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Abstract
Cyclooxygenase-2 (COX-2) is highly expressed in osteoblasts, and COX-2 produced prostaglandins
(PGs) can increase osteoblastic differentiation in vitro. The goal of this study was to examine effects
of COX-2 expression on calvarial osteoblastic proliferation and apoptosis. Primary osteoblasts
(POBs) were cultured from calvariae of COX-2 wild type (WT) and knockout (KO) mice. POB
proliferation was evaluated by 3H-thymidine incorporation and analysis of cell replication and cell
cycle distribution by flow cytometry. POB apoptosis was evaluated by annexin and PI staining on
flow cytometry. As expected, PGE2 production and alkaline phosphatase (ALP) activity were
increased in WT cultures compared to KO cultures. In contrast, cell numbers were decreased in WT
compared to KO cells by day 4 of culture. Proliferation, measured on days 3–7 of culture, was 2-fold
greater in KO than in WT POBs and associated with decreased Go/G1 and increased S cell cycle
distribution. There was no significant effect of COX-2 genotype on apoptosis under basal culture
conditions on day 3–5 of culture. Cell growth was decreased in KO POBs by addition of PGE2 or a
protein kinase A agonist and increased in WT POBs by addition of NS398, a selective COX-2
inhibitor. In contrast, differentiation and cell growth in marrow stromal cell (MSC) cultures,
evaluated by ALP and crystal violet staining respectively, was increased in MSCs from WT mice
compared to MSCs from KO mice, and exogenous PGE2 increased cell growth in KO MSC cultures.
We conclude that PGs secondary to COX-2 expression decrease osteoblastic proliferation in cultured
calvarial cells but increase growth of osteoblastic precursors in MSC cultures.
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INTRODUCTION
Cyclooxygenase (COX) is a rate-limiting enzyme in conversion of arachidonic acid (AA) to
prostanoids. It converts AA to PGG2 via a cyclooxygenase reaction and then reduces PGG2 to
PGH2 in a peroxidase reaction [1]. Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit
the cyclooxygenase activity of COX. There are two isoforms of COX: COX-1, which is
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constitutively expressed, and COX-2, which is inducible by multiple factors and involved in
prostaglandin (PG) production during inflammation and other acute responses [2]. PGE2 is one
of the most abundant PGs produced in bone, and most PGE2 produced by bone cells is
associated with induction of COX-2 [3].

PGE2 acts via interactions with a subfamily of G-protein-coupled receptors (GPCRs), called
EP1, EP2, EP3, and EP4 [4]. EP1 releases intracellular calcium and EP3 can inhibit cyclic 3,5-
adenosine monophosphate (cAMP) formation. EP2 and EP4 can both stimulate cAMP
formation, and EP4 may also act via a phosphatidylinositol 3-kinase-dependent pathway and
activate extracellular signal-regulated kinases (ERKs) [5]. In addition to initiating different
signaling pathways, recent data suggest EP receptors may undergo nuclear
compartmentalization [6] or heterodimerize with other GCPRs [7], leading to more complex
actions.

PGE2 is a potent stimulator of bone resorption and osteoclastogenesis [8], and both EP2 and
EP4 have been implicated in these effects [9–11]. PGE2 is also anabolic for bone. In vitro,
exogenous PGE2 stimulates osteoblastic differentiation in marrow stromal and calvarial
osteoblast cultures [12–15]. In agreement with these studies, osteoblastic differentiation is
decreased in marrow stromal cell cultures from COX-2 knockout (KO) mice compared to
cultures from COX-2 wild type (WT) mice [16,17]. In vivo, administration of PGs in rats, dogs
and humans increases cortical and cancellous bone mass [18–21]. PGE2 given to rats in vivo
stimulates osteoblastic differentiation in ex vivo cultured bone marrow [22]. Both EP2 and EP4
have been implicated in the anabolic effects of PGE2. Local infusion of PGE2 adjacent to the
femur was shown to produce callus formation in EP1, EP2 or EP3 receptor KO mice but not
in EP4 KO mice, and marrow from EP4 KO mice did not mineralize in response to in vitro
treatment with PGE2 [11]. EP2 and EP4 agonists have been shown to stimulate bone formation
and/or enhance fracture healing in vivo [23,24], and bone mechanical properties may be
reduced in EP2 and EP4 KO mice [25,26].

