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Abstract. 
 
Objective: The involvement of Bone morphogenetic proteins (BMPs) in ligament formation is 
well established. In this study we investigated and characterized the effects of Cartilage-
derived morphogenetic protein-1 and -2 (CDMP-1, -2), BMP-7 and BMP-6 on the 
metabolism of ligament fibroblasts as well as their osteo- or chondrogenic differentiation 
potential. 
Methods: Ligament fibroblasts were obtained from three month old calves, plated as 
monolayers or micromass cultures and incubated with or without CDMP-1, -2, BMP-7 and 
BMP-6. The expression of the indicated growth factors was assessed by RT-PCR and 
Western-immunoblotting. The presence of their respective type I and type II receptors, as well 
as lineage-related markers were investigated in stimulated and unstimulated cells by RT-PCR 
and Northern blotting. The biosynthesis of matrix proteoglycans was assessed by [35S]Sulfate 
incorporation in monolayers. Alcian-blue as well as toluidine blue staining was done in 
micromass cultures.  
Results: The presence of CDMP-1, -2, BMP-7 and BMP-6 was detected on mRNA as well as 
on the protein level. Type I and II receptors were endogenously expressed in unstimulated 
ligament fibroblasts. The growth factors significantly stimulated total proteoglycan synthesis 
as assessed by [35S]Sulfate incorporation. Toluidine blue staining showed cartilage specific 
metachromasia in the growth-factor treated micromass cultures. Moreover, transcription 
analysis of stimulated ligament fibroblasts demonstrated a co-expression of chondrocyte 
markers (aggrecan, collagen type II) but no up-regulation of osteogenic markers.  
Conclusion: Our in vitro data showed the expression of CDMP-1, -2, BMP-7 and BMP-6 and 
their respective receptors in ligament tissue. These growth factors induced matrix synthesis in 
fibroblasts derived from bovine ligament. The preferential expression of cartilage markers 
under the applied in vitro conditions suggest that CDMP-1, -2, BMP-7 and BMP-6 have the 
potential to induce differentiation towards a chondrogenic phenotype in ligament fibroblasts. 
Thus, fibroblasts from ligaments may serve as a source for chondrogenesis and tissue repair.  
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Introduction. 
 
Ligaments are tough connective tissue straps, characterized by great tensile strength. They 
connect one bone to another and act to constrain and guide joint motion (1;2). Ligaments have 
dynamic characteristics, since they respond to exercise or immobilisation by altering their 
tensile strength and are capable of repair after injury (3;4). This behaviour suggests that the 
resident cells are able of detecting mechanical force and respond by altering the composition 
of the extracellular matrix and have a regenerative potential. In these respects, there is 
evidence that ligament fibroblasts are responsive to a variety of growth factors, such as 
fibroblast growth factor, insulin-like growth factor, or transforming growth factor (TGF)-β, 
that stimulate either cell proliferation (5) or matrix synthesis (6). 
Bone morphogenetic proteins (BMPs) are highly conserved signalling molecules, that exert 
their biological effects through binding to a heteromeric receptor complex of type I (activin-
like kinase, ALK) receptors and type II serine/threonine kinase receptors (7-10). These 
morphogenes are characterized by their unique ability to induce endochondral bone formation 
when implanted at ectopic sites (11;12). The term bone morphogenetic proteins, however, 
may be misleading, since these proteins are controlling many different events in axis 
formation, cell-cell communication as well as cell and tissue differentiation (13;14) and 
initiate the development of many organ systems, such as the urinary system (15). Besides 
their importance in extraskeletal tissue the BMP5/6/7/8 as well as the GDF5/6/7 subgroups 
are essential for the formation of cartilaginous tissue during embryonic limb development 
(16-19). Moreover, since these morphogenes are expressed and exert their biological 
functions in mature articular cartilage (20-24) a role in tissue remodeling/repair has been 
proposed widely. 
  

However, a different mechanism in BMP biology was discovered by Wolfman et al., 
who reported that growth and differentiation factors (GDF) 5, 6 and 7, the murine 
homologues to the human Cartilage-derived morphogenetic proteins (CDMP) -1, -2 and -3, 
may be responsible for ectopic neotendon/ligament formation in vivo (25). This report 
attracted much attention, since treatment of injuries to tendons/ligament frequently resulted in 
a limited return of function, joint instability and increased likelihood of developing 
osteoarthritis (26-28). In more recent animal studies a possible role of these growth factors, in 
particular CDMP-1, 2 and BMP-7, in ligament/tendon repair has been proposed (29-31). The 
cellular and molecular mechanisms induced by BMP stimulation in these tissues, however, 
widely remain unclear. 
In order to characterize the stimulatory effects of BMPs on tendon/ligament fibroblasts, we 
studied the effects of four distinct members of the BMP-family, CDMP-1, -2, Osteogenic 
protein-1 (OP-1/BMP-7) and BMP-6 on metabolism of ligament fibroblasts as well as their 
osteo-/chondrogenic differentiation potential. 
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Materials & Methods. 
 
