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Abstract
Osteoarthritis (OA) is a degenerative joint disease and one of the leading causes of disability in the
United States and all over the world. As a disease of the whole joint, OA exhibits a complicated
etiology with risk factors including, but not limited to, ageing, altered joint loading, and injury.
Subchondral bone is hypothesized to be involved in OA development. However, direct evidence
supporting this is lacking. We previously detected measurable transport of solute across the
mineralized calcified cartilage in normal joints, suggesting a potential cross-talk between
subchondral bone and cartilage. Whether this cross-talk exists in OA has not been established yet.
Using two models that induced OA by either ageing or surgery (destabilization of medial
meniscus, DMM), we tested the hypothesis that increased cross-talk occurs in OA. We quantified
the diffusivity of sodium fluorescein (376Da), a marker of small-sized signaling molecules, within
calcified joint matrix using our newly developed fluorescence loss induced by photobleaching
(FLIP) method. Tracer diffusivity was found to be 0.30±0.17 and 0.33±0.20 μm2/s within the
calcified cartilage and 0.12±0.04 and 0.07±0.03 μm2/s across the osteochondral interface in the
aged (20–24-month-old, n=4) and DMM OA joints (5-month-old, n=5), respectively, comparable
to the values for the contralateral non-operated joints in the DMM mice (0.48±0.13 and 0.12±0.06
μm2/s). Although we did not detect significant changes in tissue matrix permeability in OA joints,
we found i) an increased number of vessels invading the calcified cartilage (and sometimes
approaching the tidemark) in the aged (+100%) and DMM (+50%) joints relative to the normal
age controls; and ii) a 60% thinning of the subchondral bone and calcified cartilage layers in the
aged joints (with no significant changes detected in the DMM joints). These results suggested that
the capacity for cross-talk between subchondral bone and articular cartilage could be elevated in
OA. Further studies are needed to identify the direction of the cross-talk, the signaling molecules
involved, and to test whether subchondral bone changes initiate OA development and could serve
as a pharmaceutical target for OA treatment.
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Introduction
Osteoarthritis (OA), one of the leading causes of chronic disability in the United States and
across the world [1], is a degenerative joint disease characterized by the loss of articular
cartilage and abnormal changes in the surrounding soft and hard tissue of the joint, including
bone. Currently, no effective treatment is available to cure OA due to its complex etiology
and a lack of effective pharmaceutical targets [1]. Although many risk factors such as
genetics, age, obesity, and altered joint loading have been identified in OA patients [1], the
mechanisms for the initiation and progression of OA are not well understood. There is a
growing consensus that OA is a whole-joint disease [2, 3]. In particular, increased turnover
of subchondral bone found in OA patients and animal models [4, 5] has led to the hypothesis
that the various cytokines and growth factors released during subchondral bone turnover
may reach the overlying articular cartilage and initiate a vigorous positive feedback loop
between the attempted cartilage and bone repair processes that eventually leads to OA
progression [6]. Recent experimental data support this hypothesis. For example,
administration of osteoprotegerin prevented not only trabecular bone loss but also cartilage
degradation in a surgically induced OA model [7]. The aggrecanase-2 deficient
(ADAMTS5−/−) mice, which were found to be protected from cartilage degeneration after
joint instability, showed less severe subchondral bone changes compared to the wild type
controls [8]. At the cellular level, osteoblasts from OA patients induced hypertrophic
differentiation and matrix mineralization of normal chondrocytes in vitro [9]. Despite this
indirect evidence, direct crosstalk between the subchondral bone and articular cartilage has
not been established in OA joints.

Recently we demonstrated the potential for cross-talk between subchondral bone and
articular cartilage in normal mature joints [10]. By using an advanced imaging approach
based on fluorescence loss induced by photobleaching (FLIP), we quantified the
permeability of calcified cartilage and the osteochondral interface to a small molecular-
weight tracer (sodium fluorescein, 376Da) in the knee joints of adult mice. Our results, of
measurable solute transport across the joints, challenged the long held view that the calcified
cartilage separating the subchondral bone and articular cartilage is impermeable [11–13].
With OA, alterations in the structural and material properties of joint tissues have been
reported [8, 14–17]. In addition, vascular channels [18, 19] or microcracks [20, 21], which
could act as transport conduits, have been reported in OA joints. How the matrix property
and structural alterations of the OA joints translate to functional changes in bone-cartilage
cross-talk is not clear.

