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Fluorescence Activated Cell Sorting Reveals
Heterogeneous and Cell Non-Autonomous
Osteoprogenitor Differentiation in Fetal
Rat Calvaria Cell Populations
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Abstract Identification of osteoblast progenitors, with defined developmental capacity, would facilitate studies on
a variety of parameters of bone development. We used expression of alkaline phosphatase (ALP) and the parathyroid
hormone/parathyroid hormone-related protein receptor (PTH1R) as osteoblast markers in dual-color fluorescence
activated cell sorting (FACS) to fractionate rat calvaria (RC) cells into ALP�PTH1R�, ALPþPTH1R�, ALP�PTH1Rþ, and
ALPþPTH1Rþ populations. These fractionated populations were seeded clonally (n¼ 96) or over a range of cell densities
(�150–8,500 cell/cm2; n¼ 3). Our results indicate that colony forming unit-osteoblast (CFU-O)/bone nodule-forming
cells are found in all fractions, but the frequency of CFU-O and totalmineralized area is different across fractions. Analysis
of these differences suggests that ALP�PTH1R�, ALP�PTH1Rþ, ALPþPTH1R�, and ALPþPTH1Rþ cell populations are
separated in order of increasing bone formation capacity. Dexamethasone (dex) differentially increased the CFU-O
number in the four fractions, with the largest stimulation in the ALP� cell populations. However, there was no significant
difference in the number or size distribution of CFU-F (fibroblast) colonies that formed in vehicle versus dex. Finally, both
cell autonomous and cell non-autonomous (i.e., inhibitory/stimulatory effects of cell neighbors) differentiation of osteo-
progenitors was seen. Only the ALP�PTH1R� population was capable of forming nodules at the clonal level, at approxi-
mately 3- or 12-times the predicted frequency of unfractionated populations in dex or vehicle, respectively. These data
suggest that osteoprogenitors can be significantly enriched by fractionation of RC populations, that assay conditions
modify the osteoprogenitor frequencies observed and that fractionation of osteogenic populations is useful for interroga-
tion of their developmental status and osteogenic capacity. J. Cell. Biochem. 90: 109–120, 2003. � 2003 Wiley-Liss, Inc.
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In primary bone- or bone marrow (BM)-deriv-
ed cell cultures of a variety of species (e.g.,
chicken, human, mouse, rat), a subpopulation

of cells is capable of forming three-dimensional
nodules resembling woven bone [Bellows
et al., 1986; Gerstenfeld et al., 1987; Falla
et al., 1993; Bellows et al., 1998; Nishida et al.,
1999; Siggelkow et al., 1999]. These nodules are
the endpoint of a proliferation–differentiation
sequence of osteoprogenitors and serve as
the basis of the colony forming unit-osteoblast
(CFU-O) assay. In the rat calvaria (RC)
model used in this study, limiting dilution
analysis has suggested that approximately
0.3% of the RC population is a CFU-O under
standard culture conditions and that only one
cell type is limiting, suggested to be the osteo-
progenitors themselves [Bellows and Aubin,
1989].
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The bone nodule assay has contributed to in-
creased understanding of osteoblast differentia-
tion [Nefussi et al., 1985; Bellows and Aubin,
1989; Rodan and Noda, 1991; Onyia et al., 1999].
In the RC and related models, expression of
proliferation-associated (e.g., c-fos) and osteo-
blast-associated genes (e.g., type I collagen
(COLLI), alkaline phosphatase (ALP), osteo-
pontin (OPN), osteocalcin (OCN), bone sialopro-
tein (BSP)), are asynchronously upregulated,
acquired, and/or lost as progenitor cells prolif-
erate and differentiate and matrix matures and
mineralizes [Owen et al., 1990; Rodan and
Noda, 1991; Yao et al., 1994]. Together, the
gene expression data support differentiation
stages or a hierarchical relationship between
more primitive versus more mature cells within
the lineage [Lian and Stein, 1995; Aubin, 1998].

