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ABSTRACT

The treatment of bone defects still presents complex problems, although various techniques have
been developed. The periosteum is considered a good source of osteogenic precursor cells for new
bone formation. It can be collected easily in the clinical setting and is less invasive to the donor site.
However, the murine skull periosteum has a poor cellular component, and growth is very slow, making
it important to identify a culture method for efficient growth. In the present study, we used three-
dimensional cell migration with atelocollagen and gelatin media and found that both were effective
for promoting the proliferation of periosteum-derived cells. Moreover, atelocollagen medium is
expected to provide an added benefit as a scaffold structure in the ambient temperature of the human
body. The selection of a proper surface marker for osteogenesis is imperative for bone regeneration.
CD90 is a mesenchymal stem cell marker. Periosteum-derived cells sorted with CD90 showed higher
proliferative capacity and osteogenic potential than that of unsorted periosteum-derived cells in vivo
and in vitro. Thus, periosteum-derived cells sorted with CD90 are expected to be a good source for

bone regeneration. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:227-234

SIGNIFICANCE

Periosteum-derived cells showed higher proliferative capacity and osteogenic potential. Periosteum
can be collected easily in the clinical setting and is less invasive to the donor site. Thus, periosteum-
derived cells can be expected to be a good source for bone regeneration.

INTRODUCTION

The periosteum is a fibrous tissue that covers
the outside of the bone [1, 2]. It is divided into
a fibrous and a cambium layer [3]. The fibrous
layer on the outside of the periosteum contains
fibroblasts in a collagen and elastin fiber ma-
trix, along with a nerve and microvascular net-
work [4, 5]. The cambium layer facing the bone
consists of fibroblasts, osteoblasts, and a num-
ber of cellular components such as osteochondral
precursor cells [6]. This is thought to be the layer
responsible for producing osteoblasts and chon-
droblasts for bone formation or regeneration [7,
8]. The skull, clavicle, and part of the mandible
are formed by intramembranous ossification,
which begins on ossification of the periosteum
during fetal development [9]. This fact supports
the hypothesis that the periosteum might be re-
lated to bone growth and regeneration [10, 11].
Although many studies have used osteoblasts
or bone marrow-derived mesenchymal stem
or progenitor cells for bone regeneration and
tissue engineering [12, 13], the osteogenic

potential of periosteum-derived cells has not
been examined in as many studies. However,
the periosteum regenerative potential has be-
come an intense topic in bone regenera-
tion and tissue engineering [14]. Also,
periosteum-derived cells can be acquired
more easily and safely than bone marrow-
derived mesenchymal stem or progenitor
cells and by a less-invasive method. Thus,
we supposed that periosteum-derived cells
could emerge as a new source for bone tissue
engineering.

The periosteum-derived cells contain a num-
ber of progenitor cell-related antigens such as
SH2(+), SH3(+), SH4(+), CD9(+), CD90(+), and
CD105(+) [15]. Afew reports have demonstrated
the ability of periosteum-derived cells to differ-
entiate into chondrocytes and osteocytes
[16]. CD90(+) is a glycosylphosphatidylinositol-
anchored protein present in the lipid rafts of
the cell surface [17]. It is expressed in osteo-
blast lineage cells and is believed to be involved
in ossification [18]. Chung et al. reported that
CD90(+) cells, sorted from adipose-derived
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Figure1l. Two-dimensional cell culturein DMEM and three-dimensional cell migration in the atelocollagen and gelatin media. (A): Murine skull
periosteum was trimmed to 10 X 10 mm?. (B): Atelocollagen medium is not translucent, and gelatin medium, consisting of a white gelatin mass
(black arrow), dissolves at 37°C. (C): Daughter cells from periosteum began to migrate down in the dishes by day 3, and the front cells had reached
the bottom at day 7 in the gelatin medium. Abbreviation: DMEM, Dulbecco’s modified Eagle’s medium.

stromal cells, are more capable of enhancing bone formation
bothinvitroandinvivo[19]. Yamamoto et al.,onlyfromanin
vitro study, described feasibility of the osteogenic potential
of CD90(+) murine adipose-derived stem cells [20]. However,
the role of CD90(+) in periosteum-derived cells remains
unclear.

