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Introduction

Bone microdamage, a physiological process induced by bone strain, was first described by Frost, in 1960 [START_REF] Frost | Presence of microscopic cracks in vivo in bone[END_REF]. Microcracks can occur at different location notably in subchondral bone and calcified cartilage [START_REF] Mori | Microcracks in articular calcified cartilage of human femoral heads[END_REF][START_REF] Sokoloff | Microcracks in the calcified layer of articular cartilage[END_REF]. Bone microcracks were found to promote bone remodeling and were associated with impaired bone mechanical properties that might contribute to fatigue damage and further expose to fractures [START_REF] Burr | Bone microdamage and skeletal fragility in osteoporotic and stress fractures[END_REF][START_REF] Lambers | Microdamage caused by fatigue loading in human cancellous bone: Relationship to reductions in bone biomechanical performance[END_REF][START_REF] Wang | Changes in the mechanical properties and composition of bone during microdamage repair[END_REF][START_REF] Mori | Increased intracortical remodeling following fatigue damage[END_REF].

The density of microcracks increases with age as shown for the first time by Schaffler and colleagues, and they are mostly observed in older women [START_REF] Norman | Microdamage of human cortical bone: Incidence and morphology in long bones[END_REF][START_REF] Mori | Trabecular bone volume and microdamage accumulation in the femoral heads of women with and without femoral neck fractures[END_REF][START_REF] Wong | The effect of age on bone composition and viability in the femoral head[END_REF][START_REF] Schaffler | Aging and Matrix Microdamage Accumulation in Human Compact Bone[END_REF]. Several studies have demonstrated an association of microcrack density with increased bone resorption induced by osteocyte apoptosis near bone microdamage [START_REF] Kennedy | Osteocyte Apoptosis is Required for Production of Osteoclastogenic Signals Following Bone Fatigue in vivo[END_REF][START_REF] Kennedy | Activation of resorption in fatigue-loaded bone involves both apoptosis and active proosteoclastogenic signaling by distinct osteocyte populations[END_REF][START_REF] Verborgt | Loss of osteocyte integrity in association with microdamage and bone remodeling after fatigue in vivo[END_REF]. Therefore, osteocytes, the cells embedded in the bone matrix, play a pivotal role in the initiation of bone remodeling [START_REF] Kennedy | Osteocyte Apoptosis is Required for Production of Osteoclastogenic Signals Following Bone Fatigue in vivo[END_REF][START_REF] Herman | Activation of Bone Remodeling after Fatigue: Differential Response to Linear Microcracks and Diffuse Damage[END_REF][START_REF] Kennedy | Microdamage induced by in vivo Reference Point Indentation in mice is repaired by osteocyte-apoptosis mediated remodeling[END_REF]. Osteocyte density in the trabecular and the cortical bone is negatively correlated with microcrack number and aging [START_REF] Mori | Trabecular bone volume and microdamage accumulation in the femoral heads of women with and without femoral neck fractures[END_REF][START_REF] Wong | The effect of age on bone composition and viability in the femoral head[END_REF][START_REF] Vashishth | Decline in osteocyte lacunar density in human cortical bone is associated with accumulation of microcracks with age[END_REF]. Hence, the age-related decrease in osteocyte number might be associated to a low ability to induce bone remodeling as a response of bone to microdamage.

