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The most common musculoskeletal injuries in 
racehorses between 1996 and 1998 involved either 

Evaluation of early cellular influences of bone 
morphogenetic proteins 12 and 2 on equine  
superficial digital flexor tenocytes and bone  

marrow–derived mesenchymal stem cells in vitro
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Objective—To evaluate early cellular influences of bone morphogenetic protein (BMP)12 
and BMP2 on equine superficial digital flexor tenocytes (SDFTNs) and equine bone marrow–
derived mesenchymal stem cells (BMDMSCs).
Animals—9 adult clinically normal horses.
Procedures—BMDMSCs and SDFTNs were cultured in monolayer, either untreated or trans-
duced with adenovirus encoding green fluorescent protein, adenovirus encoding BMP12, 
or adenovirus encoding BMP2. Cytomorphologic, cytochemical, immunocytochemical, and 
reverse transcriptase–quantitative PCR (RT-qPCR) analyses were performed on days 3 and 
6. Genetic profiling for effects of BMP12 was evaluated by use of an equine gene expres-
sion microarray on day 6.
Results—BMDMSCs and SDFTNs had high BMP12 gene expression and remained viable 
and healthy for at least 6 days. Type l collagen immunocytochemical staining for SDFTNs 
and tenocyte-like morphology for SDFTNs and BMDMSCs were greatest in BMP12 cells. 
Cartilage oligomeric matrix protein, as determined via RT-qPCR assay, and chondroitin sul-
fate, as determined via gene expression microarray analysis, were upregulated relative to 
control groups in SDFTN-BMP12 cells. The BMDMSCs and SDFTNs became mineralized 
with BMP2, but not BMP12. Superficial digital flexor tenocytes responded to BMP12 with 
upregulation of genes relevant to tendon healing and without mineralization as seen with 
BMP2.
Conclusions and Clinical Relevance—Targeted equine SDFTNs may respond to BMP12 
with improved tenocyte morphology and without mineralization, as seen with BMP2. Bone 
marrow–derived mesenchymal stem cells may be able to serve as a cell delivery method 
for BMP12. (Am J Vet Res 2010;71:103–114)

the SDFT or the suspensory ligament, which collectively 
comprised 46% of all the musculoskeletal injuries 
sustained.1 Several different treatments for SDFT 
injury exist, consisting of but not limited to medical 
management2,3 including controlled exercise,2,4,5 use 
of intralesional injections2,6–9 with in vitro and in vivo 
investigation into tissue engineering approaches on 

Received July 18, 2008.
Accepted February 15, 2009.
From the Comparative Orthopedic Molecular Medicine and Applied 

Research Laboratory (Murray, Santangelo, Bertone) and the Depart-
ments of Veterinary Clinical Sciences (Murray, Bertone) and Biosci-
ences (Santangelo), College of Veterinary Medicine, The Ohio State 
University, Columbus, OH 43210.

This manuscript represents a portion of a thesis submitted by Dr. S. 
J. Murray to the Department of Veterinary Clinical Sciences, The 
Ohio State University, as partial fulfillment of the requirements for a 
Master of Science degree.

Supported by The Comparative Orthopedic Molecular Medicine and 
Applied Research Laboratory, Department of Veterinary Clinical 
Sciences, The Ohio State University. Drs. Santangelo and Bertone 
were supported by NIH grant numbers F32AR053805 and KO-
8AR4920101A2, respectively, from the National Institute of Arthri-
tis and Muscoloskeletal and Skin Diseases. Dr. Santangelo is pres-
ently funded by a GlaxoSmithKline & ACVP/STP coalition Gradu-
ate Residency Fellowship.

Presented in abstract form at the 18th Annual Scientific Meeting of 
the American College of Veterinary Surgeons, San Diego, October 
2008.

The authors thank D. Spencer Smith, Marc Hardman, and Amy Stark 
for technical and statistical assistance.

Address correspondence to Dr. Bertone (bertone.1@osu.edu).

AbbreviAtions
AdBMP	 Adenovirus	encoding	bone	morphoge	-	
	 		netic	protein
AdGFP	 Adenovirus	encoding	green	fluorescence		
	 		protein
BMDMSC	 Bone	marrow–derived	mesenchymal		 	
	 		stem	cell
BMP	 Bone	morphogenetic	protein
COMP	 Cartilage	oligomeric	matrix	protein
GFP	 Green	fluorescence	protein
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RT-qPCR	 Reverse	transcriptase–quantitative	PCR
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SDFTN	 Superficial	digital	flexor	tenocyte
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tendon healing,10–13 and surgical management such as 
proximal suspensory ligament desmotomy,14 tendon 
splitting,15,16 annular desmotomy,13 and fasciotomy.3 
Presently, even with these treatment options, tendon 
injuries in equine athletes can be debilitating because 
of the high incidence of recurrence and reduced 
performance.1,8–10,17 Identification of a treatment with 
potential acceleration of tendon healing, increased 
return to performance, and decrease in reinjury rate is 
warranted and would be valuable.

In many species, evidence is accumulating con-
cerning the benefits of BMDMSCs in treatment of ten-
don and ligament injuries.18–23 In vivo studies of MSC-
seeded collagen gels and BMDMSCs in rabbits have 
revealed improvements in biomechanics and histologic 
features in early stages of tendon healing,22 as well 
as enhanced biomechanical characteristics after ten-
don healing.20–22 For National Hunt horses, BMDMSC 
treatment allowed 51% to return to racing with a 30% 
reinjury rate,17 compared with a 56% reinjury rate for 
horses not treated.2 Additionally, an 18% reinjury rate 
was observed in racehorses returned to full work fol-
lowing BMDMSC treatment at the site of SDFT injury.19 
The BMDMSCs administered to collagenase-induced 
lesions of the SDFT in a recent in vivo study14 resulted 
in increased stiffness, compared with results for con-
trol animals. There are, however, limited equine cases 
with sufficient follow-up time to reveal substantial im-
provement of BMDMSC-treated horses when evaluated 
against horses with prolonged rehabilitation and con-
trolled exercise.

