
ARTHRITIS & RHEUMATISM
Vol. 62, No.7, July 2010, pp 2013–2022
DOI 10.1002/art.27486
© 2010, American College of Rheumatology

Endothelial Nitric Oxide Synthase Deficiency in Mice
Results in Reduced Chondrocyte Proliferation

and Endochondral Bone Growth

Qian Yan, Qingping Feng, and Frank Beier

Objective. Nitric oxide (NO) and aberrant chon-
drocyte differentiation have both been implicated in the
pathogenesis of osteoarthritis, but whether these pro-
cesses are connected is unknown, and the role of specific
NO synthase (NOS) enzymes in chondrocyte physiology
is unclear. This study was undertaken to examine the
effects of inactivation of endothelial cell NOS (eNOS)
on cartilage development in mice.

Methods. Skeletal growth and development of
mice carrying a null mutation in the eNOS gene was
compared with that of their control littermates. In situ
analyses were complemented by experiments with pri-
mary chondrocytes and tibial explants from these mice.

Results. Mice that were deficient in eNOS showed
increased fatality and reduced bone growth, with hypo-
cellular growth plates and a marked reduction in the
number of proliferating chondrocytes. In vitro studies
demonstrated lower chondrocyte numbers and reduced
endochondral bone growth in mutant mice, suggesting
that the role of eNOS signaling in chondrocyte prolifer-
ation is cell autonomous. Reduced chondrocyte numbers
appear to be caused by decreased cyclin D1 and in-
creased p57 expression in mutant mice, resulting in
slower cell cycle progression and earlier cell cycle exit.
In addition, expression of early chondrocyte markers
such as SOX9 was reduced, and prehypertrophic mark-
ers were expressed prematurely in mutant mice.

Conclusion. Our findings identify a novel and

important role of eNOS in chondrocyte proliferation
and endochondral bone growth and demonstrate that
loss of eNOS results in premature cell cycle exit and
prehypertrophic chondrocyte differentiation during car-
tilage development.

Nitric oxide (NO) plays an important role in the
progression of osteoarthritis (OA), in part by influencing
the physiology of chondrocytes (1,2). NO is synthesized
through L-arginine by NO synthases (NOS) in many cell
types. Three different types of NOS have been identi-
fied. The neuronal NOS (nNOS or NOS1) and endothe-
lial NOS (eNOS or NOS3) forms are constitutively
expressed, and their activity is regulated by intracellular
signaling and the calcium-binding protein calmodulin
(3). The inducible form (iNOS or NOS2) is stimulated at
the level of expression by factors including lipopolysac-
charide and cytokines, such as interleukin-1, tumor
necrosis factor �, and interferon-�, and leads to sus-
tained and high levels of NO, mainly in inflammatory
disease (1,2,4).

Changes in the articular chondrocyte phenotype,
such as initiation of hypertrophic differentiation, are
thought to play an important role in the pathogenesis of
OA (5–7). Physiologically, chondrocyte hypertrophy oc-
curs in the process of endochondral ossification that
gives rise to most bones in the vertebrate skeleton, such
as the long bones of the limbs (8,9). Endochondral
ossification involves the formation of a highly controlled
and precisely shaped cartilage template that is subse-
quently replaced by bone tissue and bone marrow (10).
Once mesenchymal cells commit to the chondrogenic
lineage, the subsequent events of endochondral bone
formation occur through the epiphyseal growth plate
(11), which consists of zones of resting, proliferating,
and hypertrophic chondrocytes organized in distinguish-
able columnar arrays (10). Within the growth plate,
proliferation of chondrocytes occurs in a unidirectional
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manner, resulting in longitudinal bone growth (12,13).
After exiting the cell cycle, chondrocytes start to differ-
entiate into prehypertrophic and eventually hypertro-
phic chondrocytes (14–16). Hypertrophic chondrocytes
direct mineralization of the surrounding extracellular
matrix, attract blood vessel invasion, and ultimately
undergo apoptosis while being replaced by bone and
bone marrow (13,17). Proliferation and hypertrophy of
growth plate chondrocytes and extracellular matrix pro-
duction drive the longitudinal growth of endochondral
bones and eventually determine body length in mam-
mals (13,18).

