migration of epidermal keratinocytes is the basis for skin reepithelialization during wound healing. The
in vitro scratch-wound assay using monolayers of primary human epidermal keratinocytes is a straightfor-
ward and effective method to assess their migratory capacity. The mechanical scratch of a confluent
monolayer directly disrupts the adhesion of the keratinocytes to one another and to the underlying matrix,
resembling the physical trauma of a wound in an in vitro assay. The keratinocytes will undergo an epithelial-
to-mesenchymal transition, which will confer an ability to migrate toward each other to cover the gap by
restructuring cell–cell and cell–extracellular matrix connections. However, a good scratch-wound method
and protocol to ensure scratch reproducibility is essential, particularly when using primary cell cultures
where donor variability may also impact on results.

Key words Primary human epidermal keratinocytes, Scratch-wound assay, Migration, Epithelial–me-
senchymal transition (EMT)

1 Introduction

The benefits of cell culture for setting up systematic studies has
been widely accepted [1]. Cell culture assays are mainly carried out
with cell lines rather than primary cells despite their limitations for
translation. The human epidermal keratinocyte (EK) is a very par-
ticular cell type whose fate is rapid differentiation, cornification and
finally desquamation [2]. Only basal epidermal keratinocytes or
bulge stem cell progenies within the hair follicle retain high pro-
liferative potential [2]. Katayama et al. [3] reported significant
differences between primary human EKs and the immortalized
human epidermal cell line HaCaT in terms of their RNA expression
profile; these differences were mainly limited to genes regulating
the cell cycle. Compared to primary human EKs, HaCaT cells
showed upregulation of genes expressed during the G1/S- and

Natalia V. Botchkareva and Gillian E. Westgate (eds.), Molecular Dermatology: Methods and Protocols,
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S-phase, while negative regulators of the S-phase entry were down-
regulated. There were also differences in the expression of tran-
scription factors related to regulation of the cell cycle, such as
Amyloid Beta Precursor Protein Binding Family B Member
1 (APBB1), Extra Spindle Pole Bodies Like 1, Separase (ESPL1),
Transcription Factor 19 (TCF19), and Zinc Finger Protein
300 (ZNF300) [3]. This study also reported smaller but still signif-
icant differences in the transcriptome when comparing early and
late passage human primary EKs due to their differentiation and
senescence at higher passage numbers [3]. Indeed, primary EK
differentiation increases with each passage in culture. Cells become
bigger and slow down their rate of proliferation (Fig. 1b), up to a
point where apoptosis is inevitable (Fig. 1c). This is the main reason
why primary human EKs should be used at an early passage
(Fig. 1a), as they resemble the original tissue to a much greater
extent than late passage primary human EKs. Therefore, while
bearing in mind the limitations of cell culture itself, the use of low
passage primary cells over cell lines will yield more representative
and meaningful data.

The isolation of EKs is a key step to ensure a good supply of
primary human EKs for cell culture. In order to get an EK culture
that is fibroblast-free, the separation of the epidermis from the
dermis is essential and should be performed by the highly efficient
enzyme, dispase. This enzyme is able to gently cleave collagen IV,
the main protein of the lamina densa of the basement membrane
that separates the epidermis from the underlying dermis
[4, 5]. Once the epidermis has been separated from the dermis,
the use of a second enzyme, trypsin, will break the cell–cell inter-
actions of the epidermal sheet resulting in a cell suspension of
individual epidermal cells. The use of keratinocyte growth media,
which contains keratinocyte growth factors will induce proliferation
in keratinocytes only, and other epidermal cell types such as mela-
nocytes [6, 7], immune cells (e.g., Langerhans cells) [8], and the
neuroendocrine Merkel cells will be lost [9].

Fig. 1 Example of primary EKs in culture. (a) Healthy, proliferating primary EKs. (b) Differentiated primary EK,
more abundant at high passages (>3). (c) Apoptotic primary EK. Scale bar ¼ 50 μm
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Restoration of the epidermal barrier is required when the skin
has been damaged, (i.e., after wounding). In particular, reepithe-
lialization is the first step for restoration of the skin barrier, and it is
the process of reestablishing a first layer of keratinocytes and pre-
venting infection [10]. In the basal layer, this process involves
mobilization, mitosis and migration of keratinocytes from the sur-
rounding epidermis, followed by cellular differentiation and full
epidermal barrier restoration. After wounding, cell contact inhibi-
tion is lost, which induces the keratinocytes that are immediately
adjacent to the wound margin to migrate. This process of epithe-
lial–mesenchymal transition (EMT), allows epithelial cells that are
in contact with a basement membrane to acquire a mesenchymal
cell phenotype by activating biochemical changes related to an
enhanced migratory capacity, invasiveness, resistance to apoptosis,
and production of extracellular matrix (ECM) proteins [11]. There
are three types of EMT in human biology; the first type occurs
during development, type 2 refers to the EMT which involves
epidermal keratinocytes during wound healing as part of the repair
process, and finally type 3 is the EMT which takes place during
cancer and metastasis [12].

During type 2 EMT, downregulation of desmosomes
(E-cadherin downregulation) occurs to enable keratinocyte migra-
tion, and simultaneously new fibronectin-recognizing integrins
(e.g., α5β1 and αvβ6) are expressed [13]. Expression of particular
cytokeratins becomes altered; specific keratins (K16 and K17) are
upregulated [14, 15] together with the mesenchymal cell marker,
vimentin [16, 17]. Specific transcription factors, SNAI1, SLUG,
ZEB1, ZEB2, and TWIST that promote EMT transition are all
upregulated in EK upon EMT induction [18]. EMT in wound
healing is associated with inflammation; once inflammation has
been resolved and the wound site is covered by keratinocytes
again, the reverse mesenchymal–epithelial transition (MET) occurs
[19] by activation of the GRHL2, OVOL1, and OVOL2 transcrip-
tions factors [18].

Epidermal migration can be studied in vitro using primary
human EKs. The scratch-wound assay is the most effective tech-
nique which mimics reepithelialization in vitro. The primary kera-
tinocytes experience the trauma (i.e., mechanical scratching) which
leaves a cell-free area for the keratinocytes to migrate across to
restore the monolayer. Indeed, primary EKs are able to mimic
in vivo EK migration during wound healing particularly well in
terms of cell–matrix and cell–cell interactions by epithelial cells
[20]. Standardization by using a scratch-wound tool is highly
recommended. In conclusion, the scratch-wound assay is an eco-
nomical and straight forward method for the study of cell
migration.

Epidermal Keratinocyte Migration in Vitro 3



2 Materials

1. 1� phosphate-buffered saline (PBS) without Ca2+ and Mg2+.

2. 1� PBS with Ca2+ and Mg2+.

3. Transporting media: 500 ml Minimum Essential Medium
(MEM) supplemented with 5 ml of 100% GlutaMAX (5�
final concentration), 50 ml of fetal bovine serum (FBS) (10%
final concentration), 5 ml of penicillin/streptomycin (Pen/-
Strep) (500 U/ml and 500 μg/ml final concentration, respec-
tively), and 5 ml of amphotericin B/sodium deoxycholate
(12.5 μg/ml and 10.25 μg/ml final concentration, respec-
tively), both contained in Fungizone antimycotic. Store at
4 �C for no longer than 1 month.

4. Tissue wash solution: 500 ml sterile 1� PBS. Add 500 U/ml
penicillin and 500 μg/ml streptomycin (Pen/Strep) and
12.5 μg/ml of amphotericin B and 10.25 μg/ml of sodium
deoxycholate, both contained in Fungizone antimycotic. Store
at 4 �C for no longer than 1 month.

5. Complete primary keratinocyte growth medium (PromoCell)
supplemented with 0.004 ml/ml of bovine pituitary extract
(BPE), 0.125 ng/ml of epidermal growth factor (EGF)
(recombinant human), 5 μg/ml of insulin (recombinant
human), 0.33 μg/ml of hydrocortisone, 0.39 μg/ml of epi-
nephrine, 10 μg/ml of transferrin (recombinant human),
0.06 mM of CaCl2. Store at 4

�C for no longer than 1 month.

6. Complete Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 5� GlutaMAX, 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 μg/ml streptomycin
(Pen/Strep) and 2.5 μg/ml of amphotericin B and 2.05 μg/
ml of sodium deoxycholate, both contained in Fungizone anti-
mycotic. Store at 4 �C for no longer than 1 month.

7. 50 and 15 ml conical tubes.

8. Petri dishes (35- and 100-mm diameter).

9. Sterile dissection kit (forceps, curved microdissection forceps,
scissors, and scalpel handle). Autoclave instruments before
starting the protocol.

10. Disposable scalpel blades (size 24).

11. Dispase II (2.4 U/ml). Dissolve dispase in sterile 1� PBS
without Ca2+ and Mg2+supplemented with 1� antibiotics
(100 U/ml penicillin and 100 μg/ml streptomycin (Pen/-
Strep) (GIBCO), 2.5 μg/ml of amphotericin B and
2.05 μg/ml of sodium deoxycholate, both contained in Fun-
gizone antimycotic) and aliquot in volumes of 4 ml. Store at
�20 �C.
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12. Trypsin-EDTA (0.25%), phenol red.

13. Trypsin-EDTA (0.05%), phenol red.

14. Solution of 0.5 mM ethylenediaminetetraacetic acid (EDTA).
Make a 1:1000 dilution of 0.5 M EDTA in 1� PBS without
Ca2+ and Mg2+. Filter the final solution using a 0.22 μm pore
size filter unit.

15. Trypsin neutralizing solution (TNS).

16. Routine benchtop centrifuge.

17. Vortexer.

18. Tissue culture flasks—size T25 cm2 and T75 cm2.

19. Cell culture incubator set up at 37 �C and 5% CO2 in air.

20. Laminar flow cabinet class II (for cell culture).

21. Cell counter (hemocytometer or automatic counter).

22. 12-Well cell culture plates.

23. Fine-tipped marker pen.

24. Scratch device or yellow plastic tip (see Note 1).

25. Inverted microscope phase contrast coupled to a brightfield
camera.

3 Methods

Seek ethical approval at your institution and obtain all human skin
samples with informed patient consent.

Work under sterile conditions. Ideally, use one laminar flow
hood for human tissue processing and primary cell extraction only.

3.1 Human Skin

Tissue Processing

and Primary EK

Extraction

Work with the tissue kept as much as possible at 4 �C .

1. Place the skin tissue in transporting media immediately after
surgery and transfer to the laboratory. Skin tissue can be kept in
transport media at 4 �C for up to 24 h before processing.

2. Wash the tissue in cold Tissue Wash Solution in a 50 ml tube,
before transferring into a 100 mm tissue culture dish with
Tissue Wash Solution (Fig. 2—1, 1). Remove any fat using
microdissection forceps and scissors and dispose of it via the
appropriate channels (see Note 2).

3. Tissue with a minimum size of 10 cm2 is required to yield
sufficient number of keratinocytes for cell culture. Cut the
skin into small squares (�0.5 cm2) using the microdissection
forceps and scalpel.

4. Thaw an aliquot (4 ml) of 2.4 U/ml dispase and add the small
skin tissue pieces into the 15 ml tube. Make sure there is
enough dispase to cover all the skin pieces. If the starting tissue
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is large (>50 cm2), then two aliquots of dispase will be
required. Incubate overnight at 4 �C.

5. Transfer the skin to a 100 mm petri dish and cover with cold
PBS. Peel the epidermis from the dermis using a pair of micro-
dissection normal forceps and a pair of curved forceps. Transfer
the epidermis into a clean 35 mm dish with 2 ml of cold PBS.
Discard the dermis or retain it to use for dermal fibroblast
isolation.

6. When the epidermis has been removed, transfer it to a 15 ml
falcon tube containing 3 ml of 0.25% trypsin. Incubate for
5–10 min at 37 �C and vortex immediately to get a single cell
suspension.

7. Add 3 ml of TNS (equal volume to the trypsin) to neutralize
the trypsin.

8. Remove any epidermis that has not still trypsinized and place it
in a fresh 15 ml tube with 3 ml of 0.25% trypsin in order to
improve the cell yield. Keep the first cell suspension on ice.

9. Repeat the trypsinization step one more time (three in total).

10. Centrifuge all three 15 ml falcon tubes containing the epider-
mal cell suspension (�6 ml) for 5 min at 300 � g.

11. Mix (2:1) primary keratinocyte growth media (14 ml) with
complete DMEM (7 ml). Warm the media in the water bath
at 37 �C.

12. Resuspend each of the three cell pellets in 1 ml of 2:1 kerati-
nocyte–DMEM media prepared in step 11. Add the cell

Fig. 2 Layout of a 12-well plate for a scratch assay. Lines drawn on the back of
the plate are essential to ensure the pictures are always taken at the same
coordinates on the plate
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suspension from each of the three pellets together and count
the number of cells present using a hemocytometer.

13. Add the 3 ml of cell suspension into 12 ml of 2:1 keratinocyte–
DMEM media (minimum density of 13,000 cells/cm2) and
transfer into a T75 cm2 cell culture flask (if there are not
enough cells, use a T25 cm2 cell culture flask instead). Incubate
overnight at 37 �C/5% CO2.

3.2 Culture

and Passage

of Primary Human EKs

1. Check that cells have adhered to the flask using an inverted
phase contrast microscope.

2. Remove the media and replace with keratinocyte growth
media; keep changing the media every second day until the
EKs reach 80% confluency. This might take from 2 days to
1 week, depending on the initial seeding density (see Note 3).

3. Warm up 1� PBS to 37 �C, 0.5 mM of EDTA, 0.05% trypsin–
EDTA, TNS, and primary keratinocyte growth media to pas-
sage EKs from P0 to P1 with a split ratio of 1:3.

4. Remove media and add 0.5 mM EDTA (see Table 1 for
volumes). Incubate for 4 min at 37 �C to disrupt cell–cell and
cell–matrix interactions.

5. Remove EDTA, add 0.05% trypsin–EDTA and incubate for
2 min at 37 �C (Table 1) (see Note 4).

6. Check cell detachment under the phase contrast microscope.

7. Add TNS to neutralize the trypsin (Table 1). Add 6 ml of PBS
to make ensure all the cells are in suspension and then centri-
fuge the cell suspension at 200 � g for 5 min.

8. Dissolve the cell pellet in 1 ml of primary keratinocyte growth
media and pipette thoroughly up and down to resuspend the
EKs. Dilute the cells in 36 ml of keratinocyte growth media and
split between three new T75 cm2 flasks (26,000 cells/cm2).

3.3 The

Scratch-Wound

Healing Assay

After one passage (P1) of the isolated EK, there should be enough
cells to perform a scratch-wound assay depending upon how many
plates are required. If not, then continue to passage the EKs taking
care to prevent cell differentiation by never allowing them to reach
a confluency above 80%.

1. Prepare the 12-well plates for a scratch assay (see Note 5).
Using a fine marker pen, draw a line in the back of the plate
going through the center part of the wells. Draw two extra lines
on top of the center line, 3 mm apart. Draw another two extra
lines on bottom of the center line, again 3 mm apart (see
Fig. 1).

2. Trypsinize the primary EKs as previously described in Subhead-
ing 3.2 and count the cells using an automatic cell counter or a
manual hemocytometer [21].
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3. Seed the cells at a density of 100,000 cells/well in a 12-well
plate. Add 1 ml of keratinocyte growth media per well.

4. Monitor cell growth until the keratinocytes have reached a
confluency of approximately 80%; this might take from 24 to
48 h. Remove the media and replace with EGF and BPE free
keratinocyte growth media for 24 h to reduce cell proliferation
(see Note 6).

5. Scratch the cell monolayers. The simplest method for
performing a scratch is by using a plastic pipette tip applying
enough force to disrupt the cells without damaging the plastic
(see Note 7). To enhance reproducibility, the use of a scratch
device is advisable (see Note 1).

6. Wash the cell monolayer with 1 ml of 1�PBS with Ca2+ and
Mg2+ and then add 1 ml of fresh keratinocyte growth media
without EGF and BPE.

7. Immediately after the scratch (time zero) take five images of the
scratch in each well using an inverted phase contrast micro-
scope with an objective of 10� magnification and a camera
attachment. The images should be taken just above each of the
marked lines (Fig. 2) avoiding photographing the lines as it will
interfere with the image analysis. Return the plate to the incu-
bator at 37 �C and 5% CO2 in air.

8. Repeat at 4, 12, and 21 h after the initial scratch was produced
(see Fig. 3).

9. In order to further understand the migratory behavior of EKs
on molecular level, RNA extraction can be done for the analysis
of the changes in the expression of different markers of cell
migration (see Note 8). Use nonscratched wells as the control.

3.4 Analysis

and Interpretation

of the Data

1. Analyze the area of the gap that has not been covered by the
keratinocytes using the appropriate software (see Note 9).

2. Calculate the gap area that has been closed (see Note 10):
Migrated area ¼ Initial area (Ai) � Area at a specific time

point (At).
To express this as a percentage:
Percentage of gap closed (%): 100 � (At/Ai)∗100.

Table 1
Volumes (ml) of EDTA, 0.05% trypsin–EDTA, TNS added during keratinocyte passaging in the two
different flask formats used, T25 cm2 and T75 cm2

Volumes added T25 flask (ml) T75 flask (ml)

0.05 mM EDTA 1.5 2.5

0.05% Trypsin/EDTA 1 2

TNS 2 4
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3. First, calculate the mean closure in each well using the five
pictures taken per well. Secondly, calculate the mean of the
replicate wells belonging for each culture conditions tested
(e.g., control vs. test compound).

4. Perform statistical analysis (if several groups are compared at
different time points; a two-way ANOVA with repeated mea-
sures is recommended when the data is normally distributed).

5. Experiments must be repeated using EKs obtained from differ-
ent donors to confirm significant results (see Note 11) to
account for donor variability.

4 Notes

1. There are some commercial scratch devices available, but most
of them are only compatible with 96- or 24-well plates. Other-
wise, a custom-made scratch tool can be made in house. This
could be a metallic tool that should be autoclaved between
every use or a tool which uses reusable plastic tips [22].

2. The fat tissue has a yellow color while the dermis is white.

3. Human primary EKs will readily differentiate in vitro. In order
to maintain their proliferative potential, it is important to be
very meticulous while maintaining them. It is crucial to never
let them grow above 80% confluency by changing the media
every 2 days, or even more frequently if the culture medium
changes color from pink to yellow (an indication of higher cell
numbers).

4. EDTA will break the cell–cell attachment but not cell–flask
attachments. The use of EDTA will reduce the amount of
time EKs will have to be exposed to trypsin in the
following step.

Fig. 3 Primary human EK migration over 21 h period after scratch (at 0, 12, and 21 h) [14]. Human EKs were
established from female facial skin (49-year-old donor, passage 3)
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5. The scratch-wound assay can also be performed in 6-well
plates, but when using primary cells, the number of cells may
be a limitation.

6. Removal of EGF and BPE from the cell culture media will
ensure a reduction in the proliferation capacity of primary
human EKs; therefore, only migration will occur under these
conditions. However, if a stricter method is required,
mitomycin C, a DNA cross-linker, can be used to inhibit pro-
liferation [23]. For primary EKs, mitomycin C at a concentra-
tion of 10 μg/ml will stop proliferation without inducing
cellular toxicity [24].

7. Either a small/medium (yellow) or large (blue) pipette tip can
be used to make the scratch. It is important to change the tip
between every scratch/well to prevent carryover of scratched/
damaged cells between the wells, which at the same time will
interfere with the new scratch, reducing reproducibility
between the wells.

8. Unscratched monolayers can be cultured in parallel for the
gene expression study by qRT-PCR (perform three RNA
extractions per condition/well) to quantify changes in the
expression of markers EMT and migration, such as vimentin,
keratin 16 or 17 (KRT16 or KRT17) and ZEBs, which are
upregulated during primary human EK migration [15, 16]. If
protein distribution analysis is required, cells can be cultured in
chamber slides or coverslips and molecular markers localized by
immunocytochemistry (ICC).

9. Use any software that allows area measurements. As an exam-
ple, the freely available software, Image J can be used [25]. The
pixels should be converted to mm by clicking “Analyse” fol-
lowed by “Set scale.” The area can be selected manually and
measured by clicking “Analyse” followed by “Measure” or
alternatively a scratch macro can be used.

10. Sometimes the migration is shown as distance migrated rather
than area migrated, however cells do not move in 1D on the
plastic surface but rather in 2D; therefore, the calculation of
migration area is recommended for more accurate and mean-
ingful results.

11. Variability when using human primary cells from different
donors can be high. When analyzing migration of primary
human EKs, 45% variability can be seen in primary EKs derived
from female facial skin from three donors (passages between
2 and 4) (Fig. 4). Donor variability on the speed of closure can
significantly impact the analysis when data from multiple
donors is combined. Variability is also introduced with differ-
ences in donor age, sex, and different anatomical regions. As a
solution, individual data for each donor can be shown or
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normalization has to be performed. For normalization, the
migration of all the treatment groups is divided by the migra-
tion of the nontreated group within each donor cells; after-
ward, mean and statistical analysis of different donor cells can
be done.
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Chapter 2

Isolation of Different Dermal Fibroblast Populations
from the Skin and the Hair Follicle

Rachael Williams and M. Julie Thornton

Abstract

The establishment of primary cells from fresh tissue is a widely used method for investigating human tissue
in vitro. The skin harbors different cell populations in the dermis and the hair follicle, which can be isolated
for downstream analysis. Here we describe the isolation of four dermal fibroblast populations from human
haired skin and their maintenance in culture. The four cell populations for which isolation is described are
papillary dermal fibroblast cells, reticular dermal fibroblast cells, hair follicle dermal sheath cells, and hair
follicle dermal papilla cells.

Key words Cell culture, Dermal fibroblast, Dermal papilla, Dermal Sheath, Hair follicle, Papillary
dermis, Reticular dermis

1 Introduction

At the end of the nineteenth century both Virchow and then Duvall
first described fibroblasts based on their morphology [1, 2]. Fibro-
blasts are mesenchyme-derived cells that have an elongated mor-
phology [1–3]. They are the most common cell type of human
connective tissue and play multiple roles including the synthesis of
extracellular matrix (ECM), providing scaffolds for other cells,
release of growth factors, regulating inflammation and mediate
scar formation, and tissue fibrosis [4].

The dermis is the connective tissue layer of the skin and com-
prises two major subtypes, the papillary dermis and the reticular
dermis [5]. The papillary dermis is a thin layer 300–400 μm deep
that sits below the epidermis with the papillae rising into the rete
ridges of the epidermis, creating peg-like structures. The reticular
dermis sits below the papillary and above the adipose tissue and
constitutes the major portion of the dermis [6]. The two parts of
the dermis are composed of fibroblasts with different phenotypes,
with papillary dermal fibroblasts producing thin, unorganized
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collagen fibers while the reticular fibroblasts produce organized
thick collagen fiber bundles [5]. Papillary dermal fibroblasts also
divide faster and have less contact inhibition so grow to a higher
density, in contrast reticular fibroblasts have higher
contractibility [6].

The hair follicle is a fascinating organ with regard to how it will
regenerate multiple times within the human life span [7]. The hair
follicle (HF) sits within the dermis, at sites of terminal hair growth,
and reaches down into the dermal adipose tissue. HFs have
specialized fibroblast populations in the dermal papilla (DP) at
the base of the bulb, and in the connective tissue dermal sheath
(DS) which encapsulates the hair follicle. The DP and DS are
derived from the dermal progenitors that also give rise to the
papillary fibroblasts [8]. Each hair follicle regenerates in the form
of a cycle which consists of a growth phase (anagen), a regression
phase (catagen,), a resting phase (telogen), and then hair shedding
(exogen), with this cycle continuing to remodel the hair follicle and
produce a new hair fiber [9]. The DP regulates the hair follicle cycle
and secretes growth factors that cause proliferation and differentia-
tion in the surrounding bulb matrix keratinocytes, initiating and
regulating fiber growth [7].

The DS comprises three collagen layers and embedded in the
middle of the three collagen layers, composed predominantly of
collagen VI, reside the DS fibroblasts [10]. The DS is believed to
have the ability to replenish the adjacent DP cell pool, as implicated
by DS cells migrating and undergoing a phenotypic transition to
become DP cells, as demonstrated in experimentally amputated rat
whisker follicles [11]. Although they are of the same embryological
origin as DP cells, and have this capability to conserve the hair
follicle, it is thought it is a reserve mechanism, since recruitment
into undamaged papilla is yet to be observed, and they also lack
some of the inductive capabilities of the DP cells [12].

The isolation, growth, and maintenance of dermal fibroblast
cells in cell culture is relatively simple. However, the isolation of
hair follicle fibroblast cells is more challenging as it does require
follicle microdissection, which may require some practice; once
established their maintenance is comparable to that of their
dermis-derived counterparts. The DP and dermal DS lose their
hair follicle inductivity after several passages in 2D cultures [13],
so it has been suggested that for downstream studies that the cells
are grown in a 3D configuration, such as spheroids, in order to
mimic the in vivo hair follicle inductivity profile [14].

Here we describe the widely accepted methods for the isolation
of dermal papillary and reticular fibroblasts, as well as hair follicle
dermal papilla and sheath cells and their maintenance in culture.
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2 Materials

2.1 Tissue

Preparation

1. Transport media: Dulbecco’s Modified Eagle’s Medium
(DMEM) low glucose with 1000 mg/L glucose, L-glutamine,
and sodium bicarbonate, liquid, sterile-filtered, suitable for cell
culture, supplemented with 10% fetal calf serum (FCS), 5%
penicillin/streptomycin (solution contains 5000 U/mL of
penicillin and 5000 μg/mL of streptomycin) 1% Fungizone
(2.50 μg of amphotericin B and 2.05 μg of sodium deoxycho-
late per mL) and 1% GlutaMAX (2 mM final concentration).

2. Phosphate buffered saline (PBS): phosphate buffered saline
tablets, PH 7.4 (five tablets per 100 mL, or as directed by
manufacturer, in sterile water and then autoclaved for cell
culture use).

3. Tissue wash: PBS containing 5% penicillin/streptomycin (solu-
tion contains 5000 U/mL of penicillin and 5000 μg/mL of
streptomycin) and 1% Fungizone (2.50 μg of amphotericin B
and 2.05 μg of sodium deoxycholate per mL of distilled water).

4. Trypsin (0.25%).

5. Cell culture flask (size dependent on the amount of sample
available; e.g., 2 cm2 of tissue, once dissected into 3 mm
cubes can be placed in T75. 1 cm2 ¼ T25).

6. Small petri dishes (35 mm).

2.2 Cell Culture

Maintenance

1. Cell culture media: DMEM containing 10% FCS, 0.2% primo-
cin (100 μg/mL) and 1% GlutaMAX (2 mM final
concentration).

2. 1� Hank’s Solution (10� Hank’s Solutions diluted 1:10 in
sterile water).

3. Trypsin–EDTA (0.05%).

2.3 Equipment 1. Lamina flow hood.

2. Dissecting microscope with cool light (Magnification:
10–800�).

3. Scalpel and 15 mm blade.

4. Fine watchmaker forceps (size no. 4).

5. Flat forceps (100 mm).

6. Fine gauge needles (26 G).

7. Centrifuge (bench top).
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3 Methods

3.1 Tissue

Preparation

1. Fresh tissue samples should ideally be received approximately
3 h postsurgery and stored in transport media at 4 �C. Samples
should be processed within 24 h of surgery.

2. Under a cell culture lamina flow hood, wash the samples in
15 mL tissue wash in a 100 mm petri dish, changing the wash
three times before placing in 15 mL PBS.

3. On the lid of a culture dish place the sample with forceps
and shave any hair using a scalpel and dispose of the hair
(see Note 1).

4. Cut the tissue into 5 mm cubes using a scalpel (see Note 2).

5. Remove the adipose layer cutting directly underneath the der-
mis by placing the sample in between flat forceps and cut away
the adipose tissue using the scalpel (Fig. 1). For dermal papilla
and dermal sheath isolation put this tissue to one side in PBS or
dispose of in the capped tube.

3.2 Papillary

and Reticular Dermal

Fibroblast Isolation

1. To isolate papillary fibroblasts the skin is cut underneath the
epidermis (as close as possible) and placed in a dish 35 mmwith
the epidermis facing up. Add 2 mLDMEM supplemented with
either 10% or 20% FCS, and GlutaMAX. Alternatively the
epidermis can be removed by floating in 3 mL trypsin
(0.25%) at 6 �C overnight, and then in 0.05% trypsin in the
incubator at 37 �C for 1 h before peeling away the epidermis
with watchmaker forceps (see Note 3) (Fig. 2).

2. To isolate reticular fibroblasts, use the skin left over from where
the papillary dermis was removed and place in a 35 mm dish or
T75 flask (depending on the amount of material harvested).
Add 2mL (35mm) or 7 mL (T75) DMEM supplemented with
either 10% or 20% serum and 1% GlutaMAX (Fig. 3) (see Note
4).

3. Place in the incubator at 37 �C, humidified with 5% CO2 and
do not disturb for 10 days.

4. After 10 days cells should have started to explant out from the
tissue (see Note 5). Carefully remove the skin with forceps and
replace the culture media every 2–3 days until the cells reach
confluency.

3.3 Hair Follicle

Dermal Sheath

and Dermal Papilla

Isolation

1. Take the adipose tissue containing the anagen hair follicles
stored in PBS.

2. Set up the dissecting microscope with the optimum magnifica-
tion for example so that the bottom of the follicle is in focus.
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3. Using a scalpel and holding the sample with flat forceps cut the
5 mm adipose tissue into smaller pieces, cutting in between the
follicles, to avoid damaging them (Fig. 4a, b).

4. Take a cluster of follicles and using fine gauge (26 G) needles
gently brush the adipose tissue from around the follicles
(Fig. 4c).

5. Once clean, transfer the hair follicles to a separate dish contain-
ing 1 mL of culture media (see Note 6).

6. Take an individual follicle and dissect it just above the bulb
using the needles (Figs. 4a and 5d).

Fig. 1 Technique for the cutting of the adipose tissue beneath dermis by placing
between flat forceps and using a scalpel blade

Fig. 2 Peeling off the epidermis post 24 h in trypsin 0.25% at 6 �C followed by 1-h incubation at 37 �C in
0.05% trypsin

Skin and Hair Fibroblast Isolation 17



7. Squeeze the follicle bulb gently either side to remove the
matrix (the pigmented part), which will leave the lower part
of the dermal sheath with the dermal papilla intact (Figs. 4b
and 5e).

8. Cut down one edge of the sheath with a needle and then open-
up the cup like structure until the DP (this is a tear drop
structure) hangs out (Figs. 4c and 5f).

9. Cut the DP away from the sheath where the two join and
transfer the DP to another dish containing media (see Note
7) (Figs. 4d and 5g).

10. Press the DP into the plastic culture dish so it is anchored down
(see Note 8) (Fig. 5h).

11. Move the remaining dermal sheath to another dish containing
media and scratch it into the plastic dish using needles to
anchor it (see Note 9).

12. Repeat the process for both cell types until two dishes, one
containing 6–10 DPs and the other 5 or more DS are
generated.

13. Leave them undisturbed in the incubator at 37 �C humidified
under 5% CO2, for 7 days, checking the media and gently
topping up if necessary.

Fig. 3 (a) Dermis tissue in a flask with growth media. (b) Dermis taken from a smaller piece of starting material
in culture media in a small 35 mm culture dish

Fig. 4 Summary schematic of DP isolation using micro dissection. (a) Indicates cut line above the hair follicle.
(b) Squeezing of the bulb to remove matrix. (c) Cutting of the DS. (d) Opening of the DS and removal of the DP
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14. After 7 days change the media every 2 days by gently tilting the
dishes to remove and replenishing the media, taking care not to
dislodge the anchored DS or DPs.

15. Cell explants can generally be seen between 14 and 45 days
later (see Note 10).

3.4 Cell Culture

Maintenance

and Passage

1. Once confluent wash the cells twice for 5 min in 10 mL PBS
before adding 10 mL 1� Hank’s Solution for 10 min at 37 �C
(see Note 12).

2. Remove the Hank’s solution and add 3 mL of trypsin–EDTA
(0.05%) to the T75 flask (seeNote 11) to cover the cell mono-
layer and incubate at 37 �C for 5min to dissociate the cells from
the culture vessel.

3. Tap the flask on a surface to fully dissociate the cells and check
under the microscope to confirm that all cells are detached (see
Note 12).

4. Add a minimum of 6 mL of cell culture media (double that of
the trypsin) to neutralize and stop the activity of the trypsin.

5. Remove the cell suspension and add to a sterile capped
20 mL tube.

Fig. 5 Hair follicle dissection images—from tissue to explant. (a) Tissue cut into 3 mm pieces, showing
anagen hair follicle bulbs in the adipose (mag. �10). (b) Isolated follicle prior to fat removal (mag. �50). (c) A
clean isolated follicle (mag. �50). (d) Bottom of the bulb containing the matrix (mag. �50). (e) Bottom of the
bulb with the matrix removed revealing the DP (mag.�800). (f) DS after been cut and opened to reveal the DP
(mag. �80). (g) Isolated DP (mag. �800). (h) Cells explanting from the DP after maintained culture (mag.
�128)
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6. Add an additional 5 mL of media to the flask to collect any
residual cells and transfer the cell suspension to the same tube
to ensure all cells are removed from the flask.

7. Centrifuge the cells at 180 RCF for 3 min at room
temperature.

8. Either passage (split 1:2, or 1:3, depending on requirements)
the flasks by resuspending the cells in the required amount of
media and add to whatever size required culture vessels (see
Note 13) or use the pellet for any downstream assays (e.g.,
Western blot or RNA extraction).

4 Notes

1. Human tissue should be handled and disposed of according to
the Human Tissue Act (HTA) (United Kingdom) or as per
local regulations. Disposing of tissue in a capped tube allows
for contained disposal.

2. At this point if any tissue is required for immunohistochemistry
it can be snap frozen in liquid nitrogen and stored at�80 �C or
processed for paraffin embedding.

3. The epidermis can be used to harvest epidermal keratinocytes.

4. Take care not to add too much media as the samples will float
and will be unable to firmly attach to the base of the dish. If
using 35 mm culture dishes, place the culture dishes in a square
dish or larger petri dish and then sandwich this between two
dishes filled with 15 mL PBS to stop the samples from drying
out in the incubator.

5. Dermal fibroblast explants may be under the tissue itself, so the
tissue should be gently removed from the dish after 10 days to
check for explants and reduce the risk of infection. Dispose of
the tissue according to HTA policy.

6. Use different dishes for ease. Put clean follicles in one dish,
follicles with the matrix removed in another, all in media. This
means each stage can be done in batches rather than processing
each follicle individually, that is, cutting the DP out one after
the other.

7. The DP will float and eventually sink if the grip is lost. Wait a
minute and move the focus on the microscope up and down
until the tear-drop structure comes into focus.

8. Try to avoid damaging the DP too much as it will be less likely
to explant.

9. Unlike the DP the DS can be firmly scratched into the plate.

20 Rachael Williams and M. Julie Thornton



10. DP cells will grow in aggregates for the first 1–4 passages, and
dermal sheath cells will grow in webbed formations between
passages 1 and 5. Cells should be used before reaching passage
5, due to loss of cell phenotype. Reticular fibroblasts can be
used to higher passage numbers (passage 15); however, with
multiple passages, papillary fibroblasts can differentiate to a
reticular phenotype (beyond passage 6) [15].

11. Scale the amount of media/wash and Hank’s solution accord-
ing to culture vessel size.

12. Due to fibroblasts secreting extracellular matrix, some colonies
may be still bound to the flask, if this is the case, remove the
trypsin from the flask containing the cells and place in a capped
tube and add media to the tube (2� the volume of trypsin) to
neutralize the action of trypsin. Then repeat the trypsin step on
the flask to remove the remaining cells.

13. Leave the cells to attach to the vessel overnight and check the
cells the following day before changing to fresh media.
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Chapter 3

Isolation of Epidermal and Hair Follicle Melanocytes

Richard Baker and M. Julie Thornton

Abstract

Here we describe the isolation of epidermal melanocytes and hair follicle melanocytes from human skin
tissue. Epidermal and hair follicle melanocytes are two distinct populations of melanocytes which are
contained within the skin and the hair follicle, with differing yet overlapping roles. Epidermal melanocytes
are normally isolated from the epidermis of vellus-haired skin tissue (e.g., face, breast, abdomen), while hair
follicle melanocytes are derived from the outer root sheath (ORS) of the middle/lower terminal anagen hair
follicles of the scalp. These methods utilize ethically sourced human skin tissue obtained from donors
undergoing plastic surgery.

Key words Cell culture, Melanocyte, Hair follicle melanocyte, Pigment, Hair follicle, Outer root
sheath, Melanin, Epidermis

1 Introduction

Epidermal melanocytes are pigment producing cells responsible for
the production and transfer of melanin to keratinocytes in the
epidermis. They will rarely proliferate in vivo and reside in the
basal layer, forming epidermal melanin units; a functional unit of
cells composed of one melanocyte and 36 keratinocytes [1]. The
melanin produced by the melanocytes is transferred to the kerati-
nocytes in the epidermal melanin units, and serves to protect these
cells from DNA damage caused by exposure to UV irradiation.

Hair follicle melanocytes consist of two distinct populations;
pigmented, dendritic, nonproliferative melanocytes derived from
the bulb region of the follicle and amelanotic, nondendritic, highly
proliferative cells which are located in the ORS of the hair follicle
[2]. The pigmented cells located in the bulb are more differentiated
and supply melanin to the cortical keratinocytes in the bulb matrix.
They are more densely populated in the hair follicle than in the
epidermis, with a ratio of one melanocyte to five precortical matrix
cells in the hair bulb, and 1:1 in the basal layer of the hair bulb
matrix [3, 4].

Natalia V. Botchkareva and Gillian E. Westgate (eds.), Molecular Dermatology: Methods and Protocols,
Methods in Molecular Biology, vol. 2154, https://doi.org/10.1007/978-1-0716-0648-3_3,
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However, it is the amelanotic cells that are responsible for
maintaining pigment in the hair follicle, because it is these cells
which are required for sustaining the population of melanocytes in
the bulb region of the hair follicle as when the hair follicle goes
through each cycle, the lower part, including the bulb, is remo-
deled each time [5, 6]. These amelanotic melanocytes are immature
and only begin producing pigment once they differentiate upon
reaching the bulb region. The ORS niche provides a pool of stem
cells to the hair follicle and epidermis and it is from this reservoir of
cells that the epidermal melanocytes are also repopulated in the
event of wound healing, or in conditions such as vitiligo [7].

The isolation and maintenance of primary human epidermal
melanocytes in culture is a relatively easy and reliable procedure. A
good yield of cells can easily be obtained from relatively small pieces
of tissue (e.g., 2 cm2). This method outlines the removal of the
adipose layer from below the reticular dermis and subsequently the
removal of the epidermis from the dermis by treating with trypsin.
The epidermal melanocytes can then be isolated from the epidermal
sheet by incubating with trypsin–ethylenediaminetetraacetic acid
(EDTA) solution.

The isolation of hair follicle melanocytes is a more difficult
technique, due in part to the relatively low numbers of ORS mel-
anocytes present in a human hair follicle [8, 9]. To successfully
establish hair follicle melanocytes in culture, it is the immature,
amelanotic melanocytes that are isolated since the bulb melanocytes
are already differentiated and nonproliferative [10, 11]. This tech-
nique describes the isolation of these cells from human scalp tissue
and the establishment of these cells in culture. Following removal
of the dermis and epidermis, the adipose layer containing the lower
portion of the hair follicle is digested using collagenase, which after
washing leaves just the individual hair follicles. The ORS of these
follicles is broken down following incubation with 0.05% trypsin/
EDTA before seeding into 3.5 cm petri dishes and purifying using
Geneticin treatment [12, 13].

2 Materials

2.1 Equipment 1. Class II Laminar flow cabinet.

2. 3.5 cm petri dishes.

3. 10 cm2 square culture plates.

4. 30 mL plastic universals.

5. T75 cell culture flask.

6. Scalpel with No. 11 scalpel blades.

7. Fine watchmaker forceps (No. 4).

8. 10 cm forceps.
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9. Humidified CO2 incubator.

10. Benchtop cell culture centrifuge.

11. Cell strainer (40 μm).

2.2 Reagents 1. Phosphate buffered saline, pH 7.4 (PBS).

2. Transport Medium: 500 mL Dulbecco’s Modified Eagle’s
Medium (DMEM) low glucose with 1000 mg/L glucose,
2 mM GlutaMAX, 10% fetal calf serum (FCS), penicillin/
streptomycin Solution (5000 U/mL penicillin and 5000 μg/
mL streptomycin), and 1% Fungizone (2.5 μg/mL of ampho-
tericin B and 2 μg/mL of sodium deoxycholate).

3. Tissue Wash Solution: PBS pH 7.4, supplemented with peni-
cillin/streptomycin solution (5000 U/mL penicillin and
5000 μg/mL streptomycin) and 1% Fungizone (2.5 μg/mL
of amphotericin B and 2 μg/mL of sodium deoxycholate).

4. 0.25% Trypsin.

5. 0.05% trypsin–EDTA.

6. Complete Keratinocyte Serum Free Medium (KSFM): KSFM
supplemented with 50 μg/mL bovine pituitary extract, 5 ng/
mL EGF (Human Recombinant), 2 mM GlutaMAX, 100 μg/
mL Primocin.

7. Complete Minimum Essential Medium (MEM): MEM
supplemented with 2% FCS, 2 mM GlutaMAX, 100 μg/mL
Primocin, 1% nonessential amino acid Mix, 5 ng/mL
endothelin-1, 5 ng/mL bFGF.

8. Complete Melanocyte Culture Medium: two parts Complete
MEM: one part Complete KSFM.

9. Geneticin (G418) Solution (50 mg/mL).

10. Collagenase (Type V).

3 Methods

Fresh tissue samples should be placed in transport medium imme-
diately postsurgery, and stored at 4 �C. Samples should be pro-
cessed within 24 h of surgery.

All work to be carried out in a Class II laminar flow cabinet,
unless otherwise stated. Any excess tissue should be handled and
disposed of appropriately according to the Human Tissue Act or as
per the local regulations.

3.1 Isolation

of Epidermal

Melanocytes

1. Transfer skin samples into a 10 cm2 square culture plate. Wash
the tissue twice with 20 mL tissue wash.
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2. Using a scalpel, remove any haired tissue retaining the non-
haired tissue (see Note 1). Cut the sample into approximate
0.5 cm2 cubes.

3. Pick up the tissue cubes using a flat pair of forceps to orientate
it so the longitudinal section through the tissue is visible
(Fig. 1). With a scalpel cut through the tissue to remove the
adipose tissue (Fig. 2).

4. Wash the tissue again with 20 mL of Tissue Wash before
placing into a 3.5 cm Petri Dish containing 3 mL of 0.25%
trypsin. The skin should be placed into the trypsin with the
epidermis uppermost and incubated for 4 h at 37 �C (see Note
2).

5. Using fine forceps gently peel the epidermis from the dermis
and float it into 5 mL PBS in a 10 cm2 square culture plate
(Fig. 3).

6. Once the entire epidermal layer has been removed, place all the
epidermal samples into a plastic 30 mL universal containing
3 mL 0.05% trypsin–EDTA and incubate for 5 min at 37 �C.

7. Vortex the samples for 1 min before removing the supernatant
and transferring it into 10 mL of melanocyte culture medium,
taking care not to aspirate any solid pieces of epidermis. Add a
further 3 mL of 0.05% Trypsin/EDTA to the universal tube
containing the epidermis and repeat the trypsin treatments
until the trypsin solution is transparent after vortexing. This
typically takes three trypsinization steps.

8. Centrifuge the cell suspension at 180 RCF for 5 min, then
discard the supernatant and resuspend the cell pellet in
10 mL melanocyte medium. Transfer the cell suspension to a
T75 flask containing a total of 10 mL melanocyte culture
medium and incubate at 37 �C in 5% CO2.

9. Replace the culture medium after 2 days. The culture should be
monitored microscopically for keratinocyte and fibroblast con-
tamination. If any contamination is observed add G418 to the
culture medium (100 μg/mL) which will selectively kill the
more rapidly dividing fibroblasts (see Note 4) [13]. G418
treatment should be applied for 48 h. Upon completion of
the G418 treatment the culture medium should be replaced
with fresh, untreated medium.

10. The cells should be routinely cultured with the replacement of
fresh melanocyte culture medium every 3 days. A pure mela-
nocyte culture can generally be obtained within 2 weeks. The
cells should be passaged at a ratio of 1:3 and will proliferate for
approximately ten passages.
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Fig. 1 Technique for the cutting of the adipose tissue in the lower dermis by
placing between flat forceps and using a scalpel blade

Fig. 2 Tissue cube with the epidermis and dermis separated from the adipose
tissue

Fig. 3 Peeling off the epidermis after 16 h in trypsin 0.25% at 4 �C followed by 1 h incubation at 37 �C in
0.05% trypsin–EDTA
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3.2 Isolation of Hair

Follicle Melanocytes

1. Transfer hairy scalp skin samples into a 10 cm2 square culture
plate. Wash the tissue twice with 20 mL tissue wash.

2. Using a scalpel, remove any nonhaired tissue and shave off hair
close to the epidermis. Cut the sample into approximate
0.5 cm2 cubes (see Note 1).

3. Pick up the tissue cubes using a flat pair of forceps, orientating
so you can see a longitudinal section through the tissue. Using
a scalpel cut through the tissue at the very bottom of the dermis
at the dermal–adipose junction (Fig. 1), retaining the adipose
tissue containing the hair follicles (Fig. 2) (see Note 3).

4. Place the adipose tissue cubes into 10 mL transport medium in
a plastic universal tube. Add collagenase to the universal tube to
a final concentration of 0.5%, and vortex until the collagenase
has completely dissolved. Incubate at 37 �C for 1 h, vortexing
for 1 min every 20 min.

5. Pour the contents of the universal tube into a 10 cm2 square
culture dish. Remove any fatty connective tissue using forceps
and put it back into the universal tube.

6. Using a serological pipette aspirate the collagenase solution
from the culture plate trying not to disturb the hair follicles
which will sink to the bottom of the plate. Put the collagenase
solution back into universal tube with the remaining fatty/
connective tissue.

7. Resuspend the follicles in the culture plate in melanocyte cul-
ture medium and transfer to a clean plastic universal tube.

8. Repeat this process of incubating the tissue with collagenase
solution and removing follicles for a total of three times. The
incubation time can be reduced to 40 min for all subsequent
incubations.

9. Once all the follicles have been collected carefully remove the
culture medium taking care not to disturb the hair follicles
which have sunk to the bottom of the dish. Wash with 20 mL
PBS and allow the follicles to sink to the bottom of the dish
once more. Carefully remove the PBS and repeat this wash step
ten times, or until all the fat has been removed from the follicles
(Fig. 4). Resuspend the hair follicles in 5 mL 0.05% trypsin–
EDTA and incubate at 37 �C for 5 min.

10. Vortex the hair follicle solution and carefully remove the tryp-
sin/hair follicle cell suspension and add it to 10mLmelanocyte
culture medium in a clean universal tube. Add 3 mL of fresh
0.05% trypsin–EDTA and repeat this trypsinization step a total
of three times, until only the hair shafts remain postvortexing
(Fig. 5).
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11. Take the cell suspension and pass it through a 40 μm cell
strainer to remove any large pieces of hair follicle tissue,
which may contaminate the culture.

12. Centrifuge the cell suspension at 180 RCF for 5 min. Discard
the supernatant and resuspend the cell pellet in 3 mL melano-
cyte medium. Add the cell suspension to a 3.5 cm petri dish
and incubate at 37 �C in 5% CO2 in air.

13. Replace the culture medium after 2 days. The culture should be
monitored microscopically for keratinocyte and fibroblast con-
tamination (Fig. 6). If any contamination is observed addG418
to the culture medium (100 μg/mL) which will selectively kill
the more rapidly dividing fibroblasts (see Note 4) [13].

Fig. 4 Hair follicles collected from the tissue after collagenase treatment and ten
washes with PBS

Fig. 5 Hair follicles undergoing 0.05% trypsin–EDTA treatment. The ORS is
beginning to break down. Further trypsinization will remove additional ORS
material and leave just the hair shafts remaining
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G418 treatment should be applied for 48 h. Upon completion
of the G418 treatment the culture medium should be replaced
with fresh, untreated medium.

14. The cells should be routinely differentially trypsinized at 70%
confluence (see Note 5) with further G418 treatments if any
contamination of the culture by fibroblasts persists.

15. Once a pure melanocyte culture is established, the cells should
be routinely cultured with the replacement of fresh melanocyte
culture medium every 3 days (see Note 6). A pure melanocyte
culture can generally be obtained within 3–4 weeks with an
established culture within 8 weeks. The cells should be pas-
saged at a ratio of 1:3 and will proliferate for approximately ten
passages.

4 Notes

1. Only nonhaired (vellus) tissue should be used for the isolation
of epidermal melanocytes since terminal hair follicles can pre-
vent the easy removal of the epidermal sheet.

2. The epidermal sheet can take longer than 4 h to become
completely detached. If it does not peel off easily using forceps,
return the tissue to the incubator for an additional 30 min
before attempting again. An alternate method is to leave the
tissue in the fridge at 4 �C overnight (instead of incubating for
4 h at 37 �C).

3. It is important that enough of the dermis is removed so the
follicles are not retained in the connective tissue when they are
incubated in the collagenase solution.

Fig. 6 Images of ORS cells in culture (magnification �100). (a) Day 1 culture showing cells attaching
postisolation. (b) Day 7 culture showing colonies of ORS cells forming. If several cell types are observed
G418 should be added at this point before the cells reach 100% confluence
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4. G418 treatment should be added to the culture when aggrega-
tions of fibroblast contamination begin to form. If left
unchecked, it can be difficult to remove all the fibroblast con-
tamination from the culture once it has become established.
Keratinocyte contamination does not require the immediate
addition of G418 because they will differentiate as the culture
progresses.

5. Differential trypsinization can be used to limit fibroblast con-
tamination. Melanocytes detach more quickly in 0.05% tryp-
sin–EDTA solution than fibroblasts and should detach in
approximately 90 s (this should be monitored microscopically).
Fibroblasts remain attached for a longer period so the detached
melanocyte cells can be collected for further culture.

6. ORS melanocytes can be hard to identify as melanocytes in
early culture as they are amelanotic and do not have typical
melanocyte morphology. Premelanosome Gp100 staining with
NKI/beteb or P-mel 1 antibodies can be performed to confirm
the presence of melanocytes in the culture.
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Chapter 4

Isolation and Culture of Human Skin Mast Cells

Hanna Siiskonen and Jörg Scheffel

Abstract

Mast cells are intriguing immune cells monitoring the interfaces of our body with the environment. Long-
term cultures of mast cells originating from hematological malignant cells have been traditionally used to
investigate mast cell biology, but these cells are not optimal to study the characteristics of human skin mast
cells because of their origin and also due to the changes caused by long-term culture. To overcome these
limitations, freshly isolated mast cells from human skin have been recently introduced as a research tool and
provide a better resource for studies investigating the properties of mast cells in the human skin. Here, the
isolation procedure of human skin mast cells from skin to cell culture is explained in detail and clarified in
several figures.

Key words Mast cells, Human skin, Isolation, Primary cell culture, MACS

1 Introduction

Mast cells (MCs) originate from a common progenitor cell in the
bone marrow and differentiate in tissues to specific subtypes, which
reside in the tissues (reviewed in [1]). Compared to other tissue
resident immune cells such as dendritic cells or macrophages MCs
are of comparably low abundance. Therefore, MC lines HMC-1 and
LAD2 or peripheral stem cell- or cord blood-derivedMCs have been
intensively used to study mast cell biology (see the list of several
publications referenced in [2]). HMC-1 cells originate from the
peripheral blood of a patient with MC leukemia [3], while LAD2
cells originate from the bone marrow from a patient with MC sar-
coma/leukemia [4]. As with other cultured cell, long-term culture
can modify the properties and responses of the cells and they may no
longer represent theoriginal cell type. In addition, asbothof these cell
lines originate from hematological, malignant condition, they repre-
sent healthy skin MCs only poorly and for example, their enzyme
contents aredifferent [2].When the special features of skinMCs are to
be investigated, it is of utmost importance to use valid primary cells as
close to MCs in vivo as possible. Due to these reasons, it has become
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essential to find methods to isolate MCs directly from human skin.
Herewedescribe the currentmethodused in our laboratory to isolate
and culture human skinMCs (hsMCs).However, it should be kept in
mind that the work with freshly isolated MCs also has its limitations.
Due to their low abundance, only a limited number of cells from a
certain individual are available and comparable large amount of tissue
is required to isolate a suitable number of cells. Moreover, there is a
donor-to-donor variability in addition to differences based on the
tissue source [1, 5]. As with all primary cell cultures, phenotypes
change over time in culture and therefore cells are best for use shortly
after isolation.

2 Materials

Regular isolation of hsMCs requires a constant source of skin—
ideally, a close collaboration with a surgical team (seeNote 1). Skin
can be obtained from certain cosmetic or medical plastic surgeries
such as reduction mammoplasty, abdominoplasty, circumcision, or
blepharoplasty (see Note 2).

According to the Declaration of Helsinki (59th WMA General
Assembly, Seoul, October 2008) the work needs an ethical approval
from the ethics administration of the institution and a written
informed consent with sufficient, clear and appropriate information
regarding use of the skin in research purposes must be given and
signed by the patients. The donation of the skin is voluntary and the
patients must be informed about the process.

2.1 Buffer and Media 1. Transport Medium (make sure that all pieces are submerged in
the media): Basal Iscove’s medium, noncomplete with 15 mg
phenol red (FG 0465, Biochrom, Berlin, Germany) and
2.5 μg/ml Amphotericin B. The skin should arrive ideally in
the laboratory within 2–5 h after surgery (see Note 3).

2. Dispase medium: Dulbecco’s Phosphate-Buffered Saline
(DPBS) with Ca2+ and Mg2+ containing 2.4 U/ml Dispase
Type II.

3. Digestion medium (use 10 ml/g of skin): DPBS with Ca2+ and
Mg2+ containing collagenase (15 mg/g of skin), hyaluronidase
from bovine testes (7.5 mg/g of skin), DNase (10 μg/ml final
concentration), 1% penicillin–streptomycin, 2% fetal bovine
serum, 2.5 μg/ml amphotericin B, and additional 5 mM
MgSO4.

4. MACS buffer: DPBS without Ca2+ and Mg2+ containing 5%
fetal bovine serum and 1% penicillin–streptomycin.

5. MC culture medium: Basal Iscove’s medium, noncomplete
with 15 mg phenol red (FG 0465, Biochrom) supplemented
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with 10% fetal bovine serum, 1% penicillin–streptomycin, 1%
nonessential amino acids, and α-monothioglycerol (230 μM
final concentration). For long term culture (�24 h), add
recombinant human IL-4 (20 ng/ml) and SCF (100 ng/ml).

2.2 Antibodies/

Microbeads for Flow

Cytometry

and Magnetic Cell

Enrichment

1. CD117 microbead kit (Miltenyi Biotec, Bergisch Gladbach,
Germany).

2. Anti-CD117 (clone A3C6E2, Miltenyi Biotec) (see Note 4).

3. Anti-FcεRI (clone AER-37 [CRA-1]; BioLegend) (seeNote 5).

2.3 Additional

Equipment

1. Biosafety cabinet class 2 (see Note 6).

2. Cell culture incubator providing a humid atmosphere with
constant temperature of 37 �C and 5% CO2.

3. A basic light microscope and Neubauer (improved) counting
chamber.

4. A centrifuge with swing-out rotor for 50 ml conical tubes.

5. A shaking water bath (see Note 7).

6. Equipment for magnetic cell enrichment [columns (LS), mag-
nets and stand or AutoMACS (Miltenyi Biotec) with Chill
Block 15 (Miltenyi Biotec) and cell strainer with 100, 40
(Corning) and 30 μm mesh size (Miltenyi Biotec)].