Osteoarthritis (OA) is a worldwide joint disease characterized by cartilage loss and subchondral changes. Subchondral bone is involved in the initiation and progression of OA [START_REF] Radin | Role of subchondral bone in the initiation and progression of cartilage damage[END_REF][START_REF] Funck-Brentano | Targeting bone alleviates osteoarthritis in osteopenic mice and modulates cartilage catabolism[END_REF][START_REF] Sambrook | What is the relationship between osteoarthritis and ageing?[END_REF][START_REF] Dequeker | Osteoarthritis and osteoporosis: clinical and research evidence of inverse relationship[END_REF]. The crosstalk between bone and cartilage includes diffusion of small molecules within the joint via the subchondral bone, or driven by microcracks that facilitate the circulation of growth factors and cytokines [START_REF] Pan | In Situ measurement of transport between subchondral bone and articular cartilage[END_REF]. Moreover, high subchondral bone remodeling is associated with increased osteoclastogenesis, whose inhibition protects against cartilage lesions [START_REF] Funck-Brentano | Targeting bone alleviates osteoarthritis in osteopenic mice and modulates cartilage catabolism[END_REF][START_REF] Kadri | Osteoprotegerin inhibits cartilage degradation through an effect on trabecular bone in murine experimental osteoarthritis[END_REF][START_REF] Kadri | Inhibition of bone resorption blunts osteoarthritis in mice with high bone remodelling[END_REF]. This mechanism involves cytokines such as RANKL/osteoprotegerin (RANKL/OPG) produced by bone cells preventing OA progression [START_REF] Kadri | Osteoprotegerin inhibits cartilage degradation through an effect on trabecular bone in murine experimental osteoarthritis[END_REF]. In addition, mechanical loading induces Wnt/β-catenin signaling in osteocytes and the secretion of soluble factors by osteoblast/osteocytes that can regulate cartilage metabolism [START_REF] Sanchez | Regulation of subchondral bone osteoblast metabolism by cyclic compression[END_REF][START_REF] Sanchez | Mechanical loading highly increases IL-6 production and decreases OPG expression by osteoblasts[END_REF][START_REF] Priam | Identification of soluble 14-3-3ε as a novel subchondral bone mediator involved in cartilage degradation in osteoarthritis[END_REF][START_REF] Funck-Brentano | Dkk-1-mediated inhibition of Wnt signaling in bone ameliorates osteoarthritis in mice[END_REF]. Indeed, loss of sclerostin mostly expressed by osteocytes promotes OA in mice, suggesting that bone cells may prevent cartilage degradation [START_REF] Bouaziz | Loss of sclerostin promotes osteoarthritis in mice via β-catenin-dependent andindependent Wnt pathways[END_REF]. These findings highlight the role of subchondral bone in regulating cartilage degradation during OA.

In the context of OA, a low number of trabecular microfractures and a high density of osteocyte lacunae at the subchondral bone plate have been reported [START_REF] Fazzalari | Osteoarthritis of the hip: possible protective and causative roles of trabecular microfactures in the head of the femur[END_REF][START_REF] Jaiprakash | Phenotypic Characterization of Osteoarthritic Osteocytes from the Sclerotic Zones : A Possible Pathological Role in Subchondral Bone Sclerosis[END_REF]. Moreover, others reported an increased in microcrack density at both subchondral bone plate and subchondral trabeculae in OA patients with bone-marrow lesions [START_REF] Muratovic | Bone matrix microdamage and vascular changes characterize bone marrow lesions in the subchondral bone of knee osteoarthritis[END_REF]. This suggests that microcracks in the subchondral bone may be involved in maintaining cartilage integrity perhaps via bone remodeling.

In trabecular bone as well in subchondral bone, microcracks could be related to two distinct mechanisms. Microcracks may indicate a failure of bone to support mechanical loading and promote the repair of bone matrix in one hand, or also could be a protective factor against greater bone damage in another hand. Microcracks can occur in SBP and in calcified cartilage (CC), thereby providing a communication path for cartilage-bone crosstalk. Calcified structures close to the articular cartilage include CC, SBP and trabecular bone, each of which could help provide soluble factors able to influence cartilage homeostasis.

The aim of this study was to proceed to a descriptive evaluation of microcrack density in both CC and SBP in relation to cartilage damage in humans and to better define the association of microcracks with osteocyte density in subchondral bone.

Materials and Methods

Human biopsy

We included 18 cadaveric human knees obtained from individuals who had bequeathed their bodies to science. The cadavers were obtained from the Saint-Pères Laboratory of Pathology, University Paris VI, France. The cadavers represented 11 women and 7 men (mean [SD] age 82.2 [9.6] years at death [range 63-101]). Medical history and OA status were not available for any of the subjects. Knee specimens were kept frozen at -20°C until analysis, then thawed at room temperature, and superficial tissues were removed to expose joint surfaces. For this study, one bone core per knee specimens were taken from the medial tibia plateau by use of a trephine with 7 mm internal diameter (BROT, Argenteuil, France) under constant water irrigation. Bone biopsies used in the present study were always taken at the same site in the knee (Supplemental Figure 1A). Collection of the samples used in this study was previously described [START_REF] Touraine | Influence of meniscus on cartilage and subchondral bone features of knees from older individuals: A cadaver study[END_REF].

Image acquisition by micro-CT

Micro-CT acquisition from bone cores involved use of a SkyScan 1172 Scanner (Bruker, Coventry, UK). Samples were placed vertically and scanned with the following settings: aluminum and copper filter, 0.5 mm; resolution, 9 μm; energy, 69 kV; intensity, 100 μA; and integration time, 380 ms. 3-D reconstruction and analysis involved use of DataViewer and CTanalyser. Bone microarchitecture was analyzed on the total bone cores (Supplemental Figure 1B). Subchondral trabecular bone underneath the SBP is defined from cross section of bone, as the beginning of subchondral bone where trabecular bone appears. Subchondral bone parameters was defined underneath the SBP including a region of interest of 1.79 mm.