Some of the effects of PGs to increase new bone formation could be the result of PG-induced
increases in growth of osteoblastic cells, secondary either to increased proliferation or
decreased apoptosis. Studies of the effects of PGE2 on osteoblastic proliferation have been
contradictory, showing both increased [27–29] and decreased proliferation [15,30,31], as well
as biphasic effects [32,33]. Although COX-2 expression and PGs have been consistently
associated with increased resistance to apoptosis and tumor promotion in other tissues [34,
35], there have been few studies of the effects of PGE2 on apoptosis in osteoblasts and these
have not produced consistent results. Inhibition of PG production with NSAIDs increased
apoptosis in fetal rat calvarial osteoblast cultures [36], but treatment with PGE2 increased
apoptosis in conditionally immortalized human osteoblasts [37]. We found that overexpression
of COX-2 increased apoptosis in human osteosarcoma cells, although the effect was PGE2
independent [38].

NSAIDs have been used to study the role of PGs in many systems, but they can clearly have
potent effects unrelated to their inhibition of COX activity [31,36,39]. We used primary
calvarial cells from COX-2 WT and KO mice to study the role of endogenous COX-2 in the
growth of osteoblasts in vitro. Osteoblastic growth was increased in KO cells relative to WT
cells and the increased growth was due to increased proliferation, not decreased apoptosis.
Differences between WT and KO cells were eliminated by addition of NS398, a selective
inhibitor of COX-2 activity, to WT cells or by addition of PGE2 to KO cells and, hence, appear
to be PG-mediated.
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MATERIALS AND METHODS
Materials

PGE2 and NS398, a selective inhibitor of COX-2 activity, were purchased from Cayman
Chemical (Ann Arbor, MI). Culture media were purchased from Gibco-BRL (Grand Island,
NY) unless otherwise specified. Other reagents were purchased from Sigma (St. Louis, MO).

Animals
The COX-2 KO mice used in this study were developed at the University of North Carolina in
a C57Bl/6, 129SV background [40,41]. COX-2 WT and KO mice were bred for experiments
by mating mice heterozygous for the disrupted COX-2 allele in a mixed C57Bl/6,129SV
background. Mice were genotyped as described previously [8]. Mice were sacrificed at 5–8
weeks of age. All animal protocols were approved by the Animal Care and Use Committee of
the University of Connecticut Health Center, Farmington, CT.

Primary Calvarial Osteoblast Cultures
Calvariae were dissected from 2–5 mice, washed with PBS and sequentially digested with 0.5
mg/ml of crude collagenase P (Roche Molecular Biochemical, Indianapolis, IN) in a solution
of 1 ml trypsin/EDTA and 4 ml PBS at 37°C with gentle rocking. Five digests were performed,
all for 10 min except the last one, which was for 90 min. After each digest, released cells were
collected, the reaction stopped with 10% FCS, and the solution filtered through a Nitex
membrane (Millipore Corp., Bedford, MA) to ensure a single cell suspension. Digests 2–5
were pooled and plated, grown to confluence, and replated at 5000 cells/cm2 before use. Cells
were cultured at 37°C in a humidified atmosphere of 5% CO2, in phenol red-free DMEM with
10% heat-inactivated fetal calf serum (FCS), and 100 U/ml penicillin, 50 μg/ml streptomycin.
PGE2, NS398 and vehicle (EtOH, 0.1%) were added at the beginning of the cultures. For
differentiation studies, 50 μg/ml of L-ascorbic acid phosphate (Wako Pure Chemical Industries,
Japan) and 10 μM beta-glycerophosphate (Sigma) were added at the first medium change.

