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Objective: To compare in vitro three-dimensional (3D) culture systems that model chondrogenesis of bone
marrow-derived mesenchymal stem cells (MSCs).
Methods: MSCs from five horses 2–3 years of age were consolidated in fibrin 0.3% alginate, 1.2% alginate,
2.5 · 105 cell pellets, 5 · 105 cell pellets, and 2% agarose, and maintained in chondrogenic medium with
supplemental TGF-b1 for 4 weeks. Pellets and media were tested at days 1, 14, and 28 for gene expression of
markers of chondrogenic maturation and hypertrophy (ACAN, COL2B, COL10, SOX9, 18S), and evaluated by
histology (hematoxylin and eosin, Toluidine Blue) and immunohistochemistry (collagen type II and X).
Results: alginate, fibrin alginate (FA), and both pellet culture systems resulted in chondrogenic transformation.
Adequate RNA was not obtained from agarose cultures at any time point. There was increased COL2B, ACAN,
and SOX9 expression on day 14 from both pellet culture systems. On day 28, increased expression of COL2B was
maintained in 5 · 105 cell pellets and there was no difference in ACAN and SOX9 between FA and both pellet
cultures. COL10 expression was significantly lower in FA cultures on day 28. Collagen type II was abundantly
formed in all culture systems except alginate and collagen type X was least in FA hydrogels.
Conclusion: equine MSCs respond to 3D culture in FA blended hydrogel and both pellet culture systems with
chondrogenic induction. For prevention of terminal differentiation and hypertrophy, FA culture may be superior
to pellet culture systems.

Introduction

Osteoarthritis is common in man and animals alike1

and is often a sequelae to focal articular cartilage inju-
ry.2,3 Cell-based therapy for the repair of articular cartilage
injury4–6 has been pursued due to the poor intrinsic healing
of injured cartilage,2 the poor long-term response to surgical
therapies,7 and the lack of effective disease-modifying oste-
oarthritis drugs.8,9 Repair with chondrocyte grafts improves
long-term outcome,10 but must be either allogeneic, with
risk of immune rejection,11,12 or autologous, with donor-site
morbidity and added complexity.13 Adult bone marrow-
derived mesenchymal stem cells (MSCs) are a stem cell
source for autologous cell transplantation to musculoskeletal
tissues with minimal donor-site morbidity, and good pro-
liferative and chondrogenic potential.14–16 MSCs have been
utilized for joint tissue regeneration in horses indirectly
through intra-articular injection after microfracture,17 and
directly with the arthroscopic application of concentrated
bone marrow grafts to focal cartilage defects18 and implan-

tation of culture-expanded MSC grafts.19–22 However, several
authors consider that MSCs are inferior to chondrocytes for
cartilage defect repair because they are unable to attain the
chondrocyte phenotype following implantation.22,23 Many
studies have evaluated culture additives and conditions that
might drive chondrogenesis of MSCs in vivo, however, long-
term outcome data suggest that fibrous tissue persists
throughout the repaired defect.22 Additional work using
culture models that more completely mimic the in vivo con-
ditions experienced by implanted MSCs may better discern
methods to drive more hyaline-like tissue after joint repair by
MSC grafting.

For chondrogenic induction of MSCs, transforming
growth factor beta supplementation of a defined serum-free
medium in a three-dimensional (3D) pellet culture is used
routinely in vitro and has been well characterized for several
species.15,16,24 Pellet culture is a stable, biomaterial-free cul-
ture system and is the gold standard for both chondrocyte re-
differentiation studies as well as MSC differentiation studies
in vitro. However, several investigators report that bone
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marrow-derived MSCs from many species, including equine,
have poor long-term survival in pellet culture, with apo-
ptosis and necrosis of central cells, poor RNA quality and
quantity, and reduced total chondrogenesis.25 To fully eval-
uate in vitro methods to optimize MSC chondrogenesis, a 3D
system that will allow cell survival, growth, differentiation,
and matrix production for at least 1 month is required.

The purpose of this study was to investigate the effect of
differing 3D culture systems on MSC chondrogenesis in
long-term in vitro culture. We used 3D systems that have
been characterized to induce MSC chondrogenesis in various
species; pellet culture, agarose, alginate, and fibrin alginate
(FA) hydrogel composites.16,26–29 Identification and use of
the best system will allow better characterization of MSC
chondrogenesis and methods to improve it. Further, the best
system may also elucidate methods to enhance in vivo MSC
survival and engraftment.