In the present study, the structure of murine periosteum was
observed by histologic examination, and the osteogenic poten-
tial of CD90(+) periosteum-derived cells was investigated by
transplantation into murine femoral medullae. We have also
demonstrated a three-dimensional migration method for
periosteum-derived cells.

MATERIALS AND METHODS

The institutional animal care and use committee of Tokyo Medical
and Dental University approved the protocol design and proce-
dures (approval no. 0150221).

Three-Dimensional Cell Migration

Skulls with the periosteum from nine 4-week-old female ICR
mice were collected after pentobarbital sodium euthanasia.
After trimming the skulls to 10 X 10 mm? in size, the perios-
teum was peeled off the bone. Next, the samples were divided
into three groups: atelocollagen group (CG), gelatin group
(GG), and Dulbecco’s modified Eagle’s medium (DMEM) group
(DG). In the CG, pieces of the periosteum were immersed in
2 ml of 0.2% atelocollagen medium (atelocollagen, Eagle’s
minimum essential medium; Koken Co., Ltd., Tokyo, Japan,
http://www.kokenmpc.co.jp) on 6-well plates. In the GG, gel-
atin medium was used for the periosteum immersion in
the same manner, which was manufactured by dissolving
0.4 g of gelatin (low endotoxin gelatin; Nippi Co., Yokohama,
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Japan, http://www.nippi.co.jp) gradually into 2 ml of DMEM
(containing 4.5 g/l glucose and 0.584 g/l L-glutamineg;
Sigma-Aldrich, St. Louis, MO, http://sigmaaldrich.com) sup-
plemented with 10% fetal bovine serum (FBS; Sigma-Aldrich)
and 1% penicillin/streptomycin (Sigma-Aldrich), stirring them
slowly atroom temperature. The atelocollagen medium trans-
forms into agar at 37°C, and the gelatin medium, which forms
mushy, becomes aqueous at 37°C. The periosteum-derived
cells of the CG and GG gradually migrated through the media
and had landed on the plate surface by day 3 and started grow-
ing. Inthe last group, the DG, the periosteum was immediately
digested into individual cells with 0.1% (wt/vol) collagenase
(type | collagenase; Sigma-Aldrich) in 30 ml of phosphate-
buffered saline (PBS; Wako Pure Chemical Industries, Ltd.,
Osaka, Japan, http://www.wako-chem.co.jp) by rocking for
10-15 minutes. The digested cells were plated on 6-well plates
and culturedin 2 ml of DMEM supplemented with 10% FBS and
1% penicillin/streptomycin. All groups were continuously cul-
tured at 37°C in a humidified atmosphere of 95% air and 5%
CO, for 7 days.

Cell Viability

The atelocollagen and gelatin media were digested with collage-
nase to expose the periosteum-derived cells on the plates. The
cells of the CG and GG were trypsinized (1% trypsin-EDTA;
Sigma-Aldrich), centrifuged at 1,000g for 5 minutes in the pres-
ence of 1% FBS to quench the enzymes, and reseeded in 10 ml
of DMEM on a 10-cm cell culture dish at an initial density of
2.5 X 107 cells per cm? for each. The DG was also passaged
and reseeded on a 10-cm cell culture dish.

After 1 day of culture, all cells underwent viability mea-
surement with PrestoBlue (PrestoBlue Cell Viability Reagent;
Life Technologies, Carlsbad, CA, http://www.lifetechnologies.
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Figure 2. Cell viability stratified by fluorescence measurement. Rel-
ative fluorescence unit data were as follows: DG, 289029; CG, 525902;
and GG, 861622. High cell proliferation was observed in the GG. Statisti-
cally significant differences were observed among the groups (*, p < .05;
w3k, p << .003; *#*, p < .002; n =3). Abbreviations: CG, atelocollagen me-
dium group; DG, Dulbecco’s modified Eagle’s medium group; GG, gelatin
medium group.

com). PrestoBlue reagent was added to fresh culture medium
at a volume ratio of 1:9 and incubated for 10 minutes at 37°C.
Next, the reaction solution was transferred onto 96-well
plates, 100 ul per well. Fluorescence was measured using a
microplate reader (Perkin Elmer Wallac 1420 Victor 2 Micro-
plate Reader; GMI, Ramsey, MN, http://www.gmi-inc.com)
and quantified using a software program (Wallac 1420 work-
station; PerkinElmer Life Sciences, Waltham, MA, http://
www.perkinelmer.com).