For alkaline phosphatase (ALP) staining, cultures were fixed with citrate, acetone and
formaldehyde for 1 min and stained for ALP using a kit from Sigma according to
manufacturer’s instructions. For Von Kossa staining, cultures were fixed formaldehyde and
washed with 0.1 M cacodylate buffer (pH 7.4). Cells are incubated sequentially with saturated
LiCO3 (20 min), 5% AgNO3 (60 min under lamp), and 5% Na thiosulfate (5 min), with H2O
washes between incubations.

To examine cell number, cells were rinsed with PBS, suspended with trypsin-EDTA (0.25%),
centrifuged, and resuspended in 500 μl of culture medium. An aliquot of 100 μl of cell
suspension was counted with Coulter Counter (Coulter Corporation, Miami, FL), lower limit
set at 8.0 μm. Triplicate wells were counted for each experimental group.

Marrow Stromal Cell (MSC) Cultures
Marrow from both tibiae and femurs of a single mouse was flushed with a total of 1 ml of α-
minimum essential medium (α-MEM). Marrow cells were plated at 1×106 cells/well in 6-well
plates in α-MEM containing 10% FCS and 50 μg/ml L-ascorbic acid phosphate (Wako Pure
Chemical Industries). Cells were cultured at 37°C in a humidified atmosphere of 5% CO2 in
air with medium changes twice a week. PGE2 (1 μM) or vehicle (EtOH, 0.1%) was added at
the beginning of the cultures and at each medium change. To stain for ALP, cultures were fixed
with citrate, acetone and formaldehyde for 1 min and stained using a kit from Sigma according
to manufacturer’s instructions. To estimate the area covered by all cells, cultures were
counterstained with crystal violet according to the manufacturer’s protocol (Sigma). To
calculate the area of crystal violet or alkaline phoshatase staining, dishes were scanned with a
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Hewlett Packard ScanJet and stained areas manually circumscribed and quantified using NIH
Image 1.6.

ALP Activity
Cultures were lysed in 10 mM Tris solution (pH 7.5) supplemented with 0.1% Triton X-100.
Supernatants were incubated with an alkaline buffer (pH 10.5) containing 5 mM of p-
nitrophenol phosphate as substrate and 2 mM MgCl2. Absorbance was determined at 405 nM
and compared with a p-nitrophenol standard titration curve (Sigma). ALP activity was
normalized to total protein measured with BCA protein kit (Pierce Chemical Company,
Rockford, IL).

PGE2 Assay
Medium was removed from cultures, frozen until use, and PGE2 accumulation measured by
radioimmunoassay (RIA) as previously described [42]. PGE2 antibody for this assay was
purchased from Dr. Lawrence Levine (Brandeis University, Waltham, MA). 100 μl of
unmodified medium was assayed for each sample and 3 wells were assayed for each group.
Unknowns and standards contained equal amounts of culture medium. 3[H]-PGE2 was used
as tracer and the assays were run at antibody dilutions providing 20–40% binding. The assays
were carried out at 4°C and free prostaglandins were removed with dextran-coated charcoal.
Values for unknowns were calculated from a standard curve using a 4-parametric curve-fitting
computer program (Softmax Pro, Molecular Devices Corporation, Sunnyvale, CA). The lower
detection limit of the assay for PGE2 is 50 pg/ml or 0.14 nM.

3H-Thymidine Incorporation Assay
Cultures were pulsed with 5 mCi/ml 3H-thymidine (NEN Life Science Products, Boston, MA)
and incubated for 2 hours. Cells were washed twice with PBS and then extracted twice with
10% TCA. The TCA insoluble fraction was dissolved in 0.5 M NaOH and counted by liquid
scintillation. The amount of 3H-thymidine incorporated into each sample was normalized to
cell number in parallel cultures.