Materials and Methods

Study design

Bone marrow-derived MSCs from five horses were iso-
lated, expanded, and dispensed to each culture condition
and maintained in the chondrogenic medium (CM). Pellets
and supernatant media were collected on days 1, 14, and 28
for gene expression of selected marker genes and routine
histology. This study was approved by the Institution’s
Animal Care and Use Committee.

Bone marrow collection and MSC isolation

Bone marrow aspirates were obtained from the sternum of
five horses, 2–3 years of age.30 Local anesthesia and light
sedation was used for bone marrow collection. Bone marrow
biopsy needles ( Jamshidi; VWR Scientific) were used to as-
pirate bone marrow into four 60-mL syringes containing
heparin (APP Pharmaceuticals, LLC) for a final concentration
of 1000 units/mL. Each 60 mL was collected from a separate
site with advancement of the Jamshidi needle after each
15 mL of marrow had been drawn. Bone marrow aspirate
was diluted 1:1 in the growth medium (Dulbecco’s modified
Eagle’s media; 1000 mg/L glucose; 2 mM l-glutamine; 100
units/mL penicillin–streptomycin; 1 ng/mL bFGF; 10% fetal
calf serum) and 60 mL was plated to T-175 tissue culture
flasks, and maintained at 37�C, 5% CO2, and 95% humidity
in room air. Nonadherent cells were removed through daily
feeding. Once colony formation was evident, adherent cells
were passaged using trypsin and replated at 20,000 cells/
cm2, and fed every other day. Monolayer cultures were
passaged a second time when plates were 80%–90% conflu-
ent. When passage 2 cultures were 80%–90% confluent,
adherent MSCs from each horse were cryopreserved.

At the start of the in vitro experiment, cryopreserved MSCs
were plated in monolayer culture at 20,000 cells/cm2. When
cultures were 85% confluent, cells from each horse were
trypsinized, counted, and aliquoted to each group.

Fibrin alginate

For culture in a FA scaffold, cells were resuspended to
10 · 106 cells/mL in 30 mg/mL fibrinogen in Dulbecco’s
phosphate-buffered saline (dPBS) and mixed 1:1 with 0.6%
alginate (ultrapure low-viscosity 67% guluronate, UPLVG,

NovaMatrix, FMC Corporation) for a final concentration of
0.3% alginate. Allogeneic fibrinogen had been cryoprecipi-
tated from plasma collected from horses using a technique
previously described.31 For scaffold polymerization, the cell
suspension was dropped via a 19 gauge 1.5 inch needle
into 102 mM CaCl2 with 5 units/mL bovine thrombin,
for *150,000 cells per bead. After 10 min, the CaCl2 solution
was aspirated and FA beads were rinsed three times in dPBS.

Alginate culture

For culture in a pure alginate scaffold, cells were re-
suspended to 10 · 106 cells/mL in dPBS and mixed 1:1 with
2.4% alginate (ultrapure low-viscosity 67% guluronate,
UPLVG; NovaMatrix, FMC Corporation) in dPBS for a final
concentration of 1.2% alginate. For scaffold polymerization,
the cell suspension was dropped via a 19 gauge 1.5 inch
needle into 102 mM CaCl2 for *125,000 cells per alginate
bead. After 5 min, CaCl2 was aspirated and beads were
rinsed three times with dPBS.

Agarose

For culture in an agarose (Ultra-Pure LMP Agarose; In-
vitrogen) scaffold, cells were resuspended to 60 · 106 cells/
mL in dPBS and mixed 1:1.5 with 3% agarose in dPBS for a
final concentration of 2% agarose. Low-melting temperature
agarose was maintained at 38�C during cell preparation. The
agarose MSC suspension was then dispensed to a casting
frame (10-cm Petri dish) to a thickness of 1.6 mm and al-
lowed to polymerize at room temperature for 10 min. Once
polymerized, a 6-mm biopsy punch was used to cut discs
containing *1.8 · 106 cells per disk.

Pellet culture

MSCs were resuspended to 2 · 106 cells/mL and 1 · 106

cells/mL in the CM. Aliquots of 250 mL were dispensed to
wells of 96-well, v-bottom, polypropylene plates (PHENIX
Research Products). Plates were spun in a swinging bucket
rotor at 400g for 10 min for pellet formation of 2.5 · 105 cells
per pellet and 5 · 105 cells per pellet.