The BMDMSC can serve not only as a treatment for 
tendon injury itself but also as a delivery vehicle for me-
diators of tissue regeneration (ie, growth factors). The 
BMDMSCs remain localized at the site of injection with 
a small degree of migration into surrounding healthy 
tissue and neither autologous nor allogenic MSCs result 
in an adverse immune response from the host.19 Ex vivo 
gene treatment by use of BMDMSCs allows for genetic 
manipulation of the cells in vitro with subsequent de-
livery to a specific anatomic site, resulting in local ex-
pression of desired therapeutic proteins.

The BMPs are a group of related proteins in the trans-
forming growth factor-β superfamily known for osteoin-
ductive capacity.24–26 Recombinant human BMP2 is well 
characterized and is the most studied BMP with potent os-
teoinductive capacity and ability to induce mineralization 
of BMDMSCs24 in vivo and in vitro; furthermore, this has 
been determined in many species, including horses.25,27 
Bone morphogenetic protein 12, a human homologue of 
murine growth and differentiation factor-7, is in the BMP 
family and is related to other BMPs involved in the de-
velopmental processes of the musculoskeletal system,24 
including regulating tissue differentiation,28,29 tendon 
healing, and tenogenesis.30 Unlike other BMPs, however, 
BMP12 does not have an obvious osteoinduction effect on 
tendon cells29–35 and is associated with accelerated healing 
and improved biomechanical quality of repairs in human 
patellar tendons,32 tendon laceration models in chickens 
and rats,31,35,36 gastrocnemius tendon models in rats and 
mice,33,37 and periodontal ligaments in dogs.38 Specifically, 
in rats, in vivo experimentation reveals that BMP12 in-
duced formation of tendon- and ligament-like tissue36 and 

differentiated MSCs into tenocytes in vitro.29 Therefore, 
studies are warranted to evaluate the effect of BMP12 in 
specific and relevant equine tissues.

Bone morphogenetic protein 12 exogenously in-
troduced into tendon cells in vitro induces up to 30% 
more type I collagen gene expression and protein pro-
duction, compared with results for control groups.35,36 
Type I collagen is a major constituent of tendon, and 
restoration of mature extracellular matrix is a limitation 
in tendon and ligament repair.39 Additionally, BMP12 
could be delivered by gene therapy to a specific site, al-
lowing for local expression and sustained release.25,27,40

The purpose of the study reported here was to in-
vestigate the early cellular effects of BMP12, compared 
with effects of BMP2, on equine SDFTNs and BMD-
MSCs and determine whether BMP12 has potential for 
therapy in tendon healing in horses.

Materials and Methods

Study design—Bone marrow–derived mesenchymal 
stem cells were collected from the sternum of 3 adult 
horses and SDFTNs isolated from the left midmeta-
carpal region of the SDFT of 6 adult horses. Isolated 
cells were expanded in monolayer and achieved ap-
proximately 75% confluency within 24 hours, at which 
time the BMDMSCs and SDFTNs were transduced with 
an adenoviral vector encoding either the GFP gene, 
(rh)BMP12 gene, or (rh)BMP2 gene. The groups were 
defined as untreated, GFP, BMP12, and BMP2. The 
groups were then allocated in triplicate in a 24-well 
plate (3 X 104 cells/well) for cytochemical analysis (von 
Kossa method for phosphate mineral and bone alkaline 
phosphatase activity) and immunocytochemical analy-
sis (for type l collagen), allocated in duplicate in a 6-
well plate (1 X 105 cells/well) for RNA extraction and 
RT-qPCR assay (for transgene production of β-actin, 
type I collagen, type III collagen, alkaline phosphatase, 
COMP, BMP12, and BMP2) and cytomorphologic ex-
amination, or expanded in a culture flask (seeded at 2 X 
105 cells/flask) for equine-specific microarray analysis. 
Two time points (days 3 and 6) were evaluated.

Sample population—Grossly normal left forelimb 
SDFTs were aseptically harvested from 6 adult horses 
(age range, 10 to 22 years) of different breeds imme-
diately following euthanasia for reasons other than 
superficial digital flexor tendonitis (eg, colic or neuro-
logic disease). The BMDMSCs were obtained via bone 
marrow aspiration from the sternum27,41–43 from an ad-
ditional 3 adult (age range, 10 to 18 years) clinically 
normal horses of various breeds. The bone marrow–as-
piration procedure was approved by The Ohio State 
University Institutional Animal Use and Care Commit-
tee and was similar to that in previous studies.42,43 Three 
horses were sedated with xylazine hydrochloride (0.5 
to 1.1 mg/kg, IV) for the duration of the procedure. The 
hair of the sternum was clipped and shaved. After an 
initial aseptic preparation, 5 mL of local anesthetic was 
infiltrated SC over the site of the bone marrow aspira-
tion, and the site was prepared in an aseptic manner. 
A stab incision was made by use of a No. 15 blade. An 
11-gauge, 4-inch Jamshedi needlea was used to collect 
40 to 50 mL of bone marrow aspirate.
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MSC isolation—The bone marrow sample was 
collected in two 35-mL syringes with heparin sodiumb 
(1,000 U/10 mL of aspirate). Following collection, 20 
to 25 mL of the bone marrow aspirate from each horse 
was placed into separate 50-mL tubesc containing 30 
mL of culture medium consisting of Dulbecco modi-
fied Eagle medium 1Xb and F-12d in a 1:1 ratio supple-
mented with 10% heat-inactivated fetal bovine serume 
and 1% penicillin-streptomycind and placed on ice until 
isolation in the laboratory. The BMDMSCs were isolat-
ed via centrifugation of the bone marrow aspirates and 
cultured in monolayer as described.41,42

