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Abstract
Objective—Human chondrocytes and annulus fibrosus cells of intervertebral disc (IVD) express
osteoprotegerin (OPG), but the effect of OPG on the pathogenesis of IVD degeneration remains
unknown. Here we assessed the phenotype change of IVD in OPG−/− mice.

Methods—The IVDs from 12-, 20-, and 28-week-old OPG−/− mice and WT controls were
subjected to histologic analyses including TRAP staining for osteoclasts, immunostaining for OPG
and type I collagen protein expression, and TUNEL staining for apoptosis. The IVD tissues were
also subjected to real time RT-PCR for mRNA expression of genes for osteoblast-osterix, ALP,
and osteocalcin; for osteoclasts-trap, rank, mmp9 and cathepsin K, and for chondrocytes-
aggrecan, mmp13 and Col10.

Results—OPG protein expresses at the cells of endplate cartilage and annulus fiborsis in IVDs of
WT mice. Compared to WT mice, OPG−/− mice developed aging related cartilage loss and bony
tissue appearance at the endplate. Stating from 20 weeks of age, IVDs from OPG−/− mice
expressed significantly increased mmp13 and Col10 levels, which is associated with increased
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osteoblast number and elevated expression of osteoblast marker genes. Furthermore, TRAP+
osteoclasts were presented in the endplate cartilage of OPG−/− mice. These osteoclasts localized
adjacently to and erosion into the cartilage. Increased expression of RANK, mmp9 and cathepsin k
was detected in OPG−/− IVDs.

Conclusions—OPG at IVD plays an important role for maintaining the integrity of endplate
cartilage during aging by preventing endplate cartilage from osteoclast-mediated resorption.
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Introduction
Osteoporosis and spinal degeneration diseases or intervertebral disc (IVD) degeneration are
prevalent skeletal diseases that cause pain, physical limitations, and disability in aged
population [1, 2]. Several studies reported the coexistence of osteoporosis and degenerative
disc disease, but the relationship between these two diseases remains unclear [3, 4].

Osteoprotegerin (OPG), a naturally occurring inhibitor of the receptor activator of NF-κB
ligand (RANKL), binds RANKL with high affinity, preventing RANKL from interaction
with RANK on osteoclasts [5]. OPG negatively regulates osteoclast formation and thus
prevents the osteoporosis. The imbalance of the RANKL-OPG, caused by estrogen shortage,
glucocorticoid application, or immune-mediated disorganizations, would induce
osteoclastogenesis and accelerated bone resorption [6]. OPG gene knockout mice (OPG−/−)
develop severe osteoporosis with remarkably increased osteoclast numbers. Furthermore,
OPG−/− mice also have severe osteoarthritis phenotypes due to completed loss of articular
cartilage in knee joints, suggesting OPG may affect the integrity of cartilage. OPG is
expressed and produced by many cell types. It was reported that human chondrocytes and
annulus fibrosus of IVD express OPG and RANKL [7–9]. However, the effect of OPG on
IVDs has not been investigated. Here we directly compared the IVD phenotypes of different
ages of OPG−/− mice and WT control mice. OPG−/− mice develop degenerative disc disease
with aging. Thus, the purpose of this study is to investigate the phenotype change of
intervertebral discs in OPG gene knock out mice.

Materials and Methods
Animals

OPG heterozygous mice in S129 background were purchased from Shanghai Research
Center for Biomodel Organism, China and were bred to generate OPG−/− mice. Genotype of
OPG−/− mice was determined by PCR. The OPG WT allele was detected using the forward
primer 5′-GTA ACG CCC TTC CTC ACA CTC ACA -3′ and the revered primer 5′-ATG
GCC ATT CAG CAG TAG CCT ATG -3′. The OPG mutant allele was detected by using
the forward primer 5′-GTA ACG CCC TTC CTC ACA CTC ACA -3′ and the revered
primer 5′-GTG GGG GTG GGG TGG GAT TAG ATA -3′. OPG−/− mice and WT
littermates (N=6/group) were sacrificed at 12, 20, and 28 weeks of age. The local ethics
committee approved all animal procedures.

Histological evaluation
The specimens of the IVD and adjacent endplate cartilage from Cervical (C) vertebral body
4 to C6 were fixed in 4% Paraformaldehyde, decalcified, dehydrated, cleared with
dimethylbenzene, and were then embedded in olefin. At least 4 consecutive 7-μm sections
were obtained from the coronal planes, and stained using Haematoxylin and Eosin (HE) for
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routine morphologic analysis and TRAP staining for identifying osteoclasts. The
morphology of the cartilage endplate, annulus fibrous, and nucleus pulposus was examined.
Histomorphometric assessment was performed by using an image auto-analysis system
(Olympus BX50; Japan).

