
Abstract. Separation of epidermal stem cells from
other populations in suspensions of epidermal cells by
sorting is hampered by a present lack of specific sur-
face markers of this cell type. To address this issue we
applied CCE combined with immunocytochemical
phenotyping. On the basis of expression profiles for
keratins (10, 14, and 19), nucleostemin, galectin-1 and
epitopes reactive for this adhesion/growth-regulatory
tissue lectin we identified a fraction of very small cells
originating from the basal layer. The results demon-
strated that CCE has potential merit for separation of
epidermal cells to yield a population likely enriched in
stem cells.

Introduction

The stem cells resident in diverse mature tissue types
are attaining increasing attention. Here, we focus on
stem cells in the epidermis. They are located in the
bulge region of the outer root sheath of the hair follicle
and in the basal layer of the interfollicular epidermis.
Although no specific marker has yet been discovered
for these cells, they can be identified on the basis of co-
expression of several markers. Because none of them is
presented at the surface of epidermal stem cells (EpSC),
the application of FACS for separation of cell suspen-

sions to obtain enrichment in EpSC is not possible.
Clearly, other technical approaches are required toward
this aim.

Counterflow centrifugal elutriation (CCE) is used to
separate cells of different sizes and sedimentation
velocity in mixed or heterogeneous populations of
eukaryotic cells (Bauer, 1999). CCE thus reliably frac-
tionates cells into subpopulations on the basis of their
individual sedimentation coefficients, this parameter
being a function of cell volume, shape and density. In a
cultured cell line, individual cells will vary only slight-
ly in density so that CCE will separate such cells on the
basis of size (Grabske et al., 1975; Bauer et al., 1999;
Schwanke et al., 2006). This methodological approach
had already been applied to obtain an EpSC-enriched
suspension of keratinocytes (McEwen et al., 1968).
Also, CCE had been used in keratinocyte research by
Pohl and coworkers (1984), who were able to single out
small cells of the basal cell layer by this procedure. To
explore the possibility to introduce elutriation for
obtaining EpSC-enriched keratinocytes we separated
and phenotyped suspensions of porcine interfollicular
keratinocytes. Keratin 19 as an established marker for
EpSC was monitored together with adhesion/growth-
regulatory galectin-1 (epidermal and mesenchymal
stem cells) and the non-exclusive marker of stem cells
nucleostemin. Cells of the basal layer were visualized
by detection of keratin 14 and the terminally differenti-
ated postproliferative keratinocytes of suprabasal layers
by keratin 10. In addition, the binding sites for galectin-
1, which interacts with glycan or protein ligands crucial
for differentiation/growth regulation (Gabius 2001,
2006; Rotblat et al., 2004; Villalobo et al., 2006), were
monitored (Dvořánková et al., 2005; Kadri et al., 2005;
Lacina et al., 2006a,b; Smetana et al., 2006).
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Material and Methods

a. Cell preparation and elutriation
Porcine skin specimens from one animal were

obtained from a local slaughterhouse. Samples from
three different areas were cut to obtain thin slices. They
were incubated with dispase-containing solution (10
mg/ml) in OptiMEM GlutaMAX medium (Invitrogen,
Carlsbad, CA) for 15 min at 37°C. After incubation, the
material was washed in OptiMEM GlutaMAX medium,
and epidermal sheets were isolated by a forceps and a
needle. The obtained epidermal sheets were then incu-
bated in 0.05% trypsin/EDTA solution for 15 min at
37°C. The epidermal tissue was mechanically resuspend-
ed. After neutralizing proteolytic capacity with foetal
bovine serum (FBS), cells were washed twice with cul-
ture medium, i.e. OptiMEM GlutaMAX medium supple-
mented with 10% FBS and gentamycin (50 µg/ml). Cells
were finally resuspended in culture medium and stored
overnight at 4°C as a pellet prior to elutriation.

A Beckman JE-6B elutriation rotor with a small
chamber (nominally 5 ml capacity, suitable for frac-
tionating between 2 × 107 and 1 × 109 cells) was assem-
bled according to the manufacturer’s instructions
(Beckman, Fullerton, CA). Separation runs were per-
formed at room temperature in elutriation medium
composed of phosphate-buffered saline (PBS) at pH 7.2
with serum content being reduced to 1%. The initial
rotor speed for keratinocyte fractionation was 2000 rpm
and flow rate of medium at 3.0 ml/min. The FT (flow-
through) fraction represents a media (suspension) that
had flown through the chamber while cells were loaded
and equilibrated in the elutriation chamber.

