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Abstract Human bone marrow contains a population of cells capable of differentiating along multiple mesenchy-
mal cell lineages. Recently, techniques for the purification and culture-expansion of these human marrow-derived
Mesenchymal Stem Cells (MSCs) have been developed. The goals of the current study were to establish a reproducible
system for the in vitro osteogenic differentiation of human MSCs, and to characterize the effect of changes in the
microenvironment upon the process. MSCs derived from 2nd or 3rd passage were cultured for 16 days in various base
media containing 1 to 1000 nM dexamethasone (Dex), 0.01 to 4 mM L-ascorbic acid-2-phosphate (AsAP) or 0.25 mM
ascorbic acid, and 1 to 10 mM b-glycerophosphate (bGP). Optimal osteogenic differentiation, as determined by
osteoblastic morphology, expression of alkaline phosphatase (APase), reactivity with anti-osteogenic cell surface
monoclonal antibodies, modulation of osteocalcin mRNA production, and the formation of a mineralized extracellular
matrix containing hydroxyapatite was achieved with DMEM base medium plus 100 nM Dex, 0.05 mM AsAP, and 10
mM bGP. The formation of a continuously interconnected network of APase-positive cells and mineralized matrix
supports the characterization of this progenitor population as homogeneous. While higher initial seeding densities did
not affect cell number or APase activity, significantly more mineral was deposited in these cultures, suggesting that
events which occur early in the differentiation process are linked to end-stage phenotypic expression. Furthermore,
cultures allowed to concentrate their soluble products in the media produced more mineralized matrix, thereby
implying a role for autocrine or paracrine factors synthesized by human MSCs undergoing osteoblastic lineage
progression. This culture system is responsive to subtle manipulations including the basal nutrient medium, dose of
physiologic supplements, cell seeding density, and volume of tissue culture medium. Cultured human MSCs provide a useful
model for evaluating the multiple factors responsible for the step-wise progression of cells from undifferentiated precursors to
secretoryosteoblasts, andeventually terminally differentiated osteocytes. J. Cell. Biochem. 64:295–312. r 1997Wiley-Liss, Inc.
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Bone marrow is a complex tissue comprised
of hematopoietic precursors, their differenti-
ated progeny, and a connective tissue network
referred to as stroma. The stroma itself is a
heterogeneous mixture of cells including adipo-
cytes, reticulocytes, endothelial cells, and fibro-
blastic cells which are in direct contact with the
hematopoietic elements. Since it has been well
established that the stroma contains cells that

differentiate into bone, cartilage, fat, and a
connective tissue which supports the differen-
tiation of hematopoietic stem cells [Dexter and
Testa, 1976; Bab et al., 1986; Beresford, 1989;
Bruder et al., 1990; Bennett et al., 1991; Beres-
ford et al., 1992], identification of the progeni-
tor cells for these mesenchymal tissues has
been an area of active investigation. Frieden-
stein [1976] and others [Ashton et al., 1980;
Owen and Friedenstein, 1988; Beresford, 1989]
have demonstrated that culture-adherent cells
present in the marrow stroma are capable of
differentiating into bone and cartilage when
placed into an appropriate environment in vivo.
These experiments have led to the hypothesis
that stroma contains a unique population of
stem cells which are capable of differentiating
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along multiple mesenchymal cell lineages
[Owen, 1985; Owen, 1988; Beresford, 1989;
Caplan, 1991]. The precedent for the existence
of such a stem cell is drawn from studies of
hematopoietic stem cells [Sachs, 1987], which
have the capacity for self-renewal and can, un-
der appropriate conditions, give rise to all of the
hematopoietic cell types.
Recently, a series of experiments have been

performed that demonstrate the existence of
marrow-derived progenitors that give rise to
bone [Beresford, 1989; Haynesworth et al.,
1992b], cartilage [Wakitani et al., 1994; Lennon
et al., 1996], muscle [Saito et al., 1995], tendon
[Caplan et al., 1993], fat [Beresford et al., 1992;
Dennis and Caplan, 1996], and a mature stro-
mal phenotype that supports hematopoietic dif-
ferentiation [Majumdar et al., 1995]. These cells
are referred to as Mesenchymal Stem Cells
(MSCs) [Owen, 1985; Caplan, 1991]. Tech-
niques and conditions that select for these cells
in culture have been established for chicken
[Nakahara et al., 1990], mouse [Bergman et al.,
1996; Dennis and Caplan, 1996], rat [Dennis et
al., 1992], rabbit [Wakitani et al., 1994], and
canine [Kadiyala et al., 1997] sources. Simi-
larly, a more refined technique for the isolation
and extensive subcultivation of human MSCs
has been developed, alongwith a series ofmono-
clonal antibody probes which react with the
surface of human MSCs both in situ and in
vitro [Haynesworth et al., 1992a,b]. Although
conditions for differentiation into every mesen-
chymal cell lineage have not been established
for every species studied, human MSCs have
been serially passaged without lineage progres-
sion, and subsequently shown to form cartilage
[Johnstone et al., 1996; Lennon et al., 1996],
bone [Haynesworth et al., 1992b; Bruder et al.,
1997], fat [Pittenger et al., 1996], and a mature
stromal phenotype which supports hematopoi-
etic differentiation in vitro [Majumdar et al.,
1995]. Evidence for myogenic and tendonogenic
differentiation is based on data from rat and
rabbit MSCs which were either implanted in
vivo in syngeneic hosts [Caplan et al., 1993;
Saito et al., 1995], or treated with specific bioac-
tive factors in vitro [Wakitani et al., 1995]. In
summary, data indicate that human MSCs are
capable of differentiating in vitro, at the mini-
mum, into the bone, cartilage, fat, and mature
stromal cell lineages. While adult human mar-
row-derived MSCs have the ability to develop
into multiple mesenchymal tissue types, it is
not known whether these cells are identical to

stem cells residing in the mesodermal layer of
the trilaminar embryo, or whether this homoge-
neous population represents postnatal mesen-
chymal progenitor cells with specific, multi-
lineage developmental potential.
In vitro osteogenic differentiation of marrow-

derived stromal cells from chick [Kamalia et
al., 1992], mouse [Schoeters et al., 1988], rat
[Maniatopolous et al., 1988], rabbit [Howlett et
al., 1986], and pig [Thomson et al., 1993] has
been reported to occur in response to various
bioactive factors including osteogenin [Vu-
kicevic et al., 1989], BMP-2 [Rickard et al.,
1994], osteogenic growth peptide [Robinson et
al., 1995], and the synthetic glucocorticoid dexa-
methasone (Dex) [Howlett et al., 1986;Maniato-
poulos et al., 1988; Schoeters et al., 1988; LeBoy
et al., 1991; Kamalia et al., 1992]. Although the
osteochondral potential of these animal cells
has been examined, little is known about the
biochemical and molecular phenotype of the
starting cell populations. By contrast, purified
humanmarrow-derivedMSCs have been exten-
sively characterized with respect to their
complement of cell surface and extracellular
matrix molecules, as well as their secretory
cytokine profile in control and experimental
conditions [Haynesworth et al., 1992a, 1995,
1996]. Since endogenous systemic glucocorti-
coids are involved in the bone formation-bone
remodeling axis [Baylink, 1983], and marrow-
derived stem cells are believed to be the source
of osteoblasts in the postnatal organism [Owen,
1985], Dex is a useful reagent for studies of
cellular and physiologic responses. For these
reasons, Dex’s activity as an inductive agent in
osteogenic culture systems is relevant. There-
fore, the goals of the current study were to
establish and characterize a reproducible sys-
tem for in vitro osteogenic differentiation of
purified, culture-expanded human MSCs, and
to evaluate the effect of glucocorticoids upon the
process. By systematically manipulating multiple
variables within the tissue culture environment,
we report on the phenomenon of glucocorticoid-
inducedosteogenicdifferentiationofhumanMSCs.
This study further provides a quantitative
benchmark for several parameters of osteogen-
esis which can be used to analyze the individual
steps of osteogenic differentiation.

