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I n t r o d u c t i o n
Long bone fractures in adult horses are especially difficult to 

repair. Although many factors, including fracture configuration, 
disruption of the soft tissue and blood supply, age of the animal, and 
stabilization technique, contribute to variability in fracture healing, 
heterogeneity of osteogenic cell populations of the bone tissue at 
various skeletal sites may also be an important factor. Cultures of 
bone cells derived from rats (1,2) and humans (3) from various skel-
etal sites show differences in osteogenic cell populations, including 
differences in proliferation rates (4) and osteoblast markers (5). In 

humans, dissimilarities between skeletal sites are also seen in the 
response of bone to various disease states, including hyperparathy-
roidism (6) and osteoporotic bone loss (7), and in the response to 
various therapies, including supplementation with calcium, calci-
tonin, sodium fluoride, and parathyroid hormone (8).

Osteogenic cell populations include osteoprogenitors, preosteo-
blasts, osteoblasts, osteocytes, and bone-lining cells. Osteoprogenitors 
differentiate into osteoblasts, the active bone-producing cells (9). 
Both osteoprogenitors and mature osteoblasts are crucial to the osteo-
genic process of callus formation during fracture healing. Cortical, 
trabecular, and osteonal endosteum of the local bone, periosteum, 
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A b s t r a c t
Bone cell cultures were evaluated to determine if osteogenic cell populations at different skeletal sites in the horse are 
heterogeneous. Osteogenic cells were isolated from cortical and cancellous bone in vitro by an explant culture method. 
Subcultured cells were induced to differentiate into bone-forming osteoblasts. The osteoblast phenotype was confirmed by 
immunohistochemical testing for osteocalcin and substantiated by positive staining of cells for alkaline phosphatase and the 
matrix materials collagen and glycosaminoglycans. Bone nodules were stained by the von Kossa method and counted. The 
numbers of nodules produced from osteogenic cells harvested from different skeletal sites were compared with the use of a 
mixed linear model. On average, cortical bone sites yielded significantly greater numbers of nodules than did cancellous bone 
sites. Between cortical bone sites, there was no significant difference in nodule numbers. Among cancellous sites, the radial 
cancellous bone yielded significantly more nodules than did the tibial cancellous bone. Among appendicular skeletal sites, 
tibial metaphyseal bone yielded significantly fewer nodules than did all other long bone sites. This study detected evidence of 
heterogeneity of equine osteogenic cell populations at various skeletal sites. Further characterization of the dissimilarities is 
warranted to determine the potential role heterogeneity plays in differential rates of fracture healing between skeletal sites.

R é s u m é
Des cultures de cellules osseuses ont été réalisées afin de déterminer si les populations de cellules ostéogéniques provenant de différents 
sites squelettiques chez le cheval sont hétérogènes. Les cellules ostéogéniques ont été isolées in vitro de l’os cortical et de l’os spongieux 
par une méthode de culture d’explant. Les cellules cultivées ont été induites à se différencier en ostéoblastes formant de l’os. Le phénotype 
d’ostéoblaste a été confirmé par épreuve immunohistochimique pour l’ostéocalcine et corroborer par coloration positive des cellules pour la 
phosphatase alcaline de même que pour le collagène et les glycosaminoglycans. Les nodules osseux ont été colorés par la méthode de von Kossa 
et dénombrés. Les quantités de nodules produits par les cellules ostéogéniques recueillies des différents sites squelettiques ont été comparées 
en utilisant un modèle linéaire mixte. En moyenne, les sites d’os cortical ont permis d’obtenir un nombre significativement plus grand de 
nodules que les sites d’os spongieux. Entre les sites d’os cortical, il n’y avait pas de différence significative dans le nombre de nodules. Parmi 
les sites d’os spongieux, le site radial a permis de recueillir plus de nodules que le site tibial. Parmi les sites squelettiques appendiculaires, l’os 
métaphysaire tibial a permis d’obtenir significativement moins de nodules que tous les autres sites d’os longs. La présente étude a permis de 
démontrer l’hétérogénéité des populations de cellules ostéogéniques à différents sites squelettiques. Une caractérisation supplémentaire des 
différences observées est de mise afin de déterminer le rôle potentiel joué par l’hétérogénéité dans la variabilité de la guérison des fractures 
entre les différents sites squelettiques.
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and marrow stroma adjacent to the fracture site are all major sources 
of osteoprogenitor cells (10).