Immunofluorescence staining of OPG
The paraffin sections of the IVD and adjacent vertebral endplates from C4–C6 of 12-week-
old WT mice were deparaffinized, blocked with 0.2% triton 100 for 10 minutes at room
temperature, and followed by a digestion with proteinase K in PBS, for about 10 minutes at
37°C. The sections were incubated with 5% BSA for 2 hours at 37°C to block non-specific
staining and followed with 1:100 goat polyclonal anti-OPG antibody (sc-8468, Santa cruz
biotechnology, CA, USA) at 4°C overnight. After thorough wash with PBS, the sections
were incubated with 1:400 rabbit anti-goat IgG secondary antibody labeled with DyLight
680 (072-06-13-06, Kirkegaard & Perry Laboratories, Inc. Maryland, USA) for 45 min,
followed with thorough wash with PBS, and mounted. The specimens were observed using
an Image Analysis System (Olympus BX50, Japan).

Immunohistochemical staining of type I collagen
The slides were processed the standard program of dewaxing, rehydrating, block
endogenous peroxidase 10 minutes in 3% H2O2, followed by a digestion with 0.01%
protease K for 10 minutes. Non-specific signals were blocked by incubation with confining
liquid for 10 minutes. The sections were then incubated with Rabbit polyclonal antibody to
type I collagen (abcam, MA, USA), at 4°C over night. After thorough wash, the sections
were incubated with biotinylated goat anti-rabbit IgG 10 minutes at 4°C for 60 minutes, and
then incubated in Streptavidin-HRP for 10 minutes. The color reaction was elicited by 3,3′-
diaminobenzidine (DAB) solution at last. Tematoxylin was used to counterstain the sections.
After being mounted, specimens were examined by using an Image Analysis System
(Olympus BX50, Japan).

TUNEL staining
Four midsagittal sections of each IVD were stained for dead cells using the TdT-dUTP
terminal nick-end labeling (TUNEL) reaction (MEBSTAIN Apoptosis Kit Direct, MA,
USA) according to the manufacturer’s protocol.

Real-time RT-PCR analysis
Total RNA was extracted from C4–C6 IVD samples by TRIzol reagent (invitrogen Life
Technologies, Carlsbad, CA). Reverse transcription was preformed using a RT-for-PCR kit
(Qiagen, Valencia, CA) following the manufacturer’s protocol. Real-time RT-PCR
amplifications were performed using a SYBR Premix Ex Taq (Takara Bio) in the machine
RG3000 (Corbett Research, Australia). The primers for real-time RT-PCR used were
showed (Table 1). The mRNA expression was normalized to β-actin. PCR products were
subjected to melting curve analysis, while the data were quantified using RotorGene 6.0
analysis software. The experiments were repeated at least three times.

Statistical Analysis
One-Way ANOVA, followed with Post Hoc Turkey HSD for multiple comparisons, was
performed by using SPSS software (SPSS 10.0, Chicago, IL). Significance was defined by p
values <0.05.
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Results
Abnormal endplate cartilage and IVD structures in vertebra of adult OPG−/− mice

To investigate the involvement of OPG in the development of disc diseases, we examined
the expression pattern of OPG in inter-vertebral discs of 12-week-old WT mice by immuno-
fluoresce staining. OPG positive cells were observed in the endplate cartilage and annulus
fibrosis, but not in the nucleus pulposus cells (Fig. 1). To determine if OPG plays a critical
role in maintaining the integrity of IVD during aging, we assessed the morphology of the
IVD tissues in 12, 20 and 28-week-old OPG−/− mice and their WT littermates. Although
there was no global difference between WT and OPG−/− mice (Fig. 2A), we observed
appearance of bone-like tissues in 20 and 28-week-old OPG−/− mice (Fig. 2B). The
composition of bone-like-tissues is similar to those in ectopic bone formation, containing
bone marrow, hematopoietic lineage cells, osteoclasts and mineralized bones. These bony
tissues were inserted between the annulus fibrosis and the endplate cartilage, which are
localized at the out layer of the IVD units. These abnormal bony tissues become more
obvious in 28 week-old OPG−/− mice. Histomorphometric analyses revealed a reduction of
the height of growth plates in all age groups of OPG−/− mice (Fig. 2C). A significantly loss
of cartilage was observed in 20 and 28-old OPG−/− mice (Fig. 2D).

