
Abstract The potential of mesenchymal stem and pro-
genitor cells (MSC) to replicate undifferentiated and to
mature into distinct mesenchymal tissues suggests these
cells as an attractive source for tissue engineering. The
objective was to establish a protocol for the isolation of
porcine MSC from bone marrow and to demonstrate
their ex vivo differentiation into various mesenchymal
tissue cells. MSC from passage 2 were selected for dif-
ferentiation analysis. Differentiation along the osteogen-
ic lineage was documented by deposition of calcium, vi-
sualization of alkaline phosphatase activity, and by anal-
ysis of osteogenic marker genes. Adipocytes were identi-
fied morphologically and by gene-expression analysis.
Deposition of type II collagen and histological staining
of proteoglycan indicated chondrogenic differentiation.
Therefore, porcine MSC may be introduced as a valuable
model system with which to study the mesenchymal lin-
eages for basic research and tissue engineering.
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Introduction

Adult bone marrow contains mesenchymal stem and pro-
genitor cells (MSC), which give rise to different mesen-
chymal tissues. MSC can be isolated and grown in vitro
(Haynesworth et al. 1992). Important characteristics of
human MSC are their ability to proliferate in culture
with an attached fibroblastic morphology, the presence
of specific marker proteins on their surface, and their in
vitro multilineage potential (Pittenger et al. 1999).

Purified and expanded MSC from various species
have been shown to differentiate along osteogenic
(Jaiswal et al. 1997), chondrogenic (Johnstone et al.
1998; Mackay et al. 1998), adipogenic (Pittenger et al.
1999), tenogenic (Young et al. 1998), and marrow stro-
mal lineages (Cheng et al. 2000).

In the present study, we established a protocol for the
isolation of porcine MSC to compare their phenotype
and their multilineage potential with human MSC. Here
we report that the techniques used for purification, ex-
pansion, osteogenic, chondrogenic, and adipogenic dif-
ferentiation of human MSC can be adopted for analysis
of porcine MSC, which may serve the increasing de-
mand for stem and progenitor cells in tissue engineering.
As a result of the presented similarities between porcine
and human MSC, porcine MSC are likely to be consid-
ered as a valuable model system for skeletal research.

Materials and methods

Isolation, culture, and differentiation of MSC

Femur and tibia bones from 6- to 8-month-old porcine donors
(n=4, 100–130 kg) were sawn and gelatinous bone marrow was
extracted under sterile conditions. Porcine MSC were isolated ac-
cording to modifications of a method developed for human MSC
(Haynesworth et al. 1992). Briefly, gelatinous bone marrow (3–4 g
per sample) was resuspended in PBS and dispersed mechanically
by passing through syringes fitted with a series of 16-, 18-, and
20-gauge needles. Cells were centrifuged, resuspended, and plated
in complete DME medium (Biochrom), containing 10% fetal bo-

This work was supported by grants from the Deutsche For-
schungsgemeinschaft (DFG), Bu 445/5-4, and from the Senate of
Berlin.

J. Ringe (✉ ) · C. Kaps · B. Schmitt · K. Büscher · J. Bartel
O. Schultz · G.R. Burmester · T. Häupl · M. Sittinger
Tissue Engineering Laboratory, Department of Rheumatology, 
University Medical Center: Charité, 
The Humboldt University of Berlin, Tucholskystrasse 2, 
10117 Berlin, Germany
e-mail: jochen.ringe@charite.de
Tel.: +49-30-450513293, Fax: +49-30-450513957

J. Ringe · C. Kaps · H. Smolian
TransTissue Technologies GmbH, Tucholskystrasse 2, 
10117 Berlin, Germany

Cell Tissue Res (2002) 307:321–327
DOI 10.1007/s00441-002-0525-z

R E G U L A R  A R T I C L E

Jochen Ringe · Christian Kaps · Bernhard Schmitt
Kristina Büscher · Janine Bartel · Heike Smolian
Olaf Schultz · Gerd R. Burmester · Thomas Häupl
Michael Sittinger

Porcine mesenchymal stem cells
Induction of distinct mesenchymal cell lineages

Received: 14 March 2001 / Accepted: 27 December 2001 / Published online: 26 February 2002
© Springer-Verlag 2002



vine serum (lot 228U; Biochrom) from selected lots (Lennon et al.
1996).