Three-dimensional culture

Each group was maintained in the CM (high-glucose
DMEM; 12.5 mL/500 mL HEPES buffer; 100 nM dexameth-
asone; 50mg/mL ascorbate 2 phosphate; 100 mg/mL sodium
pyruvate; 40 mg/mL proline; 1 · ITS + ; 100 IU/mL penicillin–
streptomycin) supplemented with 10 ng/mL TGF-b1 (Re-
combinant Human TGF-b1; Gibco Invitrogen). Two hundred
microliters of the CM was exchanged daily and all culture
systems were maintained at 37�C, 5% CO2, and 95% hu-
midity in room air until the harvest time point at day 1, 14, or
28. All culture systems were maintained in wells of 12-well
polypropylene plates except pellet cultures, which were
maintained in polypropylene 96-well plates from pellet
initiation.

For scaffold dissolution and RNA isolation at the end of
the culture period, FA beads were rinsed once in dPBS,
incubated 120 min at 37�C in 0.25% bacterial collagenase
(Sigma) in dPBS, vortexed, and then incubated until dis-
solved (5–15 min) at 37�C in a reconstruction buffer (50 mM
EDTA, 10 mM HEPES at pH 7.4), vortexed, and centrifuged
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at 470 g for 5 min. The resulting cell pellet was washed three
times in dPBS and frozen at - 80�C in the RNA lysis solution.
Alginate beads were rinsed once in dPBS, incubated until
dissolved (5–15 min) at 37�C in the reconstruction buffer,
vortexed, and centrifuged at 470 g for 5 min. The resulting
cell pellet was washed three times in dPBS and frozen at
- 80�C in the RNA lysis solution. Alginate beads at day 14 and
21 required pretreatment with 0.25% bacterial collagenase in
addition to the reconstruction buffer, similar to dissolution
for FA beads. Pellets and agarose cultures were pulverized
with a mortar and pestle, while immersed in the lysis buffer
and kept on ice. All samples were collected and frozen
( - 80�C) in the lysis buffer for RNA isolation at a later time.
Each culture product was homogenized with a commercial
homogenizer solution (Qiashredder; Qiagen) followed by
RNA extraction with a commercial kit (RNeasy� Plus Mini
Kit; Qiagen). Genomic DNA was removed from RNA
samples before polymerase chain reaction (PCR) by selective
filter centrifugation.

Gene expression

Six pellets, beads or discs from each group and horse were
isolated at each time point (days 1, 14, or 28) with a combi-
nation of two per sample, for an n = 3 for each group, horse,
and time point. For quantitative PCR (qPCR), the primers
and dual-labeled fluorescent probes (6-FAM as the 5¢ label
[reporter dye] and TAMRA as the 3¢ label [quenching dye])
were designed using Primer Express Software version 2.0b8a
(Applied Biosystems) using equine-specific sequences pub-
lished in GenBank: 18S-Fwd CGGCTTTGGTGACTCTAGAT
AACC 18S-Rev CCATGGTAGGCACAGCGACTA; COL2b-
Fwd CGCTGTCCTTCGGTGTCA, COL2b-Rev CTTGATG
TCTCCAGGTTCTCCTT; COL10a-Fwd GAGAACATGCTG
CCACAAACA, COL10a-Rev TCAGCATAAAACTCGCCA
TGAA; ACAN-Fwd GATGCCACTGCCACAAAACA, ACAN-
Rev GGGTTTCACTGTGAGGATCACA; SOX9-Fwd CAGG
TGCTCAAGGGCTACGA, SOX9-Rev GACGTGAGGCTT
GTTCTTGCT.

Total RNA was reverse transcribed and amplified using
the One-Step reverse transcription-PCR technique and the
ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems, Life Technologies). Samples for each molecule
for each time point were assessed on the same qPCR plate to
minimize variation. The qPCR program included reverse
transcription at 48�C for 30 min and denaturing at 95�C for
10 min, followed by 40 cycles of 90�C for 15 s and 60�C for
1 min. Each well of the qPCR plate was loaded with 10 ng of
RNA in 20mL. Other than 18S, a standard curve was gener-
ated from equine-specific plasmid DNA for each gene at
known concentrations to allow copy number estimation. All
samples were run in duplicate on the qPCR plate and total
copy number per 10 ng of RNA of each gene was obtained
from a standard curve and normalized to 18S gene expression.

Histology

Two pellets, beads or discs per group, horse, and time
point, were fixed in 4% paraformaldehyde for 12 h. Cultures
were then confined to a 2% agarose gel, processed and em-
bedded in paraffin, sectioned (5 mm), and stained using
standard procedures for hematoxylin and eosin (H&E) and
Toluidine Blue.

