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Abstract

We previously showed that repetitive cyclic loading of the mouse knee joint causes changes that
recapitulate the features of osteoarthritis (OA) in humans. By applying a single loading session,
we characterized the temporal progression of the structural and compositional changes in
subchondral bone and articular cartilage.

We applied loading during a single 5-minute session to the left tibia of adult (26-week-old)
C57BI/6 male mice at a peak load of 9.0N for 1200 cycles. Knee joints were collected at times 0,
1, and 2 weeks after loading. The changes in articular cartilage and subchondral bone were
analyzed by histology, immunohistochemistry (caspase-3 and cathepsin K), and microcomputed
tomography.

At time 0, no change was evident in chondrocyte viability or cartilage or subchondral bone
integrity. However, cartilage pathology demonstrated by localized thinning and proteoglycan loss
occurred at 1 and 2 weeks after the single session of loading. Transient cancellous bone loss was
evident at 1 week, associated with increased osteoclast number. Bone loss was reversed to control
levels at 2 weeks. We observed formation of fibrous and cartilaginous tissues at the joint margins
at 1 and 2 weeks.

Our findings demonstrate that a single session of noninvasive loading leads to the development of
OA-like morphological and cellular alterations in articular cartilage and subchondral bone. The
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loss in subchondral trabecular bone mass and thickness returns to control levels at 2 weeks,
whereas the cartilage thinning and proteoglycan loss persist.

Osteoarthritis; mouse; mechanical loading; bone resorption; chondrocytes

Introduction

The mechanical loading environment in joint tissues plays a crucial role in the development
of osteoarthritis (OA). Population cohorts with histories of traumatic joint injuries such as
ligament tears have a higher incidence of OA that has been attributed to the resultant
alteration in joint mechanics (1). Similarly, excessive physical activity associated with
occupational characteristics or athletic activity is associated with the increased incidence of
OA (2). Several in vivo animal models demonstrate that the creation of an adverse
mechanical loading environment is strongly associated with the development of OA. For
example, strenuous running in mice and dogs produces articular cartilage degeneration and
peri-articular bone changes (3, 4), while less strenuous running prevents the onset of OA (5,
6). In addition, /n vitro studies show that a single event of injurious impact loading of
cartilage explants decreases cell viability and increases the production of catabolic mediators
such as matrix metalloproteinases (MMPSs) and aggrecanases (7-9). These findings suggest,
therefore, that a single event of traumatic loading can produce sustained adverse effects on
chondrocyte viability and function.

In noninvasive mouse models that apply controlled mechanical loading to joints /n vivo, both
cyclic and single injurious loading protocols promote OA pathology similar to the
degenerative changes in humans joints, including cartilage loss, alterations in subchondral
bone, and osteophyte formation (10-15). The traumatic effects of loading are most evident
upon loading-induced anterior cruciate ligament (ACL) rupture and direct alteration of joint
stability (11, 14, 15). However, in cyclic loading experiments that do not induce
macroscopic damage to joint structures (10, 12), it is unclear whether the cartilage and bone
changes are related to direct physical damage from repetitive traumatic joint tissue injury or
if a single episode of loading is sufficient to initiate cell-mediated processes that can lead to
subsequent pathologic alterations in joint tissues.

The present studies were undertaken to address this question by assessing the changes in
cartilage and peri-articular bone following a single 5-minute session of /in vivo mechanical
loading rather than the daily loading protocol employed in our previous studies (12). We
characterized the temporal progression of the structural and compositional changes in
subchondral bone and articular cartilage after the single loading session. We hypothesized
that a single loading session results in more rapid response in the subchondral bone than the
articular cartilage and does not result in initial traumatic damage to the tissues.
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Methods

Mechanical Loading Conditions

We applied a single session of controlled /n vivo compressive loading to the left tibiae of 26-
week-old C57BI/6 male mice (n = 21, Jackson Laboratories, Bar Harbor, ME) at a peak load
level of 9.0N and frequency of 4Hz for 1200 cycles (5 minutes) under general anesthesia
(2% Isoflurane, 1.0 L/min, Webster). The applied loading was based on protocols
demonstrated previously to induce progressive articular cartilage degeneration (12) and to
have an anabolic effect on the tibial metaphysis in growing and adult mice (16-18). The left
limb was loaded,; the right limb served as the non-loaded control. After each loading session,
mice resumed normal cage activity. To assess the immediate changes in response to a single
session of mechanical loading, analyses were performed at T = O (approximately 1 hour after
the single loading session) and at 1 and 2 weeks (n = 7/group). All mice were randomly
distributed across three different experimental groups. The intact knee joints were collected
and fixed in 4% PFA overnight (Fig. 1). All experimental procedures were approved by the
Institutional Animal Care and Use Committee at Cornell University.