Since both NO signaling and altered chondrocyte
differentiation contribute to OA, it is important to
examine whether both processes are connected. Studies
in the chicken suggest that NO signaling promotes
chondrocyte hypertrophy (19,20), but the roles of NO
and in particular the individual NOS genes in mamma-
lian cartilage development are not well understood. In
this study, we used a genetic approach to address the
role of eNOS in chondrocyte differentiation and endo-
chondral ossification in vivo. Inactivation of the eNOS
gene resulted in a number of phenotypes, including
reduced proliferation and earlier cell cycle exit of chon-
drocytes. Overall, these data provide novel information
regarding the importance of eNOS/NO signaling in
chondrocyte development and identify downstream reg-
ulators of endochondral ossification.

MATERIALS AND METHODS

Animals and materials. Pregnant CD1 mice were
purchased from Charles River. Cell culture materials and
general chemicals were obtained from Invitrogen, Sigma, or
VWR unless otherwise stated. The following antibodies were
used in this study: p57Kip2 (catalog no. sc8298; rabbit antibody
against human protein), retinoic acid–related orphan receptor
� (ROR�) (catalog no. sc28612; rabbit antibody against hu-
man protein), activating transcription factor 3 (ATF-3) (cata-
log no. sc188; rabbit antibody against human protein), goat
anti-mouse (catalog no. sc2005), goat anti-rabbit (catalog no.
sc2004) (all from Santa Cruz Biotechnology); cyclin D1 (SP4;
rabbit antibody against human, mouse, and rat proteins)
(catalog no. #9104-S1; NeoMarkers); proliferating cell nuclear
antigen (PCNA; mouse antibody against human, mouse, and
rat proteins) (catalog no. 2586; Cell Signaling Technology);
hypoxia-inducible factor 1� (HIF-1�; rabbit antibody against
human protein) (catalog no. 07-628; Upstate Biotechnology);
and bromodeoxyuridine (BrdU; mouse antibody, species-
independent) (catalog no. 03-3900; Zymed).

Mouse breeding and genotyping. Mice with a deletion
of the eNOS gene (stock no. 2684) (21) and control mice on the
C57BL/6 background were obtained from The Jackson Labo-
ratory. Mice were kept under 12-hour light/12-hour dark
conditions, and fed tap water and regular chow ad libitum. All

procedures involving animals were approved by the University
of Western Ontario Animal Care and Use Committee. All
experiments were done using crosses of heterozygous mice to
compare knockout animals with wild-type controls within the
same litter. For polymerase chain reaction (PCR) genotyping,
tail snips were used to prepare DNA for PCR analysis. PCR
genotyping was performed by simultaneous amplification of
the eNOS wild-type and null alleles as previously described
(22). PCR fragments were analyzed by agarose gel electro-
phoresis.

Skeletal staining and histology. Animals were skinned,
eviscerated, and dehydrated in 95% ethanol overnight and
then in acetone overnight. Skeletons were stained with 0.015%
Alcian blue, 0.05% alizarin red, and 5% acetic acid in 70%
ethanol for several days. Skeletons were then cleared in 1%
KOH, passed through descending concentrations of KOH, and
stored in glycerol/ethanol (1:1) (23,24). After dissection of
mice, bones were rinsed with phosphate buffered saline, fixed
in 4% paraformaldehyde overnight, placed in 10% formalin
solution, and sent to the Molecular Pathology Core Facility at
the Robarts Research Institute (London, Ontario, Canada) for
embedding and sectioning into 4-�m sections. After section-
ing, bones were stained with hematoxylin and eosin or Safranin
O–fast green using standard protocols (23–25) or used for
immunohistochemistry as described below.