5-(and-6)-Carboxyfluorescein Diacetate, Succinimidyl Ester (CFDA, SE) Staining
Cell replication can be examined by staining cells with CFDA,SE (CFSE). CFSE irreversibly
couples to cellular proteins by reaction with lysine side chains and other available amines
without damaging side effects, and when cells divide, CFSE labeling is distributed equally
between the daughter cells, making them half as fluorescent as their parents. The fluorescence
of cells labeled with CFSE is stable for several months. First passage primary osteoblasts were
trypsinized, washed twice with sterile PBS at room temperature and then incubated with CFSE
(Molecular Probes, Eugene, OR) at a concentration of 25 μM in PBS for 10 min at 37 °C. After
10 min, the reaction was stopped by adding FCS and incubated for another 10 min. Finally,
the cells were washed twice with sterile PBS with 1% FCS and the labeled cells were plated
at 5,000 cells/cm2 in 6-well dishes and grown for 3–7 days. Before analysis, cells were prepared
by trypsinization and washing with PBS. 10,000 cells were subjected to the FACS analysis.
Fluorescence intensity was measured on flow cytometry, using excitation at 488 nm at the FL1
detection channel (FACSCalibur, Becton Dickinson, San Jose, CA), and analyzed with
CellQuest software (Becton Dickinson).

Annexin V-FITC Apoptosis Detection
Apoptosis was measured using the annexin V-FITC apoptosis detection kit from Calbiochem
(San Diego, CA). This method detects externalization of phospholipids, which are normally
located on the cytoplasmic surface of the cell membrane, via binding with the modified
anticoagulant annexin-V. Cells were plated at 5,000/cm2 in 100-mm dishes and cultured for 5
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days. Both adherent and floating cells were collected and resuspended in 1 X cold binding
buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 2.5 mM CaCl2, 1 mM MgCl2, 4% BSA) for
analysis. Cells were also stained with propidium iodide (PI) to detect dead cells. Analysis was
on the FACSCalibur flow cytometer (Becton Dickinson) using CellQuest software (Becton
Dickinson). 10,000 cells were subjected to the FACS analysis. Unstained cells were classified
as “live”, cells stained for annexin-V only (early apoptotic) and cells stained for both annexin-
V and PI (“late apoptotic” were combined and called “apoptotic, and cells stained for PI only
were “dead.” The experiment was performed 3 times to obtain a mean ± SEM for n=3.

Cell Cycle Analysis
Cell cycle progression was analyzed by allophycocyanin (APC) BrdU/7-amino-actinomycin
D (7-AAD) incorporation, using a kit from BD Pharmingen (San Diego, CA), according to the
manufacturer’s instructions. BrdU is incorporated into replicating DNA, and 7-AAD binds
total DNA. With this combination, two-color flow cytometric analysis can characterize cells
that are actively synthesizing DNA in terms of their cell cycle position. Cells were plated at
5,000/cm2 in 100 mm cell culture dishes and cultured for 4–5 days with medium change at day
3. On the day of experiment, culture medium was changed and 10 μl/ml of 10 μM BrdU was
added for 1–4 hours. Cells were resuspended and analyzed on a FACSCalibur flow cytometer
(Becton Dickinson). 10,000 cells were subjected to the FACS analysis. APC was detected by
FL4 channel, and 7-AAD was detected by FL3 channel. After gating out cellular aggregates
and debris, cell cycle distribution was analyzed using CellQuest software (Becton Dickinson).

Statistical Analysis
Statistical significance of differences was determined by ANOVA with post-hoc comparison
of more than two groups by Bonferroni (SigmaStat software, Jandel Scientific, San Rafael,
CA)

RESULTS
PGE2 production and alkaline phosphatase activity

Calvarial osteoblasts were cultured for 14 days and medium PGE2 accumulation measured at
intervals (Fig. 1A). COX-2 is generally expressed at low levels in osteoblasts but can be induced
by addition of fresh serum when media are changed [43]. By day 2 of culture, 15 ng/ml
PGE2 had accumulated in COX-2 WT POB cultures. The greatest PGE2 production occurred
within the first week of culture, consistent with our observations that serum induction of COX-2
is greatest at early times in culture (unpublished data). In contrast, medium PGE2 levels were
usually less than 50 pg/ml (undetectable by our RIA) in COX-2 KO cultures at all time points,
indicating that COX-1 does not compensate for the absence of COX-2 under these conditions.