Nucleated cells were isolated in the laboratory via a 
described method.41,f Briefly, 20 mL of the diluted bone 
marrow was placed over 15 mL of density gradient so-
lutionf and centrifuged at 400 X g for 30 minutes at 4°C. 
The cell layer was aspirated and washed with 30 mL of 
Gey balanced salt solutiong and centrifuged at 300 X 
g for 5 minutes. This wash was performed twice. The 
washed pellet was resuspended in 15 mL of culture me-
dia as described in a culture flask and placed in a 37°C, 
5% CO

2
, 100% relative humidity incubator. Cells from 

different horses were kept separate for use in parallel 
experiments and incubated, with the medium being 
changed on the fifth day, removing any nonadherent 
cells. Medium change then took place every 2 days dur-
ing expansion of the cells.

BMDMSC differentiation—At the time of initi-
ating the experiment, pluripotency of the BMDMSCs 
was confirmed by culturing in controlled media for 
osteogenesis (dexamethasone with ascorbate), chon-
drogenesis (rh transforming growth factor-β1), and 
adipogenesis (dexamethasone with insulin and indo-
methacin), according to the manufacturer’s protocol.h 
The cultures were stained with 2% alizarin red solutiong 
for evaluation of osteogenesis, oil red Og for evaluation 
of adipogenesis, and toluidine blueg for evaluation of  
chondrogenesis.

SDFTN isolation—A complete 8- to 10-cm cross 
section of the left SDFT in the midmetacarpal region 
was harvested aseptically immediately following eutha-
nasia of each horse and placed into ice-cold medium as 
for MSC isolation. The tendon was minced (2 X 2-mm 
pieces) and treated with 0.3% collagenase IIi at 37°C in 
a humidified atmosphere with 5% CO

2
 overnight. The 

resulting cell suspension was centrifuged at 400 X g for 
5 minutes in an unheated centrifuge, forming a cell pel-
let. The cell pellet was washed twice in Gey balanced 
salt solution,g resuspended in culture medium, and ex-
panded in monolayer.

Generation of an adenoviral vector—A recombinant, 
replication-deficient, E-1A–defective adenovirus encod-
ing cDNA for GFP,j human BMP12,k or human BMP2j was 
used. Adenoviral vectors were generated in the authors’ 
laboratory (AdGFP and AdBMP2)j or another institute 
(human BMP12)k and amplified (AdGFP,j AdBMP12,k 
and AdBMP2j) in the authors’ laboratory according to a 
described method.40 The viral titer was determined by use 
of a commercial adenovirus titer kit.l

Adenovirus gene transduction—The MOI (or 
number of vector particles per cell) that would result 

in a transduction efficiency of at least 80% for both  
BMDMSCs and SDFTNs was determined prior to ini-
tiation of this study. All cells used in this study, for 
both preliminary data and experimentation, were in 
their third passage. The preliminary experiment con-
sisted of plating 30,000 cells/well (in a 24-well plate), 
resulting in approximately 75% confluency within 24 
hours. At this confluency, BMDMSCs and SDFTNs were 
transduced with AdGFP (MOI of 10, 20, 50, 100, 500, 
and control). Transduction efficiency was recorded 48 
hours after transduction via microscopic assessment. 
The MOI determined for BMDMSCs and SDFTNs was 
100 and 500, respectively.

The cells were left untreated or were treated with  
AdBMP12, AdGFP, or AdBMP2 in Gey balanced salt so-
lutiong (at an MOI of 100:1 for BMDMSCs and 500:1 
for SDFTNs) for 2 hours, after which the solution was 
aspirated and fresh mediumd was added. The cells were 
placed in an incubator for completion of the study.

Transduction efficiency—The AdGFP-transduced 
BMDMSCs and SDFTNs were examined via microscop-
ic quantitative assessment of monolayer cell culture 
with fluoroscopy for transgene expression of GFP at 48 
hours after transduction. Transduction efficiency for 
AdGFP-transduced BMDMSCs and SDFTNs was eval-
uated by counting cells in 3 microscopic fields under 
20X magnification.m The total number of fluorescing 
cells was divided by the total number of cells per field, 
which yielded a transduction efficiency percentage. 
Quantitative confirmation of transduction efficiency for 
SDFTNs 48 hours after transduction was performed by 
use of fluorescent-activated cell sorting analysis.n For-
ward- and side-scatter parameters were optimized to 
eliminate dead cells and debris from the analysis. Green 
fluorescence protein was excited by an argon laser, and 
fluorescence was detected by use of a 30- to 530-nm 
bandpass filter in the FL1 channel.

Cytomorphology—Cell morphology was scored 
on days 0, 3, and 6 to assess cell health. Three represen-
tative fields (objective, 20X) were assigned a score of 0 
(> 20% rounded, dying, or detached), 1 (> 10% round-
ed, dying, or detached), 2 (BMDMSCs or SDFTNs with 
normal appearance seen as attached rounded cells with 
a smooth surface), 3 (moderately elongated cells), or 4 
(markedly elongated cells), to correlate with increasing 
tenocyte-like appearance.