Cell culture: 
The intraarticular ligaments of metacarpophalangeal joints were obtained from three month 
old calves. The isolation of ligament fibroblasts was performed as described by Nagineni et 
al. (32). Briefly, three centimeter long pieces of the intraarticular ligaments were harvested 
aseptically, avoiding ligament-bone insertions, and placed in sterile medium, 1:1 mixture of 
Dulbecco’s Modified Eagle’s Medium (DMEM 25mM Hepes + 4500mg/l Glucose + 
Pyridoxine, without Sodium-Pyruvate; Life Technologies, Gaithersburg, MD, USA) and 
Ham’s F12 (Ham’s F-12 + L-Glutamine; Life Technologies) containing 10% (v/v) FBS (Fetal 
Bovine Serum; PAA Laboratories, Linz, Austria) and antibiotics/antimycotics (100 U/ml 
penicillin G, 100mg/ml streptomycin, and 0.25µg/ml amphotericin B; Life Technologies). 
The ligaments were minced into small pieces (2-3 mm2) and grown as explant cultures in 
T175 flasks (Becton Dickinson Labware, Franklin Lakes, NJ, USA) until subconfluence. 
Thereafter, the fibroblasts were released from the culture flasks by 6ml/flask of trypsin-EDTA 
solution (Gibco BRL, Grand Island, NY, USA). An aliquot of 10µl of the isolated cells was 
stained with 10µl Trypanblue for viability assessments and cell number evaluation. All further 
experiments were performed using passage 1 cells after trypsin release. 

For proteoglycan (PG) synthesis, alkaline phosphatase (ALP) and protein assays, fibroblasts 
were plated in 24 multiwell-plates (Costar, Cambridge, MA, U.S.A.) as monolayer-cultures in 
quadruplicates at a density of 1 x 105 cells/well in the culture medium described above. At 
90% confluence ligament fibroblast cultures were switched to a chemically defined serum-
free basal medium (BM) as described previously (33). CDMP-1, -2, BMP-7 and BMP-6 were 
used at different concentrations (10ng/ml, 30ng/ml, 100ng/ml and 300ng/ml). Over a period 
of five days growth factors and BM were added as needed and culture medium was replaced 
every second day. Cell cultures maintained in BM alone served as negative controls, cultures 
incubated with 10% FBS represented positive controls. The plates were maintained at 37°C in 
humidified air and 5% CO2. 
For total RNA preparation, 1 x 106 cells were seeded in 100mm tissue-culture dishes (Costar) 
and cultured in the presence of the indicated growth factors at a final concentration of 
100ng/ml for seven days. 
Micromass cultures were prepared as described before (34). Briefly, a cell suspension of 2 x 
107 cells/ml was prepared and 20-µl droplets of the suspension were pipetted into individual 
wells of 24 multiwell-plates. The cells were allowed to attach to the plates for 3 hour. 
Thereafter 1 ml of BM was added to each well. On the next day culture medium was replaced 
and growth factors were added at a concentration of 100ng/ml. Cultures were harvested after 
10 days for Alcian blue staining and histology. 
 
Growth factors: 
GDF-5 (CDMP-1), GDF-6 (CDMP-2), BMP-7 and BMP-6 were obtained from R&D Systems 
Inc. (Minneapolis, MN, U.S.A.). Aliquots were stored at -80°C. 
 
Alkaline Phosphatase Activity: 

Staining of ALP was done as described elsewhere (35). Biefly, after a 5 day stimulation 
period, monolayers were fixed with neutral-buffered formaline for 20 minutes at 4°C, 
incubated with ALP-substrate solution (solution A: 8 mg naphtol-AS-TR-phosphate / 300 µl 
N,N’-dimethylformamide; both from Sigma, St. Louis, MO, U.S.A., and solution B: 24 mg 
fast blue BB salt / 30 ml of 100 mM Tris-HCl; pH 9.6)  at room temperature for 15 minutes, 
rinsed 5 times with distilled water and evaluated light-microscopically.  
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For ALP activity assays, cells were sonicated in 500 µl 0.1% Triton X-100 in distilled water 
and treated as described previously (36). Measurement was performed using an ELISA-
Reader (Dynatech MR 7000; Guernsey Channel Islands, UK) at 405 nm. Enzyme activity is 
expressed as nmoles of p-nitrophenol released, normalized to the protein content of the 
sample. Monolayer cultures of bovine periosteal cells incubated with 10% FBS served as 
positive controls. Total cellular protein was determined by the use of Bio-Rad Protein Assay 
according to the instructions of the manufacturer (Bio-Rad Protein Assay; Bio Rad 
Laboratories GmbH, Munich, Germany); samples were measured at 550nm. 
 
