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Efficient differentiation into skin cells of bone marrow cells
recovered in a pellet after density gradient fractionation
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Abstract. We had previously demonstrated the participation
of whole bone marrow cells from adult mice in the recon-
stitution of skin, including the epidermis and hair follicles.
To get an insight into cell populations that give rise to the
epithelial components of the reconstituted skin, we fractionated
bone marrow cells derived from green fluorescent protein-
transgenic mice by density gradient. Unexpectedly, we found
that a substantial amount of mononucleated cells (~30%) was
recovered in the pellet fraction and that the cells in the pellet
fraction preferentially differentiated into epithelial components
of skin, rather than the cells in the mononuclear cell fraction.
The pellet fraction contained more CD45-negative (thus un-
committed to the hematopoietic cell lineage) cells than the
mononuclear cell fraction. These results indicate that density
gradient fractionation results in significant loss of specific
progenitor cells into the usually discarded pellet fraction.

Introduction

Recent studies have revealed that bone marrow cells possess
potency to differentiate into a broad variety of non-hemato-
poietic cells, including bone, cartilage (1), skeletal muscle,
liver, lung (2), heart (3), brain (4,5), and skin (6). As
progenitors of such diverse cell types, a number of different
cell populations have been indicated including hematopoietic
stem cells (HSC), mesenchymal stem cells (MSC), multipotent
adult progenitor cells (MAPC) and side population stem cells
(SP). Furthermore, the possibility has been suggested that
bone marrow harbors a variety of non-hematopoietic tissue-
specific stem cells (7), such as neural stem cells, muscle stem
cells and hepatic progenitors (8,9). Purified adult HSC could
differentiate in vivo into various cell types including hepato-

Correspondence to: Dr Nam-Ho Huh, Department of Cell Biology,
Okayama University Graduate School of Medicine, Dentistry, and
Pharmaceutical Sciences, 2-5-1 Shikata-cho, Okayama 700-8558,
Japan

E-mail: namu@md.okayama-u.ac.jp

Key words: density gradient, multipotency, stem cells, cell trans-
plantation, bone marrow

cytes (10) and epidermal cells (6). MSC that are characterized
by their adhering property to plastic substrates were shown to
differentiate, not only into mesenchymal tissue such as bone,
cartilage, fat, tendon and muscle (11), but also into neuronal
cells (12). Verfaillie's group has isolated a rapidly growing
cell population from human and rodent bone marrow, named
MAPC, which has the potential for multi-lineage differentiation
(13,14). SP defined by their ability to rapidly expel a DNA
binding dye, Hoechst 33342, can function as HSC (15,16)
and also contribute to bone (17) and liver (18) regeneration.
Although the identity and mutual relationships of these four
populations are not clearly defined, bone marrow-derived
cells are considered to be the richest and most promising
source for potential cell- and gene-therapies against various
human diseases (19).

In almost all of the studies characterizing bone marrow-
derived stem cells and even in those using ‘whole’ bone
marrow cells, the first step is isolation of mononuclear cells
by density gradient centrifugation. A discrete layer of mono-
nuclear cells is collected and other fractions, including the
pellet with the bulk of erythrocytes, are usually discarded
(20). As density gradient fractionation of bone marrow cells
has been widely used for many years, the procedure is fully
standardized (21,22).

We previously showed that unfractionated bone marrow
cells from green fluorescent protein (GFP)-transgenic mice
could differentiate into skin cells when transplanted in a
mixture of embryonic epidermal and dermal cells onto skin
defects made on the back of nude mice (23). The localization
and morphology of GFP-positive cells and the results of
immunohistochemistry and specific staining confirmed that
the cells had differentiated into epidermal keratinocytes,
sebaceous gland cells, follicular epithelial cells, dendritic
cells and endothelial cells. As the first step to define the
cells giving rise to skin cells, we transplanted mononuclear
cells (MNC) prepared using conventional density gradient
fractionation. Unexpectedly, MNC differentiated mainly into
mesenchymal cell components and hardly into epithelial cells
comprising hair follicles and sebaceous glands. We provide
evidence that the pellet fraction obtained after conventional
density gradient fractionation of mouse bone marrow cells
contains a substantial amount of nucleated cells. The cells were
mostly not committed to hematopoietic cells and preferentially
differentiated into epithelial cells of hair follicles and sebaceous
glands.
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Figure 1. Skin reconstitution assay using a silicon chamber. Bone marrow cells from adult GFP-transgenic mice were fractionated by density gradient