Immunohistochemistry

Sections for collagen immunohistochemistry were treated
with 5 mg/mL hyaluronidase (Sigma Chemical Co.) at 37�C
for 60 min, and the rat anti-human type II collagen primary
antibody or rabbit anti-human type X collagen primary an-
tibody, diluted 1:100 in PBS applied for 60 min. The sec-
ondary biotinylated goat anti-rat antibody (type II) or goat
anti-rabbit antibody (type X; Super Sensitive Immunodetec-
tion System, Biogenex) was applied, followed by streptavidin-
conjugated peroxidase to catalyze chromogen development
in 3,3¢-diaminobenzidine tetrachloride. Tissue sections were
counter stained with hematoxylin, and examined by mi-
croscopy to determine type II and type X collagen distribu-
tion. Positive control samples for type II were derived from
equine costochondral junctions, using the cartilaginous por-
tion as a positive and the spongiosa as a negative control.
Control samples for type X were derived from the equine
fetal articular–epiphyseal cartilage. Each slide had serial
sections included that were reacted with nonimmune serum,
as procedural controls.

Statistical analysis

As data were not normally distributed, nonparametric
tests were used. Differences between groups were detected
by Kruskal–Wallis one-way ANOVA and the Dunn’s mul-
tiple comparison test. Data were reported as a median and
interquartile range. Statistical analyses were performed with
commercially available software (Statistix 9) and the level of
significance was set at p < 0.05.

Results

MSC harvest and culture

At least 100 · 106 passage 2 cells per horse were cryopre-
served after primary cell harvest. Cells from all horses had
good viability ( > 85%) postfreeze. Cell suspension in each
scaffold or pellet culture was successful for all groups. By 1
week, FA and alginate cultures had become opaque and
remained this way until harvest. Pellets (opaque and white)
and agarose (translucent without color) did not change in
color or translucency during the culture period (Fig. 1).

Histology

Morphology of the 3D constructs varied depending on
whether the culture was a solid suspension such as alginate
or agarose, where the MSCs formed small groups and clus-
ters interspersed throughout the support, or a cell conden-
sation such as the various sized pellet cultures, where cells
were more tightly packed in a more tissue-like structure
(Fig. 2). As a result, basophilic staining matrix accumulation
was evident around small cell clusters in alginate deriva-
tives, but more generalized throughout the MSC pellets, but
particularly in the center. Agarose had fewer and smaller cell
clusters and a minimal territorial matrix. This was verified by
a toluidine histochemical reaction, where each group had
toluidine-reactive matrix accumulation evident starting on
day 14 and increasing on day 28. There was increased matrix
staining in 2.5 · 105 pellets and 5 · 105 pellets compared to
alginate and FA, and very little matrix accumulation in
agarose on day 14 and 28. Within both pellet cultures, there
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was reduced matrix staining and obvious stratification with
elongated cells and lacunae-like structures in the outer third
of the pellets at day 28. The development of lacunae-like
structures within the central region did not appear to be
different between the different groups within each time

point. Cellular migration within the scaffold, with subse-
quent clustering of cells was greatest at day 28 in alginate
and FA cultures, and was occasionally present in agarose
cultures, but was not noted in either 2.5 · 105 pellets or 5 · 105

pellets.

FIG. 2. Photomicrographs of MSC 3D cultures collected at 28 days and stained with hematoxylin and eosin. (A, B) FA, (C,
D) alginate, (E, F) 2.5 · 105 pellet, (G, H) 5 · 105 pellet, and (I, J) agarose. 200 · magnification. Images were taken at 100 ·
magnification. Black box represents area for magnified image adjacent to original. Scale bar = 200 mm.

FIG. 1. Photographs of mesenchymal stem cell (MSC) three-dimensional (3D) constructs on day 1 (A, fibrin alginate [FA]; B,
alginate; C, agarose; D, pellet) and day 28 (E, FA; F, alginate; G, agarose; H, pellet) of culture.
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FIG. 4. Collagen type X formation in MSC 3D cultures collected at 28 days. (A, B) 2.5 · 105 pellet, (C, D) 5 · 105 pellet, (E, F)
alginate, (G, H) FA, and (I, J) agarose. Collagen type X is formed in all culture systems, but less so in FA hydrogels. Black box
represents area for magnified image adjacent to original in all paired images. (K) Serial section from (A) after reaction with
nonimmune serum. Scale bar = 200 mm.