Cytochemical and immunocytochemical analy-
sis—Monolayer cells were plated in triplicate in a 24-
well culture plate (3 X 104 cells/well) on day –1. On day 
0, at 75% confluency, the cells were transduced (un-
treated, AdGFP, AdBMP12, and AdBMP2). On days 3 
and 6, the cells were stained for alkaline phosphatase 
activity and phosphate mineral (von Kossa method), 
and immunocytochemical analysis was performed for 
type I collagen. Alkaline phosphatase activity and type 
I collagen were scored for staining intensity (0 = no 
staining, 1 = faint to moderate staining, 2 = moderate 
staining, 3 = moderate to strong staining, 4 = strong 
staining) and extent (0 = 0%, 1 = 1% to 25%, 2 = 26% 
to 50%, 3 = 51% to 75%, 4 = 76% to 100%; where the 
percentage value refers to the proportion of cells in the 
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corresponding field stained with type I collagen or alka-
line phosphatase), and areas of extracellular phosphate 
mineralization were point counted and expressed as 
percentage of area mineralized.

Alkaline phosphatase—Cells were washed twice 
with PBS solution and fixed by use of citrate-buffered 
acetone for 30 seconds. Cells were then washed in dis-
tilled water for 45 seconds and kept at 4°C until the 
assay was started. An alkaline dye mixture,o containing 
a salt capsule dissolved in 48 mL of distilled water and 
2 mL of phosphate alkaline solution, was prepared ac-
cording to the manufacturer’s protocol26,o and added to 
the wells for 30 minutes at 23°C while protected from 
direct light. Cells were washed thoroughly in distilled 
water for 2 minutes and placed in Harris hematoxylin 
solutiong (diluted 1:1 with distilled water) for 1 minute. 
Cells were washed for 3 minutes with distilled water 
following counterstaining and analyzed for alkaline 
phosphatase activity by observing blue stain.

Von Kossa staining—For von Kossa staining,44 
cell cultures were washed twice with 1X PBS solution.p 

Phosphate-buffered formalin fixative (4%) was placed 
on the cells for 20 minutes, and the cells were washed 
twice with 1X PBS solution and placed at 4°C. The cells 
were rinsed once with waterd and serially dehydrated 
in 70%, 95%, and 100% ethanol for 2 times each and 
air dried. Cells were rehydrated from 100% to 95% to 
80% ethanol to tap water. The water was removed, 2% 
silver nitrate solutioni was added, and the cells were ex-
posed to UV light for 20 minutes. The cells were rinsed 
with water. Sodium thiosulfated 5% (diluted in waterd) 
was added for 3 minutes, the plates were washed in tap 
water, and acid fuchsinc counterstain was added for 5 
minutes. Following counterstaining, the plates were 
washed with tap water, washed twice with 95% ethanol, 
washed twice with 100% ethanol, and allowed to air dry 
prior to analysis.

Type I collagen immunocytochemical analysis—
Cell cultures were washed with 1X PBS twice, and 4% 
phosphate-buffered formalin fixative was placed on the 
cells for 20 minutes at 4°C. Cells were washed in 1X 
PBS solution for 5 minutes and incubated for 20 min-

utes in 2.5% normal horse blocking serum.q The serum 
was aspirated, and a monoclonal anti-collagen type I 
(mouse IgG isotype)h antibody diluted in 2.5% normal 
horse blocking serumq was added to the cells at a 100:1 
dilution for 30 minutes. Cells were rinsed in 1X PBS 
solution for 5 minutes and incubated for 30 minutes 
with reagent containing anti-mouse IgG (against heavy 
and light chains).q Cells were rinsed in 1X PBS solu-
tion for 5 minutes and incubated in diaminobenzidine 
substrate until desired stain intensity developed (10 
minutes). Cells were rinsed in tap water and counter-
stained in hematoxylin solutiong diluted (1:1) with dis-
tilled water.

RNA isolation and RT-qPCR assay—Transgene ex-
pression of untreated, GFP, BMP12, and BMP2 groups 
was quantified by use of RT-qPCR assay.45,r Total RNA 
(260 to 280 wavelength; optical density reading range, 
1.8 to 2.1) was isolated from cell monolayers by use of 
an RNA extraction reagentd followed by DNase treat-
ment.s Mean times change in gene expression on day 
3 and day 6 after transduction was calculated relative 
to the untreated group and relative to the control gene 
encoding β-actin (units, 2–∆∆CT).45,46

A sequence from each gene that is specific and unique 
to horses was purchasedt and used to design the primer 
sets for alkaline phosphatase, collagen I, collagen type 
III, COMP, and β-actin by use of software.r Primer sets 
for BMP12 and BMP2 were designed from the human se-
quence (Appendix). Following DNase treatment, cDNA 
was made from total RNA by use of a commercial reverse 
transcription kit,q and 2-step RT-qPCR assay was per-
formed according to the manufacturer’s protocol.q

Gene expression analysis—Total RNA was isolat-
edc according to the manufacturer’s extraction protocol 
with minor modifications from untreated, GFP, and 
BMP12 monolayers for BMDMSCs and SDFTNs on day 
6 for evaluation of gene expression by use of an equine-
specific microarrayu,v and prepared for application to 
microarrays by use of established methods.25,45,w Each 
equine-specific microarray represented 3,098 unique 
genes, all of which have been annotated by Basic Local 
Assignment Search Tool and functionally classified.47