In spite of these advances, the lack of suitable
markers to identify the most primitive osteo-
progenitors has made their purification diffi-
cult, although some attempts to study lineage
progression and to enrich for CFU-O have
been made [Falla et al., 1993; Long et al.,
1995; Chen et al., 1997; Zohar et al., 1997;
Reyes and Verfaillie, 2001]. For example, anti-
bodies (STRO-1, HOP-26) have been developed
against adult human BM cells that aid in
identification of early progenitor cells [Simmons
and Torok-Storb, 1991; Gronthos et al., 1994;
Joyner et al., 1997]. Sorting based on expression
profiles of osteoblast-associated molecules, such
as ALP, has enriched CFU-O in both rat BM
stromal cell cultures [Herbertson and Aubin,
1997] and RC cell cultures [Turksen and Aubin,
1991]. In the latter study, the data also
indicated that some CFU-O undergo default
differentiation in culture while others require
an inducing agent, such as dexamethasone
(dex). Based on the presence or absence of
ALP, those requiring dex are considered more
primitive than those not requiring dex to dif-
ferentiate in vitro [Turksen and Aubin, 1991].
Dex also appears to recruit or promote matura-
tion of more primitive human osteoprogenitors
[Stewart et al., 1999; Walsh et al., 2000, 2001].
Dual-color sorting based on STRO-1 and ALP of
human BM stromal cells [Stewart et al., 1999;
Walsh et al., 2000, 2001] and cells derived from
human trabecular bone [Gronthos et al., 1999]
has provided further evidence for a lineage
hierarchy in which STRO-1þ/ALP� osteopro-
genitors progress to preosteoblasts (þ/þ) and
osteoblasts (�/þ) prior to a loss of expression of

known osteoblast markers [Gronthos et al.,
1999].

Many studies to date have relied on differ-
ences in marker expression, rather than func-
tional outcome (i.e., capacity to form a bone
nodule), to determine osteoprogenitor presence
and differentiation or maturational status.
To re-address the requirement of early bone
nodule-forming osteoprogenitor cells for dex, to
examine their differentiation status and mar-
ker expression, and to attempt to achieve more
robust enrichment than has been achieved to
date, we used dual color sorting with two known
osteoblast-associated markers. Although dis-
crepant and contradictory data exist on the
differentiation stage-specific manner of para-
thyroid hormone/parathyroid hormone-related
protein receptor (PTH1R) expression [Rouleau
et al., 1988; Lee et al., 1993], reviewed [Aubin
and Heersche, 2001], most data suggest that
PTH1R is expressed at low levels relatively
early in the differentiation cascade, with
increasing expression as osteoblasts mature
[Rodan and Noda, 1991; Liu et al., 2003],
reviewed [Aubin and Heersche, 2001]. Based
on its relatively restricted expression, and the
view that it is regulated in a differentiation
stage-specific manner, we reasoned that PTH1R
might serve as a useful marker when paired
with ALP, a relatively early marker of differ-
entiating osteoblast precursors that increases
then decreases as mineralization progresses.

By coupling gene expression and dex respon-
siveness, we report a surprising heterogeneity
in the range of osteoprogenitors capable of
forming bone nodules in vitro and evidence for
both cell autonomous and non-autonomous
differentiation of CFU-O.

MATERIALS AND METHODS

Reagents

Medium (a-minimum essential medium
(aMEM)), phosphate-buffered saline (PBS), and
citrate-buffered saline were purchased from
the Tissue Culture Media Preparation core at
the University of Toronto (Toronto, Ont.). Fetal
bovine serum (FBS) was purchased from Can-
Sera (Toronto, Ont.), and antibiotics were as
follows: penicillin G (Sigma Chemical Co., St.
Louis, MO), and gentamycin sulfate and fungi-
zone from GibcoBRL, Burlington, ON. Trypsin
was obtained from GibcoBRL. Ascorbic acid was
obtained from Fisher Scientific, Hampton, NH,
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and b-glycerophosphate (bGP), rat synthetic
parathyroid hormone (PTH) (1–34), dex, and
anhydrous ethyl alcohol were purchased from
Sigma.

Cell Culture

RC cells. Fetal RC cells were obtained by
sequential enzymatic digestion of calvariae
from 21-day-old fetuses as previously described
[Bellows et al., 1986]. Cells recovered from the
last four digest steps (pop II-V) were plated
separately in T-75 flasks containing aMEM,
15% heat-inactivated FBS, and antibiotics:
0.1 mg/ml penicillin G; 50 mg/ml gentamycin
sulfate; 0.25 mg/ml fungizone. After 24 h, the cell
populations were washed with PBS to remove
debris and the adherent cells were collected
with 0.2% trypsin in citrate-buffered saline. The
viable cells were then pooled, resuspended in
standard medium (10% FBS) as described
above, and an aliquot counted with a hemocyt-
ometer. Experiments were performed with
either the primary RC cells (collected 24 h after
digest) or secondary RC cells that had been re-
plated at �106 cells/100-mm dish 24 h after the
digest and allowed to grow for 3–4 days in
standard medium. Medium was replenished
every 2 days and cells were incubated at 378C in
a 5% CO2 humidified atmosphere.
ROS 17/2.8 cells. ROS 17/2.8 cells (kindly

provided by Dr. G. Rodan, Merck, West Point,
PA) were maintained in aMEM, supplemented
with 10% FBS and antibiotics (as above) in a
humidified atmosphere with 5% CO2 at 378C.
Medium was changed every other day and the
cells grown in T-75 flasks were allowed to reach
confluence either with or without the addition of
dex (10�8 M) and ascorbic acid (50 mg/ml).