7. Stainless steel sieves, 300 and 40 μm (Retsch, Haan, Germany)
(see Note 8).

8. Sterile forceps, scalpels, and scissors.

9. Petri dishes (140 mm), conical 50 and 15 ml centrifugal tubes
and two sterile (plastic) containers with lid (for enzymatic
digestion).

3 Methods

3.1 Tissue Digestion Isolation of hsMCs has been adopted from [2]. All procedures are
carried out at room temperature and in a class 2 biosafety cabinet,
unless otherwise specified.

1. Weigh the skin before starting the procedure to calculate the
required amount of Digestion medium, enzymes for tissue
digestion, and potential cell yield (see above).

2. Place the skin specimens in a sterile petri dish (140 mm) with-
out buffer and remove fat tissue using sterile scissors and a
scalpel. If any fat was removed, control-weigh the skin again.
Cut the skin into small 10 � 20 mm pieces with thin incisions
at 1–2 mm intervals in a comb-like pattern (Fig. 1) to increase
the surface for enzymatic digestion. The skin pieces are then
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transferred to Dispase medium and incubated overnight in a
sterile container with lid at 4 �C (see Note 9).

3. On the next day, remove epidermis carefully from dermis with
fine forceps and collect dermal pieces in a new petri dish
(Figs. 2 and 3) (see Note 10).

4. Homogenize pieces with a sharp, curved scissor to form a
uniform mass (Fig. 4) for about 25–30 min. This step is critical
for a successful isolation of MCs (see Note 11). Poorly minced
tissue reduces the yield of cells dramatically (see Note 12).

5. Transfer the homogenized skin into a new sterile container
with digestion medium containing collagenase, hyaluronidase,
and DNase, and incubate for 60 min (foreskin and eyelid) or
90 min (breast skin) with vigorous shaking in a tempered water
bath at 37 �C.

Fig. 1 Schematic illustration of skin preparation. The skin is cut with a scalpel
into 5 � 20 mm strips with incisions every 1–2 mm before being immersed and
incubated in cold dispase medium overnight at 4 �C

Fig. 2 After dispase treatment over night the epidermis is carefully removed with sterile forceps from the
dermis. The epidermis-free dermal pieces are then collected in a new petri dish
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Fig. 3 The dermal tissue is homogenized with scissors until it forms uniform
mass. Complete homogenization of the tissue is crucial for optimal MC yield

Fig. 4 After enzymatic digestion the suspension is filtered via 300 μm + 40 μm
metal sieves to remove larger pieces of undigested tissue in sieve. The filtrate is
centrifuged to separate the single cells and digestion medium. The remaining
skin pieces are homogenized again as in step 4 repeatedly incubated with the
retained digestion medium (steps 5 and 6)
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6. Filter the suspension through 300 μm + 40 μm mesh sieves to
remove larger pieces of undigested tissue (5). Centrifuge the
filtrate at 400 � g for 15 min at +4 �C, collect the supernatant
(Digestion medium) and resuspend the pellet in cold DPBS
without Ca2+ and Mg2+ (see Note 13).

7. Keep the cells on ice and repeat steps 4–6 with the retained
tissue from filtration at least once using newDigestionmedium.

8. Combine cells from all tissue digestion rounds in one tube, fill
up to 50 ml with cold DPBS without Ca2+ and Mg2+ and wash
once using centrifugation at 400 � g for 10 min at 4 �C (see
Note 14).

9. Decant DPBS supernatant, resuspend in MACS buffer and
filter through 100 and 40 μm cell strainers, sequentially. Fill
up to 50 ml with MACS buffer and wash once using centrifu-
gation at 400 � g for 10 min at 4 �C.

10. Count the cells, if desired.

3.2 Magnetic Cell

Enrichment (MACS)

1. Decant MACS buffer supernatant, resuspend the pellet in 5 ml
of MACS buffer and transfer to a 15 ml conical tube through a
30 μm cell strainer. Rinse the 50 ml tube again with 5 ml of
MACS buffer transfer to the 15 ml conical tube through the
30 μm cell strainer. Rinse the cell strainer again with additional

Fig. 5 Larger pieces of undigested tissue
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2–3mlMACS buffer. Centrifuge again at 400� g for 10min at
4 �C.

2. Aspirate MACS buffer supernatant and resuspend thoroughly
in 1 ml final volume MACS buffer using a 1000 μl pipette (see
Note 15). Add 50 μl of FcR blocking reagent (CD117
microbead kit), mix by flicking and incubate at 4 �C for
15 min. Add 50 μl of CD117 MicroBeads (CD117 microbead
kit), mix by flicking and incubate at 4 �C for 10 min (occasion-
ally mix by flicking).

3. Wash cells by adding 10 ml of MACS buffer and centrifuge at
400 � g for 10 min. Aspirate the supernatant completely and
resuspend cells in 2 ml MACS buffer.

4. If an AutoMACS (Miltenyi Biotec) is not available, proceed
with step 6.

5. If an AutoMACS is available, enter a maximum aspiration
volume of 3000 μl and run the program “posselds” (positive
selection via two columns). Proceed with step 10.

6. During centrifugation, insert a MACS LS column into an
appropriate magnetic separator (magnet) and rinse the column
with 3 ml of MACS buffer.

7. Add cell suspension from step 3.

8. Wash the column three times with 3� 3 ml of MACS buffer. If
desired, collect the flow through (CD117 negative fraction)
and keep at 4 �C until use.

9. Remove the column from the magnetic separator and place it
into a suitable collection tube (e.g., 15 ml conical tube). Add
2 ml of MACS buffer and flush out the cells by firmly pushing
the plunger into the column (CD117 positive fraction). Repeat
with additional 2 ml of MACS buffer. Proceed with step 10.

10. Take 10–50 μl aliquots to count cells and analyze by flow
cytometry. To residual bulk, add 10 ml of MACS buffer and
centrifuge at 400� g for 10min at 4 �C. AspirateMACS buffer
supernatant and resuspend cells by flicking or gentle pipetting.

3.2.1 Flow Cytometry 1. Take an aliquot of 20 μl from CD117 negative and positive
fraction. Add 5 μl of fluorochrome labeled anti-CD117 (clone
A3C6E2) and FcεRI (clone AER-37 [CRA-1]) and incubate
on ice for 10 min (see Note 16).

2. Wash cells with 500 μl of MACS buffer, resuspend in 300 μl of
MACS buffer containing a nuclear dye (e.g., DAPI or propi-
dium iodide) (see Note 17) to identify cell debris and dead
cells.

3. Analyze cells with an appropriate FACS analyzer (Fig. 6).
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3.2.2 Long-Term Culture 1. For culturing, suspend cells in 1 ml of cytokine free MC culture
medium per 1 � 106 cells and culture in a tissue culture
incubator for 24 h (see Note 18).

2. After 24 h add 100 ng/ml human stem cell factor (SCF) and
20 ng/ml human interleukin-4 (IL-4).

3. Feed cells twice a week by adding SCF (100 ng/ml) and IL-4
(20 ng/ml) (see Note 19).

4. Determine cell number and expression of FcεRI and CD117 by
flow cytometry and cell counting on a regular basis. Keep cells
at a density of 1 � 106 cells per ml of medium. Cells start to
proliferate between week two and three. After 4–6 weeks in

Fig. 6 Isolated skin cells were analyzed for CD117+/FcεRIa+ cells (MC) by flow cytometry before and after
CD117 positive enrichment by MACS. Note that enrichment yields a purity of CD117/FcεRIa double positive
MCs >90%. Microscopic pictures were taken in a 400� magnification from the enriched cells after
resuspension in MC culture medium at a density of 1 � 106/ml cells
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culture, the cell numbers almost double every 10 days. Prolif-
eration of MCs starts to decline around 6 weeks postisolation
and stops around week eight (see Note 20).

4 Notes

1. For transportation of the tissue, it is required to provide a
waterproof primary container which is packed along with
absorbent tissue in a waterproof secondary container with
appropriate labels such as “Exempt Human Specimen” for
specimens being tested negative for blood borne pathogens
or “Biological Substance category B” including the UN3373
label for (potentially) hazardous material respectively.

2. In general, highest yields are obtained from eyelids and foreskin
with approximately 0.5–2 � 106 cells/g of skin or breast skin
with approximately 0.2–0.5 � 106 cells/g of skin.

3. If direct processing of the skin is not possible, smaller pieces can
be immersed in tissue preservation solutions for up to 24 h
(e.g., MACS® Tissue Storage Solution; Miltenyi) to limit
necrosis and apoptosis.

4. Anti-CD117 antibody should be compatible with the CD117
microbead kit.

5. AER-37 is also referred to as CRA-1. The CRA-1 clone binds
to the alpha subunit of the human high-affinity Fc receptor for
IgE (FcεRIa) in the presence and absence of IgE. It does not
prevent binding of IgE and has the capability to induce mast
cell activation (degranulation).

6. Use Class II cabinets to provide both kinds of protection—
sample and of the environment—especially when working with
untested human material.

7. Use a water bath with shaking capability for optimal and con-
stant temperature distribution during the dispersion step.

8. These cell strainers can be reused when autoclaved; however,
there is a risk of potential contamination. Alternatively, single-
use strainers can be used.

9. It is recommended to incubate up to 15 g of skin in 25 ml of
Dispase medium in a 50 ml conical tube.

10. The epidermis is removed as thin, brownish sheets and the
whitish dermis is left for further processing. The epidermis
can be further used for generation of cultures of primary
keratinocytes.

11. This step is of utmost importance for successful isolation. The
homogenization of the tissue with sharp scissors should be
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continued until a pink, slime-like homogenous mass is
achieved.

12. Manual homogenization of the tissue with scissors is preferred
over electrical tissue dissociators to obtain highest yields and
best quality of cells.

13. The pellet should be resuspended gently by tapping the bot-
tom of the tube with fingers. Harsh resuspending with a pipette
should be avoided.

14. Always double-rinse all 50 ml tubes with a few milliliters of
DPBS (or MACS buffer) when combining to not lose cells.

15. The amount of cells obtained will always be less than reason-
able for 1 ml volume with 50 μl FcR block/beads, if you do not
process more than 50 g of skin. At �50 g of skin, increase the
volume to 2 ml and 100 μl of FcR block/beads.

16. Nonexperienced users should use ideally two colors that have
nonoverlapping emission spectra (i.e., FITC/APC or
PE/APC) to avoid errors in misinterpretation of the data due
to improper compensation.

17. Non-cell permeable dyes such as DAPI or propidium iodide
can be used. Alternatively, live/dead cell staining kits for flow
cytometry are available from various manufacturers. Make sure
that the nuclear stain is compatible with the colors used for the
detection of the cellular markers.

18. If experiencing sizeable numbers of residual macrophages and
fibroblasts, use TC-treated flasks for the first 24 h of culture,
resuspend thoroughly by using a wide-bore pipette and trans-
fer hsMCs to a new suspension culture flask.

19. Occasionally, add fresh medium to keep cells at 1 � 106/ml.
When medium appears overused by cells, thoroughly resus-
pend cells using a wide-bore pipette, centrifuge at 300 � g
for 3 min, aspirate half of the supernatant and add the same
amount of fresh medium. Thoroughly resuspend cells using a
wide-bore pipette and transfer hsMCs to a new suspension
culture flask.

20. Cells start to proliferate between week 2 and 3. After 4–6 weeks
in culture, the cell numbers almost double every 10 days.
Proliferation of MCs starts to decline around 6 weeks postiso-
lation and stops around week 8.
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Chapter 5

Organotypic 3D Skin Models: Human Epidermal Equivalent
Cultures from Primary Keratinocytes and Immortalized
Keratinocyte Cell Lines

Gijs Rikken, Hanna Niehues, and Ellen H. van den Bogaard

Abstract

The three-dimensional culturing of human keratinocytes at the air–liquid interface yields a fully stratified
epidermis including a functional stratum corneum and thus enables the study on epidermal structure and
function in the context of biomedical, toxicological and pharmaceutical sciences. Here we provide a step-
by-step detailed protocol for the isolation of human primary keratinocytes and the development of human
epidermal equivalents generated from primary keratinocytes or immortalized keratinocytes (N/TERT-1;
N/TERT-2G), including widely accepted procedures for the analysis of barrier function, tissue morphol-
ogy, cell proliferation, and gene expression.

Key words Skin tissue engineering, Epidermis, Keratinocyte isolation, Skin barrier, Proliferation,
Laboratory protocol

1 Introduction

After the seminal discovery by Rheinwald and Green [1] that
human keratinocytes can be isolated from skin and expanded
in vitro, the first report on the development of skin equivalents
from human adult epidermal cells and dermal substrates cultured at
the air–liquid interface was published in 1981 [2]. Today, even in
the absence of a dermal substrate, a fully developed stratified epi-
dermis can be grown on a plastic inert filter. Given the tissue
architecture and functional skin barrier, these human epidermal
equivalents are registered alternatives for experimental animals in
toxicity testing pipelines as they mimic native human epidermis
[3]. For the development of human epidermal equivalents,
in-house culture protocols have been optimized and refined over
the last decades to facilitate the incorporation of different cell types
and disease-specific phenotypes [4]. In general, human adult pri-
mary keratinocytes, isolated from surplus healthy skin or patient
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skin, are used for organotypic cultures, as foreskin keratinocytes
render amore activated tissue state with psoriatic features [5]. How-
ever, the availability of donor skin can be limited and the short
in vitro life span and interdonor variation may hamper experimental
readout parameters. Immortalized keratinocyte cell lines can pro-
vide an unlimited cell source and solution to the aforementioned
issues. The N/TERT-1 and N/TERT-2G keratinocyte cell line [6]
has been proven to develop high quality epidermal [7] and skin
equivalents [8] and faithfully mimics primary keratinocyte gene and
protein expression with regard to epidermal proliferation, differen-
tiation, skin barrier function and inflammatory responses. In con-
trast, the widely used HaCaT keratinocyte cell line is unsuitable for
organotypic cultures as it fails to develop a fully stratified epidermis
and lacks a functional stratum corneum [9].

When using organotypic epidermal cultures for biomedical
research or toxicity testing, it is of utmost importance to validate
the quality of the tissue architecture and function, as readout para-
meters may be influenced by suboptimal tissue morphology. Exten-
sive validation and effective troubleshooting during the
experimental procedures and culture period is vital for generating
robust and reproducible results. In this chapter, we therefore pro-
vide a step-by-step culture protocol with detailed materials and
methods, guidelines for troubleshooting, and we describe the pro-
cedures for general quality checks of tissue morphology and func-
tion to enable widespread implementation of organotypic skin
cultures across laboratories.

2 Materials

2.1 Primary Adult

Keratinocyte Isolation

1. Centrifuge.

2. 37 �C water bath.

3. 37 �C incubator with 5% CO2.

4. Gamma irradiator.

5. Hemocytometer.

6. Freezing container.

7. Vented cap cell culture flasks (or cell culture 6-well plates),
sterile pipettes, tubes, and general sterile cell culture
consumables.

8. 1.8 mL cryovials.

9. 6 mm disposable punch biopsy.

10. Roundhead tweezers.

11. Scissors.

12. Syringe needles.

13. Styrofoam.
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14. Disinfectant (Sterilium, Hartman).

15. Fresh human adult skin.

16. 3T3-J2 mouse embryonic fibroblast cell line (commercially
available).

17. Phosphate buffered saline (PBS).

18. Epidermal growth factor.

19. Dimethyl sulfoxide (DMSO).

20. 0.25% trypsin–EDTA.

21. 0.4% trypan blue/PBS.

22. Antibiotics medium: add 5 mL antibiotic/antimycotic
(A5955, Sigma-Aldrich) and 0.5 mL gentamycin (G1397,
Sigma-Aldrich) to 500 mLHigh Glucose Dulbecco’s Modified
Eagle’s Medium (D6546, Sigma-Aldrich). Medium can be
stored 14 days refrigerated or aliquoted and frozen for a longer
period of time at �20 �C.

23. 0.25% Trypsin/PBS: dissolve 0.25 g trypsin in 100 mL PBS
and filter sterilize using a 0.2 μm pore size filter. Prepare fresh
before use.

24. 3T3 cell medium: mix 500 mL Dulbecco’s Modified Eagle’s
Medium without pyruvate with 50 mL fetal bovine serum and
5 mL penicillin–streptomycin (P4333, Sigma-Aldrich).

25. Keratinocyte growth medium: 300 mL High Glucose Dulbec-
co’s Modified Eagle’s Medium, 150 mL Ham’s F12, 50 mL
fetal bovine serum, 10 mL L-glutamine, 5 mL penicillin–strep-
tomycin (pen-strep), and 5 mL adenine hydrochloride hydrate.
Supplement with 0.5 mL insulin from bovine pancreas, 1 mL
hydrocortisone, 0.5 mL triiodothyronine (T3), 0.5 mL cholera
toxin, and 0.5 mL epidermal growth factor. See Table 1 for
details.

Medium can be stored 14 days refrigerated or frozen for a
longer period of time.

2.2 3D Epidermal

Equivalents

1. Centrifuge.

2. Hemocytometer or automated cell counter.

3. Roundhead tweezers.

4. 37 �C water bath.

5. 37 �C incubator with 5% CO2.

6. 24-Well cell culture plates, sterile pipettes, tubes, and so on.

7. Nunc 24-well carrier plate system no inserts (141008, Thermo
Scientific).

8. Nunc 24-well carrier plate system with 0.4 μm pore size cell
culture inserts (141002, Thermo Scientific).

9. 6 mm disposable punch biopsy.
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10. Phosphate buffered saline (PBS).

11. 0.4% trypan blue/PBS.

12. Rat tail collagen, type I (C3867, Sigma-Aldrich).

13. CnT-Prime medium (CnT-PR, CELLnTEC); aliquot and
store at �20 �C.

14. CnT-Prime 3D Barrier medium (CnT-PR-3D, CELLnTEC):
aliquot per 60 mL of medium and store at �20 �C.

15. High Glucose Dulbecco’s Modified Eagle’s Medium
(DMEM): aliquot per 40 mL of medium and store at �20 �C.

16. 3D differentiation medium:
Thaw an aliquot of CnT-Prime 3D Barrier medium and

DMEM and combine both aliquots to obtain 100 mL of
60/40 ratio (CELLnTEC to DMEM). Store at 4 �C for a
maximum of 2 weeks.

3 Methods

3.1 Primary Adult

Keratinocyte Isolation

(T: Troubleshooting)

1. Seed 3T3-J2 cells at a density 10,000 cells/cm2 in 3T3 cell
medium. Upon confluency passage cells (every 3 days) with
0.25% trypsin-EDTA (TE) in a 1:3 ratio.

Table 1
Preparation of keratinocyte growth medium component stock solutions

Component Preparation Stock Aliquots Final

Adenine Dissolve in H2O and add concentrated HCL
until solution is completely clear

4.86 mg/mL 5 mL 24.3 μg/mL

Cholera toxin Dissolve in H2O to 10 U/mL, serial dilute in
steps of 10� in H2O

1.0E�08 U/
mL

0.5 mL 1.0E�11 U/
mL

EGF Dissolve in 0.1% BSA/PBS 10 μg/mL 0.5 mL 10 ng/mL

FBS Ready to use 100% 50 mL 10% (v/v)

Glutamine Ready to use 200 mM 10 mL 4 mM

Hydrocortisone Dissolve to 5 mg/mL in 95% EtOH, further
dilute in DMEM

0.2 mg/mL 1 mL 0.4 μg/mL

Insulin Dissolve in H2O and add concentrated HCL
until solution is completely clear

5 mg/mL 0.5 mL 5 μg/mL

Pen-strep Ready to use 10.000 U/
mL

5 mL 100 U/mL

T3 Dissolve to 250 μg/mL in 0.02 M NaOH,
further dilute in PBS

1.36 μg/mL 0.5 mL 1.36 ng/mL

Store aliquots at �20 �C until use
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2. One day prior to keratinocyte isolation, harvest and irradiate
3T3-J2 cells with 3295 cGy in 3T3 medium to induce nonfatal
growth arrest (seeNote 1). Spin down and resuspend the feeder
cells in keratinocyte growth medium. Count the feeder cells
and seed at 30,000 cells/cm2 in keratinocyte growth medium
using 75 mL per T225 culture flask (3.3 mL/cm2 surface) (see
Note 2).

3. For primary adult keratinocyte isolation use freshly excised
tissue from plastic surgery (for single patient skin biopsies
start directly at step 4) (see Note 3). Pin the tissue to a Styro-
foam board using injection needles and clean the skin surface
with disinfectant. Take 6 mm diameter full-thickness biopsy
punches and place them into a generous volume of antibiotic/
antimycotic medium for 4 h at 4 �C. From now aseptic
handling within the flow hood is required.

4. Discard the medium and add 0.25% Trypsin/PBS to the biop-
sies. Add 1 mL trypsin–PBS per 2–3 biopsies; for example,
collect 100 biopsies (see Note 4) in 50 mL trypsin solution.
Incubate 16–20 h (overnight) at 4 �C.

5. Discard trypsin–PBS solution from the biopsies and stop the
enzymatic reaction by the addition of 10% (v/v) fetal bovine
serum (SH30071.03, GE Healthcare Life Sciences).

6. Place the skin biopsies into a medium size sterile petri dish and
add keratinocyte growth medium for full coverage. Use two
pairs of roundhead tweezers. Grab a single biopsy firmly at the
dermal part, right underneath the epidermis leaving the epider-
mis side exposed. Hold the biopsy under medium level in de
petri dish and peel off the epidermal sheet with the other
tweezers and carefully scrape the surface of the biopsy (for
5–10 s) with the rounded part of the tweezers. This scraping
is required to harvest the basal keratinocytes (see Note 5).

7. Repeat this procedure for every individual biopsy and put
scraped biopsies into a separate petri dish.

8. Every 30min, take the cell suspension from the petri dish into a
tube and put on ice to keep the keratinocytes metabolically
inactive until all biopsies are processed.

9. Add fresh keratinocyte growth medium to the petri dish before
scraping more biopsies. Optional: wash the scraped biopsies
once with keratinocyte growth medium to maximize cell yield
before discarding them.

10. Use a 100 μm pore size cell strainer to obtain a homogeneous
cell suspension. Wash the cell strainer once with keratinocyte
growth medium for maximum cell yield.
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11. Centrifuge the cell suspension at 400� g for 7 min, discard the
supernatant and resuspend the pellet in keratinocyte growth
medium.

12. Count the cells using a hemocytometer. Check for cell viability
by Trypan blue (1:1 cell suspension/Trypan blue) and mor-
phology. Only count small viable circular cells (see Note 6).

13. Seed the keratinocytes onto the feeder cells at a density of
50,000 cells/cm2 (e.g., 11.25 million cells per T225 flask) by
adding the cell suspension to the conditioned keratinocyte
growth medium in the flask.

14. Leave the flask for at least 48 h to enable keratinocyte adhesion.
Thereafter, check the cells daily to monitor cell growth and
morphology.

15. Refresh the culture medium with keratinocyte growth medium
supplemented with EGF (0.5 mL EGF per 500 mL keratino-
cyte growth medium) when the first small colonies have
formed in between the feeder cells. Thereafter, refresh with
EGF supplemented medium every other day, or even daily
when almost confluent, depending on the growth speed and
nutrient turnover (see Note 7). Due to keratinocyte prolifera-
tion, colonies will enlarge, fuse and overgrow the feeder cells
(T1).

16. Harvest keratinocytes at 95% confluency, or earlier in case of
suspected differentiation (see Note 8).

17. Prepare cryovials, freezing containers, and chilled 20% DMSO
in keratinocyte growth medium.

18. Wash cells once with PBS, add prewarmed 0.25% TE to just
cover the flask surface. Carefully monitor under the micro-
scope when the feeder cells in between the keratinocytes
detach. Feeder cells detach quickly and should be discarded
before keratinocyte harvesting.

19. Remove the detached feeders and add fresh 0.25% TE to
harvest keratinocytes using 150 μL TE/cm2.

20. Place flasks at 37 �C to increase enzymatic activity. Regularly
check for detachment and tap the flask to help loosen the cells
(see Note 9).

21. Collect the cell suspension, add equal volumes of keratinocyte
growth medium to stop the enzymatic reaction. If required,
wash the flask once to collect all cells.

22. Centrifuge the cell suspension 7 min at 400 � g, discard
supernatant and carefully resuspend in keratinocyte growth
medium.
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23. Count cells with trypan blue (see step 3). Bring cell suspension
to a density of two million cells per mL by the addition of
keratinocyte growth medium.

24. Gently add an equal volume of 20% DMSO in keratinocyte
growth medium to the cell suspension to obtain a final DMSO
concentration of 10% and final cell concentration of one mil-
lion per mL.

25. Keep the cell suspension on ice to prevent cytotoxicity by
DMSO.Work quickly to aliquot in cryovials and place cryovials
into the freezing container. Store freezing container at �80 �C
for at least 4 h or overnight. For longer storage transfer cryo-
vials to a liquid nitrogen storage facility.

3.2 3D Human

Epidermal Equivalents

(HEEs)

For optimal results, antibiotics should be omitted during the entire
culture period. Alternatively, antibiotics may be used only during
the final days of the air–liquid interface culture when epidermal
differentiation is already at an advanced stage. Antibiotics may
hamper keratinocyte growth and epidermal stratification
[10]. Accordingly, aseptic culture methods are of utmost impor-
tance to minimize contaminations.

1. Prepare 100 μg/mL rat tail collagen solution in cold PBS. Use
a roundhead tweezer to bring the inserts to the lowest position
of the transwell system. Pipet 150 μL of the collagen solution
into each insert. Incubate at 4 �C for at least 1 h for the
collagen to adhere to the filter (see Note 10).

2. Thaw cells, quickly transfer to a 50 mL tube and slowly add at
least 10 volumes of cold PBS dropwise into the 50 mL tube
while shaking to dilute the DMSO to a minimum of 1%.

3. Spin cells down at 400 � g for 7 min, discard the supernatant,
loosen the cell pellet by gentle shaking and tapping and then
resuspend cells in CnT prime medium (see Note 11).

4. Count the cells using a hemocytometer. Check for cell viability
by trypan blue (1:1 cell suspension/trypan blue) and morphol-
ogy. Only count small viable circular keratinocytes (seeNote 6).

5. Dilute the cell suspension to a concentration of one million
cells per mL in CnT prime medium (see Note 12).

6. Add 600 μL of CnT Prime medium into each basolateral
chamber (outside well) of a 24-well cell culture plate.

7. Carefully remove the collagen coating solution from the insert.
For this, lift-up the carrier plate, hold it at an angle and use a
200 μL pipette to remove the collagen. Wash the inside of the
insert with 150 μL PBS and carefully remove the PBS (see
Note 13).

8. Transfer the lid and carrier plate to the 24-well plate filled with
CnT Prime medium (step 6).
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9. Homogenize the cell suspension and slowly add 150 μL
(150,000 cells from a suspension of one million cells per mL)
dropwise into the insert (see Note 14).

10. Add 300 μL CnT Prime medium to the basolateral chamber to
yield a total of 900 μL. Incubate at 37 �Cwith 5% CO2 for 48 h
(see Note 15).

11. After 48 h, change the medium to 3D differentiation medium.
First add 600 μL of the 3D differentiation medium into the
wells of a new 24-well plate. Lift the carrier plate and hold it at
an angle to carefully remove the medium inside the insert (see
Note 13). Transfer the carrier plate to the 24-well cell culture
plate containing fresh differentiation medium. Carefully add
150 μL 3D differentiation medium into the insert and subse-
quently add 300 μL medium into the basolateral chamber.
Incubate at 37 �C with 5% CO2 for 24 h (see Note 15, T2).

12. The next day, the HEEs are lifted to the air–liquid interface to
induce epidermal differentiation and stratification. Pipet
1600 μL 3D differentiation medium into the wells of a new
24-well plate. Again, carefully remove the medium inside the
insert as described above (see Note 13). Then the inserts must
be brought to the highest position of the transwell system.
Transfer the carrier plate to the cell culture plate with fresh
3D differentiation medium. Incubate at 37 �C with 5% CO2

(see Note 16).

13. HEEs are cultured in 3D differentiation medium until the end
of the culture period and are refreshed every other day (T2,
T3). For regular cultures, HEEs are fully differentiated and can
be harvested from day 8 of the air–liquid interface culture
onwards.

14. For harvesting, take the insert from the carrier plate and place
into a petri dish. Aseptic handling can be neglected from this
point on. Punch out the middle of the filter using a biopsy
punch. Do not rotate the biopsy punch but only gently press
down to not cause any damage to the tissue (seeNote 17). The
filter, containing the HEE, should come lose from the plastic
support and can be processed for readout analysis.

General Remarks

– The above written protocol refers to 24-well inserts. If a larger
culture area is desired, 12-well inserts and well plates may be
used (see Note 18).

– Besides primary human keratinocytes, immortalized N/TERT
keratinocytes may be used to obtain HEEs7 (see Note 19).
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3.3 Readout

Analyses

3.3.1 Proliferation

Analysis

Besides the conventional staining of proliferative cells by immuno-
histochemistry or fluorescence (e.g., Ki67 marker expression), cell
proliferation during the cell culture can be monitored and quanti-
fied by supplementing the differentiation medium with 5-ethynyl-
20-deoxyuridine (EdU) before harvesting. EdU is a dynamic fluo-
rescent tracer which is incorporated into newly synthesized DNA
during the S-phase of the cell cycle [11]. After processing for
histology and sectioning, EdU incorporation in the HEEs is visua-
lized by a Click-it EdU kit (Life Technologies) using any Alexa-
Fluor label, combined with 40,6-diamidino-2-fenylindole (DAPI)
staining of all nuclei according to manufacturer’s instructions
(Fig. 1).

3.3.2 Dye Permeation To detect major outside-in stratum corneum defects, Lucifer yel-
low (Lucifer Yellow CH dipotassium salt; L0144, Sigma-Aldrich)
can be topically applied (1 mM in H2O; 5 μL drop) onto the
stratum corneum of the HEEs during the culture prior to harvest-
ing. In case of a defect, the fluorescent dye will penetrate the
stratum corneum and epidermis after 2 h of incubation (Fig. 2).
Lucifer yellow can be visualized at 488 nm wavelength in formalin-
fixed paraffin embedded HEEs.

To visualize the inside-out barrier and the position of tight
junctions, EZ-Link Sulfo-NHS-LC-LC-Biotin (21335, Thermo
Scientific) can be applied on the filter-side of the HEEs. Therefore
the inserts are flipped upside-down and the tracer is applied on the
bottom of the filter for 60 min. The penetration of this dye is
restricted by tight junctions in the stratum granulosum. EZ-Link
Sulfo-NHS-LC-LC-Biotin can be visualized with streptavidin Alexa
Fluor (e.g., Alexa Fluor 594) in formalin-fixed paraffin embedded
HEEs (Fig. 3).

Transepidermal Water Loss The inside-out barrier function can be monitored by transepider-
mal water loss (TEWL) measurement. TEWL is a widely accepted
parameter of skin barrier function in vivo, and patients suffering

Fig. 1 Basal layer keratinocyte proliferation in HEE visualized by EdU incorporation. EdU is being incorporated
into the proliferating keratinocytes of the stratum basale for 24 h (from day 7 to 8) and visualized with Alexa
Fluor 488 (green nuclei). All nuclei are stained with DAPI (Blue nuclei). Scale bar ¼ 100 μm
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from skin barrier dysfunction (e.g., psoriasis or atopic dermatitis)
have higher TEWL than healthy skin. For organotypic skin models,
TEWL can be measured (e.g., using the AquaFlux Model AF200
closed chamber with in vitro adapter) after a sufficient acclimatiza-
tion period outside the incubator to prevent biased measurements
due to fluid evaporation. Note that in vitro TEWL values are, in
general, higher than that for in vivo skin.

Transepithelial Electrical

Resistance

Similar to in vitro studies on internal barrier organs (e.g., lung or
gut), transepithelial electrical resistance (TEER) can be measured
using an epithelial voltohmmeter (also available in high throughput
formats) to follow the HEE formation in real time, and longitudi-
nally study barrier function and repair. Important to note is that

Fig. 2 Outside-in Lucifer yellow dye penetration. Topically applied Lucifer yellow
(green fluorescent dye) remains on the uppermost stratum corneum layer of a
fully differentiated HEE with a proper epidermal barrier (upper photograph).
Major disruption (e.g. by chemical application) or absence of a stratum corneum
(lower photograph) leads to extended dye permeation into the stratum corneum
and into the viable layers of the epidermis. For quantitative analysis of skin
barrier function, diffusion studies are considered the optimal experimental
assay. SC stratum corneum, SG stratum granulosum, SS stratum spinosum,
SB stratum basale. Nuclei are stained with DAPI (blue color). Scale
bar ¼ 100 μm

54 Gijs Rikken et al.



besides tight junction formation, the thickness of the stratum cor-
neum also contributes to rising TEER values, meaning that during
HEE culture the TEER values will continue to rise with increasing
stratum corneum formation.

Tissue Morphology, Gene

and Protein Expression

The HEE biopsy can be harvested for multiple purposes: for for-
malin fixation and paraffin embedding, take a 3 mm punch biopsy
and divide the rest of the HEE for, for example, gene expression
analysis and western blotting. Of course, this can be adjusted
depending on the required analyses.

Sections of formalin-fixed, paraffin-embedded punch biopsies
can be stained with hematoxylin eosin for morphology assessment
(Fig. 4) and by indirect immunoperoxidase technique with avidin–
biotin complex enhancement (Vectastain Laboratories) or immu-
nofluorescence for protein expression.

For gene expression analysis, the HEE can be directly placed in
a designated RNA lysis buffer (including filter) and stored at
�80 �C until further processing. Prior to RNA isolation (using a
standard total RNA extraction kit according to manufactures
instruction), take the plastic filter out of the lysis buffer and
mechanically dissociate the HEE (using a micro pestle or needle
and syringe) to maximize RNA yield.

Fig. 3 Inside-out EZ-Link Sulfo-NHS-LC-LC-Biotin penetration. EZ-Link Sulfo-
NHS-LC-LC-Biotin is applied at the basal layer side of the HEE and intercellularly
through the epidermis (red color). Diffusion towards the stratum corneum is
withdrawn by the tight junctions of the stratum granulosum. Photograph shows
overlay picture of brightfield and fluorescence image. SC stratum corneum, SG
stratum granulosum, SS stratum spinosum, SB stratum basale. Nuclei are
stained with DAPI (blue color). Scale bar ¼ 100 μm
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For western blotting, the HEE can be directly placed in a
designated cell lysis buffer (including filter). The use of protease
and/or phosphatase inhibitors is recommended to prevent protein
breakdown or dephosphorylation. The HEE will readily detach
from the plastic filter, and the filter can be removed for further
processing of the tissue lysate. Sonication may improve detection of
cross-linked stratum corneum proteins.

After harvesting the HEEs, the conditioned culture medium
may be stored at�20�C for protein analysis by ELISA, Luminex, or
equivalent assays and/or directly plated on blood agar plates to
check for possible infections.

4 Notes

1. Alternatively to gamma irradiation 3T3 cells can also be treated
with 10 μg/mLMitomycin C for 2 h upon confluency to cause
growth-arrest and then be seeded as feeder cells.

2. Feeder cells can also be stored at �20 �C for later use. Not the
living cells but the extracellular matrix proteins and factors
secreted into the medium are essential for keratinocyte growth.
Separately freeze the conditioned medium and the feeder-
coated culture flasks and store until needed. Before use, thaw
the flask and wash very stringently with PBS to eliminate all
feeder cells attached to the flask surface. Add thawed
conditioned medium and proceed with seeding the isolated
keratinocytes (step 5).

Fig. 4 Morphology of a stratified and fully differentiated HEE after 8 days of
air–liquid interface culture. Hematoxylin (nuclei stained in blue) and eosin
staining (cytoplasm stained in pink) reveals all layers of the epidermis, from
the proliferating basal cells attached to the porous filter membrane up to the
cornified cells of the stratum corneum. SC stratum corneum, SG stratum
granulosum, SS stratum spinosum, SB stratum basale. Scale bar ¼ 100 μm
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3. For isolation of keratinocytes from specific patients or volun-
teers, take a 4 mm punch biopsy from the upper buttock and
directly proceed with step 4 of the protocol. Given the low cell
yield, prepare feeder cells in a 6-well plate for seeding of
isolated keratinocytes. Seed at a minimum of 50,000 cells/
cm2. Proceed as described and harvest cells for a second passage
when (almost) confluent. Reseed keratinocytes onto new
feeder cells at a density of 5000 cells/cm2, for example, about
two million cells per well are passaged to three T125 flasks.
Harvest this P1 cell population for storage in liquid nitrogen as
described.

4. Estimated, from 40 cm2 skin tissue about 100 biopsies of 6 mm
diameter can be gained when punches are collected tightly next
to another.

5. Do not scrape too vigorously to prevent fibroblast from the
dermal part of the biopsy to contaminate the keratinocyte
suspension and cultures.

6. Critically evaluate the quality of the keratinocytes and only
count those ones that are small, evenly rounded and not stained
by trypan blue. Larger cells with atypical morphology (feeder
remnants or differentiated keratinocytes) should be neglected
for cell count. Per 6 mm punch biopsy on average 0.5–1million
keratinocytes can be isolated.

7. Phenol-red in the medium (included in DMEM) helps to
monitor the pH of the medium. Lower pH (orange-yellow
color) indicates that medium needs to be refreshed.

8. In case keratinocytes start to differentiate (reduced nucleus to
cytoplasm ratio, more elongated cell shape and multilayering of
keratinocytes) cells should be harvested even in case of preterm
confluence rates. Keratinocyte differentiation must be pre-
vented to retain proliferative capacity of the cells for later use,
for example, in 3D epidermal equivalent cultures.

9. Patiently wait until cells have detached, do not vigorously spray
off the cells as this may cause sheering and reduced viability.

10. Keep collagen cold to prevent coagulation. Prevent bubbles
when pipetting to ensure evenly coating.

11. Final concentration of one million cells per mL is required,
therefore, resuspend in a low volume.

12. For prolonged period before seeding, keep cell suspension
on ice.

13. Make sure not to damage the filter with your pipette tip when
removing surplus collagen solution and PBS from the bottom
and the border of the insert.
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14. The last drop may stick to the pipette tip. Release it by touch-
ing the liquid in the insert. Prevent the formation of air
bubbles.

15. Prevent the formation of air bubbles inside the well and below
the insert. Lifting the carrier plate should help removing the air
bubbles. The incubator should be leveled and the inserts
should be carefully placed in the 24 wells plate to ensure
homogeneous distribution of cells across the insert area.

16. The medium level should exactly reach the bottom of the insert
to ensure nutrition of the keratinocytes. Check daily and adjust
if needed. Remove any air bubbles if present. The cultures
should not be left unrefreshed during the weekend. Adhere
to the protocol and refresh medium every other day to prevent
low nutrient levels and pH alterations (indicated by orange
color of the medium).

17. After a few biopsies, the punch biopsy can become blunt and
should be replaced. Alternatively, a scalpel can be used for
cutting out the filter membrane. However, this is not recom-
mended as the HEE can more easily be damaged and come
loose from the filter.

18. The following materials are suggested for 12-well inserts:

– 12-Well cell culture plate (any supplier).

– 12-Well ThinCert plate, deep wells (665110, Greiner
Bio-One).

The following changes in the protocol are required:

– Step 1: Pipet 300 μL of collagen solution into the insert.

– Step 9: Seed 300,000 cells (in 300 μL).
– Steps 6 and 10: Pipet in total 1.2 mL medium inside the

12-well (400 μL + 800 μL) during the submerged phase.

– Step 12: Use the ThinCert deep well plate for the air–liquid
interface. Pipet 3.8 mL of 3D differentiation medium inside
the well.

– Step 14: Punch out the middle of the filter/HEE using a
10 mm biopsy punch.

19. The following changes to the protocol are required for
N/TERT cells:

– Steps 3, 5, 6, and 10: Keratinocyte Serum Free Medium
(KSFM; 17005-034, Thermo Scientific) is used for seeding
of the cells and during the first 48 h of the submerged phase,
instead of CnT Prime.

– Step 13: N/TERT cells generally need a few additional days
at the air–liquid interface to develop into a fully stratified
HEE. Harvesting is recommended from day 10 onward.
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5 Troubleshooting

T1: Excessive scraping can cause release of dermal fibroblasts from
the punch biopsies. Due to their high growth rate these can over-
grow the keratinocytes during culture and thereby cause contami-
nation of the keratinocyte cell pool. If fibroblasts grow out during
cell culture, spray the cell layer with trypsin–EDTA regularly during
a few minutes to detach the fibroblasts. Regularly check under the
microscope for detachment of fibroblast and when keratinocytes
start rounding, directly stop the enzymatic reaction with FBS, wash
the cell layer and refresh the keratinocyte growth medium. Place
flasks back in the incubator for further keratinocyte proliferation.

T2: Yellow and cloudy medium can indicate microbial contam-
ination. In case of contamination: prevent spreading of contamina-
tion to neighboring inserts by carefully sealing the infected inserts
with Parafilm and bring the other inserts over to a new plate with
fresh medium. Contaminated medium can be plated on bacteria
growth agar plates to check for type of infection. Figure 5 depicts
the tissue morphology of a contaminated culture.

T3: During air–liquid interface culture and the process of cor-
nification, the HEE surface should become dry. However, during
the first few days of air–liquid interface culture, some moisture may
remain at the rim of the insert, which should be carefully removed
with a small volume pipette tip. If HEEs remain moist after day 4 or
5 of the air–liquid interface cultures, this may indicate improper
epidermal development and lack of cornification.

Fig. 5 Detrimental morphologic alterations by bacterial contamination. Hema-
toxylin and eosin staining shows drastic epidermal defects like structural dam-
age and apoptotic cells indicated by bright pink cytoplasm and small pyknotic
nuclei. Scale bar ¼ 100 μm
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T4: Due to fixation and tissue processing, dehydration of the
tissue occurs leading to curled or folded edges of the HEE. Do not
try to even out but embed the HEE as it is. Ensure a practical
positioning of the HEE for transverse sectioning. Oblique section-
ing may influence the tissue morphology and interpretation of
results. Figure 6 shows the difference between correct (top) and
improper (bottom) orientation of the HEE. The structure and
thickness of the filter is a good measure for this quality assessment.

Fig. 6 Orientation of HEE sectioning influences morphological assessment. Both
photographs are taken from the same HEE section. Top: true transverse section
indicated by the straight vertical line pattern and even thickness of the porous
filter membrane (small double headed arrow), as well as the straight line
separating the basal layer and the filter (one-headed arrow). Bottom: oblique
section indicated by the increased filter thickness (small double headed arrow)
and disordered structure of the filter and basal layer. This imperfect orientation
results in visually elongated cells in the basal layer and an overall thicker
epidermis (indicated by the large double headed arrow). Scale bar ¼ 100 μm
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Chapter 6

Purification of Extracellular Microvesicles Secreted
by Dermal Fibroblasts

Isabelle Petit, Ayelet Levy, and Daniel Aberdam

Abstract

Extracellular vesicles (EVs) secreted by all cells are key players in information transfer within a tissue or
organism. With their highly cell-specific protein and RNA content, EVs can propagate cellular signals and
modulate distant cells’ behavior. Dermal fibroblasts are supportive cells for all skin cells and the roles of their
EVs start to come to light only recently. In this chapter, we describe a protocol to isolate small EVs from
primary human fibroblast culture using classical differential centrifugation methodology.

Key words Extracellular vesicles, Microvesicles, Exosomes, Ultracentrifugation, Dermal fibroblasts

1 Introduction

Skin homeostasis and repair rely on intricate communication
between the different cell types residing in the cutaneous tissue:
fibroblasts in the dermis, keratinocytes in the epidermis, melano-
cytes, specialized cells forming the appendages as well as blood
vessels and immune cells. Extracellular vesicles (EVs) are secreted
bilayered vesicles of various sizes that can be taken up by or activate
proximal neighbor cells within the tissue or distant cells through
the circulation. EV composition and cargo is highly cell specific and
include proteins, RNAs, and miRNAs [1, 2]. While secretion of
bilayered vesicles in the extracellular environment has been
reported in various normal and pathological systems, few studies
have questioned the composition and role of EVs secreted by skin
cells. A pioneering article by Raposo and co-workers has documen-
ted the role of keratinocyte EVs in skin pigmentation revealing
specific UV-induced miRNA incorporation into EVs [3]. Recently,
EVs secreted by dermal fibroblasts (DF) have been reported to
modulate keratinocyte migration [4] and we have shown that EVs
from activated DF increase hair growth through dermal papilla
activation [5]. Other studies have focused on the regenerative
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potential of EVs, mostly isolated from various types of cultured
mesenchymal stem cells (MSC) cells, on skin rejuvenation and
wound healing [6]. Cells shown to have therapeutic potential
such as MSC are secreting EVs that exert similar effects suggesting
that EVs could replace cells in therapies [7].

In order to investigate the functions of EVs in skin homeosta-
sis, EVs must be isolated from cultured cells. Primary fibroblasts
can easily be isolated and amplified in vitro from human dermal
biopsies using well-established protocols [8]. In this chapter, we
describe differential centrifugation, a common EV isolation tech-
nique when dealing with large volume of cell medium to process. It
consists of successive centrifugations to eliminate cell debris and
large EVs and ultracentrifugation (UC) to pellet the remaining
particles with size ranging from 30 to 150 nm (termed small EVs)
comprising microvesicles shed by budding of the membrane (ecto-
somes) or released by fusion of endosomal multivesicular bodies
(named exosomes). However, it is important to be aware that UC
not only leads to the isolation of nanoparticles that contains a
mixture of small EVs of various sizes, contents, and origins (small
ectosomes and exosomes indistinctly) but also protein aggregates,
soluble proteins, and damaged EVs that can account for bioactivity
in functional assays. In an effort to further purify EVs UC can be
followed by additional separation techniques such as size-exclusion
chromatography, density gradient (both techniques allow for elim-
ination of protein contaminants), or immunoisolation (the latter
method, however, uses antibodies against common EV markers
such as CD81 and CD63, and therefore isolates only a specific EV
population) [9]. In a seminal paper, the International Society of
Extracellular Vesicles (ISEV) proposes extensive guidelines and
invaluable recommendations about EV isolation, quantification,
and characterization techniques and functional analyses as well as
provides minimal requirements for EV-related publications [10]. In
this chapter, we describe only basic DF-EV isolation by UC and
refer the readers to additional techniques when higher EV purity is
required and for EV quantification and characterization [10–
12]. The protocol described here has been adapted from Théry
et al. [13] and also includes washing and sterilization procedures if
using reusable UC tubes.

Of note, dermal fibroblasts are relatively big cells and conse-
quently a large cell amplification step is required in order to obtain
enough EVs. This characteristic implies that one must be aware that
incubator space, medium quantities, time, and workload are all
scaled up when compared to other cell types that are smaller
and/or producing more EVs.
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2 Materials

2.1 Cell Culture 1. Dermal fibroblast medium: DMEM high glucose (4.5 g/L)
supplemented with 10% fetal bovine serum (FBS) and 2 mM
glutamine.

2. EV-depleted dermal fibroblast medium (see Subheading 3.1).

3. Dermal fibroblasts isolated from primary human adult skin
biopsy [8]. Use passage less than 10.

4. 150 mm plastic culture dishes.

2.2 sEV Purification 1. Dulbecco’s phosphate buffered Saline (DPBS, without calcium
and magnesium) (see Note 1).

2. 50 ml conical tubes.

3. 25 ml pipettes.

4. 65 ml reusable thick-wall polycarbonate tubes (Beckman, cat.
355622) with aluminum lids and adapters if using 45Ti rotor
(seeNote 2). Alternatively, 30 polypropylene tubes can be used
if using swing 32Ti.

5. Tube racks.

6. Siliconized or low-binding Eppendorf tubes (1 and 0.65 ml).

2.3 Tube Washes

and Sterilization

1. Detergent (Nalgene L900).

2. Hydrogen peroxide (H2O2).

3. Ethanol.

4. 2 L beakers and 0.5 L beakers.

5. Distilled water (6 L) and sterile dH2O (6 L).

6. Sealable bags such as autoclave bags.

2.4 Equipment 1. Refrigerated tabletop centrifuge with fixed angled rotor for
50 ml tubes and reaching 10,000 � g (Eppendorf 5804R/
5810R with rotor F-34-6-38 or equivalent) (see Note 3).

2. Ultracentrifuge Beckman Coulter Optima LE-80K or
equivalent.

3. Fixed rotor 45Ti or swing 32Ti (Beckman Coulter) or equiva-
lent (see Note 4).

4. Weight scale.

3 Methods

The time line of the procedure we used is presented in Fig. 1a.
Details such as medium volumes and numbers of UC runs are
indicated in Fig. 1b. All steps should be performed in sterile
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conditions in a laminar flow hood in order to obtain sterile EVs. All
centrifugations are performed at 4 �C in precooled centrifuges.

3.1 Depletion

of Serum EVs

1. Fill UC tubes with DMEM with 20% serum (without gluta-
mine) up to 65 ml. Weigh tubes and equalize weight using
DMEM 20% serum (so that there is less than 0.03 g
difference).

2. Ultracentrifuge 18 h at 100,000 � g (100K) (see Note 5).

3. Remove with caution the lids from all the tubes and collect first
25–30 ml while tubes are still in the rack and transfer super-
natants to sterile bottle. Hold with one hand the first tubes
tilting on the side where the pellet is supposed to be (pellet
facing down). Slowly collect the rest of the supernatant with a

Serum EV depletion EV isolation

Plates Vol/plate Total Vol
10% depl.
required

20% depl.
prepared

Number of 
depletion
runs (ON)

0,3K,
2K, 10K 
each:

Number of 
runs

100K-1st

Number 
of runs

100K-2nd

(wash)

50 20 ml 1000 ml 600 ml 2 (45Ti) or
4 (32Ti)

20x 
50 ml-
tubes

3 (45Ti) or
6 (32Ti)

1

0 
(Wed)

Seeding 
0.5-1x106 cells/150cm2 x40-80 plates

5 
(Mon)

7 
(Wed)

Medium change to 10% EV-depleted

EV-containing medium collection
0.3K, 2K, 10K, 1st 100K

8 
(Thur)

100K

9
(Fri)

2nd 100K (wash)
Aliquots

-7 
(Wed)

Seeding 
0.5-1x106 cells/150mm x8-13 plates

Day Actions

A

B

100K runs for serum depletion

Fig. 1 EV isolation from dermal fibroblasts. (a) Time outline of the experimental procedure describing days and
actions performed. (b) Details of the experiments including volume of medium and number of UC runs needed
for the purification of EVs from 50 � 150 mm culture plates of DF cells
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25 ml pipette placed on the opposite side of the pellet location
leaving 3–5 ml. Repeat the procedure for all tubes. Tubes and
lids are washed immediately (see Subheading 3.4).

4. EV-depleted 20% serum is kept at 4 �C and the procedure is
repeated until the needed volume is reached.

5. EV-depleted 10% medium is prepared by diluting the 20%
medium with DMEM. Glutamine (2 mM final) is added and
the medium is filtered through 0.22 mm membrane.
EV-depleted medium can be kept at 4 �C for up to 3 weeks.

3.2 Cell

Amplification

1. GrowDF cells in high glucose DMEM supplemented with 10%
FBS and glutamine in 150 mm dishes by seeding
0.5–1.106 cells every 7 days. We recommend a minimum of
40 dishes per EV purification experiment (range 40–80 plates).

2. Medium is changed to 10% EV-depleted 48 h before the day of
collection (see timeline Fig. 1a); aspirate medium and add 7 ml
PBS, swirl the dish.

3. Aspirate PBS and add 20 ml 10% EV-depleted medium.

4. Return to incubator for 48 h (see Note 6).

3.3 EV Purification 1. Collect DF conditionedmedium in 50ml tubes and discard the
cells except three dishes replenished with new DF medium for
cell count later on.

2. Centrifuge 300 � g for 10 min at 4 �C.

3. Collect carefully supernatant by holding tubes straight up leav-
ing 1 ml of medium above pellet and transfer to new 50 ml
tubes.

4. Centrifuge 2000 � g for 20 min at 4 �C.

5. Collect carefully supernatant by holding tubes straight up leav-
ing 1 ml of medium and transfer to new 50 ml tubes. Mark
tubes at approximate location where the pellet will be.

6. Centrifuge 10,000 � g (10K) for 30 min at 4 �C in fixed-angle
rotor table centrifuge (see Note 3).

7. Remove with caution the lids from all the tubes and collect first
25–30 ml while tubes are still in the rack and transfer super-
natants to sterile bottle. Hold with one hand the first tubes
tilting on the side where the pellet is supposed to be (pellet
facing down). Slowly collect the rest of the supernatant with a
25 ml pipette placed on the opposite side of the pellet location.
Collect carefully 10K supernatant while the tube tilting on
pellet side and placing the pipette opposite side of the pellet
leaving 1–2 ml. Transfer to UC tubes. Close with appropriate
lids, weight tubes and equilibrate (less than 0.03 g differences)
(see Note 7).
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8. Place in cooled 45Ti rotor and note the position of the external
side where the pellet will be located. Store the rest of the
collected 10K supernatants at 4 �C in UC tubes or 50 ml tubes.

9. Ultracentrifuge 90 min at 100,000 � g at 4 �C.

10. Remove cells from the three dishes kept aside using trypsin
solution. Wash with DF medium and count independently.
Note the average number of cells per plate and the total num-
ber of producing cells for the record.

11. Remove with caution the lids and collect first 25–30 ml while
tubes are still in the rack, transfer supernatants to waste bottle.
Hold with one hand the tube tilting on the opposite side where
the pellet is supposed to be (pellet facing up). Slowly collect the
rest of the supernatant with a 25 ml pipette placed on the
opposite side of the pellet location. Discard the supernatant.
Still holding the tube, then use a 1 ml micropipette to remove
the last drop of liquid. Put back the tube in the rack. Repeat the
procedure for the other tubes.

12. Add 3 ml of cold PBS in every tube. Take one tube, resuspend
thoroughly with a 1 ml micropipette by gently flushing on the
area where the pellet is located (see Note 8). With fixed-angle
45Ti rotor the pellet is located where the side and the rounded
bottom meet. DF EV pellet can hardly be seen and appears
translucent. Pool together all washes to one of the tubes.

13. Repeat this step with another 3 ml of cold PBS. Transfer to the
collecting tube. If reusable, place the empty tubes in a water-
containing beaker until the washing procedure or directly in
the detergent-containing beaker. Place the lids and adapters in
distilled water-containing beaker (see Subheading 3.4).

14. Keep the collecting tube containing EVs at 4 �C and repeat
ultracentrifugation/EV pellet collecting rounds with the rest
of the 10K supernatant.

15. The collecting tube(s) is/are filled with cold PBS, equilibrated
and centrifuged 90 min at 100,000 � g at 4 �C.

16. Remove the lid(s) carefully. Collect 25–30 ml while the tube
(s) is/are still in the rack, transfer supernatant to waste bottle.
Hold with one hand the tube tilting on the opposite side where
the pellet is supposed to be (pellet facing up). The EV pellet
can usually be seen at this step and appear translucent. Collect
carefully the remaining last drop with a 1 ml pipette.