Biosynthesis of matrix macromolecules: 
PG synthesis rate, as determined by [35S]sulfate incorporation into sulfated macromolecules, 
was evaluated as previously described (37). Fibroblast cultures were washed twice with PBS 
and labelled with 20 µCi/ml of [35S]sulfate (carrier-free, Amersham, Buckinghamshire, U.K.) 
in a sulphate-free/serum-free medium for 3 hours at 37°C. Cultures were extracted in 
guanidine-HCl buffer (4 M guanidine-HCl, 50 mM sodium acetate buffered at pH 7.2, in the 
presence of protease inhibitors). Unincorporated isotope was removed using Sephadex G-25 
(PD-10 columns; Pharmacia Biotech, Piscataway, NJ, U.S.A.) gel filtration chromatography 
in the guanidine-HCl buffer. Aliquots from void volume fractions were measured by liquid 
scintillation counting (1410 liquid scintillation counter; Wallac Oy, Turku, Finland) and 
normalized for DNA content. DNA content was assessed by use of bisbenzimide (Hoechst 
33258; Sigma, St. Louis, MO) (38). As a negative control, human foreskin fibroblasts (kindly 
provided by Dr. Popow, Department of Virology, University of Vienna) were cultured and 
treated identically. 
 
RNA isolation, Northern blot analysis and RT-PCR: 
Total RNA was extracted using a commercially available kit (RNeasy Kit, Quiagen, Valencia, 
CA, U.S.A.). Northern blot analysis was performed according to standard protocols described 
elsewhere (20). For RT-PCR 1 µg total RNA of each sample was copied into cDNA in a 20 µl 
reaction using the First-Strand cDNA Synthesis Kit (Pharmacia, Uppsala, Sweden). One µl 
aliquots were amplified in a previously described reaction mixture (20). The reaction profile 
was used for all experiments: an initial denaturation at 94°C for 1 min, followed by 30 cycles 
at 94°C for 1 second; 52°C for 1 second; and 72°C for 40 sec, and an additional 2 min 
extension step at 72°C after the last cycle. Amplification reactions were performed in an air 
thermal cycler (Idaho Technology Inc., Idaho Falls, ID). The amplified DNA fragments were 
visualized with a Fluorimager (Biorad Laboratories, Hercules, CA, U.S.A.) and band densities 
were calculated using Quantity One software (Biorad Laboratories). Positive and negative 
controls were run in parallel. Primer sequences used are listed in Table 1. The PCR products 
for CDMP-1, CDMP-2, BMP-6 and BMP-7 were sequenced (VBC-GENOMICS Bioscience 
Research GmbH, Vienna, Austria) and the results matched the published sequences by Chang 
(39), Storm (40), Ozkaynak (41) and Celeste (42). 
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Table 1. Primer sequences of oligonucleotides 

 
mRNA template Primer sequence (forward) Primer sequence (reverse) 
LBK-ALP (43) 5´-ctg gac ctc gtt gac acc tg-3´ 5´-gac att ctc tcg ttc acc gc-3´ 
Osteocalcin (75) 5´-tac cac tcc tcg ccc tat tg-3´ 5´-gaa gag gaa aga agg gtc cc-3´ 

Aggrecan (76) 5´-cgc tac gac gcc atc tgc tac-3´ 5´-gcc tgc tgt gcc tcc tca aa-3´ 

Type II collagen (76) 5´-atg aca atc tgg ctc cca ac-3´ 5´-gcc cta tgt cca cac cga att-3´ 

Decorin (76) 5´-caa aat aac cga aat caa aga-3´ 5´-cgt aag gga agg agg aag acc-3´ 

Τype I collagen (43) 5´-cgt ggt gac aag ggt gag ac-3´ 5´-tag gtg atg ttc tgg gag gc-3´ 

β-Actin 5´-tgt gat ggt ggg aat ggg tca g-3´ 5´-ttt gat gtc acg cac gat ttc c-3´ 

TGF-β superfamily receptor type I 

(ALK-1) (77) 

5´-cga cgg agg cag gag aag cag-3´ 5´-tga agt cgc ggt ggg caa tgg-3´ 

Activin A receptor, type I (ALK-2) 

(77) 

5´-gag tga tga ttc ttc ctg tgc-3´ 5´-ttg gtg gtg atg agc cct tcg-3´ 

Bone morphogenetic protein 

receptor, type IA (ALK-3) (77) 

5´-aaa agt ggc ggt gaa agt att-3´ 5´-agt ctg gag gct gga ttg tgg-3´ 

Activin A receptor, type IB    

(ALK-4) (77) 

5´-gag atc gtg ggc acc caa ggg-3´ 5´-agc tgg gag agg gtc ttc ttg-3´ 

Transforming growth factor, beta 

receptor I (ALK-5) (77) 

5´-gat ggg ctc tgc ttt gtc tct-3´ 5´-tgt ctt tat tgt ctg ctg cta-3´ 

bone morphogenetic protein 

receptor, type IB (ALK-6) (78) 