centrifugation, mixed with embryonic mouse skin cells, and transplanted into

Materials and methods

Mice. Bone marrow cells were prepared from GFP-transgenic
mice provided by Dr Masaru Okabe (Osaka University) at
the age of 6-8 weeks. The mice ubiquitously express GFP
under the control of the CAG promoter composed of the
cytomegalovirus enhancer, a fragment of the chicken B-actin
promoter and rabbit B-globin exons (13). We prepared epi-
dermal and dermal cells from 16.5 days post-coitus (dpc)
embryos of ICR mice (Nippon SLC, Hamamatsu, Japan).
Recipient mice were BALB/c nude mice purchased from
Nihon Charles River (Yokohama, Japan). Bone marrow cells
for flow cytometric analysis were obtained from 6-week-old
C57BI1/6 mice (Nippon SLC).

Preparation of skin cells. Mouse embryonic skin cells were
prepared as previously reported (23). Briefly, dorsal skin was
cut from 16.5 dpc ICR mouse embryos (30-40 embryos for
one single transplantation experiment) and incubated in
0.05% collagenase (Wako, Osaka, Japan) in MCDB153
medium (Sigma) without growth factors overnight at 4°C.
The epidermis was separated from the dermis using forceps
under a dissecting microscope, and a cell suspension was
obtained by gentle pipetting and filtration with a #150 mesh
(Ikemoto, Tokyo, Japan).

Isolation, fractionation, and analysis of bone marrow cells.
Femurs and tibias carefully dissected from a GFP-transgenic
mouse were used for transplantation. Both ends of each bone
were cut and marrow cells were thoroughly washed, avoiding
contamination with cells outside the bones. The cells were
suspended in 8 ml Hank's balanced salt solution (HBSS),
gently overlaid onto 3 ml of Histopaque 1083 (Sigma), and
centrifuged at 400 x g for 30 min. Each fraction (Fig. 2) was
carefully taken and the cells were washed three times in

skin defects created on the backs of nude mice. MNC, mononuclear cells.

HBSS before counting. Flow cytometric analyses of size,
granularity and GFP expression were performed using a
cytometer type FACScalibur (BD Biosciences, San Diego,
CA). For the analysis of marker proteins, bone marrow cells
were first incubated with CD16/CD32 (eBioscience, San
Diego, CA) to block non-specific staining of the Fc receptor
for 20 min at 4°C. Direct immunolabelling was performed
with fluorescein isothiocyanate (FITC) or phycoerythrin (PE)-
conjugated monoclonal antibodies for 45 min at 4°C. The
antibodies used were CD45-FITC, CD90.1-FITC, CD117-PE
(eBioscience), CD29-FITC, y8T-cell receptor-PE (BD
Biosciences), CD34-PE (Caltag, Burlingame, CA), CD49f-
FITC, and CD200-PE (Serotec, Oxford, UK). Immediately
after washing, the cells were analyzed using FACScalibur
(BD Biosciences). Cells incubated without the first antibody
or with immunoglobulin of the same isotype with the respective
antibody were used as negative controls.

Transplantation. The embryonic skin cell mixture was
composed of 5x10° each of epidermal and dermal cells.
GFP-positive bone marrow cells, either freshly isolated or
after fractionation, were added at 0.5-1x107 to the skin cell
mixture. Transplantation was performed as previously reported
(23,24). Briefly, a back skin area (~1 cm in diameter) of nude
mice was excised down to the fascia under anesthesia with
0.35 ml of Nembutal (Abott Laboratories, North Chicago, IL),
and a lower silicon chamber (Renner, Darmstadt, Germany)
was implanted. The cell slurry was applied to the center of the
skin defect and covered by an upper silicon chamber (Fig. 1).
The chambers were removed one week after the transplantation.