Semiquantitative Polymerase Chain Reaction for
Expression of Osteogenic Genes

The expression of genes associated with osteoblast differentiation in
periosteum-derived cells was analyzed using polymerase chain reac-
tion (PCR) with primer pairs designed using Primer3 software (http://
bioinfo.ut.ee/primer3-0.4.0/). The primers used were as follows:
runt-related transcription factor 2 (Runx2)—sense primer, 5'-tc-
tggccttecactctcagt-3'; antisense primer, 5’-gactggcggggtgtaagtaa-
3’; type | collagen—sense primer, 5’-tgctgttcttgggggactac-3’; anti-
sense primer, 5’-gccatagaggggtgttctca-3’; Osterix (OSX)—sense
primer, 5'-cccacctaacaggaggattt-3’; antisense primer, 5'-cactggaatg-
gagtgaaacc-3’; and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)—sense primer, 5'-acccagaagactgtggatgg-3’; antisense
primer, 5'-cacattgggggtaggaacac-3'. Another set of periosteum-
derived cells from the DG were pooled and homogenized in TRIzol
reagent (Life Technologies) to extract total RNA. cDNA was synthe-
sized using the SuperScript First-Strand Synthesis System for reverse
transcription (RT)-PCR (Life Technologies). Real-time RT-PCR was
performed on a 7300 real-time PCR system (Life Technologies),
and target gene expression was normalized to GAPDH.

Mouse primary bone marrow cells were flushed from the fe-
murs using a 27-gauge needle, pelleted quickly by centrifugation
at 1,000g for 5 minutes, and washed with PBS. After centrifuga-
tion, the collected cells were cultured to confluence in 10 ml
of DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin on a 10-cm culture dish. After being washed and
supplied with fresh medium, the cells were trypsinized and
reseeded on another 10-cm cell culture dish at the first passage
and used as the control for RT-PCR analysis.

www.StemCellsTM.com

Histological Analysis

After collection from the skull of 8-week-old female ICR mice, the
specimens were fixed with 10% neutralized formalin solution
(Wako Pure Chemical Industries, Ltd.) for 2 weeks, decalcified
in formic acid for 1 month, dehydrated, and embedded in paraf-
fin. The periosteum without the skull was also harvested from an-
other set of 8-week-old female ICR mice. The samples were fixed
in 10% neutralized formalin solution for 2 days, dehydrated, and
embedded in paraffin. For all samples, approximately 5-um-thick
coronal sections for histological examination were prepared,
stained with hematoxylin and eosin (Sigma-Aldrich), and ob-
served under an optical microscope (Biozero; Keyence, Tokyo,
Japan, http://www.keyence.com).

Cell Sorting for CD90

The first passage of the periosteum-derived cells that had
been cultured on a 10-cm dish was trypsinized (1% trypsin-
EDTA; Sigma-Aldrich) and centrifuged at 1,000g for 5 minutes
inthe presence of 1% FBS to quench enzyme activity. The pel-
lets were resuspended in 1% FBS in PBS, filtered through a
70-um cell strainer (BD Biosciences, San Diego, CA, http://
www.bdbiosciences.com), and the cells were counted using
a One Cell Counter (Wako Pure Chemical Industries. Ltd.).
The cells were separated into 100-ul fractions at a concentra-
tion of 1 X 107 cells per milliliter and then incubated at 4°C
with 0.5 ug of anti-CD90/Thy1 FITC.MRC OX-7 per 1 X 10°
cells (ab226; Abcam, Cambridge, U.K., http://www.abcam.
com) for 40 minutes. Antibody-conjugated cells were filtered
againthrougha35-um cell strainer (BD Biosciences). The cells
were incubated with 5 ul of 7-amino-actinomycin D (7-AAD)
staining solution (BD Biosciences) per 1 X 10° cells for 10 minutes
and sorted by CD90 marker expression using fluorescence-
activated cell sorting (FACS; FACSAria Il; BD Biosciences). Cells
emerging as CD90(+) were collected in DMEM supplemented with
1% penicillin/streptomycin and 10% FBS. Residual periosteum-
derived cells, unsorted, were used as the control.

