
Role of Subchondral Bone Properties and Changes in 
Development of Load-Induced Osteoarthritis in Mice

Olufunmilayo O. Adebayo, Ph.D.(1), Frank C. Ko, Ph.D.(1), Philip T. Wan, B.S.(1), Steven R. 
Goldring, M.D.(2), Mary B. Goldring, Ph.D.(2), Timothy M. Wright, Ph.D.(2), and Marjolein C.H. 
van der Meulen, Ph.D.(1),(2)

(1)Cornell University, Ithaca, NY

(2)Hospital for Special Surgery, New York, NY

Abstract

Objective—Animal models recapitulating post-traumatic osteoarthritis (OA) suggest that 

subchondral bone (SCB) properties and remodeling may play major roles in disease initiation and 

progression. Thus, we investigated the role of SCB properties and its effects on load-induced OA 

progression by applying a tibial loading model on two distinct mouse strains treated with 

alendronate (ALN).

Design—Cyclic compression was applied to the left tibia of 26-week-old male C57Bl/6 (B6, low 

bone mass) and FVB (high bone mass) mice. Mice were treated with ALN (26μg/kg/day) or 

vehicle (VEH) for loading durations of 1, 2, or 6 weeks. Changes in articular cartilage and 

subchondral and epiphyseal cancellous bone were analyzed using histology and microcomputed 

tomography.

Results—FVB mice exhibited thicker cartilage, a thicker SCB plate, and higher epiphyseal 

cancellous bone mass and tissue mineral density than B6 mice. Loading induced cartilage 

pathology, osteophyte formation, and SCB changes; however, lower initial SCB mass and stiffness 

in B6 mice did not attenuate load-induced OA severity compared to FVB mice. In contrast, FVB 

mice exhibited less cartilage damage, and slower-growing and less mature osteophytes. In B6 

mice, inhibiting bone remodeling via ALN treatment exacerbated cartilage pathology after 6 

weeks of loading, while in FVB mice, inhibiting bone remodeling protected limbs from load-

induced cartilage loss.
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Conclusions—Intrinsically lower SCB properties were not associated with attenuated load-

induced cartilage loss. However, inhibiting bone remodeling produced differential patterns of OA 

pathology in animals with low compared to high SCB properties, indicating that these factors do 

influence load-induced OA progression.
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Introduction

Osteoarthritis (OA) is a degenerative joint disease that clinically presents as radiographic 

narrowing of the joint space with accompanying subchondral bone (SCB) thickening and 

osteophyte formation1,2. Its exact etiology has been long debated, despite preclinical and 

clinical studies intended to elucidate the factors responsible for OA disease initiation and 

progression.3–5. Risk factors include traumatic injuries5, occupational activities6, and 

obesity7, suggesting that mechanical loading plays a major role in OA initiation. An 

abnormal joint mechanical environment could initiate cell-mediated processes leading to 

both cartilage damage and SCB adaptation; however, the tissue in which the disease initiates 

is still controversial.

Given the clinical evidence of SCB thickening in OA patients, historically, the hypothesis 

has been that disease initiation is associated with increased mass and apparent stiffening of 

the SCB plate, diminishing its ability to act as an effective shock absorber for the 

cartilage8–10. However, recent studies suggest that SCB stiffening may not influence the 

stresses engendered on the cartilage surface3,11 leading to the conclusion that OA joint 

pathology initiates in the articular cartilage rather than the SCB. In more advanced stages of 

OA, abnormal mechanical forces can contribute to articular cartilage loss via the initiation of 

microcracks in the SCB plate that activate a bone remodeling response, leading to tidemark 

advancement and subsequent thinning of the cartilage3,12–14. These findings implicate a 

contributory role for bone remodeling in the pathogenesis of OA. Further evidence 

implicating bone remodeling in OA development is provided by the observation that in 

several animal models of OA, SCB mass is reduced at disease initiation, followed by 

thickening as the disease progresses15,16. Furthermore, in animal models, the inhibition of 

bone remodeling with pharmacological agents that impair osteoclast-mediated bone 

resorption attenuates the progression of OA17–21.