Sampling, processing, and analysis of reconstituted skin
tissue. Three weeks after transplantation, regenerated skin
tissue was removed and fixed in 4% paraformaldehyde in
PBS, followed by embedding in Technovit 8100 (Heraeus
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Figure 2. Density gradient fractionation of adult mouse bone marrow cells. (A) Density gradient fractionation divides the bone marrow cells into four fractions.
Most of the nucleated cells were recovered in the MNC fraction (low density) and pellet fraction (high density). (B and C) Flow cytometric analysis of MNC
and pellet fractions. The abscissa and ordinate are forward scatter and side scatter, respectively. GFP-positive cells (viable nucleated cells) are indicated in red.
GFP-negative large (viable nucleated cells) and small cells (erythrocytes and dead cells) are indicated in blue and black, respectively.

Kulzer, Wehrhein, Germany). For each sample, at least 20
sections of 5 ym in thickness were prepared and observed
under a fluorescent microscope (Olympus DP70, Tokyo,
Japan). After taking pictures, GFP-positive cells were counted
and classified on the basis of their characteristic morphology
and location. Possible differences among different experimental
groups were assessed by Mann-Whitney U statistical analysis.

Immunohistochemistry and specific staining. Technovit
sections (5 pm thick) were stained with rabbit polyclonal anti-
Pan-Cytokeratin antibody (H-240; Santa Cruz Biotechnology)
for identifying epithelial cells and with anti-human von
Willebrand factor antibody (Dako Cytomation, Copenhagen,
Denmark) for identifying endothelial cells. Positive signals
were visualized using Envision* (Dako Cytomation) and AEC
solution (Nichirei, Tokyo, Japan). Staining for lipids was per-
formed by pretreating tissue sections twice with 60% isopropyl
alcohol for 5 min and then staining with 0.18% Oil Red O
(Wako, Tokyo, Japan) in 60% isopropy! alcohol for 7 min.

Results

Fractionation of bone marrow cells. In our previous study,
we showed that unfractionated bone marrow cells from an
adult mouse participate in skin reconstitution when trans-
planted with embryonic skin cells (23). The bone marrow
cells differentiated into diverse types of skin cells, including
epidermal keratinocytes, hair follicle cells, and sebaceous

gland cells. To characterize the progenitor cells further, we
transplanted the MNC fraction prepared by density gradient
centrifugation using Histopaque 1083 (Fig. 2A). Unexpectedly,
however, we rarely detected GFP-positive cells in hair follicles
and epidermis. This seems contradictory to the prevailing
notion that practically all nucleated cells of bone marrow can
be recovered in the MNC fraction.

When we fractionated adult mouse bone marrow cells by
density gradient centrifugation using Histopaque 1083, 0%,
62% (2.3+0.9x107 cells per two mice), 7% (2.5+2.0x10° cells
per two mice) and 31% (1.2+0.3x107 cells per two mice) of
nucleated cells were recovered in the supernatant, MNC,
intermediate and pellet fractions, respectively (Fig. 2A).
Nucleated cells comprised 68% and 41% of the MNC and
pellet fractions, respectively, while erythrocytes were partially
lysed during the fractionation procedure. Cell populations
in the MNC and pellet fractions showed different patterns
in dot plotting with respect to side/forward scattering and GFP
expression after FACS analysis (Fig. 2B and C). Among the
nucleated cells (i.e., large cells), 91% and 58% were positive
for GFP in the MNC and pellet fractions, respectively. These
fractionation profiles were essentially the same as those
obtained by density gradient centrifugation using Ficoll,
Percoll or Histopaque 1077 (data not shown).

Identification of bone marrow-derived cells in the reconstituted
skin. Different cell types derived from GFP-positive bone
marrow cells were determined by the location and shape of
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Figure 3. Immunohistochemistry showing multipotent differentiation capacity of bone marrow cells. (A) Cells composing hair follicles formed by transplantation
of the pellet fraction. Co-localization of GFP signal (A2) and cytokeratin expression (A3). Nuclei were stained with DAPI (A2). (B) Peri-sebaceous gland cells
after transplantation of the pellet fraction. (B1) DAPI staining with dotted lines indicating the sebaceous glands; (B2) GFP signal present in the outer layer of
sebaceous glands; (B3) a merged image of GFP and Oil Red O staining. (C) Endothelial cells after transplantation of the MNC fraction. GFP signal (C1) was
co-localized with von Willebrand factor (C2) as indicated by arrowheads. Erythrocytes were observed in the vessel lumen ().