Contrast to these small histomorphometric difference between OPG−/− and WT mice, the
area of abnormal bony tissues was significantly increased in OPG−/− mice (Fig. 3A),
especially in 28-week-old mice. To investigate if these morphologic changes affect IVD
function, we examined the expression levels of aggrecan, a chondrocyte-produced
proteoglycan that is essential for cartilage integrity, in RNA isolated from IVD and adjacent
endplate cartilages. We detected a significantly decreased aggrecan in OPG−/− mice at all
time points. In contrast, mmp13 and Col10 expression was unchanged at 12-week-old, but it
was markedly increased in samples from 20 and 28-week-old OPG−/− mice (Fig. 3B). To
determine if there is cellular damage, we performed TUNEL staining to identify apoptotic
cells and demonstrated an increased apoptotic cells in IVD sections of 28-week-old OPG−/−

mice (Fig. 3C). These data suggest that in the absence of OPG, IVD and endplate cartage
tissues become abnormal and perhaps undergo early degenerative changes.

Active bone remodeling at the endplate cartilage of OPG−/− mice
Closer observation of IVD sections revealed that in some severe cases, partial endplate
cartilage was lost and replaced by bony tissues (comparison between boxed area in WT and
OPG−/− mice, Fig. 4A). Numerous of osteoblasts can be seen within bone marrow cavity on
the inner surface of newly formed bony tissues (Fig. 4A, arrows). RT-PCR of total RNA
extracted from IVD and adjacent endplate cartilage showed that the expression levels of
ALP, osteoterix, and osteocalcin was significantly decreased in OPG−/− mice compared to
those of WT at 12 weeks of age. The levels were elevated when mice became older. 28-
week-old OPG−/− mice have 7-fold increased osteoclacin expression than WT tissues (Fig.
4B). Type I collagen immunostaining revealed no positive staining in cartilage endplate of
WT mice at any time point. However, a clear positive staining was observed in bony tissues
in the endplate cartilage of 20 and 28-old OPG−/− mice (Fig. 4C, arrows). Similarly, TRAP
staining did not detect any TRAP+ osteoclasts in the endplate cartilage of WT mice, but
numerous TRAP+ osteoclasts were seen at the bone edge. Interestingly, we also observed
some osteoclasts that were invading into adjacent cartilage matrix (Fig. 5A, arrows).
Corresponding to increased osteoclasts, we detected increased expression levels of
osteoclast marker genes, trap and rank, in OPG−/− IVDs. The expression levels of catalytic
enzymes mmp9 and cathepsin K were also increased in OPG−/− mice (Fig. 5B).
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Discussion
In this study, we examined the phenotype changes of intervertebral disc (IVD) including the
endplate cartilage in 12 to 28 week-old OPG−/− mice and demonstrated that in the absence
of OPG expression, a portion of the endplate cartilage is lost and replaced by newly formed
bone marrow cavity. This change disrupts normal IVD structure, evidenced by decreased
aggrecan and increased mmp13 and Col10 expression. The newly formed bone marrow
cavity consists of osteoblasts and osteoclasts. The expression levels of markers and
functional genes for these cell types are increased in the IVD tissues of OPG−/− mice.
Furthermore, osteoclasts can be seen near or are invading the endplate cartilage in OPG−/−

IVDs. These findings suggest that OPG plays an important role in maintaining the integrity
of IVDs during the aging process.

OPG is a strong inhibitor of osteoclast formation by binding to RANKL and preventing
RANKL from interaction of RANK. OPG−/− mice exhibit osteoporosis and osteoarthritis in
knee joints with increased osteoclastogenesis [10–12]. However, if OPG plays a role in
maintaining integrity of IVD during aging thereby contributing to disc disease has not been
investigated. We found that in WT mice, OPG expresses at endplate cartilage and annulus
fibrosis, but not in nucleus pulposus, which is consistent with the previous report in human
intervertebral disc [8]. Cells in the endplate cartilage and annulus fibrosis are derived from
mesenchymal cells while the nucleus pulposus cells are derived from notochordal cells [13].
Different original of these tissues may explain the differential expression pattern of OPG.