17. Resuspend the EV pellet carefully with 200–400 μl ice-cold
PBS by extensively flushing the area where the pellet is located
(seeNote 8). Transfer to a 1 ml low binding tube. Repeat with
an additional volume of 200–400 μl PBS. Note the final vol-
ume for record.
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18. Aliquot EV preparation in 0.65 ml low binding tubes with
convenient ready-to-use 10–50 μl volumes to avoid freezing–
thawing rounds and store at �80 �C.

DF-EVs can be quantified with several methods [14]. We used
nanoparticles tracking analysis (NTA) based on light scattering that
provides both particle concentration and size distribution (detailed
protocol in [15]). Figure 2a shows typical NTA analysis of DF-EVs
revealing that the majority of particles are about 100 nm of size.
The average total number of DF-EVs we obtained from
50 � 150 mm plates was 2.75 � 0.7 � 1011 particles. A molecular
protein characterization by SDS-PAGE blot analysis (method
described in [13]) revealed the presence of classical EV markers

A

Median size (nm) 156.6±15.2

Median mode (nm) 104.9±13.4

Total EV number (for 50 plates) 2.75±0.7 x1011

EV number/cell 1115±616

CD63

Cells EVs

CD81

CD9

Actin

Syntenin-1

Calnexin

B

Fig. 2 DF-EV quantification and characterization. (a) Quantification of DF-EVs by NTA analysis. Particle size
was determined by automatic tracking of particle diffusion due to Brownian motion using NanoSight LM14
instrument (Malvern). NTA graph was obtained by NTA3.1 software averaging data from five videos of 60 s for
each of two different dilutions of DF-EVs. The table below presents the average median size and mode as well
as total number of particles and number of particles per cell from 12 independent purification experiments. (b)
Characterization of DF-EVs by SDS-PAGE western blot analysis. DF-EVs (typically 10–20 μl or 1–-
5 � 109 particles) and DF cell lysate (20 μg) were incubated with SDS-PAGE sample buffer containing
reducing agent or not (antibodies for tetraspanin proteins CD63, CD9, and CD81 often require nonreducing
conditions), boiled for 5 min at 95 �C and run on 10% SDS-PAGE gel. Antibodies used are: CD63 (BD Bios-
ciences, #556019), CD81 (Santa Cruz Biotechnology, #166029), CD9 (Millipore, #CBL-162), syntenin-1
(Abcam, #133267), calnexin (Santa Cruz Biotechnology, sc-11397), and actin (Santa Cruz Biotechnology,
#1615). DF-EVs are enriched in classical EV markers CD63, CD81, CD9, and syntenin-1 when compared to cell
lysate, while cytosolic proteins actin and calnexin are absent in EVs
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CD63, CD81, CD9, and syntenin-1 in DF-EVs, while cytosolic
calnexin and actin are absent (Fig. 2b).

3.4 Tube Cleaning

and Sterilization

Reusable polycarbonate UC tubes can be washed thoroughly with
mild detergent and sterilized with H2O2 (see Note 9). Washing
steps are performed in nonsterile conditions while sterilization
procedure is carried under a laminar flow cabinet (see Note 10).

1. Prepare four large beakers with 1.5 L distilled water. In the first
beaker add 6 ml of detergent for EV depletion tubes or 4 ml of
detergent for EV isolation tubes. Cover the beakers with alu-
minum foil with labels.

2. Immediately after use tubes are quickly rinsed with tap water
over the sink and soaked in the detergent-containing beaker for
10 min (seeNote 11). Tubes are manipulated with large plastic
forceps and it is important that tubes are fully filled with liquid
as they have a tendency to float.

3. Using a bottlebrush or a toothbrush rub gently the pellet
location. Rinse well under running tap water. Repeat for all
tubes.

4. Soak the tubes successively in the three beakers containing
1.5 L distilled water for at least 10 min each wash.

5. Tubes are left on absorbing paper until dry (at least overnight).

6. Sterilization procedure is only carried when tubes are fully dry.
Under laminar flow cabinet prepare four large beakers with
1.5 L sterile distilled water. In the first beaker add H2O2 to a
final concentration of 10%. Cover the beakers with aluminum
foil with labels. H2O2 is light sensitive, cover entirely the
H2O2-containing beaker with aluminum foil and perform the
sterilization procedure without direct light from the cabinet
(see Note 12).

7. Soak the tubes in the H2O2 beaker for 10 min then successively
in the three beakers containing 1.5 L distilled water for at least
10 min each wash. Do not leave the tubes in the H2O2 solution
more than 10 min.

8. After the last wash tubes are left on absorbing paper under the
cabinet until completely dry (up to overnight).

9. Place the tubes in sealable bags and remove from the cabinet
after folding the open extremity to avoid contact with air. Bags
are sealed and stored.

10. UC lids and adapters are washed immediately after use under
the laminar flow in a 0.5 L beaker containing distilled water for
15 min. Manipulate the lids and adapters with small sterile
forceps.
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11. Transfer the lids and adapters into 70% ethanol-containing
0.5 L beaker (prepare 70% ethanol with sterile water) for
15 min for sterilization.

12. Place the lids and adapters on absorbing paper under the
cabinet until completely dry.

13. Store the lids and adapters in a sterile beaker well covered with
aluminum fold.

4 Notes

1. It is critical to use PBS devoid of nanoparticle contamination.
We use only unopened commercial 1� PBS.

2. We keep two distinct sets of UC tubes, one for serum depletion
and the other one devoted to EV isolation.

3. Alternatively, 10,000 � g centrifugation can be performed in
the ultracentrifuge.

4. Fixed rotor 45Ti is preferable over alternative swing rotors. It
also contains larger volume.

5. After UC runs it is important to manipulate the tubes with
extreme caution, to use appropriate tube racks that do not
cause tube movement and to avoid unnecessary manipulation
that could disturb the EV pellet.

6. Allow at least 24 h before conditioned medium collection. We
routinely performed collection 48 h post medium change. It is
critical that cells are in healthy condition with limited cell
death.

7. EV isolation can be paused at this step and EV-containing
medium stored at 4 �C until ultracentrifugation rounds are
performed (usually completed in 2–3 days, see Fig. 1).

8. This step is critical for optimal recovery. Extensive flushing is
required. Always use filter tips when using micropipette to
avoid contamination.

9. Alternative protocols are available for UC tube sterilization
depending on tube material. Refer to tube datasheet for appro-
priate procedures. For polycarbonate tubes we found that tube
life is significantly extended when using H2O2 over autoclav-
ing. However reusable UC tubes will eventually show signs of
weakness such as cracks that will potentially lead to leakage or
errors during the UC run. It is therefore important to thor-
oughly examine each tube for integrity before reusing and
discard cracked tubes.

10. Washing beakers can be kept for 48 h and reused. Do not use
the same washing beakers for serum depletion tubes (those
contain a large serum EV pellet) and EV isolation tubes.
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11. Do not soak in detergent more than 10 min. Alternatively,
tubes can be stored in a water-containing beaker until one
can proceed with the washing procedure.

12. Caution must be taken when manipulating the H2O2 solution.
Sterilization beakers can be kept and reused for 48 h only.
Depletion tubes and isolation tubes can be sterilized with the
same solutions if starting first with the EV isolation tubes.
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Chapter 7

A Method to Investigate the Epidermal Permeability Barrier
In Vitro

Yoshikazu Uchida and Anna Celli

Abstract

The epidermal permeability barrier serves as a multifunctional partition to protect its host from the external
environment. Most epidermal permeability barrier studies have been conducted using in vivo human and
experimental animals, although some studies have used in vitro cultured cells. There currently is an
increased demand for these cultured models, thus avoiding the use of laboratory animals. Here, we first
summarize required features that need to be recaptured in cultured keratinocytes for an epidermal perme-
ability barrier study and second, we describe a method for culturing these cells. We also introduce methods
to analyze epidermal permeability barrier function using cultured keratinocytes.

Key words Cultured human keratinocytes, Epidermal permeability barrier, Lipid analysis, Reconsti-
tuted three-dimensional organotypic epidermal equivalents, Submerged cultured keratinocytes, TEER
assay, Transepidermal water loss

1 Introduction

1.1 Overview

of the Epidermal

Permeability Barrier

The skin consists of multiple barriers: mechanical, thermal, antimi-
crobial, irradiation, antioxidant, and permeability [1, 2]. Each of
the skin constituents—epidermis, dermis, sebaceous glands, sweat
glands, hair and adipose tissue—contribute to making all these
barriers competent to maintain proper biological functions.
Among the skin constituents, the epidermis (thee outermost layer
of skin) is the first line of defense, so it is largely responsible for skin
barrier functions [1, 2]. The permeability barrier performs many
tasks, that is, preventing penetration/invasion of small and large
exogenous chemicals, particles, and microorganisms, protecting
against excess water evaporation (transepidermal water loss,
TEWL); and preventing loss of endogenous compounds, such as
ions, nucleotides, proteins, lipids, and carbohydrates [1–3]. Epider-
mal permeability barrier deficiencies can lead to lethal conse-
quences, indicating that this barrier functioning correctly is
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mandatory for mammalian survival in a terrestrial environment.
Lipid-dominant extracellular lamellar membranes and tight junc-
tions play major roles in the permeability barrier. Extracellular
lamellar membranes are a localized apical phase of stratified kerati-
nocytes in the stratum corneum, while tight junctions are
distributed in the lateral phase of keratinocytes in the nucleated
layers of epidermis [1–3]. In this chapter, we focus on one method
of investigating the epidermal permeability barrier in the stratum
corneum.

1.2 Using Cultured

Keratinocytes

for Investigating

the Epidermal

Permeability Barrier

Permeability barrier function has long been investigated in in vivo
skin (experimental animals and human), as well as in cultured
keratinocytes. Additionally, recent advancements in technology,
that is, the Raman spectrometer, confocal laser microscopy, optical
ultrasound image, and quantitative RT-PCR using tape-stripped
stratum corneum, have allowed investigators to conduct certain
minimally invasive in vivo biological studies. However, one advan-
tage for using in vitro cultured keratinocyte studies is that it is easier
to modify gene expression using siRNA and CRISPR techniques
than to explore in vivo models; and in vitro studies are still the
essential experimental method used to characterize precise
biological features of barrier formation.

1.3 Features Needed

in Cultured

Keratinocytes

for Investigating

Epidermal

Permeability Barrier

Lipids are essential components of extracellular lamellar mem-
branes, which are responsible for epidermal permeability barrier
function in the stratum corneum [4]. In addition, the cornified
membranes, consisting of cross linked proteins, replace the plasma
membrane of keratinocytes at the transition from the granular layer
to the stratum corneum and provide mechanical strength, becom-
ing the foundation of a scaffold formation termed the corneocyte
lipid envelope (CLE) [1–3, 5]. Moreover, although neosynthesis of
biological components does not occur in the stratum corneum,
presynthesized cellular components are catabolized in the stratum
corneum by β-glucocerebrosidase and sphingomyelinase, that con-
vert glucosylceramide and sphingomyelin to ceramide, respectively
[6]. Ceramides are further hydrolyzed to fatty acids and sphingoid
bases by ceramidase [1–3], and cholesterol sulfate is hydrolyzed to
cholesterol by cholesterol sulfatase. Acidic and neutral proteases
contribute to desquamation [3, 7–10]. In addition, amino acids
generated from filaggrin become major components of natural
moisturizing factor (NMF) [11]. These enzyme-driven hydrolytic
processes occur during differentiation, in particular its late stage,
leading to formation of the epidermal permeability barrier and,
therefore, are required features to be recaptured in cultured kerati-
nocytes in order to properly study the permeability barrier.
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1.4 Submerged

Cultured Keratinocytes

to Recapture

Proliferating

Keratinocytes

and Early and Late

Stages

of Differentiated

Keratinocytes

Reconstituted three-dimensional organotypic epidermal equiva-
lents, which mimic epidermis, are commercially available. Because
these keratinocytes are grown at the air-liquid interface, cells are
carrier-supported to form a stratum corneum [12]. Transwells
designed for lifting cultures are also commercially available. How-
ever, for most biochemical studies, it is not convenient or cost-
effective, to obtain the large amounts of cells needed from such
organotypic cultures. In addition, although transparent engineered
epidermal membranes are available, layered cells still cannot be
observed using light microscopy. Utilization of submerged
cultured keratinocytes showing late stages of differentiation is an
alternative method to use to investigate differentiated keratinocyte
features. Since proliferative and different stages of cell differentia-
tion can be obtained by this submerged cultured system (developed
here in our laboratory), our system is convenient for comparing
proliferating, early and late stages of differentiated keratinocytes in
the same experiment [13].

1.5 Organotypic

Epidermal Equivalents

Reconstituted three-dimensional organotypic epidermal equiva-
lents have been widely used as valuable in vitro models to study
epidermal barrier development and function. Such models need to
recapitulate morphological, biochemical, and functional barrier
properties of in vivo epidermis, including pH and other ionic
gradients necessary for adequate lipid synthesis, secretion, and
processing.

While many agents such as extracellular calcium, thyroid hor-
mone, corticosteroids, estrogen, vitamins, essential fatty acids, have
been shown to accelerate epidermal barrier formation, air exposure
of confluent cultured human or murine keratinocytes is crucial for
the development of a competent permeability barrier [14–
16]. Moreover, similar to what is observed in infant development,
exposure to a reduced-humidity environment has been linked to
improved barrier function in in vitro organotypic epidermal
equivalents [12].

The following summarizes the protocol developed in our labo-
ratory [12] for the culturing of organotypic epidermal equivalents
specifically suited for human epidermal permeability barrier func-
tion studies.

1.6 Evaluation

of Epidermal

Permeability Barrier

Constituents

As above (Subheading 1.3), proteins, which form cornified envel-
opes and hydrolytic enzymes required for desquamation and pro-
cessing of barrier lipids and for producing NMF in the stratum
corneum, are important components of epidermal permeability.
Generation of these proteins and their catabolites and enzymes
are assessed by immunohistochemistry and western blot analysis.
Unspecific binding often occurs in the stratum corneum between
components and some antibodies (see Note 1).
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1.7 Thin-Layer

Chromatography

Lipids are largely responsible for forming the epidermal permeabil-
ity barrier in the stratum corneum. Liquid chromatography–tan-
dem mass spectrometry (LC-MS/MS) analysis, established well
over 10 years ago, allows us to precisely characterize lipid species
using its analytical capability to detect heterogeneous mixtures of
ceramide and glucosylceramide. However, LC-MS/MS analysis
requires expensive equipment, as well as skilled/trained personnel.
Thin-layer chromatography (TLC) is an alternative method for
assessing lipid profiles in keratinocytes. Although analysis of multi-
ple lipid components such as ceramide, glucosylceramide, choles-
terol, fatty acids, and triglyceride using LC-MS/MS is required for
different elution solvent systems, only one or two TLC analyses are
needed to provide certain levels of lipid profiles. Here we describe a
method to conduct lipid analysis using TLC.

1.8 Studies

of Physiological

Epidermal Barrier

Function

1.8.1 TEER Assay

Transepithelial electrical resistance (TEER) is a noninvasive measure-
ment that can be used to assess epidermal permeability function in
human epidermal equivalent models. Generally, two TEERmeasure-
ment methods (resistance-based for model systems and impedance-
based for whole tissue measurements) have been established.

Resistance-based TEER measurements are particularly indi-
cated to monitor the development of in vitro model systems and
their ability to form a competent permeability barrier. These mea-
surements are generally performed using a commercially available
instrument called epithelial voltohmmeter (EVOM). EVOMs use a
pair of electrodes commonly known as “chopsticks” or STX2 elec-
trodes to apply an alternating square wave voltage to the mem-
brane, reading the resulting current, and calculating the electrical
resistance from Ohm’s first law [17, 18]. STX2 electrodes are
composed of parallel semiflexible electrodes of different lengths
held at a fixed distance from each other. When measuring TEER,
the longer electrode is placed in the outer cell culture compartment
while the shorter electrode is carefully placed in the inner compart-
ment of the insert so as to not puncture or damage the membrane.
Since electrical resistance readings are dependent on temperature,
distance between the electrodes and electrode position respect to
the membrane, care should be taken to ensure standard measure-
ment practices across samples, and multiple measurements should
be performed for each epidermal equivalent membrane. For these
measurements, 2D (monolayers) or 3D (epidermal equivalents) cell
layers are generally seeded on commercially available transwell
inserts on a semipermeable cell culture grade membrane and
grown until confluent.

1.8.2 Epidermal

Permeability Barrier

Recovery Assay by TEER

Measurement

TEER measurements can be used to easily monitor epidermal
barrier recovery after barrier disruption in three-dimensional
in vitro epidermal equivalent models.
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This type of assay, also referred to as treadmill test, is commonly
used to assess barrier homeostatic ability which can be compro-
mised even if basal barrier function is normal.

For example, acidic sphingomyelinase deficient transgenic mice
(a model of Pick disease type A and B) show normal TEWL, while
barrier recovery following acute barrier disruption by tape stripping
or acetone treatment (removing upper layer of stratum corneum or
extracting lipids in the stratum corneum, respectively) is delayed
compared with normal control mice [19]. Barrier homeostatic
function declines in some populations of people (psychological/
sociological stress, ageing, atopic dermatitis). Barrier recovery from
acute barrier disturbance assesses barrier homeostatic function.
Three-dimensional organotypic epidermal equivalents with a fully
competent permeability barrier can be used to assess homeostatic
barrier function in vitro using a TEER assay [12].

1.8.3 TEWL

Measurement

Water passively evaporates through the skin due to the difference in
water vapor pressure across the epidermal permeability barrier. The
amount of water that is lost through the skin via passive evaporation
is commonly referred to as transepidermal water loss (TEWL) and it
is a good indicator of epidermal permeability barrier function [20].

Due to the passive evaporation through the skin of water from
the body to ambient air, a water vapor gradient proportional to the
epidermal water loss exists around the skin to about10 mm above
the surface [21, 22]. TEWLmeasurements are widely used to assess
the permeability barrier status of humans and rodents and can also
be used to monitor the permeability barrier function of in vitro
systems.

TEWL is indirectly measured by measuring the change in water
vapor density from the proximity of the skin to a more distant
position [23]. Three different types of instruments can be used to
measure TEWL: open chamber sensors, closed chamber sensors,
and condenser chamber sensors.

The open chamber sensor consists of a hollow cylinder, which is
placed in close proximity with the skin or in vitro epidermal equiv-
alent systems with two sensors for temperature and for humidity
placed at different distances from the sensor’s openings. The
TEWL is inferred by the difference in water vapor density between
the two sensors. This type of sensor has the advantage of not
occluding the skin, thus reducing occlusion derived changes in
barrier function. Moreover, since humidity does not accumulate
in a closed chamber, these sensors allow for continuous TEWL
measurements. The drawback of these devices is that the measure-
ments are significantly influenced by ambient ventilation and
humidity, which need to be controlled.

The closed chamber used in closed chambered sensors protects
the measurements from ambient ventilation, but measurements
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with these systems require the sensor to be lifted from the skin
periodically to avoid accumulation of water vapor.

The condenser chamber sensors utilize the same principle as the
open chambered ones but use a cooled sensor cover to eliminate
water vapor accumulation by freezing it to ice. This strategy allows
the measurements to be protected from ambient air currents and
disturbances [24, 25].

Recently, an ad hoc sensor array based on the open chamber
design has been developed to allow the continuous monitoring of
TEWL in in vitro organotypic epidermal equivalents and other
systems directly in their 24-well cell culture plates (Tewitro
TW24; Courage + Khazaka Electronic, Cologne, Germany;
http://www.courage-khazaka.de/index.php/en/products/scien
tific/382-tewitro-e). However, TEWL readings of in vitro systems
can also be performed with the other sensor types [12, 25, 26].

Due to the sensitivity to ambient condition and air fluxes of the
TEWL sensors, care should be taken to ensure that measurements
are conducted in areas protected from air fluxes and under standard
temperature and humidity conditions. Moreover, the samples
should be allowed to equilibrate at room temperature and humidity
for about 30 min prior to measurements. Due to the variability in
TEWL readings, multiple readings should be performed and aver-
aged per sample. Also, organotypic epidermal equivalents show
batch to batch variation, making comparisons across separate
experiments challenging, so care should be taken to have an internal
control for each batch.

2 Materials

2.1 Preparation

of Primary Cultured

Human Keratinocytes

1. Hank’s Balanced Salt Solution (HBSS) with Ca2+ and Mg2+.

2. 10% Hibiclens™ in sterile water or equivalent antiseptic solu-
tion, HBSS Ca2+ and Mg2+ free (HBSS-CMF), Penicillin/
Streptomycin (10,000 I.U./ml).

3. 25 U/ml dispase in HBSS-CMF; 0.05 mg/ml gentamycin in
HBSS-CMF.

4. 0.05% trypsin–EDTA made up using HBSS-CMF (final
0.53 mM).

5. Trypsin Neutralizing Solution (TNS): HBSS–Chelexed FCS,
20:1 (v/v) stirred for 60 min at room temperature followed by
sterilizing using filter (0.45 μm).

6. Serum-free keratinocyte growth medium (KGM) supplemen-
ted with 0.07 mM CaCl2 and bovine pituitary extracts (BPE).

7. KGM supplemented with 1.2 mM CaCl2 and BPE.

8. Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham
F-12 (2:1, vol/vol), containing 1.2 mM CaCl2 supplemented
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with 10% fetal bovine serum, insulin (10 μg/ml), hydrocorti-
sone (0.4 μg/ml), and ascorbic acid (50 μg/ml) (see Note 2).

2.2 Organotypic

Epidermal Equivalents

1. Hanging polyethylene terephthalate inserts with 0.4 μm pore
size (Millipore Sigma).

2. Membrane coating solution: CELLstart (Thermofisher)
diluted 1:50 in Dulbecco’s phosphate-buffered saline (DPBS)
with calcium (0.9 mM) and magnesium (0.49 mM).

3. CnT Prime 07 culture medium (CELLnTEC, CELLnTEC
Advanced Cell Systems AG).

4. CnT Prime 3D Barrier (CELLnTEC).

2.3 Lipid Extraction

from Cultured Cells

and Saponification

1. Glass tube (16 mm � 150 mm) with Teflon seal inner.

2. Chloroform (CHCl3).

3. Methanol (MeOH).

4. Second Washing Solution: CHCl3–MeOH saturated water is
prepared by mixing CHCl3–MeOH–water (1:1:0.9) and stand-
ing overnight. Upper phase is CHCl3–MeOH saturated water
used as Second Washing Solution. Lower phase can be used for
rinsing tubes.

5. Saponification solution: Dissolved 1 g NaOH 2.5 ml water and
then add 22.5 ml MeOH (1 M NaOH solution).

6. Universal pH test paper.

2.4 Thin-Layer

Chromatography

1. HPTLC plate 10 � 20 cm (Merck) (see Note 3).

2. Acetic acid.

3. Acetone.

4. Chloroform.

5. Diethyl ether.

6. Ethyl acetate.

7. n-Hexane.

8. Hexyl acetate.

9. Methanol.

10. Lipid standards: cholesterol (0.1–0.5 μg); cholesterol palmitate
(palmitate or other fatty acyl) and triglyceride (1–2 μg); cer-
amide, glucosylceramide, and phospholipids (0.5–1 μg).

11. Charring solution: 1.5% cupric sulfate in acetic acid–sulfuric
acid–orthophosphoric acid–water (50:10:10:30, v/v).

2.5 Equipment 1. Lamina flow food.

2. Scalpel.

3. Forceps.
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4. Benchtop centrifuge.

5. Refrigerator.

6. CO2 incubator.

7. Inverted microscope.

8. TLC development chamber.

9. Hot plate.

10. Probe type sonicator (see Note 4).

11. Nitrogen gas evaporator (see Note 5).

12. Dry oven (see Note 6).

13. Epithelial voltohmmeter (EVOM).

14. Tewameter (Courage + Khazaka, TM300).

3 Method

3.1 Primary Culture

of Human

Keratinocytes

Our lab (Department of Dermatology, UC San Francisco and VA
Health Care System) has followed the Pittelkow and Scott [27]
primary keratinocyte culture method with some modifications.

3.1.1 Skin Human keratinocytes are isolated from newborn human foreskins.
Skin samples are kept in HBSS at 4 �C (see Note 7).

1. Wash the skin in 10% Hibiclens™ in sterile water for 10 s.

2. Rinse the skin two times with 25 ml of Hibiclens solution for
10 s.

3. Rinse the skin with 25 ml of HBSS-CMF containing Penicil-
lin/Streptomycin (10,000 I.U./ml).

4. Section the skin into smaller (approximately 0.25 mm2) pieces
to facilitate exposure to the dissociating agent.

5. Incubate the skin with 4 ml of HBSS-CMF containing dispase
(final 25 U/ml) and gentamycin (final 0.05 mg/ml) in 60 mm
petri dish overnight in 4 �C.

6. Using a scalpel, hold one side of the tissue and with forceps,
hold the epidermis sheet and pull it off slowly and smoothly.

7. Transfer the epidermal sheet into 15 ml of sterile centrifuge
tube with 4 ml 0.05% trypsin–EDTA in HBSS-CMF and incu-
bate for 10–15 min at 37 �C.

8. Add 6 ml of TNS and gently mix by pipette up and down for
five times. Continue on to the next piece of tissue.

9. Centrifuge the tubes at 1000 rpm for 5 min.

10. Aspirate supernatant and re-suspend the cell pellet in 5 ml of
serum free KGM supplemented with 0.07 mM CaCl2
and BPE.
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11. Plate the cells in the T-175 flasks containing 20 ml of KGM
supplemented with 0.07 mM CaCl2 and BPE.

12. Incubate cells in 5% CO2 at 37
�C.

13. Change the media every other day.

14. Cells are passaged when 70–80% confluency is reached (see
Note 8).

3.2 Submerged

Cultured Keratinocytes

to Recapture

Proliferating

Keratinocytes

and Early and Late

Stages

of Differentiated

Keratinocytes

1. Culture keratinocytes (2nd–4th passage) in serum free KGM
supplemented with 0.07 mM CaCl2 and BPE until 70–80%
confluence. Changed the medium every other day (seeNote 9).

2. After keratinocytes reach 70–80% confluence, culture them
with serum-free KGM containing 1.2 mM CaCl2 for 2 days
(see Note 10).

3. Replace the medium with DMEM and Hams F-12 (2:1, vol/-
vol), containing 1.2 mM Ca2+, supplemented with 10% fetal
bovine serum, insulin (10 μg/ml), hydrocortisone (0.4 μg/
ml), and ascorbic acid (50 μg/ml).

4. Culture the cells for 9–12 days with medium changes every
other day (see Note 11).

3.3 Organotypic

Epidermal Equivalents

1. Coat the hanging polyethylene terephthalate inserts (0.4 μm
pore size (Millipore Sigma)) with CELLstart (Thermofisher)
diluted 1:50 in Dulbecco’s PBS with calcium and magnesium
for 2 h at 37 �C.

2. Aspirate the excess of coating solution and wash the inserts in
cell culture medium once.

3. Add 1.5 ml of growth medium to each well of a 12-well plate to
the outside compartment.

4. Seed first passage of the keratinocytes at a density of
2.2 � 105 cells/cm2 (5 � 105 cells in 0.5 ml medium for a
12-well plate insert) in supplemented CnT Prime 07 culture
medium (CELLnTEC) and incubate in a humidified atmo-
sphere of 5% CO2 95% air at 37 �C for 72 h.

5. Aspirate the growth medium from the outer and inner com-
partments, and replace with CELLnTEC at 37 �C for 16–20 h.

6. Aspirate the medium from both compartments and airlift the
cells, and add CnT Prime 3D Barrier, only from the outer
compartment.

7. Change medium of outer compartment daily with CnT Prime
3D Barrier and culture in a humidified atmosphere of 5% CO2

95% air at 37 �C incubator for 12 days.

8. Move cultures to a dry incubator (below 50% RH) for 48 h to
complete the formation of a competent epidermal barrier as
assessed by morphological and functional measurements [12].
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3.4 Evaluation

of Epidermal

Permeability Barrier

Constituents

3.4.1 Unbound Lipid

Extraction from Cultured

Cells

1. Rinsing the extraction tube: Put 2 ml of chloroform (CHCl3)–
methanol (MeOH) (1:1, v/v) in tube and shake by hand.
Repeat three times (Check solvent has not leaked).

2. Suspend the whole harvested cells into 1.6 ml of PBS and
homogenize by probe type sonicator (on ice). Alternatively,
glass homogenizer could be used.

3. Add 2 ml of CHCl3 and 4 ml MeOH to 1.4 ml of cell homo-
genates and shake vigorously for 5 min by hand and leave
overnight at room temperature.

4. Shake tubes by hand for 5 min (vigorously).

5. Centrifuge tubes at 1500–2500 � g for 5 min (cells/debris is
precipitated).

6. Transfer the supernatant extracts to a new cleaned glass (rinsed
tube, as above 1).

7. Add 2 ml of CHCl3 and 2 ml of water to the extracts.

8. Shake tubes for 5 min by hand.

9. Centrifuge tubes at 1500–2500 � g for 5 min.

10. Discard the upper phase very carefully (see Note 12).

11. Add 6 ml of Second Washing Solution to the lower phase.

12. Shake tubes by hand for 5 min.

13. Centrifuge tubes at 1500–2500 � g for 5 min.

14. Discard the upper phase from the lower fraction phase.

15. Dry up lipid extract using N2 in a fume hood.

16. Dissolve lipids in CHCl3–MeOH (1:1, v/v) and store at
�20 �C.

3.4.2 Thin-Layer

Chromatography

Separation of Triglyceride,

Free Fatty Acid,

Cholesterol, Ceramide,

and Glucosylceramide

1. Develop (see Note 13) HPTLC plate with CHCl3–MeOH–
H2O (60:30:4, v/v) to top of plate prior to use in order to
clean the HPTLC plate to minimize background color follow-
ing charring.

2. Dry HPTLC plate on a hot plate at 40–60 �C.

3. Store HPTLC plate in a clean place.

4. Heat the HPTLC plate in the oven or on the hot plate at
100 �C for 10–15 min to dry and cool down to room tempera-
ture immediately before use.

5. Mark out application line (1 cm from bottom) by pencil (2, 5,
and 8.5 cm lines from applied position).

6. Mark out sample application position (1.5 cm from left).

7. Apply sample to a 4 mm in length. Leave 6–8 mm distance
between the sample applied areas.

8. Apply lipid standards on both sides of the TLC plates.
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9. Insert filter paper into developing chamber to cover glass. Pour
solvent 10–15 min before putting TLC plate to saturate cham-
ber with solvent.

10. Develop with CHCl3–MeOH–H2O (40:10:1, v/v) to 2 cm
line from applied position.

11. Dry on hot plate at 60 �C.

12. Develop with CHCl3–MeOH–H2O (40:10:1, v/v) to 5 cm
line from applied position.

13. Dry on hot plate 60 �C.

14. Develop with CHCl3–MeOH–acetic acid (47:2:0.5, v/v) to
8.5 cm line from applied position.

15. Dry on hot plate 60 �C.

16. Develop with n-hexane–diethyl ether–acetic acid (30:15:0.5,
v/v) develop 8.5 cm line from applied position or top of
HPTLC plate.

17. Dry on hot plate 60 �C.

Separation

of Glucosylceramide

1. Develop with CHCl3–MeOH–H2O (40:10:1, v/v) to 1.0 cm.

2. Dry on hot plate (60 �C).

3. Develop with CHCl3–MeOH–H2O (40:10:1, v/v) to 7.5 cm.

4. Dry on hot plate (60 �C).

5. Develop by n-Hexane–diethyl ether–acetic acid (65:35:1, v/v)
to the top of the plate.

6. Dry on hot plate (60 �C).

Development

for Separation of Ceramide

If glucosylceramide and ceramide are the focus of study, the follow-
ing solvent system (modification of Ponec et al. method [28]) is
appropriate.

1. Develop the plate with CHCl3 to 1.5 cm.

2. Dry on hot plate (60 �C).

3. Develop with CHCl3–MeOH–acetone (76:16:8, v/v) to
1.0 cm.

4. Dry on hot plate (60 �C).

5. Develop with CHCl3–MeOH–hexyl acetate–acetone
(86:4:1:10, v/v) to 7.0 cm.

6. Dry on hot plate (60 �C).

7. Develop with CHCl3–MeOH–acetone (76:20:4, v/v) to
2.0 cm.

8. Dry on hot plate (60 �C).

9. Develop with CHCl3–MeOH–diethyl ether–hexyl acetate–
ethyl acetate–acetone (72:4:4:1:4:16, v/v) to 7.5 cm.
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10. Dry on hot plate (60 �C).

11. Develop with n-hexane–diethyl ether–ethyl acetate (80:16:4,
v/v) to the top of the plate.

12. Dry on hot plate (60 �C).

13. Develop with n-hexane–diethyl ether–acetic acid (65:35:1,
v/v) to the top of the plate.

Separation

for Phospholipids

Develop with CHCl3–MeOH–28% NH4OH (32:12:2.5, v/v) and
develop to 8.5 cm.

Visualizing Lipids on TLC

Plate

1. Dip fully developed and dry HPTLC plate into charring solu-
tion and then dry on hot plate at 40–60 �C.

2. Gradually increase hot plate temperature to 90 �C to fully dry
charring solution. Avoid placing HPTLC plate directly next to
90 �C hot plate, as this will bend the glass slightly which may
influence scanning.

3. Put into 160 �C oven for 20 min.

4. If you need to keep the HPTLC plates, cover with clean glass,
wrap with aluminum foil and store at �20 �C.

3.4.3 Corneocyte Lipid

Envelope (CLE) Analysis

After unbound lipid extraction from cells as above, some unbound
lipids are still retained in cells (delipidated cells). To assure that no
unbound lipids are present in cells, cells are further treated with
CHCl3–MeOH.

1. Dry delipidated cells (dl-cells) following unbound lipid extrac-
tion using nitrogen gas evaporator (see Note 5).

2. Add CHCl3 4 ml, MeOH 2 ml to dl-cells.

3. Shake tubes by hand for 5 min (vigorously) and leave for 2 h.

4. Centrifuge tubes at 1500–2500 � g for 5 min.

5. Add 3 ml CHCl3 and 3 ml MeOH to dl-cells.

6. Shake for 5 min and leave for 2 h.

7. Centrifuge tubes at 1500–2500 � g for 5 min.

8. Transfer the extracts to a new cleaned glass tube.

9. Add 4 ml CHCl3 and 2 ml MeOH to dl-cells in the glass tube.

10. Shake tubes by hand for 5 min (vigorously) and leave for 2 h.

11. Centrifuge tubes at 1500–2500 � g for 5 min.

12. Transfer the extracts to a new cleaned glass tube.

13. Add 4 ml CHCl3 and 2 ml MeOH to dl-cells in the glass tube.

14. Shake tube by hand for 5 min (vigorously) and leave for 2 h.

15. Centrifuge tubes at 1500–2500 � g for 5 min.

16. Transfer the extracts to a new cleaned glass tube (EXT A).
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17. Add 3 ml CHCl3 and 3 ml MeOH to remaining dl-cells pellet.

18. Shake tubes by hand for 5 min (vigorously) and leave for 2 h.

19. Centrifuge tubes at 1500–2500 � g for 5 min.

20. Transfer the extracts to a new cleaned glass tube (EXT B).

21. Add 4 ml CHCl3 and 2 ml MeOH to remaining dl-cells pellet.

22. Shake tubes by hand for 5 min (vigorously) and leave for 2 h.

23. Centrifuge tubes at 1500–2500 � g for 5 min.

24. Transfer the extracts to a new cleaned glass tube (EXT C).

25. Combine Ext A, B, and C, and dry down under a stream of N2,
followed by dissolving the extract in 0.1 ml of CHCl3–MeOH,
2:1 (v/v). NB. dl cell extracts should be applied to TLC plate
and developed as above, to confirm absence of lipids before
saponification of bound lipids is performed as described in
steps 26–43 below).

26. Turn on water bath (set 60 �C).

27. Dry delipidated cells (dl-cells) using nitrogen gas evaporator
(see Note 5).

28. Add saponification solution (1 M NaOH in MeOH–H2O)
(9:1, v/v) into dried delipidated cells and mix using vortex
mixer.

29. Incubate at 60 �C for 1 h.

30. Mix the sample every 10 min during incubation using vortex
mixer.

31. Cool down tube to room temperature and add 0.5 ml of 2 N
HCl to check if solution is at pH 4 using universal pH test
paper.

32. If pH is still not about 4, add a small of volume (<50 μl) of 2 N
HCl until pH reaches about 4.

33. Add CHCl3, MeOH and water (final 2–2-2 ratio, v/v). Record
total volume.

34. Shake tubes by hand for 5 min (vigorously).

35. Centrifuge tubes at 1500–2500 � g for 5 min.

36. Discard upper phase and add second wash 1/2 vol of initial
CHCl3, MeOH, and water (final 2:2:2 ratio, v/v) solution
(above).

37. Shake tubes by hand for 5 min (vigorously).

38. Centrifuge tubes at 1500–2500 � g for 5 min.

39. Shake tubes by hand for 5 min (vigorously).

40. Centrifuge tubes at 1500–2500 � g for 5 min.

41. Dry up lipid extract using N2 in the fume hood.
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42. Dissolve lipids in CHCl3–MeOH (1:1, v/v) and store at
�20 �C.

43. Analyze bound by TLC (as above using solvent system
described in Subheading “Separation of Triglyceride, Free
Fatty Acid, Cholesterol, Ceramide, and Glucosylceramide”.

3.5 Studies

of Physiological

Epidermal Barrier

Function

3.5.1 TEER Assay

1. Immerse STX2 electrodes in 70% ethanol for 15 min to sterilize
and wash with PBS or culture medium.

2. Remove the growth medium from both the inside and the
outside of the insert and replace with fresh media.

3. Place STX2 electrodes to both the inside and outside
compartment.

4. Measure resistance three or more times per transwell from
different positions and obtain a spatially averaged epithelial
resistance (Rav).

5. Measure resistance in an empty insert immersed in growth
media to obtain the semipermeable membrane resistance (Rm).

6. The epithelium resistance (Re) is calculated by subtracting Rm

from the measured averaged epithelial resistance (Rav).

7. Since the resistance is inversely proportional to the membrane
surface area, it is customary to multiply Re by the membrane
area to standardize measurements across different insert sizes.
TEER measurements are usually expressed in units of Ω cm2.

3.5.2 Epidermal

Permeability Barrier

Recovery Assay by TEER

Measurement

1. Sterilize D-squames by 15 min UV exposure.

2. Cut the D-squames in strips ~3–5 mm wide.

3. You will already have prepared human keratinocyte organotypic
epidermal equivalents, cultured as described above (Subhead-
ing 3.3) in 12-well or larger transwell inserts for 14 days, ready
to be used for the assay.

4. A first TEER reading to assess basal TEER levels is performed
as described above (Subheading 3.5.1).

5. After the basal TEERmeasurement, aspirate all media from the
inner insert compartment, and return to the dry incubator (5%
CO2 at 37

�C) for 30 min to evaporate any leftover medium.

6. Fold the D-squame strips into an “L” shape with a longer and
shorter arm.

7. Retrieve organotypic epidermal equivalents from the incubator
and place in the culture hood.

8. Peel the backing from the D-squame strips using sterile forceps
and apply the adhesive short ‘L’ side to the apical side of the
organotypic epidermal equivalents. A pipette tip can be used to
apply gentle pressure to the top of the D-squame to promote
adhesion.

86 Yoshikazu Uchida and Anna Celli



9. Organotypic epidermal equivalents are then tape stripped by
peeling off the D-squame strips by pulling up the long “L” side
with forceps.

10. Measure TEER as described above (see Note 15).

11. Inserts are returned to the dry incubator (5% CO2 at 37
�C).

12. Barrier recovery is monitored at 3, 6, and 24 h after tape
stripping by subsequent TEER measurements. Since basal
TEER values usually keep increasing daily due to the absence
of stratum corneum desquamation, non-tape stripped inserts
rather than pre-tape strip basal TEER values are to be used as
control.

3.5.3 TEWL

Measurement

The following is an example of TEWLmeasurement of organotypic
epidermal equivalents using TEWL (open chamber sensor, e.g.,
Tewitro TW24) (as described in [12]) (see Note 16).

1. The organotypic epidermal equivalents are generated as
described above (Subheading 3.3).

2. When ready to perform TEWL, remove the plate from the
incubator and keep at room temperature for 30 min for
equilibration.

3. Place a 50 μl drop of culture media at room temperature on a
Parafilm sheet.

4. Cut the organotypic culture out of its insert and place stratum
corneum up on top of the media drop (see Note 17).

5. Hold the probe at approximately 1 mm above the stratum
corneum surface, and take a reading. At least three separate
measurements per samples must be done.

4 Notes

1. We recommend that western blot analysis is performed to
assure that stratum lysate shows a band or bands with predicted
molecular size of the target protein.

2. Ascorbic acid solution (10 mg/ml) is directly added into cul-
tures and immediately agitated (since ascorbic acid is acidic,
medium color at site of addition becomes yellow. Yellow color
becomes red following immediate agitation).

3. Two types of TLC plates, thin-layer chromatography and high-
performance thin-layer chromatography (HPTLC), are com-
mercially available. The HPTLC plate is made of a smaller
particle size silica than the TLC plate, and HPTLC shows
better separation compared with TLC. Since epidermal gluco-
sylceramide and ceramide consist of heterogeneous species,
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HPTLC is better to use for these lipid analyses. Using our
method, TLC is charred to visualize lipids, and HPTLC plate
that does not contain a fluorescence agent is used.

4. Alternatively, glass homogenizer can be used.

5. Alternatively, nitrogen gas is directly blown into each tube,
keeping the gas above the liquid layer and doing this in a
fume hood.

6. Alternatively, a hot plate can be used.

7. The skin can be stored for about 24 h prior to isolating
keratinocytes.

8. Cells generally reach 70–80% confluency 3–4 days after plating.

9. Keratins 5 and 14 are markers of proliferating basal keratino-
cytes [29]. The expression of these proteins is confirmed by
RT-PCR, western blot analysis or immunohistochemistry.

10. Cell proliferation is increased for a while (approximately 12 h)
after switching to high Ca2+ conditions and then is followed by
decreasing DNA synthesis. These cells are defined as early stage
differentiated keratinocytes and will express involucrin and low
levels of loricrin [29].

11. After 7 days of culture, multilayer keratinocytes are observed
under the microscope. The surface of differentiated cells dis-
plays rectangular shapes. Late stage differentiated keratinocytes
synthesize loricrin [29] and heterogeneous ceramides, which
form lamellar structures in the stratum corneum and also the
immediate precursors of ceramide, heterogeneous glucosylcer-
amide species [13] will be detected. In addition, cornified
envelope bound ceramides are formed. Formation of lamellar
membrane structures can be observed using electron
microscopy [13].

12. There will be two distinct phases in the tube after centrifuga-
tion. The lower phase is the lipid fraction. The upper phase
contains hydrophilic cell constituent (carbohydrates, proteins,
salts, and polar lipids, including glycolipids (polyglycosylated
lipids, sphingoid base, and certain lysophospholipids).

13. Development here means when the development solvent,
added to the bottom of TLC chamber, travels up the plate by
capillary action; the lipid species are separated on the plate,
according to the solvent used.

14. If lipid(s) are present, repeat lipid extraction.

15. A resistance smaller than 300 Ω is not used for further mea-
surements. After 7 days cultures, a resistance is approximately
750–1000 Ω. A single D-squame tape strip is usually sufficient
to obtain a typical resistance reduction of 50–70%.
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16. The organotypic culture surface area is required to be larger
than the TEWL probe for these measurements.

17. This step is necessary to allow the TEWL probe to be in close
proximity to the sample.
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Chapter 8

Isolating Dermal Papilla Cells from Human Hair Follicles
Using Microdissection and Enzyme Digestion

Summik Limbu and Claire A. Higgins

Abstract

The dermal papilla (DP) is a cluster of mesenchymal cells located at the bottom of the hair follicle. Cells
within the DP interact with numerous other cell types within the follicle, including epithelial stem cells,
matrix cells, and melanocytes, regulating their function. The diameter of the DP is directly proportional to
the width of the hair shaft, and a decrease in both cell number and DP size is observed in hair loss conditions
such as androgenetic alopecia. Conversely, microdissected ex vivo DP can instruct growth of de novo hair
follicles. The study of DP cells and their role in human hair growth is often hampered by the technical
challenge of DP isolation and culture. Here we describe a method used within our research group for
isolating DP from human hair follicles.

Key words Dermal papilla, Microdissection, Enzyme digestion, In vitro culture, Hair follicles,
Human tissues

1 Introduction

The hair follicle is a dynamic mini-organ that undergoes continu-
ous cycling and regeneration throughout its lifetime. A key com-
ponent of the hair follicle that regulates this cycle is the dermal
papilla (DP), a flame-shaped structure found at the base of the hair
follicle. In human scalp follicles, there are on average 1000 cells per
papilla [1], embedded in an extracellular matrix that is unique from
that of the interfollicular dermis [2, 3] (Fig. 1a). These cells dem-
onstrate heterogeneity from the apical tip to the base of the DP, and
differentially signal to adjacent epithelial matrix cells controlling
their proliferation, migration and differentiation into the epithelial
layers of the hair follicle [4] (Fig. 1b, c). Both intact and cultured
rodent vibrissae DP cells have been shown to induce formation of
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new hair follicles, making these cells an attractive therapy for regen-
erative medicine activities [5–8]. Additionally, cultured DP cells can
differentiate into other cell types such as adipocytes, osteoblasts and
chondrocytes [9]. This plasticity makes DP cells a useful tool for
studying cell differentiation, andmodeling both normal and disease
processes in vitro [10].

The DP is separated from the epithelial compartment of the
hair follicle by a thick basement membrane and therefore microdis-
section techniques can be to cleanly isolate. Culturing of rodent
whisker DP cells after microsurgical isolation was first described in
1981 [11], while human scalp DP were successfully microdissected
and cultured just a few years later, in 1984 [12]. In this book
chapter, we present the method of microdissection of human hair
follicles that is used within our laboratory, in a step by step
approach.

In recent years, the use of collagenase type 4 has been described
as a way to isolate DP [13, 14]; however, it is not as straightforward
as a simple enzymatic digestion. Because of the unique extracellular
matrix surrounding and encapsulating the human DP [2], the DP
itself is not digestible with collagenase type 4. It is actually the tissue
surrounding the DP that is digested, leaving behind an undigested
DP which adheres to the culture dish as a sticky cluster of cells. This
is not the case for murine DP which can be easily digested into a
single cell suspension using collagenase and trypsin [15]. We
assume that this is due to differences in the extracellular matrix
makeup between human and mouse DP.

Fig. 1 Anatomy of a hair follicle. (a) The DP is located within the end bulb, at the bottom of the hair shaft. (b)
The flame-shaped DP, immunostained with vimentin (pink), is surrounded by epithelial matrix cells (β-catenin,
green). A dermal sheath also surrounds the whole hair follicle and is connected to the DP at its base, through
the DP stalk (Blue ¼ DAPI). (c) Illustration to show the structure of the end bulb and different layers of the hair
follicle (ORS outer root sheath, IRS inner root sheath)
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One of the difficulties in obtaining a good culture of humanDP
cells is in the first step after microdissection—attachment of the DP
to the culture plate. If the DP does not attach to the culture plate,
and remains suspended in the culture media, cells will not migrate
out of the DP and no culture can be established. We have previously
used a needle to attach DP to the culture dish, using it to pin the
DP down so it remains adhered to the plastic enabling outgrowth
of cells [16]. However, more recently we have adapted the collage-
nase digestion approach for isolating DP, which is described above,
in order to improve anchoring of the DP to the culture dish. In this
chapter, we describe both this “needle pinning” approach, and the
enzymatic digestion approach for adhering the DP to the culture
dish. Both techniques can be used to isolate human DP cells
successfully and once established, there appears to be little differ-
ence in cell morphology.

2 Materials

Prepare growth, wash, and dissection media on the day of DP
isolation. Prepare media in a cell culture hood at room temperature
using aseptic technique. Store any remaining growth media in the
fridge. Prepare wash and dissection media in 50 mL falcon tubes for
convenience. These should be stored on ice next to the microscope
while the microdissection is being performed.

2.1 Microdissection 1. Sterile 27 G � 3/400 needles.

2. Sterile 1 mL syringes, without needles.

3. 100 mm petri dishes.

4. Binocular stereomicroscope.

5. Watchmaker forceps.

6. Noyes Spring Scissors.

7. 50 mL falcon tubes.

8. Wash media: 2� antibiotic-antimycotic (ABAM)made up from
100� stock in Dulbecco’s Minimal Essential Media (DMEM)
containing high glucose, GlutaMAX™, and pyruvate.

9. Dissection media: 1� ABAM in DMEM.

10. Laminar flow hood (referred to as a cell culture hood).

11. Sterile 200 μL pipette tips and pipette.

12. Sterile Pasteur pipettes.

13. Ice/Ice bucket.

14. Freshly isolated human Hair follicles.
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2.2 Papilla

Adherence and Growth

1. 27 G � 3/400 needles.

2. 1 mL syringes, without needles.

3. 100 mm petri dishes.

4. 35 mm cell culture dishes.

5. Mixture of collagenase type 1 (1 mg/mL) and DNase
1 (12.8 U/mL) in DMEM with no serum. This is the working
concentration. To make up the collagenase stock concentration
of 10 mg/mL, weigh out 100mg of collagenase type 1 and add
10 mL of sterile Hank’s Balanced Salt Solution Modified with
10 mMHEPES in a cell culture hood. Filter the stock solution
using a sterile 0.22 μm syringe filter and a 10mL sterile syringe.
Store the stock solution as 1 mL aliquots in sterile Eppendorf
tubes at �20 �C until required. Make up collagenase solution
by adding 1 ml stock with 9 ml DMEM. Add DNase 1 (at a
final concentration 12.8 U/mL) to diluted collagenase solu-
tion on the day of isolation.

6. Growth media: 20% (v/v) fetal bovine serum (FBS) and 1�
ABAM in DMEM.

7. Cell culture incubator—95% H2O, 37 �C, 5% CO2.

3 Methods

Ensure appropriate ethical approvals are in place before starting
work since human tissue is to be used. Health and Safety forms
relevant for your institution, for the use and disposal of human
tissue and sharps should have also have been reviewed and approved
before starting microdissection.

An ideal setup would be to have a stereomicroscope inside a cell
culture hood; however, if this is not available it is possible to
perform the microdissection on a laboratory workbench. Select a
location in the corner of a room, where traffic and air movement is
minimal. Spray the work surface with 70% ethanol before starting,
and use sterile pipettes, petri dishes, tools, and needles throughout
(Fig. 2a–d). Change needles regularly during the dissection proce-
dure. We use petri dishes to place needles and tools into while they
are in use, so that they do not touch the work surface.

All procedures are performed at room temperature, unless
otherwise specified. Procedures described are for a right-handed
person. Left-handed individuals may find it easier to reverse the
needle handling instructions. All microdissection procedures are
performed using the stereomicroscope. A Supplementary Video 1
has been produced which demonstrates all of the following
methods.
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3.1 Microdissection

of Hair Follicles

3.1.1 End Bulb

Transection

1. Before isolation, prepare wash and dissection media in 50 mL
Falcon tubes. Store unused media in an ice bucket.

2. Once hair follicles are obtained, use straightaway. If media is
not prepared, keep the follicles on ice until all the reagents are
ready.

3. If the follicles are transported from the clinic to the lab in saline
or PBS, pour all of the hair follicles (including transport media)
into an empty 100 mm dish. If follicles are wrapped in a damp
gauze, skip straight to step 4.

4. Add 10 mL of wash media into a clean 100 mm petri dish and
transfer the hair follicles into the wash media using forceps.
Leave follicles in the wash media for 30 min on ice.

5. After 30 min, use forceps to transfer the hair follicles from the
wash media into a new 100mm petri dish containing dissection
media. Ensure that all of the hair follicles have been moved into
the dissection media.

Fig. 2 Setting up the workstation for microdissection. (a) Place the binocular stereo microscope in the corner
of the room with minimum foot traffic. (b) Place forceps, scissors and needles inside petri dishes to keep them
clean during microdissection. (c) Place all media and samples on ice throughout the process. (d) Example of a
workstation ready for microdissection
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6. Set up plates for dissection; on the lid of a 100 mm petri dish,
use a Pasteur pipette to make eight small droplets and one big
droplet of dissection media (Fig. 3a). Small droplets will be
used for dissection while the large droplet is for collecting
inverted samples.

7. Transect end bulbs; hold one follicle in place using forceps
held in your left hand. Use scissors, held in your right hand,
to cut the end bulb of the follicle containing the DP (see
Notes 1 and 2, Fig. 3b, c).

8. After cutting, the end bulb will tend to stay attached to the
scissors. Use these to transfer the end bulb into an empty small
droplet on the plate prepared in step 6. Do not let the end bulb
float away in the media. If it does, use the forceps to gently grab

Fig. 3 Transection of end bulbs. (a) Make eight small droplets and one large droplet of 1� DMEM which will be
used to transfer end bulbs. (b) Hold the hair follicle with forceps and use a pair of scissors to transect the
follicle, removing an end bulb. (c) Both the base of the hair shaft (HS), and the DP are located within the
transected end bulb. (d) Excess fat which is present on end bulbs should be removed
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onto the end bulb and transfer it into an empty droplet. Repeat
with seven more hair follicles, so each droplet contains one end
bulb (see Note 3).

9. Place any remaining follicles at 4 �C, in dissection media,
until use.

3.1.2 Inversion of End

Bulbs

Imagine a ball at the base of a sock. To remove the ball either the
sock can be cut open, or it can be turned inside out. The sock is
essentially the end bulb in our scenario, while the ball is the
DP. Here, we describe an inversion method to isolate the DP;
however, the cutting open method can also be applied [17]. Two
sterile needles placed in 1 mL syringes as holders are required to
invert the end bulb and expose the DP (see Note 4) .

1. If there is any remaining fat on the end bulbs, hold the cut edge
of the end bulb using a needle in your left hand and drag fat
away from the end bulb using a needle in your right hand (see
Note 5, Fig. 3d).

2. To invert the end bulb, first use a needle in your left hand to pin
down at the cut edge (seeNote 5, Fig. 4a). Use a needle in your
right hand to gently push the DP from the bottom of the end
bulb (see Note 6, Fig. 4b, c). After the DP is out of the end
bulb, use a needle in your left hand to push the end bulb cup
back over the tip of the right-hand needle (Fig. 4d).

3. Use the needle in your left hand to gently prise the inverted end
bulb off the tip of the needle in your right hand. The inverted
end bulb should now be floating in the droplet.

4. Pin the inverted cup of the end bulb with the needle in your left
hand, then use the needle in your right hand to clean the DP of
any hair matrix which remains attached.

5. Use the needles to pick up and transfer the inverted end bulb
into the big droplet.

6. Repeat steps 1–7 with rest of the end bulbs and gather all eight
of the inverted DPs together (Fig. 4e) before proceeding to the
next stage of the dissection procedure.

3.1.3 Separating the DP

from the Inverted End Bulb

1. Use new, clean, needles for this stage. To separate the DP, first
use the needle in your left hand to pin the inverted end bulb
cup. Then use the needle in your right hand like a knife edge
and cleave through the stalk which connects the DP with the
inverted cup (Fig. 5a, b).