Flow Cytometry

Cell surface analysis. Cells were trypsi-
nized as above, resuspended in ice cold Hanks-
buffered salt solution containing 2% FBS (HF)
and incubated at �107 cells/ml for 45 min at 48C
using the appropriate dilutions of primary
antibodies for ALP and PTH1R. The mouse
monoclonal antibody RMB211.13 recognizing
rat bone/liver/kidney ALP [Turksen and Aubin,
1991] was used at a 1:600 dilution in HF. A
rabbit polyclonal antibody against PTH1R,
purified via peptide affinity chromatography,
was purchased from Covance Research Pro-
ducts, Inc., (Princeton, NJ). It (rat pep IV) was

generated from a sequence in the first extra-
cellular loop region of the rat PTH1R (CTLDE-
SARLTEEELH) and was used at 1:50 or 1:100
dilution depending on the lot. Cells were
washed twice in HF, incubated for 45 min at
48C with fluorescein (FITC)-conjugated donkey
anti-mouse IgG at 1:200 (HþL) and R-phycoer-
ythrin (PE)-conjugated AffiniPure F(ab0)2 frag-
ment donkey anti-rabbit IgG (HþL) at 1:100 or
1:200 (Jackson ImmunoResearch Laboratories,
Inc., (West Grove, PA), washed twice in HF, and
resuspended in HF with 1 mg/ml 7-AAD (Mole-
cular Probes Inc., Eugene, OR) for bulk sorting
with EPICS ELITE (Beckman Coulter, Inc.,
Fullerton, CA) or single cell sorting with
MoFlow1 fluorescence activated cell sorting
(FACS) (Cytomation, Fort Collins, CO), capable
of sorting four subsets simultaneously with
purity >99.5%. The 488 nm argon ion laser
was used to excite samples, with emission being
measured using appropriate band pass filters.
Cells were passed through a 70 mm nylon cell
strainer (Becton Dickinson, Franklin Lakes,
NJ) prior to analysis to remove clumps. Viable
cells (7-AAD�) were collected in 4 ml tubes
containing medium (15% FBS) or were sorted
directly into 96-well plates containing 150 ml
standard medium. Negative controls were
employed with secondary antibodies alone.
Due to a lack of high PTH1R expression in the
RC population, compensation was set by using
ROS 17/2.8 cells grown for 4–5 days with 10�8 M
dex and 50 mg/ml ascorbic acid, as these con-
ditions resulted in a high induction of PTH1R.

The sorted cell populations (viable/sort or
ALP�PTH1R�, ALP�PTH1Rþ, ALPþPTH1R�,
ALPþPTH1Rþ) were collected on ice and plated
at densities ranging from 250 to 15,000 cells/
well in 24-well plates (n¼ 6) in standard
medium for the CFU-O assay. After 24 h,
medium was changed to aMEM with 10% FBS,
antibiotics, 50 mg/ml ascorbic acid, 10 mM bGP,
and either vehicle control (0.11% ethanol; n¼ 3)
or 10�8 M dex (n¼ 3). Cultures were maintained
for 11–21 days prior to staining. The single cells
sorted directly into 96-well plates from the four
fractions and the control (viable/sort) were
treated with either vehicle or dex for 32 days
before von Kossa and ALP staining.

Immunolabeling

Immunolabeling of RC cultures was done as
described previously [Liu et al., 1994]. Briefly,
cultures were rinsed with PBS and fixed with
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3.7% formaldehyde in PBS. Dishes were in-
cubated for 45 min at 378C with appropriate
dilutions of primary antibodies in PBS
(RBM211.13 at 1:600 purified ascites fluids,
rat pep IV at 1:50 or 1:100) with 3% bovine
serum albumin (BSA). Nodules were rinsed
with PBS and then incubated for 30 min at room
temperature with FITC-conjugated a-mouse
IgG (1:200) and PE-conjugated F(ab0)2 a-rabbit
IgG (1:200) prior to final rinse and mounting
with Immuno Fluore Mounting Medium (ICN
Biomedicals, Inc., Aurora, OH). Under the same
conditions as specific labeling, controls with 3%
BSA and secondary antibodies gave a weak
fluorescent signal.

Quantification of Nodule Number and Area

Mineralized bone nodules were identified by
double labeling for mineral (von Kossa stain)
and ALP as described [Aubin, 1999]. The num-
ber of bone nodules was determined by manual
counting on a microscope, alternatively dishes
were scanned on a flatbed scanner (AGFA) with
the number of bone nodules and area deter-
mined by image analysis with Image-Pro1 Plus
software (Media Cybernetic, L.P., Silver Spring,
MD).