Viability of CD90(+) Periosteum-Derived Cells

To assess viability, the CD90(+) cells sorted by FACS were seeded on
24-well plates at an initial density of 2 X 102 cells per well. They were
then cultured for up to 16 days in normal DMEM with 10% FBS and
1% penicillin/streptomycin or in an osteogenic medium supple-
mented with 10~ M dexamethasone, 10 mM B-glycerophosphate,
and 50 ng/ml ascorbic acid in DMEM. Unsorted periosteum-derived
cells were also cultured in the same way. Viability was measured with
the PrestoBlue reagents on days 1, 4, 7, 10, 13, and 16.

Alkaline Phosphatase-Positive CD90(+) Cell Staining

CD90(+) cells were seeded onto 6-well plates at an initial density
of 5 X 10 cells/well in the normal DMEM or in the osteogenic
medium. Naphthol AS-MX phosphatase (0.1 mg/ml) and Fast Blue
BB Salt (0.6 mg/ml) were dissolved in Tris-HCI buffer (0.1 M; pH
8.8) containing 0.5% N,N-dimethylformamide and 2 mM MgCl,.
The solution was then filtered and used for alkaline phosphatase
(ALP) staining (Sigma-Aldrich). Cells grown for 7, 14, and 21 days
were washed twice with PBS and fixed in 10% formalin for
10 minutes. The fixed cells were rinsed twice with PBS and incu-
batedin 1 ml of staining solution at 37°Cfor 20 minutes to develop
the blue staining for ALP-positive cells. All cells were washed with
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Figure 3. Reverse transcription-polymerase chain reaction. Semiquanti-
fied expression of type 1 collagen and RUNX2 in periosteum-derived cells
was much lower than that in bone marrow-derived cells. Osterix was not
detected (n = 6). Abbreviation: RUNX2, runt-related transcription factor 2.

PBS to stop the staining reaction. Unsorted periosteum-derived
cells were also examined.

Alizarin Red Staining in CD90(+) Cell Culture

Another set of six-well plates was subjected for mineralized-nodule
staining (alizarin red S staining). Mineralized nodules were stained
after 7, 14, and 21 days of culture in another set of wells. The stain-
ing solution was prepared by dissolving alizarin red S (1%) in 1:100
aluminum hydroxide in water, followed by filtration. The cells were
washed twice with PBS and immersed in methanol for 10 minutes.
After rinsing in water, the cells were incubated with 500 ul of aliz-
arinred S per well for 2 minutes until the mineralized nodules were
stained red. The reactions were terminated by washing with water
to remove excessive staining precipitate and reagents. Unsorted
periosteum-derived cells were also tested.

Animal Experiment

To confirm the osteogenic ability of the periosteum-derived cells,
the cells were transplanted into the femoral cavities of 8-week-old
female ICR mice under ketamine anesthesia (100 mg/kg body
weight) by intraperitoneal administration. An incision was made
to expose the femoral knee joint. The femoral medulla was abraded
through the epiphyseal plate from a femoral condyle and washed
along the axis with normal saline using a 23-gauge needle (Terumo,
Tokyo, Japan, http://www.terumo.com). The mice were divided in-
to four groups: the first group was used as a sham control with no
transplantation (saline group); the second group received a 0.3-ml
injection of atelocollagen medium without cells (atelocollagen
group); the third group was injected with 2 X 10* periosteum-
derived cellsin 0.3 ml of atelocollagen medium (periosteum group);
and the fourth group received the same number of CD90(+)
periosteum-derived cells in 0.3 ml of atelocollagen medium into
the cavity [CD90(+) group]. After 3 weeks, the mice were eutha-
nized, and paraffin-embedded sections of the femur were prepared
for histologic examination by hematoxylin and eosin staining.

Statistical Analysis

Statistical analyses were performed using SPSS, version 14.0, for
Windows (SPSS Inc., Chicago, IL, http://www.ibm.com). Differ-
ences between the means were analyzed using Student’s t test.
Data were considered statistically significant at p = .05.