MATERIALS AND METHODS
Materials

Dexamethasone (Dex), sodium b-glycerophos-
phate (bGP), ascorbic acid (AsA), Percoll, antibi-
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otic penicillin/streptomycin, alkaline phospha-
tase diagnostic kit #85, and calcium diagnostic
kit #587 were purchased from Sigma Chemical
Co. (St. Louis, MO). DMEM-LG (DMEM),
a-MEM, Hams F-12, and BGJb media were
purchased from GIBCO (Grand Island, NY).
Fetal bovine serum was purchased from Biocell
Laboratories (Rancho Dominguez, CA) follow-
ing an extensive testing and selection protocol
based on cell attachment, morphology, mitotic
expansion without differentiation, and reten-
tion of multilineage developmental potential in
response to appropriate environmental cues
[Lennon et al., 1996]. L-ascorbic acid-2-phos-
phate (AsAP) was purchased fromWakoChemi-
cal (Osaka, Japan), 1, 25-(OH)2 vitamin D3 (vi-
taminD3) fromBiomol (PlymouthMeeting,MA),
and TRI Reagent fromMolecular Research Cen-
ter (Cincinnati, OH). Radioisotopes were ob-
tained from Amersham International (Arling-
ton Heights, IL). All other routine reagents
used were of analytical grade.

Cell Preparation and Culture Methods

Fresh bone marrow (10 ml) was obtained by
routine iliac crest aspiration from normal hu-
man donors (ages 10 to 58 years) after informed
consent. MSCs were isolated from these mar-
row aspirates using methods modified from
those described previously [Haynesworth et al.,
1992a]. Briefly, 10 ml of marrow was added to
20 ml of DMEM containing 10% fetal bovine
serum from selected lots (ControlMedium), and
centrifuged to pellet the cells and remove the
fat layer. Cell pellets were then resuspended
and fractionated on a density gradient gener-
ated by centifuging a 70% Percoll solution at
13,000g for 20 min. TheMSC-enriched low den-
sity fraction was collected, rinsed with Control
Medium, and plated at 1 x 107 nucleated cells/60
cm2 dish. The MSCs were cultured in Control
Medium at 37°C in a humidified atmosphere
containing 95% air and 5% CO2. When culture
dishes became near-confluent, cells were de-
tached with 0.25% trypsin containing 1mM
EDTA for 5 min at 37°C, and subsequently
replated at 5 x 103 cells/cm2 for continued pas-
saging. For in vitro osteogenic assays, MSCs
were replated in Control Medium at 3 x 103
cells/cm2 in 6-well (10 cm2) tissue culture plates.
The following day (Day 0), fresh Control Me-
dium was provided, and the cells were subse-
quently grown in the absence or presence of
Osteogenic Supplements (OS) (100 nM Dex, 10
mM bGP and 0.05 mM AsAP). Base media for

comparison includedDMEM, a-MEM,BGJb and
DMEM/Hams F-12 (1:1). In some experiments,
Dex was used at concentrations ranging from 1
to 1000 nM, bGP was used at concentrations
ranging from 1 to 10mM, andAsAPwas used at
concentrations ranging from 0.01 to 4 mM.
Freshly prepared 0.25 mM AsA was also com-
pared against AsAP. Media changes were per-
formed twice weekly, and the media volume
was 2 ml per dish unless otherwise specified.At
days 4, 8, 12, and 16 cultures were assayed as
described below.

Cell Proliferation Assay

Cell proliferation was measured in triplicate
cultures using a modification [Lennon et al.,
1995] of the crystal violet dye-binding method
[Westergren-Thorsson et al., 1991]. Cultures
were rinsed twice with Tyrodes balanced salt
solution, fixed with 1% gluteraldehyde (v/v) in
Tyrode’s for 15 min, rinsed twice with deionized
water, and air-dried. Cultureswere then stained
with 0.1% crystal violet (w/v) in water for 30
min. After washing, crystal violet dye was ex-
tracted from the cells by 4 h rotary incubation
at 25°C with 1% Triton X-100 (v/v in water).
Absorbance of the resulting Triton extract was
read at 595 nm on a microplate reader (Bio-
Rad). Absorbance values were converted into
absolute cell numbers based on established
standard curves.

Alkaline Phosphatase Assay

Alkaline Phosphatase (APase) enzyme activ-
ity of the cell layer was measured in triplicate
cultures by rinsing twice with Tyrode’s bal-
anced salt solution, and then incubating the
cells with 5 mM p-nitrophenyl phosphate in
50 mM glycine, 1 mM MgCl2, pH 10.5, at 37°C
for 5 to 20 min. Alkaline phosphatase enzyme
activity was calculated after measuring the ab-
sorbance of p-nitrophenol product formed at
405 nm on a microplate reader (Bio-Rad). En-
zyme activity was expressed both as nmol of
p-nitrophenol/min, and p-nitrophenol/min/106
cells.

Histochemical Analyses

Alkaline phosphatase histochemistrywas per-
formed for 1 h at 25°C as recomended by the
manufacturers instructions contained in Sigma
Kit #85. During incubation, culture dishes were
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protected from drying and direct light. Dishes
were rinsed with deionized water, and air-dried
prior to viewing. Selected specimens were sub-
sequently stained for mineral by the von Kossa
method. Cell layers were fixed with 10% forma-
lin for 1 h, incubated with 2% silver nitrate
solution (w/v) for 10 min in the dark, washed
thoroughly with deionized water, and then ex-
posed to bright light for 15 min.

Northern Blot Analysis of Osteocalcin mRNA

Human MSC cultures were grown in Control
and OS Medium for 14 days. Control and OS
treated cells were then cultured in Control Me-
dium, or Control Medium containing bGP and
AsAP respectively, with and without 10 nM
vitamin D3 for 48 h. On day 16, total RNA was
extracted with TRI-Reagent according to the
manufacturers instructions. In brief, afterwash-
ing cells with sterile DMEM, RNA was ex-
tracted with TRI-Reagent/chloroform solution
and precipitated with isopropanol. RNA was
dissolved in RNase-free DEPC-treated water,
and quantitated by measuring absorbance at
260 nm. Aliquots (20 µg) of total RNA were
separated through a formaldehyde-containing
0.9% agarose gel, and then transferred to a
nitrocellulose membrane using capillary action
[Thomas, 1980]. RNA was cross-linked to the
membrane using ultraviolet radiation (Strata-
gene, La Jolla, CA) and the membrane was
incubated for 8 h at 42°C in a solution contain-
ing 6 X SSC (1 X SSC 5 0.15 M NaCl and 0.015
M sodium citrate), 50% formamide, 7.5 X Den-
hardt’s Solution (1 X 5 0.1% BSA, 0.1% Ficoll,
and 0.1% polyvinyl pyrolidone), and 0.1 mg/ml
heat-denatured salmon sperm DNA. The mem-
brane was hybridized to a cDNA encoding hu-
man osteocalcin, which was generated by RT-
PCR of human bone RNA [Thiede et al., 1994].
This cDNA was labeled with dCTP using ran-
dom priming, and placed into fresh prehybrid-
ization solution at 1.53 106 CPM/ml. Following
hybridization at 42°C for 18 h, filters were first
washed at room temperature in a solution con-
taining 1.0 X SSC/0.1% SDS and then at 55°C
in 0.3 X SSC/0.1% SDS.Washed blots were then
exposed to Kodak X-AR5 X-ray film at -70°C
with intensifying screens for up to 2 days.
Ethidium bromide staining of 18S and 28S
rRNAwas used to demonstrate similar loading
of samples.