The objective of this study was to determine if osteogenic cell pop-
ulations from different skeletal sites in the horse are heterogeneous. 
Heterogeneity was measured by quantifying differences in bone 
nodule production by cell populations from different skeletal sites.

M a t e r i a l s  a n d  m e t h o d s

Specimen collection
Eight horses of various breeds, aged 5 d to 20 y, were euthanized 

for reasons unrelated to this study. Two foals aged 5 and 8 d, 3 horses 
aged 10 mo to 2 y, 1 horse aged 4 y, and 2 horses aged 20 y were 
included in the study; 6 were standardbreds, 1 was a Pinto, and 1 
was a Shetland pony. None were in athletic training at the time of 
donation or euthanasia.

Specimens of cortical bone (tibial, radial, and 3rd metacarpal 
diaphysis) and cancellous bone (tibial and radial proximal metaphy-
sis and 4th coccygeal vertebra) were aseptically collected immedi-
ately post mortem and used for primary explant cultures. Consistent 
collection was based on specific anatomic landmarks and measure-
ments for each skeletal site. Specimens were maintained on ice in 
a minimal essential medium (a-MEM; Canadian Life Technologies, 
Toronto, Ontario) until the cultures were established, within 2 to 
24 h. All specimens from an individual were prepared for primary 
cultures at the same time.

Cell isolation
The methods used to isolate primary osteogenic cell populations 

were those used in rat and human osteoblast cultures (1,11,12); 
they have also been described for equine bone (13). Measures were 
taken to reduce potential contamination of primary bone cells with 
soft tissue or marrow cells. Cortical and coccygeal vertebral bone 
specimens were stripped of all extraosseous soft tissue and washed 
with phosphate-buffered saline (PBS) (Canadian Life Technologies). 
The endosteal surface of cortical specimens was also scraped with 
a curette. Cancellous bone specimens were washed extensively in 
PBS. All specimens were cut into bone chips 1 to 3 mm3 for explants 
and rinsed with PBS.

The explants were placed into 25-mL droplets of a-MEM con-
taining 20% fetal calf serum (FCS) (Cansera International, Rexdale, 
Ontario), 15% citrated bovine plasma (Sigma Aldridge Canada, 
Oakville, Ontario), 100 mg/mL of penicillin G (ICN Biomedicals, 
Costa Mesa, California, USA), 50 mg/mL of gentamicin sulfate 
(Canadian Life Technologies), and 0.3 mg/mL of the antimycotic 
amphotericin B (Canadian Life Technologies) in Falcon tissue-culture 
plastic dishes 35 mm in diameter (Fisher Scientific, Ottawa, Ontario). 
Primary cultures were supplemented with standard media (a-MEM, 
10% FCS, 100 mg/mL of penicillin G, 50 mg/mL of gentamicin sul-
fate, and 0.3 mg/mL of amphotericin B). Ten primary culture dishes 
with 8 explants per dish were established for each specimen from 
each horse. The explant cultures were maintained in a humidified 
incubator at 37°C with 5% carbon dioxide and 95% air until primary 
cells were confluent or until day 21. The medium was changed  
3 times per week.

Cell differentiation
After confluence was achieved, or on day 21, primary osteogenic 

cells were obtained for subculture at standard numbers to be used 
for the bone nodule assay. All primary explant cultures of all donor 
sites from an individual horse were subcultured at the same time. 
Subcultures were set up as described previously (13). Briefly, pri-
mary cells were detached with 1% collagenase and 0.12% trypsin, 
centrifuged at 375 3 g for 6 min, and resuspended in osteogenic 
media (a-MEM, 10% FCS, 100 mg/mL of penicillin G, 50 mg/mL 
of gentamicin sulfate, 0.3 mg/mL of amphotericin B, 50 mg/mL of 
ascorbic acid [Canadian Life Technologies], 1028 M dexamethasone 
[ICN Biomedicals], and 10 mM b-glycerophosphate (bGP; Sigma 
Aldridge Canada]). Cell viability was determined with the use of 
0.4% trypan blue (Eastman Kodak Company, Rochester, New York, 
USA), and viable cells were plated at 1 3 104 cells/cm2 in 35-mm 
diameter Falcon tissue-culture dishes. Additionally, representa-
tive primary osteogenic cells from cortical and cancellous bone 
were plated at 1 3 104 cells/cm2 onto 8-well glass-chamber slides  
(Lab-tek Chamber Slides; Nalgene Nunc, Naperville, Illinois, USA) 
and supplemented with osteogenic media. All subcultures were 
maintained in a humidified incubator at 37°C with 5% carbon diox-
ide and 95% air until colony-forming units (CFUs) that produced 
bone nodules were observed or until day 14. All subculture dishes 
of all donor sites from an individual horse were fixed and stained at 
the same time. The medium was changed 3 times per week.