In the present study, we quantified matrix permeability, vessel invasion, and overall joint
morphology in two well-established OA models: age-related spontaneous OA [22], and
altered loading (surgery) induced OA [23]. Our hypothesis was that the communication
potential between subchondral bone and articular cartilage increases in OA. In this study, we
first used FLIP to quantify the permeability of the calcified cartilage and the osteochondral
interface, the main barrier for transport of molecular signals between the joint tissues
(permeability on the order of 0.1–0.5 μm2/s [10], two to three orders of magnitude smaller
than those of bone and articular cartilage) [24, 25]. We then measured the overall joint
morphology and the number density of invading vessels using confocal microscopy. When
compared to controls it was observed that OA was not associated with significant changes in

Pan et al. Page 2

Bone. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tissue matrix permeability in either OA model. However, OA did result in an increase in the
blood vessels that invaded (and perforated) the calcified cartilage in both models and also
led to a thinning of the subchondral bone and calcified cartilage layers in the aged joints.
Together, these results suggested that the capacity for cross-talk between subchondral bone
and articular cartilage could be elevated in OA due to morphological alterations in the joint.

Materials and Methods
Experimental groups

Two murine OA models were utilized within this study. The first was the age-related
spontaneous OA model in which C57BL/6J mice (n=13) were aged until twenty to twenty-
four months of age, at which time mild-to-moderate bi-lateral knee OA is observed as
previously described in the literature [22]. The second model was the surgical destabilization
of the medical meniscus (DMM) OA model [23]. In this portion of the study male C57BL/6J
mice (n=14) were subjected to DMM surgery at the age of three-months as described
previously [23]. Briefly, under aseptic conditions, the right knee joint capsule was opened,
and the ligament attaching the medial meniscus to the tibia was transected to impair the
stability of the joint structure [23]. The left joints were not operated and served as internal
controls. The mice were sacrificed 8 weeks post surgery (at the age of five-months), and
subjected to cartilage integrity (Safranin-O/Fast green staining) and matrix permeability
examinations (FLIP measurements and basic fuchsin staining) as detailed below. In addition,
ten separate five-month-old male C57BL/6J mice were used as controls for histological
examination of cartilage damage and vessel invasions. These baseline control measurements
were compared with those in aged mice (5-months vs. 20–24-months) or mice with altered
knee loading conditions (intact vs. DMM joints). All mice were purchased from The Jackson
Laboratory (The Jackson Laboratory, Bar Harbor, ME). The study was approved by the
Institutional Animal Care and Use Committee.