Parameters measured were bone volume/tissue volume (%), trabecular thickness (µm), trabecular separation (µm), and trabecular number (1/mm).

Histology

The 18 bone cores were analyzed by histology. To measure microcracks and avoid section artefacts, specimens were stained by the En-Bloc Basic Fuchsin staining protocol described in the Burr & Hooser technical note [START_REF] Burr | Alterations to the en bloc basic fuchsin staining protocol for the demonstration of microdamage produced in vivo[END_REF]. Briefly, after preservation in 70% ethanol, specimens were stained with 1% basic fuchsin in a graded alcohol series under vacuum. Then, samples were embedded in methylmethacrylate and sectioned in 5-µm thick sections by using a microtome Leica SM 2500 or 100-µm thick sections by using an Isometer.

Quantification of microcrack density, osteocyte density and cartilage surfaces involved use of the Histolab software package developed for bone histomorphometry (Microvision, Evry, France). Microcracks were measured in CC and SBP in 100-µm thick sections. The criteria described by Burr & Stafford were used to identify microcracks and to discriminate from vessels [START_REF] Burr | Validity of the bulk-staining technique to separate artifactual from in vivo bone microdamage[END_REF]. Microcrack identification is based on the following criteria: 1) intermediate in size, larger than canaliculi but smaller than vascular channels; 2) sharp borders with a halo of basic fuchsin staining; 3) stained through the depth of the section; and 4) when the depth of focus is changed, edges of cracks are more deeply stained than the intervening space.

Microcracks were measured under light microscopy on one or two sections according to the quality as illustrated in Figure 1 and the number and density were quantified.

Cartilage damage was measured in 5-µm thick sections stained with toluidine blue after previous incubation with ethanol 70 to remove fuschin staining. Safranin O staining could not be performed because of interference with methyl methacrylate. OA score was determined according to the Pritzker grading system on three sections of 5-µm thick sections [START_REF] Pritzker | Osteoarthritis cartilage histopathology: Grading and staging[END_REF].

Briefly, the grading system involves six grades based on key features: Grade 0, surface intact and cartilage morphology intact; Grade 1, surface intact with superficial fibrillation (abrasion); Grade 2, surface discontinuity, toluidine blue stain depletion in upper one third of cartilage; Grade 3, erosion, toluidine blue stain depletion in lower two thirds of cartilage; Grade 4, denudation, sclerotic bone; and Grade 5, deformation, bone remodeling.

Environmental Scanning Electron Microscopy (ESEM)

Environmental Scanning Electron Microscopy, ESEM, (XL-30, Philips, the Netherlands) allows the examination of samples under moderate vacuum. Samples are observed without usual delicate SEM preparation procedure. ESEM thus provide an imaging free of preparation artifacts or high vacuum effects [START_REF] Danilatos | Introduction to the ESEM instrument[END_REF][START_REF] Danilatos | Bibliography of environmental scanning electron microscopy[END_REF]. Images were obtained with backscattered electrons in low-vacuum mode (1.4 torr) on non-metallized polished bone samples. The same sections of 100 µm were used for each core to identify the presence of microcracks.

Statistical analysis

The histomorphometric parameters and Pritzker scoring data obtained from bone cores were not normally distributed (Shapiro-Wilk test). Correlation analysis of biopsy findings was achieved with Spearman or Pearson test as a function of Shapiro-Wilk test results. Group differences were assessed by Mann-Whitney and data are expressed as mean ± SD. P<0.05 was considered statistically significant. The effect of microcrack distribution was determined by a two-way analysis of variance considering the two following factors: presence or absence of microcracks in the SBP, and presence or absence of microcracks in the CC. Statistical analyses involved using GraphPad Prism 7.00 (GraphPad Software, La Jolla, CA, USA).

Results

Microcracks are associated with low cartilage damage

Microcracks were measured by fuschin staining, which allows for discriminating existing microcracks versus those induced by the processing of the plastic blocks. Microcracks were present in all subchondral calcified tissues, at the CC alone or SBP alone or both (Figure 1).