The differentiation potential was demonstrated by culture of
porcine MSC (passage 2) under conditions that were favorable 
for osteogenic (Bellows et al. 1986; Maniatopoulos et al. 1988;
Jaiswal et al. 1997), chondrogenic (Johnstone et al. 1998), or adi-
pogenic (Gimble et al. 1992; Pittenger et al. 1999) development.

Polymerase chain reaction

Total RNA was isolated as described previously (Chomczynski
1993). Subsequently, total RNA (5 µg) was reverse transcribed af-
ter annealing with 500 ng oligo-(dT)12–18 primers (Gibco) and 5 U
Superscript reverse transcriptase (Gibco) in 70 µl (Gubler and
Hoffmann 1983). The relative expression level of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used to normalize
marker gene expression in each sample in different concentrations.

Real-time PCR using the i-Cycler PCR system (BioRad) was per-
formed with 1 µl of the single-stranded cDNA sample, using the
SYBR Green PCR Core Kit (Applied Biosystems). Relative quan-
titation of marker genes (Table 1) was performed according to the
∆∆Ct method as described (Winer et al. 1999).

Histological methods and immunohistochemistry

Osteoblasts exhibit high levels of alkaline phosphatase, which
were visualized by staining with Sigma fast BCIP/NBT (Sigma).
Von Kossa staining identified deposition of mineralized bone ma-
trix. Proteoglycan secreting chondrocytes were stained with alcian
blue 8GS (Roth) at pH 2.5. Presence of collagen was analyzed by
azan staining. Adipocytes were identified morphologically and by
staining with oil red O (Sigma). For immunohistochemistry of
type II collagen, cryosections (6 µm) were incubated for 1 h with
primary antibodies (rabbit anti-human type II collagen; DPC-Bier-
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Table 1 Osteogenic and adipo-
genic marker genes

Fig. 1A–D Morphological ap-
pearance of porcine mesenchy-
mal stem and progenitor cells
(MSC). Porcine bone marrow-
derived cells were purified ac-
cording to protocols described
for human MSC. Bone marrow
cells were plated (A) and con-
sisted of round-shaped erythro-
cytes and nonadherent cells at
day 1. By day 3 (B), cells ad-
hered to the culture plate and
nonadherent cells were re-
moved by medium exchange.
By day 6 (C), cells exhibited a
stretched fibroblast-like pheno-
type. Subcultivated cells, ex-
panded up to at least passage 7
(D), presented a stable fibro-
blast-like morphology. A ×400;
B, C ×200; D ×100

Gene Accession Oligonucleotides (5→3′) (up/down) Product 
number size (bp)

GAPDH AF017079 CTG CCC CTT CTG CTG ATG C 151
GAC AAC TTC GGC ATC GTG GA

type Iα1 collagen AF201723 CCA AGA GGA GGG CCA AGA AGA AGG 232
GGG GCA GAC GGG GCA GCA CTC

osteocalcin AW346755 TCA ACC CCG ACT GCG ACG AG 204
TTG GAG CAG CTG GGA TGA TGG

osteonectin AW436132 TCC GGA TCT TTC CIT TGC TTT CTA 187
CCT TCA CAT CGT GGC AAG AGT TTG

aP2 AF102872 GGC CAA ACC CAA CCT GA 167
GGG CGC CTC CAT CTA AG

PPARγ2 AF103946 GCG CCC TGG CAA AGC ACT 238
TCC ACG GAG CGA AAC TGA CAC



mann). Subsequently, sections were incubated with biotinylated
anti-rabbit antibody and peroxidase-conjugated streptavidine
(Dako). The color reaction was developed by AEC substrate kit
(Dako), followed by counterstaining with hematoxylin (Merck).