Statistical Analysis

Statistical assessment of the data included
the calculation of 95% confidence intervals for
sorted single cell studies, linear regression on
standard density cultures, and the standard
deviation of nodule numbers for all densities
tested (triplicate samples). Results of statistical
tests are as indicated in each figure and the
table.

RESULTS

ALP and PTH1R Expression by
Immunocytochemistry

During differentiation, RC cells differentially
express various bone-related markers. We
immunolocalized two early markers, ALP and
PTH1R, in forming bone nodules and internod-
ular cells. As expected, ALP was localized to the
plasma membrane and highly expressed on cells
associated with nascent bone nodules, while
internodular cells had lower or undetectable
expression levels. Some cells associated with
nascent nodules, as well as cells in close prox-
imity to the nodules, labeled for both ALP and
PTH1R. Consistent with flow cytometry data

(see below), fewer cells labeled detectably with
PTH1R than with ALP (Fig. 1).

Fractionation of RC Cells Based Upon Cell
Surface Expression of ALP and PTH1R

Immunocytochemistry suggested that ALP
and PTH1R expression profiles might serve as
useful developmental markers upon which to
fractionate RC populations. Labeling conditions
for ALP and PTH1R and flow cytometer settings
for FACS analysis were first established with
the ROS17/2.8 cell line grown with and without
dex, which upregulates ALP and PTH1R ex-
pression (Fig. 2) [Rodan et al., 1984; Majeska
et al., 1985; Onyia et al., 1999]. When RC cells
were similarly labeled, four populations with
different ALP and PTH1R expression pro-
files were observed. Although absolute numbers
varied between triplicate experiments, trends
were consistent with 53.8� 18.2% (39.2–74.2%)
of RC cells found in the ALP�PTH1R� popula-
tion, 3.2� 3.2% (1.1–6.9%) found in the
ALP�PTH1Rþ population, 33.3� 15.6% (21.7–
51.1%) found in the ALPþPTH1R� population,
and 9.7� 7.7% (2.7–17.9%) found in the
ALPþPTH1Rþ population.

CFU-O Reside in all Sorted Fractions but
the Requirement for and Responsiveness to

Dex Varies

We next determined in which fraction bone
nodule-forming CFU-O cells reside and calcu-
lated their frequency across fractions. Fractio-
nated populations were compared to two control
populations: unlabeled and unsorted cells
(viable/unsort) and labeled cells passed through
the sorter but gated only on viability (viable/
sort). Strikingly, CFU-O were found in all
four fractions under control (vehicle) conditions
although the number of nodules formed and
the total mineralized area varied from fraction
to fraction (Fig. 3). In vehicle, there was an
average fold increase of 20.3� 2.9 CFU-O in the
ALPþPTH1R� and ALPþPTH1Rþ fractions
compared to the viable/sort control, but the in-
crease varied inversely with seeding density,
i.e., from eightfold to tenfold at 12,000 cells/well
versus 44-fold at 5,000 cells/well. Smaller dif-
ferences were seen between the ALP�PTH1R�

and the ALP�PTH1Rþ populations versus the
control population.

To examine the requirement for dex to elicit
differentiation in each fraction and to examine
whether CFU-O differentiation is cell autono-
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mous, cells were seeded at different densities.
Viable/sort control cells were only half as
responsive to dex as their viable/unsort counter-
parts, a result which was similar to the reported
loss of dex responsive cells in rat BM following
sorting [Herbertson and Aubin, 1997]. In all
four sorted fractions, the number of nodules
formed was higher in dex-treated versus vehi-

cle-treated cultures, but the most marked
increase was observed in ALP�PTH1R� and
ALP�PTH1Rþ fractions (Fig. 4). In these two
fractions, dex stimulated the number of nodules
formed from 5- to 60-fold depending on cell
plating density. Dex was much less effective
in stimulating nodule formation in the
ALPþPTH1R� and ALPþPTH1Rþ populations.
Notably, linear regression analysis suggested
that nodule number was proportional to plating
density (P< 0.05) for all fractions grown in dex,
but not for the ALP�PTH1Rþ fraction, while in
vehicle, only the ALPþPTH1Rþ fraction appear-
ed to be linear by statistical criteria (Table I).
Thesedata suggest that there isa significant cell
non-autonomous aspect to precursor differen-
tiation in all but the double positive cell fraction.