Figure 1—Photomicrographs of pluripotent equine BMDMSCs (A). The cells are undergoing mineralization, seen as alizarin red-stained 
nodules, in osteogenic differentiation media (B). Cytochemical stain; bars = 100 µm (A) and 20 µm (B).
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Protein expression analysis—Aliquots of me-
dia from the BMDMSC and SDFTN treatment groups 
were frozen at –80°C on days 0, 3, and 6. Production 
of BMP2 was quantified by use of a commercial quan-
titative sandwich enzyme immunoassay used to detect 
rhBMP2.w

Statistical analysis—Objective data were analyzed 
by use of a 1-way (treatment) ANOVA with a Bonfer-
roni multiple comparison posttest analysis. Gaussian 
distribution was confirmed by use of a D’Agostino and 

Pearson omnibus normality test. Data that were non-
parametrically distributed and scored data were then 
analyzed by use of Kruskal-Wallis and Dunn multiple 
comparison tests with a statistical software programx 
with significance set at P < 0.05. Microarray data were 
analyzed by use of software.y Array normalization was 
performed via quantile normalization; model-based ex-
pression indices were computed by use of only perfect 
match probes, and the log

2
 (model-based expression 

indices) values were then exported for further analy-
sis via software.z A filtering step was performed to re-

move probe sets in which at least 75% of 
the arrays had expression values equal 
to or less than background value (ie,  
< log

2
[100]). This resulted in 1,501 probe 

sets included in analyses. A random-ef-
fects ANOVA, allowing for correlations 
in observations from the same horse, 
was fit to estimate the effect of treatment 
on gene expression in BMDMSCs. For 
the probe sets with differential expres-
sion (P < 0.005) among the 3 treatment 
groups and control group (untreated, 
AdGFP, vector control, and AdBMP12), 
pairwise comparisons were performed. 
Type I error was limited by use of the 
closure principle.48 Likewise, a random-
effects ANOVA was used to estimate the 
effect of treatment on gene expression in 
SDFTNs. To accommodate for multiple 
comparisons and by accepted conven-
tion, microarray comparisons of multiple 
groups were considered significant at  
P < 0.005.

Results

Pluripotency was determined for 
BMDMSCs from each of the 3 horses by 
differentiation toward osteogenic (Figure 
1), chondrogenic, and adipogenic path-
ways at passage 3. Transduction efficien-
cy was > 90% for microscopic assessment 
of BMDMSC-GFP cells and SDFTN-GFP 
cells as well as fluorescent-activated cell 
sorting analysis of SDFTN-GFP cells 
48 hours after transduction (Figure 2).  
Cytomorphologically, BMDMSC-BMP12 
cells and SDFTN-BMP12 cells had great-
er cell elongation than did respective 
untreated, GFP, or BMP2 cells on day 3. 
Median score for BMDMSC-BMP12 cells 
and SDFTN-BMP12 cells was 3.0; me-
dian score for respective untreated, GFP, 
and BMP2 cells was 2.0. These scores 
persisted through day 6, except for the 
BMDMSC-GFP cells for which median 
score decreased to 1 (Figure 3). Via cyto- 
chemical and immunocytochemical anal-
yses, alkaline phosphatase was not ob-
served on day 3 or day 6 for untreated, 
GFP, or BMP12 groups of BMDMSCs and 
SDFTNs. Alkaline phosphatase transcript 
values were higher in the BMDMSC-

Figure 2—Photomicrographs of SDFTNs (A; light microscopy; bar = 20 µm) seen as GFP-
positive cells via fluorescent microscopy (B; bar = 20 µm). Quantitative assessment 
of transduction efficiency via flow cytometry analysis; representative scatterplots of 
control SDFTNs (C) and SDFTN-GFP cells (D) are illustrated. Notice > 95% transduction 
efficiency in SDFTN-GFP samples. P2 = Region of cells lacking detectable fluores-
cent activity on the FITC-A channel. P3 = Region of detectable fluorescent activity in 
analyzed cells. FITC-A = Designated laser used to detect fluorescent activity. Y-axis 
= Channel numbers detected by use of the indicated laser. X-axis = Number of cells 
analyzed.
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BMP2 group relative to results for other groups (Figure 
4), which was reflected in a higher staining intensity (P 
< 0.001) in the BMP2 group in both cell types on days 
3 and 6 (Figure 5).

Percentage area mineralization was greater in the 
BMP2 group of both cell types with no detection of min-
eral on either day 3 or 6 in the untreated, GFP, or BMD-
MSC-BMP12 groups (P < 0.001; Figure 5). Cell staining 
extent (BMDMSCs and SDFTNs) for type I collagen was 
greater for BMP12 and BMP2 groups, compared with 
results for untreated and GFP control cells (P < 0.001) 
for days 3 and 6, with the greatest extent of type I colla-
gen staining of BMDMSCs observed for BMP12 on day 
6. Intensity of cell staining was greater (P < 0.001) for 
BMP12 and BMP2 on days 3 (BMDMSCs and SDFTNs) 
and 6 (SDFTNs), compared with results for untreated 
and GFP control cells. However, the intensity of type 
I collagen staining was greatest compared with results 

for all other BMDMSC groups on day 6 for BMDMSC-
BMP12 cells (P < 0.001; Figure 6).