Calcium Assay

Cell layers were rinsed twice with PBS and
scraped off the dish in 0.5 NHCl. The cell layers
were extracted by shaking for 4 h at 4°C, then
centrifuged at 1000g for 5min, and the superna-
tant was used for calcium determination accord-
ing to the manufacturer’s instructions con-
tained in SigmaKit #587.Absorbance of samples
was read at 575 nm 3 min after the addition of
reagents. Total calcium was calculated from
standard solutions prepared in parallel, and
expressed as µg/dish.

X-Ray Diffraction Analysis

To analyze the mineral deposited as a result
of OS treatment, MSCs were grown for 16 to 20
days in the presence of 100 nM Dex, 0.05 mM
AsAP, and 10 mM bGP. The cell layers were
washed twice with PBS, scraped from the sur-
face of the dish, pelleted by brief centrifugation,
deposited as a thin layer on a flat quartz crys-
tal, air dried, and fixed with 10% neutral buff-
ered formalin. Additional specimens were gen-
erated by growing MSCs directly on glass
coverslips, rinsing twice with PBS, and fixing
with 10% neutral buffered formalin. Unedited
powder diffraction patterns of the dried cell
layers were generated using a copper X-ray
tube at a 6° take-off-angle, 1° divergence slit,
graphite diffracted beam monochromator, and
scintillation detector. Intensities (X-ray counts)
were taken at 0.02°2Q increments.

Statistics

Statistical analyses were performed using
Students one-tailed t-test.

RESULTS
Cultivation and Passaging of Human
Mesenchymal Stem Cell Cultures

When the MSC-enriched fraction of mono-
nuclear cells from the Percoll gradient was
plated in medium containing our selected lot of
fetal bovine serum, approximately one MSC
colony developed per 105 nucleated cells placed
in culture. The remaining cell population was
removed from the dish during medium changes
and subsequent passaging. The adherentMSCs
gave rise to colonies which first became visible
around day 5 of culture as cells exhibited their
characteristic spindle-shaped morphology.
Colony size grew quickly between days 6 and
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12, and the monolayer of MSC colonies were
passaged when the cell density approached 80–
90% confluence as previously described
[Haynesworth et al., 1992a,b]. Subcultured
MSCs replated at 30% confluence in new dishes
attached uniformly throughout the culture
plates. Typically, 80–90% confluence was
reached by day 8 for most of the passaged cells,
at which time, MSCs were subcultured again
and used for osteogenic assays. Retention of the
MSC phenotype following subculture has been
described previously, and is based on cell sur-
face immunostaining by MSC-specific monoclo-
nal antibodies [Haynesworth et al., 1992a]. In
general, the results presented here reflect ex-
periments performed with MSCs derived from
either 2nd or 3rd passage, although similar
results were obtained with MSCs derived from
samples which were extensively subcultured or
cryopreserved [Bruder et al., 1997].

Induction of Alkaline Phosphatase Activity
and Proliferation by OS in Human MSC Cultures

During the 16 day assay period, MSCs cul-
tured with optimized OS (containing 100 nM
Dex, 10 mM bGP, and 0.05 mM AsAP) under-
went a dramatic change in cellular morphology
which was accompanied by a significant in-
crease in APase activity. During the latter half
of this culture period, the deposition of a calci-
fied matrix on the surface of the culture dish
became evident by von Kossa staining, calcium
quantitation, and X-ray diffraction. This differ-
ence in APase activity and mineral deposition
in cultures grown with and without OS was
grossly apparent, occurred for all marrow do-
nors, and is illustrated by one representative
sample in Figure 1. MSCs cultured with OS
showed a change in their morphology from
spindle-shape to cuboidal in as little as 2 days,
and was more apparent by 4 days (Fig. 2a,e).
On day 4, approximately 30–40% of cells were
APase-positive when cultured in OS Medium,
whereas control cultures contained APase-
positive cells at a much lower frequency. The
number of total cells was also greater in OS
cultures throughout the period of study. Addi-
tionally, the APase-positive cells in control cul-
tures were always spindle-shape with only rare
APase-positive cuboidal cells. By day 8, nearly
all cells in OS cultures were cuboidal or polygo-
nal, and over 80% were APase-positive. While
control cultures grew as a uniform sheet of
cells, OS cultures began to form multilayered

nodular structures as the apparent result of
coalescing cellular aggregates (Fig. 2b,f).At day
12, OS cultures contained a well-developed uni-
form sheet of bone-like material throughout the
entire dish. The formation of these nodular
aggregates appeared to expose bare tissue cul-
ture plastic in the internodular regions (Fig.
2g,h). Early regions of mineralization were evi-
dent in day 12 OS cultures, but never in control
cultures which grew in a whirling pattern on
the dish (Fig. 2c,g). By day 16, extensive miner-
alization occurred throughout OS cultures, but
was never detected in control cultures. Al-
though the multilayered high density day 16
control samples modestly increased their num-
ber ofAPase-positive cells, the cellularmorphol-
ogy always remained spindle-shaped and did
not appear like MSCs grown in OS Medium
(Fig. 2d,h).
In an effort to study the effect of Dex on

MSCs, with particular emphasis on osteogenic
lineage induction, cultures were incubated with
different doses of Dex from 1 to 1000 nM for up
to 16 days. Cellmorphology, proliferation,APase
activity, and mineralization were assayed on
days 4, 8, and 16. Figure 3a demonstrates that
on day 8, MSCs cultured in OS containing 1 to
1000 nM Dex increaseAPase activity per cell 3-
to 8-fold compared to cells grown in Control

Fig. 1. Effect of osteogenic supplements (OS) on APase and
von Kossa staining of human MSC cultures. MSCs were seeded
at 3 x 103 cells/cm2 in 35 mm dishes, grown in Control Medium
or medium containing OS for the indicated times, and fixed and
stained for APase or mineral deposition by the von Kossa
technique as described in Materials and Methods. (Magnifica-
tion 5 0.38 X.)
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Fig. 2. Effect of OS on cell morphology, APase expression, and
mineral deposition in human MSC cultures. All specimens were
stained by APase and von Kossa histochemical techniques as
described in Materials and Methods. Phase contrast microscopy
demonstrates the spindle-shaped morphology of control MSCs
at day 4 (a), while cells grown with OS have become polygonal,
more numerous, and APase-positive (e). By day 8, control cells
are observed as nearly confluent whorls (b), while OS-treated
cells have begun to form nodular aggregates which are strongly
stained for APase (black and gray)(f). At day 12, spindle-shaped