Bone-nodule assay
Bone nodules were stained by the von Kossa method (14). One 

observer (L.A.M.), using phase-contrast microscopy at 1003 magni-
fication and a grid overlay, counted the von-Kossa-positive (VK1) 
mineralized bone nodules over a 5.3-cm2 area of culture dish.

Histochemical and immunohistochemical tests
Representative subcultures of bone nodules on chamber slides 

were used to evaluate CFUs and bone nodules for the presence of 
alkaline phosphatase (ALP), bone matrix proteins (collagen and gly-
cosaminoglycans), and osteocalcin. All subcultures were fixed with 
10% neutral buffered formalin and then encapsulated in Histogel 
(ESBE Scientific, Montreal, Quebec) for histologic sections. Gel and 
nodules were lifted off the slides with a razor blade, dehydrated, 
embedded in paraffin, and cut into sections 4 mm thick, which were 
stained with Masson’s trichrome for collagen or alcian blue for 
glycosaminoglycans. For immunohistochemical evaluation of the 
presence of osteocalcin, fixed subcultures with bone nodules were 
subjected to antigen retrieval by the steamer method with citrate 
buffer (pH 6.0) in situ. First, endogenous peroxidases were blocked 
with 3% H2O2 in methanol. Then normal goat serum was applied for  
30 min at room temperature. Mouse osteocalcin antibody against 
bovine antigen (BioGenex, San Ramon, California, USA) was applied 
for 24 h at 4°C. After a buffer wash, goat IgG against mouse antigen, 
labeled with horseradish peroxidase (Jackson Immuno Research 
Labs, West Grove, Pennsylvania, USA), was applied for 1 h at room 
temperature. The subcultures were then washed in buffer and incu-
bated in 3,39-diaminobenzidine tetrahydrochloride containing H2O2. 
For negative controls, the specific primary antibody was replaced 
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with PBS. Bone nodules in situ were also stained routinely by the von 
Kossa method with the use of silver nitrate and stained for ALP (15) 
with the substrate naphthol AS MX-PO4 (Sigma Aldridge Canada) 
and Fast Blue Salt (Sigma Aldridge Canada).

Data acquisition and evaluation
The number of bone nodules in a 5.3-cm2 area (55% of the total 

dish area) was determined from 5 replicate subculture dishes of 
each specimen from each horse when available. When 5 dishes were 
not available, owing to low numbers of primary osteogenic cells 
initially, as many dishes as possible containing 1 3 105 primary 
cells/35-mm dish were used. For 1 horse (10 mo old), viable primary 
osteogenic cells were not produced from 2 sites (radial and tibial 
metaphysis); thus, for that individual, those 2 sites were omitted 
from the analysis.

We compared bone-nodule numbers between all cortical and 
cancellous bone sites and between 6 individual skeletal sites using 
a mixed linear model with skeletal site as a fixed effect and horse 
and the horse-by-skeletal-site interaction as random effects. The 
analysis was carried out on the square-root-transformed data. 
Differences between sites were assessed by means of a protected 
least-significant-difference test (16). Estimates of experimental error 
and of within-horse and between-horse variability were obtained 
from the 3 random components in the mixed model: residual, horse-
by-site interaction, and horse, respectively. All statistical tests were 
evaluated at the 5% level of significance, and the final results are 
presented as the back-transformed data.

To determine the proportion of variability associated with age, 
we added a regression variable to the mixed model and calculated 
the proportion of the between-horse variability that was accounted 
for by the age term.