To first validate our OA mice models, joint samples from a subset of aged, DMM, and
control groups were examined using standard histology to evaluate cartilage damage
following previously published procedures [23]. Briefly, joints from aged mice (right joints,
n=5), DMM mice (both the operated right joints and the left contralateral joints, n=6), and
control mice (right joints, n=6) were harvested, fixed in 10% neutral buffed formalin, and
decalcified with formic acid before being embedded in paraffin. Sequential frontal sections
(5 μm thick) were obtained using a microtome and collected onto positively charged glass
slides (2–3 sections per slide). To assess damage through the entire joint, 12–15 slides
covering the full thickness of the joint were chosen and stained with 0.1% Safranin O and
Fast Green. The sections were blindly scored under light microscopy by two observers (JP,
TS) within four compartments (medial and lateral femoral condyles; medial and lateral tibial
plateaus), following a semi-quantitative grading scale [23], where 0 = normal cartilage; 0.5
= loss of Safranin-O with no structural lesions; 1 = roughened articular surface and small
fibrillations; 2 = fibrillation below the superficial layer and some loss of lamina; 3 =
fibrillations extending to the calcified cartilage across less than 25% of the cartilage width; 4
= fibrillations extending to the calcified cartilage across 25–50% of the cartilage width; 5 =
fibrillation and erosions extending from 50 to 75% of the cartilage width; 6 = cartilage
erosion extending beyond 75% of the cartilage width. The average score from all the
sections was reported for each knee. The scores confirmed significant but mild cartilage
damage in the aged and DMM groups compared with the normal controls (detailed in the
Results section). Based upon this validation both of the OA models were utilized for the
following quantitative studies.
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Matrix permeability measurements using FLIP
To quantify the permeability of the calcified cartilage and of the osteochondral interface, a
subset of DMM mice (n=5) and aged mice (n=4) were subjected to FLIP tests using our
previously published procedures [10]. The operated and the contralateral joints from the
DMM mice, as well as the right joints from the aged mice were utilized. No difference was
found in the cartilage damage score between the DMM contralateral joints and the normal 5-
month-old B6 joints, thus the contralateral joints served as undamaged (internal) controls for
the DMM operated joints. Briefly, mice were injected with a bolus of sodium fluorescein
solution (2mg in 0.5mL) via tail vein injection. After ~0.5 hour, the mice were sacrificed,
and distal femurs were harvested immediately and sagittally split along the notch between
the two condyles. After trimming the cut surface with a diamond knife in a cryostat, the
halved samples were mounted on a cover glass, and imaged using an inverted confocal laser
scanning microscope (Zeiss LSM 510; Standort Gőttingen, Germany). Individual chondrons
within calcified cartilage and osteocyte lacunae near the osteochondral interface that were
5–20 μm below the cutting surface were readily identified based on their shapes (spherical
vs. ellipsoidal) and size (20 vs. 10 microns). A single chondron (transport sink) was
subjected to continuous photobleaching and the surrounding chondrons and/or osteocyte
lacunae (transport sources) were monitored using a time series of confocal images as
describe previously [10]. Sources and sinks were chosen based on 3D examination of the
region of interest and the following criteria: 1) they were clearly observed during confocal
imaging procedure with no drifting or movement artifacts; 2) there was no other cells
located between the source and the sink that may interfere tracer transport; multiple sources
could be chosen for the same sink; 3) the (edge-to-edge) spacing between the source-sink
was in the range of 0.5–7 fold of the source radius and the sink/source size ratio was
between 0.5–3, because correction factors accounting for these ranges of source-sink
spacing and size ratio have been numerically obtained in our previous study [10]. Using our
bispherical transport model [10], the effective diffusivity (D) of the tracer between the
source and sink chondrons within the calcified cartilage (termed C-C) as well as between the
source osteocytes and sink chondron across the osteochondral interface (termed O-C) was
derived by curving fitting the experimental intensity data with the model. Typically, three to
six FLIP experiments were performed per joint and two to four pairs of source-sink per FLIP
experiment were fit with the model. Only the diffusivities from reasonable good curve
fitting (R2>= 0.80) were used. The average values of the C-C and O-C permeability were
obtained from the repeated measures for each joint and used for comparisons between
testing regions (C-C vs. O-C) for the DMM vs. contralateral joints, or young vs. aged joints.

Joint morphology and vessel invasions
The overall transport across the joint is dependent on not only the local ECM permeability
(examined above) but also the structural features such as the thickness of each tissue layer
and the number density of the large vascular channels perforating the ECM. Joint tissue
thickness and vessel invasions were measured using three dimensional confocal imaging.
The right distal femurs from normal age control, DMM, and aged groups (n=4 joints per
group) were bulk stained with basic fuchsin, and embedded in plastics following a
previously published protocol [26]. Sagittal sections of 200 μm thickness (6–7 sections per
joint) were obtained using a diamond saw and surface polished before being mounted on
glass slides. The sections were observed using the Zeiss LSM 510 confocal microscope with
a 40x oil-immersion objective under an excitation and emission of 561/640 nm. Multiple z-
stack images consisting of 6 slices with a 2μm interval were taken and stitched together to
map the entire epiphysis of the distal femur. Due to the distinct cellular morphology and
ECM staining patterns, different tissues can be readily identified (Fig. 1); as seen in the
strong staining intensity and amorphous pattern for marrow cavities, the numerous
canalicular channels and spindle-shaped osteocyte lacunae on a unstained matrix
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background for subchondral bone (SB), the large rounded hypertrophic chondrons on an
unstained matrix background for calcified cartilage (CC), as well as the continuous strong
staining at the tidemark (TM) interface between calcified cartilage and articular cartilage
(AC) (Fig. 1). Within the imaging stacks, it was relatively easy to trace and identify blood
vessels or marrow cavities in three dimensions (defined as linear continuous features with
>=10 microns in diameter/width), which might not be distinguishable from other cellular
features in 2D histological sections. The number of blood vessels abutted to the SB, CC or
TM layer was counted within the load-bearing portion of the femoral condyle using the
Zeiss LSM software. The number density of the invading vessels ended at each layer was
calculated in reference of the articular surface area, which was estimated by multiplying the
tidemark length and the depth of the z-stack thickness (12 μm). The z-stack images were
then exported to TIFF files and the outlines of AC, TM, CC, and SB were manually traced
in the Adobe Photoshop software on a digitizing interactive pen display. The average
thickness values for the tissue layers (SB, CC, AC) were obtained from the outlined regions
of interest using a custom MatLab code. We also reported the total joint thickness by
summation of the thicknesses of the three layers.