Unfractionated

Figure 4. Distinct preference in differentiation of whole bone marrow cells, MNC and pellet cells into skin cells. Whole bone marrow cells and pellet cells
frequently differentiated into hair follicle cells and sebaceous gland cells (A and B), whereas MNC preferentially differentiated into endothelial cells and
dendritic cells but rarely into hair follicle cells. Insets in B show merged images of GFP signal and DAPI staining. Dotted lines in A indicate hair follicles. (B-a)
Endothelial cells; (B-b) hair follicle cells; (B-c) dendritic cells; (B-d) sebaceous gland cells.
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Table I. Differentiation of bone marrow cells into various cell types in skin.

Incidence of differentiation events

No. of GFP-positive cells

Whole BM MNC Pellet MNC % Pellet %
No. of experiments 7 12 8
No. of GFP (+) cells counted (total 100 (2,455) 100 (1,579)
no. of cells counted)
Epidermal keratinocytes 217 1/12 2/8 03 0.5
Hair follicle cells 4/7 2/12 8/8 49 23.12
Sebaceous gland cells 3/7 3/12 7/8 33 8.3
Dendritic gland cells 777 11/12 8/8 43 41
Endothelial cells 4/7 12/12 3/8 2.6 0.9¢
Muscle cells - 2/12 3/8 03 0.6
Adipocytes - 2/12 0/8 0.6 0.0
Spindle cells 77 12/12 8/8 58.4 52.7
Round cells 777 12/12 8/8 259 9.8

AMNC < pellet p<0.01. ®"MNC < pellet p<0.05. ‘MNC > pellet p<0.05 (Mann-Whitney U test).

Table II. Percentage of cells positive for expression of cell
surface markers in MNC and pellet fractions.

MNC Pellet No. of experiments
CD45 85.7£2.3 35.5+44 42
CD90 4.5+1.8 2.6+0.2 4
ydTCR 12.0£1.9 74+14 3b
CD34 1.2+1.3 1.5+£0.7 4
CD29 95.2+2.7 94.0+0.7 4
CD49f 13.7£2.3 9.0+2.2 40
CD200 28.4+0.4 9.3+0.5 3a
CD117 14.0+2.5 49+1.3 9

AMNC > pellet p<0.001. "MNC > pellet p<0.05 (ANOVA method).

the cells, immunohistochemistry, and specific staining in a
manner similar to that in our previous study (23). Epidermal
keratinocytes and hair follicle cells were positive for cyto-
keratin expression (Fig. 3A1-A3) in addition to their specific
location and morphology (Fig. 4B-b). Sebaceous gland cells
were found in association with hair follicles and were positive
for Oil Red O staining (Fig. 3B1-B3). Dendritic cells were
found in the epidermis with a characteristic morphology
(Fig. 4B-c). Endothelial cells lined the inner surfaces of
cylindrical structures (Fig. 4B-a) and were positive for
expression of von Willebrand factor (Fig. 3C1-C2). Muscle
cells and adipocytes were identified by their morphology
and location in tissue. The remaining unspecified cells were
classified into spindle and round cells according to their
morphology.

Differential contribution of MNC and pellet cell fractions to
the reconstitution of skin. Transplantation of the pellet cells in

a mixture with embryonic skin cells resulted in a substantial
contribution of GFP-positive cells to the formation of hair
follicles, while cells from the MNC fraction rarely comprised
hair follicles (Fig. 4A, Table I). GFP-positive hair follicle
cells were detected in all of the 8 experiments using pellet
cells, while GFP-positive cells were observed only in 2 of the
12 transplantation experiments using MNC cells. Cell counting
revealed that 4.9% and 23.1% of GFP-positive cells were
hair follicle cells after transplantation of MNC and pellet
cells, respectively (Table I). The difference is statistically
significant (p<0.01). Similarly, the pellet cells differentiated
more preferentially into sebaceous gland cells than did the
MNC. In contrast, endothelial cells were derived more
frequently from MNC than from pellet cells.