Parameters associated with the microcracks are shown in Table I. Microcrack number in CC or SBP did not differ by age, and age and OA score were not correlated (p=0.47). OA score was significantly lower with than without microcracks in SBP (2.14 ± 0.32 vs 3.67 ± 0.31, p<0.01, Table I) but was not significant for CC (2.38 ± 0.41 vs 3.00 ± 0.41, p=0.17). We found a significant negative correlation between the density of microcracks in SBP and CC and OA score (r=-0.45 p=0.04; Figure 2A). OA score was lower in specimens with microcracks at both CC and SBP areas than those with no microcracks (none) (2.06 ± 0.52 vs 4.00 ± 0.29, p<0.05, Figure 2B). Microcracks in SBP were associated with a lower OA score and this is independent of the presence of microcracks in CC (Figure 2C).

Osteocyte density and microcracks

In SBP, osteocytes formed an extended dendrite network, with a sharp stop when they reached the border of the CC (Figure 1). SBP osteocyte density was higher with than without microcracks in CC (724.0 ± 60.6 vs 548.6 ± 32.6, p=0.015, Figure 3A) but did not depend on the presence of microcracks in SBP (581.1 ± 41.5 vs 651.3 ± 67.3, p=0.331, Figure 3B). In addition, osteocyte density in SBP was inversely correlated with trabecular subchondral bone volume (r=-0.47 p=0.04, Figure 3C). Finally, none of the other microstructural parameters of trabecular bone was significantly modified in the presence or not of microcracks in CC or SBP (Table I), and OA score was not correlated with trabecular thickness (r=-0.18), trabecular separation (r=-0.19) or trabecular number (r=-0.31) in the different subgroups (all p > 0.05) (Supplemental Figure 2).

Discussion

We focused on microcracks in CC and SBP and found that they occur separately or concomitantly in calcified structures close to cartilage. Our major finding is that the presence of microcracks is associated with less cartilage damage.

In bone fragility, microcracks were proposed to be a response to injury or overload, then stimulate osteocyte apoptosis and initiate bone remodeling and repair to maintain bone mass and strength [START_REF] Kennedy | Osteocyte Apoptosis is Required for Production of Osteoclastogenic Signals Following Bone Fatigue in vivo[END_REF][START_REF] Kennedy | Activation of resorption in fatigue-loaded bone involves both apoptosis and active proosteoclastogenic signaling by distinct osteocyte populations[END_REF][START_REF] Kennedy | Microdamage induced by in vivo Reference Point Indentation in mice is repaired by osteocyte-apoptosis mediated remodeling[END_REF]. In OA, microcracks might be early events of the disease as a consequence of mechanical loading to trigger bone and cartilage cell activity and maintain joint integrity. However, it is also likely that microcracks may reflect a way by which articular cartilage might be protected from trauma by means of dispersion of energy through microcracks in response to mechanical loading.

In OA mice, the progression of cartilage damage parallels the thickening of the SBP [START_REF] Funck-Brentano | Dkk-1-mediated inhibition of Wnt signaling in bone ameliorates osteoarthritis in mice[END_REF], which could be mediated by mechanical overload and also by diffusion of molecules from bone and CC through the microcracks [START_REF] Pan | In Situ measurement of transport between subchondral bone and articular cartilage[END_REF]. Such a crosstalk includes several factors that might influence cartilage catabolism, such as RANKL/OPG [START_REF] Kennedy | Activation of resorption in fatigue-loaded bone involves both apoptosis and active proosteoclastogenic signaling by distinct osteocyte populations[END_REF][START_REF] Kadri | Osteoprotegerin inhibits cartilage degradation through an effect on trabecular bone in murine experimental osteoarthritis[END_REF][START_REF] Cabahug-Zuckerman | Osteocyte Apoptosis Caused by Hindlimb Unloading is Required to Trigger Osteocyte RANKL Production and Subsequent Resorption of Cortical and Trabecular Bone in Mice Femurs[END_REF], inhibitors of Wnt signaling [START_REF] Funck-Brentano | Dkk-1-mediated inhibition of Wnt signaling in bone ameliorates osteoarthritis in mice[END_REF][START_REF] Bouaziz | Loss of sclerostin promotes osteoarthritis in mice via β-catenin-dependent andindependent Wnt pathways[END_REF] and newly discovered Pannexin-1 [START_REF] Cheung | Pannexin-1 and P2X7-Receptor Are Required for Apoptotic Osteocytes in Fatigued Bone to Trigger RANKL Production in Neighboring Bystander Osteocytes[END_REF].