RT-qPCR assay—Expression of BMP12 was con-
firmed for BMDMSC–BMP12 cells and SDFTN-BMP12 
cells and was greater than that for untreated cells (P 
< 0.01; Figure 7). Expression of BMP2 was confirmed 
for BMDMSC-BMP2 cells and SDFTN-BMP2 cells and 
was greater than that for untreated or GFP-treated 
cells (P < 0.001). The SDFTN-BMP12 cells had great-
er expression of COMP on day 6 (P < 0.001) than 
did other groups (Figure 8). There was no difference 
among groups in expression of COMP in BMDMSCs 
on days 3 or 6. Alkaline phosphatase expression 
was not evident on day 3 for either cell type but was 
greater on day 6 in BMDMSC-BMP2 cells, compared 
with results for control cells (P < 0.01). Type III col-
lagen expression was greater in BMDMSC-BMP2 cells 
than in other groups on day 3 (P < 0.01).

Microarray gene expression analysis—Gene ex-
pression microarray analysis revealed significant upreg-
ulated differential gene expression of chondroitin sul-
fate, compared with that for GFP cells (P < 0.001), in 
SDFTNs. In addition, cellular trophic genes (eg, tumor 
necrosis factor, DEAD/H box, heat shock 90-kd pro-
tein 1, and peroxiredoxin) were upregulated in BMP12 

Figure 3—Morphology scores on cell culture days 3 and 6 for 
equine BMDMSCs (A, B) and SDFTNs (C, D) transduced with 
adenovirus encoding GFP, BMP12, or BMP2. In A, BMDMSC-
BMP12 cells are significantly (P < 0.001) more elongated, com-
pared with that of other groups. In B, BMDMSC-BMP12 cells are 
significantly more elongated, compared with that of BMDMSC 
-GFP cells (P < 0.001) and untreated control cells (P < 0.01), re-
spectively. In C, SDFTN-BMP12 cells are significantly (P < 0.001) 
more elongated, compared with that of other groups. In D, 
SDFTN-BMP12 cells and SDFTN-BMP2 cells are significantly (P 
< 0.01) more elongated, compared with that of other groups.

Figure 4—Graph of gene expression (via RT-qPCR assay) for al-
kaline phosphatase in equine BMDMSCs. On cell culture day 6, 
the value for BMDMSC-BMP2 cells was significantly (P < 0.01) 
greater, compared with results for other groups.

Figure 5—Photomicrographs of equine BMDMSC-BMP2 cells stained for alkaline phosphatase on cell culture day 3 (A; alkaline phos-
phatase stain; bar = 20 µm) and stained for focal mineral formation on day 6 (B; von Kossa stain; bar = 20 µm).
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cells, compared with results for GFP cells, on day 6 for 
BMDMSCs and SDFTNs (Tables 1 and 2).

Protein expression analysis—Bone morphogenet-
ic protein 2 protein expression was confirmed (mean 
± SEM, 3,088 ± 837.2 pg/mL) for AdBMP2-transduced 
BMDMSCs and SDFTNs in monolayer culture.

Discussion

The in vitro study reported here effectively evalu-
ated the early cellular influence of BMP12, compared 
with BMP2, on equine SDFTNs and BMDMSCs that 
may be used for transplantation. Results from previ-
ous studies29–32 suggest that BMP12 may play a pivotal 
role in early tendon healing. Cytomorphologic evalu-
ation of SDFTN-BMP12 cells and BMDMSC-BMP12 
cells revealed greater and accelerated cell elongation, 
compared with results for untreated, vector control, 
and BMP2 groups by day 3 and greater than results 
for GFP groups by day 6 (Figure 3), suggesting the 
ability to induce early differentiation of BMDMSCs 

and SDFTNs into tenocytes, which may be correlated 
with early tendon healing.28,33,34,36,37

Cytochemical analysis was performed for mineral 
and alkaline phosphatase, which are often used as mark-
ers for osteogenic differentiation.25,35 Unlike BMP2, 
treatment with BMP12 did not result in focal phosphate 
mineral formation of cells in culture. Previous research 
has used alkaline phosphatase expression as well as fo-
cal phosphate mineral formation to indicate osteogenic 
differentiation of BMDMSCs into osteoblasts by BMPs 
(BMP2 and BMP6) in vitro.25 Our findings supported 
earlier research in which, unlike other BMPs, BMP12 
did not have obvious osteoinduction effects on tendon 
cells or mesenchymal stem cells,29,36 an important find-
ing considering future applications of BMP12 in equine 
SDFTs.

Type I collagen immunohistochemical staining 
intensity and extent were increased by induction with 
BMP12 in SDFTNs and BMDMSCs (Figure 5), suggest-
ing an early abundance and acceleration of type I colla-
gen production in both cell types. These data, in concert 
with morphology scores and induction of COMP gene 

Figure 6—Type I collagen in equine SDFTNs (A, C) and BMDMSCs (B, D). On cell culture day 6, SDFTN-BMP12 and BMP2 cells had 
significantly (P < 0.001) greater type I collagen staining intensity, compared with that of the other groups (A). On cell culture day 6, 
BMDMSC-BMP12 cells had significantly (P < 0.001) greater staining intensity, compared with that of the other groups (B). C—Photo-
micrograph of SFTN-BMP12 cells containing type I collagen. Immunohistochemical stain; bar = 20 µm. D—Photomicrograph of BMD-
MSC-BMP12 cells containing type I collagen. Immunohistochemical stain; bar = 20 µm.