5´-tac aag cct gcc ata agt gag aag c-3´ 5´-atc atc gtg aaa caa tat ccg  

tct g-3´ 

BMPR-II (BMPR-II) (78) 5´-tcc tct cat cag cca ttt gtc ctt tc-3´ 5´-agt tac tac aca ttc ttc ata g-3´ 

Activin type IIa receptor (ActR-IIa) 

(77)  

5´-gca aaa tga ata cga agt cta-3´ 5´-gca ccc tct aat acc tct gga-3´ 

Activin type IIb receptor (ActR-IIb) 

(77)   

5´-caa ctt ctg caa cga gcg ctt -3´ 5´-gcg ccc ccg agc ctt gat ctc -3´ 

Cartilage derived Morphogenetic 

Protein-1 (CDMP-1) 

5´-acg gga cct gtt ctt taa tg-3´ 5´-ctt ata cac cac gtt gtt gg-3´ 

Cartilage derived Morphogenetic 

Protein-2 (CDMP-2) 

5´-gct ggg acg act gga tta tc-3´ 5´-tag acc aca tta ttg ccc gc-3´ 

Bone morphogenetic protein-7 

(BMP-7 / OP-1) 

5´-atg gtg gct ttc ttc aag gc-3´ 5´-ttc agg atg acg ttg gag ct-3´ 

Bone morphogenetic protein-6 

(BMP-6) 

5´- cag gag cat cag cac aga ga -3´ 5´- atg tgt gcg ttg agt ggg aa -3´ 

LBK-ALP= liver-bone-kidney alkaline phosphatase 
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Western blot analysis: 
Freshly isolated intaarticular ligaments of metacarpo-phalangeal joints from five different 
calves were extracted in guanidine-HCl buffer (1 M guanidine-HCl, 50 mM sodium acetate 
buffered at pH 7.2) in the presence of protease inhibitors for three hours at 4°C and 
subsequently dialysed (Slide-A-Lyzer® Dialysis Cassette; Pierce; Rockford, IL, U.S.A.) 
against water for 48 hours at 4°C. Extracts were then lyophilized and resuspended in sample 
buffer (NuPAGE LDS sample buffer, Invitrogen Corporation; Carlsbad, CA, U.S.A.) to which 
8 M urea was added and stored at -80°C. Western blot analysis was performed under reduced 
conditions according to standard protocols described elsewhere (20). Polyclonal antibodies 
against CDMP-1, CDMP2, BMP-7 and BMP-6 (Santa Cruz Biotechnology Inc., Santa Cruz, 
CA, U.S.A.) were raised against a peptide mapping at the N-terminus of mature human 
CDMP-1, BMP-7 and mouse GDF-6 or against a peptide mapping within an internal region of 
human BMP-6. Antibodies against ALK-1, ALK-3, ALK-6 and BMPR-II (R&D Systems 
Inc.) were raised in goats against NS0-derived rhALK-1 / rhBMPR-IA / rhBMPR-IB / 
rhBMPR-II extracellular domains. A dilution of 1:100 was used for Western blot experiments. 
Recombinant CDMP-1, CDMP-2, BMP-7 and BMP-6 as well as recombinant human ALK-1, 
ALK-3, ALK-6 and BMPR-II (R&D Systems Inc.) were used as positive controls, sample 
buffer served as negative control. For detection enhancement a chemiluminescent substrate 
(SuperSignal® West Pico Chemiluminescent Substrate; Pierce) was applied; blots were 
visualized on Kodak X-Omat Blue XB-1 imaging film.  
The specificity of the commercially available antibodies recognizing CDMP-1, CDMP-2, 
BMP-7 or BMP-6 was assured in preliminary experiments by testing each antibody against 
the recombinant growth factor proteins of CDMP-1, CDMP-2, BMP-7 and BMP-6. Moreover 
we confirmed the specificity of the antibodies recognising ALK-1, -3, -6 and BMPRII by 
performing western blots on the recombinant ALK-1, -3, -6 and BMPRII proteins. Each 
antibody strictly recognized its specific target. 
Alcian blue staining: 
Micromass cultures were washed twice with PBS and fixed in methanol for 30 minutes at       
-20°C. Thereafter, cultures were rinsed with distilled water and covered with Alcian blue at 
pH 0.2 (0.5% Alcian blue 8 GS, [Carl Roth, Karlsruhe, Germany] in 1N HCl). Cultures were 
stained overnight and washed extensively with distilled water. To quantify the intensity of the 
Alcian blue stain, the dye was extracted with 200µl of 6M guanidine HCl in distilled water for 
6 hours at room temperature. The optical density of the extract was measured at 630nm using 
a spectrophotometer (Dynatech MR 7000). 
 
Histologic and immunohistochemical analysis: 
After the stimulation period of 10 days, micromass cultures were peeled off the wells for 
histological examination. The micromass cultures were fixed in 10% formalin, embedded in 
paraffin and sectioned at 5µm. After deparaffination the sections were stained with toluidine 
blue according to standard protocols. 
For immunohistochemistry, sections were treated as described before (43) using a mouse anti-
human type II collagen monoclonal antibody (Chemicon International, Hofheim, Germany) 
diluted 1:100 in 0.5% BSA in PBS. 
 