FIG. 3. Collagen type II formation in MSC 3D cultures collected at 28 days. (A, B) 2.5 · 105 pellet, (C, D) 5 · 105 pellet (E, F)
alginate, (G, H) FA, and (I, J) agarose. Collagen type II has formed throughout the FA and pellet cultures, but is not evident in
alginate culture. Black box represents area for magnified image adjacent to original in all paired images. (K) Serial section
from (C) after reaction with nonimmune serum. Scale bar = 200mm.
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Immunohistochemistry

Collagen type II was abundantly expressed after 28 days
in pellet culture and in FA hydrogels (Fig. 3). Collagen for-
mation was widespread throughout the pellet cultures, but
in FA culture was more obvious around larger clusters of
cells. A thin zone of MSCs in the middle to deep region of
agarose cultures also expressed collagen type II, while little
collagen type II was evident in alginate cultures.

Collagen type X formation was evident in all culture
systems, and was confined only to the cytoplasm and im-

mediate pericellular matrix (Fig. 4). Formation was abundant
in pellet culture and agarose culture systems. Alginate and
FA hydrogels had less or no cellular and pericellular type X
formation (Fig. 4).

Gene expression

Good quality RNA was isolated from 3D cultures at all
time points from all groups, other than agarose, with sig-
nificant differences between groups in the total RNA isolated
within each time point (Table 1). Sufficient quantities of RNA
were not generated from agarose at any time point, and
therefore RT-PCR was not performed on agarose samples.
On day 14 and 28, but not day 1, there were significant
differences between the groups in ACAN and COL2b ex-
pression. Expression of both was highest in 5 · 105 cell pellet
cultures and lower in alginate and FA mixtures (Fig. 5). On
day 1, 14, and 28, there were significant differences between
the groups in COL10 and SOX9 expression, with FA having
significantly lower COL10 abundance on day 14 and 28, and
SOX9 being lower in alginate cultures on day 28 (Fig. 5).

Discussion

This study confirmed the utility of FA, alginate, and pellet
culture, but not agarose, for long-term 3D culture of equine

FIG. 5. Box plots of gene expression for COL2b, ACAN, COL10, and SOX9 from 3D cultures of MSCs. Differing superscript
letters and symbols indicate statistical differences between groups within each time point.

Table 1. Total RNA (mg/mL) in 35mL from Mesenchymal

Stem Cell Three-Dimensional Culture Systems

Day 1 Day 14 Day 28

Median IQR Median IQR Median IQR

Fibrin alginate 94AB 54–168 113A 44–248 96A 35–190
Alginate 48B 41–55 10B 9–17 30AB 5–60
Pellet 2.5 49AB 38–70 18B 14–24 10B 5–15
Pellet 5 121A 91–144 20B 13–23 12B 8–18
Agarose 1C 0–2 1C 1–2 3C 2–4

Superscript letters demonstrate statistically significant differences
within each time point.

IQR, interquartile range.
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MSCs for studying chondrogenesis. The technical failure to
retrieve RNA from agarose with sufficient quality or quan-
tity for qPCR analysis of gene expression reduced the value
of agarose as a culture scaffold. Lack of gene expression data
certainly limited comparison of the cellular dynamics of
agarose in contrast to the other systems in these experiments.
Histologically, all culture conditions induced some degree of
MSC chondrogenesis, confirmed by rounding of cells and
formation of lacunae-like structures. Immunohistochemistry
also indicated agarose supported formation of significant
pericellular collagen type II and X at some stage during
culture. In the remaining culture systems, FA, 2.5 · 105 pellet
and 5 · 105 pellet systems were superior to alginate in
chondrogenic induction, with increased ACAN and SOX9
expression. The biomaterial vehicle-free pellet culture sys-
tems were superior for chondrogenic induction on the basis
of increased COL2b expression, and therefore may be best for
the study of chondrogenesis.