After equilibration, size fractionation was performed at
constant rotor speed by increasing the counterflow step-
wise in 0.3 ml/min increments as indicated by numbers up
to 6.0 ml/min. Eleven fractions of 80–100 ml in volume
were collected, all fractions were centrifuged, each sedi-
ment was resuspended in 200 µl of medium. An appro-
priate aliquot of the resulting volume was then used for
cytospin to achieve optimal density of cells on the slide.

b. Phenotype of elutriated cells
Cells were fixed with paraformaldehyde and washed

with PBS. The presence of keratins 10 and 19 was visual-
ized immunocytochemically by monoclonal mouse anti-
bodies from Dako-Cytomation (Brno, Czech Republic)
and of keratin 14 by a mouse antibody from Sigma-
Aldrich (Prague, Czech Republic). Nucleostemin was
visualized by a commercial goat polyclonal antibody
(Neuromics, Bloomington, MN). Galectin-1 was detected
by a rabbit polyclonal antibody fraction not reactive with
other galectins (Lahm et al., 2001; Nagy et al., 2003;
André et al., 2004) and binding sites for galectin-1 using
the biotinylated galectin (Purkrábková et al., 2003; André
et al., 2005; Lacina, et al., 2006a,b; Saussez et al., 2006).
Swine anti-mouse or anti-rabbit immunoglobulin labelled

with FITC (AlSeVa, Prague, Czech Republic), donkey
anti-goat immunoglobulins labelled with FITC (Jackson
Laboratories, West Grove, PA) as well as TRITC-labelled
ExtrAvidin (Sigma-Aldrich) were used as second-step
reagents. All antibodies and reagents were diluted accord-
ing to the recommendations of the suppliers. The speci-
ficity of the immunocytochemical reactions was
ascertained by a series of control reactions, especially by
exclusion of non-specific binding of antibody via its Fc
fragment, by replacement of first-step antibody by an iso-
type-matched antibody against an antigen not present in
the epidermis. The specificity of lectin binding was evalu-
ated using the cognate sugar lactose as a competitive
inhibitor to the reaction medium. Nuclei were counter-
stained by DAPI, all specimens were mounted using
Vectashield (Vector Laboratories, Burlingame, CA) and
inspected by means of a Nikon Eclipse 90i microscope
(Nikon, Prague, Czech Republic) equipped with fil-
terblocks for DAPI, FITC and TRITC, a Vosskühler CCD
camera and a LUCIA 5.1 computer-assisted analysis sys-
tem, both supplied by Laboratory Imaging (Prague, Czech
Republic). The same system was also used for automatic
measurements of the cell diameter that was performed in
minimally 500 of cells per fraction and phenotype.

Results and Discussion

The fraction FT exclusively contained cells expressing
keratin 19 and nucleostemin as nuclear marker as well as
galectin-1. Cells positive for these markers were small,
i.e. 7.5-8.5 µm in diameter. Interestingly, the diameters of
cells negative for nucleostemin expression were larger
than those of cells with positive nucleoli. Practically all
cells of this fraction were also positive for keratin 14. In
contrast, no cell of this fraction harboured keratin 10, and
an intense signal for galectin-1 binding in the cytoplasm
and nucleoplasm was also observed (Fig. 1). Based on
these phenotypic characteristics cells of this fraction
appear to originate from the basal cell layer (presence of
keratin 14 and absence of keratin 10). Moreover, this frac-
tion appears to be enriched in EpSC because of the fol-
lowing criteria: expression of keratin 19, nuclear presence
of galectin-1 and, although this marker is not specific for
EpSC, also for expression of nucleostemin (Michel et al.,
1996; Purkrábková et al., 2003; Dvořánková et al., 2005;
Lacina et al., 2006a). Comparing the diameter of the ker-
atin 19- and nucleostemin-positive cells with cells of
other phenotypes (keratin 19-negative and keratin 14-pos-
itive, keratin 19-negative and keratin 14-negative as well
as keratin 19-negative and keratin 10-positive), these cells
are the smallest (Table 1). The rather minute diameter of
these cells also argues in favour of this interpretation,
because it is known that small epidermal cells are highly
clonogenic and, probably, identical with EpSC
(Barrandon and Green, 1985; Dvořánková et al., 2005). In
accord with this reasoning the very small cells of 2–4 µm
diameter isolated from the bone marrow have properties
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Fig. 1. Detection of  keratin 19 (A, D, green signal), galectin-1-binding sites (A, D, F, red signal), galectin-1 (B1, C, green
signal), nucleostemin (red signal, B1,2), keratin 14 (E, F, green signal) and keratin 10 (G, green signal) in cell fraction FT (A,
B1, 2, C-E) and in cell fraction 5.1 (F, G). Figure B3 presents the cell fluorescence intensity profile in the section marked by
a yellow line (B1). Cell diameter in relation to the nature of the fraction in cells positive for keratin 19 and nucleostemin
(NuclS) (H), keratin 14 (I), in cells negative for keratin 14 (J) and in cells positive for keratin 10 (K) is also shown. Moreo-
ver, the relative frequency of cells of distinct phenotypes in relation to the nature of the fraction is illustrated (L)

