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Morphological differences during in vitro
chondrogenesis of bone marrow-, synovium-MSCs,
and chondrocytes

Shizuko Ichinose'®, Takeshi Muneta??, Hideyuki Koga?, Yuko Segawa?, Motoki Tagami®, Kunikazu Tsuji* and

Ichiro Sekiya™®

Mesenchymal stem cells (MSCs) from a variety of mesenchymal tissue contain common features, but distinguishing
properties dependent on their origin are emerging. We investigated morphological differences of human bone marrow-
MSCs, synovium-MSCs, and chondrocytes during in vitro chondrogenesis. Two hundred thousands cells were pelleted
after centrifugation and cultured in chondrogenic media that contained BMP-2, TGF-B3, and dexamethasone. The pellets
were analyzed histologically, immunohistologically, and electron microscopically. Before chondrogenic induction, tryp-
sinized MSCs and chondrocytes looked similar. At day 1, the structure of the three masses was divided into two layers,
and the most obvious differences in the three populations were observed in the deep zone. In bone marrow-MSCs, round
cells accumulated without intercellular space, and the cells were mainly connected through intermediate junctions. In
synovium-MSCs, elongated cells accumulated with small desmosomes and intercellular spaces could occasionally be
seen. In chondrocytes, separated oval and polygonal cells connected only in a narrow spotty area through a small
desmosome. At day 7, the structure of the three masses was divided into three layers, and the most obvious differences in
the three populations were observed in the middle zone. In bone marrow-MSCs, the middle zone consisted of dense
smaller cells and apoptotic cells. In synovium-MSCs, the middle zone consisted of dense arrayed wider cells and apoptotic
cells. In chondrocytes, the middle zone was acellular without apoptotic cells. At day 21, the morphology of cells and
extracellular space became similar in that each cell was located separately with abundant extracellular matrix. The
superficial zone was still obvious in bone marrow-MSCs, but hardly seen both in synovium-MSCs and chondrocytes.

In this study, we revealed morphological differences of bone marrow-MSCs, synovium-MSCs, and chondrocytes during
in vitro chondrogenesis. The most obvious differences in the three populations were observed at day 1 in the deep zone.
Laboratory Investigation (2010} 90, 210-221; doi:10.1038/labinvest.2009.125; published online 14 December 2009

KEYWORDS: mesenchymal stem cells; chondrogenesis; bone marrow; synovium; chondrocytes

Toward the development of cell therapy for cartilage mesenchymal tissues contain common features, but distin-

9-12

regeneration, mesenchymal stem cells (MSCs) are attractive
because of their chondrogenic potential.'’™ MSCs can be
obtained from a variety of mesenchymal tissues including
bone marrow,” which seems to be the most popular MSC
source at present. Synovium, a thin membrane covering the
inside of joints, is another promising MSC source due to its

guishing properties due to their origin are emerging.
However, morphological differences of MSCs dependent
on the source, especially during chondrogenesis, remain
unknown.

Chondrocyte transplantation is currently one of the
prevailing methods for cartilage regeneration therapy.'” The

high chondrogenic potential.>® MSCs derived from various  digested and expanded chondrocytes produce cartilage
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matrix again when cultured in a proper condition. This
process seems to contain some similarities to that in MSCs,
and it would be intriguing to compare the morphology of
MSCs and chondrocytes during their chondrogenesis.

Ectopic cartilage formations such as chondrophyte, free
body, and metaplasia are one of the pathological conditions
in articular joints.'* Cell sources and the pathophysiology of
ectopic cartilage formations are poorly understood. We
speculate that cell sources for the ectopic cartilage formations
are stem cells in bone marrow and synovium, in addition to
chondrocytes.

In this study, we compared the morphology of bone
marrow-, synovium-MSCs, and chondrocytes during in vitro
chondrogenesis. OQur results shed light on some aspects of
both the mesenchymal stem biology and pathophysiology of
ectopic cartilage formations.