Immunohistochemistry and BrdU labeling. For immu-
nohistochemistry, sections unstained prior to use were incu-
bated in 3% H2O2 for 15 minutes at room temperature, boiled
for 20 minutes in 10 mM sodium citrate (pH 6.0), and blocked
with 5% goat serum at room temperature for 30 minutes.
Sections were incubated with primary antibody overnight at
4°C and secondary antibodies according to the recommenda-
tions of the manufacturers. After washing, the sections were
incubated for 1–10 minutes with diaminobenzidine substrate
solution (Dako), washed, and mounted. All images were taken
at room temperature with a Retiga EX camera connected to a
Leica DMRA2 microscope using OpenLab software, version
4.0.4. For cell counts in sections, all cells and cells positive for
staining with primary antibody labeling were counted from 3
different areas of 1 section. Sections from at least 3 mice per
genotype, and at least 3 sections from every mouse, were
analyzed, and the mean and SD from all counts per genotype
are shown.

For BrdU labeling, newborn mice were injected intra-
peritoneally with BrdU (Roche) at a dose of 0.03 mg/gm of
body weight 1 hour before mice were killed. BrdU was
detected in paraffin sections using anti-BrdU antibody as
described above. For all antibodies, negative controls were
used following the same protocol in the absence of the primary
antibody.

Primary cell culture and MTT assays. Tibiae, femurs,
and humeri were isolated from knockout and control mice on
embryonic day 15.5 (E15.5) using a Stemi DV4 stereo micro-
scope (Zeiss). Twenty bones from the same genotype were
placed in 2 ml of �-minimum essential medium (�-MEM;
Invitrogen)/well containing 0.2% bovine serum albumin
(BSA), 1 mM �-glycerophosphate, 0.05 mg/ml ascorbic acid,
and penicillin/streptomycin in a 6-well culture dish (Falcon), as
previously described (26). Then medium was removed, and
every 10–12 bones from each group were placed in 1 ml of
0.25% trypsin-EDTA (Invitrogen) for 15 minutes at 37°C.
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Trypsin was subsequently replaced with 1 mg/ml of collagenase
P (Roche) in Dulbecco’s modified Eagle’s medium (DMEM)/
10% fetal bovine serum (FBS; Invitrogen), and cells were
incubated at 37°C with rotation at 100 revolutions per minute
for 90 minutes. Following digestion, the cell suspension was
centrifuged for 5 minutes at 1,000 rpm, and the collagenase-
containing supernatant was decanted. Chondrocytes were re-
suspended in media containing a 2:3 ratio of DMEM to F12,
10% FBS, 0.5 mM L-glutamine, and penicillin/streptomycin (25
units/ml) supplemented with 0.25 mM ascorbic acid (Sigma)
and 1 mM �-glycerophosphate (Sigma). Chondrocytes (10,000
cells/ml) were seeded in a 96-well culture dish (Falcon)
containing 100 �l of medium per well and cultured in the
presence of 5% CO2. Cell numbers were determined by MTT
assay as previously described (27,28).

Organ culture. Tibiae were isolated from E15.5 em-
bryos from wild-type and knockout mice as described above
(29,30). Dissection day was considered to be day 0, and tibiae
(1/well) were allowed to recover from dissection overnight in
serum-free �-MEM media (1 ml/well) containing 0.2% BSA,
0.5 mM L-glutamine, 40 units of penicillin/ml, and 40 �g of
streptomycin/ml in 24-well Falcon plates, as previously de-
scribed (29,30). All culture dishes were maintained in an
incubator containing 5% CO2. The next morning, bone length

was measured using an eyepiece in the Stemi DV4 stereo
microscope. Media were changed every 48 hours beginning on
day 1, and bones were measured on days 2, 4, and 6. Results
are expressed as growth in length relative to day 1. Experi-
ments were performed at least 3 times, using 4–6 bones per
treatment for each trial.