RESULTS

Periosteum-Derived Cell Proliferation in Both
Atelocollagen and Gelatin Media

The periosteum was dissected into 10-mm by 10-mm sections
(Fig. 1A). Three-dimensional cell migration with an atelocollagen
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or gelatin medium as a scaffold was used to assess cell growth (Fig.
1B). Because of the ability of gelatin to turn more aqueous at 37°C,
close to the inside body temperature of humans, migration and
spreading of the daughter cells were observed in the gelatin me-
dium. The front cells had reached the dish bottom by day 3, and
their proliferation had begun by day 7 (Fig. 1C). Because the ate-
locollagen medium was not translucent, the cells in the atelocol-
lagen were difficult to visualize and monitor.

Three-Dimensional Induction of Atelocollagen
and Gelatin Media to Promote Growth of
Periosteum-Derived Cells

To confirm the effect of the medium on cell growth, fluorescence
measurement with PrestoBlue was performed (Fig. 2). The relative
fluorescence unit data were as follows: DG, 289029; CG, 525902;
and GG, 861622. CG proliferation was significantly higher versus
the DG (p < .05), and the GG exhibited more efficient cell prolifer-
ation than the CG (p < .003) and the DG (p < .002). Statistically sig-
nificant differences were observed between each group. Thus,
three-dimensional migration in atelocollagen or gelatin medium
was more effective than that in conventional two-dimensional cul-
ture for periosteum-derived cells. Atelocollagen and gelatin could
serve as a scaffold to promote the proliferative activity of
periosteum-derived cells. The differences in cell proliferation be-
tween the collagen and gelatin media might have resulted from
differences in the structure. Collagen solidifies with increasing
temperature, and gelatin melts as the temperature increases.

Bone Regeneration Potential of
Periosteum-Derived Cells

Periosteum-derived cells were compared with bone marrow-
derived cells for their osteogenic potential. Quantitative PCR
was used to assess Runx2, OSX, and collagen type 1 expression
(Fig. 3). Collagen type 1 and Runx2 were expressed in periosteum-
derived cells, although OSX was not detected. The expression lev-
els in the periosteum-derived cells were lower than those in the
bone marrow-derived cells. Therefore, periosteum-derived cells
are not mature osteoblasts but might have the potential to differ-
entiate into osteoblasts.

Cells in the Cambium Layer

The structure of the murine skull periosteum was observed by he-
matoxylin and eosin staining (Fig. 4). The murine skull periosteum
is a very thin tissue and is cell poor. Most of the cells were ob-
served in the cambium layer.

Different Growth Rates and Patterns Between Unsorted
Periosteum-Derived Cells and CD90(+) Cells

FACS was used to separate the periosteum-derived cells into a
CD90(+) group and an unsorted group (Fig. 5A). During this process,
the nonviable cells were eliminated using a cell viability assay (7-AAD
cell viability assay kit; Life Technologies). All sorted CD90(+) cells sur-
vived in continuous culture for the experimental period of 12 days.
Figure 5B is an electron microscopic image of unsorted periosteum-
derived cells and CD90(+) cells after 3 and 12 days of culture. The
images show the discrepancy in the growth rate and pattern of un-
sorted periosteum-derived cells and CD90(+) cells. The growth rate
of the CD90(+) cells was greater than that of the unsorted
periosteum-derived cells. Moreover, differences in the growth pat-
tern between both groups were observed. The unsorted
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Figure4. Hematoxylin and eosin staining of skull periosteum. Structure of the periosteum differs by site. Many of cellular components lie in the
cambial layer. (A): Bone with periosteum. (B): Periosteum only. Abbreviations: BB, bone side; SB, skin side.

periosteum-derived cells grew in a star pattern and were condensed
into small round cells after 3 days of culture. Many of the round cells
resembled stars by day 12. In contrast, the CD90(+) cells were
spindle-shaped cells in small round cells after 3 days of culture. These
spindle-shaped cells were arranged in a column by day 12.

Osteogenic Potential and Proliferative Capacity of
CD90(+) Cells

ALP staining and alizarin red staining were performed to examine
the differences in osteogenic potential between the unsorted
periosteum-derived cells and CD90(+) cells (Fig. 6A, 6B). The cells
were cultured in DMEM and osteogenic medium for 1, 2, and
3 weeks. Over time, ALP activity and the number of mineralized
nodules became higher, and the CD90(+) cells exhibited higher
ALP activity than that of the unsorted periosteum-derived cells.
In addition, the mineralized nodules were larger. The PrestoBlue
cell viability assay showed that the proliferative ability of CD90(+)
cells was greater than that of the unsorted periosteum-derived
cells after 10 days of culture (Fig. 6C).