Statistical analysis: 
Data are expressed as mean and standard deviation (SD). Statistical analysis was performed 
by Kruskal-Wallis ANOVA for dose response curves and by the Student’s t-test to compare 
treated with untreated samples. Statistical significance was defined as a p value < 0.05.
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Results. 
 
 
BMP-specific type I and type II receptors are endogenously expressed in ligament fibroblasts 
In order to exert their effects on target cells, BMPs bind to a specific heteromeric receptor 
complex consisting of type I and type II receptors. Here we examined the presence of BMP-
specific type I and type II receptors in bovine ligament fibroblasts by RT-PCR of total RNA 
obtained from monolayer cultures. We detected mRNAs encoding for type I (activin-receptor 
like kinase; ALK 1-6) as well as type II (ActR-II and BMPR-II) receptors in the resident cells 
(Figure 1A). 
To extend the above results and to determine the presence of BMP-receptors on a protein 
level in ligament fibroblasts, we analyzed tissue extracts by Western immunoblotting using 
antibodies against ALK-1, -3 and -6 as well as BMPR-II (Figure 1B). The antibodies detected 
all receptor proteins at their expected sizes, except for BMPR-II. In the ligament tissue 
extracts the BMPR-II antibody recognized bands between 30 and 45 kD, while the positive 
control was visualized at its appropriate size. Since the used antibody was raised against the 
receptors extracellular domain, this observation could be explained by the specific recognition 
of this quite small domain (44-46). Another explanation could be the recognition of an 
alternatively spliced short form of BMPR-II (47). 
 
 
Presence of CDMP-1, -2, BMP-7 and BMP-6 on the RNA and protein level in bovine ligament 
fibroblasts 
To determine the presence of CDMP-1, -2, BMP-7 and BMP-6 in ligament fibroblasts, 
cultured as monolayers, we performed RT-PCR on total RNA. The PCR-analysis of CDMP-1, 
-2, BMP-7 and BMP-6 yielded fragments specific for these growth factors in bovine ligament 
fibroblasts (data not shown). 
Furthermore, to elucidate the presence of the distinct growth factors on the protein level, 
Western immunoblot analysis on ligament tissue extracts were performed. We used specific 
antibodies against CDMP-1, -2, BMP-7 and BMP-6. The recombinant proteins served as 
positive controls. Our results show the presence of the indicated growth factors in tissue 
sample extracts of five different animals. Since the antibodies detected both, the precursor and 
the mature growth factor segments, two bands were visualized at their appropriate sizes 
(Figure 2A-D). When the densities of the bands were compared, the bands representing the 
precursors were much stronger than those of the mature (lower molecular weight) forms. 
 
 
CDMP-1, -2, BMP-7 and BMP-6 did not induce osteogenic differentiation in ligament 
fibroblasts 
ALP activity is an early marker of osteogenic differentiation that spontaneously appears 
during culture as shown for periosteum-derived cells (48). Since growth factors of the BMP 
family are well known to induce bone formation, we investigated whether CDMP-1, -2, BMP-
7 or BMP-6 have the potential to induce osteogenic differentiation in ligament fibroblasts. In 
our culture system, only unstimulated monolayers showed rare ALP positive cells after ALP-
staining (data not shown). However, we observed no stimulation of ALP activity after 5 days 
of stimulation with CDMP-1, -2, BMP-7 or BMP-6 compared to unstimulated controls; 
furthermore the incubation with CDMP-1 significantly inhibited ALP activity in ligament 
fibroblasts (Figure 3A). After extending the culture period to 12 days, ALP activity could 
neither be observed in stimulated nor in unstimulated ligament fibroblast cultures. In contrast, 
in periosteum fibroblast cultures, which were run in parallel, ALP activity was increased 
without incubation with the indicated growth factors (data not shown). 
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We additionally performed PCR-analysis of the bone markers ALP and osteocalcin. When 
densities of mRNA bands were normalized against β-Actin, no difference between stimulated 
and unstimulated samples could be detected, indicating no differentiation towards the 
osteogenic lineage (Figure 3B).  
 