The deficiency of OPG gene leads to enhanced osteoclastogenesis, and secondary
hyperactive osteoblasts in long bones [10–12]. We found this may be also the case in the
vertebral bones. We observed numerous TRAP+ osteoclasts at the endplate cartilages of 20-
week-old or even older OPG−/− mice, where no osteoclasts are normally present. Thus it is
very likely that the normal function of OPG in IVD tissues is to inhibit the development of
osteoclast lineage cells at these areas. A recent study reported that the deletion of OPG gene
results in increased number of chondroclasts that present at the chondroosseous junctions at
the fracture sites. These chondroclasts resorb the cartilaginous callus, thereby increasing the
rate of fracture healing by accelerating local bone remodeling [14]. However, the precise
cell types that are responsible for removing calcified cartilage during cartilage remodeling
have not been well characterized. In 1962, Takuma S., for the first time, described a cell
type that destroy and resorb cartilage, named them as chondroclasts. This type of cells also
be later named as mineraloclasts and collagenoclasts [15,16]. Based on morphological and
histo-chemical findings, these cells are usually taken to be the same as osteoclasts, which
resorb bone and calcified cartilage. Using electronic microscopy, Nordahl et al found that
chondroclasts do not form ruffled borders and clear zone, but they are TRAP positive [17].
However, until now, there is no function assay or specific marker available to distinguish
chondroclasts from osteoclasts. Interestingly, mice with osteoclast deficient, such as c-fos
[18], RANK [19], RANKL [20] and NF-κB p50/p52 double knockout mice [21], are often
dwarfed and have abnormal growth plate phenotype, linking osteoclasts or/and
chondroclasts to cartilage remodeling.

OPG−/− mice provide a valuable mode to investigate the role of osteoclasts/chondroclasts on
cartilage remodeling. Increased cartilage loss in OPG−/− mice further confirms the
importance of osteoclast in cartilage biology. It appears that the major consequence of
osteoclast inhibition on cartilage is to cause dwarfism due to inhibited cartilage remodeling
at the chondroosseous junctions [18–21]. This mechanism is more relevant in children.
Abnormal knee joint [11] and IVD function (this study) in OPG−/− mice highlight the
important role of osteoclast activation in cartilage remodeling.
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An intact endplate cartilage is essential for normal IVD functions because the major nutrient
supply of IVDs is diffused through endplates [22–23]. Pathologic changes in endplate
cartilage are closely associated with IVD degeneration, leading to disc herniation, scoliosis,
and spondylosis [24–25]. Loss of endplate cartilage and formation of new bone marrow
cavity in OPG−/− mice points the importance of OPG expression in the maintaining normal
IVD. This hypothesis is supported by significantly reduced expression of aggrecan, extra
matrix protein critical for the normal disc [26–31]. in OPG−/− IVDs. Furthermore, because
we found that apoptosis of chondrocytes only occurs in 28-week-old mice while cartilage
loss and changes in the gene expression happens at 20-week-old mice, suggesting that that
the deletion of OPG gene will not affect the apoptosis and hypertrophy of chondrocyte at
early age, but with aging, the invading of osteoclast in the endplate could cause chondrocyte
apoptosis and thus accelerate IVD degeneration.

Conclusion
The deletion of OPG gene causes the endplate cartilage resorption by hyperactive
osteoclasts/chondroclasts. Alternation of OPG levels in the IVD may be a new mechanism
of developing degenerative disc diseases by increasing osteoclasts-mediated cartilage
resorption at the endplates.
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IVD intervertebral disc