The role of bisphosphonates, which inhibit osteoclast-mediated bone resorption, has been 

studied in multiple animal models of OA17,18,20,21. Bisphosphonates bind to the surface of 

mineralized bone and are metabolized by osteoclasts during bone remodeling, leading to 

impaired osteoclast activity and/or apoptosis22,23. Although bisphosphonates were effective 

in attenuating OA progression in preclinical post-traumatic OA models, clinical studies in 

human subjects failed to show attenuation of cartilage loss assessed radiographically, despite 

the evidence that the treatment inhibited bone remodeling24,25. The discrepancies in the 

efficacy of bisphosphonates between preclinical and clinical models could be due to multiple 

factors including the use of invasive injury to induce OA in the animal models and the 
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diverse stages of OA progression in the patient cohorts at the time of treatment 

intervention26. Previous studies examining the effect of inhibiting bone remodeling with 

bisphosphonates on attenuating OA disease progression have not used a controlled, non-

invasive, preclinical OA model.

We and others have recently developed a non-invasive load-induced model of OA in the 

mouse27,28, based on controlled cyclic compression of the tibia and initially intended for 

bone adaptation studies29,30. Using a peak load of 9N for 1200 cycles, this model induced 

controlled instabilities in the knee joint31, and recapitulated OA pathology in the cartilage 

and SCB after 1, 2, and 6 weeks of daily loading in adult C57BL/6 mice27,28. A single bout 

of loading also induced disease initiation and progression, demonstrating that OA pathology 

in this model can be initiated by cell-mediated processes that are activated by mechanical 

loading32.

In the present study, we sought to elucidate the role of SCB properties and remodeling on 

OA initiation and progression using our controlled, non-invasive, preclinical OA model. We 

utilized two mouse strains with different bone properties and used alendronate (ALN) 

treatment to inhibit bone remodeling to examine the respective roles of SCB properties and 

SCB remodeling on temporal changes in SCB plate and cartilage pathology. We 

hypothesized that mice with initially stiffer SCB would exhibit more severe disease and that 

the inhibition of bone remodeling using ALN would attenuate load-induced OA progression.

Methods

Mechanical Loading and Treatment Conditions

To examine the role of SCB properties on OA progression, we subjected two strains of mice 

with different bone mass and stiffness to compressive joint loading. We used 26-week-old 

male C57Bl/6 (B6) and FVB/NJ (FVB) mice, with FVB having higher bone mass and 

stiffness compared to B6 mice33 (Fig. 1A). To examine the role of SCB remodeling on OA, 

mice from both strains were randomly divided into 2 treatment groups: alendronate (ALN) 

to inhibit bone remodeling or vehicle saline control (VEH).

All mice were housed by strain in groups of four to five per cage with ad libitum access to 

food and water. At the start of the experiment, B6 and FVB mice weighed 30.7 ± 2.4g and 

32.9 ± 2.6g, respectively. Body mass was measured 5 days/week to monitor the general 

health of each mouse over the duration of the experiment. A sample size of n = 6–7 was used 

per group based on a power analysis from previous data27. All experimental procedures 

occurred in the morning in a veterinary research facility. Mice were subjected to loading and 

treatment in random order within each cage. All procedures were approved by the 

Institutional Animal Care and Use Committee.

At 26 weeks, the left hindlimb of each mouse was subjected to in vivo cyclic compressive 

loading across the knee joint for 1, 2, or 6 weeks, 5 days/week (Fig. 1B, C, n = 6–7/

treatment/duration). Under general anesthesia (2% isoflurane, 1.0L/min, Webster, Devens, 

MA), B6 mice were loaded at 9.0N peak load, and FVB mice were loaded at 10.3N. These 

peak forces correspond to the loads required to generate 1200με of tension at the medial 
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midshaft of the tibia based on previous in vivo strain measurements with B6 mice27,34 and a 

pilot strain gauge study with FVB mice. The loading protocol was applied for 1200 cycles (5 

minutes) at a frequency of 4Hz based on previous studies27. The right limb served as a 

contralateral control. Concurrent with loading, each mouse was treated 5 days/week with 

ALN (26μg/kg/day ip, Sigma-Aldrich, St. Louis, MO) or VEH based on previous studies35. 

After 1, 2, or 6 weeks, the mice were euthanized. Both knee joints were dissected and fixed 

in 10% formalin overnight. One B6 mouse and three FVB mice were excluded, due to 

anesthesia-related death or excessive weight loss during loading.