Most reports describing bone and cartilage crosstalk focused on subchondral trabecular bone or the SBP. Here, we found lower OA score with than without microcracks in SBP, which suggests a physiological role in the homeostasis of cartilage. It is also possible that the presence of microcracks associated with lower OA score might reflect a greater capacity to promote microcracks in an undamaged SBP than in an OA SBP that is known to be less mineralized.

Soluble factors might be mediators of chondrocyte metabolism. Such a crosstalk is made possible by the diffusivity of molecules from bone to cartilage in OA mice and in controls [START_REF] Pan | Elevated cross-talk between subchondral bone and cartilage in osteoarthritic joints[END_REF] and therefore indicates that the effect of factors might depend on the concentration produced by activated cells. Indeed, our data suggest that soluble factors produced by bone cells might be involved in cartilage breakdown [START_REF] Kadri | Osteoprotegerin inhibits cartilage degradation through an effect on trabecular bone in murine experimental osteoarthritis[END_REF][START_REF] Bouaziz | Loss of sclerostin promotes osteoarthritis in mice via β-catenin-dependent andindependent Wnt pathways[END_REF]. In addition, similar cartilage protection is achieved with the presence of microcracks in SBP. Therefore, microcracks might drive the diffusion of such factors produced by hypertrophic chondrocytes or bone cells to maintain cartilage homeostasis.

We found microcracks in CC associated with increased SBP osteocyte density, whereas SBP showed the same osteocyte density with and without microcracks. The adaptive response to loading and bone repair occurs with the emergence of microcracks and loss of osteocytes [START_REF] Coughlin | The role of subchondral bone damage in post-traumatic osteoarthritis[END_REF].

Our results could also suggest that higher mechanical loading at the SBP might be related to the failure of CC to absorb mechanical strains that leads to the activation of osteocytemediated bone remodeling.

Microcracks are mostly reported in trabecular bone as a result of impact loading or a failure of bone strength in osteoporotic women as low bone mineral density was reported to be associated with bone microdamage accumulation in postmenopausal women with osteoporosis [START_REF] Stepan | Low bone mineral density is associated with bone microdamage accumulation in postmenopausal women with osteoporosis[END_REF]. In cortical bone, a structure similar to SBP, fatigue loading induces osteocyte apoptosis when close to microcracks and subsequent osteoclastic bone resorption, so osteocytes are key cells for initiating bone repair [START_REF] Cardoso | Osteocyte Apoptosis Controls Activation of Intracortical Resorption in Response to Bone Fatigue[END_REF]. Although the level of bone remodeling is low in SBP, osteocytes might promote the diffusion of molecules such as vascular endothelial growth factor or RANKL, which induces chondrocyte hypertrophy and progression of CC thickening. In turn, chondrocyte-secreted RANKL might promote osteoclast recruitment in subchondral bone that would contribute to the CC microcracks [START_REF] Bertuglia | Osteoclasts are recruited to the subchondral bone in naturally occurring post-traumatic equine carpal osteoarthritis and may contribute to cartilage degradation[END_REF]. Such a bi-directional crosstalk between chondrocytes of the CC and osteocytes of SBP would explain the circulation of local factors able to inhibit cartilage breakdown, as shown in Figure 4. Unfortunately, frozen samples did not allow for measuring osteoclastic bone resorption.

Here, we did not find any difference in trabecular microarchitecture in samples with or without microcracks, or any correlations between bone parameters and presence of microcracks. Therefore, bone remodeling in trabecular bone close to the joint might be influenced by additional parameters secondary to joint loading, as previously shown in racehorses [START_REF] Da Costa Gómez | Up-regulation of site-specific remodeling without accumulation of microcracking and loss of osteocytes[END_REF]. However, we observed that the higher the osteocyte density in the SBP, the lower is the underlying bones volume. This could result of an increase sclerostin production due to the high osteocytes density, affecting wnt pathway and reducing bone formation. This effect is observed at the early stage of OA onset; on later stage, as described in mice, the production of sclerostin decreases in the SBP along with high bone formation [START_REF] Jia | Loading-Induced Reduction in Sclerostin as a Mechanism of Subchondral Bone Plate Sclerosis in Mouse Knee Joints During Late-Stage Osteoarthritis[END_REF].

Taken together, our data show that SBP microcracks is associated with a maintained cartilage homeostasis and also that CC microcracks is linked to increased osteocytes density in the SBP (Figure 4). In this schematic view, we propose that lack of microcracks is associated with decreased SBP remodeling and cartilage breakdown.
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 1 Figure 1: Representative images of microcracks
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 2 Figure 2: Correlation between osteoarthritis (OA) score and microcracks
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