Results

Porcine bone marrow-derived cells consisted mostly of
round-shaped erythrocytes and nonadherent hematopoi-
etic cells (Fig. 1A). By day 3, cells adhered, and nonad-
herent cells were removed due to the exchange of culture
medium (Fig. 1B). Morphologically, porcine MSC ap-
peared as single, stretched cells leading to large clusters
of stellate cells as they multiplied (Fig. 1C). Porcine
MSC, which were cultivated and expanded over at least
passage 7, still presented a stable fibroblast-like pheno-
type (Fig. 1D) and demonstrated no obvious reduction in
mitogenic properties (data not shown).

Porcine MSC (passage 2) were cultured up to 30 days
in monolayer or high-density cultures, respectively, and
were stimulated to differentiate into distinct mesenchy-
mal lineages.

During osteogenic stimulation, MSC continued to
proliferate and readily formed multilayers showing dif-
ferentiation along the osteogenic lineage (Fig. 2). At
day 6, staining of alkaline phosphatase (ALP)-positive
cells (Fig. 2A) or deposition of mineralized bone matrix,
indicated by von Kossa staining, could not be detected
(Fig. 2D). Expression of ALP was first detected by
day 12 (Fig. 2B) leading to a steadily increasing number
of ALP-positive cells at day 24 (Fig. 2C). Deposition 
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Fig. 2A–F Histochemical analysis of porcine MSC (passage 2)
undergoing osteogenic differentiation. A–C Visualization of alka-
line phosphatase activity (ALP) in osteogenic differentiation of
porcine MSC. At day 6 (A), porcine MSC cultures displayed no
ALP activity, which increased during prolonged cultivation under
osteogenic conditions as shown for day 12 (B) and day 24 (C).
D–F Von Kossa staining of mineralized bone tissue. At day 24
(F), the whole cell layer of osteogenic MSC was heavily covered
with mineralized bone matrix. A–F ×40

of mineralized matrix was first detected by day 12
(Fig. 2E). At day 24, almost the whole cell layer was
heavily covered with mineralized matrix (Fig. 2F). Gene
expression analysis of osteogenic cultures and nonosteo-
genic controls was performed for characteristic osteo-
genic marker genes (Fig. 3). Already by day 12, osteo-
calcin was induced up to 39-fold in osteogenic cultures
compared with nonosteogenic controls. Instead, by
day 24, type Iα1 collagen was upregulated in the late dif-
ferentiation phase, whereas osteonectin was only mar-
ginally induced. 

The chondrogenic potential of porcine MSC was
characterized by histology and immunohistochemistry
(Fig. 4). After 10 days of culture, MSC exposed to
transforming growth factor-β1 (TGF-β1) evolved a
compact and homogeneous pellet structure, showing an
increased cellular density. By day 30, alcian blue stain-
ing revealed a homogeneous deposition of proteoglycan
within the whole section of the pellet culture (Fig. 4A).
Azan staining demonstrated a nonhomogeneous distri-

Fig. 3 Relative fold induction of osteogenic marker genes in 
porcine MSC cultures undergoing osteogenic differentiation. The 
relative fold induction of osteocalcin, type Iα1 collagen, and 
osteonectin gene expression in osteogenic cultures compared with
nonosteogenic controls was calculated using the ∆∆Ct method.
The mean of each triplicate well is plotted and the error bars re-
present SD



bution focused on the border zone of the pellet, where-
as the central part showed less deposition of collagen
matrix (Fig. 4B). Throughout the whole culture period,
von Kossa staining (Fig. 4C) was negative and demon-
strated the absence of mineralized matrix components
in chondrogenic MSC cultures. Immunohistochemical
staining of type II collagen displayed a steadily increas-
ing amount of cartilage-specific collagen after pro-
longed cultivation of chondrogenic MSC. By day 10,
type II collagen could not be detected (Fig. 4D), where-

as the central part of the pellet cultures stained positive
for type II collagen at day 20 (Fig. 4E). By day 30,
staining of type II collagen was even more pronounced
and was still localized only in the center of the pellets
(Fig. 4F). Control MSC, not treated with TGF-β1, ex-
hibited a more fibrous pellet structure, which appeared
likely to be connective tissue-related by day 30 (data
not shown).