Western blotting. Fresh cartilage from the limbs of
newborn mice was dissected in cold Puck’s solution A (80
gm/liter NaCl, 4.0 gm/liter KCl, 0.6 gm/liter KH2PO4, 0.9
gm/liter Na2HPO4�7H2O, and 10 gm/liter glucose [pH 7.4]).
Modified radioimmunoprecipitation buffer extracts of carti-
lage were used directly for Western blotting (5,23,24). Block-
ing, incubation with antibodies, and washing were carried out
according to the recommendations of the supplier of the pri-
mary antibody. Immunoblots were developed using the ECL
detection system (Amersham). Blots shown in the figures
are representative blots from 3 independent littermate com-
parisons.

RNA isolation and real-time reverse transcriptase–
PCR (RT-PCR). Total RNA was isolated from the epiphyseal
cartilage of long bone from newborn mice using TRIzol, ac-
cording to the recommendations of the manufacturer (Invitro-
gen). TaqMan real-time PCR was performed as previously de-
scribed (26,31) using primers and probe sets from Applied

Figure 1. Reduced growth upon loss of endothelial nitric oxide synthase (eNOS). Body weight and body length
of mice were determined during the first 42 days of life. A, Slower increases in both body weight and body length
in eNOS-deficient (knockout [KO]) mice compared with their wild-type (WT) littermates. Values are the mean �
SD (n � 8 mice per genotype). � � P � 0.05. B, Comparison of an eNOS-knockout mouse with a wild-type
littermate on postnatal day 4 (P4), demonstrating a delay in growth and development and a kinky tail in the
mutant mouse. C, Whole skeletal staining with Alcian blue and alizarin red on postnatal day 1, showing no
morphologic difference other than reduced size in the mutant mouse. D, Measurements of selected individual
bones, confirming reduced bone length in humeri and tibiae in neonatal mutant mice. E, Results of real-time
reverse transcriptase–polymerase chain reaction using RNA extracted directly from neonate cartilage from
eNOS-knockout mice. Transcript levels for neuronal NOS (nNOS) were up-regulated, inducible NOS (iNOS)
mRNA levels did not change, and eNOS transcripts were not detectable (ND) in knockout mice. Bars in D and
E show the mean and SD (n � 4 mice per group). � � P � 0.05 versus wild-type mice.
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Biosystems (for Sox9, Mm00448840_m1; for Col2a, Mm00491889_
m1; for Col10a, Mm00487041_m1; for Rora, Mm00443103_m1;
for Hif1a, Mm00468869_m1; for Nos1, Mm00435175_m1; for
Nos2, Mm00440485_m1; for Nos3, Mm00435204_m1; for Gapdh,
Mm99999915_g1). Data were normalized to GAPDH mes-
senger RNA (mRNA) levels and represent the mean and SD
from direct comparisons of mutant and control littermates
from 3 different crosses. Statistical significance of real-time
PCR results was determined by one-way analysis of variance
(ANOVA) with Bonferroni post-test using GraphPad Prism,
version 4.00 for Windows (GraphPad Software).

Statistical analysis. All experiments were performed
with at least 3 independent litters. Statistical significance was
determined by a one-way ANOVA with Bonferroni post-test
using GraphPad Prism, version 4.00 for Windows.

RESULTS

Reduced viability and growth in eNOS-knockout
mice. We used eNOS-deficient mice to address the role
of this gene in cartilage development in vivo. Based on
our breeding protocol using heterozygous mice, Mende-
lian ratio would predict that 50% of the newborn mice
would be heterozygous and 25% would be homozygous
eNOS-null mice. However, examination of genotype
distribution in the newborn mice revealed that only 14%
of the mice were homozygous for the mutant eNOS
allele, and 40% were heterozygous. Analyses of geno-
types at different embryonic stages showed the expected
Mendelian distribution (data not shown). These data
suggest that loss of the eNOS gene results in increased
embryonic death at the late prenatal or perinatal stage.
Additionally, 44% of the newborn eNOS�/� mice died
shortly after birth. Slightly decreased body weight (86%)
and length (92%) were found in eNOS�/� mice at birth.
Analysis of both parameters over the first 42 days of life
demonstrated that growth retardation became more
pronounced in surviving eNOS�/� mice as the animals
aged (Figure 1A). Growth retardation was similar in
female and male mice (data not shown). However, some
of the eNOS�/� mice demonstrated a more severe delay
in growth and development, and some were born with a
kinky tail (6 of 20 knockout mice from 9 litters) (Figure
1B).