Table 1. Mean diameter of keratinocytes (value ± SD )

Cells positive for nucleostemin or for keratin 19 were signifi-
cantly smaller (P < 0.01) than cells of other studied phenotypes
evaluated by Student’s non-paired t-tes

Cell diameter ±SD (µm), for the phenotype: 

nucleo-
stemin 

keratin 19 keratin 14 keratin 14-
negative

keratin 10

8.69±0.3 7.34±0.6 12.86±0.8 19.23±2 16.48±1.5



of embryonic stem cells (Vacanti et al., 2001; Kucia et al.,
2006). Of note, the proportion of keratin 14-positive cells
downstream of the fractions from FT to 6.0 decreased
from 100 % to 30 % in the fraction 6.0. The opposite ten-
dency was observed for the case of keratin 10 expression,
where no positive cells were observed in the fraction FT
and almost 80 % in the fraction 6.0. This observation indi-
cated that the proportion of basal cells (keratin14) is
decreasing downstream the elutriation fractions and the
proportion of terminally differentiated postmitotic cells
(keratin 10) is increasing in the same fractions. In sum-
mary, we herewith present evidence for cell fractionation
by elutriation on the example of epidermal cells. The size
of the cells and the immunocytochemical phenotyping are
in line with the enrichment in EpSC. Further studies test-
ing the indicated value of elutriation as a step for obtain-
ing EpSC are warranted.

Acknowledgements
Authors are grateful to Eva Vancová for excellent

technical assistance.

References

André, S., Kaltner, H., Furuike, T., Nishimura, S.-I., Gabius,
H.-J. (2004) Persubstituted cyclodextrin-based glycoclus-
ters as inhibitors of protein-carbohydrate recognition using
purified plant and mammalian lectins and wild-type and
lectin-gene-transfected tumor cells as targets.
Bioconjugate Chem. 15, 87-98.

André, S., Kojima, S., Prahl, I., Lensch, M., Unverzagt, C.,
Gabius, H.-J. (2005) Introduction of extended LEC14-type
branching into core-fucosylated biantennary N-glycan.
FEBS J. 272 1986-1998.

Barrandon, J., Green, H. (1985) Cell size as a determinant of
the clone-forming ability of human keratinocytes. Proc.
Natl. Acad. Sci. USA 82, 5390-5394.

Bauer, J. (1999) Advances in cell separation: recent develop-
ments in counterflow centrifugal elutriation and continu-
ous flow cell separation. J. Chromatogr. B 722, 55-69.

Dvořánková, B., Smetana, K. Jr., Chovanec, M., Lacina, L.,
Štork, J., Plzáková, Z., Galovièová, M., Gabius, H.-J.
(2005) Transient expression of keratin K19 is induced in
originally negative interfollicular epidermal cells by adhe-
sion of suspended cells. Int. J. Mol. Med. 16, 525-531.

Gabius, H.-J. (2001) Glycohistochemistry: the why and how
of detection and localization of endogenous lectins. Anat.
Histol. Embryol. 30, 3-31.

Gabius, H.-J. (2006) Cell surface glycans: the why and how of
their functionality as biochemical signals in lectin-mediat-
ed information transfer. Crit. Rev. Immunol. 26, 43-80.

Grabske, R. J., Lake, S., Gledhill, B. L., Meisstrich, M,L,
(1975) Centrifugal elutriation: separation of spermato-
genic cells on the basis of the sedimentation velocity. J.
Cell. Physiol. 86, 177-189.

Kadri, T, Lataiilade, J. J., Doucet, C., Marie, A., Ernou, I.,
Bourin, P., Joubert-Caron, R., Caron, M., Lutomski, D.
(2005) Proteomic study of Galectin-1 expression in human
mesenchymal stem cells. Stem Cells Dev. 14, 204-212.

Kucia, M., Reca, R., Campbell, F. R., Zuba-Surma, R.,
Majka, M., Ratajczak, J., Ratajczak, M. Z. (2006) A popu-
lation of very small embryonic-like (VSEL) CXCR4+

SSEA-1+ OCT-4+ stem cells identified in adult bone mar-
row. Leukemia 20, 857-869.