POB cultures were made from calvariae of 6–8 wk old mice because COX-2 WT and KO mice
were bred by crossing mice with only one allele of COX-2 disrupted and we wanted to wean
mice before genotyping them. Similar to POBs from calvariae of neonatal mice, POBs from
the older mice differentiated with time in culture, as reflected by increased ALP activity and
staining and could mineralize (Fig. 1B,C). We previously showed that these POBs increases
ALP activity and osteocalcin mRNA expression in response to bone morphogenetic protein
(BMP)-2 [44]. As expected, ALP activity measured after a week of culture was decreased in
COX-2 KO POBs compared to WT POBs (Fig. 1D). This difference was reversed by addition
of PGE2 (1 μM) to KO cells and mimicked by adding NS-398 (0.1 μM) to WT cells.
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Cell growth in calvarial osteoblast cultures
Cells were plated at 5000/cm2 and counted at multiple time points thereafter. Increased cell
count in COX-2 KO cultures compared to WT cultures was apparent at day 4 of culture (Fig.
2A). The increase in cell growth reached a plateau by day 14 (Fig. 2B). The difference between
WT and KO cells was maintained for up to 21 days of culture (Fig. 2B). Culture of COX-2
WT cells with NS-398 (0.1 μM), a selective inhibitor of COX-2 activity, increased cell numbers
to the level of COX-2 KO cultures (Fig. 2B). Culture of COX-2 KO cells with PGE2 (1 μM)
decreased cell numbers to the level of COX-2 WT cultures (Fig. 2B). Because PGE2 at 1 μM
(352 ng/ml) is more than 20-fold higher than the highest cumulative endogenous PGE2
measured in COX-2 WT cultures, we treated COX-2 KO cultures with 10 and 100 nM (3.5
and 35 ng/ml) of PGE2 for comparison. Similar decreases in cell number were seen at all
PGE2 concentrations on day 4 (Fig. 2C). These results, plus the ability of NS398 to mimic
effects of COX-2 disruption, indicate that endogenous PG production is sufficient to explain
the differences between WT and KO cultures.

Cell proliferation in calvarial osteoblast cultures
The incorporation of 3H-thymidine (TdR) into replicating DNA was measured on day 4 of
culture following a 2 h pulse of 3H-thymidine. In order to take the difference in cell number
between COX-2 WT and KO cultures into account, TdR was normalized to cell number in
parallel cultures. Normalized TdR was significantly increased in COX-2 KO cultures relative
to COX-2 WT cultures. A representative experiment is shown in Fig. 3A. The mean increase
in TdR in COX-2 KO cells relative to COX-2 WT cells in 3 separate experiments was 1.8 ±
0.1 fold. Treatment with NS398 significantly increased TdR in COX-2 WT cultures, while
addition of PGE2 decreased TdR in COX-2 KO cultures (Fig. 3A).

Cell cycle distribution was examined on days 4–5 of culture after staining cells with BrdU and
7-AAD staining. Even though cells were not synchronized, there was a significant shift from
Go/G1 into S phase in the COX-2 KO cells compared to the WT cells, consistent with their
increased proliferation (Fig. 3B). Cell replication was also evaluated by CFSE staining. The
peak CFSE fluorescence intensity at day 7 of culture was shifted to the left in COX-2 KO cells
relative to COX-2 WT cells, indicating faster cell division in COX-2 KO cultures (Fig. 4A).
In another experiment, NS398 (1 μM) shifted the CFSE fluorescence intensity of part of the
population to the left in COX-2 WT cultures and PGE2 (1 μM) shifted fluorescence of the
population to the right in COX-2 KO cultures (Fig. 4B,C). PGE2 is thought to act predominantly
via the cAMP pathway, and the protein kinase A agonist, forskolin (10 μM), had effects similar
to PGE2. There was little or no shift in CFSE of COX-2 KO cells relative to COX-2 WT cells
at day 3 of culture in 2 out of 3 experiments (data not shown), consistent with no difference in
cell number at early time points (Fig. 2A).