We next examined the skeletal phenotype of
eNOS-deficient mice. Whole skeletal staining with Al-
cian blue and alizarin red confirmed that mutant mice
had a smaller skeleton than control littermates on
postnatal day 1 (Figure 1C). The majority of mutant
mice showed no obvious morphologic changes in the
skeleton. Detailed observation of the whole skeleton of
mutant mice revealed a smaller rib cage and skull and a
shorter appendicular skeleton. Measurement of selected

individual bones confirmed reduced bone length of
humeri (76%) and tibiae (80%) in neonatal mutant mice
(Figure 1D). Real-time RT-PCR using RNA extracted
directly from neonate cartilage from eNOS-knockout
mice demonstrated up-regulated nNOS transcript levels
compared with wild-type controls. Levels of mRNA for
iNOS were unchanged, and eNOS transcripts could not
be detected in mutant mice, as expected (Figure 1E).

Reduction of chondrocyte proliferation in the
mutant growth plate. To elucidate the cellular basis of
the reduced skeletal growth, we analyzed growth plate
organization. Growth plates from newborn mutant mice
displayed a chondrocyte arrangement in proliferative
and hypertrophic zones similar to that in control animals
(Figure 2A). Measurement of the length of the various
growth plate zones showed that the proliferative zone
was slightly smaller and the hypertrophic zone was
slightly larger in knockout growth plates, but these
differences were not statistically significant (Figure 2B).
The eNOS�/� growth plates were hypocellular, espe-

Figure 2. Reduced proliferating chondrocyte numbers in mutant
growth plates. A, Histologic analyses demonstrating that growth plates
from newborn mutant mice display a similar arrangement of chondro-
cytes into the proliferative zone (PZ) and hypertrophic zone (HZ) as
control mice. Boxed areas show the areas in which proliferating cells
were counted. Bar � 500 �m. B, Length of the resting zone (RZ),
proliferative zone, and hypertrophic zone in the growth plates. There
were no significant changes in mutant mice. C, Cell numbers per area
in the epiphyseal cartilage (EC) and proliferative zone. Cell numbers
in the proliferative zone of the growth plate in mutant mice were lower
(71%). Bars in B and C show the mean and SD (n � 8 mice per
genotype). � � P � 0.05 versus wild-type mice. See Figure 1 for other
definitions.
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cially in the center of the growth plates (Figure 2A).
Counts of cell numbers in the proliferative zone of the
growth plate revealed fewer cells per area in mutant
mice (71% of control cell numbers), while cell counts in
the epiphyseal cartilage did not show a significant dif-
ference between genotypes (Figure 2C). Analyses of
additional long bones at different developmental stages
confirmed that reduced numbers of cells in the prolifer-
ative zone are a general feature of eNOS�/� bones (data
not shown).

We next investigated whether changes in cell
proliferation are the cause of hypocellularity in eNOS-
deficient growth plates. BrdU incorporation assays
showed a marked reduction in replicating cells in mutant
mice that was confirmed by cell counts (Figure 3A).
Control experiments in these and all subsequent immu-
nohistochemistry studies were done without primary
antibody and showed no staining (results not shown).

Immunohistochemical staining for PCNA demonstrated
a similar reduction in the number of positive cells in
mutant mice (Figure 3B). These findings demonstrate
that the proliferation of chondrocytes is reduced upon
loss of eNOS.