In vitro induction of chondrogenic differentiation by stimulation with CDMP-1, -2, BMP-7 
and BMP-6 
In order to assess the metabolic effects of CDMP-1, -2, BMP-7 and BMP-6 on matrix 
proteoglycans, we measured [35S]Sulfate incorporation rate into newly synthesized 
macromolecules, since the presence of highly sulphated proteoglycans reflects a unique 
biochemical feature of cartilage proteoglycans (49). We observed a concentration-dependent 
increase in isotope uptake in all growth factor treated samples after 5 days in culture. The 
optimal concentration of all used growth factors was 100 ng/ml (Figure 4A). Compared to 
unstimulated controls CDMP-1 (100 ng/ml) led to a (mean ± SD) 244 ± 3.7% (p< 0.01) 
increase in [35S]Sulfate incorporation, CDMP-2 (100 ng/ml) increased matrix proteoglycan 
biosynthesis by 168.7 ± 7.2% (p< 0.01), BMP-7 (100 ng/ml) by 249.1 ± 5.7% (p< 0.01) and 
the stimulation with BMP-6 resulted in a 329.6 ± 13.9% (p< 0.01) increase of proteoglycan 
synthesis. In human foreskin fibroblasts, that were cultured under the same conditions with 
and without the addition of CDMP-1, -2, BMP-7 and BMP-6 (concentration 100ng/ml), no 
increase in [35S]Sulfate incorporation could be detected (data not shown). 
Given the stimulatory potential of CDMP-1, -2, BMP-7 and BMP-6 on proteoglycan synthesis 
in ligament fibroblasts, RT-PCR as well as Northern blot analysis was performed to quantify 
the gene expression of aggrecan, the major cartilage matrix component (50), and decorin, the 
most common core protein of proteoglycans found in tendons/ligaments (51). As shown in 
Figure 4B, aggrecan was significantly upregulated in growth factor treated samples compared 
to unstimulated controls, while decorin expression remained unchanged after stimulation with 
CDMP-1, -2, BMP-7 or BMP-6 (Figure 4C). These results were verified by Northern blotting 
(data not shown) and further support the transformation into a cartilage-like phenotype. 
Concerning collagen synthesis, type II collagen was present in both stimulated and 
unstimulated cultures. When we normalized the densities of the bands against those of β-
Actin no striking difference could be detected, as assessed by RT-PCR (Figure 4B) and 
Northern Blot (data not shown) and additionally in micromass cultures by 
immunohistochemistry (data not shown). The expression of type I collagen also remained 
unchanged during culture (Figure 4C). 
To further strengthen our data on the differentiation toward the chondrocyte phenotype, we 
set up a micromass culture system and investigated the induction of chondrogenesis after a 10 
day stimulation period by Alcian blue staining. The stained micromass cultures consistently 
reflected the [35S]Sulfate incorporation results by exhibiting intense staining in growth factor 
treated samples and an almost negative stain in untreated cultures (Figure 5).  
Moreover histochemical analysis of the micromass cultures with toluidine blue displayed a 
cartilage-specific metachromasia with toluidine blue dye for all growth factor treated samples, 
while none was seen for unstimulated controls (Figure 6). Haematoxylin/eosin staining did 
not reveal the presence of fibrous bundles as seen in fibrocartilage (data not shown), letting us 
identify the tissue as hyaline-like. 
The results provide evidence for the potential of CDMP-1, -2, BMP-7 or BMP-6 to induce the 
differentiation of ligament fibroblasts towards a hyaline cartilage-like phenotype. 
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Discussion. 
 
The stimulatory effects of BMPs on ligament/tendon fibroblasts are poorly understood. While 
it is known that the ectopic induction of ligamentous/tendinous tissue can be induced by 
BMPs (25), a possible role of these growth factors in ligament/tendon repair has been 
proposed more recently (29-31). In the present study we provide evidence that these particular 
fibroblasts have the potential to differentiate towards a chondrogenic phenotype under defined 
in vitro conditions. 
 

BMPs exert their effects through complex formation with a heteromeric receptor 
complex, consisting of type I and type II transmembrane serin/threonin kinases (7-10). The 
presence of BMPs and their specific receptors in tendon/ligament fibroblasts is implicated by 
several studies on BMP induced tendon/ligament repair. However, the expression of these 
receptors has mainly been shown in pathologic situations of ossified posterior longitudinal 
ligaments or around the calcified zone at the insertion of the ligamentum flavum to the bone 
(52;53). Similar expression patterns were observed for the growth factors BMP-7, BMP-4 as 
well as BMP-2 and CDMP-1 (52-55). In human patellar tendon samples the expression of 
BMP-12 was located in tendoblasts in the regions of active remodelling, suggesting a role of 
BMPs in tissue regeneration in tendons (56). 
Our results consistently demonstrated the presence of type I and type II BMP receptors in 
cultured, unstimulated ligament fibroblasts on both mRNA and protein level. In addition we 
showed the endogenous expression of four distinct members of the BMP family, namely 
CDMP-1, -2, BMP-7 and BMP-6, on mRNA level as well as on the protein level. The 
detection of both, the precursor as well as the active protein in conjunction with the presence 
of specific serin/threonin kinase receptors emphasizes a role of these growth factors in 
ligaments/tendons tissue homeostasis and repair.   