Cartilage and Subchondral Bone Assessment

To assess bone morphological changes, intact joints were transferred to 70% ethanol after 

tissue fixation overnight, and scanned by microcomputed tomography (microCT) with a 

10μm isotropic voxel resolution (μCT35, Scanco: 55kVp, 145μA, 600ms integration time). 

A 0.5mm aluminum filter was used to reduce the effects of beam hardening. In addition, 

with a scan resolution of 10μm, the voxel size is appropriately small relative to the cortical 

thickness, minimizing any error due to partial volume36. Knee joints were then decalcified in 

formic acid/sodium citrate for one week, dehydrated in an ethanol gradient, and embedded 

in paraffin. Serial coronal 6μm-thick sections were obtained (Leica RM2255, Germany). 

Safranin O/Fast green staining was performed on sections at 90μm intervals to assess 

cartilage morphology in the tibial plateau. Cartilage degradation was examined by a blinded 

observer using a modified murine cartilage histological scoring system37 on the most 

posterior 180μm of the tibial plateau. Scores from the posterior medial and lateral plateaus 

were summed for our analyses, as these regions exhibited the most cartilage damage in 

previous studies27,32.

Tibial SCB morphology was assessed using microCT in two volumes of interest (VOI): 1) 

the SCB plate, extending from the joint space to the epiphyseal cancellous bone, and 2) the 

epiphyseal cancellous bone. Mineralized tissue from the SCB plate and cancellous epiphysis 

were segmented using global thresholds. For the SCB plate VOI, cortical bone was manually 

contoured to assess average cortical plate thickness and tissue mineral density (TMD, mg 

HA/cm3) in the medial and lateral tibial plateau. For the epiphyseal cancellous bone VOI, 

cancellous bone within the epiphysis was manually identified to measure cancellous bone 

volume fraction (BV/TV, mm3/mm3), trabecular thickness (Tb.Th, μm), trabecular 

separation (Tb.Sp, μm), and TMD.

We assessed localized cartilage and SCB plate thicknesses and osteophyte formation using 

sections stained with Safranin O/Fast green. The tibial plateau was divided into medial and 

lateral halves, and then further divided into anterior, middle, and posterior regions, resulting 

in six tibial plateau regions for evaluation. A single representative slide from each region 

was used to measure cartilage and local SCB plate thicknesses using previously established 

protocols27. In addition, osteophyte formation was examined at the margin of the posterior 

medial tibial plateau. Osteophyte maturity was measured based on previously established 

protocols38 with scores of 0 (no osteophyte), 1 (mainly cartilaginous), 2 (cartilaginous/

mineralized mixed tissue), and 3 (predominately mineralized osteophyte). Osteophyte size 

was measured as the maximum medial-lateral width of the tissue.
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Statistical Analysis

All statistical analysis was performed using linear regression models (JMP Pro 10.0, SAS 

Institute Inc.). First, the effects of mouse strain and/or treatment were examined in the 

control (right) limbs using a multiple linear regression model with fixed effects of mouse 

strain, treatment, duration, and their interactions. Then, to determine the effect of loading, 

differences between loaded and control limbs were calculated for each metric ([Loaded – 

Control] limb) and used in a multiple linear regression model with fixed effects as outlined 

above. In addition, a mixed multiple linear regression model was examined with fixed 

effects of limb, strain, treatment, duration, and interactions; a random mouse effect 

accounted for the repeated left-right limb measurement. Each model was optimized using 

backward elimination of interaction effects. For each linear regression model, we performed 

a residual analysis to ensure that the residuals were normally distributed and that the data 

exhibited homogenous variance. In the case of the bone morphology metrics (cancellous and 

cortical bone), one sample in the 1-week ALN-treated B6 group was an outlier, based on the 

residual analysis, and was excluded from all analyses of bone morphology. Tukey post-hoc 

comparisons were performed when interaction effects were significant. p <0.05 indicated 

significance. All results presented are statistically significant unless otherwise stated.