Lacina, L., Smetana, K. Jr., Dvořánková, B., Štork, J.,
Plzáková, Z., Gabius,H.-J. (2006a) Immunocyto- and his-
tochemical profiling of nucleostemin expression: marker
of epidermal stem cells? J. Dermatol. Sci. 44, 73-80.

Lacina, L., Plzáková, Z., Smetana, K. Jr., Štork, J. Kaltner,
H., André, S. (2006b) Glycophenotype of psoriatic skin.
Folia Biol. (Praha) 52, 10-15.

Lahm, H., André, S., Hoeflich, A., Fischer, J. R., Sordat, B.,
Kaltner, H., Wolf, E., Gabius, H.-J. (2001) Comprehensive
galectin fingerprinting in a panel of 61 human tumor cell lines
by RT-PCR and its implications for diagnostic and therapeu-
tic procedures. J. Cancer Res. Clin. Oncol. 127, 375-386.

McEwen, C. R., Stalard, R. W., Juhos, E. T. (1968) Separation
of biological particles by centrifugal elutriation. Anal.
Biochem. 23, 369-377.

Michel. M., Török, N., Bodnout, M.-J., Lussier, M., Gaudreau,
P., Royal, A., Germain, L. (1996) Keratin 19 as a biochem-
ical marker of skin stem cells in vivo and in vitro: keratin 19
expressing cells are differentially localized in function of
anatomic sites, and their number varies with donor age and
culture stage. J. Cell Sci. 109, 1017-1028.

Nagy, N., Legendre, H., Engels, O., André, S., Kaltner, H.,
Wasano, K., Zick, Y., Hector, J. C., Decaestecker, C.,
Gabius, H.-J., Salmon, I., Kiss, R. (2003) Refined prog-
nostic evaluation in colon carcinoma using immunohisto-
chemical galectin fingerprinting. Cancer 97, 1849-1858.

Pohl, R. J., Coomes, M. W., Sparks, R. W., Fouts, J. R. (1984)
7-ethoxycoumarin O-deethylation activity in viable basal
and differentiated keratinocytes isolated from the skin of
the hairless mouse. Drug. Metab. Dispos. 12, 25-34.

Purkrábková, T., Smetana, K. Jr., Dvořánková, B., Holíková,
Z., Böck, C., Lensch, M., André, S., Pytlík, R., Liu, F.-T.,
Klíma, J., Smetana, K., Motlík, J., Gabius, H.-J. (2003)
New aspects of galectin functionality in nuclei of cultured
bone marrow stromal and epidermal cells: biotinylated
galectins as tool to detect specific binding sites. Biol. Cell
95, 535-545.

Rotblat, B., Niv, H., André, S., Kaltner, H., Gabius, H.-J.,
Kloog, Y. (2004) Galectin-1(L11A) predicted from a com-
puted galectin-1 farnesyl-binding pocket selectively
inhibits Ras-GTP. Cancer Res. 64, 3112-3118.

Saussez, S., Lorfevre, F., Nonclerq, D., Laurent, G., André, S.,
Journé, F., Kiss, R., Toubeau, G., Gabius, H.-J. (2006)
Towards functional glycomics by localization of binding sites
for tissue lectins: lectin histochemical reactivity for galectins
during diethylstilbestrol-induced kidney tumorigenesis in
male Syrian hamster. Histochem. Cell Biol. 126, 57-69.

Schwanke, U., Nabereit, A., Moog, R. (2006) Isolation of
monocytes from whole blood-derived buffy coats by contin-
uous counter-flow elutriation. J. Clin. Apher. 21, 153-157.

Smetana, K. Jr., Dvořánková, B., Chovanec M., Bouček, J.,
Klíma, J., Motlík, J., Lensch, M., Kaltner, H., André, S.,
Gabius, H.-J. (2006) Nuclear presence of
adhesion/growth-regulatory galectins in normal/malignant
cells of squamous epithelial origin. Histochem. Cell Biol.
125, 171-182.

Vacanti, M. P., Roy, A., Cortiella, J., Bonasar, L., Vacanti, C.
A. (2001) Identification and initial characterization of
spore-like cells. J. Cell. Biochem. 80, 455-460.

Villalobo, A., Nogales-González, A., Gabius, H.-J. (2006) A
guide to signaling pathways connecting protein-glycan inter-
action with the emerging versatile effector functionality of
mammalian lectins. Trends Glycosci. Glycotechnol. 18, 1-37.

J. Klíma et al.36 Vol. 53