APase-positive cells are present in control cultures (c), but cells
grown with OS have formed nodular aggregates and begun to
mineralize their matrix (shown as black granular deposits) (g).
Control cultures are uniformly dense by day 16 (d), while
OS-treated cells have deposited abundant von Kossa staining
mineral (h). The formation of nodular aggregates in OS-treated
cells results in the exposure of bare tissue culture plastic visible
in (g) and (h). Scale bar 5 500 µm in a,b,e,f and 200 µm in
c,d,g,h.
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Medium alone, or cells grown in Control Me-
dium with bGP and AsAP added. At 1 nM, Dex
significantly stimulated theAPase activity, how-
ever, cells appeared fibroblastic with a spindle-
shape morphology and no mineralized nodule
formation occurred (Fig. 3b). Maximum APase
activity per cell was observed in cultures treated
with OS containing 10 nM Dex, although osteo-
blasticmorphology andmineral depositionwere
substantially greater at 100 nMDex (Fig. 3c,d).
Cultures treated with OS containing 1000 nM
Dex demonstrated more mineralization than
those containing 100 nM Dex, however, by day
16 the cell layers cultured with 1000 nM Dex
usually detached from the dish (Fig. 3e). There
was an increase in cell number in cultures
exposed to 1 to 1000 nM Dex, with the maximal
effect observed at 1 nM (data not shown). Al-
though humanMSCs can differentiate into car-
tilage or fat, under the tissue culture conditions
used in this study, neither chondrogenic nor
adipogenic differentiation were ever observed
at any Dex dose as determined by Toluidine
Blue or oil red O staining, respectively.
Since ascorbic acid (AsA) functions as a cofac-

tor in the hydroxylation of proline and lysine
residues in collagen [Schwartz, 1985; Schwartz
et al., 1987; Aronow et al., 1990], as well as
increasing the synthesis of non-collagenous bone
matrix proteins [Graves et al., 1994], its daily
addition to osteogenic cell cultures is now con-
sidered essential. However, because of its insta-
bility in solution at 37°C and neutral pH, a

Fig. 3. a: Dose dependent effect of dexamethasone (Dex) on
APase activity in 8 day human MSC cultures. Control samples
were grown in either Control Medium (C-1) or Control
Medium 1 0.05 mM AsAP 1 10 mM bGP (C-2). Various
concentrations of Dex were added to Control Medium (C-2).
Samples were harvested on day 8, and APase activity and cell
number were determined as described in Materials and Meth-
ods. The results represent the mean6 SD of triplicate cultures of
one representative experiment. *P, 0.05; (compared to the C-1
control value). Light micrographs of humanMSC cultures grown
with different doses of Dex and stained for APase and mineral
on day 16. Cultures treated with 1 nM Dex (b) showed a
fibroblastic spindle-shapemorphologywith nomineralized nod-
ule formation, but those exposed to 10 nM Dex (c) are intensely
stained for APase. Note the presence of few cells with polygonal
osteoblastic morphology and mineral deposition, whereas 100
nM Dex treated cultures (d) showed more mineralizing APase-
positive structures. Cultures treated with 1000 nM Dex (e)
possessed maximum mineralization, but most of the cells even-
tually detached from the plate, resulting in a bare tissue culture
dish. Scale bar 5 220 µm.
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stable analogue, AsAP, has been developed
which has similar activity in tissue culture
[Hata and Senoo, 1989]. We have investigated
the effect of various concentrations of AsAP
(0.05 to 4.0 mM) on in vitro osteogenesis of
MSCs in order to eliminate the need for daily
supplementation of fresh AsA (0.25 mM, or 50
µg/ml). AsAP concentrations of 1 to 4 mM had a
toxic effect by 4 days of culture as noted by the
presence of dead floating cells and the deposi-
tion of large birefringent crystals. The maximal
increase inAPase activity, cell proliferation and
mineralized matrix production was obtained
with OS containing 0.05 mM AsAP (Table I).
The effect of this dose was nearly identical to
that of the historical gold-standard, fresh 0.25
mM AsA added daily. The addition of AsAP to
MSCs in the absence of Dex and bGP did not
cause a significant change in APase activity,
although the cell number increased indepen-
dent of dose.
Figure 4 illustrates the effect of optimized OS

Medium (100 nM Dex, 10 mM bGP, and 0.05
mMAsAP) on APase expression and cell prolif-

eration during osteogenic differentiation of hu-
man MSCs in vitro. APase activity in OS cul-
tures is elevated by day 4, and continues to
climb until peaking at day 12 (Fig. 4a). APase
activity/min/106 cells as well as total APase
activity/min declined between days 12 and 16.
This drop in APase activity in MSC cultures on
day 16 is reproducible, and correlated with
increasing mineral deposition in nearly every
culture studied. Cell number was also signifi-
cantly greater in OS treated cultures than in
control cultures at day 8 and beyond (Fig. 4b).
Finally, cell proliferation in OS cultures supple-
mented with AsAP was identical to those fed
AsA daily through day 12, and actually, AsAP
supported greater proliferation by day 16 (data
not shown). Additional evidence for the stabil-
ity and utility of AsAP is found in the observa-
tion that analogous biological results can be
observed by using a molar amount ofAsAP only
one-fifth that of AsA (0.05 mM vs. 0.25 mM)
(Table I).

TABLE I. Effect Ascorbic Acid-2-phosphate
Concentration onAPaseActivity and Cell
Proliferation in HumanMSC Cultures

on Day 8

APase activity
(p-nitrophenol
nmol/min)

Cell number
(31000)

Control Medium 0.56 6 0.03 23.20 6 2.17
Control Medium 1

bGP 1 Dex 3.43 6 0.40* 53.77 6 1.52*
Control Medium 1

bGP 1 Dex 1
AsA (0.25 mM) 5.41 6 0.16*† 77.36 6 0.78*†

AsAP (0.05 mM) 5.07 6 0.59*† 73.49 6 1.37*†

AsAP (0.10 mM) 3.93 6 0.48* 65.60 6 0.73*†

AsAP (0.25 mM) 3.85 6 0.14* 61.53 6 2.55*†

AsAP (0.50 mM) 4.05 6 0.22* 59.18 6 2.24*†

Effect of ascorbic acid-2-phosphate (AsAP) concentration on
APase activity and cell proliferation in human MSC cul-
tures. Cells were initially plated in Control Medium, and
the following day the medium was replaced with either
fresh Control Medium, Control Medium containing 10 mm
bGP and 100 nm Dex, or Control Medium containing 10
mm bGP, 100 nm Dex, and various concentrations of AsAP
or fresh ascorbic acid (AsA). Samples were harvested on
day 8, andAPase activity and cell number were determined
as described in Materials and Methods. The results repre-
sent the mean6 SD of triplicate cultures of one representa-
tive experiment. *P , 0.0005 (compared to Control Me-
dium); †P , 0.05 (compared to Control Medium containing
bGP and Dex only).