2. Repeat step 1 with the rest of the end bulbs.

3. Move all the DPs to a clean area of the larger drop, so they are
separate from the inverted cups. The DPs should be clustered
together (Fig. 5c).
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3.2 Adherence

of the DP

There are two variations on adhering the DP to the cell culture
plate; attachment using needles and enzymatic digestion. Both
alternatives are described below.

3.2.1 Attachment Using

Needles

1. Place a 35 mm dish into a 100 mm dish. Add 2.5–3 mL of
growth media into the 35 mm dish in a cell culture hood (see
Note 7, Fig. 6a). Close both lids.

2. Carefully transfer the 100 mm dish (containing the 35 mm
dish) so it is located next to the stereo microscope.

3. Transfer the DPs from the big droplet into the 35 mm dish
(there are two methods for transferring the DP—see Notes 8
(a) and (b)).

4. Once DPs have been transferred, check the 35 mm dish under
the stereo microscope. If any DP cells are floating, use a needle
tip to push them below the surface. Once they are beneath the
surface, they will sink to the bottom of the 35 mm dish.

Fig. 4 Inverting the end bulb. (a) Hold the end bulb on the left side, then use the right hand needle to invert the
bulb. The hair shaft will usually fall out at this stage. (b) To complete the inversion, push the needle in your
right hand from the bottom toward the top of the end bulb. (c) Illustration to show the placement of needles
around the end bulb during the process of inversion. (d) After inverting, the end bulb will be on the tip of the
right hand needle. Clean, then transfer the end bulb to the big droplet. (e) Gathered inverted end bulbs together
in the big droplet
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5. To attach the DP to the plate, first use a needle in your left hand
to keep the DP in place. Turn a needle in your right hand so the
bevelled edge is facing down. Then, pin the DP to the plate by
pushing the needle in your right hand into it. Turn the needle
90� clockwise so the bevelled edge is now facing to the left.
Release pressure on the needle and drag the needle away from
the DP, from left to right, keeping in contact with the plastic.
This process will attach the DP to the plate while simulta-
neously cutting the DP; this allows cells to migrate out of the
intact DP structure in a starburst formation (Fig. 6b, c).

6. Repeat step 5 until all eight DP cells are adhered to the dish.

7. Close the lid of the 35 mm dish, and the outer 100 mm dish.
Carefully transfer the dishes to an incubator.

8. Incubate at 37 �C, 5% CO2 (see Note 9).

Fig. 5 Separating the DP from the inverted end bulb. (a) The line shows where the cut should be made, in the
neck of the DP. (b) The DP is cut along the stalk to separate it from the inverted end bulb. Note the orientation
of the needle tip. Using this orientation makes it easier to cut the DP from the inverted bulb. The motion should
be like a cleaver, rather than a slice. (c) All the DPs are collected together in one place away from inverted end
bulbs
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9. Do not move the dish for 10 days, to ensure strong attachment
of the DP. After this time, change growth media every 2–3 days
until confluency.

3.2.2 Enzyme Digestion 1. Place a 35 mm dish into a 100 mm dish inside a cell culture
hood. Add 100 μL of collagenase 1 and DNase 1 mixture into
the centre of the 35 mm dish.

2. Carefully move the dishes so they are positioned next to the
stereo microscope.

3. Transfer DPs into the collagenase 1 and DNase 1 droplet (see
Note 8(a) and (b)).

4. Place dish in to an incubator and leave for 30 min at 37 �C, 5%
CO2. The DP will not digest into single cells; they will remain
intact (Fig. 6d). However, the edges will become sticky, so they
will adhere to the base of the 35 mm dish.

5. After incubation, move the dishes to a cell culture hood. Use a
Pasteur pipette to slowly add 2.5–3 mL of growth media into
the 35 mm dish. The DPs do not attach to the bottom of plate
during enzyme digestion; they will be free floating in the media
at this stage.

Fig. 6 Attaching the DP to the plate. (a) Place a 35 mm dish inside a 100 mm dish and add 2.5–3 mL of growth
media in a cell culture hood. Take this dish to the stereo microscope. (b) “Pinning” method: to attach the DP to
the plate, one needle is used to hold it in place, then the other needle is used to cut DP and pin it down. (c)
After DP has been scratched, it stays attached to the plate. (d) After collagenase digestion, DPs are not fully
digested and do not attach to the plate straight away

100 Summik Limbu and Claire A. Higgins



6. Move dishes to the incubator, and incubate at 37 �C, 5% CO2

(see Note 9).

7. Check for growth after 10 days (seeNote 10). After this growth
media should be changed every 2–3 days until confluency.

After 10 days, the DP structures start to collapse, and cells can
be seen migrating out of the DPs (Fig. 7a, b). With DP cells that
were attached using the “pinning” method, you will first observe
cells migrating out of the “cut” which was made in the DP when it
was pinned. Contrastingly, in the collagenase method, cells migrate
from all edges of the DP. The number of cells observed migrating
can be quite variable; we sometimes have DP with only 5–6 cells
after 10 days, while surrounding others there will be 50–60 cells.

4 Notes

1. Cut the end bulb as close to the DP as possible. This makes it
easier to invert.

2. If the hair follicle has fat attached, remove using scissors before
cutting the end bulb. Do not pull at the fat using forceps, as it
can disturb the DP and pull it away from the hair shaft, which
can make it difficult to see the DP later on. If all of the fat
cannot be removed, cut end bulb with some of the fat.

3. It is advisable to dissect and to do the whole process one plate
at a time. Do not collect lots of end bulbs in multiple plates.

4. Always keep the needles in the petri dishes rather than the sides
of the bench or the microscope. This ensures the needles are
clean and also reduces the possibility of accidently grabbing
onto the needles rather than the syringe.

Fig. 7 Growth of DP cells 10 days after isolation. (a) DP attached using needle. (b) DP treated with collagenase
type 1
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5. Holding down the end bulb with a needle can dislodge the hair
shaft out of the end bulb. If the hair shaft does not come out,
then remove during the DP cleaning step.

6. Ensure that the needle in your right hand is pushing the DP
toward the cut edge of the end bulb, not to the side. Be gentle;
if too much pressure is applied, the needle could push through
the DP and end bulb.

7. It is important to use 35 mm dish inside a 100 mm dish as
moving the 35 mm dish by itself to an incubator could result in
contamination.

8. There are two ways to transfer DPs into the 35 mm dish.

(a) To transfer DPs using needles, turn the needle in your
right hand to face the lumen of the bevel upward, so it is
like a spoon. Use the needle in your left hand to gently
push DP so they are sitting in the bevel. Move the needle
slowly from the droplet and submerge beneath the media
in the 35 mm dish. Tap the needle on the bottom of the
35 mm dish to dislodge the DP from the bevel. Check the
needle in your right hand under the microscope to ensure
no DP remain within it. Using this method, 1–2 DP can
be transferred a time.

(b) The DPs can also be transferred using a 200 μL pipette
and tips. First, coat the interior of the tip with media
containing FBS by taking up and pushing out media 3–4
times. Next, use the pipette to draw up DPs from the
droplet, then transfer and expel into the 35 mm dish
containing growth medium. If all of the DPs cannot be
taken up in one go, transfer the DPs that have been
already taken up and then repeat.

9. Place in an incubator that is not used frequently as the temper-
ature changes during opening and closing of the incubator
door can affect the growth of DP cells.

10. After 10 days, the enzyme digested DPs attach to the plate
themselves and they seem to attach mostly on the edges of the
dish. Thus, check the edges of the dish for growth.
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Chapter 9

Methods to Study Human Hair Follicle Growth Ex Vivo:
Human Microdissected Hair Follicle and Human Full
Thickness Skin Organ Culture

Janin Edelkamp, Jennifer Gherardini, and Marta Bertolini

Abstract

The culture of microdissected hair follicles (HFs) and scalp skin enriched in terminal HFs are the best
currently available preclinical assays for studying hair and skin biology/pathology in the human system.
While microdissected HF organ culture only allows the testing of compounds added into the culture
medium, mimicking a systemic application, the scalp skin organ culture also is suitable to test topical and
intradermal applications. Here, we describe different methods for isolation of human scalp HFs, the
procedures for culturing the scalp skin and microdissected HFs and we also outline different delivery
techniques (e.g., topical, systemic) to test active and control substances.

Key words Human hair follicle, Human scalp skin, Organ culture, Hair growth, Compound testing

1 Introduction

Philpott et al. were the pioneers of hair follicle organ culture
(HFOC). They demonstrated that microdissected rat HFs could
be maintained for up to 7 days ex vivo. They also were first who
developed the ex vivo model for culturing freshly isolated the
so-called amputated human scalp HFs, that are cut below the
bulge, therefore lacking the epithelial and melanocyte stem cell
populations under serum-free conditions [1, 2]. In this model,
Philpott and colleagues reported that the length of anagen VI
HFs increases during their culture ex vivo, achieving hair shaft
production with a similar rate (about 0.3 mm per day) to what
can be seen in vivo [3, 4]. Since its original description, this model
has been extensively used by several working groups investigating
hair follicle biology, with some slight modification at times from the
original protocol [5–8]. In this system, anagen VI HFs can sponta-
neously transition to catagen [1, 2, 5, 6], the regression phase of
the hair cycle. In catagen, HF matrix cells cease dividing and hair
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shaft formation is replaced by formation of a club hair [9]. This
transition in HFs ex vivo can happen within different time in
culture, which reflects inter-individual variability and can be accel-
erated by eliminating Insulin/IGF1 from the culture medium
[10]. Therefore, the human amputated HFOC has been used to
understand the key signaling pathways involved in the control of
anagen–catagen transition and to its modulation ex vivo [2, 5–7,
11–14]. Additional techniques have recently been implemented for
isolation of not only amputated but also full-length anagen HFs,
containing the bulge area, which is bearing the stem cell popula-
tions [15], and HFs at different hair cycle stages, that is,
telogen [16].

Using the same serum-free culture conditions, Lu et al.
achieved the maintaining of viable scalp skin and HFs producing
the hair shafts for up to 17 days [17], although epidermal thinning
and HF keratinocyte apoptosis were already detected after 5 days of
culture. For this reason, current methods restrict the culture of
scalp skin using serum free-medium condition for up to 7 days
[18, 19]. This assay is the closest ex vivo model that recapitulates
in vivo situation and offers to study not only HFs activities, but also
interactions of HFs with their surrounding environment. In this
assay, test substances can be administered not only into the
medium, mimicking systemic application, but also injected intra-
dermally, or applied topically using viscous formulations [18, 19].

The original methods [1, 2, 17] have been substantially
extended for a wide range of applications permitting a variety of
instructive functional and mechanistic studies, and to mimic path-
ological conditions of the HF (e.g., HF immune privilege collapse
[20–23], and epithelial–mesenchymal transition in the HF stem
cells [15]). It is now also possible to silence the expression of the
defined genes in the individual HFs [11, 24–28] and skin organ
culture [26].

The possibility to maintain viable humanHFs and scalp skin for
several days in culture offers insights into the pathogenesis of hair
growth disorders, including androgenetic alopecia, alopecia areata,
scarring alopecia, and hirsutism.

In this chapter, we provide an overview of the methods to
(1) microdissect amputated and full-length anagen HFs from
scalp skin or follicular unit extractions (FUEs), (2) the procedure
to culture humanmicrodissectedHFs and scalp skin, and (3) pitfalls
and methodological tricks to be applied in order to perform a
meaningful study. In microdissected amputated HFOC the major
stem cell component (bulge) is cut off but HFs produce the hair
shaft at a similar rate as in vivo. In contrast, microdissected full-
length HFOC can be employed for research focused on the stem
cell compartment or the infundibulum, or where emergence of a
hair shaft from skin surface is a key measure.
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2 Materials

Prepare all solutions under sterile conditions. Store all reagents
according to manufacturer’s instructions; the culture medium has
to be stored at +4 �C. Diligently follow all waste disposal regula-
tions, especially with regard to human tissue left overs.

2.1 Instruments

and Tools

1. Long, curved tip forceps.

2. Short, curved tip forceps.

3. Short tip straight forceps (max 0.5 mm diameter tip).

4. Scalpel.

5. 4- or 6-mm biopsy punch.

6. Insulin syringe for intradermal injection.

7. 100/20 mm sterile petri dish.

8. 35/10 mm sterile petri dish.

9. 48-Well plate.

10. Binocular and/or digital bright field microscope.

11. CO2 Incubator.

12. Laminar flow hood.

2.2 William’s E

Culture Medium (WCM)

William’s E medium (WEM) supplemented with 2 mM L-gluta-
mine, 10 ng/ml hydrocortisone, 10 μg/ml insulin, and 1% penicil-
lin–streptomycin mix (see Note 1).

2.3 Human Samples “Clinically” healthy human scalp skin or FUEs from donors under-
going routine face-lifts or hair transplantations obtained after ethics
approval and signed informed consent by the donor. Skin samples
and FUEs should arrive to the laboratory within 24 h after the
surgical procedure and stored in William’s E medium at 4 �C.

3 Methods

Before deciding which microdissection technique to use it is impor-
tant to clarify the questions addressed in the experiment. This
chapter describes methods for dissection of amputated HFs (with-
out bulge region), from both facelift and FUE donor tissue
(Fig. 1a), and microdissection of full-length pilosebaceous units
(Fig. 1b), each having advantages and disadvantages for the ques-
tion being addressed.

All procedures should be carried out at room temperature,
unless indicated otherwise. Make sure that the pH of the culture
medium in which human skin and freshly microdissected HFs are
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Fig. 1 Microdissection and culture of amputated (upper panel) or full-length (lower panel) hair follicles. The
skin or FUEs are placed in a new petri dish upon arrival (a). Skin and FUEs are visually inspected and gently
shaved/trimmed if necessary. The skin is cut into smaller pieces. For isolating amputated HFs, this is followed
by an incision at the dermal–subcutaneous fat junction (b). If cut correctly, a “lattice structure” becomes
visible. HFs are then isolated with forceps, cleaned if necessary, and placed singly in a 48-well plate
containing supplemented William’s E culture medium (c, d). FUEs are cut below the bulge (e). Afterward,
follicles are cleaned from remaining tissue, and also placed singly in a 48-well plate containing supplemented
William’s E culture medium (d). For isolating full-length HFs, HFs are separated by performing a longitudinal
cut using a scalpel between the HFs without damaging the connective tissue sheath of the neighboring HF (g).
Afterward, HFs are cleaned from the surrounding tissue, by performing small cuts with a scalpel. The same
procedure can be applied to clean HFs from FUEs (h). During the culture newly produced outer root sheath
(amputated HFs), or hair shaft (full-length HFs) can be observed during the period of culture (e.g., from day 0 to
day 5) (c–f, i, j)
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placed remains red (a color shift to pink indicates alkaline pH, and
will cause damage to the HFs). Do not dry the skin samples, FUEs,
microdissected HFs, or skin fragments/punches.

3.1 Scalp Skin

Preparation for HF

Microdissection

1. Visually inspect the scalp skin sample in order to identify
growth direction of the HFs and ensure that the hair bulbs
are located deep within the subcutaneous fat, protecting the
bulbs.

2. Place the skin in a 100 mm petri dish on a cooling pad with
enough William’s E-media to prevent dryness. Carefully
shorten the hair shafts up to 2 mm length with a round-edge
scissor.

3. Cut off a small skin fragments (approximately 0.5 � 0.5 cm)
from the big skin sample, taking into account the growth
direction of the hair, so as not to cut off the hair bulbs, and
transfer skin fragments into a 100 mm petri dish lid (Figs. 2a
and 3a).

3.2 Microdissection

of Amputated HFs from

Scalp Skin

1. Hold the skin with long, curved tip forceps (Fig. 2b) and make
an incision with a scalpel at the level of the dermal–subcutane-
ous junction (see Note 2) (Fig. 2b–g).

2. Transfer and place the lid of the 100 mm petri dish under a
binocular.

3. Use short, curved tip forceps to gently squeeze the skin piece
containing the hair bulbs (subcutis) so that HFs pop out inde-
pendently (Fig. 2h). With short tip straight forceps (max
0.5 mm diameter tip) gently pull out the HFs by grabbing
the HFs from the top (Fig. 2i, j). Do not touch the bulb.

4. Transfer the microdissected HFs (Fig. 2k) with short tip
straight forceps to a 35 mm dish containing fresh WCM for
max 20–30 min (see Notes 3 and 4).

3.3 Microdissection

of Full-Length HFs

from Scalp Skin

1. Hold the skin with short tip straight forceps (max 0.5 mm
diameter tip) at the level of the HF infundibulum or tissue
surrounding the lower connective tissue (Fig. 3a, b).

2. Separate the HFs by performing a longitudinal cut using a
scalpel between the HFs without damaging the connective
tissue sheath of the neighboring HF (Fig. 3c–g).

3. Clean the HFs from the surrounding tissue by performing
small cuts with a scalpel (Fig. 3i–k).

4. Transfer the microdissected HFs (Fig. 3l) with a short tip
straight forceps in a 35 mm dish containing fresh WCM for
max 20–30 min.
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Fig. 2 Detailed procedure of isolating amputated microdissected hair follicles from full-thickness scalp
skin (a–k)

Fig. 3 Detailed procedure of isolating full-length microdissected hair follicles from full-thickness scalp
skin (a–l)
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3.4 Microdissection

of Amputated HFs Ex

Vivo from FUEs

1. Upon arrival, transfer FUEs into a 100 mm petri dish on a
cooling pack with enough William’s E-media to prevent dry-
ness, and inspect for integrity of the connective tissue and outer
root sheath, as well as for intact bulbs using a binocular micro-
scope (see Note 5).

2. Transfer a single FUE into the lid of a 100 mm petri dish with
some medium to prevent dryness.

3. Place the lid under a binocular microscope. Hold the FUE with
short tip straight forceps (max 0.5 mm diameter tip) at the level
of the HF infundibulum or tissue surrounding the lower con-
nective tissue.

4. Make a sharp cut for each HF below the bulge region, that is,
the one which corresponds approximately to the dermal sub-
cutaneous junction (see Fig. 4). By doing that, usually, the 3–4
terminal HFs within FUEs are separated.

5. Clean the HFs by using a scalpel to scrape off the remaining
surrounding dermal and subcutaneous tissue, and eccrine
glands (see Fig. 4). Be careful to not cut the connective tissue
sheath.

6. Transfer microdissected HFs with short tip straight forceps to a
35 mm dish containing fresh WCM.

3.5 Microdissection

of Full-Length HFs Ex

Vivo from FUEs

1. To prepare full-length HFs, transfer a single FUE into the lid of
a 100 mm petri dish with some culture medium to prevent
dryness.

2. Place the lid under a binocular microscope. Hold the FUE with
a short tip straight forceps (max 0.5 mm diameter tip) at the

Fig. 4 Detailed procedure of isolating amputated microdissected hair follicles from FUEs (a–f)
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level of the HF infundibulum or tissue surrounding the lower
connective tissue.

3. Separate the HFs within a FUE by performing a longitudinal
cut between the HFs without damaging the connective tissue
sheath of the neighboring HFs.

4. Afterward, clean the HFs from the surrounding tissue, by
performing small cuts with a scalpel (see Fig. 5).

5. Transfer microdissected HFs with short tip straight forceps to a
35 mm dish containing fresh WCM.

3.6 Plating

of Amputated or

Full-Length

Microdissected HFs

1. Take a 48 well plate and add 250 μl of WCM per well.

2. Select anagen VI HFs under the binocular microscope and
distribute one HF per well. This should be done by holding
HF very gently with short tip straight forceps (max 0.5 mm
diameter tip) from the distal connective tissue sheath (see
Note 6).

3. Store the plate in the incubator at 37 �C with 5% CO2 until the
initiation of quality control (see Note 7).

4. Ensure that the microdissected HFs are not damaged and free
from adnexal structures, such as sebaceous or eccrine glands, by
examining them under a brightfield microscope (magnification
approximately 50�).

5. Examine the microdissected HFs under the microscope to
confirm that all HFs are in anagen VI; high magnification
approximately 200� is recommended (see Notes 6 and 7).

Fig. 5 Detailed procedure of isolating full-length microdissected hair follicles from FUEs (a–f)
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6. Measure HF length. To calculate HF length for amputated
microdissected HFs, measure the distance from the lower
point of the bulb connective tissue sheath to the upper point
of the longer side of the outer root sheath. To calculate HF
length for full-length microdissected HFs, measure the dis-
tance from the lower point of the bulb connective tissue sheath
to the upper point of the hair shaft. This is the day 0 baseline
measurement.

3.7 Initiation

of the Culture

of Amputated or

Full-Length

Microdissected HFs

Ex Vivo

1. Culture the microdissected anagen VI scalp HFs at 37 �C with
5% CO2 in serum-free William’s E culture medium (WCM) for
24 h.

2. Inspect HFs under the microscope to confirm that all HFs are
remained in anagen VI after the overnight incubation (high
magnification approximately 200� is recommended). Discard
HFs that are damaged or show signs that they have transitioned
into catagen (see Note 4).

3. Measure HF length using a brightfield microscope. This is the
day 1 measurement, which is important as a baseline measure
for analyzing the effect of a test agent onHF growth. Only HFs
that grew a certain percentage from day 0 to day 1 can be used
in the experiment (see Note 6).

3.8 Continuation

and Termination

of the Culture

of Amputated or

Full-Length

Microdissected HFs

Ex Vivo

1. Divide the remaining anagen HFs into the corresponding
experimental groups (see Notes 7 and 8).

2. Replace the medium with fresh WCM or WCM + substance/
compound to test. One group should always be treated as
vehicle control, that is, containing the solvent in which the
test substance is dissolved at an appropriate concentration.

3. In a standard organ-culture, media is changed every other day
and HFs are cultured for a maximum of 5–6 days (see Table 1)
(see Note 9).

3.9 Full-Thickness

Human Scalp Skin

Organ Culture

with Terminal Hair

Follicles Ex Vivo

1. Visually inspect the skin in order to identify growth direction of
the HFs, and ensure that the hair bulbs are located deep within
the subcutaneous fat, so that the bulbs are protected.

2. Prepare square skin fragments using a scalpel or punch biopsies
with a biopsy puncher (2, 4 or 6 mm diameter) along the
growth direction of the HFs (see Note 10).

3. Place the skin samples either at air liquid interface within
500 μl/well of WCM in a 24 well plate (for topical application),
or floating in 5000 μl/well of WCM in a 6-well plate (for
systemic treatment). Incubate in the CO2 incubator at 37 �C
in a humidified atmosphere of 5% CO2.
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4. After 1 day of culture for equilibration, biopsies can be treated
systemically, topically, or intradermally. For systemic treatment,
replace the medium with fresh WCM containing the sub-
stance/compound, or the corresponding vehicle. For topical
treatment, apply 2–5 μl of the formulation containing the test
agent (see Note 11). For intradermal injection, inject the test
agent into the dermis with max 20 μl of solution, using an
insulin syringe (see Fig. 6).

5. Treatment schedule depends on the experimental design, but
usually treatment/change of media is performed every other
day, and skin biopsies are cultured for up to 7 days (see Table 2)
(see Note 9).

Table 1
Experimental procedure for HFOC

Day 0 Day 1
Day
2 Day 3

Day
4 Day 5 Day 6

Microdissected
anagen VI HFs
from
scalp skin.

Select anagen VI
HFs using a
binocular or a
digital
brightfield
microscope,
and plate them
in 48well
plate, one
HFs/well,
250 μl
medium/well.

Measure HF
length

Incubate at
37 �C and 95%
air–5% CO2

Select anagen VI
HFs for further
culture,
according to
quality control
guide lines,
using a
binocular or a
digital
brightfield
microscope.

Measure HF
length.

Change the
culture
medium. Apply
the vehicle or
test substance to
the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Rest Measure HF
length, and
track
macroscopic
hair cycle
changes.

Change the
culture
medium. Apply
the vehicle or
test substance to
the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Rest Measure HF
length, and
track
macroscopic
hair cycle
changes.

Change the
culture
medium. Apply
the vehicle or
test substance to
the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Terminate
the
culture

114 Janin Edelkamp et al.



4 Notes

1. William’s E culture medium can be reused if stored at +4 �C. It
is important to carefully check the color of the medium because
it can be reused as long as the color remains red.

2. The level of the incision is very important. If the cut is too
superficial or too deep, it is not possible to isolate HFs with
connective tissue sheath, as the latter would remain inside the
skin. The incision is correct when a “lattice” structure (subcu-
tis) is visible (Fig. 2g).

3. When the culture medium is left outside for too long, pH will
shift to the alkaline range, which is damaging for the hair
follicles.

4. We suggest not discarding catagen HFs. They can be used for
isolation of distinct HF cell populations, or for gene expression
studies, including immunohistology, Western blotting, and
qRT-PCR. They can also be used for training and mastering
new techniques.

Fig. 6 Human full-thickness scalp skin organ culture—substance application. The scalp skin is placed in a
new petri dish upon arrival (a). Skin is visually inspected and gently shaved/trimmed. 2–6 mm punch biopsies,
or skin fragments are prepared for treatment. After 1 day of rest, substances/compounds can be either applied
systemically, within the supplemented William’s E culture medium (b), topically, by applying 2–5 μl of viscous
formulation containing PEG6000 in the middle of the punch (c), or injected intradermally (d)
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5. Sometimes, FUEs are damaged when they are extracted during
a hair transplantation surgery, which can be seen as longitudi-
nal cuts in the outer root sheath, or squeezed bulbs. Only intact
FUEs can be used for the successful HF growth ex vivo, dam-
aged ones may have uses as described in Note 4.

6. When studying hair growth ex vivo, it is important to keep in
mind that different factors influence the outcome of the exper-
iment, for example, individual rate of growth variability, intrin-
sic hair cycle of the individual HFs, and other factors
[6, 29]. To ensure robust and reproducible results, the quality
control of the isolated HFs is very important. Therefore, it is
crucial to select only anagen VI HFs that have grown between
day 0 and day 1 for starting the treatment. It is also very
important to make sure that HFs remained in anagen VI after
the resting overnight incubation, because HF keratinocyte
apoptosis causing transition to catagen can induce a pseudoe-
longation of the HF, as a result of the pushing hair shaft
outward due to the “apoptotic force” during the regression
of the HF epithelium [30].

7. The HF is considered as an independent mini-organ [6, 31];
individual HFs can exhibit different responses to treatments,
even if anagen VI HFs were obtained from the same donor at
the same time, and from the same skin location. Therefore, it is

Table 2
Experimental procedure for full-thickness human scalp skin organ culture with terminal hair follicles

Day 0 Day 1
Day
2 Day 3

Day
4 Day 5 Day 6

Prepare
2–6 mm skin
punch
biopsies.

Place the skin
samples either
at air liquid
interface
within
500 μl/well
of WCM in a
24 well plate,
or floating in
5000 μl/well
of WCM in a
6-well plate.

Incubate at
37 �C and
95% air–5%
CO2

Assign the skin
punches to the
treatment groups.

Change the culture
medium. Apply
the vehicle or test
substance to the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Rest Change the
culture
medium. Apply
the vehicle or
test substance
to the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Rest Change the
culture
medium. Apply
the vehicle or
test substance
to the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Terminate
the
culture
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very essential to have a minimum of five anagen VI HFs (pref-
erably more than ten) per experimental group to obtain mean-
ingful results. Lastly, it is important to understand that the
model also reflects interindividual differences, as well as
sex-dependent differences in HF biology. Therefore, it is highly
important to select the most representative cohort (e.g., sex,
age), and to perform a minimum of n ¼ 3 independent experi-
ments to confirm the results.

8. In order to study hair growth ex vivo, it is advisable to include
positive and/or negative controls in the HFOC or HSOC.
Minoxidil is not an optimal “positive control” for anagen pro-
longation in HFOC [6, 31], while thyrotropin-releasing hor-
mone [32] and cyclosporin A [12] significantly prolong anagen
ex vivo. There are many hair growth-inhibitory, catagen-pro-
moting agents proven to work in human HFOC or HSOC;
however, interferon gamma (IFNγ) [33], testosterone [8], and
nicotinamide [18] are the most potent.

9. At the termination of the culture, HFs or skin samples should
be processed for the analysis. HFs or skin samples can be
immediately snap-frozen in liquid nitrogen, stored in RNAlater
or lysis buffer and then snap frozen in liquid nitrogen, placed
into a droplet of OCT (maximum three HFs per droplet) and
then snap frozen in liquid nitrogen, or fixed in 4% PFA and
embedded in paraffin. For the analysis of basic hair growth
markers in situ, HFs or skin samples should be either embed-
ded within a droplet of OCT (maximum three HFs per droplet)
and snap frozen in liquid nitrogen, or fixed in paraffin, followed
by their sectioning at 6 μm-thickness. The following analyses
should be performed: % of HF elongation (as indicator of hair
shaft production); hair cycle-dependent proliferation and apo-
ptosis of hair matrix keratinocytes, using Ki-67/TUNEL
immunofluorescence detection; hair cycle dependent pigmen-
tation, using Masson Fontana or Warthin Starry histochemis-
try; intrafollicular expression of anagen or catagen associated
growth factors (e.g., IGF-1 and TGFß2). Hair cycle associated
HF gross morphology, as a preliminary investigation, can also
be performed, but it should be confirmed by histomorpholo-
gical analysis [1, 2, 5–8, 11–14, 18–20, 26, 28, 29, 33].

10. Carefully select the size of the skin punches/fragments (max
6 mm) for the experiment that enables medium perfusion into
the center of the tissue biopsy and that has the required density
of the HFs.

11. Carefully select a vehicle for the topical application that
enhances substance/compound penetration and prevents
compound spillover from the skin surface into the medium
[18, 19].
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Chapter 10

Nonsurgical Induction of Alopecia Areata in C3H/HeJ Mice
via Adoptive Transfer of Cultured Lymphoid Cells

Eddy H. C. Wang and Kevin J. McElwee

Abstract

Surgical induction of alopecia areata (AA) via full-thickness grafting of spontaneous AA-affected C3H/HeJ
mouse skin to naı̈ve recipients has been a primary method of transferring the AA disease model phenotype.
However, this method is associated with the need to perform an invasive procedure that could negatively
impact animal wellbeing. Therefore, a rodent model that rapidly develops AA at a predictable rate and
without the need to perform invasive surgical procedures on the mice is essential for studying the
pathogenesis of AA. Here we describe a cell injection technique using cultured skin-draining lymph node
cells (LNCs) injected intradermally into naı̈ve recipients to induce rapid AA development. The cultured
LNCs can reach ~ten fold expansion after 6 days with specific cytokine stimulation. The LNCs derived from
a single AA affected mouse donor can induce AA development in more than 80 naı̈ve mice within
2–18 weeks. For comparative control studies, mice receiving cultured LNCs from normal donors remain
normally haired. The method enables the production of large numbers of AA mice for use in research and
treatment development studies while avoiding the use of surgical procedures. We anticipate that the
protocol can also be adapted for use in other mouse autoimmune disease models.

Key words Alopecia areata, C3H/HeJ, Mouse model, Adoptive transfer, T cells

1 Introduction

Alopecia areata (AA) is believed to be an inflammatory, nonscar-
ring, cell-mediated autoimmune hair loss disease. There is a 1.7%
lifetime risk for AA in humans; it can affect both genders in all age
groups [1]. Patients affected with AA typically experience patchy
hair loss on the scalp, but it can progress to complete loss of scalp or
even body hair. AA has an unpredictable nature and there are
currently no effective treatments. Because of this, AA can have a
severe psychological burden, especially in women and children [1].

There are several different species of animals that spontaneously
develop AA-like symptoms similar to humans. However, the rate of
spontaneous AA development in most of these species is extremely
low making them difficult to use as practical models to study AA

Natalia V. Botchkareva and Gillian E. Westgate (eds.), Molecular Dermatology: Methods and Protocols,
Methods in Molecular Biology, vol. 2154, https://doi.org/10.1007/978-1-0716-0648-3_10,
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[2, 3]. Therefore, an easily accessible, small animal model that can
be consistently induced to develop AA, while sharing a high
biological resemblance to human AA, is required.

The C3H/HeJ mouse model is one of the most popular and
well-defined rodent models for AA research [4]. It is an inbred
strain where individual mice spontaneously develop AA-like hair
loss at a low frequency. Up to 20% of C3H/HeJ mice aged
18months and older will spontaneously develop AA [5]. Previously,
a surgical method was developed to transfer the AA phenotype
from AA affected mice to healthy histocompatible recipients as a
way to control disease onset and increase numbers [6]. This was
achieved by grafting full-thickness skin taken from spontaneous AA
affected C3H/HeJ donors, to naı̈ve recipients of the same strain or
related histocompatible strains [6, 7]. The skin-graft AA model has
proven useful with its similarity to human AA as well as being
relatively easy to generate. The model has been used to test several
experimental treatments for human AA [8, 9].

However, the major draw-backs are the need to perform a
relatively long, invasive surgery on the mice, and the use of con-
trolled drugs for anesthesia and recovery during surgery. Addition-
ally, the time it takes for the mice to recover from the skin-graft

Fig. 1 Simplified cartoon flowchart of LNC isolation, culture, and injection into C3H/HeJ mice. Skin draining
lymph nodes were obtained from an AA affected donor and were processed via single cell suspension to obtain
LNCs. The LNCs were cultured for 6 days with the supplementation of IL-2, IL-7, and IL-15 as well as magnetic
beads coated with anti-CD3 and anti-CD28 cross-linking antibodies. Ten million cells were injected intra-
dermally to naı̈ve recipients and AA onset first developed 2–18 weeks post injection
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surgery is relatively long and there is a risk of infection and graft
rejection [6]. Most importantly, only 10–20 recipient mice can be
grafted with skin from a single AA donor and it takes about
10 weeks before AA starts to develop [6].

We developed a culturing technique to significantly increase the
skin-draining lymph node cell (LNC) population isolated from
spontaneously affected AA mice and adoptively transfer the cells
into naı̈ve C3H/HeJ mice to induce AA development (Fig. 1). To
facilitate the activation and expansion of LNCs, we stimulated the
LNCs with magnetic beads coated with anti-CD3 and anti-CD28
cross-linking antibodies optimized for nonspecific expansion of
T-cells. In tandem, interleukin-2 (IL-2), an important T-cell
growth factor, was added to the culture medium. To ensure the
survival of important T-cell clones and the growth of memory
T-cells that may be important for triggering the development of
AA, interleukin-7 (IL-7) and interleukin-15 (IL-15) were also
added to the culture medium [10–12].

By adoptively transferring the cultured LNCs from an
AA-affected donor to naı̈ve recipients, we were able to induce AA
development with a success rate over 90% [13]. The AA mice
generated using this method displayed similar pathological features
as observed in AA mice induced via fresh (noncultured) LNC
injection, as well as AA induced by skin grafting. Comparative
control littermates that received cultured LNCs derived from nor-
mal haired mice had a very low frequency of AA development—
consistent with rates of spontaneous AA in standard C3H/HeJ
colonies. This alternate AA-induction method has made in vivo
AA research much more feasible, because of its simplicity and
consistency, and the technique has been adopted by several inves-
tigators as well as pharmaceutical companies [14, 15].

2 Materials

2.1 Reagents

and Animals

1. Naı̈ve female C3H/HeJ mice as cell recipients (at least
10 weeks old, no AA phenotype; The Jackson Laboratory, Bar
Harbor, ME) (see Note 1).

2. AA affected female C3H/HeJ mice as cell donors (at least 70%
hair loss. The Jackson Laboratory).

3. Dynabeads Mouse T-Activator CD3/CD28 (Gibco, Burling-
ton, ON).

4. Human Recombinant IL-2 (Roche Life Science, Laval, QC).

5. Mouse Recombinant IL-7 (R&D Systems, Minneapolis, MN).

6. Mouse Recombinant IL-15 (R&D Systems, Minneapolis,
MN).

7. Sterile PBS, pH ¼ 7.4.
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8. Sterile DPBS.

9. EDTA (0.5 M), pH 8.0.

10. Advanced RPMI 1640 (Gibco, Burlington, ON).

11. GlutaMAX (Gibco, Burlington, ON).

12. Fetal Bovine Serum.

13. Penicillin-Streptomycin.

14. Trypan blue.

2.2 Equipment 1. Centrifuge tubes.

2. Petri dishes, 35 � 10 mm.

3. Centrifuge capable of up to 600 � g.

4. Hemocytometer.

5. Inverted microscope.

6. 37 �C Incubator with 5% CO2.

7. Surgical scissors.

8. Forceps.

9. Electric hair shaver.

10. Nontreated tissue culture plates—24 well.

11. Suspension cell TC flasks T25/T75 vented.

12. Sterile round bottom falcon tubes, 12 � 75 mm.

13. 70 μM cell strainer.

14. 10 mL Syringes.

15. EasySep™ Magnet (StemCell Technologies, Vancouver, BC).

16. 1 cc insulin syringes.

17. Heat pad or heat lamp.

18. Anesthesia and euthanasia apparatus.

2.3 Reagent Setup 1. Dynabead wash buffer: Sterile PBS with 0.1% FBS and 2 mM
EDTA, pH 7.4.

2. 1� PBS and DPBS: Dilute with sterile distilled H2O.

3. Complete medium AR10: Advanced RPMI 1640 with 10%
FBS, 2 mM GlutaMAX, and 100 U/mL Penicillin–
Streptomycin.

4. Mouse Recombinant IL-7: Reconstitute to 25 ng/μL in sterile
PBS with 0.1% FBS. Aliquot and store in �20 �C.

5. Mouse Recombinant IL-15: Reconstitute to 50 ng/μL in ster-
ile PBS with 0.1% FBS. Aliquot and store in �20 �C.

6. Complete medium AR10 supplemented with cytokines: AR10
supplemented with 30 U/mL human recombinant IL-2,

124 Eddy H. C. Wang and Kevin J. McElwee



25 ng/mL mouse recombinant IL-7 and 50 ng/mL mouse
recombinant IL-15.

7. Dynabead mixture: Follow the manufacturer’s protocol to
resuspend the Dynabeads via vortex for 30 s. Twenty-five
microliters of Dynabeads is required for each one million
LNCs. Pipet Dynabeads into a sterile round bottom centrifuge
tube and add 1 mL of Dynabead wash buffer, pipet gently
30 times without generating air bubbles. Place the centrifuge
tube into an EasySep magnet for 1 min. Decant/pipet the wash
buffer into a waste container while keeping the tube inside the
magnet; the Dynabeads will adhere to the wall of the tube.
Remove the tube from the magnet and add AR10 supplemen-
ted with cytokines at 500 μL/25 μL Dynabeads. Make sure all
of the Dynabeads on the wall of the tube are resuspended into
the medium.

All reagents should be made fresh prior to use.

3 Methods

3.1 Isolation

of Skin-Draining

Lymph Nodes

This procedure will take approximately 30 min.

1. Euthanize the donor mice using institution approved proce-
dures. Clean mouse skin with 70% ethanol.

2. Use surgical scissors and forceps to dissect the mice from the
ventral side.

3. Excise the inguinal, auxiliary and cervical skin-draining lymph
nodes with forceps or scissors and trim away the extra fat and
connective tissues.

4. Place the trimmed skin-draining lymph nodes into complete
AR10 medium and keep on ice (see Note 2).

3.2 Separation

of Lymph Node Cells

(LNCs) into Single Cell

Suspension

This step will take approximately 1 h.

1. Work in a biosafety cabinet, with aseptic techniques, fill a small
petri dish with 1 mL of 1� DPBS.

2. Remove the lymph nodes from AR10 and transfer into DPBS
to wash by brief rinsing.

3. In another clean petri dish, add 1 mL of fresh AR10 and place a
70 μM cell strainer in the middle of the dish.

4. Pick up the lymph nodes with a pair of forceps and transfer into
the middle of the cell strainer.

5. Use the plunger end of a syringe to gently mash the lymph
nodes against the cell strainer for about 5 min.
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6. The culture medium will turn cloudy as the lymph nodes
disintegrate, leaving a small amount of white connective tissue
in the strainer (see Note 3).

7. Pipet 1 mL of fresh AR10 and rinse the bottom of the cell
strainer to wash the extra LNCs into the petri dish. There
should be 2 mL of LNC suspension at this step.

8. Remove the cell strainer and transfer all of the LNC suspension
into a clean 15 mL centrifuge tube.

9. Wash the petri dish with another 1 mL of fresh AR10 and
transfer into the centrifuge tube.

10. Top up centrifuge tube to 10 mL with another 7 mL of fresh
AR10 and pipet thoroughly but gently to wash the LNC
suspension.

11. Take out 10 μL and count the cell number with a hemocytom-
eter and trypan blue or equivalent method to count the cells
(see Note 4).

12. Prepare complete medium AR10 with cytokines. Make enough
AR10 with cytokines to resuspend the cell pellet into two
million cells per mL.

13. Centrifuge the LNC suspension for 5 min at 350 � g at room
temperature.

14. Remove the supernatant carefully leaving the cell pellet.

15. Resuspend the cell pellet to two million cells per mL with
AR10 supplemented with cytokines.

16. Pipet 1 mL of LNC suspension into a 24-well, non-tissue
culture treated plate until desired number of wells are filled.
Each single well should now have twomillion LNCs and each is
expected to expand eight- to tenfold after 6 days (see Note 5).

17. Place the 24-well plates in the 37 �C incubator with 5% CO2.

18. Prepare Dynabead mixture at this point, resuspend well.

19. Take out the 24-well plates from the incubator and add 500 μL
of Dynabead mixture into each well of the plate. Each well
should have two million cells in 1.5 mL of medium supple-
mented with cytokine and Dynabeads.

20. Transfer the plate back into 37 �C incubator with 5% CO2.

3.3 Activation

and Expansion of LNCs

This procedure will take 6 days.

1. Check the culture daily but do not disturb the LNC suspension
(see Note 6).

2. The LNCs will expand and cover the entire bottom of the
wells; after 48 h, the color of culture medium will turn light
yellow.
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3. Split each well to two by gently resuspending the culture and
pipetting 750 μL to an adjacent well. Add 750 μL of AR10
supplemented with cytokines so each well contains 1.5 mL.

4. After another 24 h, combine 2� wells into 1� T25 flask and
add 3 mL of AR10 supplemented with cytokines.

5. After another 24 h, combine 2� T25 into 1� T75 flask and
add 8 mL of AR10 supplemented with cytokines (see Note 7).

3.4 Preparation

of Expanded LNCs

for Injection

This step will take approximately 1.5 h.

1. Combine the LNC suspension in T75 flasks into 50 mL centri-
fuge tube(s).

2. Place a clean round bottom centrifuge tube into an EasySep
magnet or similar.

3. Transfer LNCs suspension into the centrifuge tube to a level at
the same height as the magnet and let it set for 1 min.

4. Gently pipet the LNC suspension from the centrifuge tube to a
clean 50 mL centrifuge tube.

5. Repeat steps 3–4 until removal of all Dynabeads from all LNC
suspension has been achieved (see Note 8).

6. Take 10 μL and count the number of cells with a hemocytom-
eter (see Note 9).

7. Centrifuge the LNC suspension for 5 min at 350 � g at room
temperature (see Note 10).

8. Remove the supernatant from the LNC pellet and resuspend
into ten million cells per 100 μL with sterile PBS.

9. Draw the resuspended LNC suspension into insulin syringe
(s) or similar and keep on ice (see Note 11).

This procedure will take approximately 5–10 min per mouse.

Fig. 2 Injection of cultured LNCs intradermally to the back skin of C3H/HeJ mice. A small area on the back of
the recipient mice is shaved and cleaned with 70% ethanol before injection. The needle needs to enter the
skin almost parallel to the pinched skin to ensure the cells will not go into the subcutaneous layer (a). LNC
suspension (ten million cells in 100 μL PBS) is injected slowly into the dermis layer and a small bulge forms
(b). A pair of blunt forceps is used to clamp the needle wound opening from the injection briefly to close the
wound (c). The injected LNCs and fluid volume in the bulge slowly dissipate into the skin (d)
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3.5 Adoptive

Transfer of LNCs into

Naı̈ve C3H/HeJ Mice by

Intradermal Injection

1. Anaesthetize the recipient mice that are at least 10 weeks old
using isoflurane or similar following the standardized protocols
as provided by the local institution (see Note 1).

2. Shave a small area on the lower back of the mice to expose an
area of skin for intradermal injection.

3. Gently pinch up a section of the skin with a pair of blunt forceps
and insert the syringe needle almost parallel to the plane of the
skin pinched up by the forceps, into the dermis layer (see Note
12 and Fig. 2).

4. Inject 100 μL of LNC suspension slowly into the skin. A small
bulge will appear at the site of injection.

5. Retract the syringe, but use the forceps to hold the skin for a
few seconds to allow the injected LNCs to dissipate a little bit as
well as to allow the injection site opening to close.

6. Transfer the injected mice back to their cage but take care not
to press on the injection site.

7. The mice should recover from isoflurane anesthesia within
10 min.

3.6 Development

of Alopecia Areata

Initial development of hair loss will take approximately 8–10 weeks.

1. Continue to feed the mice with a low-fat diet. High-fat/oil
diets reduce success rates of AA transfer.

2. Hair at the site of injection will start to grow back after about
1 week due to injury induced hair growth.

3. Monitor the ventral side of the mice every few days as hair loss
can start to develop as early as 2 weeks post injection and

Fig. 3 Hair loss in mice receiving cultured AA LNCs usually initially develops on the ventral skin away from the
injection site. The mice that receive cultured AA LNCs usually first develop patchy AA on their ventral skin and
eventually the alopecia progresses to the dorsal skin (a). The mice that receive cultured control LNCs obtained
from healthy mice without AA remain fully haired and have a very low chance of developing spontaneous hair
loss (b)

128 Eddy H. C. Wang and Kevin J. McElwee



typically initially occurs away from the injection site (see Notes
13 and 14).

3.7 Anticipated

Results

3.7.1 Single Cell

Suspension and LNC

Expansion

The number of fresh LNCs from each donor AA mouse is variable;
we can typically obtain around 50–90 million cells from one donor.
The rate of cell expansion can also be variable, usually at 48 h
changes in cell morphology can be observed. By 72 h, the number
of cells should cover over 90% of the bottom of the 24-well plate.
The rate of cell expansion will start to slow down after 6 days;
therefore, it is not advisable to culture cells beyond that point.

3.7.2 The Progression

of Alopecia Areata

in Cell-Injected Mice

We have observed the mice start to lose hair as early as 2 weeks and
as late as 18 weeks after injection with AA cells; between 7 to
10 weeks seems to be the peak where most mice will first develop
AA hair loss. The hair loss does not begin at the site of injection,
rather, it usually progresses from patches first observed on the
ventral side to the dorsal skin; a pattern similar to that observed
with skin grafted mice (Fig. 3). It should be anticipated that not all
AA mice receiving cultured AA LNCs will develop AA within
20 weeks; some mice are apparently resistant to AA induction
while any AA development after 20 weeks is unlikely to be a result
of cell injection [16]. Conversely, it is also possible for a small
number of control mice that received cultured control LNCs
taken from normal haired donors to develop AA simply because
the C3H/HeJ strain is known to develop spontaneous AA at a low
rate.

4 Notes

1. Mice younger than 10 weeks old are relatively resistant to AA
induction.

2. Process the lymph nodes as soon as possible, prevent drying of
tissues.

3. While grinding the lymph nodes, change the angle and direc-
tion often to ensure complete breakdown of the tissues to
recover the maximum amount of LNCs.

4. Once the total number of cells is calculated, determine how
many cells will be used for expansion. Ten million cultured cells
are required to inject into a single recipient; the number of cells
will expand around eight- to tenfold during the 6-day culture.
Therefore, we initiate the culture with twomillion cells for each
mouse we expect to inject to ensure we will have enough cells
for the target number of cell recipients.

5. Keeping the LNCs at a high density throughout the culturing
process allows better cell-to-cell contact as well as interaction
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with the antibody coated magnetic beads. In pilot experiments,
initiating the cell culture in a T25 flask with a larger volume of
media did not yield as high cell number compared to initiating
cultures in a 24-well culture plate.

6. Clumping of LNCs with the Dynabeads can be observed after
24 h. Do not attempt to break up the clumps as they will
disappear after 48 h.

7. The passaging protocol here serves as a general guideline only.
The purpose is to keep the LNCs at very high density, around
1.5–2 million cells/mL.

8. Remember to keep the centrifuge tube inside the magnet while
transferring LNC suspension to a new 50 mL falcon tube. If
pipetting, do not scratch the wall of the tube as the Dynabeads
will come off back into the LNC suspension.

9. If cell recovery is low even though expansion was noted (total
cell number less than eight-fold of initial number), wash the
plate or flask again with AR10. Even though LNCs are suspen-
sion cells, some of them still tend to adhere to the bottom of
plates or flasks.

10. If Dynabeads were not completely removed, red colored pre-
cipitates can be seen within the cell pellets after centrifuge.

11. It is preferable to avoid using normal syringes as there will be a
small volume inside the syringe that is very difficult to eject,
insulin syringes bypass this problem because syringe and needle
are sealed as one unit. Inject the LNCs as soon as possible.
Resuspend the cell pellet with 1–2 mL of PBS in the round
bottom centrifuge tubes and place into the magnet for another
2 min; repeat the wash step.

12. Be careful not to go too deep or the LNCs will be injected into
the subcutaneous layer. Preliminary investigations revealed sig-
nificantly lower AA induction success rates with subcutaneous
injection.

13. Mice can be reinjected with another ten million cultured LNCs
a week after the initial injection to increase AA
development rate.

14. If the cell injected mice do not develop hair loss within
20 weeks, it could be because female C3H/HeJ used have
been too young. Ensure they are 10 weeks or older before
starting cell culture. Ensure they are on the right type of
low-fat diet. High-fat diets prevent AA development
[17]. Inject the LNCs as soon as they are removed from
culture, preferably within 1 h. During injection, make sure to
inject slowly into the dermis, not into the subcutaneous layer.
Do not inject male-derived LNCs into female recipients; the
injected cells may be rejected (female-derived LNCs injected to
male recipients should be accepted).
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Chapter 11

Collapse and Restoration of Hair Follicle Immune Privilege
Ex Vivo: A Model for Alopecia Areata

Markus Fehrholz and Marta Bertolini

Abstract

Alopecia areata (AA) is a hair follicle (HF) autoimmune disease leading to hair loss. Interferon gamma
(IFNγ) is regarded as the key cytokine involved in AA development, which has been shown to play a role in
the collapse of HF immune privilege (IP), CD8+ T-cell-driven inflammation toward the HF bulb, and
premature catagen development. We present here the procedure to induce IP collapse in human healthy
HFs ex vivo. This assay can be suitable not only to investigate mechanisms involved in the HF IP collapse
but also to test substances for either preventing and/or reversing the HF IP collapse for the management of
AA or other autoimmune diseases sharing similar pathogenesis.

Key words Alopecia areata, Hair follicle, Hair follicle organ culture, IFNγ, Immune privilege,
Prevention, Restoration

1 Introduction

Alopecia areata (AA) is an organ-restricted autoimmune hair loss in
which hair follicles (HFs) that lose their immune privilege (IP) are
attacked by a CD8+ T-cell-driven immune response toward
unknown autoantigens and are rapidly transformed into catagen
[1–3]. Interferon-γ (IFNγ) is considered one of the key cytokines
involved in AA development. In a spontaneous mouse model for
AA, the knocking-out of IFNγ prevents the development of the
disease [4, 5]. In addition, low doses of IFNγ induce bulb IP
collapse (75 IU/mL) [6] and premature catagen development
(100 IU/mL) [7] in human healthy HFs treated ex vivo. Recently,
the new concept that AA-like hair loss is a stereotypic response of
the HFs to any insults, including an autoimmune response that
increases local exposition of the HFs to local stressors, including
IFNγ, is currently taking hold in the field [8]. Therefore, effective
treatments for the management of AA should not only aim to
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decrease inflammation but also to prevent/reverse HFs from IP
collapse.

The model we present here is based on the use a low dose of
IFNγ for inducing the hair bulb IP collapse without induction of
premature catagen development in healthy HFs ex vivo. This
method has been extensively used for the identification of the
so-called “HF-IP guardians”, endogenous or exogenous immuno-
suppressants capable of preventing HFs from IP collapse and/or
restoring the IP in HFs once collapsed [6, 9–11]. This assay is based
on the standard HF ex vivo organ culture [12–14], and consists in
treating microdissected anagen VI scalp HFs with 75 IU/mL IFNγ
for at least 3 days [6]. The basic experimental set up has been
further developed to test and identify agents capable of preventing
IP collapse, in a so-called “Prevention HF-IP assay,” and/or rescu-
ing HFs once the IP is collapsed, named as “Restoration HF-IP
assay” [9–11].

These assays can not only be used for further investigation of
mechanisms involved in the HF IP collapse but also for the screen-
ing of novel agents that are able to prevent and/or reverse IP
collapse for the management of AA or other autoimmune diseases
sharing similar pathogenesis.

2 Materials

Prepare all solutions under sterile conditions. Store all reagents
according to manufacturer’s instructions.

2.1 Instruments

and Tools

1. Short tip straight forceps (max 0.5 mm diameter tip).

2. 48-Well plate.

3. Binocular and/or digital brightfield microscope.

4. CO2 incubator.

5. Laminar flow hood.

2.2 Tissue

Preparation

1. William’s E culture medium (WCM): William’s E medium
(WEM) supplemented with 2 mM L-glutamine, 10 ng/mL
hydrocortisone, 10 μg/mL insulin, and 1% penicillin–strepto-
mycin mix. Store the medium at +4 �C and reequilibrate at RT
before use (see Note 1).

2. Human microdissected amputated anagen VI scalp hair folli-
cles: Microdissected amputated anagen VI HFs from “clini-
cally” healthy human scalp skin or follicular unit extractions
(FUEs) obtained from healthy donors undergoing routine
face-lift surgery after ethical approval and signed informed
consent of the donor [12–14].
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3. IFNγ WCM: Dissolve human IFNγ in Dulbecco’s phosphate-
buffered saline (DPBS) supplemented with 0.1% bovine serum
albumin (BSA) (see Note 2). Dilute the stock solution of IFNγ
in WCM accordingly to obtain 75 IU/mL concentrations.

4. Vehicle WCM: WCM + the final concentration of DPBS sup-
plemented with 0.1% BSA in IFNγ WCM.

5. Test substance WCM: Use vehicle WCM to dissolve the test
substance of interest.

6. Test substance/IFNγ WCM: Use IFNγ WCM to dissolve the
test substance of interest.

3 Methods

3.1 Experimental

Induction

of the Collapse

of Immune Privilege

in Human Scalp Hair

Follicles Ex Vivo

1. Microdissect anagen VI HFs from scalp skin as described [12].

2. Incubate HFs for 24 h at 37 �C and 95% air–5% CO2.

3. Divide the HFs into corresponding experimental groups:
(1) vehicle (WCM + DPBS 0.1% BSA) and (2) IFNγ
(WCM + 75 IU/mL IFNγ) (see Note 3).

4. Replace the medium with vehicle WCM or IFNγ WCM of the
corresponding experimental group (see Note 4).

5. Incubate HFs for 24 h at 37 �C and 95% air–5% CO2.

6. Replace the medium with vehicle WCM or IFNγ WCM of the
corresponding experimental group (see Note 4).

7. Incubate HFs for 24 h at 37 �C and 95% air–5% CO2.

8. Replace the medium with vehicle WCM or IFNγ WCM of the
corresponding experimental group (see Note 4).

9. Terminate the culture at day 4 (e.g., freeze the HFs in Optimal
Cutting Temperature [OCT]) (see Note 5).

Table 1 summarizes the experimental procedure.