Fig. 1. Cells within nascent bone nodules express parathyroid hormone/parathyroid hormone-related
protein receptor (PTH1R) andhighalkalinephosphatase (ALP) levels on thecell surface; internodular cells do
not express detectable PTH1R although some express ALP at lower levels. View of nodule and surrounding
cells shown magnified 40� (A–C) or 16� (D–F) with fluorescent markers ALP–FITC (A, D), PTH1R–R-
phycoerythrin (PE) (B, E), and merged images of ALP and PTH1R (C, F); 100 mm bar included for reference.

Fig. 2. Representative examples (of three experiments) from
flow cytometry of rat calvaria (RC) and ROS 17/2.8 cells double-
labeled for ALP and PTH1R. A: Plots of the negative control and
the gates used to sort RC cell populations into four fractions
(ALP�PTHR�, ALP�PTHRþ, ALPþPTHR�, ALPþPTHRþ). Only
viable cells were sorted based on exclusion of 7-AAD. Control
RC cells were either passed through the FACS machine without
sorting (viable/sort) orwereunlabeledandnot passed through the
sorter (viable/unsort). B: Flow cytometry compensation controls
were set by using ROS 17/2.8 cells; overlaid histograms show the
control versus labeled cells with ALP–FITC and PTHR–PE.
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Dex increased the frequency of osteoprogeni-
tors in all fractions (calculated from the linear
regression at non-clonal densities) with 1 in
93� 4, 52� 3, and 43� 2 cells functionally
reading out as a CFU-O in the viable/sort,
ALP�PTH1R�, and ALPþPTH1R� fractions,
respectively (Table I). The greatest increases
were observed in the control and double nega-

tive fractions. Analysis of the ALPþPTH1Rþ

fraction was complicated by merging of miner-
alizednodules athigh density, causing thecurve
to plateau (Fig. 4). The linear trend before
saturation suggests the frequency of osteopro-
genitors in the ALPþPTH1Rþ fraction is approx-
imately 1 in 33 cells.

Total mineralized area covered by nodules,
however, did not directly correspond to nodule
number (Fig. 5). In vehicle, there was an aver-
age 51.6� 10.5-fold increase in total mineraliz-
ed area in cultures of ALPþPTH1R� cells versus
control populations. While cell yields limited the
number of ALPþPTH1Rþ cells that could be
plated, generally, at seeding densities greater
than 5,000 cells/well, a greater total mineraliz-
ed area formed in the ALPþPTH1Rþ population
compared to the ALPþPTH1R� population

Fig. 3. All fractions sorted on the basis of ALP and PTH1R
expression have osteogenic capacity (von Kossa and ALP stains).
Dex enhanced colony forming unit-osteoblast (CFU-O) forma-
tion in all cases. Micrographs of representative examples (from
triplicate wells of three independent experiments) are shown;
cultures were initiated at 8,000 cells/well except for the
ALP�PTHRþ fraction, which was seeded at 3,000 cells/well.

Fig. 4. Sorted fractions responded to dexwith an increase in the
number of CFU-O. The number ofmineralized nodules is plotted
against a range of plating densities for sorted cell fractions:
ALP�PTH1R�, ALP�PTH1Rþ, ALPþPTH1R�, ALPþPTH1Rþ

grown in vehicle (&) or dex (&). Controls are in the top row;
unstained and unsorted viable (based on trypan exclusion dye)
cells (viable/unsort) and labeled cells sorted on viability alone (7-
AAD�; viable/sort). A representative experiment of three
separate experiments is plotted and the mean number of
nodules� SD of triplicate wells per cell density is shown. The
separation between nodule formation in each fraction assayed
with dex and vehicle was significant (P< 0.05; Student’s t-test,
assuming unequal variances) except at the highest density of
ALPþPTH1R� and ALPþPTH1Rþ populations or at the lowest
density in ALP�PTH1Rþ population.
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(i.e., 1.8� 0.3-fold at 8,000 cells/well). Dex
increased total mineralized area compared to
that seen in vehicle in all populations. However,
although similar nodule numbers were found
after dex stimulation in the ALP�PTH1R�,
ALPþPTH1R�, and ALPþPTH1Rþ cell fractions
(�1.5- to 3-fold over viable/sort), mineralized
area covered by nodules was lower (0.7� 0.2) in
the ALP�PTH1R� population but higher
(2.5� 0.6 and 3.6� 0.5, respectively) in the
ALPþPTH1R� and ALPþPTH1Rþ populations
compared to control.