Fig. 4. APase activity and cell proliferation in human MSC
cultures grown in Control or OS Medium on days 4, 8, 12, and
16. Samples were harvested at the indicated days, and APase
activity and cell number were determined as described in
Materials and Methods. a: APase activity/min/106 cells; b: cell
number (x105). The results represent the mean6 SD of triplicate
cultures of one representative experiment. *P , 0.05; **P ,

0.01 (compared to the control value).
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Although the timing of the peak APase activ-
ity of different donors varied from days 8 to 12,
the phenomenon of osteogenic differentiation
manifest by APase induction prior to mineral
accumulation between days 12 and 16 was ob-
served in cultures from every single donor. In
order to demonstrate ubiquity of the osteoinduc-
tive phenomenonwhile simultaneously present-
ing the donor variability in absolute values of
APase activity, Table II lists the APase activi-
ties at day 8 for 7 different donors’ MSC cul-
tures grown with or without OS. These data
indicate that day 8 APase activity per cell in-
creases 1.5- to 6.4-fold depending on the donor.
For emphasis, it must be noted that some of
these donors did not exhibit peak APase activ-
ity until day 12. There was no correlation be-
tween the age of the donor and the fold increase
in APase activity of MSCs on day 8, nor was
there a correlation between the basal level of
APase activity in control cultures and the fold
stimulation in response to OS. A similar vari-
ability in APase activity by osteoblast-like cells
derived from bone marrow of different donors
has also been reported [Kassem et al., 1991;
Cheng et al., 1994].

Human MSCs Mineralize their Extracellular
Matrix in Response to OS

Human MSCs were also studied for their
ability to mineralize the extracellular matrix

which they produce when cultured in the pres-
ence of OS. Cells grown in Control Medium
alone, or Control Medium with bGP and AsAP
did not deposit detectable calcium throughout
the culture period as measured by von Kossa
staining or the sensitive colorimetric quantita-
tive calcium assay. By contrast, MSCs grown
with Dex, 10 mM bGP and AsAP deposit a
heavily mineralized matrix between days 12
and 16 (Fig. 2g,h). Importantly, thismineraliza-
tion pattern was distributed throughout the
culture dish rather than localized to a few dis-
crete foci like that observed in stroma-derived
cell cultures from rat. The X-ray diffraction
pattern of the mineral formed in these cultures
is remarkable for intensity peaks between 30
and 35° 2Q (Fig. 5a), the region which is charac-
teristic of bone apatite [Handschin and Stern,
1992]. These peaks are also coincident with the

Fig. 5. Mineral deposition in human MSC cultures grown in
Control or OS Medium. a: Unedited X-ray powder diffraction
pattern of human MSCs grown in OS Medium for 20 days,
pelleted onto a quartz crystal, and analyzed as described in
Materials andMethods. b: The amount of calcium deposition on
days 4, 8, 12, and 16. The cell layers were harvested, and
calcium content was determined as described in Materials and
Methods. The results represent the mean 6 SD of triplicate
cultures of one representative experiment. *P , 0.001 (com-
pared to the control value).TABLE II. Effect of OS onAPaseActivity in

HumanMSC Cultures from Various
Patients on Day 8

Patient
(age)

APase activity
(p-nitrophenol

nmol/min/106 cells) Fold
stimulationControl 1OS

1 (10) 45.30 6 3.30 75.17 6 2.95* 1.65
2 (32) 9.26 6 0.99 32.67 6 0.15** 3.52
3 (32) 3.01 6 2.50 7.59 6 1.60** 2.52
4 (37) 9.93 6 3.26 36.30 6 6.50** 3.65
5 (39) 42.03 6 1.91 65.85 6 2.10** 1.56
6 (47) 10.13 6 1.01 15.81 6 1.83* 1.56
7 (58) 5.36 6 1.10 34.39 6 2.70** 6.41

Effect of OS onAPase activity in humanMSC cultures from
various patients on day 8. MSCs from multiple patients
were grown in the absence or presence of OS, harvested at
day 8, andAPase activity and cell number were determined
as described in Materials and Methods. The results repre-
sent the mean6 SD of triplicate cultures of one representa-
tive experiment from each donor. *P , 0.01; **P , 0.0005
(compared to the control value).
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position of peaks for the reference standard
(JCPDS 9-432) of fully crystalline hydroxyapa-
tite. The mineralization induced in response to
OS does not appear to be the result of dystro-
phic calcification due to cell death or necrosis.
Likewise, the absence of mineral in cultures
grown in Control Medium with bGP and AsAP,
or even OS cultures maintained in a-MEM or
DMEM/F-12, further refute the possibility that
10 mM bGP is a supersaturating dose which
leads to nonphysiologic spontaneous crystal
deposition. Figure 5b graphically illustrates that
no calcium was detected at any time in control
cultures, but cultures treated with OS showed
a significant increase in calcium content of the
cell layer as early as day 8, with more substan-
tial accumulation occurring by days 12 and 16.
Here again, the absolute values of calcium depo-
sition ranged from patient to patient, but the
presence of the phenomenon did not vary (Figs.
5,8,9c).

Human MSCs Express Osteocalcin mRNA
in Response to 1, 25-(OH)2 Vitamin D3

Northern blot analysis was performed on to-
tal cellular RNA extracted from human MSCs
grown in the absence or presence of OS, with
and without a 48 h exposure to vitamin D3.
Figure 6 illustrates that in cells cultured in
either Control Medium or OS Medium without
vitamin D3, osteocalcin mRNA was undetect-
able. In the presence of vitamin D3, however,
osteocalcin mRNAwas induced in both cultures
grown in Control Medium and OS Medium.
Importantly, those cultures grown in Control
Medium with vitamin D3, which were never
stimulated into the osteogenic lineage by Dex,
expressed considerablymore osteocalcinmRNA
than those cultures which were grown in the
presence of OS for 14 days prior to their vita-
min D3 exposure. This observation is consistent
with others [Beresford et al., 1984; Cheng et al.,
1994] who have demonstrated attenuation of
vitamin D3 responsiveness when overtly osteo-
blastic cells are exposed to Dex.

Basal Tissue Culture Medium Influences
Expression of the Osteogenic Potential

of Human MSCs

Different nutrient-containing basal media
were found to influence the osteogenic differen-
tiation of human MSCs. Cultures were plated
in Control Medium (containing DMEM) and
then switched to various base media 1 day after

initial plating (Day 0). For these experiments,
all media contained the same selected lot of
fetal bovine serum at 10% (v/v). As shown in
Figure 7, specimens grown in BGJb 1 OS died
and detached from the plate by day 12. Cells
grown in DMEM/F-12 1 OS showed only a
modest increase in APase activity throughout
the culture period. By contrast, cultures grown
in DMEM or a-MEM increased their popula-
tion of APase-positive cuboidal cells substan-
tially by day 8 when grown in the presence of
OS. It is critical to note that the background
level of APase staining in a-MEM cultures is
quite higher than that observed in DMEM cul-
tures. Quantitative assessment of APase dem-
onstrated maximal activity in a-MEM 1 OS
throughout the entire culture period, but basal
APase expression in these control cultures was
relatively high, and not substantially different
than DMEM1OS (Table III). DMEM alone
showed the lowest basal APase activity com-
pared to any other medium tested. Although
a-MEM1OS resulted in themaximum absolute
APase activity, the fold stimulation over the
respective control (medium without OS) was