Because the mutant mice used in this study were
eNOS-deficient in all cells of the body, it was possible
that reduced bone growth and chondrocyte proliferation
were secondary to loss of eNOS in other cell types. We
therefore compared proliferation of primary chondro-
cytes from control and eNOS�/� mice in culture. MTT
assays demonstrated that cells in mutant mice increased
their numbers more slowly than those in control litter-
mates, while chondrocytes from heterozygous mice did
not show any differences from wild-type cells (Figure
3C). In addition, we conducted organ culture experi-
ments by growing tibiae from E15.5 eNOS�/� and
wild-type mice in culture for 6 days. While bones from

Figure 3. Reduction in chondrocyte proliferation and endochondral bone growth in vitro upon loss of eNOS.
A, Marked reduction in replicating cells in eNOS-knockout mice, shown by bromodeoxyuridine (BrdU)
incorporation assays and confirmed by counting of labeled cells. Bar � 200 �m. B, Reduced numbers of positive
cells per area in eNOS-knockout mice, shown by immunohistologic staining of proliferating cell nuclear antigen
(PCNA). C, Numbers of primary chondrocytes in wild-type, heterozygous (HET), and eNOS�/� mice. MTT
assays demonstrated a slower increase in numbers of primary chondrocytes in eNOS�/� mice than in their
wild-type or heterozygous littermates. D, Reduced bone growth in tibiae from mutant mice compared with those
from control animals on days 4 and 6 of organ culture. Values are the mean � SD (n � 4 mice per genotype).
� � P � 0.05 versus wild-type mice. See Figure 1 for other definitions.
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both genotypes were of similar length at the beginning of
the culture, bones from mutant mice showed signifi-
cantly reduced growth compared with those from control
animals on days 4 and 6 (Figure 3D). These data suggest
that eNOS is required for normal chondrocyte prolifer-
ation and endochondral bone growth in a cell-
autonomous manner.

Reduced cyclin D1 expression in eNOS-deficient
mice. To elucidate the reason for reduced cell numbers
in eNOS�/� mice, we examined cell cycle protein expres-
sion in growth plates. Immunohistochemical staining of
cyclin D1, which is required for normal chondrocyte
proliferation (32,33), demonstrated reduced numbers of
positive cells in mutant mice (Figure 4A). Reduced
cyclin D1 protein expression in eNOS-deficient cartilage
was confirmed by Western blotting (Figure 4B). We
recently demonstrated that the transcription factor
ATF-3 is up-regulated during chondrocyte hypertrophy
and represses the activity of the cyclin D1 promoter in
chondrocytes (34). Immunohistochemistry demon-
strated increased ATF-3 expression in eNOS-deficient
growth plates (Figure 4C), suggesting that premature
induction of ATF-3 expression in mutant mice leads to

repression of cyclin D1 transcription and chondrocyte
proliferation.

Premature differentiation of eNOS-deficient
chondrocytes. Since reduced chondrocyte proliferation
is often associated with premature cell cycle exit and
maturation (32), we examined the expression of addi-
tional markers of prehypertrophic chondrocytes. Immu-
nohistochemistry and Western blotting revealed in-
creased expression of the cell cycle inhibitor p57, which
promotes cell cycle exit and is required for normal
chondrocyte differentiation, in mutant mice (Figures 5A
and B). In wild-type growth plates, p57 protein was
restricted to a small band of prehypertrophic chondro-
cytes, while in knockout growth plates, there was both
earlier staining in late proliferative cells and sustained
staining in hypertrophic chondrocytes. The nuclear re-
ceptor ROR� is another marker for prehypertrophic
and hypertrophic chondrocytes (35) that showed an
increase in expression similar to that of p57 in mutant
mice (Figure 5C). Similar up-regulation was observed
for HIF-1� (Figure 5D), a sensor for low oxygen tension
(36,37) that has been implicated in cartilage develop-
ment (38).