Adipocytes were easily identified morphologically
and by staining with oil red O (Fig. 5). During the early
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Fig. 4A–F Analysis of porcine MSC (passage 2) undergoing
chondrogenic differentiation. A–F Analysis of porcine MSC mi-
cromass cultures in the presence of 10 ng/ml TGF-β1. At day 30,
porcine MSC showed a homogenous alcian blue staining of pro-
teoglycan (A), whereas collageneous matrix was detected by azan
staining (B) within the border zone of the pellets. Von Kossa stain-

ing revealed the absence of mineralized matrix components (C).
D–F At day 10, cartilage-specific type II collagen could not be de-
tected immunohistochemically (D). At day 20, staining of type II
collagen was evident within the central part of the pellet structure
(E) and was increased by day 30 (F). A–C ×200; D–F ×400

Fig. 5A–D Morphological ap-
pearance and histochemical
analysis of porcine MSC (pas-
sage 2) undergoing adipogenic
differentiation. Porcine MSC
differentiating along the adipo-
genic lineage displayed a typi-
cal swirling growth pattern at
day 1 after reaching confluence
(A). At day 14, almost 30% of
the cell layer was covered with
adipocytic cells filled with lipid
droplets (B). Magnification of
individual cells demonstrated
the characteristic phenotype of
adipocytes by lipids filling the
whole cytoplasm (C). Oil red O
staining (D) documented the
presence of neutral lipid drop-
lets within cells differentiating
along the adipocytic lineage. 
A, B ×100; C, D ×200



phases of adipogenesis, MSC grew in monolayers, show-
ing a swirled growth pattern typical for MSC cultures
(Fig. 5A). By day 2, the first cells filled with lipid drop-
lets appeared (data not shown), which increased in num-
ber, covering almost 30% of the cell layer at day 14
(Fig. 5B). Magnification of individual cells demonstrat-
ed the typical phenotype of adipocytic cells displayed by
characteristic lipid droplets filling the whole cytoplasm
of single cells (Fig. 5C) and by oil red O staining
(Fig. 5D). Gene expression analysis of distinct marker
genes documented the potential of porcine MSC to un-
dergo adipogenic differentiation (Fig. 6). At day 15, adi-
pocyte fatty acid-binding protein 2 (aP2) was induced up
to 45-fold and peroxisome proliferator-activated recep-
tor γ (PPARγ) was induced up to fourfold in adipogenic
compared with nonadipogenic controls. 

Discussion

Isolation and culture of porcine MSC

The isolation and expansion of porcine bone marrow-
derived MSC was feasible, using selected culture medi-
um and protocols, as described for the isolation of hu-
man MSC (Haynesworth et al. 1992; Lennon et al.
1996). One of the major problems in isolating MSC from
distinct model organisms such as pigs remains the lack
of appropriate species-specific MSC marker molecules.
Here, porcine MSC presented morphological features
known from mesenchymal stem cells derived from other
species (Wakitani et al. 1995; Johnstone et al. 1998;
Worster et al. 2000).

Differentiation potential of porcine MSC

Marrow-derived cells have been well documented for 
osteogenesis (Maniatopoulos et al. 1988; Jaiswal et al.