Fig. 6. Expression of osteocalcin mRNA in human MSC cul-
tures grown in Control or OS Medium in the absence or
presence of vitamin D3. Cultures were grown in either Control
or OS medium for 14 days, and then exposed to Control
Medium, or Control Medium containing bGP and AsAP, respec-
tively, with and without 10 nM vitamin D3 for the final 48 h of
culture. Upper panel: Northern blot for osteocalcin mRNA in
Control and OS-treated cultures grown in the absence and
presence of vitamin D3. Lower panel: Ethidium bromide stain-
ing of the agarose gel for ribosomal RNA demonstrates similar
loading in each lane.
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greater in samples cultured in DMEM1OS.
Specifically, addition of OS to DMEM increased
the APase activity by about 13-, 11-, and 6-fold
on days 8, 12, and 16 respectively, while the
addition of OS to a-MEM increasedAPase activ-
ity only 4-, 4-, and 2-fold, for the same culture
periods. The addition of OS to DMEM signifi-
cantly stimulated the proliferation of MSCs
during the entire culture period, but inhibited
proliferation of cells cultured in a-MEM (Table
III). As compared to DMEM and a-MEM,MSCs
grown in DMEM/F-12 in both the absence and
presence of OS showed a low cell number (data
not shown). Interestingly, although a-MEM 1
OS cultures exhibited maximal APase activity,
mineralization was sparsely detected by von
Kossa staining. Cultures grown in DMEM 1
OS contained less totalAPase activity, but were
substantially more mineralized than those
grown in a-MEM 1 OS.

Effect of Initial Seeding Density on Alkaline
Phosphatase Induction, Cell Proliferation

and Mineralization

Human MSCs grown in OS Medium with an
initial cell plating density of either 3 x 103/cm2

or 5 x 103/cm2 showed no significant difference
in APase activity beyond day 8, and no signifi-
cant difference in cell number after day 4 (data
not shown). However, mineralized matrix depo-
sition by von Kossa staining and quantitative
calcium determinations were positively corre-
lated with the higher initial plating density. No
calcium was detected in cultures grown in Con-
trol Medium at any seeding density up to day
16. Dishes seeded with 5 x 103 cells/cm2 pro-
duced significantly more calcium deposits com-
pared to those seeded at 3 x 103 cells/cm2 from
day 8 onward (Fig. 8). Cells plated at 5 x 103/
cm2 showed increases of 8%, 101%, and 37% in
calcium content on days 8, 12, and 16, respec-
tively, when compared to identical cells grown
after an initial plating density of 3 x 103/cm2.
Culture dishes seeded with 7.5 x 103 cells/cm2

deposited even more mineral than cultures
seeded at 5 x 103/cm2, however, the greater
seeding density typically resulted in detach-
ment of the cell layers between days 12 and 16.

Effect of Tissue Culture Medium Volume
per Dish on Alkaline Phosphatase Induction,

Cell Proliferation, and Mineralization

We also investigated the effect of growing
human MSCs in 10 cm2 dishes containing 1 vs.
2 ml of culture media per dish. For all previous
experiments within this report, cultures were
routinely fed 2 ml of medium. Interestingly,
while there was no recognizable difference in
morphology, APase activity, or cell proliferation
at any time in cultures grown with 1 or 2 ml of
either Control Medium or OS Medium (Table
IV), there was a significant increase in mineral-
ization of cultures grown in 1 ml of medium
(Fig. 9c). Despite the dramatic increase in cell
surface APase activity of cultures grown with
OS, measurements of soluble APase activity in
the media collected from cells grown either
under Control or OS conditions are extremely
low and not statistically different. Further-
more, there was no difference in soluble APase
activity in the media from cultures grown with
1 or 2 ml of either Control or OS medium, thus
refuting the possibility that advanced mineral-
ization in cultures fed 1 ml is simply a conse-

Fig. 7. APase staining of human MSC cultures grown in the
absence or presence of OS in various base media on day 12.
Cells were initially plated in DMEM Control Medium, and the
following day the medium was changed to that indicated in the
figure. On day 12, triplicate samples were stained for APase as
described in Materials and Methods. Note that cells grown in
BGJb 1 OS detached from the plate. (Magnification 5 2.2 X.)
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quence of increased soluble APase concentra-
tion. The photomicrographs in Figure 9a and b
illustrate that cell morphology is unchanged by
reducing the volume of medium to 1 ml, al-
though the extent of mineralization is dramati-
cally increased.

DISCUSSION

This study demonstrates that purified, cul-
ture-expanded human MSCs can be directed
into the osteogenic lineage in vitro, culminating
in mineralized matrix production, and thereby
establishing a system for studying human osteo-
blast differentiation from postnatal stem cells.
The addition of Osteogenic Supplements (100
nM Dex, 10 mM bGP, and 0.05 mM AsAP) to

MSC cultures was capable of inducing rapid
osteogenesis as defined by the appearance of
osteoblastic cell morphology, increased expres-
sion of APase, reactivity with anti-osteogenic
cell surface monoclonal antibodies [Bruder et
al., 1995], the formation of a mineralized extra-
cellular matrix containing hydroxyapatite, and
attenuation of vitamin D3-responsive osteocal-
cin mRNA synthesis. Physiologic concentra-
tions of glucocorticoid were required for this
phenomenon, which was further supported by
an ascorbic acid analogue and b-glycerophos-
phate. This culture system is responsive to

Fig. 8. Effect of initial plating density on calcium deposition by
human MSCs grown in the presence of OS on days 4, 8, 12, and
16. Cells were initially seeded at 3 x 103/cm2 or 5 x 103/cm2,
switched to OS Medium the following day, and harvested at the
indicated times. Calcium deposition was determined as de-
scribed in Materials and Methods. The results represent the
mean 6 SD of triplicate cultures of one representative experi-
ment. No significant difference in cell number was detected
beyond day 4. **P , 0.01 (compared to dishes seeded at 3 x
103/cm2).

TABLE III. Effect of Basal Tissue Culture Medium onAPaseActivity and Cell Proliferation in
HumanMSC Cultures

Day

APase activity (p-nitrophenol nmol/min/106 cells) Cell number (31000)

DMEM DMEM 1 OS a-MEM a-MEM 1 OS DMEM DMEM 1 OS a-MEM a-MEM 1 OS

4 0.52 6 0.33 4.63 6 0.41* 0.45 6 0.28 3.67 6 0.31* 6.45 6 1.20 9.14 6 0.63* 11.92 6 0.99 10.79 6 0.78
8 0.74 6 0.26 9.31 6 2.15* 4.18 6 0.16 18.08 6 3.95* 27.87 6 2.75 46.69 6 3.32* 80.69 6 0.58 68.13 6 3.96*
12 1.59 6 0.60 17.11 6 3.65* 10.53 6 1.96 38.13 6 4.77* 72.40 6 5.86 92.49 6 10.03* 122.00 6 6.41 97.49 6 2.33*
16 6.28 6 1.34 39.17 6 7.26* 33.10 6 1.40 80.34 6 6.17* 87.19 6 6.26 123.08 6 9.04* 171.37 6 21.59 141.72 6 6.07*

Effect of basal tissue culture medium volume on APase activity and cell proliferation in human MSC cultures. Cells were
initially plated in DMEM Control Medium in 24-well plates, and the following day the medium was changed to DMEM or
a-MEM with and without OS. Samples were harvested on days 4, 8, 12, and 16, and APase activity and cell number were
determined as described in Materials and Methods. The results represent the mean 6 SD of triplicate cultures of one
representative experiment. *P , 0.05 (compared to the corresponding control cultures without OS).