MATERIALS AND METHODS

Isolation of Bone Marrow-, Synovium-MSCs, and
Chondrocytes

The study was approved by an institutional review board, and
informed consent was obtained from all study subjects.
Human bone marrow, synovium, and cartilage were har-
vested from three patients during total knee arthroplasty with
medial compartment osteoarthritis. The patients were all
females, 68, 70, and 73 years old. Bone marrow was aspirated
from the tibia with an 18-gauge needle during the operation.
Synovial tissue was harvested from the suprapatellar
pouch. Cartilage was obtained from resected lateral femoral
condyle. Nucleated cells from bone marrow were isolated
with Ficoll density gradient (Ficoll-Paque, Pharmacia Bio-
systems, Uppsala, Sweden). Synovium and cartilage were
minced into small pieces, digested in a collagenase solution,
and filtered. Nucleated cells from synovium and cartilage
were plated at 10, 10%, or 10° cells/60-cm? dish (Nalge Nunc
International, Rochester, NY, USA), and those from
bone marrow at 10%, 10°, or 10° cells/60-cm? dish. The cells
were plated in six dishes and cultured in 10ml complete
culture medium: «MEM containing 10% fetal bovine
serum (Invitrogen, Carlsbad, CA, USA), 100 units/ml
penicillin (Invitrogen), 100 mg/ml streptomycin (Invitrogen),
and 250ng/ml amphotericin B (Invitrogen) for 14 days
as passage 0. Three dishes for each cell concentration
were stained with 0.5% crystal violet. The optimal initial
cell density was determined based on the following criteria:
(1) the colony size was not affected by contact. inhibition,
and (2) the greatest number of colonies was obtained. We
then harvested the cells plated at optimal densities from the
three remaining dishes. Passage 0 cells were replated at
50 cells/cm?® in a 145-cm?® dish and cultured for 14 days for
the analyses.!!

Surface Epitopes
One million cells were suspended in 200 ml PBS containing
20mg/ml of antibody, incubated for 30 min at 48°C, and
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resuspended in 1ml of PBS. Fluorescein isothiocyanate
(FITC)- or phycoerythrin (PE)-coupled antibodies against
CD90 and CD45 were from Becton Dickinson; CD44
was from eBioscience (San Diego, CA, USA); and CD105 was
from Ancell Corporation (Bayport, MN, USA). For the
isotype control, FITC- or PE-coupled nonspecific mouse
IgG (Becton Dickinson) was substituted for the primary
antibody. Cell fluorescence was evaluated by FACSCalibur
instrument (Becton Dickinson), and data were analyzed
using CellQuest software (Becton Dickinson).! 1

Chondrogenesis

Two hundred thousands cells at passage 2 were placed in a
15-ml polypropylene tube (Becton Dickinson) and cen-
trifuged at 450 g for 10 min. The pellets were cultured at 37°C
with 5% CO, in 400 ul chondrogenic media that contained
500 ng/ml bone morphogenetic protein 2 (Astellas Pharm,
Tokyo, Japan), 10ng/ml transforming growth factor-f3
(R&D Systems, Minneapolis, MN, USA), 100nM dexa-
methasone, 50 ug/ml ascorbate-2-phosphate, 40 ug/ml
proline, 100 ug/ml pyruvate (Sigma-Aldrich), and 50 mg/ml
ITS +Premix in high-glucose Dulbecco modified Eagle
medium (Invitrogen). The medium was replaced every 3—4
days for 21 days.”>™®

Histology

The cultures were ended by fixing the pellets with 2.5%
glutaraldehyde in 0.1 M PBS for 2h. The cells were washed
overnight at 4°C in the same buffer and post-fixed with 1%
0s04 buffered with 0.1 M PBS for 2h. The pellets were de-
hydrated in a graded series of ethanol and embedded in Epon
812. Semi-thin (1 um) sections for light microscopy were
collected on glass slides and stained for 30s with toluidine
blue.'?

Transmission Electron Microscopy

Ultrathin (90nm) sections were collected on copper grids,
double-stained with uranyl acetate and lead citrate, and then
examined by transmission electron microscopy (H-7100,
Hitachi, Hitachinaka, Iapan).19

Immunohistochemistry

The micromasses were fixed in 4% paraformaldehyde, de-
hydrated, and embedded in paraffin. Sections were cut at a
thickness of 5um and deparaffinized in xylene, dehydrated
through graded alcohol, and pretreated with 0.4mg/ml
proteinase K (DAKO, Carpinteria, CA, USA) in Tris-HCl
for 15 min for optimal antigen retrieval. Residual enzymatic
activity was removed by washing in PBS, and nonspecific
staining was blocked with PBS containing 10% normal horse
serum for 20min. Mouse monoclonal antibodies against
human type 1 and type 1 collagen (Daiichi Fine Chemical,
Toyama, Japan; 1:100 dilution with PBS containing 1% BSA)
were applied for 1h. After extensive washing with PBS, a
secondary antibody of biotinylated horse anti-mouse (1:200;
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Vector Laboratories, MA, USA) was applied for 30min.
Immunostaining was detected by Vectastain ABC reagent
(Vector Laboratories, Burlingame, CA, USA), followed by
diaminobenzidine staining.'”