1997). Also, as described here, porcine MSC treated
with dexamethasone (Dex) clearly demonstrated osteo-
genic differentiation in long-term cultures. As reported
by others, uncommitted stem cells are recruited by Dex
toward the osteogenic lineage, presumably by leading
to bone cell differentiation at the expense of growth
and proliferation (Bellows et al. 1990). In porcine MSC
cultures, Dex is sufficient to induce the deposition of
mineralized bone matrix and to upregulate bone-related
marker genes such as osteocalcin (Carlson et al. 1993),
type Iα1 collagen (Fisher et al. 1987), and osteonectin
(Termine et al. 1981). Osteogenic potential has also
been shown for neonatal pig bone marrow stromal cells
(PBMSC). Upon incubation with medium containing
Dex, PBMSC formed mineralized nodules, which dem-
onstrated ALP-positive cells and a calcified type I col-
lagen-rich matrix (Thomson et al. 1993). Therefore,
Dex may stimulate both uncommitted stem and com-
mitted stromal cells. Although it has been suggested
that osteoblasts and adipocytes share common precur-
sors within the adult stromal system (Bennett et al.
1991), porcine MSC stimulated with Dex showed no
obvious differentiation into adipocytic cells under cell
culture conditions used here. Depending on the pres-
ence of Dex in primary or secondary cultures of mar-
row stromal cells, even an inverse relationship between
the differentiation of adipocytic and osteogenic cells in
marrow stromal cells has been postulated (Beresford et
al. 1992).

As reported previously, the interactions between
cells, as well as the lack of interaction between cells
and substratum, are essential for in vitro chondrogene-
sis and maintenance of the chondrocyte phenotype
(Solursh 1991). In this respect, high-density cultures of
porcine MSC stimulated with TGF-β1 and Dex evolved
a compact, cartilaginous structure on the basis of histo-
chemical analysis and cartilage-specific type II collagen
deposition. Here, TGF-β1 seems to play the pivotal role
in the in vitro chondrogenic differentiation of porcine
MSC cultures. The chondrogenic potential of TGF-β1
on MSC is not surprising, since in embryonic cartilage
TGF-β1 is expressed abundantly and may be involved
in the chondrogenic transformation of primitive mesen-
chymal condensations (Cancedda et al. 1995). Addi-
tionally, members of the TGF-β superfamily of growth
factors have been shown to induce chondrogenesis in
MSC from various species (Mackay et al. 1998; Yoo et
al. 1998; Worster et al. 2000). In contrast, the role of
Dex in chondrogenesis is quite unclear, as demonstrated
by the impairment of chondrogenic development in 
murine condylar cartilage in the presence of Dex 
(Silbermann et al. 1987); whereas chondrogenesis is in-
duced in organoid cultures of murine embryonic cells
(Zimmermann and Cristea 1993). Although Dex in-
duced weak chondrogenesis of rabbit bone marrow-
derived mesenchymal progenitors (Johnstone et al.
1998), porcine control MSC, not treated with TGF-β1
but with Dex, failed to differentiate along the chondro-
genic lineage. This is consistent with studies using
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Fig. 6 Relative fold induction of adipogenic marker genes in por-
cine MSC cultures undergoing adipogenic differentiation. The rel-
ative fold induction of aP2 and PPARγ gene expression in adipo-
genic cultures compared with nonadipogenic controls was calcu-
lated using the ∆∆Ct method. The mean of each triplicate well is
plotted and the error bars represent SD



PBMSC to investigate the role of glucoconjugates on
stromal cell differentiation. Dextran sulfate induced
PBMSC monolayers to retract into circular cell aggre-
gates, which were positive for type II collagen, whereas
stimulation with Dex resulted in an unchanged pheno-
type (Noble et al. 1995).

To promote adipogenic differentiation, porcine MSC
were treated with defined medium containing insulin.
Adipogenic induction was apparent by the accumulation
of vacuoles filled with neutral lipids and by the induction
of distinct adipogenic marker genes. Development of ad-
ipocytes from MSC has been suggested to be a two-step
process: (1) determination of preadipocytes, which have
lost their developmental capacity while retaining their fi-
broblast-like phenotype; and (2) commitment and termi-
nal differentiation, which is characterized by the forma-
tion of lipid droplets filling the whole adipocyte. Here,
5-azacytidine or insulin (Sager and Kovac 1982) pro-
motes the determination of preadipocytes. One of the
early preadipogenic marker genes is the transcription
factor PPARγ, which converts murine fibroblasts into 
adipocytic cells, when overexpressed in 3T3 cells 
(Tontonoz et al. 1994). Later in adipogenesis, genes di-
rectly related to lipid metabolism are expressed, for ex-
ample aP2, which is induced by PPARγ (Hollenberg et
al. 1997; Gregoire et al. 1998).