Statistical analysis
Descriptive data were presented as means and standard deviations. Statistical significance
was determined using Student t tests (paired or unpaired) or one-way ANOVA with
Bonferroni post hoc tests in the Origin software package. Statistical significance was defined
as p < 0.05.

Results
Validation of the OA models

Compared with the normal age controls (n=6), higher scores were seen in most quadrants of
the aged joints (except for lateral tibia, n=5) and in all four quadrants of the DMM joints
(n=6, * indicates p < 0.05 in Fig. 2). Overall, the damage was mild (OA score less than 1.2
out of a full range of 6) for both the aged and the DMM joints (Fig. 2). The left unoperated
joints in the DMM mice displayed negligible cartilage damage as the normal age controls
(data not shown), and thus were used as control joints for the FLIP study. In sections from 5-
month-old control mouse (Fig. 3A, representative image shown). Safranin-O/Fast Green
staining demonstrated smooth undamaged articular surface in the medial femoral condyle
(MF) and medial tibial plateau (MT). In sections from DMM joints (Fig. 3B, representative
image shown), areas (indicated with black arrow heads) with a damage score of 3 (damage
extending to the calcified cartilage across less than 25% of the cartilage width) and a
damage score of 1 (roughened articular surface and small fibrillations) were readily
observed in the MF and MT, respectively. In aged joints (Fig. 3C, representative image
shown), these same regions demonstrated areas with damage scores of 1 and 2 (fibrillation
below the superficial layer and some loss of lamina). Please note that the values shown for
the four quadrants (medial and lateral femoral/tibial condyles) in Fig. 2 were averaged over
more than ten sections spanning the entire joint. Although the knee medial compartments in
the DMM joints were reported to have more severe damage than the lateral compartments
when examined at longer time points post surgery in literature [23], such compartmental
difference was not seen in our DMM mice 8 weeks post surgery.

Matrix permeability measurements using FLIP
A total of 42, 28, and 43 source-sink pairs for C-C measurements, and 23, 25, and 25
source-sink pairs for O-C measurements, which fit the model well (R2>=0.8), were collected
and analyzed for the DMM knees (n=5), their contralateral unoperated control knees (n=5),
and the aged knees (n=4), respectively. Within the groups examined, the control knees of the
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DMM mice (age of 5-months) showed four-fold increase in the mean diffusivity of sodium
fluorescein measured between chondrons within calcified cartilage (C-C) than that measured
between osteocytes and chondron (O-C) in the same joints (p<0.05; Table 1). A similar
degree of permeability increase in C-C over O-C was found in the DMM operated joints of
the same mice (2.5-fold) as well as the joints of much older mice (age of 20–24 months, 4.7-
fold). These changes, however, did not reach statistical significance possibly due to small
sample size. Eight weeks of altered joint loading resulted in a −37.5% decrease in the C-C
permeability and no change in the O-C permeability in the DMM operated knees compared
with the control knees (p>0.05, Table 1). Meanwhile, the aged knees (age of 20–24 months)
showed −31.2% and −41.7% decrease in the C-C and O-C permeability, respectively,
compared with the younger control knees (p>0.05, Table 1).

Joint morphology and vessel invasion
Compared with the normal age controls (n=4), the average thicknesses of the SB and CC
layers and the total joint thickness were significantly reduced (−60%) in the aged group,
while no significant difference was detected in any of the tissue layers in the DMM joints
(Fig. 4). The number density of the vessels invading the CC layers showed 1 and 0.5-fold
increase in the aged and DMM groups, respectively (Table 2). There were no vessel
invading the tidemark in normal joints while vessels approached tidemark in the aged and
DMM joints at a density of 51 and 18 per mm2 (Table 2). Representative basic fuchsin
images showed that blood vessels and marrow spaces advanced closer to articular cartilage
in joints subjected to altered loading (Fig. 1B) and in aged joints (Fig. 1C), compared with
normal aged joints without altered loading (control, Fig. 1A).