OPG osteoprotegerin

TRAP Tartrate-resistant acid phosphatase

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling

ALP Alkaline phosphatase

MMP9 Matrix metallopeptidase 9

MMP13 Matrix metallopeptidase 13

RANK Receptor activator of nuclear factor kappa-B

RANKL Receptor activator of nuclear factor kappa-B ligand

WT wild type mice

HE Haematoxylin and Eosin
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Figure 1. Immuno-fluorescence staining of OPG in vertebral bones of a WT mouse
C4–6 vertebral bodies from 12-week-old WT mice were stained with anti-OPG antibody.
Positive OPG staining was observed in the annulus fibrosis (green arrows) and the endplate
cartilage (yellow arrows). Photos (x10) are the representative staining from 3 mice.
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Figure 2. Abnormal vertebral bones of OPG−/− mice
(A) Hematoxylin eosin staining of IVD and endplate cartilage of 12-, 20- and 28-week-old
WT and OPG−/− mice. Arrows indicate the bone-like tissue formation. (B) Enlargement of
tissues highlighted in boxed area in A, demonstrating bone marrow formation (arrows). The
cartilage area was indicated by red star. (C) Histomoprhometric assessment of growth plate
thickness and cartilage area. Values are the mean ± SD of 3 mice. Three sections per mouse
were analyzed. *p< 0.05 vs. WT group.
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Figure 3. Impaired IVD in OPG−/− mice
(A) Histomoprhometric assessment of newly formed bony tissues in endplate of 12-, 20- and
28-week-old WT and OPG−/− mice. Values are the mean ± SD of 3 mice. Three sections per
mouse were analyzed. (B) The expression levels of aggrecan, mmp13 and Col10 mRNA in
RNA extracted from IVD and endplate cartilages of 12-, 20- and 28-week-old WT and
OPG−/− mice. The values are the mean ± SD of 3 independent experiments. *p< 0.05 vs.
WT group. (C) TUNEL staining of IVDs of 28-week-old OPG−/− mice and WT littermates.
Left photos are toludine blue stained sections and the right photos are the TUNEL stained
adjacent sections. Apoptotic cells were indicated by yellow arrows.
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Figure 4. Bone formation in the endplate of OPG−/− mice
(A) H&E sections show newly formed bone marrow cavity in the endplate cartilage in
OPG−/− mice. Osteoblasts were indicated by green arrows. (B) mRNA expression of ALP,
osteocalcin, and osterix of intervertebral discs of WT and OPG−/− mice at all time points.
The values are the mean ± SD of 3 independent experiments. *p <0.05 vs WT group. (C)
Type I collagen immunostaining of IVD sections of 20 and 28-week-old WT and OPG−/−

mice. Arrow indicates positive type I collagen staining in the endplate cartilage. Bar graphs
are the % of positive stained area over IVD area. Values are the mean ± SD of 3 mice. One
section per mouse were analyzed.
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Figure 5. Osteoclasts in the endplate of OPG−/− mice
(A) TRAP staining of vertebral body 28-week-old of OPG−/− mice and WT littermates
(x40). Arrows indicate osteoclasts invading into cartilage matrix. (B) mRNA expression of
trap, rank, mmp9 and cathepsin K in RNA extracted from IVD and endplate cartilages of
WT and OPG−/− mice at 12, 20 and 28-week-old. Values are the mean ± SD of 3
independent experiments. *p <0.05 vs WT group.
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Table 1

Sequences of primers used in the Real-time RT-PCR

Name GenBank accession no. Sequnce(5′-3′)

β-actin NM_007393.3 Forward
Reverse

GGAGATTACTGCCCTGGCTCCTA
GACTCATCGTACTCCTGCTTGCTG

aggrecan NM_007424.2 Forward
Reverse

CGCCACTTTCATGACCGAGA
TCATTCAGACCGATCCACTGGTAG

osteocalcin NM_001032298.2 Forward
Reverse

CTTGAAGACCGCCTACAAAC
GCTGCTGTGACATCCATAC

osterix NM_130458.3 Forward
Reverse

CGCATCTGAAAG CCCACTTG
CAGCTCGTCAG AGCGAGTGAA

TRAP NM_007388.3 Forward
Reverse

TTGCGACCATTGTTAGCCACATA
TCAGATCCATAGTGAAA CCGCAAG

MMP9 NM_013599.2 Forward
Reverse

CCATGCACTGGGCTTAGATCA
GGCCTTGGGTCAGGCTTAGA

RANK NM_009399.3 Forward
Reverse

ATGGTGGGCTACCCAGGTGA
ACTTGCGGCTGCACAGTGA

cathepsin K NM_007802.3 Forward
Reverse

CAGCAGAACGGAGGCATTGA
CTTTGCCGTGGCGTTATACATACA

MMP13 NM_008607.2 Forward
Reverse

ACTTTGTTGCCAATTCCAGG
TTTGAGAACACGGGGAAGAC

Col 10 NM_009925.4 Forward
Reverse

ACCCCAAGGACCTAAAGGAA
CCCCAGGATACCCTGTTTTT

ALP NM_007431.2 Forward
Reverse

ACACCTTGACTGTGGTTACTGCTGA
CCTTGTAGCCAGGCCCGTTA

Note: TRAP: Tartrate-resistant acid phosphatase; ALP: Alkaline phosphatase; MMP9: Matrix metallopeptidase 9; MMP13: Matrix metallopeptidase
13; RANK: Receptor activator of nuclear factor kappa-B; Col 10: Type X collagen.
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