TABLE IV. Effect of Cell Culture Medium
Volume onAPaseActivity and Cell

Proliferation in HumanMSC
Cultures on Day 16

Control
medium

1OS
medium

APase Activity
(p-nitrophenol
nmol/min/106

cells)
1 ml medium 76.53 6 4.63 100.91 6 27.54
2 ml medium 76.50 6 1.31 121.27 6 10.89

Cell Number (31000)
1 ml medium 227 6 6 537 6 54
2 ml medium 230 6 4 561 6 123

Effect of cell culture medium volume on APase activity and
cell proliferation in human MSC cultures grown in the
absence or presence of OS on day 16. Cells were initially
plated in 2 ml of Control Medium. The following day, the
medium was changed and samples were grown in dishes
containing 1 or 2 ml of Control or OS Medium which was
then changed twice weekly. APase activity and cell number
were determined on days 4, 8, 12 and 16 as described in
Materials and Methods. The results represent the mean 6

SD of triplicate cultures of one representative experiment.
All P values. 0.3 (comparing samples fed 1 or 2 ml for each
assay, both with and without OS).
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subtle manipulations including the basal nutri-
ent medium, dose of physiologic supplements,
cell seeding density, and volume of tissue cul-
ture medium. With the above in mind, cultured
human MSCs provide a useful model for evalu-
ating the multiple factors responsible for the

step-wise progression of cells from undifferenti-
ated precursors to secretory osteoblasts, and
eventually terminally differentiated osteocytes.
While primary cultures of human MSCs ap-

pear morphologically similar to bone marrow
stroma-derived cells from human rib [Cheng et
al., 1994] or rat long bone [Maniatopolous et al.,
1988], the precise conditions for the cultivation
of these cell types has a profound effect on cell
selection and behavior. The cell seeding den-
sity, type of tissue culture plastic, and source of
fetal calf serum are known to affect the develop-
mental potential of cultured cells [Maniatopo-
lous et al., 1988; Aronow et al., 1990; LeBoy et
al., 1991; Haynesworth et al., 1992a,b; Galla-
gher et al., 1996]. For these reasons, we have
developed a screening protocol which distin-
guishes serum lots capable of selecting for, and
perpetuating, the human MSC phenotype in
vitro [Lennon et al., 1996]. Furthermore, unlike
other human marrow stroma-derived cell cul-
ture systems [Kassem et al., 1991; Cheng et al.,
1994; Gundle et al., 1995], we maintain cells in
the log phase of growth without allowing them
to become confluent and formmultilayers, since
differentiation of mesenchymal cells is known
to be triggered by increasing cell density [Caplan
et al., 1983]. This protocol for handling human
MSCs supports the retention of stem cell-like
properties for many passages, or until such
time that the cells are placed in an inductive
environment [Haynesworth et al., 1992a; Bru-
der et al., 1997].
The formation of nodular aggregates byMSCs

cultured with OS is strikingly different than
that which occurs in bone marrow stroma-
derived cell cultures from either rat [Maniatopo-
lous et al., 1988; LeBoy et al., 1991] or chick
[Kamalia et al., 1992], as well as those calvarial
cell cultures from fetal rat [Bellows et al., 1987;
Aronow et al., 1990] or chick [Gerstenfeld et al.,
1987]. While these latter systems form spa-
tially discrete nodules upon the dish, with each
individual nodule apparently representing one
progenitor cell [Bellows and Aubin, 1990], hu-
man MSC cultures form a continuously inter-
connected network of mineralized extracellular
matrix. The sheet-like uniformity of this osteo-
genic response is reminiscent of the intramem-
branous ossification which occurs in developing
calvariae and long bone diaphyses [Caplan and
Pechak, 1987]. The observation that virtually
all cells are involved in the formation of this
bone-like material (Figs. 1, 2, and 3) argues

Fig. 9. Phase contrast micrograph of MSC cultures in 10 cm2

dishes fed 2 ml (a) or 1 ml (b) of OS Medium, and stained for
APase and mineral deposits on day 16. Note the increase in
mineralization, shown as black deposits, in cultures grown in 1
ml of medium (b) compared to those grown in 2 ml of medium
(a). Scale bar 5 500 µm. c: Calcium deposition of human MSCs
grown in 1 ml or 2 ml of OS Medium on days 4, 8, 12, and 16.
The results represent the mean 6 SD of triplicate cultures of one
representative experiment. No significant difference in cell num-
ber or APase activity was observed during the culture period
(see Table III). *P , 0.05.

Osteogenic Differentiation of Human MSCs 307



against the selective induction of a limited num-
ber of osteoprogenitors and supports the charac-
terization of this population of cells as homoge-
neous. The minor variations in regional APase
and von Kossa staining likely reflect the extent
of differentiation of individual cells and their
relative maturity within the osteogenic lineage.
While osteoprogenitor cells are generally APase-
negative, and those cells which are terminally
differentiated, or osteocytic, are also weakly
stained for APase, the majority of cells in the
midst of lineage progression are highly APase-
positive.
The addition of OS to MSC cultures caused a

significant increase in APase activity per cell
over time, which we interpret to reflect the
degree of progression into the osteoblastic lin-
eage. The subsequent decrease in APase activ-
ity per cell beyond day 12 correlates with ad-
vanced matrix mineralization, modulation of
osteocalcin mRNA expression, and terminal os-
teogenic cell differentiation as MSCs become
osteocytes [Bruder and Caplan, 1989, 1990; Na-
kahara et al., 1990]. Monoclonal antibodies
against normal human osteogenic cell surface
antigens also react with these cultures, confirm-
ing their progression into the bone cell lineage
[Bruder et al., 1995]. Interestingly, despite a
lower APase activity per cell, cultures grown in
DMEM 1 OS mineralized more extracellular
matrix than those grown in a-MEM 1 OS. This
observation could indicate that within the 16
day culture period, DMEM base medium sup-
ports further osteogenic differentiation ofMSCs
than a-MEM. The small amount of mineraliza-
tion observed in a-MEM 1 OS cultures, in spite
of having higher APase activity than
DMEM1OS cultures, could be due to the inhibi-
tion of proliferation which occurs in a-MEM 1
OS, thereby resulting in a sub-threshold den-
sity of cells required to signal the mineraliza-
tion process. This lack of mineralization is con-
sistentwith our experiments showing that lower
initial cell seeding densities result in less min-
eral deposition. Another explanation for the
small amount of mineralization in a-MEM 1
OS cultures is that these cells have not been
provided with the appropriate microenviron-
ment to complete the lineage translation in
vitro by day 16. It is possible that, given more
time, a-MEM 1 OS would foster even more
mineralized matrix than DMEM 1 OS. Al-
though a-MEM medium has been shown to
support mineralization of stroma-derived cell

cultures in vitro, despite Dex-mediated inhibi-
tion of proliferation [Cheng et al., 1994], mul-
tiple variables could account for this discrep-
ancy with our data, including differences in the
nature and inherent osteogenic potential ofmar-
row-derived cells isolated from different tissues
under different conditions. Variations in the
base medium favoring maintenance of the MSC
phenotype (DMEM), evidenced byMSC-specific
immunostaining, or maximal initial recruit-
ment into the osteogenic lineage (a-MEM 1
OS), noted by the percent APase-positive cells
and APase activity, are inherently interesting
and warrant further examination.
Paradoxically, glucocorticoids have both