Discussion
Recent evidence suggests that subchondral bone may be involved in OA development and
that bone and cartilage are functionally coupled through either the distribution of joint loads
or by exchanging signaling molecules between the two adjacent tissues [2, 15, 17, 27].
However, the transport pathways for the cross-talk between these two tissues are not fully
understood. Combining animal models, advanced imaging, and mathematical modeling, the
present work demonstrated that the capacity for communicating biochemical signals
between the subchondral bone and cartilage was greatly increased in both altered loading
(DMM) and ageing induced OA models, with apparently different mechanisms: the DMM
model mainly involved increasing vessel invasion while the aged model involved both
vessel invasion and tissue thinning.

The present study provides information regarding transport barriers and conduits for
molecular exchange in normal and OA joints. We first tested the permeability of the major
structural barrier (i.e., the calcified cartilage matrix and the osteochondral interface) to
transport of biochemical signals using a FLIP approach. FLIP has been successfully applied
to transport quantification across normal joints [10], with the FLIP technique providing the
distinct advantage of a higher sensitivity to low permeability situations when compared with
traditional tracer desorption or fluorescence recovery after photobleaching methods. We
found a 31–37% and 0–42% reduction (although not statistically significant) in the
permeability of the calcified cartilage and the osteochondral interface(C-C and O-C
measures) that resulted from 8 weeks of altered joint loading or aging, respectively. Thus the
ECM in the two OA models became more restrictive for diffusion of our small testing
molecules (376Da fluorescein), possible due to hypermineralization of the ECM that is
typically seen in OA [14–17]. Since in vivo signaling molecules are usually proteins with
larger molecular weights than our testing molecules, their passage through the ECM of OA
joints would presumably be even more restricted.
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Interestingly, increasing numbers of large transport conduits (vascular channels or marrow
cavities) were found to break the osteochondral interface and to advance towards the
tidemark in the OA joints (Fig. 1 and Table 2). The presence of these large perforating
channels greatly increases the overall transport capacity across the joint, overcoming the
transport barriers posed by the denser ECM. Unlike the small nanopores found in the
calcified matrix [10], these large conduits are expected to facilitate the transport of large
signaling molecules due to their large pore sizes (on the order of 10-microns). Based on the
average number density of the invading vessels, one can readily estimate the spacing of the
vascular channels in the calcified cartilage to be 81, 55, and 67 μm for the control, aged, and
DMM groups, respectively. Assuming the diffusivity of sodium fluorescein in these
channels is close to free diffusion (532 μm2/s) [24], the effective diffusivity of the tracer in
the tissue cylinder surrounding the invading vessel is expected to scale with the square of the
ratio of the vessel dimension (~10 μm in diameter) over that of the tissue cylinder (i.e.,
vessel spacing). The effective diffusivity is thus estimated to be 8 μm2/s (for the normal
joints), and increased to 18 and 12 μm2/s for the aged and DMM joints, respectively.
Furthermore, a fraction of vessels that penetrated all the way through the calcified cartilage
were found to breach the tidemark every 160 or 236 μm in the aged and DMM joints,
respectively. These vessels provided the most efficient pathway for direct molecular
transport between subchondral bone and articular cartilage. This cross-talk capacity is
anticipated to be even more elevated for the aged joints after considering the significant
thinning of the calcified tissue layers (Fig. 4 of the present study and reference [28]). Our
results were consistent with the conductance measurements performed on OA osteochondral
samples [29].