R e s u l t s

Cell isolation
Explant culture was a consistent method for isolating cells from 

cortical bone of immature, mature, and aged horses. All sites from 
all individuals consistently yielded primary outgrowth cells, which 
reached confluence between 14 and 21 d, depending on the indi-
vidual animal. All cortical explant cultures for individual horses 
appeared to have similar outgrowth and proliferation rates based 
on time to confluence.

It was more difficult to get sufficient outgrowth of cells from can-
cellous bone. Cell migration typically occurred between 14 and 21 d; 
however, confluence was not always achieved during this period. 
Radial cancellous bone from 6 horses provided high outgrowth 
of cells and from a 2-y-old horse moderate outgrowth; there was 
no outgrowth from the explants of a 10-mo-old horse. Coccygeal 
cancellous bone provided high outgrowth of cells from all but a  
2-y-old horse, whose explants provided moderate outgrowth. 
Tibial cancellous bone from 4 horses provided high outgrowth 
of cells and from 3 horses moderate outgrowth; there was no 
outgrowth from the explants of a 10-mo-old horse. Replicate sub-
cultures were available for the bone-nodule assay for the horses 
with high or moderate outgrowth of primary cells from explant 

Figure 1. Photomicrographs showing osteogenic cells forming a multilayered 
colony-forming unit (CFU) that produced a bone nodule (top), mineralized 
bone nodules staining positive (black) by the von Kossa method (middle), 
and osteoblastic cells staining positive (purple) for alkaline phosphatase 
(bottom). Bar — 100 mm.
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cultures. For the 10-mo-old horse who had no outgrowth cells 
from the radial and tibial cancellous bone explants, there were no 
subculture dishes available for the bone-nodule assay from these  
2 skeletal sites.

Because of this variability in cell outgrowth and confluence of 
cell cultures, we concluded that cancellous bone explant cultures 
appear to have variable outgrowth and proliferation rates. The 
timing of subculture was determined by evaluating most culture 
dishes of all sites for 1 individual for confluence within the time 
frame of 14 to 21 d.

Additional dishes of primary cell cultures from cancellous bone 
explants were evaluated at points beyond 14 to 21 d for some indi-
viduals. This evaluation showed that after 14 to 21 d, when cell 
cultures were not confluent, additional time in culture did not result 
in confluence. Rather, cells would appear to lift and die. In a similar 
study looking at isolation of cells from cancellous bone of equine 
bone graft sites, we found an inconsistent ability to isolate cells with 
the explant method from several cancellous bone sites (13).

Cell differentiation
At subculture, viability of outgrowth cells from all specimens 

reached 100%. Osteogenic cells took on a polygonal shape and 
became grouped into sheets toward the periphery of the dishes and 
into discrete colonies toward the center of the dish 5 to 7 d after 
subculture. Clear areas of the culture dish were present between 
colonies. Cells did not become confluent before forming nodules. 
By day 7 to 14, cells piled up, forming colonies several cell layers 
thick (Figure 1, top). Cell colonies appeared to lay down a matrix, 
which then became mineralized with the addition of bGP to the 
medium, resulting in discrete 3-dimensional nodule formations 
throughout the dish. Nodules were spread across the dish by day 
7 or 14 for individual horses. The time at which most dishes for all 
skeletal sites had nodules spread across the dish was chosen as the 
time for conducting the bone-nodule assay. Cell differentiation, 
indicated by the formation of colonies and nodules, appeared to be 
consistent between osteogenic cell populations of various skeletal 
sites within each horse.

Osteoblast phenotype
Primary equine osteogenic cells differentiated into osteoblasts that 

formed CFUs and produced mineralized bone nodules that included 
matrix material (collagen and glycosaminoglycans) and the bone- 
specific protein osteocalcin. With phase-contrast microscopy, osteo-
blast characteristics were confirmed by the ability of bone-derived 
cells from all skeletal sites to form multilayered CFUs (Figure 1, top), 
which then produced bone nodules. The nodules became mineral-
ized, as indicated by VK stain uptake (Figure 1, middle). Cells of the 
CFU stained intensely for alkaline phosphatase (Figure 1, bottom).