08-07-0234r.indd   109 12/23/2009   10:51:20 AM



110   AJVR, Vol 71, No. 1, January 2010

expression, suggest that BMP12 supported a tenogenic 
phenotype in both cell types. In contrast, the accelerat-
ed type I collagen expression in SDFTNs and BMDMSCs 
induced by BMP2, in concert with morphology scores, 
positive alkaline phosphatase expression, and focal 

mineral formation, suggested that BMP2 supported dif-
ferentiation toward an osteocyte phenotype. Gene ex-
pression of prominent proteins associated with tendons, 
such as type I collagen and COMP, and decreased gene 
expression of type III collagen associated with bone for-
mation, although not definitive markers for tenogen-
esis, are consistent with tendon cells and fibroblasts,20,49 
suggesting differentiation of BMDMSC-BMP12 cells 
toward fibroblast-like tendon cells, rather than osteo-
blasts. In addition, this gene expression was also identi-
fied in SDFTN-BMP12 cells, compared with results for 
other SDFTN groups, suggesting an early influence on 
tendon differentiation, specific to tendon cells.

Gene expression microarray analysis revealed up-
regulation of chondroitin sulfate proteoglycan 2 (ver-
sican) in SDFTNs in addition to other genes for cell 
proliferation, transcription, and matrix production (in 
BMDMSCs and SDFTNs) in BMP12-expressing cells, 
compared with control GFP-expressing cells. Chon-
droitin sulfate is an extracellular matrix glycosamino-
glycan that has been linked to compressed regions of 
normal tendon, suggesting a function in a specific non-
tensile biomechanical environment.31 The upregula-
tion of chondroitin sulfate in BMP12-expressing cells is 

Figure 7—Gene expression of BMP12 in equine BMDMSCs (A, B) and SDFTNs (C, D). A—On cell culture day 3, gene expression was 
significantly greater in BMDMSC-BMP12 cells than in untreated control cells, BMDSMC-BMP2 cells (P < 0.01), or BMDMSC-GFP 
cells (P < 0.05). B—On cell culture day 6, gene expression was significantly (P < 0.001) greater in BMDMSC-BMP12 cells than in other 
groups. C—On cell culture day 3, gene expression was significantly (P < 0.001) greater in SDFTN-BMP12 cells, compared with that of 
other groups. D—On cell culture day 6, gene expression was significantly (P < 0.01) greater in SDFTN-BMP12 cells, compared that of 
with other groups.

Figure 8—Gene expression of COMP in equine SDFTNs. On cell 
culture day 6, gene expression was significantly (P < 0.001) great-
er for SDFTN-BMP12 cells, compared with that of other groups.
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compatible with glycosaminoglycan extracellular ma-
trix production. The biochemical structure of tendon 
incorporates proteoglycans and chondroitin sulfate and 
may be associated with tensile and compressive forces 
during loading of tendon.50 The role of BMP12 in sup-
porting this extracellular matrix glycosaminoglycan seen 
in compressed zones of tendon is unknown. Microarray 
analysis has been used in vivo to determine potential ten-
don-associated genes.51–53 For example, type I collagen 
α−2 and insulin-like growth factor were determined to be 
genes expressed in tendon and associated with recovery 
from overuse in rat supraspinatus tendons.52

Microarray analysis performed on rat tissues53 
sought to identify genes specific to tendon to verify 

whether MSCs had differentiated. Tissues harvested 
from rats included tendons (gastrocnemius and patel-
lar), paratenon, ligament, cartilage, bone, and bone 
marrow. Results revealed a small number of genes spe-
cific to tendon and ligaments, and reverse transcription 
PCR assay confirmed that expression of the gene te-
nomodulin was specific to only tendons and ligaments. 
Scleraxis, which has also been referenced as a widely ac-
cepted tendon-specific gene, was not expressed on the 
rat microarray used in that study, and neither tenomod-
ulin nor scleraxis was present on the equine micro- 
array used in our study.

It is important to note that the microarray analysis 
performed on samples in this experiment included 3 

Equine	 	 		 	 	
Genbank	 	 	 Factor	of	 	
accession	No.	 Sequence	name	 Biological	function	 change	 P	value

CD466560	 Myristoylated	alanine-		 Calmodulin	 1.85	 	0.001
	 		rich	protein	kinase	C		 		binding,	actin
	 		substrate		 		filament	binding	 	 	

CD528599	 Transcription	elongation	 Regulation	of	 0.62	 	0.001
	 		factor	A	 		transcription

BI961271	 Ferritin,	light	polypeptide	 Intracellular	iron	 0.61	 	0.001	
	 		storage	protein

CD465526	 Glutamine	synthase,	mRNA		 Metabolism	of	nitrogen	 0.61	 	0.001	
	 	
CD467815	 Ganglioside	activator		 Innate	immunity,		 0.75	 0.002
	 		protein	 		lipid	metabolism

BM780348	 Ubiquinol-cytochrome	c	 Mitochondrial	 1.26	 0.002
	 		reductase	core	protein	l	 		respiratory	chain

BI961520	 Peroxiredoxin	1	 Antioxidant	enzyme	 0.75	 0.002	

BI961470	 Chondroitin	sulfate	 Extracellular	matrix		 4.35	 0.002	
	 		proteoglycan	2	(versican)	 		proteoglycan

CD466435	 DEAD/H	Box	 Positive	regulation	 2.08	 0.002
		 			(Asp-Glu-Ala-Asp/His)	 		cell	proliferation	

BM781267	 Laminin	receptor	1	 Mediate	effects	of	laminin,	 0.79	 0.002
	 	 		extracellular	matrix	protein,
	 	 		cell	adhesion	molecule

BM780407	 Heat	shock	90-kd	protein	1,		 Stress	proteins	 0.58	 0.004
	 		Alpha-like	3	

Table 1—Selected relevant genes with significant (P < 0.005) differential gene expression in equine 
BMDMSCs treated with AdBMP12, compared with cells treated with AdGFP.