As discussed here, porcine MSC from bone marrow
have been isolated routinely, and the mesenchymal dif-
ferentiation pattern exhibits a reproducible and stable
phenotype. MSC may be a source of easily accessible
mesenchymal progenitor cells for the evolving field of
tissue engineering to regenerate bone, cartilage, tendon,
and adipose tissue, autologously. Due to the similarity
between porcine and human MSC, swine may provide a
useful animal model system to study and evaluate tissue-
engineered applications based on mesenchymal stem
cells.

References

Bellows CG, Aubin JE, Heersche JN, Antosz ME (1986) Mineral-
ized bone nodules formed in vitro from enzymatically released
rat calvaria cell populations. Calcif Tissue Int 38:143–154

Bellows CG, Heersche JN, Aubin JE (1990) Determination of the
capacity for proliferation and differentiation of osteoprogeni-
tor cells in the presence and absence of dexamethasone. Dev
Biol 140:132–138

Bennett JH, Joyner CJ, Triffitt JT, Owen ME (1991) Adipocytic
cells cultured from marrow have osteogenic potential. J Cell
Sci 99:131–139

Beresford JN, Bennett JH, Devlin C, Leboy PS, Owen ME (1992)
Evidence for an inverse relationship between the differentia-
tion of adipocytic and osteogenic cells in rat marrow stromal
cell cultures. J Cell Sci 102:341–351

Cancedda R, Descalzi Cancedda F, Castagnola P (1995) Chondro-
cyte differentiation. Int Rev Cytol 159:265–358

Carlson CS, Tulli HM, Jayo MJ, Loeser RF, Tracy RP, Mann KG,
Adams MR (1993) Immunolocalization of noncollagenous
bone matrix proteins in lumbar vertebrae from intact and sur-
gically menopausal cynomolgus monkeys. J Bone Miner Res
8:71–81

Cheng L, Qasba P, Vanguri P, Thiede MA (2000) Human mesen-
chymal stem cells support megakaryocyte and pro-platelet for-
mation from CD34(+) hematopoietic progenitor cells. J Cell
Physiol 184:58–69

Chomczynski P (1993) A reagent for the single-step simultaneous
isolation of RNA, DNA and proteins from cell and tissue sam-
ples. Biotechniques 15:532–537

Fisher LW, Robey PG, Tuross N, Otsuka AS, Tepen DA, Esch FS,
Shimasaki S, Termine JD (1987) The Mr 24,000 phosphopro-
tein from developing bone is the NH2-terminal propeptide of
the alpha-1 chain of type I collagen. J Biol Chem 262:13457–
13463

Gimble JM, Youkhana K, Hua X, Bass H, Medina K, Sullivan M,
Greenberger J, Wang CS (1992) Adipogenesis in a myeloid
supporting bone marrow stromal cell line. J Cell Biochem 50:
73–82

Gregoire FM, Smas CM, Sul HS (1998) Understanding adipocyte
differentiation. Physiol Rev 78:783–809

Gubler U, Hoffman BJ (1983) A simple and very efficient method
for generating cDNA libraries. Gene 25:263–269

Haynesworth SE, Goshima J, Goldberg VM, Caplan AI (1992)
Characterization of cells with osteogenic potential from hu-
man marrow. Bone 13:81–88

Hollenberg AN, Susulic VS, Madura JP, Zhang B, Moller DE,
Tontonoz P, Sarraf P, Spiegelman BM, Lowell BB (1997)
Functional antagonism between CCAAT/enhancer binding
protein-alpha and peroxisome proliferator-activated receptor-
gamma on the leptin promoter. J Biol Chem 272:5283–5290