Figure 4. Reduced cyclin D1 expression in eNOS-deficient mice. A, Immunohistochemical staining for cyclin D1, showing
reduced numbers of positive cells in eNOS-knockout mice. B, Western blot confirming reduced cyclin D1 expression in
knockout mice. C, Immunohistochemical staining showing that activating transcription factor 3 (ATF-3) was up-regulated in
eNOS-knockout mice. D, Numbers of cyclin D1–positive and ATF-3–positive cells per area. Cell numbers confirmed the
changes in the knockout mice. Bars in A and C � 200 �m. Representative results from at least 4 independent experiments are
shown. Bars in D show the mean and SD. � � P � 0.05 versus wild-type mice. See Figure 1 for other definitions.
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Changes in cartilage-specific gene expression
upon loss of eNOS. We sought to complement our
immunohistochemistry results by quantitative analyses
of gene expression, using real-time RT-PCR of RNA
directly extracted from cartilage. Our results revealed
decreased expression of the early chondrocyte markers
Col2a1 and Sox9 and increased expression of the prehy-
pertrophic markers RORa and Hif1a (Figure 6). In
contrast, transcript levels for Col10a1, a marker of fully
hypertrophic chondrocytes, were elevated only slightly
(not significantly) in mutant mouse cells. These data
suggest that the major phenotype in eNOS-deficient
growth plates is the premature exit from the cell cycle
and earlier prehypertrophic differentiation, with fewer
effects on terminal differentiation.

DISCUSSION

While NO has been shown to play an important
role in controlling chondrocyte physiology in OA, the
roles of the 3 NO-synthesizing enzymes in cartilage
development are less clear. In this study, we provide

evidence for an important function of eNOS in the
regulation of chondrocyte proliferation and differentia-
tion. Our data show that genetic ablation of the eNOS
gene in vivo results in reduced chondrocyte proliferation
and endochondral bone growth. Analyses of the under-
lying molecular mechanisms suggest that these effects
are likely due to altered expression of several cell cycle
proteins and the modulation of intracellular pathways
with known roles in chondrocyte differentiation, includ-
ing Sox9 and Hif1�.

Although there were no gross morphologic
changes in the axial and appendicular skeleton of mutant
mice, staining confirmed smaller rib cages, skull, and
spine and shorter long bones. Some knockout mice
showed more pronounced growth retardation and other
defects such as kinky tails. The reasons for the variability
in the phenotype are not known, but are consistent with
the results of previous studies (22). Mice deficient in
eNOS share some similarities with mice that lack C-type
natriuretic peptide (CNP) (39), especially dwarfism and
a reduction in chondrocyte proliferation. Because both

Figure 5. Premature differentiation of eNOS-deficient mouse chondrocytes. A, Increased expression of
the cell cycle inhibitor protein p57 in knockout mice, as shown by immunohistochemistry. B, Western blot
confirming increased expression of p57 in knockout mice. C and D, Up-regulation of the expression of the
prehypertrophic and hypertrophic markers retinoic acid–related orphan receptor � (ROR�) (C) and
hypoxia-inducible factor 1� (HIF-1�) (D) in the growth plates of knockout mice, as shown by
immunohistochemistry. Bars in A, C, and D � 200 �m. Results are representative of �4 experiments. E,
Numbers of p57-positive, ROR�-positive, and HIF-1�–positive cells per area, confirming the changes in
the knockout mice. Bars show the mean and SD. � � P � 0.05 versus wild-type mice. See Figure 1 for
other definitions.
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NO and CNP stimulate the production of cGMP via
soluble or particulate guanylyl cyclases (19), these simi-
larities are not surprising and provide further evidence
of the importance of cGMP signaling in endochondral
bone formation. However, the phenotype of eNOS-null
mice does not exactly resemble that of mice lacking CNP
or the main effector of cGMP in cartilage, cGMP-
dependent kinase II (40). For example, mice lacking
CNP have strikingly narrow growth plates and shorter
proliferating and hypertrophic zones (39), which we did
not see in the eNOS-deficient mice used in the present
study.