Results

Intrinsic Differences in Bone and Cartilage due to Mouse Strain and Treatment

Control limbs of B6 and FVB mice had intrinsic differences in bone and cartilage 

morphology. FVB mice had significantly thicker SCB plates and higher epiphyseal 

cancellous bone mass than B6 mice due to thicker trabeculae and reduced Tb.Sp (Fig. 2A–C, 

E). TMD was also higher in SCB and epiphyseal cancellous bone from FVB mice (Fig. 2D, 

F). In both mouse strains, epiphyseal cancellous bone mass in control limbs decreased over 

time in VEH-treated mice. ALN treatment prevented age-related reductions in bone mass by 

increasing Tb.Th and decreasing Tb.Sp (Fig. 2A–C). ALN also significantly increased SCB 

plate and cancellous TMD over time (Fig. 2D, F). SCB plate thickness increased with ALN 

only in control limbs of FVB mice, but not B6 control limbs (Fig. 2E). Intrinsic cartilage 

properties differed in the mouse strains. Cartilage was thicker on the posterior, middle, and 

anterior aspects of the joint in FVB mice compared to B6 (Fig. 3, middle & anterior data not 

shown). Based on average thickness values, cartilage thickness was not different in either 

mouse strain with ALN treatment in this study. Generally, FVB mice had higher bone mass 

and thicker cartilage compared to B6 mice, and ALN prevented age-related cancellous bone 

loss in both mouse strains.

Load-Induced Subchondral Bone Adaptation was Mouse Strain-Specific

Loading and ALN treatment induced differential effects on SCB changes in the two mouse 

strains (Fig. 4). Loading significantly thinned the SCB plate only in B6 mice after 6 weeks 

(Fig. 4A), resulting in a 13% decrease in mean thickness regardless of treatment based on 

microCT measurements (Supplemental Table 1). Analysis of the local SCB plate thickness 

in B6 mice using histology showed a decrease in all aspects of the tibial plateau ranging 

from 2 – 50%, with the most thinning occurring in medial-middle and medial-anterior 

aspects. In contrast, SCB plate thickness was not altered with loading in FVB mice. Unlike 
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SCB plate thickness, epiphyseal cancellous bone mass was not affected by loading in B6 

mice; however, loading decreased cancellous bone mass in FVB mice regardless of 

treatment (Fig. 5A). Cancellous and SCB plate TMD were also generally reduced in loaded 

limbs (Fig. 5D, F). ALN treatment did not attenuate the load-induced reduction in SCB plate 

TMD in either strain. Loading decreased SCB plate TMD more over time in B6 compared to 

FVB limbs (Fig. 5F). Loading affected only the SCB plate in B6 and only the cancellous 

bone in FVB mice. These load-induced responses were not attenuated by ALN treatment.

Articular Cartilage Pathology with Loading

Loading generally increased cartilage matrix loss and thinning over time. As in our previous 

study27, cartilage damage was localized to the posterior aspect of the tibial plateau, with 

more damage occurring on the medial posterior aspect. The degree of cartilage pathology 

depended on mouse strain and treatment (Fig. 6). Specifically, on the posterior aspect of the 

tibia, loading increased cartilage matrix loss compared to contralateral limbs in all groups 

except FVB mice treated with ALN (pooled across all treatment durations) (Fig. 4B). FVB 

mice exhibited less cartilage pathology with loading compared to B6 mice (32% lower 

histological damage score). ALN-treated B6 mice had the most extensive cartilage matrix 

changes compared to all other groups after 6 weeks of loading. Local cartilage thinning also 

occurred with loading and increased with loading duration particularly on both the lateral 

and medial posterior joint aspects, regardless of mouse strain or treatment (Supplemental 

Table 1). Cartilage thickness changes with loading ranged from a 21% decrease in the 

posterior medial aspect to a 23% increase in the anterior lateral aspect. While loading 

induced cartilage damage in both mouse strains, FVB mice exhibited less pathology 

compared to B6 mice.

Osteophyte Formation with In Vivo Loading

Loading induced pre-osteophyte or osteophyte formation in all but one mouse (FVB mouse, 

1 week, VEH-treated). Osteophytes matured from primarily cartilaginous to mineralized 

tissue over longer load durations (Fig. 7). Osteophytes in FVB mice were less mature, 

smaller, and slower growing compared to those in B6 mice (Fig. 7B, C). ALN inhibited 

osteophyte maturation compared to VEH treatment, but did not affect osteophyte size. 

Osteophytes were absent in control limbs. Osteophytes occurred with loading, indicative of 

OA pathology; however, osteophytes in loaded FVB limbs were less mature and smaller than 

those in B6 limbs.