Apoptosis in calvarial osteoblast cultures
An increase in cell survival might also contribute to the increased cell number in COX-2 KO
cultures. We measured cell viability on flow cytometry with staining of cells with annexin-V-
FITC and propidium iodide. Our goal was to explain the increased cell count in COX-2 KO
cultures compared to WT cultures. Because differences in cell number were detected under
normal culture conditions, we did not add inducers of apoptosis. Data pooled from three
independent flow cytometry experiments at 5 days of culture showed no statistically significant
difference between COX-2 WT and KO cells in percent apoptotic cells or dead cells (Figure
5). However, there was a statistically non-significant trend toward decreased survival in KO
cells. Hence, increased viability does not play a role in the increased numbers of KO cells
relative to WT cells.
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Comparison with marrow stromal cell (MSC) cultures
To compare the effects of COX-2 expression in POB cultures with the effects on osteoblastic
progenitors in MSC cultures, we cultured marrow from COX-2 WT and KO mice for 14 days
(Fig. 6A,B,C). Cumulative PGE2, measured in medium from day 7–10 of culture, was 12.5 ±
2 nM (n =3) in COX-2 WT wells and undetectable in COX-2 KO wells (data not shown). On
day 14, cultures were stained for ALP, to mark the population of cells with potential to become
osteoblasts, and counterstained with crystal violet, which stains all cells (Fig. 6A). The areas
of ALP staining and crystal violet staining were decreased 75% and 50%, respectively, in KO
cells compared to WT cells (Fig. 6B,C). Absence of COX-2 had more effect on ALP positive
cells than on the total cell population, decreasing the ratio of ALP staining to crystal violet
staining by 48%. Treatment of KO cultures with PGE2 (1 μM) reversed the decreases (Fig. 6).
Similar results were seen in two other experiments. Hence, COX-2 expression or addition of
PGE2 increased growth of osteoblastic progenitors in MSC cultures.

DISCUSSION
We used POB cells from the calvariae of COX-2 WT and KO mice to examine the role of
endogenous COX-2 in osteoblastic growth in vitro. As shown previously [8,44–45], absence
of COX-2 was associated with decreased PGE2 production, despite constitutive expression of
COX-1. Absence of COX-2 decreased ALP activity and increased cell growth. The increase
in cell number was associated with increased DNA synthesis and cell replication, with a
decrease in G0/G1 and an increase in S in cell cycle distribution.

Most studies evaluating the role of endogenously produced PGs have used NSAIDs, which
can have effects on cell growth in addition to their inhibition of COX activity, especially at
high concentrations [31,36,39]. In our study, NS398 (0.1 μM), a selective inhibitor of COX-2
activity, added to COX-2 WT cells increased cell growth, similar to the disruption of COX-2
expression, but had no effect on COX-2 KO cells (data not shown). Although NS398 was able
to mimic effects of COX-2 disruption, this does not necessarily mean that all effects of COX-2
KO on growth were due to decreased PG production. Both disruption of COX-2 expression
and inhibition of COX-2 activity can increase the availability of substrate for COX-2,
arachidonic acid, which might cause shunting of arachidonic acid into the lipoxygenase
pathway to increase production of leukotrienes and HETEs. Free arachidonic acid has been
reported to increase cell growth in osteoblastic cells via a noneicosanoid mechanism [46].
Leukotrienes and hydroxyeicosatetraenoic acids (HETEs) can also regulate cell growth [47].
However, the observation that exogenous PGE2 could reverse the effects of COX-2 gene
disruption suggests that differences in growth between COX-2 WT and KO mice were PG-
dependent.

Studies of exogenous PGE2 effects on osteoblast proliferation in vitro have shown both
increased [27–29] and decreased proliferation [15,30,31], as well as biphasic dose-dependent
effects [32,33]. A number of factors can complicate such studies, including the
autoamplification of PG effects by the PG-induction of COX-2 [48,49] and the expression of
different EP receptors on different osteoblastic cell types or at different differentiation stages
of the cultures [50]. In two studies showing inhibition of proliferation by PGE2, the inhibition
was associated with the cAMP pathway in MC3T3-E1 cells, which would suggest involvement
of EP2 and EP4 receptors [50], while involvement of Ca2+ and phosphoinositide turnover,
suggesting an EP1 receptor pathway [15], was reported in rat calvarial cells. In the current
study, forskolin, a cAMP-PKA pathway agonist, had similar inhibitory effects as PGE2.