Bone Regeneration by Periosteum-Derived Cells in
Femoral Marrow Cavity

To compare the bone regeneration ability of CD90(+) and un-
sorted periosteum-derived cells, a bone defect was created in
the diaphysis through the epiphyseal plate of the femur
(Fig. 7). Although condyle regeneration was prominent, the epiphy-
seal plate and the diaphysis had not been fully regenerated in the
saline group (Fig. 7A). The atelocollagen group also showed findings
similar to those in the saline group (Fig. 7B). Because the atelo-
collagen medium had gelled in the body, it prevented overflow
of the medium and the cells out of the cavity. In the periosteum
group, the epiphyseal plate and the diaphysis had healed more
than in the saline and atelocollagen groups, although the
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regeneration seen in the diaphysis was not exaggerated (Fig.
7C). In contrast, mature regeneration of the diaphysis and the
epiphyseal plate (Fig. 7D) was observed in the CD90(+) group.
The epiphyseal plate in the CD90(+) group was similar to that
of intact tissue (Fig. 7D, 7E). In summary, CD90(+) cells have
the ability for bone regeneration with epiphyseal cartilage regen-
eration in vivo.

DiscussION

Many studies have reported that the periosteum is a good
source of osteogenic precursor cells for new bone formation
[21-23]. Furthermore, the murine skull periosteum does not
adhere to muscle or skin, such that the periosteum can be more
easily collected. Thus, it was possible to isolate cells without the
contamination of cells from a different origin. However, the mu-
rine skull periosteum has a poor cellular component, and
growth is very slow. Therefore, a large number of mice will
be required for experiments requiring a great number of cells.
Thus, it isimportant to use a culture method that enhances cell
growth. Wang et al. reported that the periosteum differs in
composition and structure by site [24, 25]. The sites that receive
more stress will have many cells, and the sites that receive less
stress will contain fewer cellular components. We believe that
the murine skull is cell poor, because it is not stressed. In the
present study, three-dimensional culture systems with atelo-
collagen or gelatin medium were used to evaluate cell growth.
Three-dimensional cell migration was effective in the atelocol-
lagen and gelatin media, which became a scaffold for the
periosteum-derived cells. Collagen is a component of extracel-
lular matrices and is thought to aid in the growth and matura-
tion of cells during culture [10]. Collagen has a triple-helical
structure formed by three polypeptide chains. Collagen
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Figure 5. CD90 sorting by fluorescence-activated cell sorting. (A): Gate for CD90 and 7AAD. (B): Comparison between unsorted periosteum-
derived cells (periosteum group) and CD90(+) periosteum-derived cells [CDI0(+) group] at days 3 and 12. The growth rate of the CD90(+) group
was faster than that of the periosteum group at day 3. The growth patterns differed in both groups. The periosteum group phenotypically expressed
double aspects of a star-like shape and a round shape at day 3, and most cells in the periosteum group were round by day 12. In contrast, the CD90(+)
group showed mostly spindle-shaped cells with scattered small round cells at day 3. These spindle-shaped cells occupied the culture area, aligning
like a stream at day 12. Scale bar = 100 uwm in day 3 panels and 200 um in day 12 panels. Abbreviation: 7AAD, 7-amino-actinomycin D.

liguefies when cooled and solidifies when heated. These prop-
erties make three-dimensional cell migration possible at 37°C.
Furthermore, collagen is expected to become a gel when in-
jected into the body and can thereby serve as a scaffold. Gelatin
is obtained by heat from collagen. With heat, the triple-helical
structure of collagen changes to a random coiled structure,
resulting in the formation of gelatin. As a result, gelatin pos-
sesses opposing characteristics. Thus, aqueous gelatin colloidal
solution can be melted by heating and solidifies into a gel on
cooling. Moreover, the firmness can be adjusted by changing
the water-to-gelatin ratio. Because the gelatin will become a lig-
uid in the body, it cannot be expected to serve as the scaffold. In
the present study, the difference in cell proliferation in atelocol-
lagen and gelatin media was likely associated with differences in the
atelocollagen and gelatin structure. Atelocollagen solidifies with in-
creasing temperature, but gelatin melts as the temperature in-
creases. Therefore, gelatin medium secures the cell proliferation
space, permitting high cell proliferation in culture conditions. The
gelatin medium provided greater cell proliferation than did the
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atelocollagen medium, but it cannot be expected to serve as a scaf-
fold as can atelocollagen medium.