Discussion

In this study, we examined the role of SCB properties and changes in OA initiation and 

progression. We used two mouse strains with different bone properties and ALN treatment 

to inhibit bone changes, with the objective of examining OA pathology in both cartilage and 

SCB morphology. Our results confirmed the presence of significant intrinsic differences 

between FVB and B6 mouse strains in bone mass and stiffness and in responses to the 

inhibition of bone remodeling with ALN treatment. In control limbs, FVB mice had a 

thicker SCB plate, higher epiphyseal cancellous bone mass, and higher bone mineral density 

than B6 mice. Furthermore, FVB mice had stiffer diaphyseal cortical bone as reflected by 
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the higher load (10.3N) needed to engender +1200με at the mid-diaphysis of the tibia. While 

we did not directly measure SCB plate stiffness in this study, differences in cortical bone 

material properties between FVB and B6 mice were assessed by our strain calibration and 

have been assessed previously by mechanical loading33. Based on these diaphyseal data, we 

assume that FVB mice had stiffer SCB compared to B6 mice. Similar to previous preclinical 

studies39, ALN prevented age-related reductions in cancellous bone mass. ALN treatment 

also increased the cancellous and SCB plate TMD over time in control limbs, indicating that 

the treatment was indeed effective in inhibiting bone remodeling in both cancellous and 

cortical bone35,40. These findings support the validity of our experimental approach to 

examine the role of intrinsic differences in bone properties and bone remodeling on the 

progression of load-induced OA joint pathology.

Non-invasive cyclic compression induced OA cartilage pathology and osteophyte formation 

in both mouse strains. We did not observe any ligament tears in this study. Similar to 

previous studies27,28, loading generally led to reduced proteoglycan content, cartilage 

surface fibrillation, cartilage matrix thinning, osteophyte formation, and subchondral and 

epiphyseal cancellous bone adaptation, recapitulating OA progression. Lower initial SCB 

mass and stiffness in B6 mice did not attenuate load-induced OA severity compared to FVB 

mice. In fact, FVB mice exhibited less cartilage pathology and slower-growing and less 

mature osteophytes, consistent with diminished OA severity.

Cyclic loading induced differential effects on bone adaptation in the tibiae of B6 and FVB 

mice. In B6 mice, loading thinned the SCB plate, particularly after 6 weeks. In contrast, 

loading decreased only the epiphyseal cancellous bone mass in FVB mice and did not affect 

SCB plate thickness. No increase in bone mass was detected in either strain over time. Ko et 
al.27 reported a reduction in epiphyseal cancellous bone with daily loading in B6 mice, 

accompanied by localized thickening of the SCB plate. These contradictory outcomes could 

reflect the difficulty of distinguishing between calcified cartilage and SCB using microCT; 

however, localized SCB plate thickness measured by histology also did not increase with 

loading (Supplemental Table 1). In several preclinical studies15,16 SCB plate thickness 

decreased initially, followed by thickening as OA progressed. Thus, either our time points 

were too distant to detect subtle temporal changes in SCB plate thickness, or at 6 weeks 

post-loading the mice were still in the early stages of OA development.

Inhibiting bone remodeling had differential effects on cartilage and bone adaptation to 

loading in the two mouse strains. ALN treatment exacerbated cartilage pathology in B6 mice 

after 6 weeks of loading, but protected FVB limbs from load-induced cartilage changes. 

Unlike other preclinical studies17–21, ALN treatment in our study did not consistently 

protect against cartilage pathology during OA progression. However, the lack of chondro-

protection with ALN treatment is similar to the results found in a comprehensive clinical 

study25. Changes in cancellous and SCB plate bone mass and mineralization with loading 

depended on the mouse strain. Loading initially decreased cancellous TMD in both ALN- 

and VEH-treated groups; however, cancellous TMD was maintained without further loss 

thereafter with ALN treatment. Differences in these data compared to results obtained in 

post-traumatic injury models of OA may reflect the non-invasive nature of our model 

compared to the surgical intervention required in other models32. In this study, ALN 
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generally did not inhibit load-induced changes in bone and had differential effects on 

cartilage changes depending on mouse strain. The limited effect of ALN treatment on OA 

pathology could be due to the timing of treatment. Pre-treatment of bisphosphonates prior to 

OA induction may be more effective at attenuating bone changes and OA pathology41. 

Future studies could examine the use of higher doses or longer term ALN treatment to 

effectively inhibit load-induced changes in bone.