In the developing limb fetal tendon fibroblasts are not irreversibly committed to a 
tendon cell fate, but also contribute to other tissue lineages within the limb, such as 
periosteum or cartilage (57). This suggested the ability to alter their phenotype as seen during 
embryogenesis, where tendons and ligaments appear to convert to fibrocartilage at their 
entheses (58). This potential is preserved in adult tissue since tendon/ligament fibroblasts are 
able to change their phenotype by converting to fibrocartilage under compression force (59-
61). The development of cartilage, that comprises a continuous spectrum of tissues between 
dense fibrous connective tissue and hyaline cartilage (61), is seen at sites where tendons and 
ligaments wrap around bony pulleys and where they attach to bone at their entheses (62-64). 
A hallmark of this transformation is the accumulation of the large proteoglycan, aggrecan, 
which gives the tissue the ability to withstand compressive load (64-66). Aside from TGF-β, 
BMP-2 may be involved in this process (67;68). 
Given the importance of these proteins in the formation of cartilage in tendon/ligament tissue, 
we investigated whether CDMP-1, -2, BMP-7 and BMP-6, growth factors well known to play 
a role in articular cartilage biology (20;23;24;69), induce chondrogenic differentiation in 
ligament fibroblasts. We measured [35S]Sulfate incorporation rates into newly synthesized 
macromolecules in BMP treated ligament fibroblasts and showed a significant increase in its 
uptake, while no increase could be seen in human foreskin fibroblasts cultured under the same 
conditions. Moreover we performed alcian blue and toluidine blue staining revealing an 
increased synthesis of sulphated macromolecules. These data accompanied by an upregulation 
in aggrecan mRNA expression as well as a steady state in decorin mRNA expression provide 
further evidence, that members of the BMP family are involved in the formation of cartilage-
like tissue in tendons/ligaments. Thus, similar to TGF-β (67), all tested BMPs increased 
aggrecan mRNA levels and left decorin expression unaffected. 
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With regard to collagen synthesis, the presence of type II collagen expression in the control 
ligament cultures may be a hint for the existence of precursor cells or fibroblasts at a different 
stage of differentiation that preferentially outgrow other cells in culture. The predisposition of 
these cells to synthesize type II collagen might be an explanation for the chondrogenic 
potential of ligament tissue. However, RT-PCR as well as Northern blot analysis revealed no 
appreciable increase in the mRNA levels for type II collagen under the culture conditions 
employed here. It has been reported previously, that the steady-state mRNA levels for type II 
collagen in chondrocytes cultured in the presence of CDMP-1 and -2, BMP-7 or BMP-2 were 
unaffected (24;70;71). One possible explanation for this observation is that CDMPs/BMPs 
may influence translational mechanisms or secretion of type II collagen in ligament 
fibroblasts. Alternatively, up-regulation of this chondrogenic marker may not be possible 
under the established culture conditions, or it may not be detectable and might reflect 
limitations of the detection methods. 
However, the concomitant-expression of type II collagen and aggrecan observed here 
resembles a situation that serves as a reliable marker of a mature chondrogenic phenotype 
(72).  
Our results are finally supported by the studies of Forslund and Aspenberg, who found 
cartilage and bone neo-formation at sites where tendon tissue had been treated with CDMP-2 
or BMP-7, while in untreated controls no such transformation could be observed (73;74). 
These findings support the notion, that the chondrogenic differentiation observed in our study 
may be due to a direct effect of the stimulation with CDMPs/BMPs. 
 

In conclusion this study demonstrated the presence of four distinct members of the 
BMP family as well as their respective transmembrane receptors in fibroblasts derived from 
bovine ligament. Moreover, it characterized the stimulatory effects of CDMP-1, -2, BMP-7 
and BMP-6 in ligamentous tissue on the expression of several connective tissue-specific 
markers. We are aware of the fact that this study did not distinguish between whether the 
response to BMPs is a uniform property of all cultured tendon fibroblasts, or whether only a 
subset at a different differentiation stage is the responding population. However, the 
preferential induction of chondrogenic differentiation over osteogenesis provides evidence 
that on the one hand BMP-augmented ligament/tendon repair could be confounded by the 
formation of cartilage tissue. On the other hand our data on the plasticity of ligament 
fibroblasts may reflect a first step towards as a possible employment of these cells in the 
repair of joint surface defects, such as it occurs after trauma or in osteoarthritis. 
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Figure legends. 

 
Figure 1. A. Endogenous expression of BMP-specific type I and type II receptors by bovine 
ligament fibroblasts. Total RNA was extracted from unstimulated ligament fibroblast 
monolayers cultured in serum-free basal medium (BM) for 5 days. cDNA, prepared as 
described in the Materials and Methods section, was subjected to PCR amplification using 
primer sequences for ALK-1 to ALK-6, ActRIIa, ActRIIb and BMPRII. PCR mixture were 
separated on a 1.5 % agarose gel, stained with SYBR green and visualized on a Fluorimager 
system. Equal loading of the samples was confirmed by β-Actin expression. The data shown 
are representative of 3 independent experiments. 
B. Presence of ALK-1, -3, -6 and BMPR-II in ligament tissue extracts by western 
immunoblotting. Specific polyclonal antibodies detected ALK-1, -3, -6 and BMPR-II in 
extracts of ligaments derived from metacarpophalangeal joints (n= 5). Recombinant receptor 
proteins served as positive controls. Molecular weight markers are shown at the right. 
 