Histologic examination of cut sections of representative CFUs and 
bone nodules showed that the nodules were made up of cells sur-
rounding a matrix that included collagen and glycosaminoglycans 

Figure 2. Photomicrographs illustrating the results of immunohistochemical 
testing for osteocalcin: positive nodules (top) are intense brown, in contrast 
to the negative control (bottom). Bar — 200 mm.

Table I. Mean number of nodules in cell cultures of bone 
samples from various skeletal sites in 8 horses

Site	 Mean	(and	95%	confidence	limits)
Cortical	bone
	 Tibial	diaphysis	 456a	 (255,	716)
	 Radial	diaphysis	 450a	 (250,	708)
	 Third	metacarpal	diaphysis	 357ab	(182,	591)
Cancellous	bone
	 Tibial	metaphysis	 185c	 (65,	368)
	 Radial	metaphysis	 382ab	(195,	631)
	 Fourth	coccygeal	vertebra	 228bc	(94,	420)
abc	Different	superscripts	indicate	significant	differences	(P	,	0.05)
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(not shown). Immunohistochemical testing of whole nodules 
showed the presence of osteocalcin within CFUs and bone nodules  
(Figure 2).

Bone-nodule assay
Of the 225 replicate plates, 4 plates each from different horses 

and sites were found to be outliers and were removed from the 
analysis. Table I presents the mean number of VK1 nodules and the 
95% confidence limits for each skeletal site, and Figure 3 presents 
the least-square means for each skeletal site of each horse. Cortical 
bone had significantly higher numbers of nodules than cancellous 
bone (P = 0.0023). In comparisons of all sites individually, the tibial 
metaphysis and the 4th coccygeal vertebra were not significantly 
different and produced the fewest nodules, whereas the remaining 
4 sites were not significantly different and produced the greatest 
number of nodules. Among the cortical bone sites there were no 
significant differences in nodule numbers (P = 0.4762). Among the 
appendicular skeletal sites, the tibial metaphysis was the only site 
with significantly lower numbers of nodules compared with other 
sites, and all P-values were less than 0.05.

Variability due to experimental error, within-horse variabil-
ity, and between-horse variability were 4.5%, 33.1%, and 62.4%, 
 respectively.

D i s c u s s i o n
We were primarily interested in determining if equine osteogenic 

cell populations isolated from various skeletal sites were heteroge-
neous enough to play a role in dissimilarities in fracture healing 
among sites. Since this was our first study isolating osteogenic cells 
from equine bone, we used basic methods. Differences in production 
of bone nodules were used in determining heterogeneity of osteo-
genic cell populations. The results indicate that some heterogeneity 
of equine osteogenic cell populations from various skeletal sites 
does exist.

Future characterization of the cell populations could include more 
sophisticated methods, such as normalizing the data to osteogenic 
markers. Further characterization of the differences among the popu-
lations may indicate whether dissimilarities in bone-nodule produc-
tion are the result of the following: 1) osteogenic cell populations 
with mature osteoblasts that truly vary in their ability to produce 
bone nodules; 2) osteogenic cell populations with different ratios of 
cell types within the osteoblastic lineage, such that different numbers 
of bone nodules are produced; or 3) osteogenic cell populations with 
different ratios of osteogenic to fibroblastic or mesenchymal cell 
types, such that different numbers of bone nodules are produced. 
Further characterization of these osteogenic cell populations may 

Figure 3. Scatter plot of the mean number of bone nodules for each skeletal site for each of the 8 horses. D — diaphysis; MC3 — 3rd metacarpal;  
M — metaphysis; DO — days old; MO — months old; YO — years old.
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also elucidate the role that heterogeneity of the populations has in 
the variability of equine-fracture healing.

Equine osteogenic cells were successfully isolated from bone speci-
mens of 6 skeletal sites by the primary explant culture technique. 
This method was more consistent for cortical bone explants than 
for cancellous bone explants. Cancellous bone was quite variable in 
character between donor sites.

The most inconsistent explants were from a young horse (10 mo 
old) rather than from 1 of the 2 geriatric horses (20 y old). Differences 
in cell isolation and proliferation may be associated with differ-
ences in the ability of osteogenic cells to migrate and proliferate 
from bone explants or with variable contamination of cell cultures 
with adipocytes, fibroblasts, or cells of other lineages that some-
how inhibit migration and proliferation of the cells in the explants. 
Conversely, the explants observed to have high outgrowth may 
have had high outgrowth of other cell types along with the osteo-
genic cells. Characterization of outgrowth cells in primary cultures 
before subculture would be required to attempt to differentiate the 
outgrowth cell lineages.