The results of our study do not support our initial hypothesis that intrinsically lower SCB 

mass and stiffness attenuate OA progression. Radin and Rose9 first hypothesized that 

increased SCB mass and stiffness would diminish shock absorption by bone and increase 

stresses in the cartilage surface. However, Burr and others,3,11 employing a model involving 

the insertion of a metal plug in the subchondral cancellous bone, demonstrated that 

increasing apparent SCB stiffness did not exacerbate cartilage damage. Our results using 

mice with intrinsically different SCB stiffness led to a similar conclusion.

The use of two mouse strains to test the contribution of intrinsic bone and cartilage physical 

properties to the development of OA joint pathology did not account for differences in 

intrinsic cartilage thickness and potential differences in bone and cartilage metabolism 

between the two strains. ALN treatment was chondro-protective in FVB mice as a group (all 

ALN treatment durations pooled), but exacerbated cartilage pathology in B6 mice. This 

seemingly contradictory result suggests that alternate factors determined the severity of OA 

progression in the different mouse strains, possibly related to differences in intrinsic strain, 

differences in cartilage thickness, or genetic variations in bone and cartilage homeostasis. 

Specifically, B6 mice with intrinsically thinner cartilage exhibited significant thinning of the 

SCB plate with loading, accompanied by severe cartilage pathology and osteophyte 

formation. In contrast, FVB mice with intrinsically thicker cartilage, when treated with 

ALN, did not display significant changes in SCB plate thickness or mineralization over time 

and exhibited diminished OA severity. Similar findings were reported in another load-

induced OA model in which intrinsically thicker cartilage in Str/ort mice correlated with 

diminished cartilage loss42. Based on FEA simulations in that prior study, increased 

cartilage thickness reduced the contact stresses, which accounted for the attenuated cartilage 

damage. Furthermore, genetic differences in bone remodeling between the two mouse 

strains were not examined and could play a significant role in our results. Future studies 

using mouse strains with established differences in cartilage thickness and/or differential 

patterns of bone and cartilage metabolism would permit assessment of these factors. 

Alternately, these factors could be minimized to eliminate their potential confounding 

contribution to load-induced OA.

While ALN treatment effectively reduced bone remodeling with age in control limbs, 

changes in bone with loading were still present. In addition, although we used ALN in our 

studies to target SCB remodeling, ALN treatment may not exclusively affect bone and may 

also directly affect cartilage metabolism43. We did not specifically examine the effect of 

ALN treatment on chondrocytes and macrophages, but we saw no effect of treatment on 

cartilage structure by histology. While ALN could affect chondrocytes and macrophages, 

these cells might not be involved in load-based adaptation, as is the case with the studies of 

Sugiyama et al.44 in which they speculate that the increase in bone with loading was 
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mediated by down-regulation of sclerostin in osteocytes, an effect that was not blocked by 

bisphosphonate treatment. Regardless of the ALN treatment effect on these cells, their role 

in load-induced tissue changes is unknown. Future studies should investigate the role of 

chondrocytes and macrophages on load-induced tissue adaptation. Although ALN 

effectively reduced bone remodeling by inhibiting bone resorption, alternate approaches for 

modulating SCB bone properties, for example by inhibiting sclerostin activity represent 

additional experimental approaches to test our hypothesis.

We used two different peak loads based on in vivo strain gauge data for B6 and FVB mice. 

Whereas the use of different peak loads for each mouse strain may appear to be a limitation, 

we intentionally controlled the strain induced on the bone. Bone surface strains during peak 

activity are remarkably well conserved across mammals45. Therefore, we used the loads to 

induce +1200 μstrain at the mid-diaphysis as a metric to equilibrate the applied loads across 

animals of different strains and ages. The body mass and skeleton of the FVB mouse are 

larger than those of the B6 mouse, suggesting that the loads engendered during normal 

activities would be higher and consistent with the higher loads needed to produce similar 

mechanical strains in the two mouse strains. Furthermore, we were interested in the effect of 

bone on OA progression in the cartilage, thus we controlled the stimulation (strain) 

engendered on the bone. Because we equalized the stimulation on the bone regardless of 

mouse strain, we can distinguish the role of bone mass/stiffness on cartilage degradation.