3.2 Assay

for Evaluation

of Prevention of Hair

Follicle Immune

Privilege Collapse

1. Microdissect anagen VI HFs from scalp skin as described [12].

2. Incubate HFs for 24 h at 37 �C and 95% air–5% CO2.

3. Divide the HFs into the corresponding experimental groups:
(1) vehicle, (2) vehicle and preventive test substance,
(3) IFNγ, and (4) a preventive test substance + IFNγ (see
Notes 3, 4, and 6).

4. Replace the medium with vehicle WCM or preventive test
substance WCM of the corresponding experimental group.
Do not use IFNγ in this step. Vehicle WCM is also used for
the IFNγ group and test substance WCM is also used for the
test substance + IFNγ group.

5. Incubate HFs for 48 h at 37 �C and 95% air–5% CO2.
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6. Replace the medium with vehicle WCM, IFNγ WCM, test
substance WCM, or preventive test substance + IFNγ WCM
of the corresponding experimental group (see Note 4).

7. Incubate for 48 h at 37 �C and 95% air–5% CO2.

8. Replace the medium with vehicle WCM, IFNγ WCM, test
substance WCM, or preventive test substance + IFNγ WCM
of the corresponding experimental group (see Note 4).

9. Incubate for 48 h at 37 �C and 95% air–5% CO2.

10. Terminate the culture at day 7 (e.g., freeze the HFs in OCT)
(see Note 5).

Table 2 summarizes the experimental procedure.

3.3 Assay

for Evaluation

of Restoration of Hair

Follicle Immune

Privilege Collapse

1. Microdissect the anagen VI HFs from scalp skin as
described [12].

2. Incubate HFs for 24 h at 37 �C and 95% air–5% CO2.

3. Divide the HFs into the corresponding experimental groups:
(1) vehicle, (2) restoration test substance, (3) IFNγ, and (4) res-
toration test substance + IFNγ (see Notes 3, 4 and 6).

Table 1
Experimental induction of HF-IP collapse in human microdissected anagen VI scalp hair follicles
ex vivo

Day 0 Day 1 Day 2 Day 3 Day 4

Microdissect anagen
VI HFs from
scalp skin
or FUEs.

Select anagen VI
HFs using a
binocular or a
digital brightfield
microscope, and
plate them in a
48-well plate, one
HF/well, 250 μL
medium/well.

Measure HF length.
Incubate at 37 �C
and 95% air–5%
CO2

Select anagen VI HFs
for further culture,
according to
quality control
guidelines, using a
binocular or a
digital brightfield
microscope.

Measure HF length.
Change the culture
medium. Apply
vehicle WCM or
IFNγ WCM to the
corresponding
experimental
group.

Incubate at 37 �C and
95% air–5% CO2

Change the culture
medium. Apply
vehicle WCM or
IFNγ WCM to the
corresponding
experimental
group.

Incubate at 37 �C and
95% air–5% CO2

Change the culture
medium. Apply
vehicle WCM or
IFNγ WCM to the
corresponding
experimental
group.

Incubate at 37 �C and
95% air–5% CO2

Terminate
the
culture
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4. Replace the medium with vehicle WCM or IFNγ WCM of the
corresponding experimental group. Do not use the restoration
test substance in this step. Vehicle WCM is also used for the
restoration test substance group and IFNγ WCM is also used
for the restoration test substance + IFNγ group (see Note 4).

5. Incubate for 48 h at 37 �C and 95% air–5% CO2.

6. Replace the medium with vehicle WCM, IFNγ WCM, restora-
tion test substance WCM, or restoration test substance + IFNγ
WCM of the corresponding experimental group (see Note 4).

7. Incubate for 48 h at 37 �C and 95% air–5% CO2.

8. Terminate the culture at day 5 (e.g., freeze the HFs in OCT)
(see Note 5).

Table 3 summarizes the experimental procedure.

4 Notes

1. William’s E culture medium can be reused if stored at +4 �C. It
is important to carefully check the color of the medium because
it can be reused until the color remains red.

2. We use recombinant IFNγ (MW 16879.29 g/mol) expressed
in E. coli without any modifications for all our experiments.
Prepare 2000 and 20 IU/μL stock solutions of IFNγ in DPBS
0.1% BSA and store at �20 �C upon use. Avoid repeated
freeze–thaw cycles. Dilute 20 IU/μL stock solutions of IFNγ
in WCM accordingly to obtain 75 IU/mL concentrations.

Table 3
Restoration HF-IP assay

Day 0 Day 1
Day
2 Day 3

Day
4 Day 5

Microdissect amputated
anagen VI HFs from
scalp skin or FUEs.

Select anagen VI HFs
using a binocular or a
digital brightfield
microscope, and plate
them in a 48-well
plate, one HF/well,
250 μL medium/
well.

Measure HF length.
Incubate at 37 �C and
95% air–5% CO2

Select anagen VI HFs for
further culture,
according to quality
control guidelines,
using a binocular or a
digital brightfield
microscope.

Measure HF length.
Change the culture
medium. Apply vehicle
WCM, or IFNγ WCM
to the corresponding
experimental group.

Incubate at 37 �C and
95% air–5% CO2

Rest Change the culture
medium. Apply vehicle
WCM, test
substance + vehicle
WCM, IFNγ + vehicle
WCM, or test
substance + IFNγ
WCM to the
corresponding
experimental group.

Incubate at 37 �C and
95% air–5% CO2

Rest Terminate
the
culture
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3. It is well established that each human HF is best considered as
an independent mini-organ [12], with no two individual HFs
being or responding identically to each other, even in a group
of anagen VI HFs harvested at the same time and at the same
skin location from one individual. Therefore, it is very impor-
tant to have a minimum of five anagen VI HFs (preferably more
than ten) per experimental group to have meaningful results.
Lastly, it is important to understand that the model also reflects
interindividual differences, as well as gender-dependent differ-
ences in HF biology. Hence, it is advisable to select the most
representative cohort possible and at least perform a minimum
of n ¼ 3 independent experiments to confirm the results.

4. Culture medium can be collected for further analysis (e.g.,
LDH assay).

5. At the termination of the culture, HFs should be processed for
analysis. HFs can be immediately snap frozen in liquid nitro-
gen, stored in RNA later or lysis buffer and snap frozen in
liquid nitrogen, placed into a droplet of OCT (maximum
three HFs per droplet) and snap frozen in liquid nitrogen, or
fixed in 4% paraformaldehyde (PFA) and embedded in paraffin
or placed into a droplet of OCT (maximum three HFs per
droplet) and snap frozen in liquid nitrogen. For the analysis
of standard HF-IP markers in situ [6, 9–11], the following
immunostainings/histochemical should be performed: MHC
class I, MHC class II, β2-microglobulin, TGFβ2, α-MSH. If
the induction of HF-IP was successful, the expression of MHC
class I, MHC class II, and β2-microglobulin (molecules pre-
senting antigens) in the bulb should be significantly increased
compared to vehicle HFs. On the contrary, the expression of
the “HF-IP guardians” TGFβ2, and α-MSH, should be signifi-
cantly decreased compared to vehicle HFs [6, 9–11] (see
Fig. 1).

6. It is also possible to test different concentrations of test sub-
stances or combinations of test substances. It is advisable to
include positive control substances (e.g., IGF-1 or FK506)
[6, 9–11].
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Chapter 12

Experimentally Induced Epithelial–Mesenchymal Transition
of Human Hair Follicle Stem Cells as a Model of Scarring
Alopecia Ex Vivo

Ilaria Piccini and Marta Bertolini

Abstract

Primary cicatricial alopecia is characterized by a permanent “scarring” alopecia. This condition is character-
ized by the irreversible loss of hair follicles (HF) as a result of apoptosis and epithelial–mesenchymal
transition (EMT) of epithelial stem cells localized in the HF bulge.
We here report the procedure for experimentally induced EMT in healthy human epidermal stem cells

(eSCs) using full-length HF organ culture ex vivo. The present model can be used to recapitulate the
complex processes observed in scarring alopecia patient tissues, to further investigate the mechanisms
involved in EMT transformation of HFeSCs, and to test substances that could prevent and/or rescue
HFeSCs from EMT for the management of scarring alopecias.

Key words Epithelial to mesenchymal transition (EMT), Hair follicle, Ex vivo organ culture, Hair
follicle bulge, Hair follicle stem cells, Scarring alopecia

1 Introduction

Epithelial–mesenchymal transition (EMT) is a biological process in
which epithelial cells undergo a functional transition into a mesen-
chymal cell phenotype. EMT is a central process during embryonic
development (Type1 EMT), but also occurs in chronically inflamed
tissues (Type 2 EMT) and in neoplasia (Type 3 EMT) [1]. We have
shown that pathological EMT is also occurring in hair follicle
(HF) epithelial stem cells (eSCs) located in the bulge [2–4], after
loss of immune privilege and immune attack [5] in patients suffering
from lichen planopilaris. Lichen planopilaris is a type of primary
cicatricial alopecias, a group of hair loss disorders, which includes
also frontal fibrosis alopecia, and central centrifugal cicatricial alo-
pecia. These conditions are characterized by permanent destruction
of the HFs and formation of scar tissue leading to irreversible hair
loss [6]. Therefore, effective treatments for the management of
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lichen planopilaris and possibly other primary cicatricial alopecias
should also be able to prevent/reverse EMT in HFeSCs.

A cocktail of EMT-promoting agents has been established to
experimentally induce EMT in healthy human eSCs in full-length
HF organ culture ex vivo [2]. The assay, based on the standard HF
ex vivo organ culture [7–9], consists of treating microdissected full-
length anagen VI scalp HFs with transforming growth factor beta
1 (TGFβ 1), epidermal growth factor (EGF), interferon-γ (INFγ),
and a selective E-cadherin inhibiting peptide SWELYYPLRANL
(H-SWELYYPLRANL-NH2) (peptide A) for at least 3 days
[2]. The basic experimental set up has been further developed to
test and identify agents capable of preventing HFeSCs from experi-
mentally induced EMT, in a so-called “Prevention EMT assay,”
and/or rescuing HFeSCs from experimentally induced EMT,
named as “Restoration EMT assay” [2]. In the “Prevention EMT
assay,” HFs are treated with the test substance for 24 h followed by
the cotreatment with the test substance and the cocktail of
EMT-promoting agents for 4 days [2]. In the “Restoration EMT
assay,” HFs are first treated with the cocktail of EMT-promoting
agents for 48 h and then with the test agent in the presence of the
cocktail of EMT-promoting agents for 3 days [2]. These assays have
been successfully used to reveal the beneficial effect of PPARγ
modulators [2], whose signaling is abnormal in lichen planopilaris
and possibly frontal fibrosis alopecia [10, 11], in rescuing and/or
protection of HFeSCs from experimentally induced EMT.

Therefore, the presented model can be used to recapitulate the
complex processes observed in vivo in scarring alopecia patient tissues
and further investigate the mechanisms involved in the EMT trans-
formation of HFeSCs. Furthermore, the experimentally induced
EMT model can be useful to test substances that could prevent
and/or restore HFeSCs from EMT transformation for the manage-
ment of lichen planopilaris and possibly other scarring alopecias.

2 Materials

Prepare all solutions under sterile conditions. Store all reagents
according to the manufacturer’s instructions.

2.1 Instruments

and Tools

1. Long, curved tip forceps.

2. Short, curved tip forceps.

3. Short tip straight forceps (max 0.5 mm diameter tip).

4. Scalpel.

5. 100/20 mm sterile petri dish.

6. 35/10 mm sterile petri dish.

7. 48-Well plate.
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8. Binocular and/or Digital brightfield microscope.

9. CO2 Incubator.

10. Laminar flow hood.

2.2 Human

Microdissected

Full-Length Anagen VI

Scalp Hair Follicles

Microdissected full-length anagen VI HFs from clinically “healthy”
human scalp skin or follicular unit extractions (FUEs) obtained
from healthy donors undergoing routine facelift/hair transplant
surgery after ethics approval and signed informed consent of the
donor [7].

2.3 Reagents 1. William’s E culture medium (WCM): William’s E medium
(WEM) supplemented with 2 mM L-glutamine, 10 ng/ml
hydrocortisone, 10 μg/ml insulin, and 1% penicillin/strepto-
mycin. Store the medium at +4 �C and reequilibrate the
medium at RT before using it (see Note 1).

2. EMT cocktail medium: 3 ng/ml TGFβ1, 10 ng/ml EGF,
500 IU/ml INFγ, and 500 nM Peptide A, dissolved in WCM
under sterile conditions (to be prepared fresh before use).

3. Test substance medium (for EMT prevention or restoration): Test
materials are dissolved in appropriate solvents according to
their physiochemical properties. For the prevention/restora-
tion assays, test materials are then dissolved in WCM at the
appropriate concentration(s) by preparing intermediate con-
centration solutions when necessary. To be prepared fresh
before use.

4. Test substance + EMT cocktail medium (for EMT prevention or
restoration): Test materials are then dissolved in EMT cocktail
WCM medium at the appropriate concentration(s) by prepar-
ing intermediate concentration solutions when necessary. To
be prepared fresh before use.

5. Vehicle WCMmedium: A vehicle control where solvent(s) alone
in WCM (without test agent and/or EMT cocktail but at the
same final concentration as in the test substance WCM and/or
in the EMT Cocktail WCM samples) is used is always essential.
To be prepared fresh before use.

3 Methods

3.1 Experimental

EMT-Induction

in Human

Microdissected

Full-Length Anagen VI

Scalp Hair Follicles

Ex Vivo

Day 0
1. Microdissect full-length HFs as described in [7].

2. Incubate overnight in WCM culture medium at 37 �C and 95%
air–5% CO2.
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Day 1

3. Select anagen VI HFs for further culture, according to quality
control guide lines [7], using a binocular or a digital brightfield
microscope.

4. Divide microdissected HFs into the corresponding experimen-
tal groups: (a) vehicle control and (b) EMT cocktail (see Notes
1 and 2).

5. Refresh the medium.
– For vehicle HFs group (a), use Vehicle WCM medium.

– For EMT cocktail HFs group (b) use EMT Cocktail
medium.

6. Culture HFs at 37 �C and 95% air–5% CO2.

Days 3–5
7. Change culture medium accordingly to the two different

groups every other day.

8. Terminate the culture at day 3 or at latest day 6 (see Notes 3
and 4).

9. Table 1 summarizes the experimental procedure.

Table 1
Experimental EMT-induction in human microdissected full-length anagen VI scalp hair follicles
ex vivo

Ex vivo culture day

0 1 2 3 4 5 6

HF
microdissection EMT induction Rest EMT induction Rest EMT induction

Culture
termination

Anagen VI HF
selection

Anagen VI HFs
selection/
Experimental groups
assignment

HF plating:
1 HF/well
250 μl medium/
well

48-well plate

Culture medium change
(accordingly to
experimental groups)

Culture
medium
change

(accordingly to
experimental
groups)

Culture
medium
change

(accordingly to
experimental
groups)

Incubation
37 �C and 95%
air–5% CO2

Incubation
37 �C and 95% air–5%

CO2

Incubation
37 �C and 95%
air–5% CO2

Incubation
37 �C and 95%
air–5% CO2

Note: Culture can be terminated at days 3, 5 and 6
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3.2 Prevention EMT

Assay

Day 0

1. Microdissect full-length HFs as described in [7].

2. Incubate overnight in WCM culture medium at 37 �C and 95%
air–5% CO2.

Day 1
3. Select anagen VI HFs for further culture, according to quality

control guide lines [7], using a binocular or a digital brightfield
microscope.

4. Divide microdissected HFs into the corresponding experimen-
tal groups: (a) vehicle, (b) EMT cocktail, and (c) prevention
test substance + EMT cocktail (see Notes 1 and 5).

5. Refresh the medium.
– For vehicle HFs group (a), use Vehicle WCM medium.

– For EMT cocktail HFs group (b) use Vehicle WCM
medium.

– For prevention test substance + EMT Cocktail HFs group
(c) use Test substance medium (see Note 2).

6. Incubate for 24 h at 37 �C and 95% air–5% CO2.

Day 2

7. Replace the medium.
– For vehicle HFs group (a), use vehicle WCM medium.

– For EMT cocktail HFs group (b), EMT Cocktail medium.

– For prevention test agent + EMT cocktail HFs group (c),
use Test substance + EMT cocktail medium (see Note 2).

8. Incubate for 48 h at 37 �C and 95% air–5% CO2.

Day 4

9. Replace the medium.
– For vehicle HFs group (a), use Vehicle WCM medium.

– For EMT cocktail HFs group (b), EMT Cocktail medium.

– For prevention test agent + EMT cocktail HFs group (c),
use Test substance + EMT cocktail medium (see Note 2).

10. Incubate for 48 h at 37 �C and 95% air/5% CO2.

Day 6

11. Terminate the culture (see Note 4).

12. Table 2 summarizes the experimental procedure.

EMT Induction of HF Stem Cells 147



3.3 Restoration EMT

Assay

Day 0
1. Microdissect full-length HFs as described in [7].

2. Incubate overnight in WCM culture medium at 37 �C and 95%
air–5% CO2.

Day 1

3. Select anagen VI HFs for further culture, according to quality
control guide lines [7], using a binocular or a digital brightfield
microscope.

4. Divide microdissected HFs into the corresponding experimen-
tal groups: (a) vehicle, (b) EMT cocktail, and (c) prevention
test substance + EMT cocktail (see Notes 1 and 5).

5. Refresh the medium.
– For vehicle HFs group (a), use Vehicle WCM medium.

– For EMT cocktail HFs group (b), use EMT Cocktail
medium.

– For restoration test substance + EMT Cocktail HFs group
(c) use EMT Cocktail medium (see Note 2).

6. Incubate for 48 h at 37 �C and 95% air–5% CO2.

Day 3
7. Replace the medium.

– For vehicle HFs group (a), use Vehicle WCM medium.

– For EMT cocktail HFs group (b), EMT Cocktail medium.

Table 2
EMT prevention assay

Ex vivo culture day

0 1 2 3 4 5 6

HF
microdissection EMT prevention EMT induction Rest EMT induction Rest

Culture
termination

Anagen VI HF
selection

Anagen VI HFs
selection/
Experimental
groups
assignment

HF plating:
1 HF/well
250 μl medium/
well

48-well plate

Culture medium
change
(accordingly to
experimental
groups)

Culture medium
change
(accordingly to
experimental
groups)

Culture medium
change
(accordingly to
experimental
groups)

Incubation
37 �C and 95%
air–5% CO2

Incubation
37 �C and 95%

air–5% CO2

Incubation
37 �C and 95%
air–5% CO2

Incubation
37 �C and 95%
air–5% CO2
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– For restoration test agent + EMT cocktail HFs group (c),
use Test substance + EMT cocktail medium (see Note 2).

8. Incubate for 48 h at 37 �C and 95% air–5% CO2.

Day 5

9. Replace the medium.
– For vehicle HFs group (a), use vehicle WCM medium.

– For EMT cocktail HFs group (b), EMT Cocktail medium.

– For restoration test agent + EMT cocktail HFs group (c),
use Test substance + EMT cocktail medium (see Note 2).

10. Incubate for 48 h at 37 �C and 95% air–5% CO2.

Day 6

11. Terminate the culture (see Note 4).

12. Table 3 summarizes the experimental procedure.

4 Notes

1. It is well established that each human HF is considered as an
independent mini-organ [12], with no two individual HFs
being identical to each other, even among of anagen VI HFs
harvested from the same donor, the same time and the same
skin location. Therefore, it is very important to have a

Table 3
EMT restoration assay

Ex vivo culture day

0 1 2 3 4 5 6

HF
microdissection EMT induction Rest EMT restoration Rest EMT restoration

Culture
termination

Anagen VI HF
selection

Anagen VI HFs
selection/
Experimental
groups
assignment

HF plating:
1 HF/well
250 μl medium/
well

48-well plate

Culture medium
change
(accordingly to
experimental
groups)

Culture medium
change
(accordingly to
experimental
groups)

Culture medium
change
(accordingly to
experimental
groups)

Incubation
37 �C and 95%
air–5% CO2

Incubation
37 �C and 95%

air–5% CO2

Incubation
37 �C and 95%
air–5% CO2

Incubation
37 �C and 95%
air–5% CO2
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minimum of five anagen VI HFs (preferably more than ten) per
experimental group to obtain meaningful results. It is also
important to understand that the model also reflects inter-
individual differences, as well as gender-dependent differences
in HF biology. Therefore, it is advisable to select the most
homogeneous cohort possible and at to perform a minimum
of n ¼ 3 independent experiments to confirm the results.

2. Culture medium can be collected for further analyses (e.g.,
LDH assay).

3. EMT transition in the bulge HFeSCs is induced already after
3 days of culture (treatment for 2 days), and longer culture
period does not make the EMT phenotype more severe [2].

4. At the termination of the culture, HFs should be collected for
the desired downstream assays (e.g., immunohistochemistry,
Western blot, or RNA extraction). For immunohistochemistry,
fresh HFs should be placed into a droplet of OCT (Optimal
Cutting Temperature) compound, maximum three HFs per
droplet, and snap frozen in liquid nitrogen, or fixed in 4%
PFA (paraformaldehyde) and embedded in paraffin or placed
into a droplet of OCT (maximum three HFs per droplet) and
snap-frozen in liquid nitrogen. For the analysis of standard
EMT markers in situ [2], HFs should be placed into a droplet
of OCT (maximum three HFs per droplet) and snap frozen in
liquid nitrogen, and tissue sections of 6 μm should be cut.

5. To validate the EMT model the following immunostainings
should be performed: α6-integrin/E-cadherin, α6-Integrin/
vimentin, α6-Integrin/SLUG, keratin 15/vimentin (Fig. 1).

α6-integrin is used to mark the bulge area. If the EMT
induction was successful, E-cadherin (an epithelial marker)
expression in the bulge should be significantly reduced com-
pared to vehicle HFs. On the contrary, the number of vimentin
or SLUG (mesenchymal markers) positive cells should be
increased after treatment with EMT-inducing cocktail. Impor-
tantly, the number of keratin 15+ HFeSCs in the bulge should
be decreased after EMT induction and remaining keratin 15+
cells should express vimentin (a mesenchymal marker) [2].

6. It is possible to test also different concentrations of the test
substance or combination of test substances, depending on the
number of HFs remaining in anagen VI at day 1 [2]. It is
advisable to include positive control substances that are
known to prevent or restore EMT (e.g., PPARγ agonist Piogli-
tazone [30 μM] and PPARγ modulator N-Acetyl-GED
[AGED 0.1–1 mM]) [2].
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Chapter 13

Generation of Hair Follicle Germs In Vitro Using Human
Postnatal Skin Cells

Ekaterina P. Kalabusheva and Ekaterina A. Vorotelyak

Abstract

Modeling organoids with hair follicle germ-like properties provides an opportunity for developing strate-
gies for alopecia drug discovery and replacement therapy, as well as investigating the molecular mechanisms
underlying human hair follicle regeneration in vitro. Hair follicle germ reconstruction in vitro is based on
dermal papilla hair-inducing abilities and the plasticity of skin epidermal keratinocytes. The current protocol
describes a highly efficient approach suitable for adult human skin cell applications. This method allows to
obtain hair follicle germs using tissues from one donor. Isolated and cultured for 2 weeks, adult hair follicle
dermal papilla cells and skin epidermal keratinocytes self-organize in hanging drop cultures generating
organoids that exhibit the features of folliculogenesis onset.

Key words Hair follicle, Dermal papilla, Hair germ, Organoid, Keratinocytes, Cell culture

1 Introduction

The pioneering experiment by Jahoda and colleagues with cultured
hair follicle cells [1] gave rise to the specialized segment of a
modern tissue engineering and cell therapy: hair follicle reconstruc-
tion. They demonstrated the unique abilities of the hair follicle
mesenchymal compartment—the dermal papilla—to induce new
hair follicles development after subepidermal transplantation. One
of the key points of this study is the fact that dermal papilla cells
preserve these abilities in vitro which provides an opportunity
for increasing the number of cells essential for hair follicle neogen-
esis. In 1991, Ihara et al. [2] summarized data on the self-assembly
of cells isolated from mammal embryonic and fetal tissues. He
performed a series of experiments focusing on integument recon-
struction in culture with promising results: rat fetal dissociated skin
cell suspension self-organized in structures bearing hair follicles.
Taken together, these studies defined the potential of this new field
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and future perspectives of future in vitro hair follicle reconstruction
studies.

Nevertheless, extensive studies focusing on the generation of
functional hair follicle equivalents highlights several restrictions of
the in vitro approaches. Investigators identified the harmful influ-
ence of long-term culturing on dermal papilla cells leading to the
loss of their ability to induce hair follicle neogenesis [3–5]. The
withdrawal of dermal papilla cells from the hair bulb in hair follicles
seemed to be crucial for culture maintenance. Many studies were
undertaken to modify the culture conditions by adding growth fac-
tors, involved in hair cycle regulation [6–8], extracellular matrix
components [9, 10], or their analogues [11, 12]. Significant prog-
ress in dermal papilla intrinsic capacity restoration was achieved in
2010 by the Higgins group [13]: 3D spheroid cultures of dermal
papilla cells not only maintained but upregulated the hair-inducing
abilities of dermal papilla cells [14]. This influenced the develop-
ment of approaches to human hair follicle reconstruction. Obtain-
ing the living skin equivalent with mouse dermal papilla cells led
to the initiation of hair follicle development, while human dermal
papilla cells did not have the same effect [15, 16]. The application
of novel 3D printing technologies and spheroid cultures in combi-
nation with genetic modification activating the WNT pathway
allowed scientists to produce fully functional mature hair follicles
in skin equivalents in 2018 [17].

The current protocol proposes the generation of hair follicle
germ-like organoids from easily accessible cell sources—human
adult skin biopsies and employs the hanging drop culture system,
which does not require highly specialized techniques. Dermal
papilla cells and epidermal keratinocytes are self-organized into
aggregates, which is associated with the expression of folliculogen-
esis onset markers [18]. Epidermal keratinocytes assemble into
trabecula-like structures and acquire a follicle-like phenotype:
switch E cadherin expression to P cadherin and produce keratin
6 and AE 13. Dermal papilla cells aggregate in spheroid-like struc-
tures that enhance their hair-inducing abilities. We also identified
that 0.5 mg/ml hyaluronic acid supplementation promotes the
organoids’ organization and development. One of the key points
of the protocol is the possibility to apply the cells from a single
patient for organoid generation that fits the requirements of disease
modeling: it is possible to obtain the organoids from epidermal
keratinocytes and dermal papilla cells from patients with rare or
widespread diseases or genetic mutations. Organoids with hair
follicle germ features will become a suitable system for personalized
drug development, replacement therapy optimization and a model
for hair follicle biology investigation.
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2 Materials

2.1 Human Tissue

Samples

1. Human scalp biopsies, average size 6–12 cm2 (see Note 1).

2. Human skin biopsies, average size 1–10 cm2.

2.2 Equipment Biological safety cabinet, class II:

1. 37 �C/5% CO2 humidified tissue culture incubator.

2. 37 �C thermostat.

3. Centrifuge equipped with a rotor for 15 and 50 ml conical
tubes.

4. Inverted microscope.

2.3 Human Dermal

Papilla Isolation

and Culturing

1. Hank’s Balanced Salt Solution (HBSS) supplemented with
50 U/ml penicillin/streptomycin.

2. Small sharp straight or curved scissors, scalpel, toothed tissue
forceps, sterile.

3. 100 mm petri dishes, 15 and 50 ml conical tubes, T-25 culture
flasks, 5 and 10 ml serological pipettes.

4. 0.5% dispase I solution in DMEM medium (see Note 2).

5. 0.2% collagenase I solution in DMEM medium (see Note 3).

6. AmnioMAX™-II medium.

7. Versene solution.

8. 0.05% trypsin–EDTA solution.

2.4 Human Primary

Keratinocyte Isolation

and Culturing

1. HBSS containing 50 U/ml penicillin/streptomycin.

2. Scalpel, curved tip forceps, forceps, with wide flat straight jaws.

3. 100 mm petri dishes, 15 and 50 ml conical tubes, 5 and 10 ml
serological pipettes.

4. 0.2% dispase solution in DMEM medium (see Note 2).

5. Dulbecco’s phosphate-buffered saline (DPBS) without Ca2+

and Mg2+.

6. Trypsin–DPBS solution: add 5 ml 0.05% trypsin–EDTA solu-
tion and 5 ml DPBS without Ca2+ and Mg2+ into 15 ml conical
tube and incubate for 15–20 min at 37 �C.

7. Fetal bovine serum (FBS).

8. Collagen I–treated flasks: add 5 ml of 30 μg/ml collagen I
solution in 0.1% glacial acetic acid in a T-25 flask, incubate
for 15 min at 37 �C. Aspirate collagen solution and rinse three
times with HBSS. Add 3 ml of primary keratinocyte medium to
prevent it from drying before plating the cells.
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9. Primary keratinocyte medium: DMEM/F12 medium, con-
taining 4 mM glutamine, 10% FBS, 10 ng/ml EGF, 5 mg/ml
insulin, and 0.25 mg/ml isoproterenol.

10. Epidermal keratinocyte medium: CNT-07 medium.

2.5 Reagents

for Organoid Modeling

1. 100 mm petri dishes, 15 ml conical tubes, 5 and 10 ml sero-
logical pipettes.

2. Versene solution.

3. 0.05% and 0.25% trypsin–EDTA solution.

4. DMEM medium, containing 4 mM glutamine and 10% FBS.

5. Organoid medium: DMEM medium, containing 4 mM gluta-
mine, 10% FBS, and 0.5mg/ml hyaluronic acid (MW1–2 kDa)
(see Note 4).

6. HBSS containing 50 U/ml penicillin/streptomycin.

3 Methods

All procedures should be performed by aseptic technique using a
biological safety cabinet. All the solutions should have room tem-
perature unless otherwise specified.

3.1 Human Dermal

Papilla Isolation

and Culturing

The protocol of dermal papilla cells isolation is based on a Wu
method [19] with Chermnykh modifications [20].

1. Wash human scalp skin samples 7–10 times with 100 ml HBSS
containing 50 U/ml penicillin/streptomycin (see Note 5).

2. Place skin samples on a 100 mm petri dish and cut the tissue
into 1 cm wide strips using a sterile scalpel.

3. Transfer the tissue strips using forceps into 15–30 ml of 0.5%
dispase I solution in a 50ml conical tube. Incubate skin samples
at 4 �C overnight.

4. Rinse samples with 30 ml HBSS containing 50 U/ml penicil-
lin/streptomycin.

5. Using forceps with toothed tips and scissors separate subcuta-
neous fat with hair bulbs and collect it into new 100 mm petri
dish. Mince the fat using the scissors (see Note 6).

6. Transfer minced fat with hair bulbs using a 5 ml serological
pipette into a 15ml conical tube with 10ml of 0.2% collagenase
I solution.

7. Incubate at 37 �C till complete adipose tissue dissociation and
fat drops appearance in the tube for 90 min.
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8. Homogenize the cell suspension by pipetting and centrifuge
for 10 min at 200 � g. Remove supernatant with fat tissue by
inverting the tube.

9. Add 10 ml 0.2% collagenase I solution to the pellet, resuspend
and incubate for 4 h at 37 �C.

10. Centrifuge for 7 min at 50� g. Remove supernatant by invert-
ing the tube.

11. Perform a series of sequential centrifuging at low speed to
remove single cells. Add 5 ml HBSS, resuspend the pellet and
centrifuge for 5 min at 20 � g. Remove supernatant by invert-
ing the tube. Repeat this step three times.

12. Add 5 ml DMEMmedium, pipette and centrifuge for 5 min at
20 � g. Repeat this step at least three times (see Note 7).

13. Resuspend the pellet in 3 ml AmnioMAX™-II medium for
each T-25 flask to be inoculated. Transfer the inoculated flasks
into a tissue culture incubator (see Note 8).

14. After 3 days hair bulbs and dermal papillae should attach.
Single fibroblasts migrated from papillae should be visible
under the microscope. Aspirate the medium and add 3 ml of
fresh AmnioMAX™-II. Change the medium every 3 days.

15. Monitor the explant outgrowth after inoculation. After the size
of clones reaches a 1–1.5 cm diameter, split the culture:

l Aspirate the culture medium.

l Wash twice with 5 ml Versene solution.

l Add 1 ml 0.05% trypsin–EDTA.

l Incubate the flasks for 3–7 min at 37 �C till cell detachment.

l Add 4 ml AmnioMAX™-II medium, resuspend and transfer
into a new T-25 flask.

l After 24 h make medium change with 3 ml of fresh
AmnioMAX™-II medium.

16. Change the medium every 2–3 days till the culture reaches 90%
confluency. After this, split the culture 1:3 using the technique
described in p.15 (see Note 9).

17. For obtaining aggregates, use passage 2–4 of dermal papilla
cells (see Note 10).

3.2 Human Skin

Keratinocyte Isolation

and Culturing

1. Wash human skin samples 7–10 times with 100 ml HBSS
containing 50 U/ml penicillin/streptomycin.

2. Place the samples onto a 100 mm Petri dish. Using curved tip
forceps and scalpel remove the dermis till the thickness of the
skin reaches 0.5 mm or less, then cut the epidermal sheets into
2–5 mm strips using scalpel.
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3. Transfer the strips into a 15 ml conical tube with 0.2% dispase
solution and incubate at 4 �C overnight.

4. Prepare trypsin/DPBS solution.

5. Aspirate the dispase I solution, add 10 ml DPBS without Ca2+

and Mg2+. Transfer skin strips with DPBS into a 10 cm
petri dish.

6. Add 10ml DPBS without Ca2+ andMg2+ to the new petri dish.
Separate the epidermis from dermis with curved tip forceps and
flat tip forceps.

7. Transfer the epidermis to the petri dish with fresh DPBS.

8. When all epidermal strips are collected, transfer them into
prewarmed trypsin/DPBS solution using forceps.

9. Incubate for 30 min at 37 �C. Shake the conical tube with the
skin strips; the solution should become cloudy due to kerati-
nocyte detachment from the basement membrane, otherwise
incubate further for 15 min.

10. Add 500 μl FBS into a 50 ml conical tube.

11. Using a 10 ml serological pipette, release the cells by pipetting
up and down.

12. Transfer the cell suspension without skin strips to the 50 ml
conical tube with FBS.

13. Add 10 ml fresh DPBS without Ca2+ and Mg2+ to the 15 ml
conical tube with skin strips and continue the pipetting. Repeat
this step till the DPBS remains clear.

14. Centrifuge the 50 ml conical tube for 15 min at 200 � g.

15. Prepare collagen I treated flasks.

16. Resuspend the pellet into 10–20 ml primary keratinocyte
medium. Count the cells and dilute the suspension to
1 � 106 cells per 1 ml.

17. Plate 5 ml of suspension per one T-25 flask. Transfer the flasks
into a tissue culture incubator.

18. After 3 days, change the medium: half of the flasks keep the
primary keratinocyte medium, the other half switch to the
CNT-07 medium. Use 5 ml of medium per flask (seeNote 11).

19. Change the medium every 3–5 days. Primary keratinocyte
medium stimulates keratinocytes to produce a layered sheet,
while CNT-07 maintains only basal keratinocyte proliferation
without stratification.

20. Culture the keratinocytes until confluent.
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3.3 Organoid

Modeling

3.3.1 Cell Suspension

Preparation

Dermal Papilla Cell

Suspension

1. Passage 2–4 80–90% confluent dermal papilla culture (Fig. 1a),
rinse twice with 5 ml of Versene solution, and add 2 ml of
0.05% trypsin–EDTA.

2. Incubate for 3–7 min at 37 �C until complete cell dissociation.

3. Add 5 ml of DMEM medium containing 10%FBS and 4 mM
Glutamine; resuspend and calculate cell concentration.

Keratinocyte Cell

Suspension

CNT-07

1. Human primary keratinocytes cultured in CNT-07 medium
reach the confluency after 5–7 days, over the next 3–10 days
any differentiated keratinocyte cells retained after isolation are
discarded. Days 10–15 of culturing are the optimal for obtain-
ing aggregates (Fig. 1b).

2. Rinse flasks twice with 5 ml of Versene solution; add 2 ml of
0.25% trypsin–EDTA.

3. Incubate for 5–15 min at 37 �C till complete cell dissociation.

4. Add 5 ml of DMEM medium containing 10% FBS and 4 mM
glutamine; resuspend and calculate cell concentration.

Primary Keratinocyte

Medium

1. Cells cultured in primary keratinocyte medium reach the con-
fluency after 7–10 days, producing differentiated spinous layer
keratinocytes during the same time. Days 7–10 of culturing are
optimal for obtaining aggregates (Fig. 1c).

2. Rinse flasks twice with 5 ml of Versene solution; add 5 ml of
0.25% trypsin–EDTA.

3. Incubate for 2 min at 37 �C and aspirate the trypsin solution.
Add 5 ml of fresh 0.25% trypsin–EDTA.

4. Incubate for 5–10 min at 37 �C till complete cell dissociation.

5. Add 10 ml of DMEMmedium containing 10% FBS and 4 mM
glutamine; resuspend and calculate cell concentration.

Fig. 1 The cultures suitable for organoids modeling. Phase-contrast microscopy. Scale bar: 200 μm. (a)
Dermal papilla cell culture (passage 2); (b) keratinocyte culture in CNT-07 medium; and (c) keratinocyte
culture in primary keratinocyte medium
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3.3.2 Obtaining

Organoids

1. Calculate the necessary number of cells based on the following
instructions (Fig. 2a):
l Use 5–10 � 103 cells per organoid (see Note 12).

l The ratio of dermal papilla cells and skin keratinocytes
should be 1:1.

l The ratio of keratinocytes cultured in primary keratinocyte
medium and CNT-07 medium should be 1:1 (seeNote 11).

For example, if you want to use 10 � 103 cells per organoid,
you need 5 � 103 dermal papilla cells, 2.5 � 103 keratinocytes
cultured in primary keratinocyte medium, and 2.5 � 103 kera-
tinocytes cultured in CNT-07 medium. If you need 500 orga-
noids you should collect 2.5 � 106 dermal papilla cells and
1.25 � 106 each type of keratinocytes.

2. Transfer the necessary amount of each cell suspension into a
15 ml conical tube. Centrifuge for 10 min at 200 � g.

keratinocytes dermal 
papilla cells

primary 
keratinocytes medium

CNT-07

5-10×103 cells 
20 µl

72 hours

а)

b)

Fig. 2 Organoid generation. (a) The ratio of each culture type in one aggregate,
(b) organoids after 3 days in hanging drop culture. Dermal papilla cells were
preliminarily labeled with RFP. Fluorescent and phase-contrast microscopy.
Scale bar: 200 μm
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3. Aspirate supernatant; resuspend the pellet into appropriate
volume of organoid medium. Use 20 μl medium per organoid
(see Note 13).

4. Prepare the 100 mm petri dishes for hanging drop culture (see
Note 14): add 5–7 ml of HBSS containing 50 U/ml penicil-
lin/streptomycin to prevent drying out and contamination.

5. Invert the lid and place the 20 μl drops of cell suspension at a
3–5 mm distance from each other.

6. Invert the lid with drops and close the petri dish. Transfer the
dishes into tissue culture incubator.

7. During the next 48 h spontaneous cell sorting occurs initializ-
ing the folliculogenesis events. Dermal papilla cells produce
spheroid-like structures enveloped by keratinocyte trabeculae
(Fig. 2b). After 3 days, early hair follicle development markers,
such as P cadherin, Lef1, keratin 6, and AE13, could be
detected by immunohistochemical staining.

8. Culture the organoids for 3–5 days and collect for the follow-
ing experiments.

4 Notes

1. Human scalp skin contains hair follicles producing terminal
hairs, whose hair bulbs are located in subcutaneous fat that is
important for efficient dermal papillae isolation. Use a micro-
dissection approach for obtaining dermal papillae from vellus
hair follicles.

2. Prepare and aliquot 2% dispase stock solution in DMEM
medium or DPBS and store at �20 �C. Use these aliquots for
preparing 0.5% and 0.2% dispase solutions in DMEM medium
right before the procedures.

3. Prepare and aliquot 1% collagenase I stock solution in DMEM
medium or DPBS and store at �20 �C. Use these aliquots for
preparing 0.2% collagenase I solution in DMEM medium
immediately before the procedures.

4. Do not use hyaluronic acid with a molecular mass less than
500 kDa due to effects on proliferation.

5. Trim the hair shafts using scissors or scalpel before the washing
procedures to prevent contamination.

6. Separate only subcutaneous fat and hair bulbs avoiding
collagen-rich dermal tissue.

7. The pellet could be invisible at this stage.

8. Use 1–2 T-25 culture flasks for rapid dermal papilla and hair
bulb attachment.
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9. During passage 0 and 1 several hair bulb keratinocyte colonies
could be observed. Application of 0.05% trypsin–EDTA,
AmnioMAX™-II medium, and new flasks during the passaging
suppresses keratinocyte growth.

10. Dermal papilla cells can be genetically transfected at this stage,
for example with fluorescent protein vectors.

11. It is not obligatory to use both types of keratinocyte cultures.
We recommend the application of CNT-07 and primary kera-
tinocyte medium for aggregates modeling for maintaining the
balance between progenitors and differentiating keratinocytes.
Keratinocytes cultured in CNT-07 may not incorporate into
organoids while cells in primary keratinocyte medium could be
over-differentiated to support hair follicle germ formation.

12. The number of cells per organoid depends on the purpose of
the experiment.

13. If the final volume of cell suspension is more than 5 ml aliquot
the suspension in several conical tubes. Otherwise cells will
settle down during an excessively long procedure with one
tube that will affect cell concentration per organoid.

14. We do not recommend an application of specialized hanging
drop plates, as dermal papilla cells attach to the walls of the
wells.
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Chapter 14

Method for Human Eccrine Sweat Gland Isolation from the
Scalp by Means of the Micropunch Technique and Vital Dyes

Francisco Jiménez

Abstract

The isolation of eccrine sweat glands from human skin has always been a difficult task. The human scalp
contains thousands of eccrine glands. Recently, the close anatomic relationship of the eccrine gland with the
scalp hair follicle has been described. Taking advantage of this anatomic relationship as well as of the
availability of follicular units (FUs) obtained in hair transplant procedures, we describe here a simple and
efficient method to isolate eccrine sweat glands from the human scalp. This method is identical to the
micropunch hair graft harvesting method known as follicular unit excision (FUE), used in modern hair
transplantation. Once the FU has been extracted, it needs to be stained with methylene blue or neutral red
in order to make the sweat gland visible for stereoscopic microdissection. Only the secretory (coiled)
portion of the sweat gland can be obtained with this method. The efficiency of this isolation method should
encourage further research into human eccrine sweat glands and opens possibilities for new translational
applications.

Key words Eccrine glands, Sweat glands, Hair follicle, Hair transplantation, Follicular unit, Neutral
red, Methylene blue

1 Introduction

Humans have the highest density of eccrine glands (EGs) of any
mammal. It is thought that there are approximately 2–4 million
EGs dispersed throughout the human skin [1, 2]. Morphologically,
the EG consists of a coiled tubular structure (secretory portion)
which connects to the skin surface via an intradermal portion (duct)
and an intraepidermal segment (acrosyringium) [3].

Primary sweat secretion is produced in the coiled portion of the
EGs and mainly consists of a sodium chloride rich solution with
some potassium that is isotonic to plasma. The duct also acts to
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reabsorb sodium and chloride from the primary sweat, minimizing
excessive salt loss [4].

The most important function of EGs is body temperature
regulation through evaporative heat loss. The EGs also play a less
understood yet important role in cutaneous wound healing [5] and
in secreting antimicrobial peptides such as dermcidin [6].

The isolation of human EGs ex vivo that maintain their mor-
phological integrity and function can be an invaluable source for
the cosmetic industry interested in studying the sweat response to
pharmacological products. A further fascinating challenge lies in
the possibility of transplanting exclusively EGs in special clinical
situations, for example to extensive deep-burn survivors whose
scarring skin covered with skin grafts is devoid of sweat glands
and suffers from heat intolerance.

1.1 Anatomy and

Distribution of Eccrine

Glands in the Scalp

Recent publications have described the close anatomic relationship
between EGs (specifically the secretory coil portion) and scalp hair
follicles [7–9]. This finding has led to the original idea described in
this paper of harvesting EGs from the scalp in the same way as hair
grafts are harvested from the donor area in the follicular unit
excision (FUE) method of hair transplant surgery, a procedure for
treatment of androgenetic alopecia [10, 11].

The follicular unit (FU) is the prime autograft used in hair
transplant procedures. The FU is a histological structure composed
of 1–4 terminal hair follicles, 1–2 vellus follicles and their associated
sebaceous glands and arrector pili muscles. Although the EGs were
not considered in the original description by Headington [12] to
be a component of the FU, in light of current knowledge it seems
that the majority of scalp FUs do in fact contain an associated
eccrine gland [8]. In particular, the secretory portion of the EG
(the coil) is located in a very close spatial relationship with the lower
half of anagen terminal follicles, normally at a depth of 2–3 mm
below the epidermal surface of human scalp and always below the
sebaceous gland and arrector pili muscle (Fig. 1).

1.2 Other Methods

for Eccrine Gland

Isolation

Research into human eccrine sweat gland function has been greatly
hindered by problems of gland isolation. Obtaining full intact EGs
by stereoscopic microdissection of human skin is a very difficult
task. Sato and Sato [13] described how to isolate single sweat
glands under a stereomicroscope by gently teasing away perigland-
ular collagen fibers with sharp forceps. However, this method is
very time-consuming and has a low rate of efficiency. Lee et al. [14]
and Brayden and Fitzpatrick [15] described a better way to isolate
human sweat glands by chopping skin samples with sharp scissors.
The principle was that sweat glands “pop out” from surrounding
collagen and fat due to shearing forces created by the chopping.
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One of the difficulties encountered with EG isolation is that
EGs, as opposed to sebaceous glands or hair follicles, are not visible
under the stereomicroscope, which makes dissection impossible.
To circumvent this problem, the gland can be stained prior to
dissection with the supravital dye methylene blue (MB) [16, 17]
or with neutral red (NR) [15]. The MB and neutral red staining
method have been shown to be nontoxic at low concentrations, and
the stained glands grow in culture just as successfully as controls
[9, 15].

Fig. 1 This figure illustrates the technical procedure of follicular unit (FU) harvesting using a micropunch (FUE
technique). The left drawing depicts the anatomy of a scalp FU, showing the location of the eccrine coil
(in blue) in relation to the hair follicles, sebaceous glands, and arrector pili muscles. The eccrine coil is always
embedded in adipocytes (dermal fat tissue). The middle drawing shows how the 1 mm punch is introduced
into the scalp skin with the angle parallel to the hair shaft direction, in order to avoid FU transection. The
incision made with the circular punch releases the FU from the surrounding dermis, allowing it to be removed
with fine tip forceps (drawing on the right). (This figure was published in Exp Dermatol 2018; 27: 679 and is
reproduced with permission of John Wiley & Sons. Inc. [9])
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Another way to isolate glands is by enzymatic digestion of skin
samples with collagenase. This method yields a larger number of
glands [18–20], but the exposure of cells to collagenase is poten-
tially damaging for physiological functional studies.

2 Materials

2.1 Local Anesthetic

Infiltration

1 vial of 10 ml of lidocaine 1%.

1 vial of 1 ml of adrenaline 1/1000.

Luer lock syringes of 1 ml.

30-G needles.

2.2 Surgical

Equipment for

Follicular Unit

Harvesting (See

Note 1)

Punches: Sharp titanium tipped round punches (Ellis Instruments,
Robbins Instruments, Cole Instruments, A to Z Instruments).
Diameter of 1.00 mm. Beginners can use bigger punches up to
1.25 mm in diameter in order to diminish the risk of FU
transection (see Note 2).

Punch handle for manual punch: Versi-Handle (Robbins Instru-
ments) or CIT Manual Hand Punch (Cole Instruments).

Forceps for removal of the FUs previously isolated with the punch: FUE
extracting forceps (Ertip Medical, Robbins, Ellis, A to Z).

Ancillary equipment: Surgical loupes (Zeiss; Akura) in the range of
3.5� to 5� are recommended for FU harvesting.

Supplementary material: Sterile gauze pads, physiological saline
0.9%, antibiotic ointment (Fucidin or Bactroban type).

2.3 Equipment for

Eccrine Gland

Microdissection

Stereomicroscope for microscopic tissue dissection.

0.02% of methylene blue (MB) vital dye in physiologic saline
or PBS.

0.2% of neutral red (NR) vital dye in physiologic saline or PBS.

Material for microdissection: Scalpel handle, #15 blades, fine-tip
forceps, 30-G needles, physiological saline.

3 Methods

3.1 Anesthetic

Infiltration

1. Add 0.1 cc of adrenaline 1/1000 into a 10 cc vial of lidocaine
1%. This will produce a solution containing 10.1 cc of lidocaine
1% with adrenaline 1/100,000, which is the anesthetic used
during the whole procedure.

2. Inject the anesthetic very superficially and slowly using a 1 cc
Luer lock syringe and a 30-G needle in the area of the scalp
where the FUs are going to be harvested (see Note 3).
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3.2 Follicular Unit

Harvesting

1. Trim with scissors the hairs of the scalp that will be harvested to
1 mm of length in order to facilitate the incisions with the
punch.

2. Punch incision around the FU: This technique should be per-
formed with appropriate loupe magnification. Select the FU to
harvest (see Note 4). The 1 mm punch must be perfectly
centered on the exit path of the hairs. Perform the incision by
rotating the punch back and forth between the thumb and
index finger as it enters the skin (see Note 5). The punch is
advanced parallel to the direction of the hair shaft in order to
avoid transection (see Note 6) (Fig. 1 and Electronic Supple-
mentary Video 1).

3. Extraction of the FU: Release the FU from the subcutaneous
fat at the bottom of the graft using forceps (see Note 7).

4. Immediately immerse the extracted FU grafts in physiological
saline which is used as the holding solution until the micro-
scopic dissection procedure of the eccrine coils begins (see
Note 8).

5. Place an antibiotic ointment on top of the wound, which
should be reapplied by the patient 2–3 times daily for
3–4 days (see Note 9).

3.3 Microscopic

Dissection of the

Eccrine Coil

1. Visualization of the eccrine glands with MB or with NR:
Immerse the FU completely in a solution of MB 0.02% or NR
0.2% for 10–30 min. Both MB and NR give a very clear
delineation of the EG, providing a distinct blue and red color-
ing of the EG, respectively, easily visible against the background
of the dermal collagen (see Note 10) (Figs. 2 and 3).

2. Isolation of the eccrine coil (see Note 11): Microdissect the
stained eccrine coil from the FU under the stereomicroscope
using fine tip forceps, #15 scalpel blades, or 30-G needles (see
Note 12) (Fig. 2c).

The eccrine coils isolated by this methodology can be cultured
ex vivo in a mixture of supplemented Williams E and F12 media [9]
or can be used for functional studies [4].

4 Notes

1. All equipment and punches must be fully cleaned and
sterilized.

2. Follicular units from the scalp can be harvested in two ways: by
strip excision or by FUE (follicular unit excision). For the
purpose of harvesting a limited number of FUs, the FUE
technique, which is the technique described in this paper, is
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Fig. 2 (a) Follicular unit immediately after harvesting from the scalp with 1 mm punch containing two terminal
anagen follicles. The eccrine coil cannot be identified but its presence is suspected when a mass of adipocytes
is seen in this location (arrow). (b) Methylene Blue (MB) staining of the same FU allows for the visualization of
the eccrine coil (arrow). Note this typical anatomic location of the eccrine coil, adjacent to the inferior portion
of anagen hair follicles. (c) The eccrine coil after its isolation by manual dissection under the stereomicroscope

Fig. 3 Neutral red staining of two follicular units harvested from the scalp
showing the presence of eccrine coils
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preferable. FUE can be performed with manual or motorized
punches. Manual punches are cheaper and less complicated for
the beginner surgeon. However, when harvesting hundreds or
even thousands of FU grafts in hair transplantation, most
surgeons prefer to use the motorized punch technique because
it is faster and less labor intensive (Electronic Supplementary
Video 1).

3. After anesthetic infiltration, wait at least 15 min before harvest-
ing so that the adrenaline achieves its maximal hemostatic
effect.

4. The FUs can be harvested from any area of the scalp, but in hair
transplant surgery they are normally harvested from the occipi-
tal or lateral sides of the scalp. Choose FUs with thick terminal
hair groupings since they can be removed more easily than
miniaturized hairs. In the author’s experience around 70–80%
of the FUs harvested from the scalp contain eccrine coils.

5. The punch incision around the FU is the most critical step.
Here, the experience and feeling of the surgeon is very impor-
tant to avoid significant damage through follicular transection.
Use the minimum depth required to release the graft. Set
Initial depth at 2–3 mm and adjust according to graft quality
and hair transection. Stopping the advance of the punch at
3–4 mm below the skin is critical because follicles below this
level start to splay apart, increasing the chance of hair follicle
transection. Precise depth control is required. Ideally the
punch should not penetrate deeper than 3–4 mm in order to
minimize follicular unit transection. The end point of this
punch incision maneuver is to core out or isolate an intact
FU, releasing it from the surrounding dermal tissue. If done
at the proper depth, the FU can be easily extracted with the
forceps.

6. The success of this isolation method is very technique depen-
dent. Obtaining an intact FU with a tiny punch only 1 mm in
diameter is very challenging for the beginner surgeon. In non-
experienced hands, the possibility of FU transection and dam-
age is so high that this EG isolation method will not be
efficient. For this reason, the author recommends that
researchers interested in obtaining fresh human EGs from the
scalp establish a collaboration with an experienced hair trans-
plant surgeon who does this type of harvesting procedure on an
almost daily basis, and who can provide scalp FUs to the
researcher to perform the dyeing and EG microdissection.

7. The limited bleeding that can occur during FU harvesting can
be easily managed with gauze compression for a few minutes.

8. Ideally, the eccrine coils should be dissected as soon as possible
after FU harvesting.
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9. The circular wounds left on the scalp after the FU punch
harvesting will close naturally in 2–4 days (by second inten-
tion). Patient postoperative care is very simple. The patient can
shampoo their hair the day after the FU harvesting procedure.

10. During the process of dyeing the FU with MB or NR, check
under the stereomicroscope regularly to see if the eccrine gland
is visible and present within the FU. Try to avoid using too
high a dye concentration, and do not leave the FU too long in
the dye as the goal is to make the EG visible with minimal
background staining of the FU.

11. Note that the ductal excretory portion cannot be isolated with
this method because at some point the duct is transected by the
1 mm punch.

12. Take care to keep the FU moist during microscopic dissection
by adding a few drops of physiological saline as needed.
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Chapter 15

Identification of Long Noncoding RNA by In Situ
Hybridization Approaches

Mara Mancini, Anna Maria Lena, and Eleonora Candi

Abstract

In situ hybridization (ISH) and fluorescence in situ hybridization (FISH) techniques enable us to detect the
expression of a specific RNA in fixed cells or tissue sections. Here, we describe in detail two procedures
adjusted to reveal specifically lncRNAs in normal human keratinocytes and in skin tissue samples. Examples
of the results obtained by the two different approaches are also shown.