Figure 2. Detection of CDMP-1, -2, BMP-7 and BMP-6 in extracts from bovine intraarticular 
ligaments derived from the metacarpophalangeal joints (n= 5). Polyclonal antibodies against 
CDMP-1, CDMP-2, BMP-7 and BMP-6 were used to detect the indicated growth factor in the 
tissue extracts under reduced conditions. Recombinant growth factors at different 
concentrations were run in parallel as controls. The upper bands represent the precursor form, 
while the bands on the bottom represent the active protein. Sample buffer served as negative 
control. Molecular weight markers are shown at the right. 
 
Figure 3. A. Ligament fibroblasts were grown under serum-free conditions in the presence of 
CDMP-1, -2, BMP-7 and BMP-6 at 10, 30, 100, and 300 ng/ml, respectively, for 5 days. 
Alkaline phosphatase (ALP) activity was determined in quadruplicate cultures as described in 
Material and Methods. Data are expressed as mean ± SD and are representative of 3 
independent experiments. Enzymatic activity is calculated as nanomoles of p-nitrophenol 
liberated per minute and milligram of total cellular protein (nmol p-NP/min/mg protein). BM 
= basal medium = unstimulated control. Values are the mean and SD. * p< 0.05, ** p< 0.01 
vs BM. 
B. RT-PCR on osteogenic markers in bovine ligament fibroblast (n= 3). Monolayer cultures 
were stimulated for 7 days with CDMP-1, -2, BMP-7 and BMP-6 at a final concentration of 
100 ng/ml. Cultures maintained in basal medium (BM) alone served as negative controls. 
cDNA derived from cultured periosteum-derived cells were used as positive control. RT-PCR 
for alkaline phosphatase (ALP) and osteocalcin yielded specific fragments of these osteogenic 
markers. The inserts show the data of densitometry after normalisation to β-Actin. Values are 
the mean and SD. 
 
Figure 4. A. CDMP-1, -2, BMP-7 and BMP-6 stimulate the synthesis of matrix 
macromolecules in ligament fibroblasts, as determined by [35S]Sulfate incorporation. This 
figure is representative for three independent experiments. Bovine ligament fibroblasts were 
incubated in serum-free basal medium alone (BM= unstimulated control), or in BM with the 
addition of CDMP-1, CDMP-2, BMP-7 and BMP-6 at 100 ng/ml. On day five of the 
stimulation period cell cultures were labeled with [35S]Sulfate for three hours. The 
incorporated radiolabel into newly synthesized matrix macromolecules present in the cell 
layer was then measured, normalized to protein content and given as counts per minute/µg 
DNA (cpm/µg DNA). Values are the mean and SD. * p< 0.01 vs BM. 
B. Expression of the cartilage markers aggrecan and collagen type II. Monolayer cultures of 
bovine ligament fibroblast (n= 3) were incubated with recombinant CDMP-1, -2, BMP-7 and 
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BMP-6 (100 ng/ml) for 7 days. mRNA was obtained as described in materials and methods. 
To detect the presence of aggrecan and collagen type II RT-PCR was performed. The bar 
graphs represent the results of the densitometry analysis after normalisation to β-Actin. 
Values are the mean and SD of 3 experiments. * p< 0.05, p<0.01 vs BM. 
C. Matrix constituents, common for connective tissue were analyzed by the use of RT-PCR in 
growth factor stimulated ligament fibroblasts (n= 3). PCR mixture was separated on a 1.5 % 
agarose gel, stained with SYBR green. The expression of decorin and collagen type I was 
visualized on a Fluorimager system. The insert graph shows the densitometry data normalized 
to β-Actin. Values are the mean and SD. 
 
Figure 5. Alcian blue staining of micromass cultures of ligament fibroblasts. High density 
cultures of ligament fibroblasts were grown in quadruplicets with and without the addition of 
100ng/ml of either CDMP-1, -2, BMP-7 or BMP-6 under serum-free conditions. Micromass 
cultures maintained in basal medium (BM) alone served as negative controls. After a 
stimulation period of 10 days alcian blue staining was performed. The column graphic 
represents the optical densities of the corresponding wells measured at 630nm. The 
experiment was performed twice; the figure shows one representative experiment. * p< 0.01 
vs BM; ** p< 0.001 vs BM. 
 

Figure 6. Histological section of ligament fibroblast micromass cultures. Ligament 
fibroblasts were grown at a density of 2 x 107 cells/ml and stimulated with CDMP-1, -2, 
BMP-7 or BMP-6  (100 ng/ml) for 10 days. Thereafter, the micromass cultures were prepared 
for histological analysis and stained with toluidine blue according to standard protocols. 
Toluidin blue staining was performed in three independent experiments. A. represents the 
unstimulated control, maintained in basal medium, B. treatment with CDMP-1, C. with 
CDMP-2, D. stimulation with BMP-7 and E. with BMP-6. 
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