stimulatory and inhibitory effects on osteogenic
differentiation depending upon the dose, dura-
tion, stage of cell differentiation, and species of
responding cell. Dex is an absolute requirement
for in vitro bone nodule formation and mineral-
ization in rat marrow stroma-derived cell cul-
tures [Maniatopoulos et al., 1988], but it can
still influence adipogenesis of these cells in a
dose- and time-dependent manner [Beresford
et al., 1992]. Rickard et al. [1994] found that
treatment of rat marrow stroma-derived cells
with Dex results in a population of mature
osteoblasts as well as a population of undiffer-
entiated cells which retain the capacity for os-
teoblastic differentiation with secondary expo-
sure to Dex. Furthermore, Turksen and Aubin
[1991] demonstrated thatAPase-negative osteo-
progenitors are dependent upon Dex for differ-
entiation into the bone-forming phenotype, but
APase-positive cells did not require Dex to
produce bone nodules. Expression of the 1, 25-
(OH)2 vitamin D3-dependent bone matrix pro-
tein, osteocalcin, is also influenced by glucocor-
ticoids. Although rat marrow stroma-derived
cells upregulate osteocalcin mRNA and protein
synthesis in response to vitamin D3 and Dex
[Malaval et al., 1994; Rickard et al., 1994],
human osteoblastic cells [Beresford et al., 1984;
Wong et al., 1990; Subramanian et al., 1992;
Cheng et al., 1994] show a marked reduction in
the vitamin D3-dependent expression of osteo-
calcin when exposed to Dex. Recent studies by
Cheng et al. [1996] further demonstrate that
human bone marrow stromal cells decrease
their osteocalcin mRNA expression after only
one day of Dex exposure, and this Dex-medi-
ated antagonism persists throughout the four
week culture period. Our efforts to localize bone
Gla protein, or osteocalcin, within the cell layer
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by immunohistochemical techniques have met
with only limited success, and may reflect the
low levels of expression noted by other investi-
gators employing similar in vitro systems
[Schepmoes et al., 1991; Cheng et al., 1996].
These studies, combined with the results pre-
sented here, suggest that osteocalcin may not
be a straightforward or reliable marker for hu-
man osteoblastic cell differentiation. The com-
plexity of osteocalcin regulation at the level of
transcription and translation is not only depen-
dent on vitamin D3 and Dex directly [Schep-
moes et al., 1991], but the developmental state
and species of the cell under investigation. Glu-
cocorticoid-mediated attenuation of vitaminD3-
induced osteocalcin expression inmature osteo-
blastic cells, reproduced in the current study
with humanMSC cultures, may reflect a reduc-
tion in the number of vitamin D receptors on
osteoblastic cells in response to glucocorticoids
[Godschalk et al., 1992]. The fact that such
attenuation is conserved 48 h after removal of
Dex is consistentwith other studies demonstrat-
ing the sustained effect of Dex on human MSCs
up to two weeks following its withdrawal
[Bruder and Jaiswal, 1995; Jaiswal and Bruder,
1996].
Since high concentrations of glucocorticoids

cause bone loss and decreased osteoblastic activ-
ity, as observed in Cushing’s Syndrome, the
precise pathologic mechanism is at odds with a
number of experimental observations. The pres-
ent study demonstrates that, depending on the
tissue culturemedium, Dex significantly stimu-
latesMSC proliferation and osteogenic differen-
tiation. One may therefore suggest that in vivo,
such bone loss results from stimulating progeni-
tor cell proliferation and differentiation, thus
depleting the reserves of available precursor
cells. Those investigators who observe inhibi-
tion of proliferation in vitro, however, would
propose that a reduction in the number of osteo-
progenitor cells occurs through an inhibitory
pathway. By either mechanism, the end result
is a diminution in the available pool of bone-
forming cells. In light of the inconsistencies
regarding Dex’s action on cells of the osteogenic
lineage, the role of glucocorticoids in bone physi-
ology will continue to require substantial fu-
ture efforts.
Our study further shows that while a higher

initial plating density did not result in signifi-
cantly different cell numbers beyond day 4, or
different APase activity beyond day 8, there

was significantly more mineral deposited in
cultures seeded at higher densities. At day 4,
differences in cell number under each plating
condition simply reflect the difference in initial
seeding density (data not shown). The number
of cells after day 4 was independent of the
initial seeding density over the range of 3 x 103
to 5 x 103 cells/cm2. In rat marrow stroma-
derived cell cultures [Herbertson and Aubin,
1995], like those of chick [Kamalia et al., 1992],
nodule formation and especially the onset of
mineralization are density-dependent: both oc-
curred earlier when cells were plated at higher
densities. Together, these observations suggest
that the extent of eventual mineralization is, in
part, linked to events which occur upstream in
the differentiation process. This hypothesis is
consistent with other studies of stem cell differ-
entiation, which demonstrate that committ-
ment to an end-stage phenotype is determined
at the beginning of the pathway [Shimizu and
Bode, 1995].Additional evidence supporting the
role of cell-cell interactions comes from our
experiments in which the tissue culture me-
dium volume was reduced from 2 ml to 1 ml.
Here again, no difference in cell number or
APase activity was observed, although signifi-
cantly more mineralization occurred in those
cultures exposed to lessmedium. Because osteo-
blastic cells are known to elaborate soluble
factors which regulate their own differentiation
[Van Der Plas and Nijweide, 1988; Hughes and
McCulloch, 1991], reducing the volume of cul-
ture medium would result in an increase in the
effective concentration of those soluble factors.
Different lots of fetal bovine serum, each with a
slightly different complement of bioactive fac-
tors, are also known to influence the extent of
mineralization [Aronow et al., 1990; Gallagher
et al., 1996]. With this in mind, we interpret
these data to suggest that differentiating hu-
man MSC cultures secrete autocrine or para-
crine factors that act locally to stimulate expres-
sion of the mature osteoblast phenotype. The
elaboration and identification of soluble osteoin-
ductive factors by MSCs undergoing osteogenic
differentiation is an area of active investigation
[Jaiswal and Bruder, 1997).
The isolation of humanMSCs and their culti-

vation under the conditions described in this
report provide a system for analyzing the events
ofMSC committment and osteogenic differentia-
tion into fully functional secretory osteoblasts
and osteocytes. By carefully optimizing this
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culture system, we have established a model
which is responsive to the effects of subtlemodi-
fications to the environment in vitro. With the
ability to examine the cell andmolecular events
of differentiation from purified, culture-ex-
panded multipotent MSCs, we have the capac-
ity to address experimental questions which
cannot be answered using more mature and
heterogeneous human osteoblasts derived from
trabecular bone explants. The recent develop-
ment of serum-free defined media for rat and
humanMSC cultivation [Lennon et al., 1995; J.
Holecek, D. Lennon, S.Haynesworth,A. Caplan,
and D. Marshak, personal communication] will
further facilitate examination of the effects of
known bioactive factors, provide a useful experi-
mental platform for identifying new bioactive
factors, and assist in the ultimate characteriza-
tion of their mechanisms of action. Such an
advanced understanding of the cellular and
molecular events of bone formation may, in the
future, allow us to control humanMSC differen-
tiation in situ to treat various pathologic condi-
tions resulting from insufficient osteoblastic ac-
tivity or cell number.
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