Key words Noncoding RNA, Long non coding RNA, In situ hybridization, Fluorescence in situ
hybridization, Skin, Keratinocytes

1 Introduction

About 80% of the human genome is transcribed, but only 2% of the
transcripts codifies for proteins [1–3]. The majority of the tran-
scripts is represented by noncoding RNAs (ncRNAs) [4, 5].
Among them, there are some “housekeeping ncRNAs” such as
small nuclear RNAs (snRNAs), players in RNA splicing [6, 7];
transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), essential
for mRNAs’ translation into proteins [8]; and small nucleolar
RNAs (snoRNAs) modifiers of rRNAs and tRNAs [7], also impor-
tant for translation (Fig. 1a). Most of the other ncRNAs (miRNAs
and long noncoding RNAs) were extensively studied during the last
10 years as key regulators of cellular physiology and pathology
[4, 9], as diagnostic and prognostic markers in different cancers
[10–15] and also as new putative therapeutic targets [16, 17].

Long ncRNAs are classified as RNA molecules of more than
200 nucleotides in length. Over 10,000 lncRNAs have been anno-
tated in human transcriptome and their genes have been positioned
inter- or intragenes in the genome [18, 19], but only few of them
have been fully characterized. In general, they are gene expression
regulators acting in different ways: as antisense to coding mRNAs
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[20], as precursors or sponges for smaller RNAs (circRNAs,
ceRNA) [21], directly interacting with transcription regulating
and chromatin remodeling complexes to address their action to
specific loci [22] or affecting RNA/proteins localization and stabil-
ity [20] (Fig. 1a, b). LncRNAs’ roles in epidermal development,
keratinocyte differentiation, and skin homeostasis as well as in skin
malignancies and pathologies were also recently described
[23, 24]. Two skin-specific lncRNAs are the prodifferentiation
TINCR and the antidifferentiation ANCR lncRNAs
[25, 26]. TINCR is localized in the cytoplasm of differentiated
keratinocytes in association with differentiation specific mRNAs
to increase their stability [27, 28]. On the other hand, ANCR is
downregulated during keratinocyte differentiation and it is able to
maintain their proliferative potential repressing epidermal differen-
tiation program [25, 26]. In squamous cell carcinoma and basal cell
carcinoma the uncontrolled keratinocyte proliferation and the
repression of differentiation pathways are the main players of the
neoplastic transformation. Very few studies investigated how
lncRNAs are involved in these malignancies. Interestingly, the
lncRNA TINCR is downregulated in squamous cell carcinoma
supporting the finding of its role in keratinocyte differentiation
[29]. Over 70% of melanomas present mutations in the BRAF
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oncogene. Different studies describe the lncRNA expression pro-
files in melanoma cell lines compared to normal melanocytes or in
melanocytes overexpressing the mutant BRAF oncogene or in
BRAF mutant melanoma specimens. Of particular interest is a
novel lncRNA transcript, BANCR (BRAF activated noncoding
RNA) because its depletion affects motility of melanoma cells
[30]. SPRY4-IT1 lncRNA was highly upregulated in melanoma
cell lines and clinical samples and its knockdown led to cell death,
decreased migration and invasion ability [31–33]. Another mela-
noma long intergenic noncoding RNAs (lincRNA) called SAMM-
SON, interacts with p32, a pro-oncogenic mitochondrial
metabolism regulator. SAMMSON silencing abrogates crucial
mitochondrial functions in a cancer-cell-specific manner [34]. An
upregulated psoriasis susceptibility-related RNA gene induced by
stress (PRINS) is involved in the hyperproliferative skin disorder
psoriasis [35]. This lncRNA and some others were identified com-
paring gene expression profiles of epidermis from healthy subjects
and psoriasis patients [36].

Using deep sequencing a dynamic modulation of lncRNA
expression was also recently shown during skin UV-induced dam-
age, wound healing, and physiological aging [37–41], indicating
that lncRNAs play an important role also in skin pathologies.

All the described studies are based mainly on new technical
approaches like microarrays, DNA and RNA deep sequencing,
and chromatin immunoprecipitation (ChIP) sequencing
[42]. Although, these wide screening data generated a huge
amount of information about lncRNA expression profiles, different
approaches are needed to elucidate their functions. The first step to
try to clarify their physiological role is acquire knowledge of their
cellular or tissue spatial localization in cells and in epidermis, a
complex stratified organ that includes different cell types (Fig. 1b).

In situ hybridization (ISH) and Stellaris® fluorescence in situ
hybridization (FISH) techniques adjusted specifically to lncRNA
detection are described here in detailed step-by-step protocols
(Fig. 2), and examples of ISH and FISH results experimentally
obtained in human skin (Fig. 4a, b) and normal human keratino-
cytes are also shown (Fig. 4c).

To study the expression of lncRNA by ISH we have successfully
used Exiqon in situ probes that include a novel class of modified
nucleotide termed LNA. Structurally, in the LNA probes, the
ribose ring is connected by a methylene bridge between the 20-O
and 40-C atoms, thus “locking” the ribose ring in the ideal confor-
mation for Watson–Crick binding. When incorporated into a DNA
or RNA oligonucleotide LNA makes the pairing with a comple-
mentary nucleotide strand more rapid and increases the stability of
the resulting duplex.

The protocol below is designed for human skin cryosections
and for digoxigenin (DIG)-conjugated LNA probes. The final
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section staining is performed with an alkaline phosphatase color
reaction where nitro-blue-tetrazolium and 5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP) are used to enhance the signal
strength (Fig. 3a) [43].

Stellaris® RNA FISH is an RNA visualization method that
allows simultaneous detection and localization of individual RNA
molecules at the cellular and tissue level in fixed samples using

DETECTION

FIXATION ISH: PFA, sucroseISH: PFA, sucrose
FISH: PFA 

HYBRIDIZATION ISH: PFA, sucroseISH: LNA-DIG probes
FISH: Stellaris probes

WASHING ISH: PFA, sucroseISH: SSC, formamide
FISH: washing buffer with formamide

ISH: PFA, sucroseISH: anti DIG-AP+NBT/BCIP
FISH: fluorescence labeled probes

Fig. 2 Schematic representation of ISH and FISH experiment flowchart. The flowchart illustrates the main
phases of the ISH and FISH procedures (see details in the text)

A

B

ISH

FISH

lncRNA

lncRNA

AP

DIG

NBT

BCIP

Fig. 3 ISH and FISH probes. (a) ISH probe is an oligonucleotide DIG labeled at 50

or 30 end or both. DIG tag is then detected by an AP conjugated antibody and
revealed by NBT/BCIP staining; (b) FISH probes are a mix of short
oligonucleotides complementary to ncRNA sequence and directly conjugated
with a fluorophore
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fluorescence microscopy. A set of Stellaris® RNA FISH Probes is
composed of a pool of up to 48 unique probes, each labeled with a
fluorophore, that collectively bind along an RNA target transcript
to produce a diffraction limited spot (Fig. 3b). It is possible to use
Stellaris® custom fish probes that are designed against lncRNA of
interest by utilizing the Stellaris® RNA FISH Probe Designer (Bio-
search Technologies, Inc., Petaluma, CA) available online at www.
biosearchtech.com/stellarisdesigner. The lncRNA were hybridized
with the Stellaris® RNA FISH Probe set labeled with Qasar
570 (Biosearch Technologies, Inc.).

2 Materials

2.1 In Situ

Hybridization (ISH)

Prepare all the solutions and buffers in DNase/RNase-free water.

1. 4% Paraformaldehyde (PFA)/PBS (Phosphate Buffered
Saline).

Fig. 4 ISH and FISH examples. (a) Nuclear lncRNA detection in human skin section by ISH. Left panel, lncRNA-
specific probe; right panel, scramble control probe. (b) Nuclear lncRNA detection in human skin section by
FISH. (c) Nuclear lncRNA detection in normal human keratinocytes by FISH
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2. 0.5 M Sucrose/PBS.

3. OCT (Optimal Cutting Temperature cryostat embedding
medium).

4. Acetylation solution: add 2.33 ml of triethanolamine and
500 μl of acetic anhydride to a final volume of 200 ml of
RNase-free water.

5. Hybridization solution: 50% formamide, 0.3 M NaCl, 20 mM,
Tris–HCl pH 8.0, 5 mM EDTA, 10 mMNaH2PO4 pH 8, 10%
dextran sulfate, 1�Denhart’s solution, 0.5 mg/ml Yeast RNA,
and RNase-free water up to 20 ml.

6. Washing solutions: 5� SSC in RNase-free water, 50% formam-
ide, 0.1% Tween, 1� SSC in RNase-free water, 0.2� SSC in
RNase-free water, 1� PBS in RNase-free water.

7. Blocking solution: 1� PBS/10% goat serum and 0.1%
Tween 20.

8. Antibody: Alkaline phosphatase (AP)-conjugated anti-digoxi-
genin (DIG) Fab fragment antibody.

9. NBT/BCIP developer solution: 3.4 μl 100 mg/ml NBT,
3.5 μl 50 mg/ml BCIP, 2.4 μl 24 mg/ml Levamisole, 5 μl of
10% Tween 20, 986 μl of B3 buffer.

10. B3 buffer: 3.35 ml 1.5 M Tris–HCl pH 9.5, 1 ml 5 M NaCl,
2.4 ml 1 M MgCl2, and RNase-free water up to 50 ml.

11. LNA probe: 19–23 nucleotide long LNA probes are designed
with approximately 30% of LNA content and the position of
LNA incorporations is determined by the supplier (Exiqon,
miRCURY probes). The epitope used in our protocol is DIG
and the probes were ordered from Exiqon directly DIG labeled
(Fig. 3a). We use to include a scramble probe to discriminate
the specificity of the signal.

2.2 Fluorescent In

Situ Hybridization

(FISH)

1. Fixation buffer: 1 ml 37% formaldehyde, 1 ml 10� PBS, and
8 ml of RNase-free water.

2. Hybridization buffer: mix 900 μl Stellaris RNA FISH Hybri-
dization Buffer (Biosearch Technologies) and 100 μl
Formamide.

3. Stellaris FISH probes: Stellaris® custom fish probes are
designed against lncRNA of interest by utilizing the Stellaris®

RNA FISH Probe Designer at www.biosearchtech.com/
stellarisdesigner (Biosearch Technologies, Inc., Petaluma,
CA). The RNA is hybridized with the Stellaris RNA FISH
Probe set labeled with Qasar 570 (Biosearch Technologies,
Inc.) (Fig. 3b).
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4. Wash buffer A: 2 ml Stellaris RNA FISH Wash Buffer A (Bio-
search Technologies), 1 ml formamide, and 7 ml RNase-free
water.

5. Wash buffer B (Biosearch Technologies).

6. 40,6-Diamidino-2-phenylindole (DAPI).

3 Methods

The main points of in situ hybridization and fluorescence in situ
hybridization methods are summarized in Fig. 2.

3.1 In Situ

Hybridization (ISH)

3.1.1 Tissue Preparation

and Embedding

1. Prefix dissected tissue in 4% PFA at 4 �C for an overnight (see
Note 1).

2. After fixation, to minimize freeze fracturing of the tissue, place
the specimen directly into 0.5M sucrose/1� PBS and incubate
overnight at 4 �C see Note 2).

3. Remove the specimen from the sucrose.

4. Freeze the tissue in OCT embedding medium and store blocks
at �80 �C until ready to use.

3.1.2 Sectioning

and Tissue Fixation

1. Cut sections of 14 μm on cryostat and collect them on Super-
frost PLUS slides.

2. Air-dry sections at least 20 min but not longer than 3 h.

3. Fix the dried slides in 4% PFA in PBS for 10 min at 4 �C.

3.1.3 Acetylation

of the Tissue

1. Wash the slides three times for 5 min with 1� PBS at room
temperature.

2. Acetylate the slides for 10 min in acetylation solution. Acetyla-
tion positively charges amino groups of proteins, thus reducing
background binding of the negatively charged probe to the
tissue sections.

3. Wash the slides three times for 5 min with 1� PBS.

3.1.4 Hybridization

and Slides Washing

1. Prepare 150 μl of denaturizing hybridization buffer by adding
the LNA DIG-labeled probe with a final concentration of
20–40 nM.

2. Denature probes by heating them at 65 �C for 5 min and chill
on ice.

3. Add the hybridization solution to the slides and cover the
sections with RNase-free plastic coverslips.

4. Incubate the slides overnight at a temperature that is 20–22 �C
belowmelting temperature (Tm) of the miRCURY LNA probe
in a humidified chamber.
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5. Wash the slides once with 5� SSC at room temperature for
20 min.

6. Wash the slides two times for 30 min at the same temperature
of the hybridization step in 50% formamide, 0.1% Tween
20, and 1� SSC.

7. Wash the slides for 15 min in 0.2� SSC at room temperature.

8. Wash the slides for 15 min in 1� PBS at room temperature.

3.1.5 Antibody

Incubation and Detection

1. Incubate the slides for 1 h at room temperature with blocking
solution composed of 10% heat-inactivated goat serum, 0.1%
Tween 20, and 1� PBS.

2. Incubate the slides for 2–3 h at room temperature with block-
ing solution preincubated for 1 h with AP-conjugated anti-
DIG Fab fragment diluted 1:200 (seeNote 3). During incuba-
tion place the slides in a humidified chamber.

3. Wash the slides 2 times for 30 min with 1� PBS–0.1%
Tween 20.

4. Prepare 150 μl of developer solution for each slide and develop
at room temperature in the dark ranging from 10 min up to
4 days, depending on the Noncoding RNA expression levels.
The reaction can be monitored using a light microscope, ter-
minate when a strong blue staining is observed.

5. Stop the color reaction by washing the slides three times for
10 min in 1� PBS.

6. Mount the slides in glycerol or any water-soluble mounting
media.

7. Visualize the staining by using standard light microscope (see
Note 4).

3.2 Fluorescent In

Situ Hybridization

(FISH)

3.2.1 Fixation of Frozen

Tissue

1. Slice frozen tissue at a thickness of 4–10 μm using a cryostat
and mount onto a microscope slide.

2. Thaw the slide-mounted tissue section to room temperature.

3. Immerse the slide in fixation buffer for 10 min at room tem-
perature (see Note 1).

4. Wash the slides twice with 1� PBS for 5 min.

5. Immerse the slide in 70% (vol/vol) ethanol for at least 1 h at
room temperature. The slides can be stored at +2 to +8 �C in
70% ethanol up to a week before hybridization.

3.2.2 Fixation

of Adherent Cells

1. Grow cells on round cover glass in a 12-well cell culture plate.

2. Aspirate growth medium and wash with 1 ml of 1� PBS.

3. Add 1 ml of fixation buffer.

4. Incubate at room temperature for 10 min.

182 Mara Mancini et al.



5. Wash twice with 1 ml of 1� PBS.

6. Immerse cells in 1 ml of 70% ethanol for at least 1 h at +2 to
+8 �C. Cells can be stored at +2 to +8 �C in 70% ethanol up to a
week before hybridization.

3.2.3 Hybridization

in Adherent Cells and/or

Frozen Tissue

1. Prepare the hybridization buffer by adding 1–2 μl of probe
stock solution to a final volume of 100 μl of hybridization
buffer. This creates a working probe solution of 125 nM.

2. Wash the cover glass containing adherent cells or slide
mounted tissue with wash buffer A for 5 min.

3. Assemble the humidified chamber and dispense 100 μl of the
hybridization buffer containing probe on the cover glass con-
taining cells or slide mounted tissue.

4. Incubate in the dark at 37 �C for at least 4 h. Incubation can be
continued up to 16 h.

5. Wash cover glass or slides with wash buffer A for 30 min at
37 �C.

6. Incubate cover glass or slides for 30 min at 37 �C in the dark
with wash buffer A containing 5 ng/ml of DAPI to counter-
stain the nuclei.

7. Wash cover glass or slides with wash buffer B for 5 min at room
temperature.

8. Add a small drop of mounting medium onto the tissue slides
and cover with a clean cover glass. For cover glass containing
cells add a small drop of mounting medium onto a microscope
slide, and mount cover glass onto the slide.

9. Proceed to imaging using fluorescence or confocal microscope.

4 Notes

1. For optimal fixation it may be critical to use fresh formaldehyde
solutions.

2. Place tissue directly into sucrose without washing. Residual 4%
paraformaldehyde does not affect the detection.

3. It is possible to use a PAP Pen (liquid blocker super PAP Pen)
to draw a liquid-repellent barrier around section on slide to
decrease amount of antibody solution used per slide.

4. Adapted from Heller et al. [44].
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Chapter 16

Detection of MicroRNAs by In Situ Hybridization in Skin

Maximilian E. Pickup and Mohammed I. Ahmed

Abstract

MicroRNAs (miRNAs) are a family of small noncoding RNAs (~19–24 nt) playing a key role in the
execution of gene expression programs in various cells and tissues. Many technical challenges have been
encountered when investigating miRNAs, in particular, determining the spatiotemporal expression pattern
of miRNAs in cells and tissues. We describe here a well-established in situ hybridization protocol for the
detection and analysis of spatiotemporal expression patterns of miRNAs in skin and its appendages such as
the hair follicle in both frozen and paraffin-embedded tissue sections. We describe in detail the different
steps that are associated with utilizing in situ hybridization procedure on either frozen or paraffin-
embedded tissues for miRNAs localization. Postfixation, tissues are hybridized with LNA double labeled
probes with digoxygenin. Detection of hybridized probes is performed by using an alkaline phosphatase
coupled antibody against digoxygenin. The final step involves the use of substrates to develop the color of
alkaline phosphatase-LNA-probe structure leading to identification of the spatiotemporal location of target
miRNAs in target tissue and cells. We also discuss two options for substrate color development in these
procedures: (1) NBT/BCIP and (2) BM Purple. This method is a simple and convenient way of determin-
ing the spatiotemporal expression pattern of miRNAs, which has been a challenge since their discovery, due
to their relatively small size. Knowledge gained from in situ hybridization is crucial for better understanding
of the roles of individual miRNA(s) during distinct stages of development in various cells and tissues. These
protocols will be beneficial to the wider scientific community.

Key words In situ hybridization, MicroRNAs, Skin and hair follicles

1 Introduction

In situ hybridization (ISH) is a technique used to identify the
spatiotemporal expression of transcripts of coding and more
recently noncoding RNA, including microRNAs, in either fixed
tissue samples or in cells, using labeled probes complimentary to
target RNA. This technique is widely used in research labs and
provides a visual map of genetic expression in aged, mutated or
diseased samples in various animal cells and tissues. This expression
map coupled with visualizing cellular structures (by counterstaining
or immunofluorescence staining) can give possible explanations as
to the phenotype seen in different samples affected by aging,
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diseases, or genetic abnormalities [1]. Here we aim to demonstrate
a clear methodical approach for detection of specifically small,
noncoding RNA known as microRNAs (miRNAs, miRs). MiRNAs
are approximately ~19–24 nt nucleotides in length, which makes
them more challenging to detect than long gene transcripts. MiR-
NAs function as gene regulators at posttranslational level, mainly in
gene silencing [2–4]. MiRNAs’ function as a regulatory level of
genetic expression at distinct time points of tissue development
and/or tissue regeneration.

ISH can be utilized on tissues and cells for better understand-
ing of specific roles of individual miRNAs at distinct developmental
time points. Here we demonstrate an optimized protocol for the
detection of miRNAs in frozen and paraffin-embedded tissue sam-
ples, in particular, in the skin (Fig. 1; [2, 3, 5, 6]. We will describe
separately a step-by-step procedure for performing in situ hybridi-
zation in frozen and paraffin-embedded tissue sections.

2 Materials

Prepare all the solutions and buffers in DNase/RNase-free water.

1. UltraPure water or DEPC-treated water (see Note 1).

2. UltraPure PBS.

3. 4% paraformaldehyde (PFA) in PBS.

4. Acetic anhydride–TEA solution: 300 mM triethanolamine,
0.25% acetic anhydride.

5. Permeabilization buffer: 1% Triton X-100.

6. Hybridization buffer: formamide DI (50%), 20� SSC pH 4.5
(5� SSC), yeast RNA (50 μg/ml), 20% SDS solution (1%
SDS), heparin (50 μg/ml).

7. Wash buffer 1: formamide (50%), 20� SSC pH 4.5 (5� SSC);
20% SDS solution (1% SDS).

8. Wash buffer 2: formamide (50%), 20� SSC pH 4.5 (5� SSC).

9. 1� TBST buffer solution: TBST (1% Tween 20 in TBS),
levamisole (1 mg/ml).

10. Blocking solution: blocking reagent (2%), heat-inactivated
sheep serum (5%), Tween 20 (1%), and levamisole (1 mg/ml)
in 1� TBST.

11. Modified blocking solution: heat-inactivated sheep serum
(5%), Tween 20 (1%), and levamisole (1 mg/ml) in 1� TBST.

12. NTMT buffer: 5 M NaCl (100 mM), 1 M Tris–HCl pH 9.5
(100 mM), 2 M MgCl2 (50 mM), Tween 20 (1%).

13. Proteinase K (1 μg/ml in PBS).

14. Glycine (2 mg/ml in PBS).
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3 Methods

3.1 In Situ

Hybridization on

Frozen Tissue Sections

1. Prepare 5–10 μm tissue sections either on coated RNase-free or
Superfrost/plus slides. Freeze the slides on dry ice immediately
after cutting sections and store the slides at �80 �C until ready
to use.

Fig. 1 In situ hybridization workflow on frozen and paraffin-embedded tissue sections. Each work-flow
illustrates the main steps of conducting in situ hybridization (ISH) for both frozen and paraffin embedded
tissue sections. ISH on frozen sections consists of the following key steps: tissue permeabilization, hybridiza-
tion, probing, and visualization. ISH on paraffin-embedded sections follows similar key steps with additional
steps of dehydration and hydration of tissue and prepermeabilization of tissue sections
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2. Air-dry the slides at room temperature for approximately
10 min.

3. Place the slides in a slide mailer and incubate in 4% PFA for
10 min at room temperature.

4. Wash the slides in PBS for 5 min.
(a) Incubate the tissue samples in acetic anhydride–TEA solu-

tion for 10 min at room temperature.

5. Wash the tissue samples in PBS for 5 min.

6. Incubate the tissue samples in permeabilization buffer for
10 min at room temperature.

7. Incubate the tissue samples in hybridization buffer for 1 h at
predetermined hybridization temperature (see Note 2). Com-
plete the following steps at predetermined hybridization
temperature.

8. Probe preparation: Prepare the miRCURY double DIG-labeled
LNA™ miRNA probe (Exiqon, Germany) (see Notes 3 and
16) solution at 2 pmol. We recommend miRNA concentration
optimization prior to this stage (see Note 4). Denature the
probe in hybridization buffer at 80 �C for 5 min after which,
immediately chill it on ice for 5 min. Vortex (30 s) and centri-
fuge probe solution (full speed for 30 s), and keep at room
temperature.

9. Place the slides horizontally in a humidified chamber. Flood a
humidified chamber with ddH2O prior to adding slides to
prevent the slides drying out during subsequent overnight
incubation.

10. Draw a hydrophobic circle around the tissue samples with a
PAP pen. Pipette the hybridization buffer containing the
miRNA probe (100 μl) directly on the tissue section and care-
fully cover it with a clean coverslip to evenly distribute the
microRNA probe and hybridization solution (see Note 5).

11. Incubate the slides at predetermined hybridization tempera-
ture overnight or for a minimum of 16 h.

Complete the following washing steps at hybridization temper-
ature (from step 12; see Note 6).

12. Pour off hybridization buffer containing the miRNA probe
from the slides and place the slides back into a slide mailer (see
Note 7).

13. Wash the slides three times with Wash Buffer 1 for 15 min per
wash at hybridization temperature.

14. Wash the slides three times with Wash Buffer 2 for 15 min per
wash at hybridization temperature.
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The following steps should be carried out at room temperature:

15. Wash three times with TBST buffer solution for 10 min
per wash.

16. Incubate the samples in Blocking Solution (see Note 8) for
60 min.

17. Antibody incubation: add anti–digoxygenin (DIG)-alkaline
phosphatase (AP) antibody into Modified Blocking Solution
in dilution range from 1:1000 to 1:2500 (see Note 9) and
incubate at room temperature for 2 h.

18. Substrate color development: The following steps are carried out
at room temperature in the slide mailer. Wash the slides four
times with TBST buffer solution for 15 min per wash.

19. Wash three times with freshly made NTMT buffer for 15 min
per wash.

20. Incubate the slides in BM purple or NBT/BCIP substrate
solution (see Note 10) in the dark for 12–96 h at room tem-
perature or until a color reaction has occurred. We recommend
to initially observe the development of signal for 4–6 h to
prevent over development of signal taking place (see Note 11).

21. Wash the slides three times with PBS for 10 min per wash.

22. Counterstain with nuclear fast red solution for 30 s to 2 min
(see Note 12).

23. Wash three times with water for 1 min per wash.

24. Air-dry the slides and then dip once in xylene to prepare tissue
for coverslip.

25. Pipet a few drops of DPX mounting medium onto the slides
and coverslip (see Note 13) and let dry overnight.

3.2 In Situ

Hybridization of

Paraffin-Embedded

Tissue Sections

1. Tissue processing: Harvested tissue must be processed for tissue
sectioning. This involves dehydrated of tissue by immersing it
into a series of aqueous alcohol solutions gradually moving to
pure alcohol (ranging from 50% to 100% absolute alcohol in
ddH2O). The tissue can then be embedded in paraffin wax,
which enables the cutting of sections of between 8 and 10 μm
thickness of skin tissue (see Note 14).

2. Rehydration of tissue sections: Place slides of tissue sections into
a slide mailer and clear tissue using Histo-Clear II solution for
10 min, after which, a further two times with Histo-Clear II
solution for 2 min per wash. Remove the Histo-Clear II solu-
tion and incubate the slides in aqueous alcohol solutions grad-
ually decreasing in concentration moving to PBS (ranging from
100%, 90%, 80%, 70%, and 50% alcohol, then PBS) each step
for 5 min.
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3. Incubate the tissue slides with 4% PFA for 15 min at room
temperature.

4. Wash slides with PBS for 5 min.

5. Incubate the slides in the proteinase K (seeNote 15) for 5 min.

6. Incubate the samples in glycine for 5 min.

7. Wash the slides in PBS for 5 min.

8. Incubate the slides in previously used 4% PFA (from step 3) for
15 min.

9. Continue to follow step 5 of Subheading 3.1 beginning with
‘Acetylation of tissue’ to complete in situ hybridization for
paraffin sections.

10. Image capture using bright field microscope (Fig. 2).

4 Notes

1. We recommend using UltraPure water or PBS commercially
bought to prevent any degradation of RNA targets during the
in situ hybridization process. We also suggest using DEPC-
treated water as an alternative to commercially purchasing
UltraPure water/PBS.

2. We use miRCURY double DIG-labeled LNA™ probes from
Qiagen/Exiqon. The use of LNA™ technology and the dou-
ble DIG-labeled probes on either side of the sequence

Fig. 2 MicroRNA-21 spatiotemporal expression pattern in human basal cell carcinoma (BCC). (a) Healthy
human skin: miR-21 is expressed at relative low levels with expression restricted to the superficial/
differentiated layers of the skin. (b, c) Superficial BCC: band-like lymphoid infiltrate in opposition to the
basaloid nests (arrow). (e–g) Mixed nodular and infiltrative growth BCC/Nodular BCC manifests multiple
variably sized and rounded nodules: miR-21 expression is elevated with expression restricted to the growth of
BCC/Nodular regions of carcinoma (arrow). Scale bars, 50 μm
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improves the specificity, sensitivity, and detection of miRNA.
Melting temperature of each probe can be found on the Exi-
qon/Qiagen datasheet provided with probe purchased or
online. From our experience a reduction of 18–20 �C from
the predicted RNA melting temperature is a good starting
point. We also advise to optimize the hybridization tempera-
ture on tissue sections with high level of expression of miRNA
of interest (as a positive control) vs. tissue samples with low or
absence of the expression of targeted miR to confirm specificity
(negative control; comparison of background vs. signal
staining).

3. Nonradioisotope labeling compounds include DIG, fluores-
cein, biotin, and bromodeoxyuridine (BrdU; Jensen, 2014).
Biotin and digoxigenin are the most commonly used methods
and are visualized by indirect detection from a fluorescently
labeled or enzyme linked protein or antibody. Incorporation of
these compounds is commonly performed by nick translation,
PCR, or oligonucleotide 30/50 labeling. These labeling meth-
ods provide a higher resolution compared to the isotope equiv-
alent and can generally be conducted in a much shorter space of
time compared to radiolabeled probes [7].

We recommend using miRCURY double DIG-labeled
LNA™ probes for detection of miRNAs as they provide
improved specificity, stability of probe, and low background
to signal staining. These labeled probes can be visualized by
alkaline phosphatase (AP)-linked antibody. Visualization of
target probe is achieved by the addition of BM purple or
NBT/BCIP substrates (see Note 10) that leads to a precipita-
tion of color development and identification of the spatiotem-
poral expression and localization of miRNA(s) on cells or
tissues.

4. As with predetermining hybridization temperature for each
probe, it is important to also determine the amount of probe
used per tissue. As mentioned in Note 2, we use miRCURY
double DIG-labeled LNA™ probes. The use of LNA™ tech-
nology and the double DIG-labeled probes on either side of
the target miRNA sequence provides opportunity to apply
reduced concentration of miRNA probe per tissue section/
slide.

5. We recommend using a new clean coverslip which will cover
the entire area of interest (where tissue section(s) are located).
This will require steady hands and also great care not to damage
the tissue. We have, however, performed the above experiment
with and without coverslips. If carrying out experiments with-
out coverslips, the humidifying chamber requires sufficient
amount of buffer/water to prevent slides drying out overnight.
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6. Due to the use of miRCURY double DIG-labeled LNA™
probes in our protocols, it allows to wash tissue sections at
higher temperatures, usually around the hybridization step.
Washing tissue sections at the hybridization temperature will
lead to the efficient removal of nonattached probe, which can
result in nonspecific signal. Washing at hybridization tempera-
ture also does not reduce specificity or lead to loss of signal
detection of miRNA(s) in our tissue samples.

7. You can reuse the slide mailer used on day one of ISH, on the
second day without the concerns of RNA degradation.

8. We have noticed that the Blocking Solution will take some time
to dissolve completely at room temperature. We suggest heat-
ing the Blocking Solution at the washing temperature for
approximately 1 h, giving a rigorous shake every 10–15 min
until completely dissolved. You can only use it once it is
completely dissolved.

9. Anti-digoxygenin-alkaline phosphatase (anti-DIG-AP)
requires dilution optimization. We recommend using range
from 1:1000 (for low expressing miRNAs) to 1:2500 for highly
expressed miRNAs. Dilution factor will also impact; (1) rate of
substrate development, and (2) rate of development of specific
signal to background staining on your tissue section.

10. For miRNA ISH in skin, we have utilized two different sub-
strates for color development of miRNA signal; these are BM
purple and/or NBT/BCIP solution. BM purple is a substrate
for alkaline phosphatase (AP) and will produce a deep purple
color precipitate upon reaction with anti-DIG-AP antibody
bound to a specific target. NBT/BCIP also uses AP for visuali-
zation. BCIP reaction with AP causes a production of insoluble
NBT dimer product ranging from reddish to purple in color
and, like BM purple, can be observed visually under a light
microscope. Tissue section can be counterstained with nuclear
fast red using either substrate [8] and is highly recommended.

In our application of ISH in skin, BM Purple is chromo-
genic substrate specifically for AP-linked antibodies resulting in
low background to signal staining (Fig. 2). Over 12–96 h, BM
purple will change color from light-yellow (initial color) to a
deep purple precipitate (complete development of signal),
allowing for visualization of the specific target miRNA
sequence, which can be seen under a light microscope. BM
purple detection option is recommended for targets that are
expressed at low to medium levels. An advantageous character-
istic of developing your miRNA signal with BM purple at room
temperature, is that it allows the user to incubate the tissue
sections for longer periods of time without the risk of over-
development or background staining (between 12 and 96 h),
resulting in a distinct and sharp staining of target miRNA
(s) with counterstain of tissue.
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The alternative to BM purple is NBT/BCIP substrate
solution. In our experience, NBT/BCIP detection option is
suitable for miRNAs that are abundantly expressed in the target
tissues. NBT/BCIP develops considerably faster at room tem-
perature than BM purple, usually around 6–12 h. We suggest
frequent checking for signal development during incubation to
prevent overstaining leading to increased background to signal
staining. Therefore, for visualizing of low to mid-level expres-
sing miRNAs in skin we recommend BM purple, while abun-
dant miRNAs can be detected using either BM purple or
NBT/BCIP.

11. From our experience we have noticed that shorter incubation
time is required for more abundant miRNAs compared to
miRNAs expressed at lower level. BM Purple substrate devel-
opment can be accelerated when incubated at 30 �C but care
must be taken as to not to over develop the reaction as it could
lead to increased background to signal staining.

12. We recommend optimizing nuclear fast red staining as this can
vary depending on tissue type being stained.

13. Remove any bubbles by gently pressing the coverslip with
forceps; it should be done carefully as to not damage the tissue
sections during this process.

14. Tissue thickness should range between 8 and 10 μm for skin. If
thicker tissue sections are used, we recommend increasing
incubation times of each step during the procedure.

15. Treatment of paraffin-embedded tissue sections with Protein-
ase K will break the protein–protein links. This will lead to the
unmasking of target antigens, epitopes or in our case miRNAs
resulting in enhanced detection.

16. We highly recommend using controls (either tissue and/or
probe) to determine the specificity of a miRNA-target probe
signal being generated.Negative controls: these help to identify
any issues with nonspecific signal development, which may
invalidate the experimental data. A ‘scrambled’ probe sequence
can be used as the negative control. This probe will not bind to
any specific miRNA [3, 9].

Alternatively, positive probe control can be used as an
indicator of successful completion of ISH. We suggest using
the probes for detection of the noncoding small nuclear RNA
either U6 or SnoRNA that are abundantly expressed in all
tissues we have investigated. This will validate the success of
the hybridization protocol. Conducting positive and negative
controls alongside target miRNAs on the same tissues samples
is essential to ensure that the signal observed is specific to your
miRNA of interest.
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Chapter 17

Chromatin Immunoprecipitation of Low Number
of FACS-Purified Epidermal Cells

Carmit Bar, V. Julian Valdes, and Elena Ezhkova

Abstract

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is a method designed to detect
interactions between chromatin and the proteins bound to it. This method has been widely used for
characterizing epigenetic landscapes in many cell types; however, a limiting factor has been the requirement
of a high number of cells. Here, we describe a protocol for ChIP in epidermal cells from a newborn mouse,
purified by fluorescence-activated cell sorting (FACS). This protocol has been optimized specifically for
prefixed, low cell numbers, resulting in enough immunoprecipitated DNA suitable for genome-wide
analysis.

Key words ChIP-seq, Epidermal cells, Low cell number ChIP, FACS purified cells

1 Introduction

Epigenetic modifications include a plethora of chemical modifica-
tions in DNA bases such as methylation and hydroxylation of
cytosine or modifications of histone proteins, including acetylation,
methylation, and phosphorylation [1–4]. These modifications
affect the chromatin architecture and regulate access of the tran-
scription machinery to the DNA. These epigenetic marks are estab-
lished, maintained, and interpreted by proteins able to write, erase
or read DNA and histone modifications [5]. These modifications
are highly dynamic and may vary according to the cellular context.
Thus, they have a direct influence in gene expression and are critical
in formation of cellular diversity [6]. Detailed characterization of
diverse epigenetic modifications at a genome-wide level has been a
hallmark to study complex biological processes such as cell differ-
entiation and tissue development [6, 7].

Differentiation of epidermal progenitor cells during stratifica-
tion of epithelial tissues, such as the skin and the oral mucosa, is a
highly regulated process where epigenetic regulation plays
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important roles both in maintenance of the basal progenitor popu-
lation and proper acquisition of epidermal cell fate. Our group’s
previous studies have shown that Polycomb repressive complexes
(PRC) 1 and 2, catalyzing the H2AK119ub and H3K27me3 his-
tone modifications, respectively [8–12] are critical regulators of hair
follicle and epidermal development, and Merkel cell differentiation
in the skin epidermis [13–15]. In the tongue epithelium, PRC1 is
critical for the maintenance of fungiform papillae, housing taste
buds, and filiform papillae formation [16]. Other epigenetic com-
plexes such as histone acetylases, deacetylases, DNA methyl-
transferases, and chromatin remodelers have also been linked to
biological processes in the epidermis [17–20].

One of the most powerful tools to assess the epigenome of a
cell is chromatin immunoprecipitation followed by sequencing
(ChIP-seq), designed to study specific interactions between DNA
and the protein complexes bound to it [21]. During ChIP, cells are
first cross-linked to preserve the interactions of proteins with the
DNA, nuclei are extracted, and genome is fragmented by sonica-
tion. Genome segments bound to a protein are then isolated by
specific antibody binding and recovered by precipitation. Next, the
cross-linking is reversed, and the DNA is purified. To map these
interactions at a genome-wide level, ChIP-purified DNA can be
sequenced by next-generation sequencing methods. To achieve
high-resolution ChIP sequencing, a high number of cells is
required, often presenting a limitation for ChIP experiments
[21]. Here, we present a detailed and optimized protocol to suc-
cessfully perform chromatin immunoprecipitation in low-number
samples of FACS-purified epidermal cells, resulting in a sufficient
quantity of immunoprecipitated DNA from a few thousand cells.
This protocol can be adapted to other cell populations or epigenetic
regulators to characterize the epigenetic landscape of a developing
tissue at a genome-wide scale.

2 Materials

2.1 Skin Tissue

Processing

1. Sterile 1�Dulbecco’s phosphate-buffered saline (DPBS) with-
out calcium and magnesium.

2. Dispase, diluted to a final concentration of 1.26 U/mL.

3. Trypsin (0.25%) supplemented with 2.21 mM EDTA.

4. E-media for keratinocyte culture [22] supplemented with
0.05 mM CaCl2.

5. 6-Well plates or 6 mm tissue culture dishes.

6. 15 mL conical tubes.
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2.2 Viability Staining

and Cell Fixation

1. Zombie violet viability detection kit (Biolegend).

2. Formaldehyde 16% (w/v), methanol-free, store at room tem-
perature (RT).

3. Glycine, prepare 2.5 M stock solution. Final working concen-
tration, 125 mM. Stock solution is stable indefinitely at RT.

2.3 Purifying

Epidermal Cells

by FACS

1. Sterile 1� Hank’s Balanced Salt Solution (HBSS), without
calcium and magnesium, supplemented with 2% fetal bovine
serum (FBS).

2. Cell strainers: FACS tubes with strainer caps, and 0.45 μm cell
strainers fitting conical 50 mL tubes.

3. Antibodies:

l EpCAM-APC (BioLegend, RRID: AB_1134102), working
dilution 1:200.

l Sca-1-PerCP-Cy5.5 (Biolegend, RRID: AB_893619),
working dilution 1:200.

l Integrinα6-FITC (eBiosciences, RRID: AB_11150059),
working dilution 1:100.

2.4 ChIP 1. cOmplete™Mini Protease Inhibitor Tablets (Roche). Dissolve
one tablet in 1 mL of water for a 50� stock. Store aliquots at –
20 �C.

2. ChIP DNA Clean & Concentrator Kit™ (Zymo Research).

3. Bovine serum albumin (Sigma-Aldrich).

4. Proteinase K, recombinant, PCR Grade (Roche). Prepare
20 mg/mL stock solution. Dissolve powder in 10 mM Tris–
HCl pH 7.5, 20 mM CaCl2, 50% glycerol. Store 500 μL ali-
quots at �20 �C.

5. RNase A, from bovine pancreas (Roche). Prepare at
10 mg/mL dissolved in 10 mM Tris–HCl pH 7.5, 15 mM
NaCl. Heat at 100 �C for 20 min to inactivate DNases. Store
1 mL aliquots at �20 �C.

6. Nonidet P 40 Substitute (NP-40).

7. Na-deoxycholate.

8. N-Lauroylsarcosine.

9. Triton X-100.

10. Protein G Dynabeads (Life Technologies).

11. Magnetic rack, Dynamag 2.

12. LoBind tubes (Eppendorf).

13. Qubit dsDNA HS Assay kit and Qubit tubes (Thermo).
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2.5 Stock Solutions Prepare the following stock solutions prior to buffer preparation.
Use ultrapure water (resistivity >18.18 MΩ cm at 25 �C). Stock
solutions are stable at least 1 year at room temperature. Also see
Note 1.

1. 1 M HEPES–KOH, pH 7.5.

2. Tris–HCl pH 8.0.

3. 5 M NaCl.

4. 0.5 M EDTA.

5. 1 M EGTA.

6. 50% Glycerol.

7. 10% NP40.

8. 10% Triton X-100.

9. 5% Na-Deoxycholate.

10. 10% N-Lauroylsarcosine.

11. 10% SDS.

12. 2.5 M LiCl (MW 42.4 g/mol).

2.6 Cell Lysis Buffers Prepare 50–500 mL of each lysis buffer. Use ultrapure water (resis-
tivity >18.18 MΩ cm at 25 �C) to dilute to final volume and filter
(0.44 μm). Store at 4 �C. Buffers are stable up to 1 year.

1. Lysis Buffer I. 50 mM HEPES–KOH pH 7.5, 140 mM NaCl,
1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100.

2. Lysis Buffer II. 10 mM Tris–HCl pH 8.0, 200 mM NaCl,
1 mM EDTA, 0.5 mM EGTA.

3. Lysis Buffer III. 10 mM Tris–HCl pH 8.0, 100 mM NaCl,
1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.5%N-
lauroylsarcosine. Keep this stock without protease inhibitors.
At the day of experiment, add one tablet of cOmplete™ prote-
ase inhibitors into each 50 mL of Lysis Buffer III.

2.7 Wash and Elution

Buffers

Prepare 50–500 mL of each lysis buffer. Use ultrapure water (resis-
tivity >18.18 MΩ cm at 25 �C) to dilute to final volume and filter
(0.44 μm). Store Wash and TE buffers at 4 �C. Store elution buffer
at room temperature. Buffers are stable up to 1 year.

1. Low Salt Wash Buffer. 20 mM Tris–HCl pH 8.0, 150 mM
NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100.

2. High Salt Wash Buffer. 20 mM Tris–HCl pH 8.0, 500 mM
NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100.

3. LiCl Wash Buffer. 20 mM Tris–HCl pH 8.0, 250 mM LiCl,
1 mM EDTA, 1% Na-deoxycholate, 1% NP-40.
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4. TE Buffer. 10 mM Tris–HCl pH 8.0, 1 mM EDTA.

5. Elution Buffer. 50 mM Tris–HCl pH 8.0, 10 mM EDTA,
1% SDS.

3 Methods

3.1 Dissection

of Mouse Newborn

(P0) Back Skin

Samples, Preparation

of Cell Suspension,

and Prefixing

The described procedure is for one skin sample. For multiple
samples, prepare an appropriate master mix. Centrifuge should be
cooled to 4 �C.

1. Prepare a 6-well plate, or a 6 mm cell culture dish with 2 mL of
dispase solution, diluted in sterile DPBS, to a final concentra-
tion of 1.26 U/mL.

2. Gently remove the skin from the back of P0 mouse. Peeled skin
contains dermis and epidermis (Fig. 1a). If necessary, remove
excess adipose tissue underneath the dermis with blunt-edged
forceps.

3. Place the skin in the dispase solution, with the dermis
facing down.

4. Incubate overnight at 4 �C (for alternatives, see Note 2).

5. Warm 0.25% trypsin–EDTA solution at 37 �C bath for 10 min.

6. Gently peel the dermis from the epidermis using sharp forceps.
Discard the dermis (Fig. 1a).

7. Place the peeled epidermis in a new plate/well containing 2 mL
of warm 0.25% trypsin–EDTA. Incubate for 10 min at 37 �C
with gentle shaking.

8. Using a p1000 micropipette, gently pipet under the stratum
corneum to release the epidermal cells from the tissue. Transfer
the cell suspension to a new 15 mL conical tube.

9. Add 2 mL of ice-cold E-media supplemented with calcium (see
Subheading 2) to the dish containing stratum corneum to
release as many cells as possible. Transfer the media to the
conical tube containing the trypsinized cell suspension and
mix well by pipetting. Do not vortex.

10. Spin the cell suspension for 10 min, 300 rcf.

11. Decant the supernatant carefully and resuspend the pellet in
10 mL 1�DPBS.

12. Spin the cell suspension for 10 min, 300 rcf.

13. Decant the supernatant carefully and resuspend the pellet in
10 mL 1�DPBS.

14. Spin the cell suspension for 10 min, 300 rcf.

15. While cell suspension is in the centrifuge, dilute Zombie dye
1:100 in 1�DPBS, final volume of 300 μL per sample.
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16. Resuspend cells in 300 μL of Zombie dye solution. Incubate
on ice for 10 min. Pipet to mix after 5 min of incubation.

17. Add 10 mL of 1�DPBS to the cells and spin 10 min, 300 rcf.

18. Decant supernatant carefully and add 10 mL 1�DPBS.

19. Spin the cell suspension for 10 min, 300 rcf.

20. Decant supernatant carefully and resuspend the pellet well in
1 mL 1�DPBS.

21. Fill the volume to final 4.5 mL with 1�DPBS.

22. Add 300 μL of 16% formaldehyde, methanol-free, directly
from the ampule, to the diluted cell suspension. Final dilution
is 1% (see Notes 3–5).

23. Incubate cell suspension at room temperature for 10 min, with
rocking.

24. Add 250 μL of 2.5 M glycine stock solution directly to the cell
suspension to stop the fixation. Final glycine concentration is
125 mM. Incubate at room temperature for 5 min, with
rocking.

25. Add 5 mL of 1�DPBS to wash cells and spin for 5 min, 930 rcf
(see Notes 6 and 7).
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Fig. 1 Isolation of epidermal cells from a newborn mouse. (a) Skin dissection and isolation of the epidermis by
enzymatic digestion. Dispase breaks hemidesmosomes, allowing separation of the dermis and epidermis.
Trypsin separates the epidermal cells. (b) An example of a FACS plot to isolate basal interfollicular epidermis
(IFE). Zombie violet negative cells are alive. From living cells, EpCAM is a general marker of epithelial cells.
Sca-1 marks epidermal cells, excluding hair follicles. Integrinα6 (ITGα6) is a marker of basal cells only
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26. Carefully decant the supernatant and add 10 mL of 1�DPBS.

27. Spin the cell suspension for 5 min, 930 rcf.

28. Decant supernatant carefully and continue directly to antibody
staining and FACS-sorting.

Optional STOP: After the second wash, flash-freeze cells in
liquid nitrogen and store cells at �80 �C for future use. Cells
can be stored at �80 �C for several months.

3.2 Antibody

Staining and FACS

Sorting

If using a combined sample of frozen cell suspensions, see Note 8.

1. Resuspend cells in 1 mL 1�DPBS and pass through BD FACS
strainer.

2. Spin 5 min, 930 rcf.

3. Decant supernatant.

4. Stain cells with antibodies diluted with 1�HBSS, supplemen-
ted with 2% FBS (see antibody dilutions in Subheading 2) in a
final volume of 200 μL for 30 min on ice. For larger samples, see
Note 9.

5. Add 1 mL 1�HBSS, supplemented with 2% FBS to the stained
cells.

6. Spin 5 min, 930 rcf.

7. Decant supernatant and wash again with 1 mL 1�HBSS sup-
plemented with 2% FBS.

8. Decant supernatant and resuspend in 300 μL 1�HBSS supple-
mented with 2% FBS.

9. Sort cells by FACS (Fig. 1b) and collect into 15 mL conical
tubes containing 3 mL 1�DPBS.

10. For best results, begin the ChIP protocol immediately after
sorting.

Optional STOP: Freeze sorted cells in liquid nitrogen and
store at �80 �C for future use (see Note 10).

3.3 Nuclei Isolation Fixed cells should be permeabilized to eliminate cytoplasmic pro-
teins and improve immunoprecipitation of chromatin. All steps
should be carried out at 4 �C. See Notes 11–14 before starting
the experiment.

1. If the samples are frozen, thaw them on ice (10–15 min) and
gently tap the tubes to disaggregate the cell pellet.

2. For each 100,000–500,000 fixed cells, add 1 mL of Lysis
Buffer I and disaggregate the pellet using a micropipette. To
the resuspended cells, add 4 more mL of Lysis Buffer I and
vortex 3 s. Rotate the tube for 10 min at 4 �C.

3. Spin for 7 min, 930 rcf at 4 �C and decant the supernatant with
one gentle movement.
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4. Tap the tube to disaggregate the cell pellet and resuspend it in
5 mL of Lysis Buffer II. Gently vortex the tube and rotate the
sample for 10 min at 4 �C.

5. Spin the tube for 7 min, 930 rcf at 4 �C and decant the
supernatant with one gentle movement.

6. Repeat the spin at 930 rcf for 2 min. Carefully remove the
supernatant with a micropipette.

7. Resuspend the permeabilized cell nuclei in 3 mL of Lysis Buffer
III supplemented with 1� Protease Inhibitors. Use a micropi-
pette to gently mix the sample.

3.4 Optimization

of Chromatin

Sonication

For ChIP-seq, fragmented chromatin should range from 150 to
400 bp with a peak in 300 bp. Bigger fragments, up to 600 bp, can
be used for ChIP-qPCR. Samples should be kept at 4 �C through-
out during sonication to prevent protein degradation. See Notes
15–21 for more details and possible troubleshooting suggestions.

1. For an ultrasonicator with a probe, place the 15 mL conical
tube with the permeabilized nuclei (in 3 mL of Lysis Buffer III
with protease inhibitors) in a 500 mL beaker with ice water.
Use a 1/800 microtip for 15 mL conical tubes adjusting the
height, such that the probe is fully submerged in the sample but
5–7 mm above the bottom of the tube, to avoid contact
between the sonicator tip and the tube walls. Adjust the voltage
of the ultrasonicator to 20–25% power and program cycles of
30 s (1 s ON/1.5 s OFF). Let the sample to cool down for at
least 90 s and repeat the sonication cycle 5–20 times. After
sonication, place the sample on ice.

∗Steps 2–6 refer to optimization of sonication process.
Once the sonication process has been optimized, immediately
proceed to immunoprecipitation (Subheading 3.5).

2. To assess the shearing of the chromatin, collect 5% of the
volume every 5 cycles and substitute the same volume with
Lysis Buffer III. Save 100 μL as a presonication sample.

3. Leave the samples overnight at 65 �C to reverse the cross-
linking.

4. Add 2 μL of RNase A (10 mg/mL) and incubate for 1 h at
37 �C.

5. Add 2 μL of Proteinase K (20 mg/mL) and incubate 1 h at
55 �C.

6. Purify 100 μL of the sonicated samples by phenol–chloroform
extraction or by affinity columns. Elute the sonicated DNA in
15 μL and assess the shearing of the chromatin on a 2% agarose
gel with a 100 bp DNAmarker to determine the fragment size.
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7. Evaluate the shearing of the chromatin to select sonication
settings and cycles that results in reproducible shearing
between 150 and 400 bp with a peak at 300 bp.

3.5 Immuno-

precipitation

Once sonication of the fixed chromatin has been optimized, immu-
noprecipitation can be performed. Different epigenetic marks may
require different amounts of sheared chromatin. See Notes 22–27
for more details and possible troubleshooting suggestions.

1. Transfer the 3 mL of sonicated chromatin to three DNA
LoBind tubes coated with 0.05% BSA in 1�DPBS (see Notes
11–13). Spin for 10 min at maximal speed (~5000 rcf) at 4 �C.

2. Transfer the supernatant to a new 15 mL conical tube coated
with 0.05% BSA in 1�DPBS and add 300 μL of 10% Triton
X-100. Gently invert the tube several times to mix the solution.
This sheared chromatin can be kept at 4 �C for up to 24 h.
Alternatively, flash-freeze the sheared chromatin in liquid nitro-
gen and store at�80 �C for later use. Samples can be stored for
several months.

3. Antibody-tube preparation: Set up one LoBind DNA tube for
each sample to be immunoprecipitated. See Note 12 for BSA
coating instructions. Pipet 1–3 μL of each antibody directly
into the remaining 0.05% BSA in DPBS and leave tubes on ice
until use.

4. Calculate the number of cells per mL of sonicated chromatin
from step 2 and add the volume equivalent to
5000–10,000 cells to each tube with diluted antibodies for
ChIP-qPCR and at least 50,000 cells to each tube with diluted
antibodies for ChIP-seq. If necessary, adjust the volume to have
at least 300 μL/IP tube. Keep the volume constant between
samples for reproducible results. See also Note 25.

5. Save 1–5% of the volume of one IP sample in a new LoBind
tube to use as the input. Store input at 4 �C for future use.

6. Rotate the IP tubes (chromatin + antibody) overnight at 4 �C.
(See Note 25 for alternatives.)

7. After antibody incubation, equilibrate the Protein G magnetic
Dynabeads: for each μL of antibody, use 5 μL of Dynabeads by
pipetting the total volume necessary for all IP tubes. Put the tube
on a magnet and wait 30–60 s until all the beads adhere to the
magnet. Do not vortex the magnetic beads.

8. Wash the beads: Aspirate the supernatant and add 1 mL of
0.05% BSA in 1�DPBS. Remove the tube from the magnet
and invert it gently several times until all the magnetic beads are
resuspended. Avoid vortexing. Place the tube again on the
magnet and wait for the bead to adhere to the magnet. Aspirate
the supernatant and repeat the wash with 1mL of 0.05% BSA in
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DBPS for a total of three washes. Leave the beads in 1 mL
0.05% BSA in DBPS and leave it rotating at 4 �C until use (see
Note 26).

3.6 Washes

and Elution

Immunoprecipitated chromatin bound to magnetic beads should
be astringently washed to increase specificity and reduce back-
ground. See Note 27.

1. After the overnight incubation of the IP samples, place the
tubes on the magnet until all the beads adhere to the magnet
side. Discard supernatant or save it for Western blot analysis or
other IP experiments.

2. While the tubes are still on the magnet, add 1 mL of low salt
buffer to the beads. Remove the sample from the magnet and
invert several times to solubilize the beads. Rotate the tubes for
10 min at 4 �C. Place the tube again on the magnet and wait
30–60 s until all magnetic beads adhere to the magnet. Then,
aspirate the supernatant.

3. Wash once with 1 mL of high salt buffer as in step 2.

4. Wash twice with 1 mL of LiCl wash buffer as in step 2.

5. Wash once with TE buffer at room temperature as in step 2.

6. Aspirate the TE buffer after the last wash while the tubes are
still on the magnet and add 100 μL of elution buffer. Remove
the tubes from the magnet and vortex for 10 s to disaggregate
the beads.

7. Add elution buffer to the input sample from step 5 of Sub-
heading 3.5 to a total volume of 100–160 μL.

8. Leave the washed beads and the input sample at 65 �C over-
night to reverse the cross-linking. Do not incubate longer than
16 h.

3.7 DNA Purification

and Quantification

1. After reverse cross-linking, vortex the IP tubes, and quickly
spin them on a bench centrifuge. Place the tubes on a magnet
and let them stand for 60 s or until all the beads adhere to the
magnet.

2. Transfer the supernatant to a new DNA LoBind tube.

3. Wash the remaining beads with 100 μL of TE with 2 μL of
RNase A (10 mg/mL). Vortex the tubes and place them on the
magnet.

4. Collect the supernatant into the same tube from step 2.

5. Add 40 μL of TE with 2 μL of RNase A (10 mg/mL) to the
input tube.

6. Incubate the bead-purified solution and the input tubes for 2 h
at 37 �C.
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7. Add 3 μL of Proteinase K (10 mg/mL) to each IP tube and
input sample, vortex briefly and incubate for 2 h at 55 �C.
Then, proceed immediately to DNA purification or store the
samples at �20 �C for later DNA purification.