Clonal Analysis of CFU-F and CFU-O

To assess clonal growth and differentiation,
single viable cells of each sorted or unsorted
population were seeded in 96-well plates. The
plating efficiency (calculated as the percent of
wells with adherent cells) was similar (60–90%)
in all fractions except the ALP�PTH1Rþ frac-
tion, which was significantly lower (40%) than
the viable/sort, ALP�PTH1R� and ALPþ-
PTHR� populations (Fig. 6A). There was no
significant difference in the number of CFU-F
(fibroblast) colonies that formed in vehicle
versus dex (Fig. 6B) nor was a difference seen
in the distribution of colony sizes (data not
shown) in any of the sorted fractions. In all
fractions, a proportion of larger colonies (those
that had grown for more than five population
doublings) were ALPþ (45–70% in vehicle), a
number increased in the presence of dex but not
significantly except in the ALP�PTH1R� frac-
tion (Fig. 6C). However, CFU-O were detected
at low frequency only in the ALP�PTH1R� frac-
tion plated in either vehicle or dex, and in the
viable/sort population in dex (Fig. 6D).

DISCUSSION

In this paper, we used dual-color FACS
to fractionate RC cells into four subpopula-
tions based on their surface phenotype
ALP�PTH1R�, ALP�PTH1Rþ, ALPþPTH1R�,
ALPþPTH1Rþ and steroid response to inter-
rogate developmental status. CFU-O capable of
bone nodule formation were detectable in all
fractions, suggesting that they do not represent

TABLE I. Summary of Linear Regression Through the Origin for Nodule
Output Versus Initial Number of Cells Seeded

Condition

Summary of linear fit

Vehicle Dex

R P Frequencya R P Frequencya

Viable/unsort 0.99 0.13 �1 in 240 0.99 0.34 �1 in 75
Viable/sort 0.90 0.16 �1 in 580 0.99 0.05 1 in 93� 4
ALP�PTH1R� 0.51 0.50 �1 in 680 0.99 <0.01 1 in 52� 3
ALP�PTH1Rþ 0 <0.01 �1 in 3,700 0.95 0.12 �1 in 70
ALPþPTH1R� 0.99 0.08 �1 in 75 0.99 <0.01 1 in 43� 2
ALPþPTH1Rþ 0.99 0.01 1 in 57� 1 0.85 <0.01 �1 in 35

The correlation coefficient (R), significance (P) of the linear model, and frequency of nodule formation is
listed for each condition treated with vehicle or dex. The null hypothesis tested was that there was no
correlation between nodule output and cell density (i.e., the slope¼ 0).
aThe predicted frequency of osteoprogenitors in the sorted cell population was calculated from the inverse of
the resultant slope of the linear regression of mineralized nodules at high density seeding. The ‘�’ indicates
that the prediction is approximate and may not be accurate due to differences between the observed data
and the linear model.

Fig. 5. Similar numbers of CFU-O yield different total miner-
alized nodule areas in different fractions. Fractions were grown
continuously with vehicle (A, solid symbols) or dex (B, open
symbols); results are shown for viable/sort (*), ALP�PTHR� (&),
ALP�PTHRþ (~), ALPþPTHR� (!), and ALPþPTHRþ (^)
populations. A representative experiment (corresponds to Fig. 4)
is plotted and the percentage of well surface area that was
covered by mineralized matrix� SD of triplicate wells per cell
density is shown. The differences between the viable sort and the
ALPþPTH1R� or ALPþPTH1Rþ populations were significant in a
pair-wise comparison of seeding density (P<0.05; Student’s t-
test, assuming unequal variances).
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a single initiating progenitor type and that cells
traditionally thought lacking in significant pro-
liferative capacity may form nodules in vitro
under some conditions. In agreement with our
previous studies [Turksen and Aubin, 1991;
Herbertson and Aubin, 1997], we also found
that the majority of CFU-O with intrinsic
capacity for differentiation are within the ALPþ

fraction, with or without PTH1R expression,
and that the majority of dex requiring CFU-O
are within the ALP� fractions. In addition,
however, we found that the only CFU-O with
single cell autonomous osteogenic differentia-
tion capacity are within the ALP�PTH1R�

fraction, and that their differentiation appears
to be under negative regulation by other cells in
the RC population.

Our data on fractionated RC populations
indicate multiple levels of regulation including
the effects of inhibitory or stimulatory factors,
and/or the effects of cell neighbors. Since osteo-
progenitor proliferative potential is thought
typically to decrease with cell differentiation
or maturational status [Owen et al., 1990; de
Pollak et al., 1997], we were intrigued to find
bone nodule-forming cells present in all four-
cell fractions, including the relatively mature
ALPþPTH1Rþ population. However, the ability
to form a bone nodule, as well as the size of the
nodule, was dependent upon both cell density
and dex stimulation in the different fractions.
These results suggest that not only develop-
mental stage but also cell non-autonomous
activities regulate progenitor differentiation in
the RC model, a result not anticipated based on
limiting dilution studies which showed linearity
and a single limiting cell type, suggested to be
the osteoprogenitor itself [Bellows and Aubin,
1989]. It is in keeping, however, with the cell
non-autonomous behavior of osteoprogenitors
in the rat BM stromal cell system [Aubin, 1999]
and predicts that, in all osteogenesis models, a
role for heterotypic cell interactions will need to