TUNEL and Ki67 Staining

Immediately after fixation in 4% paraformaldehyde in 0.1 M
PBS for 1h, the micromasses were immersed in 1.8 M sucrose
containing 20% polyvinylpyrrolidone in 0.1 M PBS for 24h
at 4°C, mounted on a holder, and quickly frozen in liquid
nitrogen. Frozen sections were cut on an ultracut S micro-
tome (Reichert, Wien, Austria) equipped with a low-tem-
perature sectioning system (Reichert) at a thickness of 1 um
at —80°C.

For TUNEL staining, an apoptosis in situ detection kit
(Wako Pure Chemical Industries, Ltd, Osaka, Japan) was
used. The frozen semi-thin sections were incubated with
terminal deoxynucleotidy! transferase for 10 min at 37°Cina
moist chamber. The sections were washed with 0.1 M PBS for
15 min. Peroxidase-conjugated antibody was then applied to
the specimens at 37°C for 10min in a moist chamber. The
sections were developed with 3,3-diaminobenizidine, and
counterstained with methyl green.

For Ki67 staining, the frozen semi-thin sections were
blocked with 1% BSA in 0.1M PBS for 1h at 4°C
Mouse monoclonal anti-Ki67 antibody (Zymed, South San
Francisco, CA, USA; 1:100 dilution with PBS containing 1%
BSA) was then incubated with the sections for 24h at 4°C.
After extensive washing with 0.1M PBS, the sections
were incubated for 10min with biotinylated secondary
antibodies. Immunostaining was detected with a Zymed
Histostain kit (Zymed). Counterstaining was performed with
methyl green.

immunocryo-ultramicrotomy

The frozen ultrathin (90nm) sections were collected on
formvar-coated nickel grids and then placed on droplets of
1% BSA in 0.1M PBS. The sections were subsequently
transferred to droplets of mouse antibody against collagen
type I, 1, X (Cosmo Bio, Japan), and chondroitin sulfate
proteoglycan (Seikagaku Kogyo, Japan) for 12h at 4°C. The
dilution of antibody against collagen type 1, 11, X, and
chondroitin sulfate proteoglycan was 1:20, 1:20, 1:20,
and 1:50 with 1% BSA in 0.1 M PBS, respectively. Each sec-
tion was then washed with 0.1M PBS and incubated with
goat anti-rabbit IgG or goat anti-mouse I1gG+-IgM con-
jugated with 10nm® gold colloidal particles (diluted 1:20,
1:20, 1:20, and 1:50 with 1% BSA in 0.1 M PBS, respectively;
British Bio Cell International, UK) for 12h at 4°C. The
sections were stained with 1% uranyl acetate, washed with
distilled water, and then embedded with a mixture of 3%
polyvinylalchol and 0.3% uranyl acetate. The sections were
examined by transmission electron microscopy (H-7100,
Hitachi).!®
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RESULTS
Characterization of Bone Marrow-, Synovium-MSCs, and
Chondrocytes

We first analyzed the colony-forming capacity. When nu-
cleated cells were plated at the same density, the number of
developed colonies was highest in synovium-MSCs, was
second highest in chondrocytes, and was the least highest in
bone marrow-MSCs (Figure 1). To prepare colony-forming
cells unaffected by colony-to-colony contact inhibition, we
harvested bone marrow-MSCs plated at 10%/dish, synovium-
MSCs plated at 10*/dish, and chondrocytes plated at 10°/dish
for further analyses.

Flow cytometric analysis showed that each population of
cells was negative for CD45 and positive for CD44, CD90,
and CD105 (Figure 2). Bone marrow- and synovium-MSCs
were calcified when cultured in medium containing f-gly-
cerophosphate?® and differentiated into adipocytes when
cultured in medium containing isobutylmethylxanthine (data
not shown).?!