Equine	 	 		 	 	
Genbank	 	 	 Factor	of	 	
accession	No.	 Sequence	name	 Biological	function	 change	 P	value

2170373	 Tumor	necrosis	factor	 Cell	survival	and	 1.19	 	0.001
	 	 		apoptosis

CD465149	 Putative	small	membrane	 Forming-regulating	 1.60	 0.001
	 		protein	NID67	 		ion	channels

CD465748	 Inhibitor	of	DNA	binding	2,	 Protein	binding,		 2.69	 0.001
	 		dominant	negative	helix-loop-	 		transcription	repressor
	 		helix	protein	 		activity

15082427	 DEAD/H	(Asp-Glu-Ala-	 Positive	regulation	 2.31	 0.003
	 		Asp/His)	box	 		cell	proliferation

Table 2—Selected relevant genes with significant (P < 0.005) differential gene expression in equine 
SDFTNs treated with AdBMP12, compared with results for control cells treated with AdGFP.
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horses for BMDMSCs and 3 horses for SDFTNs. The 
lack of upregulation of genes noted in the microarray, 
compared with results of the RT-qPCR analysis, could 
be attributable to this smaller sample size of SDFTNs, 
compared with that for RT-qPCR analysis performed on 
6 horses. Also, a more stringent P value (P < 0.005) was 
set for the microarray data because of the large number of 
genes being analyzed statistically. Importantly, however, 
many genes of relevance to tendon healing were found 
to be significantly upregulated on the microarray. For 
SDFTNs, COMP, IGF-1, fibroblast growth factor, and tu-
mor necrosis factor were all upregulated. For BMDMSCs, 
biglycan and fibronectin were upregulated and are both 
important proteins in extracellular matrix biology. Ad-
ditionally, upregulation of other genes observed on the 
microarray indicated creation of an environment trophic 
to cell growth and health. Reverse transcriptase–quantita-
tive PCR analysis is a more robust measure of gene ex-
pression and may be able to detect more subtle changes 
in gene expression than does microarray analysis, but it is 
limited in the scale of transcription analysis.

Gene expression observed via RT-qPCR assay re-
vealed significant upregulation of COMP in SDFTN-
BMP12 groups, compared with that for untreated, GFP-
treated, and BMP2-treated SDFTN groups on day 6, 
supporting a tenocyte phenotype. Cartilage oligomeric 
matrix protein has been identified as an essential me-
diator in tendon growth, playing a role in organization 
of the collagen matrix.8,54,55 The present study evaluated 
only adult horses (> 10 years old), and BMP12-treated 
SDFTNs had a significant increase in COMP in these 
cells on day 6, suggesting that COMP may serve not only 
as an important mediator in tendon growth but also in 
tendon healing. The increased expression of COMP at 
the site of injury could potentially allow for healing ten-
don to better respond to and resist load. An increase in 
COMP gene expression was not observed in BMDMSCs. 
This could be the result of sample size or suggests that  
BMDMSC-BMP12 cells, if used as a BMP12 gene deliv-
ery vehicle, could act by releasing BMP12 in a paracrine 
manner on resident tendon cells instead of accelerat-
ing the differentiation of BMDMSCs into tendon cells. 
Our study suggests that BMP12 may induce BMDMSCs 
to produce type 1 collagen and that this may occur in 
vivo. Robust gene expression of BMP12 and BMP2 was 
detected for BMDMSCs and SDFTNs, compared with 
results for groups that were not transduced with the 
gene on day 3 and 6. The significant production of the 
BMP-12 gene produced by BMDMSC-BMP12 cells sup-
ports the concept that BMDMSCs can serve as a deliv-
ery vehicle of the protein to sites of tendon injury.

Transduction with adenovirus results in a cellular 
inflammatory event.25,40 Bone morphogenetic protein 
2 overrides this inflammatory event, sustaining cell 
health, despite use of adenovirus as a delivery vehicle.24 
Bone morphogenetic protein 12, as observed in the 
present study, was also able to create a supportive en-
vironment for cell growth despite the presence of the 
adenovirus. Further, cytomorphologic evaluation re-
vealed that BMP12 created a more supportive environ-
ment than did either GFP or BMP2.

Early osteogenic differentiation was observed in 
BMP2-expressing cells in the form of mineralization, as 

well as gene expression for alkaline phosphatase and 
type III collagen.25,34 Osteogenic differentiation was 
not observed at day 3 or day 6 for BMP12-expressing 
cells. Previous research in rats indicates that implants 
containing BMP12 at concentrations 20 times as high 
as necessary for bone induction with an osteogenic 
BMP did not induce bone formation; rather, the im-
plants resulted in development of tendon with neonatal  
characteristics.27

The present study has set a foundation for future 
investigation into the effects of BMP12 and early ten-
don healing in response to tendon injury in horses. 
Further studies are necessary to confirm lack of min-
eralization in vivo during short- and long-term use. 
Limitations of the present study include the duration 
(6 days) and use of in vitro monolayer cells. Duration 
of the study was selected on the basis of published ex-
periments with BMP2, in which cell expression changes 
were identifiable within days.25 Our goal was to deter-
mine the early influences on these cells as proof of fea-
sibility for use in vivo. Because of the short-term nature 
of the study, it remains unknown whether the early cel-
lular influence of BMP12 is sustained. In addition, the 
lack of osteogenic potential of BMP12 requires further 
investigation in vivo. Finally, BMDMSCs and SDFTNs 
were transduced with AdBMP12 in this study. Future 
treatment, however, would rely on the SDFTNs at the 
site of injury responding to BMP12 protein produced 
by the gene delivery vehicle; additional studies will be 
needed to determine whether this gene delivery system 
will augment tendon healing in vivo.
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