Expression of marker proteins in the cells recovered in MNC
and pellet fractions. To gain insight into possible differences
in cell populations recovered in MNC and pellet fractions, we
examined the expression of representative marker proteins by
FACS analysis (Table II). The rates of cells that are positive
in the expression of CD45, CD117 (c-kit), and CD200 were
significantly lower in the pellet fraction than those in the
MNC fraction. The difference in expression rates of CD49f
(integrin a6) and ydTCR was marginal and no difference was
noted in the expression rates of CD90 (Thy-1), CD34 and
CD29 (integrin B1) between the two fractions. Substantial
expression of CD45 is known to be observed in virtually all
committed hematopoietic cells (25,26). When the cells were
analyzed after double immunolabeling, positive cells in the
expression of CD117 or CD200 were found solely in the
CD45-positive populations (Fig. 5). Furthermore, the positive
cell rate in the expression of CD117 or CD200 among CD45-
positive populations was similar between MNC and pellet
fractions. These results indicate that the pellet fraction contains
more abundant cells that are not committed to hematopoietic
cell lineages.
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Figure 5. Fluorescent-activated cell sorter analysis of cells recovered in the
MNC and pellet fractions after density gradient fractionation. The antibodies
against CD45 were conjugated with fluorescein isothiocyanate (green;
detected by FL1 covering 515-545 nm) and the antibodies against CD117
(c-kit) and CD200 were conjugated with phycoerythrin (red; detected by
FL2 covering 653-669 nm).

Discussion

In the present study, we showed that a substantial amount of
nucleated cells (~30% of whole bone marrow nucleated cells)
is contained in the pellet fraction prepared by conventional
density gradient fractionation methods, and that the cells
exhibit a different differentiation preference into skin cells to
that of cells in the MNC fraction. This simple observation is
of great significance because the pellet fraction is usually
discarded after density gradient centrifugation. To our
knowledge, there are no reported studies in which the pellet
cells of bone marrow were analyzed in terms of differentiation
potential.

Under the present conditions, 31% and 62% of bone
marrow nucleated cells were recovered in the pellet and MNC
fractions, respectively. Cells in the two fractions showed
different distribution profiles in dot plotting for forward and
side scattering (Fig. 2B and C) and different expression rates
of some cell-type specific markers (Table II, Fig. 5). The MNC
fraction was eminently composed of committed hemato-
poietic cells as indicated by the high positivity (86%) in the
expression of CD45. The CD45-positive cells might well
explain the preferential differentiation of cells in the MNC
into endothelial cells since endothelial cells and hemato-
poietic cells arise from a common progenitor (27,28). CD45
was expressed in a far less population of cells (36%) in the
pellet fraction. CD29 (integrin 1) was detected in ~95%
of cells similarly in both fractions, though it is considered
as a marker for epidermal stem cells and bone marrow
mesenchymal stem cells (29-31).
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In GFP-transgenic mice, the reporter gene EGFP was
driven by the CAG promoter, which was composed of the
cytomegalovirus enhancer, a fragment of the chicken B-actin
promoter and rabbit B-globin exons (32). This enabled
ubiquitous expression of GFP among different tissues (33).
There have been several studies, however, showing that some
cells are negative in GFP expression and that there is a large
difference in the expression levels in different cells in GFP-
transgenic mice (34). GFP-negative/weak cells with lower
side scattering accounted for ~40% of the pellet nucleated
cells but only ~10% of the MNCs. These fractionation profiles
in dot blotting after FACS analysis remain essentially similar
regardless of the different agent used for density gradient
centrifugation, i.e. Ficoll, Percoll or Histopaque 1077. The
differences in forward/side scattering, GFP expression, and
immunophenotypes clearly demonstrate that the population
of cells differs between both fractions.

We previously demonstrated that adult mouse bone marrow
cells could participate in skin reconstitution (23). Thereafter,
many teams have provided compelling evidence indicating
that bone marrow-derived cells can be converted into skin
cells (31,35-37). These studies demonstrated that not only
whole bone marrow cells but also purified hematopoietic stem
cells (6) and mesenchymal stem cells (31) can differentiate
into skin cells. Furthermore, a pluripotent ‘marrow-isolated
adult multilineage inducible cells’ was recently isolated from
adult human bone marrow, which could be propagated
extensively and induced to differentiate into cell lineages of
all three germ layers (38). Intriguingly, the cells could be
isolated only when using unfractionated bone marrow cells
but not when the bone marrow cells were subjected to
density gradient centrifugation. These results corroborate the
indication derived from the present study that density
gradient fractionation results in significant loss of specific
stem/progenitor cells into the usually discarded pellet
fraction.
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