In Vitro Chondrogenesis

MSCs were pelleted into micromasses and then cultured in
chondrogenic medium. Immediately after centrifugation,
they appeared to be fragile and flat at the bottom of the tube
(data not shown). One day later, they became substantial
masses (Figure 3a). At day 7 and thereafter, they became
round or elongated spheres, and their size and weight in-
creased along with the culture period in the three popula-
tions (Figure 3b).

Morphology of Cells Before Chondrogenic Induction

Microscopically, the cells were dissociated and round in the
three populations (Figure 4a). Transmission electron micro-
scopy demonstrated a large number of elongated thin pro-
cesses at the cell surface. The cells contained well-developed
cell organelles, including mitochondria, endoplasmic
reticulum, Golgi apparatus, lysosomes, and large quantities
of free ribosomes. Their nuclei were euchromatic and not-
ched (Figure 4b). The bone marrow-, synovium-MSCs, and
chondrocytes looked similar before chondrogenic induction.

Aggregation

One day later, the cells aggregated into a firm pellet. Histo-
logical sections embedded in Epon showed that the structure
of the three masses was divided into two layers: the super-
ficial zone and the deep zone (Figure 5a). The superficial
zone consisted of spindle cells parallel to the surface. In the
deep zone, obvious morphological differences were observed
in the three populations. In bone marrow-MSCs, pale-stained
round cells accumulated without intercellular space. In the
synovium-MSCs, the deep zone consisted of elongated cells,
and intercellular spaces could occasionally be seen. In
chondrocytes, oval and polygonal cells with abundant inter-
cellular spaces comprised the deep zone. At this stage, type 1
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Figure 1 Colony formation of bone marrow-, synovium-MSCs, and chondrocytes. Nucleated cells were plated at indicated cell number per 60-cm? dish and

cultured for 14 days. Culture dishes were stained with crystal violet.

collagen was detected in the intercellular spaces, whereas type
IT collagen was absent in the three populations (Figure 5b).

Morphological differences in the deep zone were analyzed
by transmission electron microscopy (Figure 5c). In bone
marrow-MSCs, round clear cells were attached to each other
in a wide area. Cell-cell junctions mainly consisted of in-
termediate junctions (arrow heads), and desmosome (arrow)
also existed. Extracellular matrix could not be seen. In sy-
novium-MSCs, a small desmosome (arrow) was observed
between oval cells. The contact area between each cell was
smaller than that in bone marrow-MSCs. Collagen fibers
(asterisk) existed in extracellular space. In chondrocytes,
spindled cells appeared to be separated from each other or
connected only in a narrow spotty area through a small
desmosome (arrow). Extracellular space was larger than that
in others. Collagen fibers (asterisk) could be seen.

Early Phase of Differentiation

At day 7, the structure of the three masses appeared to be
divided into three layers: the superficial zone, the middle
zone, and the deep zone (Figure 6a). The superficial zone
consisted of spindle-shaped cells organized along the surface
of the pellet. The deep zone was composed of unorganized
polygonal cells with intercellular space, which was narrow in
synovium-MSCs, large in chondrocytes, and intermediate in

stior.ora | Laboratory Investigation | Volume 90 February 2010

bone marrow-MSCs. The middle zone could be distinguished
between the superficial and the deep zone. In bone marrow-
MSCs, the middle zone consisted of smaller cells, and cell
density was higher than in other zones. In synovium-MSCs,
the middle zone appeared to be more obscure, but it con-
sisted of more arrayed wider cells than superficial cells. In
chondrocytes, the middle zone appeared to be almost acel-
lular. Immunostaining demonstrated that bone marrow- and
synovium-MSCs expressed type 1 collagen in the periphery.
The three populations of MSCs expressed type 11 collagen
diffusely (Figure 6b). TUNEL positive cells (Figure 6¢) and
apoptotic cell death (Figure 6d) were observed sporadically in
the middle zone of bone marrow- and synovium-MSCs, but
could hardly be seen in chondrocytes. Ki67 expressions were
also examined for proliferation but not observed in bone
marrow- and synovium-MSCs (Figure 6¢), and chondrocytes
(data not shown).