Fig. 6. Clonal analysis of double-labeled RC cells sorted
individually into wells of 96-well plates and cultured for 32
days. The four populations (ALP�PTH1R�, ALP�PTH1Rþ,
ALPþPTH1R�, ALPþPTH1Rþ) were compared to the viable/sort
population in terms of plating efficiency (A), colony formation
(B), ALP expression (C), and nodule formation capacity (D) of
colonies in vehicle (hatched bars) or dex (open bars). Confidence
intervals (95%) are shown; *** indicates significant difference
betweenALP�PTH1Rþ and the other sorted fractions; * indicates
significant difference between vehicle and dex assay conditions.
N.D. indicates nodules were not detected.
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be considered in drawing conclusions about
developmental capacity.

Based on other studies in which CFU-O
differentiation was followed at clonal densities
[Malaval et al., 1999], it has also been suggested
that immature progenitors may proliferate
more extensively prior to matrix production
and mineralization in comparison to cells more
advanced in the lineage. Such a possibility
might predict that the area covered by nodules
and mineralized matrix produced by more
immature progenitors would be larger than
those produced by more mature cells in the
lineage. However, we observed the opposite.
One possibility for the apparent discrepancy
remains that we have assessed the two-dimen-
sional area of what are clearly three-dimen-
sional structures, so that osteogenic potential is
underestimated. Another possibility is that a
particular cell density and/or matrix amount
may be necessary to trigger terminal differen-
tiation, which has been shown to be dependent
on collagenous matrix deposition [Aronow et al.,
1990; Owen et al., 1990; Stein and Lian, 1993],
and this is easier to achieve amongst a more
mature progenitor population. Finally, the ease
of cell–cell communication via formation of gap-
junctions may also be greater in more mature
progenitor populations and may facilitate term-
inal differentiation and mineralization [Schiller
et al., 2001].

Glucocorticoids are known to influence the
proliferation and differentiation of cells of the
osteoblast lineage, although effects are depen-
dentonspecies, basedoncellularcontext (invivo
or in vitro study), dose used, and the duration
and time of exposure [Bellows et al., 1987;
Murray et al., 1991; Cheng et al., 1994; Lian
et al., 1997; Walsh et al., 2001]. We found that
all four sorted RC cell fractions produced more
nodules and displayed a larger mineralized area
with dex, but the magnitude of the effect was
fraction specific. The frequency of nodule for-
mation also varied with plating cell density in
both vehicle and dex treated cultures (Table I).
Additionally, the frequencies of nodule forma-
tion predicted from the viable/sort and sorted
fractions plated at high density were not ob-
served in the experiments done at clonal den-
sity. Given the low predicted frequency, the
nodule numbers observed in the ALP�PTH1R�

population plated clonally were particularly
surprising. Notably, we found that dex treat-
ment of single cells did not change plating or

colony formation efficiency or colony size sig-
nificantly, suggesting that changes in these
parameters do not account for the observed dif-
ferences, consistent with data in human stro-
mal cell populations [Walsh et al., 2000].
Rather, this enrichment in the double negative
population at the clonal level is suggestive of the
presence of inhibitory cell populations and
factors in this and the unsorted population.
Soluble factors or stage-specific interactions be-
tween progenitors and their microenvironment
have also been noted in other bone and non-bone
cell populations [Ogiso et al., 1991; Roy and
Verfaillie, 1997; Qu et al., 1999]. The lack of
nodule formation in the ALPþPTH1R� and
ALPþPTH1Rþ fractions may be due to a sur-
vival effect conferred through cell neighbors,
but is less surprising as the plating efficiency
of these populations is such that the analyzed
cell numbers approach the threshold detection
limit. Therefore, larger sample sizes are re-
quired to explore the clonal responses further.
In addition, the data emphasize that caution is
needed in drawing conclusions about absolute
osteoprogenitor frequencies when cell non-
autonomous interactions may enhance or mask
intrinisic developmental potential.

The temporal and spatial expression of ALP
and PTH1R in developing bone in vivo [Rodan
and Noda, 1991; Kondo et al., 1997] and of
differentiating osteoblasts in vitro [Owen et al.,
1990; Bos et al., 1996; Nefussi et al., 1997;
Siggelkow et al., 1999; Liu et al., 2003] has been
studied in numerous experiments and most
data support the concept that both ALP and
PTH1R are progressively upregulated as osteo-
blasts mature. Consistent with this view, we
found the cells associated with bone nodules
to be ALPþPTH1Rþ by immunocytochemistry
(Fig. 1) and found an increase in the proportion
of ALPþPTH1Rþ cells in the RC population as
nodules formed (data not shown). In addition,
the double positive population did not emerge in
cultures continuously treated with PTH, a con-
dition known to suppress nodule formation
(data not shown).