8. Proceed with DNA purification using ChIP DNA Clean &
Concentrator kit (Zymo) or a similar affinity column following
manufacturer’s instructions. Equilibrate all buffers to room
temperature prior to purification.

9. Before elution, centrifuge the column 1 min at maximal speed
on a dry collection tube.

10. Elute the DNA in 7–14 μL of 10 mM Tris pH 8 prewarmed to
37 �C.

11. Repeat the elution step with 7–14 μL of 10 mM Tris pH 8
warmed at 37 �C for a total volume of 14–28 μL.

12. Quantify the IP-DNA using the HS dsDNA Qubit kit.

For ChIP-library construction, several commercial options are
available. Most kits can construct libraries for next-generation
sequencing from 1–3 ng of DNA from ChIP samples. Some kits
require DNA samples in a maximal volume of 5 μL to initiate the
protocol. In this case, elute the ChIP samples in a reduced volume
on step 10. Table 1 presents an example of the total amount of
purified ChIP DNA material obtained from different number of
FACS-purified epidermal basal cells.

3.8 ChIP-qPCR

and Assessment

of Input Recovery

Percentage

Before ChIP-seq NGS library construction, it is essential to cor-
roborate that the ChIP protocol worked successfully and assess the
background level in the sample. ChIP for nonspecific IgG can be
used as a negative control to initially optimize the duration and
astringency of the washes, and more important, amplification of
negative regions to test by qPCR that will give a direct measure-
ment of the background signal on each ChIP (see Notes 28–32).

Table 1
Total ng of DNA recovered after ChIP

FACS-purified cells 10% input (ng) ChIP H3K27me3 (ng) ChIP H2AK199Ub (ng)

1000 13.44 0.83 1.15

5000 10.27 1.23 1.17

15,000 47.04 1.63 2.24

50,000 153.60 2.80 7.34

500,000 616.80 5.42 70.32

The indicated number of cells were collected in individual tubes and the full ChIP protocol was performed until

purification. Concentration was quantified by Qubit HS dsDNA kit. ChIP antibodies used: H3K27me3: Millipore

07-449, RRID:AB_310624; H2A119Ub: Cell Signaling 8240S, RRID:AB_10891618
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1. Dilute the ChIP-purified DNA and input sample 1:100–1:500
in 10 mM Tris pH 8.0 with 0.05% Tween 20. Use the same
dilution for all samples independently of the concentration (see
Note 28).

2. Assemble qPCR reactions in a duplicate or triplicate with
4–6 μL of diluted ChIP-purified DNA and perform 45 cycles
of amplification.

3. Primers: We have found that intergenic regions are usually
devoid of transcription factors, transcriptionally active marks,
and Polycomb group proteins. Therefore, they can be used as
negative controls for each ChIP sample. In the mouse genome,
we consistently found the intergenic regions in chromosome
3 and 5 as solid negative controls (see primer list on Table 2).
For positive controls for ChIP of transcription factors or tran-
scriptionally active associated histone marks, promoters of
housekeeping genes, such as Actin B can be used. Primers for
positive controls should be located approximately 100 bp
upstream of the TSS or centered to reported NGS peaks if
available. All primers, experimental or positive and negative
control, should have a Tm of 65 �C and amplify products of
100 � 10 bp.

4. After the qPCR, calculate input recovery percentage for each
primer/IP. In this method, the signal obtained for each ChIP is
divided by the theoretical signal of the undiluted input to
calculate the IP efficiency. To adjust the dilution of the input,
first calculate the dilution factor. For example, if 1% of the
material were saved as input, the dilution factor (DF) is 100.
Divide the signal of the input by the dilution factor using the
following formula:

Adjusted Input ¼ Ct of Input – (Log2 of DF)

Table 2
A list of control primers that can be used for mouse genome

Loci Forward Reverse

Negative
regions

Intergenic
Chr3

TGTCTGGAATGTGGTGG
TTTGA

GCCCACTGCTATAA
TTAGGAAGGA

Intergenic
Chr5

CCCTCATCACAGACCCAC
TTCT

GTGGGAGTGGATGTATCTC
TGACTT

Active ACTB
promoter

TCCAACCAGAGTTCTGC
TTCCAAGT

TGCTAGCAA
TAGCCGGAAAGCCA

Polycomb
targeted

HoxB13 TGTGTGTGCATGGTGTTTGT TTCAGCCACTCCTCCAAACT

HoxD13 TCGGCAACGGTTACTACAGC TGTACTTCTCCACCGGGAAA
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To calculate the input recovery, divide the Adjusted Input
value by the ChIP signal and express it as percentage; transform
the values from Log2 to a linear scale using the following
formula:

% of input recovery ¼ 100 � 2^[(Adjusted input) – (Ct of
ChIP)]

5. Alternatively, once the Percentage of Input Recovery has been
calculated for each primer, the signal can be normalized to the
signal of the negative control to calculate the fold enrichment.

An example calculating the percentage of input recovery using
different number of FACS purified cells is presented in Fig. 2.

4 Notes

1. Preparation of ChIP wash buffers can be time-consuming.
Therefore, we recommend preparing all stock solutions in
advance and preparing 50–500 mL of each buffer prior to the
ChIP protocol. Use ultrapure water (Resistivity>18.18MΩ cm
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Fig. 2 ChIP-qPCR of H3K27me3 and H2AK119Ub from different numbers of FACS-purified epidermal cells. The
percentage of input recovery was calculated for the negative regions (chromosome 5 and Actin B promoter) as
well as Polycomb targeted genes (HoxD13, NeuroD1, and Olig3)
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at 25 �C) for all stock solutions and buffers. Once prepared, all
buffers should be filtered (0.44 μm) and stored at 4 �C up to
1 year.

2. The minimal incubation time at 4 �C is 4 h. Alternatively,
incubate for 1 h at 37 �C with gentle shaking.

3. Adding 16% formaldehyde directly to the sample is critical.
Resuspending the cells in a prediluted master mix of 1% form-
aldehyde, or in prechilled formaldehyde, will result in improper
fixation and poor ChIP quality.

4. The fixative agent and fixation time may be optimized depend-
ing on the targeted immunoprecipitated protein. A 10-min
fixation with formaldehyde at room temperature is a good
starting point for histones and histone modifications. For non-
histone proteins, especially transcription factors, longer fixation
times and secondary fixative agents such as disuccinimidyl glu-
tarate (DSG) or ethylene glycol bis-succinimidylsuccinate
(EGS) can improve ChIP results but should be carefully
optimized [23].

5. Commercial formaldehyde solutions may include up to 15% of
methanol as a stabilizer. The presence of methanol will result in
methanol-fixated chromatin products that cannot be reverted
or shredded. This effect is particularly evident when fixed cells
are stored, even at �80 �C. Using recently opened methanol-
free formaldehyde is recommended to avoid this problem.

6. Increasing centrifugation speed to 930 rcf is critical to precipi-
tate the cells after fixation.

7. Cell pellets become transparent after fixation.

8. In the case of combining several samples of frozen and fixed cell
suspensions, pass the cells through 0.45 μm cell strainers to
remove large cell clumps often generated by fixation. Spin at
930 rcf for 10 min.

9. A larger sample (e.g., a combined suspension from many ani-
mals) may be stained in a larger volume.

10. Freezing does not affect histone ChIP but is not recommended
for ChIP of proteins that are rarer than histones, such as
transcription factors. In this case, freezing may result in a low
ChIP yield.

11. For low cell-number samples, we recommend minimizing tube
transfers and using the same 15 mL conical tube for collection
of FACS-purified cells up to the sonication step. If changing
the tube is necessary, coating the new tube with 0.05% BSA in
1�DPBS helps to reduce cell loss. Micropipette tips can also be
coated with the 0.05% BSA solution by pipetting the maximum
volume for a few seconds before pipetting the cell suspension.
When working with a very low number of cells
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(1000–50,000 cells), the micropipette tip has to be coated with
0.05% BSA before pipetting the solution with cells but using
the same volume of the Lysis buffers used for 100,000 cells.

12. Coat each tube by pipetting 1 mL of 0.05% BSA in DPBS and
vortex for 3 s; incubate the tubes 3–5 min to coat. Decant or
recover the 0.05% BSA, but leave 30–50 μL of solution in
each tube.

13. The solution of 0.05% BSA in 1�DBPS can be easily contami-
nated with bacteria, so it is essential to prepare this solution
fresh and not store it for more than 48 h at 4 �C. To avoid
waste, frozen aliquots of 0.05% BSA can be stored indefinitely.
Quality and testing of BSA are important to avoid the presence
of proteinase or nuclease activity.

14. Some protocols include SDS in the sonication buffer to
improve disruption of the cells, but presence of SDS is incom-
patible with antibodies and therefore must be diluted and
neutralized before immunoprecipitation. However, when
working with a low number of cells (less than one million),
this will result in overdilution of the chromatin and failure of
the ChIP. Here we have optimized lysis and sonication buffers
to avoid the use of SDS to keep chromatin concentration at
maximum to improve immunoprecipitation.

15. Different commercial equipment can be used to successfully
shear chromatin. To optimize sonication, we recommend only
varying the cycle number/time of sonication and analyzing
chromatin size on an agarose gel.

16. Some cells are particularly difficult to sonicate. Detergents as
SDS can be added to the sonication buffer from 0.1% to 1% to
improve cell disruption. Sonication power has to be adjusted to
prevent foam formation, and the sample has to be diluted up to
ten times before immunoprecipitation to prevent antibody
denaturalization by the detergent. When working with a low
number of cells, dilution of the sample will negatively affect
immunoprecipitation efficiency, so it is better to optimize son-
ication conditions to avoid the use of SDS.

17. To proper evaluate shearing of the chromatin on an agarose
gel, it is necessary to perform the cross-linking reversal fol-
lowed by Proteinase K and RNase A treatments. The presence
of RNA can be easily confused for or hide the shredded chro-
matin size, whereas improper reversal of the cross-linking will
prevent migration on the agarose gel.

18. When using a probe sonicator, we noticed that polypropylene
tubes tend to stay in place more easily than polystyrene tubes.
To help keep tube in place, set a tape ring around the sonicator
tip exactly at the height of the tube. This will not interfere with
chromatin shearing and will prevent the tip from touching the
tube walls. It is also convenient to use a clear glass beaker as a
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sonication ice water bath: place the tube close to the wall of the
beaker to have a good view of the sonicator tip inside the tube.

19. Avoid formation of foam during sonication because this will
prevent breaking of the cells and chromatin shearing. The
appearance of white spots during sonication is normal and
expected. It is convenient to set a trial sonication test only
with a sonication buffer. Assay the power of the equipment
and set the power output that does not generate any foam. Also
test for overheating of the sample; some warming of the tube is
normal, but if overheating is observed, longer incubation times
between sonication samples is recommended.

20. Always choose the shortest number of sonication cycles/time.
Oversonication will result in degradation of protein complexes
and failure of the experiment. Analysis of the sample proteins
by Western blot after sonication is a good way to evaluate the
integrity of the protein to be immunoprecipitated. Depending
on the equipment and voltage, oversonication may result in
chromatin fragments of about 100 bp. Therefore, when opti-
mizing sonication, a titration time curve should be performed
to observe a ladder size of the shredded chromatin.

21. In general, immunoprecipitation of histone is more efficient
and will require lower amounts of chromatin, whereas non-
abundant proteins or transcription factors may require more
starting material.

22. Proteins G and A have different affinities toward different
isotypes of antibodies. Use magnetic beads with protein G or
A accordingly. Sepharose G/A beads can be used for ChIP but
require blocking before antibody conjugation and centrifuga-
tion steps between washes.

23. Some protocols recommend using an IgG control to evaluate
background signal, but only the same isotype of antibody and
preimmune serum from the same animal would be indicative of
a background signal. Using a “beads only” control without any
antibody would be more informative in evaluating noise and
optimizing washes and incubation times. However, an anti-H3
antibody will give an extremely robust signal to any target and
can be used as a control when optimizing the ChIP protocol
for the first time.

24. We have found that using 1–3 μL of antibody per ChIP sample
gives good results. Using higher amounts of antibodymay result
in increased unspecific signal unless the number of cells is accord-
ingly increased. However, we have observed that substantially
increasing the number of cells (over fivemillion)may increase the
background signal using this protocol. As currently ChIP-seq
libraries can be constructed with low amounts of DNA
(0.5–1 ng), we favor the use of fewer cells per antibody to obtain
a specific signal and lower background in the ChIP-seq.
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25. For immunoprecipitation, incubate the antibody and chroma-
tin for at least 4 but no more than 16 h. To promote efficient
immunoprecipitation and not overdilute antibodies, maintain a
volume of at least 200 μL but no more than 600 μL per
IP tube.

26. Washed beads can be kept rotating in 0.05% BSA in 1XDPBS
up for 16 h before use.

27. The duration of each wash can be increased up to 40 min if
unspecific signal is observed. All solutions are kept at 4 �C,
except for the TE and elution buffer.

28. For qPCR, keep the dilution factor of input and ChIP samples
constant. Do not store diluted samples; they are not stable even
at �20 �C. If new primers are to be tested, prepare fresh
dilutions for consistent and comparable qPCR results.

29. In the same sense, the amount of recovered ChIP-ed material is
not indicative of a successful ChIP or of a higher percentage of
input recovery. These only reflect the amount of starting mate-
rial and antibody concentration. Using a lower number of cells
tends to result in higher input recovery, but low recovery is not
indicative of failure.

30. The only way to assess the quality of a ChIP and decision to
construct ChIP-seq libraries is evaluating negative and positive
controls and the ratio between them by qPCR.

31. Before proceeding to sequencing, the ratio of negative/posi-
tive controls can be evaluated in the ChIP-seq libraries that
should be similar to the original ChIP samples.

32. Although evaluating the ChIP-qPCR by calculating the “fold
enrichment” or bulk-H3 normalization may help to normalize
the background signal, this may result in overnormalization
and masking biological results. We recommend presenting the
input recovery percentage for each primer/IP without normal-
ization to assess the biological differences and successes of the
ChIP protocol.
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Chapter 18

3D-FISH Analysis of the Spatial Genome Organization
in Skin Cells in Situ

Andrei N. Mardaryev and Michael Y. Fessing

Abstract

Spatial genome organization in the cell nucleus plays a crucial role in the control of genome functions. Our
knowledge about spatial genome organization is relying on the advances in gene imaging technologies and
the biochemical approaches based on the spatial dependent ligation of the genomic regions. Fluorescent in
situ hybridization using specific fluorescent DNA and RNA probes in cells and tissues with the spatially
preserved nuclear and genome architecture (3D-FISH) provides a powerful tool for the further advance-
ment of our knowledge about genome structure and functions. Here we describe the 3D-FISH protocols
allowing for such an analysis in mammalian tissue in situ including in the skin. These protocols include DNA
probe amplification and labeling; tissue fixation; preservation and preparation for hybridization; hybridiza-
tion of the DNA probes with genomic DNA in the tissue; and post-hybridization tissue sample processing.

Key words Epigenetics, Spatial genome organization, Fluorescent in situ hybridization, 3-D FISH
analysis

1 Introduction

Spatial genome organization in the cell nucleus plays a crucial role
in the control of genome functions, including DNA replication,
repair and transcription. For example, spatial contact between gene
promoters and distal gene regulatory elements, such as gene enhan-
cers and silences, is important to assure proper gene transcription
levels [1, 2]. Changes in the cellular gene transcription programs
drive stem and progenitor cell activity and differentiation underly-
ing tissue and organ development, homeostasis, and regeneration.
Advances in our understanding of the spatial genome organization
and its role in the developmental control of gene expression are
based on the studies using imaging of the labeled genome regions
[2, 3] and biochemical techniques based on the spatial proximity
dependent ligation of the genomic DNA fragments (chromosome
conformation capture and its variations) [2, 4].
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The visualization of specific genomic regions (genes, gene loci,
chromosome subregions, and whole chromosomes) has been usu-
ally performed using fluorescent in situ hybridization (FISH) anal-
ysis with fluorescently labeled DNA or RNA probes [3, 5, 6]. More
recently, the alternative techniques have been developed employing
specific DNA binding fluorescent proteins or enzymatically inactive
fluorophore conjugated CAS9 (dCAS9) protein with specific guide
RNAs to the genomic regions of interest [7].

The FISH analysis involves harsh tissue treatment that can lead
to changes of the nuclear architecture and spatial genome organi-
zation. To overcome this problem, FISH techniques using cells and
tissues with spatially preserved nuclei were developed, and is called
3D-FISH [5]. These techniques could also be combined with
immune-fluorescent analysis, providing the tools to study spatial
genome organization in relation to the different nuclear bodies
[8, 9]. We were the first group who employed 3D-FISH to dem-
onstrate the role of spatial genome organization in the control of
developmentally regulated gene expression in skin tissue in situ by
using fluorophore and hapten-labeled complex DNA probes with
confocal laser scanning microscopy [8, 10, 11]. These studies led us
to uncover the developmentally associated changes in the genome
locus condensation [8, 10], gene positioning relative to the nuclear
center [8, 10], chromosomes [8], nuclear bodies [8], and other
genes [8, 10, 12]. Examples of some images representing single
optical tissue sections after 3D-FISH are presented in Fig. 1.

Here we describe the 3D-FISH technology using frozen tissue
sections with the 3D-tissue architecture preserved and include

Fig. 1 Detection of genes, gene loci, and chromosome territories in the skin tissue using in situ 3D-FISH. (a) A
single optical section of a confocal microscopy image using fluorescent dye-labeled DNA probes and showing
localization of Lor (green) and Rps27 (red) genes in relation to the corresponding chromosome territory
3 (MMU3) in epidermal keratinocytes of mouse embryonic skin (E14). (b) Coapplication of 3D-FISH and
immunofluorescent detection of the EDC gene locus (red) and SC35-enriched nuclear speckles (green),
respectively
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gene/gene locus specific and whole chromosome probe prepara-
tion; tissue preservation and embedding; tissue section processing
and preparation for hybridization; probe hybridization with geno-
mic DNA in the tissue, and posthybridization tissue processing.
The important image acquisition and image analysis techniques
depend on the available microscopy equipment and the specific
research question and these are widely covered elsewhere [8–10,
13] and are not described here.

2 Materials

2.1 Amplification

and Labeling

of the DNA Probes by

DOP-PCR

1. Whole chromosome paint after the first or second amplification
of the flow-sorted chromosome (see Note 1).

2. 10�PCR buffer: 200 mM Tris–HCl (pH 8.4), 500 mM KCl.

3. 25 mM magnesium chloride.

4. 100 μM 6 MW primer: 50-CCGACTCGAGNNNNNNATG
TGG-30, where N is an equal mix of A, T, C, and G in the
oligonucleotide preparation.

5. dNTP mix: 2.5 mM dATP, 2.5 mM dTTP, 2.5 mM dCTP,
2.5 mM dGTP.

6. DNA free Taq polymerase: 5 U/μl DNA free Taq polymerase.

7. dACG mix: 2 mM dATP, 2 mM dCTP, 2 mM dGTP.

8. dTTP: 2 mM dTTP.

9. 1 mM hapten or fluorophore-conjugated dUTP (see Note 2).

10. Agarose gel: 1% agarose gel in TAE buffer (40 mM Tris–
acetate, 1 mM EDTA, pH 8.3) containing 0.5 mg/ml ethi-
dium bromide.

11. TAE buffer: 40 mM Tris–acetate, 1 mM EDTA, pH 8.3.

12. DNA loading buffer.

13. DNA molecular weight marker in 100 bp–5 kb range.

14. Thermocycler.

15. Bucket with ice.

16. Microcentrifuge.

17. Tank and power supply for the agarose gel electrophoresis.

18. Gel documentation system.

2.2 DNA

Amplification Utilizing

Bacteriophage Phi29

DNA Polymerase

1. GE Healthcare Life Sciences Illustra GenomiPhi V2 DNA
Amplification Kit or other Phi29 DNA polymerase-based
DNA amplification system.

2. Agarose gel: 0.8% agarose gel in TAE buffer (40 mM Tris–
acetate, 1 mM EDTA, pH 8.3) containing 0.5 mg/ml ethi-
dium bromide.
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3. TAE buffer: 40 mM Tris–acetate, 1 mM EDTA, pH 8.3.

4. DNA loading buffer.

5. DNA molecular weight marker in 1–10 kb range.

6. TAE buffer: 40 mM Tris–acetate, 1 mM EDTA, pH 8.3.

7. Thermocycler or water bath at 30 �C.

8. Bucket with ice.

9. Microcentrifuge.

10. Tank and power supply for the agarose gel electrophoresis.

11. Gel documentation system.

2.3 Labeling the BAC

or Phagemid DNA

Probes by Nick

Translation

1. 10�NT buffer: 0.5 M Tris–HCl pH 7.5, 50 mM MgCl2,
0.05% BSA.

2. NT dNTP mix: 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dCTP,
0.1 mM dTTP.

3. 0.1 M mercaptoethanol.

4. DNase I stock solution: 1 mg/ml DNase I (grade II, from
bovine pancreas) in 150 mM NaCl, 10 mM CaCl2, 50% glyc-
erol (see Note 3).

5. E. coli DNA Polymerase I for NT: 5 U/μl DNA polymerase I
(see Note 3).

6. Hapten or fluorophore conjugated dUTP: 1 mM hapten or
fluorophore-conjugated dUTP (see Note 2).

7. NT stop mix: 100 mM NaCl, 20 mM Tris–HCl pH 7.5,
20 mM EDTA, 0.1% bromophenol blue, 0.5% dextran blue
(see Note 4).

8. Agarose gel: 1% agarose gels in TAE buffer (40 mM Tris–
acetate, 1 mM EDTA, pH 8.3) containing 0.5 mg/ml ethi-
dium bromide.

9. TAE buffer: 40 mM Tris–acetate, 1 mM EDTA, pH 8.3.

10. DNA loading buffer.

11. DNA molecular weight makers in 100 bp–1 kb range.

12. Thermocycler or water baths.

13. Bucket with ice.

14. Microcentrifuge.

15. Tank and power supply for the agarose gel electrophoresis.

16. Gel documentation system.

2.4 Tissue Fixation

and Cryopreservation

1. 10�PBS: 1.5 MNaCl, 30 mMNa2HPO4, 10.5 mMKH2PO4,
pH 7.4.

2. 4% formaldehyde in 1�PBS, pH 7.4 (see Note 5).
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3. 0.1 M phosphate buffer: 81 mM Na2HPO4, 19 mM
NaH2PO4, pH 7.4.

4. 50 mM NH4Cl, 1�PBS, pH 7.4.

5. 5% sucrose, 0.1 M phosphate buffer.

6. 12.5% sucrose, 0.1 M phosphate buffer.

7. 20% sucrose, 0.1 M phosphate buffer.

8. Embedding medium (see Note 6).

9. Sodium citrate buffer: 10 mM sodium citrate pH 6.0.

10. Molds for tissue embedding (see Note 7).

11. Rotator for tubes.

12. Bucket with dry ice.

2.5 Preparation

of the Tissue Sections

for Hybridization

1. Sodium citrate buffer: 10 mM sodium citrate, pH 6.0.

2. 2�SSC buffer prepared by diluting 20�SSC buffer: 3 M NaCl,
0.3 M sodium citrate, pH 7.0.

3. 50% formamide in 2�SSC (see Note 8).

4. Positively charged glass slides.

5. Heat-resistant Coplin jars.

6. Cryostat blades.

7. Microwave oven (see Note 9).

8. Water bath.

9. Cryostat.

2.6 Preparation

of the DNA Probe

Solution

for Hybridization

1. Cot-1 DNA.

2. 2 M sodium chloride.

3. 95% ethanol.

4. Formamide (see Note 8).

5. 2 � hybridization mix (20% dextran sulfate, 4�SSC).

6. Microcentrifuge with cooling set at 4 �C.

7. Vortex mixer.

8. Water bath.

9. �80 �C freezer.

2.7 Hybridization

Setup

1. 0.17 mm thick glass coverslips.

2. Diamond cutter.

3. Transparent nail polish.

4. Rubber cement.

5. Fine forceps.

6. Floating metal box with a lid.
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7. Water bath at +37 �C.

8. Hot plate at +85 �C (see Note 10).

2.8 Posthy-

bridization Tissue

Processing

1. 4�SSC, 2�SSC and 0.1�SSC prepared from 20�SSC buffer:
3 M NaCl, 0.3 M sodium citrate, pH 7.0.

2. Blocking buffer: 4% BSA, 4�SSC, 0.1% Triton X-100, 0.1%
Saponin.

3. Fluorophore-conjugated avidin, streptavidin, and/or anti-
hapten antibodies (see Note 11).

4. DNA counterstaining solution: 25 ng/μl DAPI or 1 μM
TO-PRO-3, 2�SSC.

5. Embedding medium (see Note 12).

6. 22 � 22 mm 0.17 mm thick glass coverslips.

7. Fine forceps.

8. Transparent nail polish.

9. Moisturizing chamber for the immunostaining.

3 Methods

3.1 Labeling the DNA

Probes

For the 3D-FISH spatial genome organization analysis, labeled
DNA probes could be generated using whole chromosomal DNA
or DNA for specific subchromosomal (pericentromeric, telomeric,
or gene/gene locus) regions. We describe here the amplification
and labeling of the Whole Chromosome Paints (WCPs) using
specific whole chromosome DNA by degenerate oligonucleotide-
primed PCR (DOP-PCR) and the gene/gene locus specific probes
using bacterial artificial chromosomes (BACs) or phasmids by
amplification utilizing bacteriophage Phi29 DNA polymerase, fol-
lowed by nick-translation labeling. Set up all the enzymatic reac-
tions on ice. We have routinely used these methods for probe
generation [8, 10, 12]. The probe quality is crucial for the success-
ful 3D-FISH experiment. The quality of the probes and the detec-
tion strategy should be checked in 2D-FISH analysis with the
metaphase chromosome spreads [14] before attempting the 3D-
FISH experiment.

3.1.1 Whole

Chromosome Paint

Amplification by DOP-PCR

1. In the PCR tube combine 10 μl 10�PCR buffer, 8 μl 25 mM
magnesium chloride, 2 μl 100uM 6MWprimer (Telenius), 8 μl
2.5 mM each dNTP mix, 70 μl water, 1 μl (5 U/μl) DNA-free
Tag polymerase, 1 μl (30–200 ng/μl) specific whole chromo-
some DNA (after the first or the second amplification, see
Note 1).

2. Gently mix the contents of the tube and collect onto the
bottom of the tube using a microcentrifuge.
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3. Place the tube in the PCR machine and run the amplification
program: +94 �C for 3 min, followed by 36 cycles of +94 �C for
1 min, +56 �C for 1 min and +72 �C for 2 min, final extension
+72 �C for 5 min, held at +4 �C.

4. Assess the size distribution and yield of the amplified DNA by
analyzing 5 μl of the resulting reaction mixture in 1% agarose–
TAE gel. The amplified products should be visible as smear
ranging from approximately 200 bp to 1.5 kb. The concentra-
tion of the amplified products usually ranges from 30 to
200 ng/μl.

5. Store the remaining amplified products at �20 �C where it can
be stored for several years.

3.1.2 Whole

Chromosome Paint

Labeling by DOP-PCR

1. In the PCR tube, combine 10 μl 10�PCR buffer, 8 μl 25 mM
magnesium chloride, 2 μl 100 μM 6 MW primer (Telenius),
5 μl dACGmix (2mM each), 1 μl 2 mMdTTP, 58 μl water, 6 μl
1 mM hapten or fluorophore-conjugated dUTP (see Note 2),
1 μl specific whole chromosome DNA after the second or third
amplification (30–200 ng/μl), and 0.5 μl DNA-free Taq poly-
merase (5 U/μl).

2. Gently mix the contents of the tube and collect onto the
bottom of the tube using a microcentrifuge.

3. Place the tube in the PCR machine and run the amplification
program: +94 �C for 3 min, followed by 25 cycles of +94 �C for
1 min, +56 �C for 1 min and +72 �C for 30 s, final extension
+72 �C for 5 min, hold at +4 �C.

4. Assess the size distribution and yield of the labelled DNA by
analyzing 5 μl of the resulting reaction mixture in 1% agarose/
TAE gel. The amplified products should be visible as smear
ranging from approximately 200 bp to 1.5 kb. The concentra-
tion of the amplified products usually ranges from 30 to
200 ng/μl.

5. Store the remaining amplified products at �20 �C where it can
be stored for several years.

3.1.3 BAC or Phasmid

DNA Amplification Utilizing

Bacteriophage Phi29 DNA

Polymerase

We routinely amplify BAC or phasmid DNA by isothermal strand
displacement synthesis catalyzed by the bacteriophage Phi29 DNA
polymerase using GE Healthcare illustra™ GenomiPhi V2 DNA
Amplification Kit. For a bacteriophage Phi29 DNA polymerase–
based amplification system from other suppliers, follow the
corresponding supplier’s protocol. This method does not require
highly purified DNA (crude purification from the E. coli using
routine alkaline lysis followed by precipitation with isopropanol
without phenol–chloroform extraction provides DNA of sufficient
purity and concentration).
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1. Combine 9 μl of sample buffer and 1 μl (10–30 ng) DNA.

2. Heat at +95 �C for 3 min and chill at +4 �C (see Note 13).

3. Prepare master mix by combining 9 μl reaction buffer and 1 μl
enzyme mix. Mix gently.

4. Combine the sample DNA after the step 2 and 10 μl of the
master mix prepared according to the step 3. Mix gently.

5. Incubate at +30 �C for 1.5 h followed by incubation at +65 �C
for 10 min and cooling at +4 �C (see Note13).

6. Assess the size distribution and yield of the amplified DNA by
analyzing 2 μl of the amplification products in 0.8% agarose/
TAE gel with the appropriate DNA molecular weight ladder.
The amplified DNA will appear as a smear around 10 kb. The
expected yield is 4–7 μg (200–350 ng/μl).

3.1.4 Labeling the BAC or

Phagemid DNA Probes by

Nick Translation

1. Dilute 1 μl of DNase I stock solution in 250 μl of water on ice.
Mix gently (see Note 14).

2. Combine 1 μg DNA and water to the final volume of 31 μl.
Add 5 μl NT buffer, 5 μl 0.1 M mercaptoethanol, 5 μl NT
dNTP mix, 2 μl labeled dUTP (seeNote 2), 1 μl diluted DNase
I (from the step 1), and 1 μl E. coli DNA polymerase I. Mix
gently.

3. Incubate at +15 �C for 1.5 h. Place on ice.

4. Analyze 5 μl of the nick translation products in 1% agarose/
TAE gel with the appropriate DNA molecular weight ladder.
The probe DNA should appear as a smear between 200 and
600 bp. If the most of the probe DNA fragments are larger
than 600 bp, add 1 μl of the freshly diluted DNase I (see step 1)
and incubate at room temperature for 5 min.

5. Add equal volume of the NT stop solution to the NT reaction
mixture. Mix well. The concentration of the DNA probe would
be about 10 ng/μl. Store the labeled probe for up to a year at
�20 �C.

3.2 Preparation

of the Frozen Tissue

Sections

3.2.1 Tissue Fixation

and Cryopreservation

1. Rinse freshly isolated tissue (or animal embryos) with 1�PBS
(pH 7.4) at room temperature for 5 min two times (see Note
15).

2. Fix the tissue in 4% formaldehyde in 1�PBS (pH 7.4) at +4 �C
overnight on the rotator.

3. Carefully remove the fixative solution avoiding touching the
tissue. Add 50 mM ammonium chloride solution in 1�PBS,
carefully mix the solution by inverting the tube several times
and incubate the tissue at room temperature for 5 min.

4. Wash the tissue twice in 0.1 M phosphate buffer (pH 7.4) at
room temperature for 10 min each.
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5. Incubate the tissue in 5% sucrose/0.1 M phosphate buffer with
gentle rotation at room temperature for 1 h.

6. Incubate the tissue in 12.5% sucrose–0.1 M phosphate buffer
with gentle rotation at room temperature for 1 h.

7. Incubate the tissue in 20% sucrose–0.1 M phosphate buffer
with gentle rotation at 4 �C overnight.

8. Fill the embedding dish with the embedding medium and
carefully place the tissue in it. Make sure that the tissue is
completely covered and avoid bubbles.

9. Put the embedding dish on the dry ice and let the medium
completely freeze. It will take several minutes.

10. Keep the fixed frozen tissue samples at �80 �C for up to
5 years.

3.2.2 Preparation

of the Tissue Sections

for Hybridization

1. Cut the tissue sections at 20 μM thickness using a cryostat at
�30 �C and mount them on the positively charged glass slides.
The slides could be stored at �80 �C for up to a year.

2. Remove the slide(s) with the frozen sections from the storage
and dry them at room temperature for 1 h.

3. Place the slide(s) in a Coplin jar filled with 10 mM sodium
citrate buffer (pH 6.0) and incubate them at room temperature
for 5 min.

4. Heat the slides in the microwave oven until the first sign of
boiling. Do not allow the buffer to boil, as it will destroy the
nuclear architecture and tissue morphological appearance.

5. Place the Coplin jar with the slide(s) in the water bath at
+90 �C and incubate for 10 min (see Note 16).

6. Cool the slide(s) in the buffer at room temperature for 5 min.

7. Transfer the slide(s) into 2�SSC buffer and incubate at room
temperature for 10 min.

8. Transfer the slide(s) into 50% formamide in 2�SSC and incu-
bate at room temperature for at least 2 h (see Note 17).

3.3 DNA

Hybridization

3.3.1 Preparation

of the DNA Probe Solution

for Hybridization

1. Combine the labeled BAC, phagemid, and/or whole chromo-
some probes to achieve final concentration of 30–50 ng/μl for
each probe in the hybridization mixture (see Note 18). Add
10 μg Cot1 DNA for the first 250 ng of the total probe DNA
and 5μg Cot1 DNA for each additional 250 ng of the total
probe DNA (see Note 19). Add 2 M sodium chloride solution
to the final sodium chloride concentration of 50 mM (see
Note 20).

2. Add 2.5 volumes of the ice cold 95% ethanol to the probe
mixture. Mix well and incubate at �80 �C for 30 min.
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3. Collect the DNA pallet by centrifugation at 14,000 � g for
15 min at +4 �C.

4. Remove the supernatant and air dry the DNA pallet for
10–15 min.

5. Dissolve the DNA pallet in the half of the final hybridization
mixture volume (see Note 21) of the formamide by incubating
the probe at +55 �C and vortexing every 2 min. It will take
about 10–15 min.

6. Add equal volume of 2� hybridization mix and mix well.

3.3.2 Hybridization

Set Up

1. Take the slide from 50% formamide/2�SSC and remove the
excess buffer. Cover the tissue with the hybridization glass
chamber. Add the hybridization mixture with the dissolved
probes under the glass chamber avoiding bubbles (Fig. 2) (see
Note 22).

2. Seal the chamber on the slide with the rubber cement and let
the cement completely dry.

3. Incubate the sealed slide at +37 �C for at least 2 h (see
Note 23).

4. Denature the tissue and probe DNA by incubating the slide on
the hot plate at +85 �C for 5 min (see Note 24).

5. Incubate the slide at 37 �C for 2–3 days in a metal box floating
in the water bath.

0

A B

D
3 2

1

0

C

Fig. 2 Glass chamber preparation for hybridization of probes on skin tissue sections. (a) Using a diamond
cutter, cut coverslips into several strips (2–3 mm wide); (b) Assemble a glass chamber by attaching two strips
onto a coverslip using nail polish; (c) Apply the glass chamber over a tissue section on a slide and load the
hybridization mixture over the tissue under the glass chamber using a pipette tip; (d) A side view of the
assembled slide (1) with the glass chamber (2) and tissue section (3)
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3.4

Post-Hybridization

Tissue Processing

1. Carefully peel off the rubber cement and remove the glass
chamber from the slide using the forceps. Put the slide in the
Coplin jar with 2�SSC at +37 �C and incubate for 10 min with
gentle agitation on the rocking plate (see Note 25).

2. Repeat washes with 2�SSC at +37 �C for 10 min twice more.

3. Wash the slides with 0.1�SSC at +60 �C for 10 min.

4. If only the fluorophore-labeled probes were used, proceed to
the DNA counterstaining and slide embedding (step 11).
Otherwise transfer the slide into 4�SSC at room temperature.

5. Apply the blocking buffer (4% BSA, 4�SSC, 0.1% Triton
X-100, 0.1% Saponin) to the tissue sections and incubate at
room temperature for 15 min.

6. Put the 22� 22mm glass chamber, similar to the hybridization
chamber used for the hybridization, around the tissue section
on the slide. Apply the required anti-hapten antibodies and/or
fluorophore-conjugated avidin (or streptavidin) in the blocking
buffer to the section under the chamber (see Note 26).

7. Incubate the slide at +4 �C overnight in the moisturized
chamber.

8. Carefully remove the glass chamber and wash the slide three
times in 4�SSC for 10 min with gentle agitation.

9. If only the fluorophore-labeled avidin or streptavidin was used
in step 6, proceed to the DNA counterstaining and slide
embedding. Otherwise stain the tissue sections with the appro-
priate secondary fluorophore-conjugated antibodies diluted in
the blocking buffer at +37 �C for 4 h or at +4 �C overnight (see
Note 11).

10. Wash the slides three times in 4�SSC at +37 �C for 10 min
with gentle agitation.

11. Incubate the tissue with 25 ng/μl DAPI or 1 μM TO-PRO-3
in 2�SSC at room temperature for 30 min.

12. Embed using the counter-stain free embedding medium and
seal the coverslip on the slide with the nail polish.

13. The tissue is ready for microscopy (seeNote 27). The slides can
be stored for up to a year if DAPI counter-stain is used or for
up to 4 weeks if TO-PRO-3 counterstain is used.

4 Notes

1. Whole Chromosome Paints (flow-sorted and DOP-PCR
amplified chromosomes) could be obtained from flow-sorting
facilities or other commercial sources. The quality of the paints
drops after forth DOP-PCR rounds of amplification.
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2. Hapten and fluorophore-conjugated dUTP could be obtained
from different suppliers or prepared as described elsewhere
[15]. The preparation of the conjugated dUTP in-house pro-
vides very significant saving (more than tenfold). We have
routinely prepared and used biotin-dUTP (Bio-dUTP),
digoxigenin-dUTP (Dig-dUTP), fluorescein isothiocyanate-
dUTP (FITC-dUTP), and cyanine 3-dUTP (Cy3-dUTP).
The choice of fluorophores depends on the confocal micro-
scope that is used for imaging.

3. DNase I and DNA polymerase I are very temperature sensitive.
Store and transport them in the benchtop cooler at �20 to
�30 �C and do not allow warming above �20 �C.

4. Bromophenol blue and dextran blue dye inclusion helps to
better monitor the DNA probe pellet, the probe dissolving in
the hybridization mixture and the hybridization mixture dur-
ing the hybridization set up.

5. Methanol-free nonoxidized formaldehyde should be used. We
prepared 4% formaldehyde solution in 1�PBS by dissolving
paraformaldehyde. The solution could be aliquoted and kept
at �20 �C for up to half a year before use. Alternatively, we use
32% formaldehyde solution packed in the inert atmosphere in
sealed glass ampules, available from several suppliers, to prepare
the working fixation solution.

6. We routinely use Tissue-Tek™ O.C.T. medium. Similar
embedding medium from other suppliers could be used.

7. We routinely use the peel away disposable plastic embedding
molds.

8. Use the molecular biology grade or deionized formamide kept
at +4 �C for up to a year or at �20 �C for several years.

9. Use microwave oven at 700–800 W with the transparent door.

10. Check the plate temperature using a thermometer. The proper
temperature is crucial.

11. The choice of the fluorophores depends on the confocal micro-
scope that will be used for the imaging. We routinely use Alexa
488, FITC, Cy3, and Cy5-conjugated antibodies andDAPI for
the DNA counterstaining. Use the antibodies with the lower
molecular weight to improve the antibody penetration inside
the tissue.

12. We routinely use Vectashield™ embedding medium without
DAPI from Vector Laboratories. A similar medium is available
from other suppliers.

13. We use a thermocycler for the incubation.

14. Prepare the DNase I diluted solution from the stock solution
just before use. Discard the unused diluted solution.
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15. Volumes of all the solutions should be in vast excess (at least
tenfold) of the tissue volume.

16. This time of incubation works well for the whole thickness
mouse and human skin or mouse embryos. The time should
be optimized for the specific tissue sections if necessary.

17. Incubation for at least 12 h at +4 �C improves the probe
penetration into the tissue. The tissue could be stored at
+4 �C for up to a week.

18. This probe concentrations work well in our hands in most
cases. They could be increased up to 100 ng/μl if the signals
after the hybridization are weak.

19. Cot-1 DNA suppresses hybridization of the repetitive
sequences in the probe to the repetitive genomic DNA
sequences in the tissue.

20. Nick-translation stop solution in the BAC and/or phasmid
probes usually contains enough sodium chloride for the
probe DNA precipitation.

21. The final volume of the hybridization mixture depends on the
hybridization chamber size required to cover the tissue. Fifteen
microliters is required for the 12 � 12 mm chamber and 25 μl
for the 18 � 18 mm chamber.

22. We load the probe using small pipette tips.

23. The incubation for up to 16 h will improve the probe penetra-
tion into the tissue.

24. Temperature and timing are crucial.

25. Protect from light if the fluorophore-labeled probes are used.

26. At this step the immune-fluorescent staining with the antibo-
dies specific for the different nuclear proteins can be combined
with the tissue processing after the 3D-FISH hybridization. In
this case use the primary antibodies in the step 6, relevant
fluorophore conjugated secondary antibodies in the step 9
and substitute 4�SCCwith 1�PBS in all blocking and washing
buffers.

27. We use confocal microscope and scan the samples at the voxel
size of 100 � 100 � 200 nm. The imaging and image analysis
depends on the specific scientific question and is widely
describe elsewhere [8–10, 13].
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Chapter 19

Method to Study Skin Cancer: Two-Stage Chemically
Induced Carcinogenesis in Mouse Skin

Andrei N. Mardaryev

Abstract

Two-stage chemical carcinogenesis method is widely used to elucidate genetic and molecular changes that
lead to skin cancer development, as well as to test chemotherapeutic properties of novel drugs. This
protocol allows researchers to reliably induce benign papilloma development and their conversion to
squamous cell carcinoma in the skin of susceptible mouse strains in response to a single dose of carcinogen
2,4-dimethoxybenzaldehyde (DMBA) and repetitive applications of tumor promoter 12-O-tetradecanoyl-
phorbol 13-acetate (TPA).

Key words Skin, Chemical carcinogenesis, DMBA, TPA, Papilloma, Squamous cell carcinoma

1 Introduction

Skin cancer is the most common form of human malignancy with a
rapidly increasing incidence worldwide. In vivo animal models
provide invaluable tools for dissecting molecular changes leading
to skin cancer initiation and progression, and may also lead to
development of new strategies for skin cancer treatment and
prevention.

The mouse skin model of two-stage chemical carcinogenesis is
widely accepted as the best-characterized and versatile system for
the study of sequential molecular events that lead to formation of
epithelial tumors [1, 2]. In this model, skin tumors initiated using a
single topical subcarcinogenic dose of a genotoxic agent such as
7,12-dimethylbenz[a]anthracene (DMBA), followed by repeated
application of a tumor-promoting (nongenotoxic) irritant such as
the phorbol ester, 12-O-tetradecanoylphorbol-13-acetate (TPA)
(Fig. 1) [3]. By doing so, the two-stage chemical carcinogenesis
protocol provides several advantages: (1) it is possible to distinguish
molecular events or effects related to the tumor initiation versus
tumor promotion stages; (2) the tumor development can be
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monitored visually and using noninvasive evaluation methods
throughout the life span of the animal, while tissue collection and
pathological assessment are performed at the end of the experi-
ment; (3) it allows for assessment of the effect of genetic manipula-
tions, therapeutic and chemopreventive agents, and dietary and
environmental factors in the tumor initiation and promotion [1, 3].

At the first stage (initiation) of the chemically induced skin
carcinogenesis model, a chemical mutagen causes mutations of
key genes in skin epithelial cells. Activating mutations in Hras1
and Kras genes are frequently associated with the tumor initiation
upon exposure to chemical carcinogens, including the widely used
tumor initiator DMBA [2, 4, 5]. Hras1 mutations can be detected
in epidermal keratinocytes as early as 1 day following the initial
single dose of DMBA and present in the majority of epithelial
tumors developed after tumor promoter treatment [6]. Recent
studies suggest that quiescent epithelial stem and progenitor cells
located in the basal layer of the epidermis and hair follicle bulge
(K15+/CD34+ cells) are primarily targeted to transform into
tumor-initiating cells during the initiation stage [7–9].

Repeated topical application of chemical irritants leads to
expansion of mutated cells (tumor promotion stage) and increase
of epidermal thickness (hyperplasia). Due to acquired mutations,
initiated cells have a growth advantage allowing for their selective
expansion. The widely used tumor promoter TPA was shown as a
potent activator of protein kinase C (PKC), proinflammatory cyto-
kines, andWnt/β-catenin signaling pathways, which are involved in
cell proliferation and survival [10, 11].

The tumors that develop as a result of exposure to DMBA and
TPA are mainly papillomas and to a much less extent squamous cell
carcinomas (SCC). Papillomas may progress to invasive SCC as
early as 20 weeks after application of tumor promoter TPA. The
frequency of malignant conversion depends on genetic background
and the dose of DMBA and TPA used [3, 12], and is mechanisti-
cally linked to chromosomal abnormalities [13, 14], Trp53 muta-
tions [13, 15], activation of TGFβ/Smad2 signaling, and enhanced
epithelial–mesenchymal transition (EMT) [16–20].

DMBA

Hras
mutation

promotion

Hras mutation

Progression and 
metastasis

Trp53 mutation,
Smad2, EMT

1-2 weeks 6-20 weeks 20+ weeks

initiation

TPA

papilloma
Squamous cell carcinoma

Tumor initiating cell

Fig. 1 Molecular changes occur in response to a single subcarcinogenic dose of DMBA and repetitive
application of TPA leading to papilloma development and their progression to SCC
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Despite the technical simplicity of the DMBA/TPA protocol,
careful design and attention to details are required for the proper
execution of a two-stage skin carcinogenesis study. In this section,
the DMBA/TPA skin carcinogenesis experimental design and exe-
cution considerations will be discussed.

2 Materials

1. Animals: Female FVB/n mice, 7–9 weeks of age, with dorsal
skin in the resting phase of hair cycle (see Note 1).

2. 2,4-Dimethoxybenzaldehyde (DMBA) dissolved in acetone at
100 mg per 100 ml (0.1%, w/v or 390 nmol per 100-μl
application) (see Note 2).

The 0.1% DMBA stock solution should be made fresh prior
to each experiment, or stored at �20 �C. Protect all DMBA
solutions from light by wrapping vials in foil or using brown
glass.

3. 12-O-tetradecanoylphorbol 13-acetate (TPA) dissolved in ace-
tone at 5 mg per 50ml (for a 0.01%, w/v solution or 16.2 nmol
per 100-μl application) (see Note 2).

Protect the 0.025% TPA stock solution from light, and
store it at �20 �C for up to 6 months.

4. Surgical clippers and electric shaver.

5. Disposable 15 and 50 ml tubes.

6. Pipettes and 100 μl tips.
7. Calipers or other measuring devices (e.g., Vernier calipers).

3 Methods

1. Perform sample size calculation and randomize the mice into
treatment and control groups (see Note 3).

2. Remove the dorsal hair from each mouse using a surgical
clipper and shaver, while gently restraining mice by the tail
(see Note 4).

3. Two days after hair removal, apply 0.1 ml of DMBA to the
shaved area. Treat control mice with 0.1 ml of acetone.

4. After 1 week, apply 0.1 ml of TPA to the DMBA-treated area.
Perform two applications of TPA per week, maintaining
3–4 day intervals between treatments (see Note 5). Treat con-
trol mice with 0.1 ml of acetone.

5. Continue applying TPA for up to 52 weeks (see Note 6).

Chemical Carcinogenesis in Mouse Skin 233



6. Measure palpable tumors using caliper and count papillomas of
1 mm in diameter and greater on a weekly basis. Keep record of
the number of tumors per mouse and the number of mice
remaining in the experiment (see Note 7).

7. Note visual changes in papillomas and their conversion to SCCs
(see Note 8).

Keep record of mice that die unexpectedly during the experi-
ment and use approved methods of killing when reaching humane
endpoints or mice becoming critically unwell.

Harvest skin and tumors for histological analysis and further
studies (seeNote 9). Tumors and adjacent skin may be snap-frozen,
cryopreserved in optimum cutting temperature (OCT) compound,
or fixed in formalin and embedded in paraffin.

4 Notes

1. The choice of genetic background has a significant impact on
the frequency of tumor development and malignant conver-
sion. For instance, a low-dose regimen typically results in the
papilloma incidence of ~100% in FVB mice with up to 50% of
papillomas converting to SCCs, while C57Bl/6 strain is more
resistant to tumor promotion and SCC conversion and require
higher doses [21]. Age-matched females are preferred for the
experiments as male mice may fight and cannot be grouped
together. Number of animals in cages should be determined
according to approved institutional animal care guidelines.

2. For the lower-dose regimens listed in Table 1, dilute the 0.1%
DMBA and 0.01% (w/v) TPA solutions in acetone to yield the
appropriate concentrations. The high doses of DMBA and TPA
may lead to increased tumor burden and may affect the health
and well-being of mice, which in turn may affect the results and
conclusions drawn from the experiment. Furthermore, the
higher doses my mask a potential chemopreventing effect of
drugs and genetic manipulations. Depending on the antici-
pated effect, a pilot experiment is recommended to perform
dose-response analyses with a range of DMBA or TPA doses.

Table 1
Low- and high-dose regimens for DMBA/TPA two-step carcinogenesis

Low-dose 6.4 μg (25 nmol) DMBA; 1 μg (1.6 nmol) TPA twice per week
25 μg (97.5 nmol) DMBA; 2 μg (3.2 nmol) TPA twice per week
50 μg (195 nmol) DMBA; 4 μg (6.4 nmol) TPA twice per week

High-dose 50 μg (195 nmol) DMBA; 10 μg (16.2 nmol) TPA twice per week
100 μg (390 nmol) DMBA; 10 μg (16.2 nmol) TPA twice per week

For an even milder promotion regimen, TPA may be applied once a week or once every 2 weeks
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3. Sample size calculation predicts the number of mice needed per
group to allow sufficient statistical power to compare the
response of control and test groups [22]. Sample size can be
calculated using statistical software packages (e.g., SPSS Sam-
ple Power, G∗Power or Quanto) or online resources (e.g.,
http://powerandsamplesize.com/Calculators/). For random-
ization process, a random number generator is recommended
to randomly assign age- and gender-matched animals to treat-
ment groups.

4. It is important to remove back hair to ensure uniform applica-
tion of DMBA. If necessary, provide short anesthesia with
inhaled anesthetic substances such as isoflurane to reduce the
risk of damaging the skin by clipper. Ensure proper training and
obtaining gas anesthesia machine (calibrated within the last
12 months) with adequate gas scavenging system or filter,
and an induction chamber constructed of a see-through mate-
rial (glass, polycarbonate, etc.). Once shaved, the skin of the
mice should be examined to determine the approximate phase
of the hair cycle. Mice in telogen (resting) stage of hair cycle
should be selected for the experiment. The skin of mice in
telogen appears pink and thin, while becoming thickened and
white (in FVB) or dark grey (in pigmented mice) during the
hair growth phase (anagen).

5. Time of the first TPA application following DMPA treatment
can be extended for several weeks without a negative impact on
tumor yield [3].

6. TPA is applied to the skin until the tumor response reaches a
plateau. For highly and moderately susceptible strains, such as
FVB, TPA application is typically performed for 20 weeks.

7. To demonstrate tumor response to DMAB/TPA treatment, a
tumor incidence and overall tumor burden can be calculated.
Tumor incidence highlights differences in tumor latency
between groups and may be plotted as either the percentage
of mice bearing any papilloma over time or as fractional tumor-
free survival over time. Overall tumor burden is measured as
tumor multiplicity over time. Tumor multiplicity represents
average number of papillomas per mouse (calculated as the
total number of papillomas detected in a group divided by the
total number of mice in the group). Typically, papilloma inci-
dence and multiplicity are calculated by dividing the number of
tumor-bearing mice or total number of papillomas, by the
number of mice alive at each week, respectively. In case of
SCC, SCC incidence and multiplicity are calculated cumula-
tively, and the total number of SCCs is divided by the number
of mice alive at the time. Statistical analysis of differences in
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tumor multiplicity should be carried out using nonparametric
methods such as the Mann–Whitney U test. The χ2 test is
suitable for comparing tumor incidence between groups [3].

8. To monitor progression of papillomas to SCC, draw a map of
tumors and note any changes. Typical papillomas have exophy-
tic growth: extending outward, well-demarcated, symmetrical,
pedunculated or dome-shaped, without erosion and ulcers.
Visual signs of SCC conversion include growing downward,
poorly demarcated, asymmetrical, nonpedunculated or
doughnut-shaped papules or nodules with erosion and
ulceration [23].

9. During early stages of TPA treatment, typical histological
changes are presented with epidermal hyperplasia, while the
first signs of papilloma development become apparent by
6–8 weeks of promotion in FVB mice. A small percentage of
papillomas begin to convert to SCCs by 20 weeks with signs of
invasions of malignant cells deeper into the dermis. Histologi-
cally, SCC cells show anaplastic changes and become disorga-
nized losing normal polarity and markers of differentiation.
Depending on the degree of cellular architecture disorganiza-
tion, SCCs are referred to as well-differentiated as opposed to
poorly differentiated SCCs. Immunohistochemical methods
are commonly used to demonstrate loss in expression of differ-
entiation markers (i.e., keratin 1, keratin 10, loricrin) and
aberrant expression of keratin 8 and keratin 13 during papil-
loma conversion to SCCs (Fig. 2) [3].

Fig. 2 Morphological assessment of DMBA/TPA induced skin tumors. H&E staining demonstrates epidermal
hyperplasia and exophytic growth typical for papilloma (a). Visualization of undifferentiated K14-expressing
(green) and proliferating Ki67-positive (red) cells using immunofluorescent method (b). Scale bar, 200 μm
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Chapter 20

Investigation of Skin Wound Healing Using a Mouse Model

Jianmin Wu and Ning Xu Landén

Abstract

Wound repair is a fundamental physiological process to keep the integrity of the skin, and its dysregulation
results in diseases, such as chronic nonhealing wounds or excessive scarring. To study the underlying cellular
and molecular mechanisms and identify new therapeutic targets, animal models are often used in the wound
healing research. In this chapter, we describe an easy step-by-step protocol to generate skin wounds in a
mouse model. Briefly, two full-thickness wounds extending through the panniculus carnosus are made on
the dorsum on each side of the midline of a mouse, which is followed by monitoring and quantifying the
wound closure. Moreover, the biopsy tissues of skin and wound-edges are collected at different time points
for subsequent histology and gene expression analysis.