In contrast to the results in POB cultures, absence of COX-2 expression in MSC cultures
decreased osteoblastogenesis, as previously reported [17], and general cell growth. POB
cultures probably consist largely of osteoblastic precursors at the time of plating, while MSC
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cultures contain colony forming units with more potential to replicate and differentiate into
several lineages. It is not yet possible to distinguish osteoblast progenitors with certainty in
MSC cultures, but ALP staining should mark the population that includes osteoblastic
progenitors, and this population was preferentially decreased by the absence of COX-2. Hence,
it is possible that COX-2 derived PGs have stimulatory effects on the growth of early osteloblast
progenitors and inhibitory effects on more mature osteoblastic cells. Similar conclusions were
reached in a study that found PGE2 to stimulate DNA synthesis in the less differentiated
population 1 of osteoblastic cells obtained by sequential digestion of fetal rat calvariae and to
inhibit mitogenesis in the more mature populations 3–5 [51]. The more primitive
osteoprogenitors are presumably the cells that contribute most significantly to replacement of
osteoblasts in fracture healing [52], and decreased COX-2 expression or activity has been
shown in multiple studies to inhibit or delay fracture healing [17,53–55].

COX-2 KO mice have been used to examine the role of COX-2 in the basal bone phenotype.
Absence of COX-2 would be expected to decrease both bone formation and bone resorption
[8]. One study reported that bulk material properties of bones from 3-mo old COX-2 KO mice
in a C57Bl/6, DBA background were lower than those of WT mice, whereas stiffness and
breaking force were similar [56]. Cortical bones of COX-2 KO mice were thinner and more
porous than WT bones [56]. Another study of 4-mo old COX-2 KO mice in a 129 background
found that males, but not females, had decreased cortical and trabecular femoral bone compared
to WT mice [57]. However, COX-2 KO mice in a C57Bl/6, 129 background die 4 times faster
than WT mice after weaning, likely due to progressive renal failure, and the renal failure can
be associated with marked secondary hyperparathyroidism and decreased bone mass [58].
When only mice with intact renal function that had survived to 10 mo of age were studied,
COX-2 KO mice still had elevated parathyroid levels [58]. Skeletal analysis showed no
significant differences in cortical or trabecular bone density in KO mice compared to WT mice
although rates of trabecular bone formation and mineral apposition were increased in KO mice
relative to WT mice. A study of COX-2 KO mice in a DBA background, reported to have no
renal abnormalities, found the KO mice to have lower bone mineral density and impaired bone
strength relative to WT mice, but these KO mice also had hyperparathyroidism [59]. Hence,
COX-2 KO mice may have systemic abnormalities that can make it difficult to determine the
direct effects of COX-2 absence on bone in vivo.

PTH, which is also a potent anabolic agent for bone in vivo and works via similar G-protein
signaling pathways as PGE2, has also been shown to inhibit osteoblastic cell proliferation in
culture, in part via upregulation of cyclin kinase inhibitor protein p21(WAF1/Cip1) [60]. Our
preliminary data indicate that p21 expression is decreased in the COX-2 KO calvarial osteoblast
cells compared to WT cells (Pilbeam, unpublished data). Down regulation of the early
osteoblastic proliferation stage is thought to be critical for proceeding to differentiation [61],
and p21 may play an important role in this down regulation [62]. However, the relationship
between cell proliferation and differentiation is probably not simply reciprocal [63].

COX-2 expression and PGs have been associated with increased resistance to apoptosis and
tumor promotion in tissues other than bone [34,35]. The few studies on the effects of PGs on
apoptosis of osteoblasts are contradictory, reporting that PGs can both decrease [36] and
increase apoptosis [37]. We found no differences in survival between COX-2 WT and KO
calvarial osteoblasts under basal culture conditions. Thus, the increased cell growth in COX-2
KO calvarial cells cannot be attributed to decreased apoptosis. Our results were obtained under
basal culture conditions (no stressors except for changes of medium with fresh serum), and the
effects of PGs in the presence of inducers of apoptosis, such as TNFα, may be different.