In the present study, we tested two OA models; one induced by ageing and the other by
altered joint loading, two major risk factors for OA [1]. The two models exhibited mild
cartilage damage in our hands (average score on the order of 1.2 out of a full range of 6),
which was consistent with previous studies [23, 30]. These mild OA models provided
opportunities to study tissue alterations associated with the early stage(s) of OA. While not
statistically significant tissue permeabilities in the two OA models were reduced compared
to that of the normal age control. This lack of statistical significance among the groups may
be due to the small sample sizes used in the study (n=4–5) and the relatively large variation
in the data (coefficient of variation in the range of 20–50%, Table 1). Heterogeneous tissue
local mineralization may be a possible factor for the data scattering [14], as well as errors
associated with fluorescence imaging and curve fitting. Larger sample size will be needed to
account for the large data variance in future studies. Consistent with previous reports [18,
19], increased vessel invasion was detected in both OA models with some vessel
approaching (and occasionally breaching) the tidemark. The molecular mechanisms for this
directed vessel growth process remains unclear. We speculate that pro-angiogenic factors
may be involved in our OA models and a potential source for these factors is the
hypertrophic chondrocytes [31, 32]. Whether angiogenesis directly influence the loss of
cartilage matrix in vivo, as suggested in an in vitro grafting study [33], needs to be tested in
future studies. However, we do know from the present study that the communication
capacity between bone and cartilage is greatly increased in the two OA models through
slightly different mechanisms. Increased cross-talk was achieved mainly by vessel invasion
and thinning of the transport barrier (calcified tissues) in aged joints, whereas only vessel
invasion is increased in the altered loading OA model two months post surgery. Whether
tissue thinning would occur during later time points in DMM animals needs to be tested
further.

One limitation of this study was that we did not track physiological signaling molecules
involved in the OA development. Instead we used a fluorescent marker as a surrogate for the
convenience of imaging. However, the diffusivity and effective transport pathway data
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obtained herein could be readily extrapolated to small nutrients and small bioactive
molecules. Let’s consider the scenario where prostaglandin E2 and nitric oxide (with similar
molecular weight as sodium fluorescein) are released in the subchondral bone regions during
bone turnover [34]. Assuming the diffusivity of fluorescein, they could readily permeate the
calcified cartilage over a distance of 58 μm within half an hour (i.e., √ [ 4Dt]=58 μm, for
D=0.48 μm2/s and t=0.5 h). If a capillary penetrated the joints as occurred in the aged and
DMM joints, the signaling molecules could cover the same distance within a matter of
seconds. These surprisingly fast transport processes may contribute to the elevated
concentrations in the OA joints, providing an alternative explanation of the sources of these
molecules in the in vivo studies, where inhibition of these molecules provided beneficial
effects on cartilage [35, 36]. The second limitation was that the current study did not address
the mechanistic questions such as the direction of the bone-cartilage cross-talk (signaling)
and the nature of soluble signals. Due to the large surface area of cartilage and the presence
of transport barriers (calcified cartilage and osteochondral interface), surface-down signaling
mechanisms are appealing in studying OA pathology. Such mechanisms are well-accepted
for a related cartilage degenerative disease, rheumatoid arthritis. However, early changes
observed in OA patients typically involve the bone compartment [4–6], and inhibition of
bone remodeling arrested the progression of OA in animal studies [7]. These lines of
evidence lead to the hypothesis that signaling from bone to cartilage (bottom-up
mechanisms) may lead to OA development [3]. Our results demonstrated increased transport
potential in OA joints, but they do not support or exclude either surface-down or bottom-up
cross-talk. More specifically designed experiments are needed to resolve this question. We
speculate that the likely candidates for the bone-cartilage cross-talk signaling molecules may
include bone remodeling byproducts (such as transform growth factor-beta, insulin-like
growth factors, and fibroblast growth factors), and osteoclast and osteoblast activation
factors (such as nitric oxide, prostaglandin E2, and receptor activator of nuclear factor
kappa-B ligand) derived from cells in marrow, bone, or cartilage. In vitro co-culture and
targeted blocking studies may help identify the signaling molecules. Lastly, the current
study did not answer whether bone-cartilage cross-talk is the cause or result of OA
development. We are currently investigating whether inhibition of bone turnover and
angiogenesis would prevent or delay OA development after DMM surgery. More studies are
needed to fully elucidate the role of bone in OA. If confirmed, bone may provide an
effective pharmaceutical target for OA treatment.