Because NO is produced through different NOS
isoforms, deletion of eNOS alone might be compensated
for by the other 2 NOS enzymes. Indeed, we found a
2-fold up-regulation of nNOS transcript levels in eNOS-
deficient mice, suggesting that these 2 constitutive forms
have partially redundant roles in cartilage. Additionally,
cGMP is not the only downstream target of NO; for
example, NO can alter the activity of several proteins
through tyrosine nitrosylation (41,42), which could ac-
count for some of the observed differences between
eNOS-deficient mice and CNP- and cGMP-dependent
kinase II–deficient mice.

A requirement of eNOS for proliferation has
been described for a number of cells, including endothe-
lial cells and osteoblasts (43,44). However, Teixeira and
colleagues (20) demonstrated that NO signaling stimu-
lates chondrocyte hypertrophy in chicken chondrocytes,
raising the question of whether loss of eNOS promotes
proliferation at the expense of differentiation or results
in the opposite phenotype, e.g., reduced proliferation
and earlier onset of maturation. Our results clearly
support the latter model. While species-specific effects
or differences in approaches (e.g., in vivo versus in vitro)
could explain some of the differences between the
results of our study and the results of the study by
Teixeira (20), the more likely explanation is that NO
effects in chondrocytes are differentiation stage and
concentration dependent. For example, it is plausible to
speculate that loss of only 1 NO-synthesizing protein has
different effects from the pharmacologic inhibition of all
3 proteins.

Inactivation of eNOS results in reduced chondro-
cyte proliferation in vivo and in vitro. Considering that
eNOS was deleted in all of the cells of the body in the
mice used in this study, it was unclear whether the
reduced chondrocyte proliferation was due to loss of

Figure 6. Promotion of prehypertrophic gene expression by eNOS deficiency. Real-time reverse transcriptase–
polymerase chain reaction analyses using RNA extracted directly from neonate cartilage revealed decreased
expression of the early chondrocyte markers Col2a1 and Sox9, and increased expression of the prehypertrophic
markers RORa and Hif1a in the cartilage of eNOS-knockout mice. Expression of the hypertrophic marker
Col10a1 was not significantly changed. Bars show the mean and SD (n � 4 independent experiments per
genotype). � � P � 0.05 versus wild-type mice. See Figure 1 for definitions.
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eNOS in cartilage or was secondary to defects in other
tissues (e.g., in endocrine tissues or endothelial cells).
Therefore, we conducted organ culture and primary cell
culture in vitro, thus removing systemic and endocrine
influences. Our organ culture data demonstrated re-
duced tibia growth upon loss of eNOS, and chondrocytes
from mutant mice showed reduced multiplication of
cells in culture. While these culture systems contain
perichondral and periosteal cells that might be respon-
sible for some of the observed changes, these results are
consistent with the in vivo phenotype of eNOS-knockout
mice and a cell-autonomous role of eNOS in chondro-
cyte proliferation.

The progression of the eukaryotic cell cycle is
controlled by cyclins and cyclin-dependent kinases (32).
For example, cyclin D1 has been shown to regulate the
G1 phase of the cell cycle, is expressed specifically in the
proliferating zone of growth plates, and is required for
maximal chondrocyte proliferation in vivo and in vitro
(32,33). Our data showed a decline in cyclin D1 and an
increase in p57 expression, presumably resulting in
slower cell cycle progression and early cell cycle exit
upon loss of eNOS. The earlier cell cycle exit and
resulting acceleration in the onset of prehypertrophic
differentiation is also supported by increased expression
of prehypertrophic markers such as ROR� and HIF-1�,
and by reduced expression of markers for proliferating
chondrocytes, such as type II collagen and SOX9. Of
note, growth plate zone measurements and analyses of
type X collagen expression suggest that eNOS deficiency
accelerates prehypertrophic differentiation without ac-
companying acceleration of terminal hypertrophic dif-
ferentiation.

In summary, our data demonstrate a role of
eNOS in chondrocyte proliferation and endochondral
bone growth. Loss of eNOS affects numerous aspects of
cartilage physiology, including chondrocyte proliferation
and gene expression. Further investigations into the
specific mechanisms involved will result in a better
understanding of physiologic and pathologic ossification
and the role of eNOS in arthritic diseases.
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