The FA culture provided several compelling features. Al-
though the FA scaffold had lower COL2b expression at 4
weeks compared to pellet culture, ACAN or SOX9 were no
different, and COL10 was dramatically lower compared to all
other systems. In vivo, collagen type 10 is produced by pre-
hypertrophic and hypertrophic chondrocytes during chon-
drogenesis,32,33 and its expression is used as a marker of
chondrocyte hypertrophy.34,35 It is not surprising that pellet
culture induced COL10 expression, as the cell to cell inter-
actions of pellet culture closely mimic those that occur in
precartilage condensation of the physis during development.
The reduced COL10 message at day 28 in FA beads suggests
that in longer term culture, FA MSCs are remaining in a
more hyaline-like differentiated state, while 2.5 · 105 cell
pellet and 5 · 105 pellet MSCs are progressing on to terminal
differentiation and hypertrophy. Avoiding terminal differ-
entiation would be desirable in cartilage repair applications
and may support the value of fibrin glue or mixtures of fibrin
and alginate for MSC grafting to cartilage defects.

Collagen type II immunohistochemistry confirmed the
gene expression data, showing robust matrix type II forma-
tion in both small and large pellet systems, and FA cultures.
MSCs in agarose culture also showed moderate type II for-
mation in a discrete zone close to the base of agarose layers,
while alginate culture had little or no collagen type II for-
mation. In contrast, all culture systems resulted in MSCs that
produced collagen type X. However, the significant differ-
ence between matrix collagen II and X, including the wide-
spread formation of type X in almost all MSCs in agarose
and pellet cultures, but a much lower expression around cells
in alginate and FA systems, confirmed the gene expression
data, and suggested that FA culture models may be more
suitable for the study of mechanisms to induce articular
chondrogenesis.

In addition to reduced cell to cell contact in FA cultures
compared to pellets, that may have led to the reduced
COL10 expression, FA may contain growth factors that
enhance hyaline-like chondrogenesis. Fibrinogen derived
by cryoprecipitation has platelet-derived growth factors
such as TGF-b1, -b2, and -b3, PDGF, and VEGF,36 and the
combination of recombinant TGF-b1 exposure from CM
and TGF-b1 and -b3 exposure from the fibrin, may have
influenced the progression toward a stable chondrocyte
phenotype.

Pellet culture of equine MSCs had not been an ideal model
in our laboratory, given the central necrosis and lamination
that frequently developed, and it was surprising that the
pellet culture system performed as well as it did, allowing
adequate RNA isolation and the highest degree of MSC
chondrogenesis. Many investigators, including ourselves,
utilize a mixed pool of MSCs from several different donors
for in vitro studies. This is done to increase the number of
early passage MSCs available for the experiment, and to
minimize the effect of interanimal heterogeneity of MSC
cultures and subsequent variability in growth characteristics
and response to experimental conditions. However, MSCs
are exquisitely responsive to their microenvironment and cell
to cell contacts,37 and mixing of MSCs from different donors
may confound MSC studies. The experiment we report here
was performed with five individual horses rather than a
mixed population of donors and this may explain the success
of both pellet culture systems in this experiment in contrast
to our laboratory’s previous experience with pellet culture.
Subsequent use of the pellet culture system in our laboratory
using individual horses has yielded similar success and
when we have used a mixed population there has been
reduced longevity and chondrogenesis of pellet cultures.
Further investigation into the response of MSCs to the
combination of donors versus individual donors is indicated.

One drawback of using pellet culture compared to bio-
material scaffolds such as alginate, fibrin, or agarose, is that a
very large number of cells are required to generate suffi-
ciently sized constructs. This is especially important when
trying to avoid mixing cells from different donors within 3D
constructs. It has recently been shown that the yield of MSCs
from raw marrow is significantly greater in the first 5 mL
collected, compared to subsequent aliquots in an equine
sternal bone marrow collection.38 Therefore, to facilitate ex-
pansion of high numbers of early passage MSCs from indi-
vidual donors, we maximized the MSC concentration from
each bone marrow collection by aspirating only 15 mL per
sternum site and collected a total of 180 mL of marrow per
donor. By advancing the biopsy needle after each 15 mL of
bone marrow had been drawn, we collected a larger pro-
portion of MSCs to marrow and this allowed expansion of
MSCs to at least 100 · 106 passage 2 cells.

Our results demonstrate the utility of FA, alginate, or
pellet culture at both 2.5 · 105 cells per pellet and 5 · 105 cells
per pellet, but not agarose, for long-term 3D culture of equine
MSCs when gene expression is the study end point. Agarose
failed to yield adequate RNA for qPCR. For the study of
chondrogenic induction, both 2.5 · 105 pellet and 5 · 105

pellet systems appear to be superior, based upon COL2b gene
expression and matrix accumulation within the pellets.
Where minimal chondrocyte hypertrophic differentiation is
also vital, FA may be a better choice than pellet culture.
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