Conclusions
this investigation provided quantitative measurements of transport characteristics of the
joints from the aged, surgically destabilized, and normal age control mice. Elevated
molecular transport was found in the OA joints, and various mechanisms (altered local
matrix permeability, vessel invasion, and thinning of the transport resistant layers) were
identified. Our data support further studies on subchondral bone, its role in OA
development, and potential for OA treatments.
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Highlights

• Elevated bone-cartilage cross-talk was hypothesized in altered loading (DMM)
and ageing induced OA joints

• Decreased (but not significant) tissue permeability in mineralized ECM in OA
joints

• Increased number of blood vessels invading calcified cartilage in aged (+100%)
and DMM (+50%) joints vs. controls

• 60% thinning of the subchondral bone and calcified cartilage layers in aged
joints and no changes of tissue layer thickness in DMM joints

• Overall bone-cartilage cross-talk capacity elevated in the two OA models
through different mechanisms
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Figure 1.
Invading vessels and tissue layers in murine distal femurs from (A) normal 5-month-old
mice (Control), (B) DMM mice (5-month-old, 8 week post surgery), and (C) aged 20–24-
month-old mice. The slices are captured using z-stack confocal imaging of the plastic
embedded femoral epiphysis bulk stained with basic fuchsin. Visualized in the 3D confocal
z-stacks, the articular cartilage (AC), calcified cartilage (CC), tidemark (TM), and
subchondral bone (SB) can be readily identified due to distinct cell morphology and tissue
staining patterns as shown here. Invading vessels (v) and marrow cavities were clearly
visualized and traced within the 3D image stacks. Compared with the younger normal
control joint where invading vessels are mostly located in SB (panel A), increasing
incidence of vascular channel penetrating into CC and even contacting TM can be seen in
the DMM and aged joints (panels B and C, respectively). Articular cartilage erosions
indicated with arrow heads can be found in the DMM sample shown in Panel B, and
thinning of the AC, CC, and SB layers is obvious in this aged sample shown in Panel C.
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Figure 2.
Validation of the two OA models. The histological scores of cartilage damage were obtained
within the four quadrants of the right knees from the aged (20–24-month-old), DMM (5-
month-old), and control mice (5-month-old). Compared with the normal age controls, higher
average scores were seen in most quadrants of the aged joints (except for lateral tibia) and in
all four quadrants of the DMM joints 8 weeks post surgery (indicates p < 0.05 vs. controls).
Overall, the damage was mild (average OA score less than 1.2 out of a full range of 6) for
both the aged and the DMM joints.
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Figure 3.
Selected Safranin-O/Fast Green stained sections are shown for (A) control, (B) DMM, and
(C) aged knee joints. Smooth articular surface was seen in the medial femoral condyle (MF)
and medial tibial plateau (MT) from a 5-month-old control mouse (Panel A); damage areas
indicated with arrowheads were found in the DMM (Panel B) and the aged joint (Panel C).
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Figure 4.
Thickness of the subchondral bone (SB), calcified cartilage (CC), articular cartilage (AC),
and the total thickness (the sum of SB, CC, and AC) of the distal femoral epiphysis in the
aged and DMM OA joints. The data were normalized with the normal age controls. *
indicates p<0.05 vs. controls using Student-t tests.
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Table 1

The matrix permeability measured using sodium fluorescein in the murine knee joints

Group (joint side, sample size) Age
Diffusivity (μm2/s)

C-C (mean±SD)
Diffusivity (μm2/s)
O-C (mean±SD)

DMM (right knees, n=5) 5 months 0.30±0.17 0.12±0.04

Control (DMM left knees, n=5) 5 months 0.48±0.13* 0.12±0.06*

Aged (right knees, n=4) 20–24 months 0.33±0.20 0.07±0.03

Keys:

SD = standard deviation

C-C = measurements in calcified cartilage between chondrons;

O-C = measurements across the osteochondral interface between osteocyte and chondron;

n = number of joints per group

*
p < 0.05, two-tailed paired Student t test between C-C and O-C measures of the Control group;

Bone. Author manuscript; available in PMC 2013 August 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pan et al. Page 17

Table 2

The number density of invading vessels in the right distal femoral epiphyses

Group (sample size) Age Number density of invading vessels (#/mm2)

SB (mean + SD) CC (mean + SD) TM (mean + SD)

DMM (n=4) 5 months 427.9±110.8 222.4±72.6 18.1±15.8

Control (n=4) 5 months 327.1±178.0 151.5±139.3 0

Aged (n=4) 20–24 months 209.5±113.5 332.2±86.4 51.3±40.6 *

Keys:

SD = standard deviation

SB = subchondral bone;

CC = calcified cartilage;

TM = tidemark

*
p < 0.05, two-tailed Student t-test (Aged vs. Control)
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