In conclusion, contrary to our prediction, we found that intrinsically lower SCB properties 

were not associated with attenuated load-induced cartilage pathology. This result may be 

related, in part, to intrinsic differences in cartilage thickness, although this hypothesis needs 

to be tested. Our findings that inhibition of bone remodeling produced differential patterns 

of OA pathology in animals with low or high SCB properties indicate that SCB properties 

and remodeling do affect the progression of load-induced OA cartilage pathology. These 

data support the utility of the compressive loading model for defining the roles of SCB plate 

properties and remodeling on the pathogenesis of OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) 26 week-old male C57Bl/6 (red) and FVB mice (blue) were administered alendronate 

(26μg/kg/day) or vehicle saline treatment for 1, 2, and 6 weeks (5 days/week). B) 

Concurrently, all mice were subjected to compressive tibial loading of the left limb at a peak 

load of 9N (B6) or 10.3N (FVB). The right limb served as the contralateral control. C) Mice 

were euthanized after 1, 2, and 6 weeks of loading and treatment (n = 5=7/group)
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Figure 2. 
In control (right) limbs, FVB mice exhibited higher cancellous and cortical bone mass than 

B6 mice, and ALN treatment inhibited bone remodeling. A) ALN prevented a decrease in 

BV/TV after 6 weeks, and FVB mice exhibited higher cancellous bone mass due to B) 

higher trabecular thickness and C) lower trabecular separation. FVB mice also had higher D) 

cancellous and F) cortical tissue mineral density and E) a thicker SCB plate, which was 

further increased with ALN treatment in FVB mice only. p < 0.05 

for ^strain, +duration, §treatment, %strain*duration, #strain*treatment, ¶duration*treatment. 

Means sharing the same letter are not significantly different from each other by Tukey’s 

HSD: A>B>C, p<0.05).

Adebayo et al. Page 14

Osteoarthritis Cartilage. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
In control (right) limbs, cartilage was thicker in the posterior medial quadrant of FVB limbs 

than in the same region in B6 limbs. A) Representative posterior medial cartilage histology 

for B6 and FVB control limbs treated with VEH at 1 week, and B) quantitative cartilage 

thickness in B6 and FVB control limbs treated with VEH and ALN after 1, 2, and 6 weeks. 

Scale bar = 50μm. p < 0.05 for ^strain.
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Figure 4. 
Control (right limb, black) and loaded (left limb) data shown. A) Loading thinned SCB plate 

thickness at 6 weeks in B6 mice only. B) Loading damaged cartilage in most groups except 

the FVB, ALN group. p < 0.05 for ^strain, +duration, §treatment, %strain*duration, 

#strain*treatment, ¶duration*treatment, *load. Means sharing the same letter are not 

significantly different from each other by Tukey’s HSD: A>B>C, p<0.05).
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Figure 5. 
Loading affected cancellous and cortical SCB morphology in B6 and FVB mice treated with 

VEH and ALN after 1, 2, and 6 weeks. Δ = [Loaded – Control] (left – right limb) data 

shown. A) Loading decreased cancellous bone volume fraction in FVB mice only, due to 

combined effects in B) trabecular thickness and C) trabecular separation. D) Loading 

decreased cancellous TMD and E) SCB plate thickness more so in B6 mice than FVB. F) 

Cortical TMD was also generally decreased with loading. p < 0.05 for ^strain, +duration, 

§treatment, %strain*duration, #strain*treatment, ¶duration*treatment. L indicates load effect 

(p<0.05).
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Figure 6. 
Loading damaged posterior cartilage matrix in B6 and FVB mice treated with VEH and 

ALN after 1, 2, and 6 weeks. Δ = [Loaded – Control] (left – right limb) data shown. (A) In 

most groups, loading created cartilage damage that increased over time as was reflected in 

the histological scores. (B) FVB mice treated with ALN did not exhibit cartilage damage 

with loading (pooled group means summarized in box plot). (C) Loading also decreased 

posterior cartilage thickness over time. Scale bar = 50μm. p<0.05 for ^strain, +duration, 

§treatment, %strain*duration, #strain*treatment, ¶duration*treatment. L indicates load effect 

(p<0.05). Yellow arrowheads indicate areas of cartilage damage.
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Figure 7. 
Loading induced osteophytes, which were smaller in FVB mice. A) Loading induced visible 

osteophytes that matured and grew over time. B) ALN treatment slowed maturation of 

osteophytes, which were also C) smaller in FVB mice. Scale bar = 250μm. p<0.05 for 

^strain, +duration, §treatment, %strain*duration, #strain*treatment, ¶duration*treatment.
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