While collecting bone specimens from various skeletal sites, we 
noted obvious gross infiltration of cancellous bone from certain sites 
with red and yellow marrow components. Horses older than 8 d had 
abundant marrow fat associated with cancellous bone of the tibia 
and radius. Coccygeal cancellous bone had minimal to moderate 
fat infiltration. Cortical bone had no associated fat. There was also 
evidence of red marrow components infiltrating the trabeculae of 
radial and tibial cancellous bone in all individuals, with a higher 
amount present in neonates.

Cancellous bone specimens were washed extensively with PBS to 
clear the bone of fat and blood and to reduce contamination by cells 
from the bone marrow. This technique is used commonly with the 
explant method of cell culture (5,17–22). Some researchers believe 
that this is not sufficient to remove contaminating marrow cells and 
use collagenase treatment of bone explants, which is thought to 
provide a more pure population of osteogenic cells (23). However, 
Jonsson and colleagues (24) compared 3 common osteogenic cell 
culture methods and showed that there was no difference in the 
cells’ expression of the osteoblast phenotype when the cells were 
isolated from washed explants versus collagenase-treated explants. 
It was concluded that marrow stromal cells, remaining in the bone 
fragments despite extensive washing, rarely dominate the explant 
cultures.

Enzyme digestion, the other major technique for isolating bone-
derived cells, was not used in this study because skeletal sites of 
interest included cortical bone sites, which would not effectively 
yield primary cells by the enzyme-digestion technique because of 
the extremely compact structure of cortical bone. Other concerns 
with the enzyme-digestion technique include its effect of decreasing 
cell proliferation (21).

It seems unlikely that extensive washing of the cancellous bone 
specimens to remove fat and blood would alter the numbers of 
cells that migrate out of the explants. Bone-lining cells, which are 
thought to be the cells that migrate from the trabecular surfaces, 
would not likely wash off with physiologic saline solution, espe-
cially since specimens treated with collagenase are still seen to 
provide outgrowth cells in explant cultures. However, it remains 

a possibility that differences in bone-nodule production could be 
the result of contamination of some osteogenic cell populations 
with fibroblasts or other cell lines present in the bone marrow that 
infiltrated the trabeculae of cancellous bone and were not removed 
by saline washing.

Although the cancellous bone explants appeared grossly clear 
of marrow components after washing, fat globules could be seen 
microscopically throughout the primary culture period in some 
tibial and radial cancellous culture dishes. The fat in the cultures 
may have contributed to inconsistency in primary cell isolation from 
tibial and radial cancellous bone explant cultures. In humans, it has 
been shown in vivo that the loss in cancellous bone that occurs with 
aging is associated with reduced osteoblastic bone formation and an 
increased volume of marrow adipose (25). An in vitro study using 
a coculture of adipocytes and trabecular-bone-derived osteoblasts 
showed that mature adipocytes inhibited osteoblast proliferation 
(26). Further evaluation of the effect of marrow fat on equine can-
cellous bone cells would require identification and quantification of 
adipocytes in the cell cultures.

Osteogenic cells obtained from bone specimens are recognized 
as a heterogeneous population of cells of the osteoblastic lineage 
(25,26). Populations of osteogenic cells are expected to contain 
osteoprogenitors capable of differentiating into CFUs of osteoblasts 
that have the ability to deposit an organic matrix that can be min-
eralized (14). Osteoblasts in vitro are characterized by the ability to 
produce VK1 mineralized nodules in culture (12,27–29) and by high 
alkaline phosphatase activity (12,14,26,27,30) as well as production 
of osteocalcin, type 1 collagen, osteonectin, and response to parathy-
roid hormone (9). Although these characteristics are not all unique 
to the osteoblast, they represent major components of osteoblast 
expression and development. Currently, osteocalcin is considered 
the most specific osteoblast marker, and production of mineralized 
nodules is considered a reliable and unambiguous parameter for 
characterizing a cell type as osteoblastic (31,32).