Jaiswal N, Haynesworth SE, Caplan AI, Bruder SP (1997) Osteo-
genic differentiation of purified, cultureexpanded human mes-
enchymal stem cells in vitro. J Cell Biochem 64:295–312

Johnstone B, Hering TM, Caplan AI, Goldberg VM, Yoo JU
(1998) In vitro chondrogenesis of bone marrow-derived mes-
enchymal progenitor cells. Exp Cell Res 238:265–272

Lennon DP, Haynesworth SE, Bruder SP, Jaiswal N, Caplan AI
(1996) Human and animal mesenchymal progenitor cells from
bone marrow: Identification of serum for optimal selection
and proliferation. In Vitro Cell Dev Biol 32:602–611

Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO, 
Pittenger MF (1998) Chondrogenic differentiation of cultured
human mesenchymal stem cells from marrow. Tissue Eng 4:
415–428

Maniatopoulos C, Sodek J, Melcher AH (1988) Bone formation in
vitro by stromal cells obtained from bone marrow of young
adult rats. Cell Tissue Res 254:317–330

Noble BS, Dean V, Loveridge N, Thomson BM (1995) Dextran
sulfate promotes the rapid aggregation of porcine bone-mar-
row stromal cells. Bone 17:375–382

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R,
Mosca JD, Moorman MA, Simonetti DW, Craig S, Marshak
DR (1999) Multilineage potential of adult human mesenchy-
mal stem cells. Science 284:143–147

Sager R, Kovac P (1982) Preadipocyte determination either by in-
sulin or by 5-azacytidine. Proc Natl Acad Sci USA 79:480–
484

Silbermann M, Mark K von der, Maor G, Menxel M van (1987)
Dexamethasone impairs growth and collagen synthesis in con-
dylar cartilage in vitro. Bone Miner 2:87–106

Solursh M (1991) Formation of cartilage tissue in vitro. J Cell
Biochem 45:258–260

Termine JD, Kleinman HK, Whitson SW, Conn KM, McGarvey
ML, Martin GR (1981) Osteonectin, a bone-specific protein
linking mineral to collagen. Cell 26:99–105

Thomson BM, Bennett J, Dean V, Triffitt J, Meikle MC, 
Loveridge N (1993) Preliminary characterization of porcine
bone marrow stromal cells: skeletogenic potential, colony-
forming activity, and response to dexamethasone, transforming
growth factor beta, and basic fibroblast growth factor. J Bone
Miner Res 8:1173–1183

Tontonoz P, Hu E, Spiegelman BM (1994) Stimulation of adipo-
genesis in fibroblasts by PPAR gamma-2, a lipid-activated
transcription factor. Cell 79:1147–1156

326



Wakitani S, Saito T, Caplan AI (1995) Myogenic cells derived
from rat bone marrow mesenchymal stem cells exposed to 
5-azacytidine. Muscle Nerve 18:1417–1426

Winer J, Jung CK, Shackel I, Williams PM (1999) Development
and validation of real-time quantitative reverse transcriptase-
polymerase chain reaction for monitoring gene expression in
cardiac myocytes in vitro. Anal Biochem 270:41–49

Worster AA, Nixon AJ, Brower-Toland BD, Williams J (2000) Ef-
fect of transforming growth factor beta1 on chondrogenic dif-
ferentiation of cultured equine mesenchymal stem cells. Am J
Vet Res 61:1003–1010

Yoo JU, Barthel TS, Nishimura K, Solchaga L, Caplan AI, 
Goldberg VM, Johnstone B (1998) The chondrogenic potential
of human bone-marrow-derived mesenchymal progenitor
cells. J Bone Joint Surg Am 80:1745–1757

Young RG, Butler DL, Weber W, Caplan AI, Gordon SL, Fink DJ
(1998) Use of mesenchymal stem cells in a collagen matrix for
Achilles tendon repair. J Orthop Res 16:406–413

Zimmermann B, Cristea R (1993) Dexamethasone induces chon-
drogenesis in organoid culture of cell mixtures from mouse
embryos. Anat Embryol (Berl) 187:67–73

327