Key words Skin wound healing, Mouse model, Chronic wound, Histological analysis, Gene expres-
sion analysis

1 Introduction

Skin is the outermost layer protecting us from the hostile environ-
ment [1]. Once the skin gets injured, the wound-healing cascade
initiates right away to recover the barrier. This process has been
divided into four stages: hemostasis (0 to several hours after injury),
inflammation (1–3 days), proliferation (4–21 days), and remodel-
ing (21 days to 1 year) [2, 3]. Dysregulation of any of these steps
results in diseases, such as chronic nonhealing wounds or excessive
scarring [1, 4]. Chronic wounds often occur in patients with one or
several underlying disorders, such as chronic mechanical pressure,
arterial or venous insufficiency, or diabetes mellitus [5]. This pre-
sents a significant health and economic burden on our society.
Nowadays approximately 1–2% of individuals in developed
countries experience a complex hard-to-heal wound [6], which
already consumes 2–4% of health care budgets [7–9]. Due to
limited understanding of their pathophysiological mechanisms,
there is a lack of efficient targeted treatments for chronic wounds
[4, 7, 10].
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Wound healing is a biological process conserved in all multicel-
lular organisms [11]. To understand the complex cellular and
molecular mechanisms of wound healing, animal models are often
used to complement findings from in vitro assays [12, 13]. Animal
models are also valuable to identify new therapeutics toward the
goal of accelerating wound repair [14, 15]. Due to the similarity to
human skin, in vivo pig models are often used in preclinical trials of
potential treatments. However, limited genetic tools, complicated
surgical procedures, and high cost restrict their use [13, 16]. Dro-
sophila and zebrafish models are also used in live imaging or
genome-wide screening studies to understand the fundamental
tissue repair mechanisms [17, 18]. Nevertheless, to date, the
mouse is the most commonly used animal model in wound healing
research. Mice can be easily maintained and bred in an animal
facility, and it is also feasible to genetically manipulate mice for
mechanistic studies [14, 19, 20]. Utilizing genetically modified
transgenic or knockout mice models; hundreds of protein-coding
genes important for skin wound healing have been identified so far
[21, 22]. Recently, non-protein-coding RNAs (ncRNAs) including
microRNAs and long noncoding RNAs (lncRNAs) have been
shown to be important regulators of skin wound healing [23–
27]. For example, microRNA-132 facilitates the transition from
the inflammatory to the proliferative phase during skin wound
healing [27]. The wound and keratinocyte migration-associated
lncRNA 1 (WAKMAR1) regulates wound healing by enhancing
keratinocyte migration [25]. Accumulating evidence also reveals
increasing numbers of ncRNAs involved in the pathogenesis of
chronic nonhealing wounds, suggesting that they may serve as
potential therapeutic targets [23–26, 28, 29]. To this end,
the mouse model will be valuable for evaluating the in vivo function
and therapeutic potential of targeting these novel regulators of
wound healing. In this chapter, we describe an easy step-by-step
protocol to generate a mouse wound model.

2 Materials

1. C57BL/6N (9–10-week-old) male mice.

2. Isoflurane.

3. Hair removal (depilatory) cream.

4. Ultrapure water.

5. 70% ethanol.

6. Phosphate buffered saline (PBS) (pH 7.4).

7. Chlorhexidine Fresenius Kabi.

8. Formaldehyde: 10% formaldehyde in ultrapure water.
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9. Paraffin.

10. TRIzol.

11. Chloroform.

12. Isopropanol.

13. Diethyl pyrocarbonate (DEPC)-treated water.

14. Dry ice.

15. Biosafety hoods.

16. Small animal anesthesia system.

17. Electric clippers.

18. 4 and 8 mm diameter circular biopsy punch.

19. Tissue scissors and forceps (surgical grades).

20. High-resolution digital camera.

21. ImageJ software.

22. Microscope.

23. TissueLyser LT (Qiagen).

24. 1.5 and 2 ml DNase- and RNase-free tubes.

3 Methods

3.1 Generation

of Skin Wounds

in Mice (See Note 1)

1. C57BL/6N (9–10-week-old) male mice (seeNote 2) are caged
individually for 1 week with free access to food and water,
handled daily before surgical procedure (see Note 3).

2. Perform general anesthesia of the mice with 3% isoflurane for at
least 5 min using small animal anesthesia system (Fig. 1a).

3. After anesthetizing the mice, place the mouse in the prone
position.

4. Remove hair from the dorsal side of the mice with an electric
clipper (Fig. 1b).

5. Hair removal (depilatory) cream is smeared using a cotton
swab. Within 2 min, gauze swabs must be used to remove all
cream and remaining fur (Fig. 1c) (see Note 4).

6. General anesthesia is continued as described above to ensure
that the mice do not wake up during the following surgical
procedure.

7. Wipe the skin with 70% ethanol. After drying, rinse the skin
with PBS.

8. Make two full-thickness wounds extending through the panni-
culus carnosus on the dorsum on each side of the midline using
a 4-mm biopsy punch. Briefly, hold the skin from the
mid-dorsal line, push the sterile biopsy punch into the skin
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with a twisting motion left and right on each side of midline of
the mouse, use the surgical forceps by one hand to lift the skin
in the middle of punch and the surgical scissors by the other
hand to create a full-thickness wound to excise the circle piece
of the skin (Fig. 1d). Save the excised skin as a baseline control
(Fig. 1e).

9. Repeat the procedure described above to make a wound on the
other side of the midline.

10. After the surgery, subcutaneously inject buprenorphine
(0.03 mg/kg) for relief of any possible distress caused by the
surgical procedure.

11. Cage mice individually.

3.2 Monitoring

of the Wound Healing

Process (See Note 5)

1. Anesthetize mice as described in step 3 of Subheading 3.1.

2. Wipe wounds with Chlorhexidine Fresenius Kabi for steriliza-
tion, and then carefully remove the scab with sterile forceps just
before the photograph (see Note 6).

3. Prepare a circular reference and place it alongside the wound
(see Note 7).

4. Take photographs of wound using a digital camera every other
day until full closure of the wound.

Fig. 1 Surgery procedure of generation of skin wounds in mice. (a) General anesthesia is performed in mice.
(b) Hair from the dorsal side of the mice is shaved with an electric clipper. (c) Hair removal (depilatory) cream
is applied to remove the remaining fur. (d) Wound is generated with a 4 mm-biopsy punch. The skin is lifted
with forceps and removed with scissors. (e) The excised skin is saved as a baseline control in the subsequent
analysis. (f) The wound alongside with a circular reference is photographed using a digital camera
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5. Mice are single-caged until the next time of the photograph.

6. Calculate the wound area in pixels with ImageJ software
(National Institutes of Health), corrected for the area of the
reference circle and expressed as a percentage of the
original area.

7. Wound closure is quantified and presented as % wound clo-
sure¼ 100%minus the percentage of the initial wound area size
(see Note 8).

3.3 Histological

and Gene Expression

Analysis

As an alternative to following the wound healing process macro-
scopically, one could collect tissue samples before wounds are fully
closed (see Note 9).

1. Euthanize the mice with an overdose of anesthesia at the spe-
cified time points after injury and collect wound edges for
analysis.

2. Use an 8-mm biopsy punch to excise the wound completely
along with surrounding wound margin skin.

3. Put flat the piece of skin (keep the epidermal side up) on a piece
of Whatman filter paper and split into two halves using surgical
scissors. One half is immediately frozen in dry ice for later RNA
isolation, and the other is used for fixation and paraffin embed-
ding for histological analysis (see Note 10).

4. For gene expression analysis, the wound and skin samples are
disrupted and homogenized by TissueLyser LT, then RNA is
isolated using TRIzol reagent. Gene expression could be ana-
lyzed by qRT-PCR or profiling techniques such as microarray
or RNA-sequencing (see Note 11).

5. For histology analysis, the conventional fixation method using
10% formaldehyde solution for 24–48 h is recommended, and
tissues should be fixed in freshly made fixative. Tissue is pro-
cessed into paraffin wax and sectioned at 6 μm in thickness
across the midline of the wound. Paraffin-embedded tissue
sections are deparaffinized and rehydrated followed by hema-
toxylin and eosin (H&E) staining as well as immunohisto-
chemical or immunofluorescence staining with specific
antibodies, as appropriate (see Note 12).

6. After H&E staining, the length of the newly formed epithelial
tongue in mice wounds is quantified using the software ImageJ
(Fig. 2).
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4 Notes

1. All procedures involving mice require approval by the Institu-
tional Ethics Committee and an appropriate animal license for
the principle investigator.

2. It has been known that the hair cycle can influence the wound
healing dynamics. Here we use 9–10-week-old male mice, in
which time most hair follicles are in the telogen phase [29, 30].

3. This wound healing model can be performed on wild-type
mice or mice with impaired healing ability (e.g., leptin
receptor-deficient mice (diabetes model), which imitate some
clinically relevant key aspects of chronic wounds). For diabetic
mice, one should measure blood sugar and weight before
grouping them [29].

4. Depilatory cream dissolves hair at the surface of the skin.
Leaving the cream on the skin for a too long time or any
residual cream on the skin may cause a chemical burn, affecting
the subsequent wound healing.

5. The wound can be treated with the studied drug or compound
at the specified time points after injury via appropriate routes,
such as intradermal injection or topical application.

6. When analysing wound closure macroscopically, we remove
scabs right before every photograph to expose the wound
edge. However, if the wound tissue will be used for histological
analysis, the scab-removing procedure will be omitted, as it will
disturb the newly formed wound tongue, which can be identi-
fied using histology under a microscope.

7. A circular reference is placed alongside the wound for quanti-
tative purpose. The wound area calculated with ImageJ must be
normalized to the area of the reference circle in the same

Fig. 2 Histomorphology of mouse wound, 6 days postwounding, H&E (hematoxylin and eosin) staining. Dashed
lines mark the newly formed epithelial tongue. Scale bar: 500 μm
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photograph. Therefore, there is no need to fix the camera with
same distance to the wound during the experimental progress.

8. Alternatively, wound closure may be presented as the percent-
age of the initial wound area size.

9. One could perform the first round of the experiment to follow
the wound healing process macroscopically. In the second
round of experiment, tissue samples could be collected at the
time points that the group with treatment is different from the
control group.

10. If any systemic effect for the local wound treatments will be
studied, internal organs of mice (e.g., the liver, lung, kidney,
and spleen) can be collected for morphology and histology
analysis [29].

11. Gene expression analysis can be performed on wound samples
collected at the different time points after wounding, to
unravel its dynamic change during the wound healing process.

12. Marker proteins for cell proliferation (e.g., Ki-67 and PCNA),
keratinocyte differentiation (e.g., KRT10 and involucrin),
angiogenesis (e.g., CD31), and immune cell infiltration (e.g.,
Gr-1 for neutrophils, CD68 for macrophages) can be detected
by immunohistochemistry or immunofluorescence staining.
Granulation tissue formation can be evaluated by Masson’s
trichrome staining.
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Chapter 21

Human Wound Healing Ex Vivo Model with Focus
on Molecular Markers

Jennifer Gherardini, Max van Lessen, Ilaria Piccini, Janin Edelkamp,
and Marta Bertolini

Abstract

Wound healing is a complex, multifactorial process that is divided in sequential and overlapping phases in
order to restore the skin barrier. For the study of wound healing, different in vivo, in vitro, and ex vivo
models have been used in the past. Here we describe in detail the methodology of the human skin punch-in-
a-punch ex vivo wound healing model.

Key words Wound healing, Human skin, Ex vivo

1 Introduction

The healing of wounds is a complex, multifactorial process that
remains incompletely understood and is divided into four phases:
(1) hemostasis, (2) inflammation, (3) tissue formation, and (4) tis-
sue remodeling [1]. While in the ex vivo wound healing model the
hemostasis is hardly appreciable, because of lack of blood perfusion,
the different other processes can be observed [2–4].

The ex vivo wound healing model described below was
adopted and further improved in our laboratories in order to
develop an experimental model, which can be used for testing
wound healing promoting compounds [2, 4–6].

The recruitment and activation of immune cells, namely,
macrophages and mast cells, to the site of the wound can be
visualized with CD14/CD68 or c-kit staining, respectively [7].

Moreover, several markers have been established for studying
reepithelialization and extracellular matrix remodeling, namely,
Ki-67/TUNEL, cytokeratin 6 (K6) [8], collagen I/III ratio, and
MMP-2 [9, 10]. These parameters can be assessed over the course
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of wound healing as well as reepithelization by assessment at differ-
ent time points using immunofluorescent microscopy [2].

Although the ex vivo wound healing model yielded many
insights into physiological wound healing, there is currently no
model to analyze pathological (chronic) wound healing, which is
typically observed in type 2 diabetes (T2D), nonhealing diabetic
wounds [11, 12], and smokers [13].

Considering the superiority of the human ex vivo wound heal-
ing over in vitro models, the common use is often hindered by an
insufficient supply of fresh the skin and, depending on the country,
rigorous ethical guidelines.

2 Materials

Prepare all solutions under sterile conditions. Store all reagents
according to manufacturer’s instructions. Diligently follow all
waste disposal regulations, especially with regard to human tissue
left overs.

2.1 Instruments

and Tools

– Sterile gauze pads.

– Scissors and forceps.

– Biopsy punches (2 and 6 mm).

– 100 mm cell culture dish.

– 12-Well plate.

– Pasteur pipette.

– Disposable scalpel.

– Surgical gloves.

2.2 William’s E

Culture Medium

Prepare 100 ml of WCM in a sterile glass bottle by adding, 2 mM L-
glutamine, 10 ng/ml hydrocortisone, 10 μg/ml insulin, and 1%
penicillin–streptomycin mix to 100 ml of William’s E medium
(WEM) at room temperature (RT) under sterile conditions. Store
the medium at +4 �C and reequilibrate the medium at RT before
using it (see Note 1).

3 Methods

3.1 Ex Vivo

Wounding

The tissue preparation can be done in a nonsterile environment;
however, the culture medium used must be prepared under the cell
culture hood.

For this assay it is possible to use skin derived from different
body regions (scalp skin, abdominal skin, inner thigh skin, and
inner arm skin).
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1. Prepare the culture media using red William’s E medium sup-
plemented with 2 mM L-glutamine, 10 ng/ml hydrocortisone,
10 μg/ml insulin, and 1% penicillin–streptomycin.

2. Take the 12-well plate under the hood and place sterile gauze
pads (precut in order to fit into each well). Add 2ml of medium
into each well.

3. Place the skin in a 100 mm petri dish with fresh medium.

4. Transfer the skin onto the lid of a 10 mm petri dish (without
medium) with the epidermis facing down. With large curved
forceps hold the skin firm and using a scalpel, remove the
underlying fat tissue until the dermis (see Note 2).

5. Flip the skin, with the epidermis facing up, moist the skin by
dipping it into the medium.

6. Touch the skin surface with a 2 mm biopsy punch, and gently
punch into skin, penetrating the epidermis and the upper part
of the dermis by clock-wise rotation of the biopsy punch in
order to create a wound (see Note 3).

7. Use the forceps to pull up the 2 mm skin punch and excise at
the dermis level using scissors in order to create a central
wound (see Note 4).

8. Incise the skin around the 2 mm wound with a 6 mm biopsy
punch (the 2 mm wound should be in the center of the 6 mm
punch) to create a punch-in-a-punch.

9. Using forceps, carefully place the punch-in-a-punch (avoid
touching the inner wound punch) on top of the gauze pad
(the well has previously been filled with medium) (Fig. 1).

10. Ensure that the epidermis of the punch-in-a-punch is kept at
the air–liquid interface. Control that no air pockets are present
between the skin punch and the gauze.

11. Incubate for 24 h at 37 �C and 95% air–5% CO2.

12. Replace the medium and topically apply a candidate test sub-
stance (see Note 5).

13. Replace medium and treatment every 48 h up to 7 days culture
(see Note 6) (Table 1).

The experiment can be terminated at multiple time points (see
Note 6) for the analysis of immune cell activation (see Note 7),
reepithelialization (see Note 8), and extracellular matrix remodel-
ing (see Note 9).
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4 Notes

1. William’s E culture medium can be reused if stored at +4 �C. It
is important to carefully check the color of the medium. It can
be reused as long as the color remains red.

2. During this step keep the skin moist by adding some drops of
medium with a Pasteur pipette.

3. When performing the 2 mm punch incision, do not insert the
biopsy punch too deep in the dermis. It is important to incise
only the upper part of the dermis. Moreover, take care that
wounds of different punch samples are of the same depth.

4. Pull on the skin punch gently. Moreover, while you incise the
skin punch using scissors, keep the scissor blades parallel to the
epidermis.

Fig. 1 Human skin punch-in-a-punch ex vivo wound healing model—substance application. (a) Schematic
illustration of the punch-in-a-punch ex vivo wound healing model (left). Firstly, a 2 mm inner biopsy punch is
generated by gently punching into skin, penetrating the epidermis and the upper part of the dermis by clock-
wise rotation of the biopsy punch in order to create a wound. Forceps are used to pull up the skin punch and
excise at the dermis level using scissors to create a central wound. Subsequently, the outer punch is prepared,
using a 6 mm biopsy punch around the wound. (b) Different options of substance application. Test compounds
can be applied either systemically, within the culture medium, or topically within the wound, or on the
surrounding epidermal surface. In order to study wound healing promoting effects, it should be considered to
include a positive control in the experimental setup, along with a vehicle control of the test compound.
(Scheme modified from [15])
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5. In order to study, for example, wound healing–promoting
effects ex vivo, it is advisable to include a positive control.
Among others, thyrotropin-releasing hormone (TRH), T4,
and estrogens have been shown to promote wound healing
ex vivo [4, 8, 14].

6. The skin can be kept in culture up to 10 days; however, we
recommend stopping the experiment after 1, 3, and 6 or 7 days,
in order to able to see the partial wound closure but to avoid
off target effects done by the degradation of the skin. At the
end of the culture, the skin punches should be processed for
analysis. The skin can be immediately snap-frozen in liquid
nitrogen, stored in RNA later or lysis buffer and snap frozen
in liquid nitrogen, placed into OCT and snap frozen in liquid
nitrogen, or fixed in 4% paraformaldehyde.

7. For the analysis of immune cell activation and their phenotype
in situ [2], the skin should be placed into OCT and snap-frozen
in liquid nitrogen, and frozen sections of 7 μm should be cut.
Sections should be collected once the middle of the punch is
reached (wound region). The following histochemical- and
immune-staining should be performed: c-Kit and toluidine
blue to identify the total number or degranulation–matura-
tion–activation of mast cells, CD14/CD68 markers for mono-
cytes or macrophages, TGF, FGF, PDGF, TNF alpha, and
IL1b inflammatory cytokines.

Table 1
Experimental procedure of the human skin punch-in-a-punch ex vivo wound healing model

Day 0 Day 1
Day
2 Day 3

Day
4 Day 5

Day 6/Day
7

Prepare a 2 mm
inner punch
surrounded
by a 6 mm
outer biopsy
punch.

Place the skin
samples at
air–liquid
interface (on a
gauze pad)
within 2 ml/
well of WCM
in a 12-well
plate.

Incubate at
37 �C and
95% air–5%
CO2

Assign the skin
punches to the
treatment groups.

Change the culture
medium. Apply
the vehicle or test
substance to the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Rest Change the
culture
medium. Apply
the vehicle or
test substance
to the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Rest Change the
culture
medium. Apply
the vehicle or
test substance
to the
corresponding
experimental
group.

Incubate at 37 �C
and 95% air–5%
CO2

Terminate
the
culture
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8. For the analysis of epidermal reepithelialization, the following
histochemical staining and immunostaining should be per-
formed: Periodic Acid Schiff (PAS) and H&E for skin mor-
phology, Ki-67/TUNEL or Ki-67/caspase 3 for proliferation
and apoptosis of epidermal keratinocytes, keratins
K6-K16-K17 as markers for keratinocyte migration, K5 and
K14 for identifying newly formed basal layer keratinocytes, and
K15/Ki-67 for epidermal stem cell proliferation.

9. The extracellular matrix remodeling can be investigated by the
analysis of the following markers: collagen I/III ratio, MMP-2
and MMP-9 expression/activity, fibronectin, and TGF beta.
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Chapter 22

Method for Investigation of Photobiological Effects of Light
on Human Skin Cells Mediated by Low Doses of Light

Charles Mignon and Natallia E. Uzunbajakava

Abstract

Driven by evolution, human skin cells have developed an extraordinary ability both to sense and to respond
to the photons of sunlight through a plethora of photobiological interactions, activating intracellular
signalling cascades and regulating skin cells homeostasis. It has recently been reported that some of these
photobiological responses triggered by low levels of light (or the so-called photobiomodulation) could
initiate beneficial therapeutic effects. Identification of these effective light-based therapeutic solutions
requires in-depth understanding of the parameter space. The physical, biological, and chemical conditions
that need to be fulfilled to facilitate such positive photobiological effects are to be carefully deciphered.
Here, we provide the protocols that were specifically developed to investigate multidimensional parameter
space driving photobiological interactions triggered by light (photobiomodulation) in the skin cells. The
approach is based on the so-called design of experiment (DoE), a statistical method, which allows for the
investigation of multidimensional parameters landscapes. This goes hand in hand with sharing practical tips
for the design of light-based devices inducing these effects. To exemplify practical applications of the
developed methods and light-based devices, we disclose experimental data sets and emphasize robustness
and reproducibility of the results.

Key words Photobiomodulation, Photobiology of human cells, Human skin cells, Light-based
devices, Photobiology, Photodermatology

1 Introduction

Skin conditions and disorders were ranked to be the fourth leading
cause of nonfatal burden worldwide [1]. As effective and efficient
treatment is still often lacking, they exert a significant impact on the
daily lives of patients [2–4]. Application of the low levels of light in
the order of 1–100 mW/cm2 emitted throughout visible to near-
infrared spectrum is emerging as a novel, noninvasive, and inher-
ently safer therapy when recalling potential side effects of topical
and systemic drugs [5]. The foundation of this new low-level light-
based therapeutic modality is rooted in the fact that human skin
cells sense and respond to the photons of light throughout a

Natalia V. Botchkareva and Gillian E. Westgate (eds.), Molecular Dermatology: Methods and Protocols,
Methods in Molecular Biology, vol. 2154, https://doi.org/10.1007/978-1-0716-0648-3_22,
© Springer Science+Business Media, LLC, part of Springer Nature 2020

255

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-0648-3_22&domain=pdf


plethora of photobiological interactions, where energy of light
directly activates intracellular signalling cascades, and as a result
triggers therapeutic effects. This has been suggested by a growing
number of clinical and basic research studies in the field of Photo-
biomodulation (PBM) [4, 6, 7].

Sadly, despite of steadily progressing translation of PBM to
commercial applications, aiming to address needs of patients, its
clinical efficacy remains far from satisfactory [4, 6]. The major
reason is a lack of understanding of the basic mechanisms governing
PBM effects, which in our opinion, is caused by lack of a rationale
for the selection of treatment parameters and means to measure
them. As a result, an ill-designed and/or characterized light-based
device will easily lead to a lack of reproducibility and overall confu-
sion about experimental outcomes. Also, well-defined protocols
and overarching systematic approach to the studies are lacking [8].

As a result, existing scientific literature on in vitro and in vivo
studies using PBM is flooded with numerous inconsistencies
between varying experimental outcomes linked to one predefined
treatment parameter [4]. A very recent review from 2019 still
reports a lack of rigorousness in optical treatment parameters in
PBM studies [9].

Thus, major efforts are still required to develop rigorous and
robust yet pragmatic and practical methods to systematically evalu-
ate the impact of low doses of visible and NIR light on biological
samples. To assure quality of experimental results such methods
should provide a tight control of the parameters of a light-emitting
device and of a target biological sample. This includes temperature,
culture conditions, cell lineage and more. In this chapter, we will
provide practical tips for design and manufacturing of light-based
prototypes for treatment of skin cell culture in vitro, essential
protocols and more importantly, we disclose the logic behind the
selected approach for the design of experiments and data analysis.
We will exemplify our guidelines by giving the detailed description
of two LED-based devices, which were specifically developed by us
and used in our experimental work for treatment of human skin
cells in either 24-well plates or individual 35-mm dishes. Images of
both devices are shown in Fig. 1.

2 Materials

2.1 Biomaterials 1. Skin cell culture (e.g., primary human epidermal keratinocytes
or dermal fibroblasts).

2. Culture medium required for the selected primary cell line.

3. Phosphate-Buffered Saline (PBS).
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4. Alamar Blue Assay (or equivalent assay to test metabolic activity
or any other generic assay of interest easily implemented in a
large scale experiment involving many, 6 or more well plates
with cell culture).

5. Incubator with fixed CO2 level and adjustable oxygen concen-
tration (the latter condition is optional).

2.2 Mechanical

and Optical

Components

1. Commercially available light-based devices suitable for work
with cell culture.

[or]

2. Equivalent lab prototypes, which are built from components
such as light-emitting diodes (LED) for light generation,
mechanical fans and heat sink for cooling of LEDs, electrical
current supply to power LEDs and cooling devices, and
LED-shaping optics to produce a light beam of desired area
and angular directivity.

2.3 Metrology

Equipment

1. Thermal camera (e.g., type FLIR camera) to remotely assess
temperature of a sample.

2. Optical power meter to measure power of a light beam.

3. Camera (any type from a phone camera to a professional cam-
era) to measure beam homogeneity.

Fig. 1 Photographs of two LED-based device examples: Device I and Device II
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3 Methods

3.1 Design

of Light-Based Devices

In many in vitro and in vivo studies on Photobiomodulation,
researchers have used customized light-based devices to treat
biological samples. These devices include lasers, LEDs and lamps,
with or without complementary optical components to shape the
optical beam, for example, to create a desired size of an
illumination area.

Several key parameters need to be taken into account when
designing a light-based device. Primary factors (i.e., those directly
defining properties of a light beam) of such a device include:
wavelength (nm), power (W), beam area (cm2), irradiance
(W/cm2), spatial–temporal properties of light (continuous- or
pulsed irradiation; coherent or incoherent, collimated or divergent
beam, and beam homogeneity across the target area).

Secondary or indirect factors are: temperature (heating) of the
device and cooling configuration, compatibility with cell culture
dish format(s), automation and software control, and sterility
requirements (possibility to use inside the incubator or/and possi-
bility to clean a device) (Fig. 1).

3.1.1 Optical Design Key design factors are coherent properties of light source
(LED vs. laser), pulsed or continuous-wave illumination, wave-
length range (nm), beam area (cm2), irradiance (W/cm2), and
spatial homogeneity across illumination area.

Coherence is the key property that differentiates between a
laser and an LED, with laser light being coherent. To our knowl-
edge there is no scientifically plausible theory favoring using coher-
ent light on monolayer of cells [10]. Additionally, from a practical
perspective, LEDs are in general cheaper and easier to use, available
at various wavelengths over the visible and NIR spectrum at suffi-
cient optical power and easily combined into arrays to illuminate
sufficiently large areas. Hence, our preferred choice is to work with
LED-based devices.

There are few commercial devices (mostly based on LED
panels) generating a light beam homogeneous across its area and
stable in time, which is in principle suitable to irradiate a well-plate
with a cell culture. Examples include LED panels from major
optical components manufacturers such as Edmund Optics and
Thorlabs. However, such devices in general do not allow for a
sufficiently wide range of optical parameters, which is required to
find a “sweet spot” for treatment, and to reach high irradiance
levels [4]. Thus, customized solutions are generally more
appropriate.
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When selecting LEDs or LED arrays, one need to consider the
required wavelength range (nm), beam area to illuminate the sam-
ple (cm2), the irradiance (W/cm2), and then the optical power
(W) that such a light source should emit.

As a part of such design choice, angular divergence and spatial
homogeneity need to be considered. As previously stated, com-
pared to lasers, LEDs have a large angular beam divergence, while
the angular distribution of light intensity is not homogeneous over
space (2π steradian). In particular, the central cone counting several
tens of degrees around the light emission axis has the highest
intensity and is the most homogeneous. When using LED, it is
therefore recommended to mechanically restrict the angular emis-
sion angle so that the resulting irradiation pattern has sufficient
power and is homogeneous over the targeted surface. The angular
emission pattern is generally directly available in the LEDmanufac-
turer datasheet.

Illustration: Device-I and Device II have both been built using
LEDs as shown on panels A and B of Fig. 2. LEDs with emission
wavelength over the visible and NIR spectrum have been selected

Fig. 2 Device principle: Illumination from the bottom of the well/dish; (a) photograph of the LED structure of
Device I Version “Red” where the yellow, red and infrared (appears in purple) LEDs are visible; there are
24 LEDs in total, one under each well of a 24-well plate; (b) photograph of the LED structure of Device II where
nine LEDs are positioned under each well; and (c) cross-sectional diagram applicable to both devices
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to probe the whole range of wavelength reported in most studies in
the Photobiomodulation literature [4]. The LEDs selected for
devices described here (Luxeon Rebel LED) have an angular emis-
sion profile that can be restricted to 30� off axis to create a quasi-
homogeneous beam, powerful enough to irradiate areas of several
square centimeters at 13 mm distance from the light source
(Fig. 3). This is enough to irradiate one single well of a 24-well
plate using one single LED (design of Device I). When the area to
illuminate is larger, for 35-mm dish for example, it is possible to
combine the beams of several LEDs to create a larger homogeneous
area. If the target is placed far enough away from the source, the
combined beam will provide a highly homogeneous and powerful
illumination on a larger area. In Device II, nine LEDs are combined
in a 3� 3 array under each treatment window, placed 50 mm above
the LED chips, allowing for a homogeneous irradiation of the
35-mm dish with higher irradiance range. Every LED (except
Infrared LEDs) was covered by a small reflector, allowing for better
collimation of the light (Reflector OPC1-2-COL from Dialight
“Wide” Model) (Fig. 2).

Fig. 3 Typical profiles of one single light beam in the axial x–y direction (at 450 nm) in Device I and in Device II
measured using a standard camera (shown for 450 nm in Device I and 655 nm in Device II, all wavelengths
behave similarly)
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3.1.2 Mechanical Design Key design factors are light beam directivity (top or bottom illumi-
nation), angular light distribution, cooling, and hermetic
properties.

Mechanical construction is then needed to contain the light
source, to ensure the desired directivity (top or bottom illumina-
tion) and angular distribution of illumination on the target by
blocking undesired exposure and to support the required cooling
of a light source itself and of a biological target.

When making a choice between the illumination from the
bottom or from the top of the target (as seen in Fig. 2c and as
used in our experiments) we preferred the first option and it has
proven itself to be successful. This choice was inspired by the work
of Barolet et al. [11], where researchers illuminated human dermal
fibroblasts seeded in 24-well plate from the bottom. It is a prag-
matic solution, where all the energy emitted by the source is
directed to the target and is neither reflected nor absorbed by the
support holding a well plate (as this could result in unpredictable
overexposure and heating of a sample).

The internal design of the mechanical structure supports the
angular distribution of the beam, meaning that light emitted by an
LED (over 2π str) is restricted to an angle by a physical aperture
and/or wall within the device itself. This selects the central part of
the beam with most homogeneous illumination (Fig. 2c).

The cooling of a device is required to maintain LED at an
appropriate operating temperature and to prevent from heating
the biological target. The cooling is usually implemented exploiting
the mechanical structure of the device. As shown in Fig. 2c, the
cooling of LED chips can easily be implemented using mechanical
fans with directive flow. The generated flow of air directly cools the
LED chips’ local environment and prevents overheating.

Finally, the entire mechanical enclosure needs to be hermetic so
that it can be used inside the incubator and can be cleaned easily.
Adding a plastic window at a predefined distance with respect to
LEDs is a practical solution that will ensure the correct placement
of the well plate with respect to a light source and will physically
separate internal components of a light emitting device from a well
plate. This physical separation is essential to ensure the sterility
requirements involved in the treatment of biological materials
such as skin cell culture.

3.1.3 In-House Devices Illustration: Our in-house devices assured illumination of the sam-
ples using several wavelengths of interest (up to six) using a range of
irradiances (up to 50 and to 150 mW/cm2 for Device I and II
respectively), where illumination was homogeneous across the sam-
ple. It also allowed for sufficient number of technical replicates
treated simultaneously, providing data for statistical analysis as
seen in Fig. 2c.
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In particular, Device I was designed to emit up to six discrete
wavelengths: 447, 501, 530, 591, 655, and 850 nm, using two
separate submodules. One submodule was emitting 447, 501, and
530 nm covering the “blue” part of the spectrum and the other one
emitting 591, 655, and 850 nm covering the “red” part. Each of
these submodules was designed to hold a 24-well culture plate
positioned on top of them. One LED was illuminating each well
of a 24-well culture plate, that is, identical LEDs were placed under
6 wells of the plate (one row) as seen on Fig. 2a. This allowed us to
use up to four wavelength/parameter per plate and treat six tech-
nical replicates simultaneously. Designed using a similar principle,
Device II offered the possibility to treat Petri dishes of larger sizes
(up to 35-mm dish) with four different wavelengths: 447, 530,
655, and 850 nm. Device II had eight plastic windows
corresponding to eight optical outputs, two of each wavelength.
As the area of 35-mm Petri dish is larger compared to a well of a
24-well culture plate, each optical output was formed by an array of
nine LEDs (Fig. 2b). The distance between the LED chip and the
surface was fixed to 50mm. In both devices, cooling was performed
using mechanical fans with directive flows. The physical separation
between the internal part of the device and the Petri dish was
obtained using a plastic window to support the sample as seen in
Fig. 2c (placed at a calibrated distances from the LEDs).

3.2 Quality Checks

Before Executing

an Experiment

3.2.1 Check

the Irradiance

at the Position of the Cell

Culture

Prior to irradiating cell culture with light, the irradiance
(mW/cm2) must be measured and logged at the location where
the well plate or a Petri dish would be placed. Irradiance is calcu-
lated based on measured optical power (mW) and a known area of
the sample being irradiated.

This has to be performed for each of the device settings (com-
binations of wavelength and irradiance). It is also important to log
these irradiance levels on a short term, for example, prior to and
after execution of an experiment and over a longer period of time.
The former one is important to spot any short time fluctuations in
light source parameters. The latter one is important as calibrated
values might decrease due to ageing or breakdown of LEDs.
Although simple, this step is critical to ensure good repeatability
and reproducibility of the data.

3.2.2 Check

the Homogeneity

of the Irradiation Pattern

To check the homogeneity of the irradiation pattern, a camera
(such as a phone camera) and a diffuser are sufficient. A diffuser
can be as simple as a sheet of paper or semitransparent plastic. In
order to check the homogeneity of the beam profile, one should:

1. Place the diffuser on the light-based prototype at the location
where the target culture dish would be placed.

2. Use a camera and focus on the diffuser plane.
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3. Turn on the light of a prototype at a setting low enough to not
saturate the camera.

4. Acquire an image of the diffuser illuminated by light.

5. Process the image with commercial software such as ImageJ or
Matlab and directly compute the beam homogeneity across the
image. The Plot Profile function of ImageJ can easily give the
beam profile.

Illustration: Beam profile measurements of Device I and Device
II were taken using a smartphone camera and a sheet of paper
placed on top of the plastic window supporting the culture dish
during treatment. They are shown in Fig. 3. The homogeneity is
around �10% of an average value over the dish surface, which was
assumed to be sufficient for biological experiments.

3.2.3 Check

Light-Induced Thermal

Impact on the Target

An important consideration in any study in photobiology is the
characterization of the light-associated thermal increase that can
occur during light treatment. As a cell culture plate and a support-
ing structure may absorb light it is necessary to verify that the
thermal equilibrium of the cells’ environment is not disturbed too
much. Assessment of a thermal impact can be performed in a
noncontact mode using a thermal camera (e.g., FLIR).

To check the thermal impact due to light treatment:

1. Place the cell culture dish on the light-based device/prototype
at the calibrated distance from the light-emitting source.

2. Fill in the culture dish with cell culture medium at temperature
that is typically used during experiment (see Note 1).

3. Place the thermal camera above the sample and focus on the
cell culture dish.

4. Turn on the light of a prototype and start treatment.

5. At the end or during the light treatment, record the thermal
profile of the cell culture dish.

6. Read directly on the image of the camera the final temperature
of the culture dish. When several wavelength and/or treatment
parameters were tested at the same time, the temperature dif-
ferences at the end of treatment between the different treat-
ment conditions are immediately obtained.

7. Always perform temperature measurement for samples treated
using light and for untreated control.

Illustration: Thermal profile image of the cell culture dish was
performed during light treatment using Device I and a FLIR infra-
red camera (Fig. 4). These tests were performed outside the incu-
bator and using a black 24-well culture dish. Using an infrared
camera allowed us to assess if there was a temperature increase at
the end of a light treatment.
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3.2.4 Check a Potential

Correlation Between

Thermal Impact and Light

Treatment

If at the end of the light treatment, there are temperature differ-
ences between the control and the treated cell culture wells it is first
recommended to ensure that these thermal changes are not corre-
lated with the measured biological impact. Next, it is important to
ensure that the temperature of the cell environment never exceeded
37 �C and, ideally, that the wells’ temperature was always included
in the human skin temperature range [12]. Additionally, it is wise to
minimize the impact of small temperature differences between the
treated and control wells by limiting the treatment time to short
period (<30 min) and replenishing potentially heated culture
medium with at the end of treatment with the one at 37 �C.

Illustration: In our experiments [13], light treatment (30 J/
cm2) using Device I with all the available wavelengths (except for
the yellow, 590 nm) was associated with a slight increase in temper-
ature (up to 2 �C) compared to control (Fig. 4). However, the
biological impacts of the same light dose (30 J/cm2) at blue, cyan,
green, red and infrared wavelengths, measured on the dermal fibro-
blasts metabolic activity, were very different from each other, and
sometimes even triggered an opposite response [13]. Indeed, short
visible wavelengths light treatment inhibited the metabolic activity
of dermal fibroblasts while long visible and NIR wavelengths treat-
ment resulted in neutral to stimulatory effects on dermal fibroblasts
in similar dose range [13]. This suggests that the impact of this

Fig. 4 Example of temperature profile during light treatment. Color axis repre-
sents tempearutre of the 24 well-plate. Maximum differences recorded after
treatment were 1.5 and 2 �C for green and infrared wavelength, respec-
tively (data not shown). The culture plate was a black 24-well plate and was
imaged from above. The focus of the camera was made on the lid of the culture
plate
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small temperature increase was much smaller than the impact of the
light treatment itself.

3.2.5 Automated Control

of the Light-Based Devices

Automated control is recommended to avoid the propagation of
operator errors that will eventually occur over long experimental
plans. LabView or similar instrument control software can be used
to favor more controlled experiments leading to tighter results.

3.2.6 Check the Impact

of the Surrounding

Environment

When treating cultured cells with light one needs to pay attention
to the optical absorption of the culture media. Absorption of light
will lead to heat-induced or photochemically induced effect on the
cells and mask the impact of light treatment on its own. Always
choose for the medium that is transparent across the selected
wavelength range. If optical absorption or transmission data are
not available from the supplier, one can use optical spectrometer to
acquire the spectrum. As a hint presence of high level, nontranspar-
ent culture media having coloration (e.g., red or yellow) should be
avoided. For primary fibroblasts, DMEM (Dulbecco’s Modified
Eagle Medium) without phenol red and supplemented with
serum (commonly 10%) is sufficiently transparent across the visible
spectrum. As an illustration, the visible absorption spectra of
DMEM was measured with and without phenol red (Fig. 5a), as
well as the fine UV/visible absorption spectra of DMEM (without
phenol red) and serum (Fig. 5b).

In general, when having a closer look at the specific composi-
tion of DMEM one can see that it includes inorganic salts, amino
acids, other components such as phenol red and some additives
such as glucose. Some of them are known to have photochemical
properties: amino acids such as tryptophan can have strong UV
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Fig. 5 Absorption spectra of biological media, panel (a) DMEM with and w/o phenol red and panel (b) DMEM
w/o phenol red and serum (pure), measured with NanoDrop 1000 Spectrophotometer
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absorbance [14], flavoproteins such as riboflavin and all FAD- or
FMN-containing molecules also absorb UV light and have absorp-
tion bands extending to visible spectrum till almost 550 nm
[15]. Serum also contains vitamin A (at least three forms, retinol,
retinal, and retinoic acid) which will also have light-absorption
properties depending on which molecule it is coupled to
[16]. Thus, light treatment might trigger photochemical reactions
in the culture medium and light treatment might affect the cells
indirectly via the culture medium.

Interestingly, all three of these light-absorbing molecules could
also be present in vivo in human skin [17, 18] and may interact with
light. Liebel et al. showed comparable effects of UVand visible light
on the induction of reactive oxygen species following irradiation
in vivo [19] and Sato et al. [20] demonstrated UV-induced photo-
chemical reaction of riboflavin in vitro.

Knowing that the culture medium contains photoactive pro-
teins, there is a need for protocols to discriminate between the
impact of a light treatment occurring (a) directly due to irradiation
of the cells’ proteins and (b) indirectly due to the irradiated proteins
in the culture medium affecting the cells.

In order to distinguish between direct and indirect effects of
the light treatment on the cells, several protocols are proposed here.

To prevent any interaction between light and the culture
medium, treatment can be performed in PBS. After treatment,
the PBS is removed and fresh medium is replenished. Two washing
steps are needed during this procedure, which should always be
applied to control dishes as well.

In order to take into account interaction of light with culture
medium, cells can also be irradiated in culture medium but imme-
diately after light treatment, the culture medium of each treated
wells can be replenished. This prevents prolonged contact of irra-
diated culture medium with the cells.

To assess any potential indirect impact of light on cells solely
due to the irradiated culture medium, a useful control is to irradiate
cell-free media/solution and immediately bring into contact with
cells. The time of cell “exposure” to light-irradiated cell-free
medium is then set equal to that of treatment when light is applied
directly on the cells. The impacts of both light treated cells and
light-irradiated medium treated cells can then be compared.

3.2.7 Have a Tight

Control of the Biological

Sample

Key factors are cell density, cell lineage, carbon dioxide and oxygen
concentration, replacement of culture medium, environmental and
cell culture temperature, washing and culture medium replace-
ment, and time outside incubator.

The density of cells, cell type and cell culture conditions have all
been shown to affect the response of the cell population to light
treatment [21]. Therefore, it is important to set these biological
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parameters to a predefined biologically meaningful value and keep
them controlled.

The cell density is an important parameter, which might
strongly differ in vivo depending on a cell type or even lineage.
For example, epidermal keratinocytes are tightly packed together
while dermal fibroblasts populate the dermis at much lower density.
It is therefore suggested to culture cells in vitro at densities match-
ing their in vivo behavior.

While it is obvious that the cell type needs to be preselected
prior to the experiment, it is also worthwhile to check the subline-
age as well. For example, human dermal fibroblasts exist in at least
two different subpopulations: reticular and papillary fibroblasts. We
have previously shown that these two human fibroblasts’ subli-
neages respond differently to same light treatment [22].

Many other environmental physical factors will play a role in the
response of human skin cells to light treatment. They include the
environmental temperature and oxygen and carbon dioxide con-
centrations for example. Moreover, a study has shown the differ-
ence between skin surface and mean internal temperature which
suggests a nonhomogeneous temperature depth profile and thus
could imply that different skin cell populations shall be cultured at
different temperatures depending on their depth location
[23]. Similarly, studies have also shown the rapid change in oxygen
concentration with the skin depth which could also imply specific
oxygen concentration culture condition is required, depending on
the targeted skin cell population depth [24].

Last but not least, the experimental procedure will be an inher-
ent part of the biological model including washing, period out of
the incubator and medium changes. Thus, it is important to always
have the control samples undergoing the exact same experimental
procedure as the treated wells, including washing, replenishment
and time outside the incubator.

3.3 Design

of Experiment

Many factors (including those of physical, chemical, and biological
nature) can impact experimental outcome when one is attempting
to investigate the impact of light on cells. Thus, delivering quality
of the results and justification that the observed cellular effects are
solely attributed to a direct impact of light is not straightforward.
To resolve this potentially dubious situation one needs to investi-
gate the impact of all controllable factors and noise that potentially
influence reactions of cells. An efficient method to do this is a
mathematical tool called Design the Experiments (DoE)
[25]. DoE uses statistical methodology to determine the impor-
tance of specific variables affecting performance of a process (e.g.,
to find cause-and-effect relationship between a parameter and an
experimental outcome). Next to understanding how a particular
variable affects the outcome, DoE gives information about interac-
tions between different variables.
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3.3.1 Nomenclature We further use the following nomenclature: output, factor, and
factor level and interval.

The output can be understood in the present context as a
biological readout. It represents the value that will be assayed to
quantify the response of the cells to the applied treatment.

The factors are experimental variables for which one wants to
understand their impact on the response of skin cells to light
treatment. They can include, for example, the wavelength, the
radiant exposure or cell density. Each factor may have several levels.

The factor interval represents the difference that exists between
two factor levels. If an experiment aims at investigating the impact
of the wavelength, the factor levels will be the selected discrete
wavelengths (e.g., 450 and 655 nm) and the interval the numerical
difference between those wavelengths (e.g., 655� 450¼ 205 nm).

3.3.2 Select Factors,

Levels and Intervals

for the Design

of Experiment

The factors related to light treatment (i.e., optical) include wave-
length (nm), irradiance (mW/cm2), radiant exposure or dose
(J/cm2). Biological factors include serum concentration (% FBS),
cell density (cells per units of surface), oxygen level (%), and treat-
ment protocols (with or without replenishment of media after
treatment, treatment with irradiated cell-free media). Repeatability
is defined as a technical repeat during the experiment. Reproduc-
ibility is then defined as experiment repetition on a different day
with a different sample.

Each factor needs to be varied among predefined levels. The
level intervals should be selected large enough so that one expects
an impact when the considered factor is varied from a level to the
next one. An example of selected factors and levels for optical
parameters are given in Fig. 6.

To assure accuracy of results an appropriate number of experi-
mental outcomes are required for validity. This is usually visible in
the size of the standard error (e.g., error bars). If the sample size it
too small, it will yield large standard deviation and thus large
uncertainly of the results. When there is sufficient number of data
collected, it is theoretically possible to infer the impact of a specific
combination of factors without performing the experiment (frac-
tional factorial design).

3.4 Robust

Measurement

of the Impact

of Visible/NIR Light

on Human Skin Cells

We recommend using a general marker reflecting physiological
state of cells when assessing the impact of various factors. For
example, metabolic activity (e.g., using Alamar Blue® assay, Ther-
mofisher, DAL1100) can be used to understand the impact of
optical and biological factors on the light treatment of skin cells.
Advantage of the Alamar Blue® assay is its ease of use and applica-
bility to large-scale experiments involving many well plates [24].
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3.4.1 Measurement

Method Analysis

Measurement method analysis (MSA) is needed prior to executing
the main experiment. It allows to understand inaccuracies from the
measurement method itself and to potentially improve it. Thus,
when using the Alamar Blue assay (or any assay that needs incuba-
tion time), it is advised to determine the ideal concentration and
incubation time first (see Note 2).

Next, it is recommended to systematically test the full experi-
mental procedure and tighten any variability and systematic errors
(bias or offset) that can arise from external factors not related to the
light treatment and biological readout procedure (see Note 3).

3.4.2 Experimental

Procedure

The experimental procedure can be divided into three steps:
(a) preparation of the skin cells and seeding in the adequate culture
dish format, (b) light treatment according to defined systematic
protocols, and (c) readout with the selected assay.

Below, we exemplify this experimental procedure developed to
identify the experimental factors impacting the response of human
dermal fibroblasts to light. The procedure was based on using
metabolic activity assay to measure the outcome [20]. The detailed
description that follows is based on using 24-well plates for cell
culture. The cells are seeded on Day 0. Treatments are applied
during three consecutive days (Days 1, 2, and 3). Readout is
performed 24 h after each light treatment (Day 4). If needed, this
procedure can further be easily adapted to different time sequences.

DoE

Blue, Cyan, and Green

High Dose

High 
Irradiance

1 2

Low 
Irradiance

1 2

Low Dose

High 
Irradiance

1 2

Low 
Irradiance

1 2

Yellow, Red, and Infrared

High Dose

High 
Irradiance

1 2

Low 
Irradiance

1 2

Low Dose

High 
Irradiance

1 2

Low 
Irradiance

1 2

Fig. 6 An example of a typical DoE with three factors (wavelength, dose and
irradiance) at two levels (high and low) and two repeats, which in
total gives 16 experimental runs. For this specific case this would require sixteen
24-well plates
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1. Select the factors and factor levels to be used in the DoE as
presented in Subheading 3.3.2. An example of DoE is shown in
Fig. 6. The minimal number of experiments is then defined
asN ¼ lF, where F is the number of factors and l is the number
of levels. When each experiment is to be reproduced twice, this
will require doubling the number of experiments.

Day 0: Preparation of sample:

2. Seed the required amount of 24-well cell culture plates with
human skin cells (see Notes 3–5).

3. Label all the plates that were seeded with a unique identifica-
tion number from 1 to N.

4. Assign each combination of factors and factor levels to a unique
plate number (a number between 1 and N).

5. Draw a random series of number from 1 to N. This will
generate a random treatment order, that is, the order in
which the plates, and factor levels’ combination, are treated.
This helps to avoid any systematic bias in the results solely due
to treatment order.

Days 1, 2 and 3: perform light treatment (with replenishment
of culture medium after treatment). Repeat each day of treatment
at the same time during the day:

6. Prepare a solution of fresh cell culture medium sufficient to
replenish all the wells of the cell culture plates. Bring up to
37 �C in a water bath.

7. Apply light treatment with the selected settings corresponding
to the plate label (see Notes 6 and 7).

8. Replenish the cell culture medium of each well of the treated
plate (optional depending on treatment protocol choice, see
Subheading 3.2.6).

9. Put the treated plate back in incubator and take the next one
following the treatment order list (see Notes 8 and 9).

10. Repeat steps 6–9 until all plates have been treated.

Day 4: Readout

11. Prepare a sufficient amount of Alamar Blue® solution in fresh
medium at the required concentration. Bring the prepared
solution to a desired temperature (37 �C) in water bath to
warm up (see Note 10).

12. Add 500 μL of the Alamar Blue solution to each well of the
24-well plates following the treatment order (step 5).

13. Incubate the 24-well plate for 3–5 h depending on the con-
fluency of cells (see Note 2).
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14. Read the fluorescence using a plate reader such as FLUOstar
Omega II (ex: 544 nm, em: 590 nm) in the same order as the
plates were put in contact with Alamar Blue (i.e., the treat-
ment order generated in step 5).

3.4.3 Statistical Analysis

and Visualization

of the Data

The experimental results of a DoE can generally be represented as
shown in Table 1. This is an example with only two factors with two
levels each (i.e., l ¼ 2, F ¼ 2, andN ¼ 4). Thus, the variable would
be measured four times only. When using a 24-well plate for each
experiment, means that there will be 24 technical repeats for each
condition (each combination of factor and level). The structuring
of the table is straightforward: one column for each factor and one
column for the outcome; one row for each of the experimental
conditions tested. As we consider the full factorial design of experi-
ment, all the possible combinations of the levels of factors are
tested.

Illustration: The variable (or the readout) in the experiment
presented in Subheading 3.4 would be the relative metabolic activ-
ity, defined as a ratio between the average Alamar Blue fluorescence
counts of the treated groups and the control group. The factors
would be wavelength, irradiance and radiant exposure as seen in
Fig. 6.

Once the table with factors and experimental outcomes is made
(e.g., using Microsoft Excel or Open Office software or Minitab),
statistical data analysis can be performed using functions integrated
in such a data analysis software. Visualization of the statistical data
analysis can be easily implemented using Matlab, R package DoE.
base and/or Minitab for example (see Note 11).

When visualizing the outcome of the DoE it is useful to look at
(a) main effects plot and (b) interaction plot. They are shown in
Fig. 7. While the first shows the mean effects of each individual
factor on the outcome, the second shows how the interaction
between the factors impacts the outcome. Each effect is associated
with a statistical test to see if the impact of a specific factor is or is
not significant. The statistical analysis is usually performed using
ANOVA.

Table 1
Example of representation of DoE results

Factor a Factor b Variable

Level 1 Level 1 Exp. Pt. 1

Level 1 Level 2 Exp. Pt. 2

Level 2 Level 1 Exp. Pt. 3

Level 2 Level 2 Exp. Pt. 4
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4 Notes

1. The presence of cells in the well plate or a Petri dish is not
required to assess the thermal increase due to the light treat-
ment. This is because cells have a relatively low absorption
coefficient compared to that of culture medium ingredients
and thus will not significantly contribute to the temperature
increase.

2. Prior to the light treatment of cells, it is advised to determine
incubation time for the Alamar assay, sufficient to result in a
detectable color change upon a reaction with cells. This time
depends on the hardware (plate reader), cell type and cell
density. Ideally, the fluorescence counts read by the reader
should be in the middle of the accessible range. Too low values
may be strongly impacted by noise and too high values may fall
into a range where response of a system is no longer linear.

3. Prior to experiments, it is also worth to perform measurement
system analysis (MSA) by at least carrying out a Gage Repro-
ducibility and Repeatability (Gage R&R) test. This allows to
assess the impact of operator, measuring instrument and
method (plate reader, etc.), microplate type (black/white),
illumination system, and technical repeatability on experimen-
tal outcome. The results of such MSA can be analyzed using
methods similar to those applied for the analysis of the impact
of light. The results will allow to determine the best conditions
for optimal repeatability and reproducibility of the measure-
ment system [26].

Level 1 Level 2 Level 1 Level 2 Level 1 Level 2

Factor 1 Factor 2 Factor 3

Va
ria

bl
e

Factor 1

Factor 2
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Level 1 Level 2 Level 1 Level 2

A B
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Level 2

Level 1
Level 2

Fig. 7 Schematic representation of the information conveyed by main effects (a) and interaction (b) plots
resulting from a full-factorial DoE experiment
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4. Immediately after the cells are introduced in the cell culture
dishes and before the plates are placed in the incubator, it is
recommended to place the dish on a horizontal planar area
(e.g., table top) and gently shake the dish along two horizontal
orthogonal directions (north/south and east/west) to homog-
enize the distribution of cells in the wells. Then place the dishes
in the incubators. This will significantly improve the homoge-
neity of the spatial seeding distribution.

5. Always record the passages of the cells. For primary cell cultures
keep the passage limited to 6–8, as most primary cell cultures
are known to lose/change their specific properties after multi-
ple passages in culture [27].

6. Apply each procedure steps to the control dish as well. In our
experiment, the same 24-well plate contained both control and
treated groups, as one row of the 24-well plate was always kept
as control, that is, not irradiated. This helps to monitor if any
unexpected effect occurred during the treatment of a specific
plate. Both control and treated groups should always be kept
under the same ambient conditions.

7. Light treatment can be conducted outside the culture incuba-
tor but shall never extend beyond a maximum of ~45 min at
room temperature.

8. It is worth to consider having a sheet of paper or an electronic
table sheet with a table showing in columns the plate number
and in rows the treatment number. When a plate has been
treated, the operator should mark the corresponding box off
the list. This is important to avoid double treatment of plates,
which can easily occur in large experiments with a repetitive
procedure.

9. The incubator temperature and gas concentration is usually
significantly disturbed when opened, even if it is to take only
one single plate. Thus, for large-scale experiments, it is advised
not to open the incubator at each single treatment, as this will
disturb the incubator equilibrium over a long period. To avoid
such effect, it is recommended to take 4–8 plates out, perform
the treatment of these plates without putting them back in
incubator, and then simultaneously take the next 4–8 plates
and put the treated 4–8 treated plates back in the incubator.

10. It is advised to consider storing the culture medium in a freezer
for further analysis, collagen production in dermal fibroblasts’
supernatants for example.

11. It is recommended to check the normality of the data distribu-
tion points before performing ANOVA analysis of the data.
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