While all four fractions are clearly hetero-
geneous, it is probable that the double negative
population is the most heterogeneous, in that
it is expected to include uncommitted cells,
cells of other lineages, and late stage cells of
the osteoblast lineage. Osteoprogenitors ex-
pressing ALP appear to be primed to progress
to functional osteoblasts, i.e., differentiation is a
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default pathway in this population. In both
ALPþPTH1R� and ALPþPTH1Rþ populations,
nodule yields in vehicle approached the max-
imal dex stimulated response. However, a
greater mineralized area was found in the
ALPþPTH1Rþ population compared to the
ALPþPTH1R� population. The level of differ-
entiation, the loss of inhibitory factors, or the
gain of stimulatory factors may distinguish the
ALPþPTH1R� and ALPþPTH1Rþ populations
and explain this difference in mineralized area.
Additionally, the average nodule size and total
mineralized area in the double negative RC
culture was lower than control and it exhibited
the highest autonomy and CFU-O production at
the clonal level. Thus, removal of inhibitory
regulators, through the sorting of subpopula-
tions, may contribute to the observed enrich-
ment in this and other systems [Van Vlasselaer
et al., 1994; Chen et al., 1997; Herbertson and
Aubin, 1997; Zohar et al., 1997; Gronthos et al.,
1999; Stewart et al., 1999]. In addition, the ap-
plication and goal/end use of the sorted popula-
tion would guide the sorting criteria further
[i.e., is a cell population required that at low
seeding densities (one cell) can progress to a
bone nodule (double negative population) or is a
cell population required that may have low
proliferative and cloning efficiency but is cap-
able of robust osteogenesis (double positive)].
The assay conditions employed support differ-
entiation of CFU-O to bone nodules that lack
detectable presence of other mesenchymal line-
ages, and that are morphologically and spatially
distinct from fibroblastic colonies (CFU-F) that
simultaneously form in the same cultures.
However, we have not yet interrogated whether
either progenitor type can differentiate into
other mesenchymal lineages under appropriate
assay conditions and further study may demon-
strate differences in the proportions of cells cap-
able of doing so in the fractionated populations.

In conclusion, we have presented evidence
that the bone nodule-forming CFU-O within the
RC cell population comprise heterogeneous
progenitors with distinct surface expression
profiles and distinct developmental capacities.
Together, our fractionation and functional
analysis data suggest a modified osteoblast
developmental sequence (Fig. 7). Ranking the
RC cell subpopulations in order of clonal capa-
city (i.e., immature cells capable of forming
nodules at a single cell level), proportion of dex
dependent cells (i.e., high dependence indicates

a population predominating in immature cells),
and mineralized area (i.e., larger observable
area indicates a more mature cell) results in
the following gene progression: ALP�PTH1R�

to ALP�PTH1Rþ to ALPþPTH1R� to ALPþ-
PTH1Rþ. Although there are discrepancies,
studies suggest that PTH1R is detectably ex-
pressed prior to ALP [Owen et al., 1990; Bos
et al., 1996; Nefussi et al., 1997; Siggelkow et al.,
1999; Liu et al., 2003], supporting this develop-
mental sequence. However, such a sequence
predicts biphasic expression profiles for PTH1R
and ALP, an expression pattern that has not
been reported to date and is, in fact, contra-
dictory to what has usually been reported.
These discrepancies suggest either that pro-
genitor cells follow different developmental
paths to maturity (i.e., a random transition
from �/� to þ/þ through ALP�PTH1Rþ or
ALPþPTH1R�), a possibility consistent with
our recent mathematical modeling of osteoblast
development [Madras et al., 2002], or that
cells with similar surface expression of these
two markers are actually at different levels
of differentiation. A confounding variable, not
usually assessed, is that both cell autonomous
and cell non-autonomous processes (i.e., inhibi-
tory/stimulatory effects of neighboring cells

Fig. 7. Adiagram illustrating the linear progressionof cells from
immature progenitor to functional osteoblast is shown with
indications of maturity level, clonal capacity, dex dependence,
and expression of ALP and PTH1R.
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that are evident when functional output of the
same population is assessed at different densi-
ties) influence osteoblast development in vitro.
Use of additional surface or proliferation mar-
kers, and further analysis of CFU-O response to
various factors may help resolve the questions
that still surround the osteoprogenitor hierar-
chy and developmental sequence.
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