Late Phase of Differentiation

At day 21, the intercellular spaces and their metachromasia
became more prominent in the deep zone (Figure 7a). The
superficial zone was still obvious in bone marrow-MSCs, but
hardly seen both in synovium-MSCs and chondrocytes. The
three populations increased both type I and type 11 collagen
expression (Figure 7b). Mature chondrocyte-like cells were
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Figure 3 Time course of in vitro chondrogenesis of bone marrow-, synovium-MSCs, and chondrocytes. (a) Macro pictures of pellets with a 1-mm scale. (b)
Wet weight of pellets. The data are expressed as meantsd. (n=3).
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Figure 4 Morphology of bone marrow-, synovium-MSCs, and chondrocytes before induction of chondrogenesis. (a) Optical micrographs of the cells stained

with toluidine blue. Scale bar =20 um. (b) TEM images. Scale bar =5 um.

observed by transmission electron microscopy images in the
deep zone in the three populations. The cells with irregular
contours were surrounded: by well-developed matrix. fibers
(Figure 7c). Neither TUNEL positive nor Ki67 positive cells
were observed. Immunoelectron microscopy: at day 21 de-
monstrated only slight expression of type I collagen, and
higher expression of type II, X collagen, and chondroitin
sulfate in the deep zone in the three populations (Figure 8).

DISCUSSION

In this study; we compared the morphology of bone marrow-
MSCs, synovium-MSCs, and chondrocytes during their
in vitro chondrogenesis (Table 1; Figure 9). Before induction
for chondrogenesis, trypsinized cells looked similar among
the three populations.

At day 1 (aggregation phase), the structure of the three
masses was divided into two layers, and the most obvious
differences in the three populations were observed at the deep
zone. In bone marrow-MSCs, round cells accumulated
without intercellular space, and the cells were mainly con-
nected through intermediate junctions. In synovium-
MSCs, elongated cells accumulated with small desmosomes,
and intercellular spaces could occasionally be seen. In
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chondrocytes, separated oval and polygonal cells were
connected only in a nartow spotty area through a small
desmosome.

At day 7 (early phase of differentiation), the structure of
the three masses was divided into three layers, and the most
obvious differences in the three populations were observed at
the:middle zone. In bone marrow=MSCs,: the: middle zone
consisted -of dense smaller cells and apoptotic:cells. In sy-
novium-MSCs, the middle zone consisted of dense arrayed
wider cells and apoptotic cells. In chondrocytes, the middle
zone was acellular without apoptotic cells.

At day 21 (late phase of differentiation), the morphology
of cells and extracellular space became similar in that
each cell was located separately with abundant extracellular
matrix. The superficial zone was still obvious in bone
marrow-MSCs, but hardly seen both in synovium-MSCs and
chondrocytes.

At the early phase, apoptotic cells were observed in the
middle zone. The gradient of oxygen, cytokines, or other
nutrients presumably affects the fate of the cells,’”” and the
middle zone might be an inappropriate environment for the
cells located there. If this is the case, why were there no
apoptotic cells of chondrocytes in the middle zone? One
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Figure 5 Morphology of pellets 1 day after induction of in vitro chondrogenesis. (a} Optical micrographs of pellets stained with toluidine blue. Scale
bar = 50 um. (b} Immunchistochemical staining for type I and I collagen. Scale bar =50 um. (¢} TEM images of pellets in the deep zone. Scale bar=5pum. In
bone marrow-MSCs, intermediate junctions are shown as arrow heads, and desmosome as arrow. In synovium-MSCs and chondrocytes, small desmosomes
are shown as arrow and type | collagen fibers as asterisks. Desmosome and small desmosomes are magnified. Scale bar=100nm.

possibility is that chondrocytes do not die due to apoptosis
during in vitro chondrogenesis. Tallheden et al** reported
that chondrocytes did not express apoptosis-related genes
during in vitro chondrognesis.

In bone marrow- and synovium-MSCs, we observed
TUNEL positive cells at day 7 and no TUNEL positive cells at
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day 21. In our earlier reports, DNA content decreased largely
within the first week and only slightly between 2 and 3 weeks
during in vitro chondrogenesis of MSCs derived from bone
marrow'” and synovium.** The results of TUNEL assay in
this study and the results of DNA content assays in earlier
reports indicate one possibility that viable cells decreased
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