We conclude that COX-2 associated PGs have stimulatory effects on cell growth in early
osteoblastic precursors and inhibitory effects on cell growth in later, more mature osteoblastic
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cells. We also conclude that the increased differentiation seen in COX-2 WT calvarial cultures
compared to KO cultures cannot be attributed to increased proliferation or decreased apoptosis.
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Figure 1. Medium PGE2 and alkaline phosphatase (ALP) activity in cultured calvarial osteoblasts
from COX-2 WT and KO mice
(A) Cumulative PGE2 measured at each medium change. (B) ALP activity calculated at 7 and
17 days of culture in WT cells. (C) ALP staining at 7 days of culture and Von Kossa staining
at 21 days of culture. (D) ALP activity in cells cultured for 7 days. Cultures were treated with
vehicle (Control), PGE2 (1 μM) or NS398 (0.1 μM). Bars are means ± SEM for n = 3 wells of
cells. aSignificant effect of genotype, P<0.01. bSignificant effect of treatment, P<0.01. nd =
not detectable.
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Figure 2. Cell growth in calvarial osteoblast cultures from COX-2 WT and KO mice
Cells were plated at 5000/cm2. (A) Cell growth during first week of culture. (B) Cell growth
over 21 days of culture. Cultures were treated with vehicle (Control), PGE2 (1 μM) or NS398
(0.1 μM) for the duration of culture. (C) Cell counts in COX-2 KO cells at 4 days of culture
after treatment with varying doses of PGE2. Symbols are means ± SEM for n=3 wells of
cells. aSignificant effect of genotype, P<0.01; bP <0.05. cSignificant effect of NS398, P <
0.01; dP <0.05. eSignificant effect of PGE2, P<0.01.
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Figure 3. Cell proliferation and cell cycle progression in calvarial osteoblast cultures from COX-2
WT and KO mice
(A) 3H-thymidine incorporation (TdR). Cultures were treated with vehicle, PGE2 (1 μM) or
NS398 (0.1 μM) throughout culture. TdR was measured on day 4 of culture after a 2-h pulse
of 3H-thymidine. TdR was normalized to cell number in parallel cell cultures. Bars are means
± SEM for n=3. aSignificant effect of genotype, P<0.01. bSignificant effect of treatment,
P<0.05. (B) Cell cycle analysis by flow cytometry after APC-BrdU/7-AAD staining. Results
were calculated from three independent experiments. Cells were cultured for 4–5 days with
BrdU incubation 2–4 hours after medium change. Bars are means ± SEM for n=3
experiments. aSignificant effect of genotype, P<0.01.
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Figure 4. Assessment of cell division by CFSE staining
Cells were stained with CFSE before plating, cultured for 7 days and analyzed by flow
cytometry, as described in Materials and Methods. (A) Comparison of cell division in COX-2
WT and KO cells. (B) Effects of NS398 (0.1 μM) on cell division in COX-2 WT cells. (C)
Effects of PGE2 (1 μM) or forskolin (10 μM) on cell division in COX-2 KO cultures.
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Figure 5. Cell apoptosis in calvarial osteoblasts from COX-2 WT and KO mice
Cells were cultured for 5 days, double stained with annexin-V-FITC and PI and analyzed by
flow cytometry. Bars are mean ± SEM of 3 independent experiments.
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Figure 6. Alkaline phosphatase (ALP) and crystal violet staining of marrow stromal cells cultured
from COX-2 WT and KO mice
Cells were cultured for 14 days with vehicle (Control) or PGE2 (1 μM). (A) Cultures were
stained for ALP and counterstained with crystal violet. Dishes were scanned and the area of
ALP staining (B) and crystal violet staining (C) calculated. Bars are means ± SEM for 3 wells
of cells. aSignificant effect of genotype, P<0.01. bSignificant effect of PGE2, P<0.01.
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