In this study, equine osteoblastic cells from all skeletal sites 
were characterized by the production of VK1 mineralized nod-
ules and the presence of alkaline phosphatase. Von Kossa stain 
consists of silver nitrate, which binds to calcium salts and stains 
mineralized bone nodules black (14). Alkaline phosphatase expres-
sion has been shown to be present in early osteoblasts, peak in 
mature osteoblasts, and possibly fade in late osteoblastic cells or  
osteocytes (33).

Immunohistochemical testing of representative bone nodules from 
cortical and cancellous bone revealed the presence of osteocalcin, 
confirming that osteogenic cells isolated from equine cortical and 
cancellous bone were of osteoblast lineage. Histochemical staining 
confirmed that the cells were forming a matrix rich in collagen and 
glycosaminoglycans; however, chemical staining of these matrix 
proteins is not specific to bone. Further immunohistochemical 
analysis with primary antibodies for collagen type I would be more 
specific for bone matrix.

The mean number of VK1 nodules produced by osteogenic cell 
populations was significantly different among cancellous but not 
cortical skeletal sites. These results indicate that there may be more 
variability in osteogenic cell populations between cancellous bone 
of various skeletal sites than cortical bone. Significant differences in 
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bone-nodule numbers have also been seen in comparisons of other 
equine cancellous bone sites (13).

In the rat fetal calvarial system, it has been established, from 
limiting-dilution analysis and clonal assays, that 1 bone nodule 
represents a colony of osteoblasts developed from 1 osteopro-
genitor (25). Therefore, in the case of the rat calvarial osteoblast 
system, the bone-nodule assay can be used to determine and 
compare numbers of osteoprogenitors in a population of osteo-
genic cells. Neither a limiting-dilution analysis nor a clonal assay 
has been conducted in the adult equine osteoblast cell culture 
system to confirm that 1 bone nodule arises from 1 osteopro-
genitor. For this reason we conducted a bone-nodule assay rather 
than an osteoprogenitor assay. It is likely that each equine bone 
nodule also represents 1 osteoprogenitor, but this would have to  
be proven.

Three sources of variability were examined: donor vari-
ability (variability between horses), variability within a donor 
but between sites, and variability within sites within a donor. 
Most of the variability was due to differences between donors 
(62.4%) and between sites within donors (33.1%), only a small 
amount being due to experimental error (4.5%). Even in the 
presence of this variation, significant differences existed among  
skeletal sites.

Donor variability is a disadvantage of using primary nontrans-
formed bone cells rather than transformed cell lines to study bone 
cells, and it makes comparisons more difficult. Conversely, a major 
advantage of using primary nontransformed cells is the ability 
to analyze the characteristics of lineage-restricted early osteopro-
genitors located in various skeletal sites in vivo (11). In research 
using human bone or bone-marrow-derived cell populations, 
much variability between individuals has also been observed 
with respect to osteoblast characteristics (11,24,30,34). This vari-
ability has not been consistently correlated with donor age, sex, or  
isolation site.

In this study, age accounted for 36% of the between-horse vari-
ability. Although it is possible that this reflects a real result, it is also 
possible that this is due to the large gap in age between the younger 
horses (5 d to 4 y) and the geriatric horses (20 y). Further studies 
would be required to elucidate the relationship between age and the 
viability of harvested osteogenic cells.

 Research with human-derived osteogenic cells has shown that 
donor age can contribute to variability in cell isolation (24), prolif-
eration (3–5,21,24), and numbers of osteoprogenitors present (35), 
increasing donor age reducing isolation, proliferation, and numbers 
of osteoprogenitors. Research with rat-derived osteogenic cells has 
also shown that donor age can affect cell differentiation and bone 
formation, increasing age resulting in less cell differentiation and 
bone formation (36–38).

In conclusion, equine bone explants from horses of a wide age 
range can be used for isolation of osteoblasts. Isolation of osteoblasts 
and bone-nodule production was more reliable from cortical bone 
sites than from cancellous bone sites. This study had some limita-
tions, which can be readily addressed in the future. The equine 
in vitro primary osteogenic cell cultures will be useful for further 
studies into variability between osteoblast populations and studies 
of equine bone healing.
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