The treatment of bone defects still presents complex
problems, although various techniques have been developed
[26-28]. Our data suggest that periosteum-derived cells also
have osteogenic potential. For bone regeneration, the selec-
tion of a proper surface marker for osteogenesisisimperative
[29-31]. CD90 is a mesenchymal stem cell marker [32, 33]
and amember of the Ig supergene family, with structural sim-
ilarity to the Ig VH region domain [34-36]. It allows cells to
become multipotent and facilitates osteogenesis [37-39].
Chung et al. reported that CD90(+) cells have strong osteo-
genic capacity in vitro and in vivo [19]. In the present study,
the CD90(+) periosteum-derived cells showed strong osteogenic
potential. Chen et al. reported the highest level of constitutive
expression of CD90(+) on proliferating cells; the expression de-
creased once the cells had progressed through the matrix mat-
uration and mineralization stages [40]. Similarly, in the present
study, ALP activity was increased in CD90(+) cells. The CD90(+)
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Figure 6. Alkaline phosphatase (ALP) activity, mineralized nodule formation, and cell viability. (A): ALP Staining. (B): Alizarin red S staining.
In all cells, ALP activity and mineralized nodules became higher with time. 90D and 900 exhibited higher ALP activity and more mineral accu-
mulation than did PD and PO. (C): Cell viability stratified by fluorescence measurement. The proliferative ability of 90D and 900 was greater than
that of PD and PO after 10 days of culture. Statistically significant differences were observed between PO and 900 at day 16 (*, p <.027; n=5).
Abbreviations: 90D, CD90(+) cells in Dulbecco’s modified Eagle’s medium; 900, CD90(+) cells in osteogenic medium; PD, periosteum-derived
cells in Dulbecco’s modified Eagle’s medium; PO, periosteum-derived cells in osteogenic medium; W, week.

1mm

Periosteum CD90(+) Intact

n=35

Figure 7. Histological analysis. The defect was created with a 23-guage needle in the femur (n =5). (A): Saline group. (B): Atelocollagen group.
(C): Periosteum group. (D): CD90(+) cell group. (E): Intact bone. Red arrow indicates the epiphyseal plate, and black box, the diaphysis in the
defect site. In (A) and (B), the epiphyseal plate and diaphysis had not been fully regenerated, although the condyle regeneration was prominent.
The epiphyseal plate and diaphysis had almost healed in (C). In particular, the CD90(+) groups had mature bone healing with regeneration of the
condyle and epiphyseal (D).

periosteum-derived cells showed strong proliferation and osteo-
genesis in vivo and in vitro and are expected to be a good source
for bone regeneration.

Several minimum criteria have been proposed for human
bone marrow-derived mesenchymal stem and progenitor cells:
CD73, CD90, and CD105 expression positive and CD31, CD34,
and CD45 expression negative in culture [41]. They have the abil-
ity to differentiate into adipocytes, chondrocytes, and osteo-
cytes. In the present study, we assessed CD90 expression in

www.StemCellsTM.com

periosteum-derived cells for osteogenic potential. The cells
were initially not good at propagation on flat plates but were
aggressive in the two groups with three-dimensional cell migra-
tion. Therefore, this strategy was used to expand the cell num-
bers for the subsequent analyses. Furthermore, recognition of
three-dimensional cell migration of the periosteum cells could
elicit a novel idea for effective bone regeneration. In our next
study, we will explore the periosteum-derived cells for other
mesenchymal stem cell markers.

©AlphaMed Press 2016
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CONCLUSION

Three-dimensional cell migration with atelocollagen and gelatin
media promoted cell growth. Atelocollagen, which solidifies
with increasing temperature, is a candidate for use as a scaffold.
CD90(+) periosteum-derived cells showed strong proliferation
and osteogenesis capacity in vivo and in vitro and are expected
to be a good source for bone regeneration.
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