Articular Cartilage and Bone Tissue Assessment

After tissue fixation in 4% PFA overnight, intact joints in PBS were scanned by
microcomputed tomography (microCT) at 10um resolution (LWCT35, Scanco, Switzerland)
with an X-ray tube potential of 55 kVp to assess bone morphological changes. Knee joints
were then decalcified in formic acid/sodium citrate for one week, dehydrated in an ethanol
gradient, and embedded in paraffin. Serial coronal sections of 6 pm thickness were obtained
using a rotary microtome (Leica RM2255, Germany). Safranin O/Fast green/hematoxylin
staining was performed on sections at 90 um intervals to assess cartilage morphology.
Cartilage degeneration was assessed in the tibial plateau using a modified murine cartilage
histological scoring system (19). The presence of osteophytes was identified by the changes
in peri-articular bone and articular morphologies in sections used for histological scoring.
Subsequently, osteophytes were scored according to their size and maturity (20). The
presence of synovial inflammation at the joint margins was examined by hematoxylin and
eosin staining.

Localized thickness measurements for articular cartilage and subchondral cortical bone were
performed (Osteomeasure histomorphometry system, OsteoMetrics, USA) on Safranin O/
Fast green-stained slides previously used for histological scoring. The tibial plateau was first
divided into medial and lateral halves, and then further subdivided 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 subchondral cortical
bone thickness. Five linear projections from the cartilage surface to the boundary between
the cartilage and subchondral bone were used to measure cartilage thickness (Ca.Th, pm).
The projections were extended into the subchondral bone to circumscribe the region for
measuring the subchondral bone thickness (Sub.PI, um) (12). Slides from sections adjacent
to those used for localized thickness measurements were stained with picrosirius red to
identify superficial zone collagen alterations. Damaged superficial zone surface area was
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quantified under the polarized microscope and normalized by the total linear cartilage
surface area (% Loss, mm/mm).

Cancellous bone morphology was assessed in two volumes of interest (VOI) of the microCT
scans: the tibial metaphysis and epiphysis. The metaphyseal VVOI was located distal to the
growth plate extending 10% of the total bone length, excluding primary spongiosa and
cortical bone. The epiphyseal VOI was the cancellous tissue proximal to the growth plate.
The global threshold was set at 3900 HU and 3200 HU to segment mineralized tissue from
epiphyseal and metaphyseal regions, respectively. Trabecular bone from both VVOIs was
selected by manually contouring inside the cortical bone. For each region, cancellous bone
volume fraction (BV/TV, mm3/mm3), trabecular thickness (Th.Th, um), and separation
(Th.Sp, um) were measured.

Cellular Responses

Statistics

Immunohistochemistry was performed to assess cellular changes in cartilage and
subchondral bone following the single session of loading. The effects of loading on
chondrocyte phenotype were assessed by examination of cell morphology and expression of
the apoptosis-associated protein, caspase-3 (Abcam, Cambridge, MA). Osteoclasts
associated with localized regions of bone resorption were identified using an antibody to
cathepsin K (Abcam, Cambridge, MA). To assess the effects of the loading on synovial
pathology, tissue sections were examined for the presence of synovial lining hyperplasia and
for the presence of inflammatory cell infiltration. Immunchistochemistry was applied to
three sections, one section each from the anterior, middle, and posterior aspects of the tibial
plateau. Sections were dewaxed, rehydrated, and incubated with 1% pepsin at 37°C for
antigen retrieval for detection of caspase-3. No antigen retrieval was performed for cathepsin
K. Sections were subsequently incubated with 1.5% goat serum for 30 minutes at room
temperature and immunostained overnight at 4°C with the respective primary antibody or
IgG as a negative control. Secondary antibody incubation and color development were done
with avidin/biotin complex (MVector Labs, Burlingame, CA). Chondrocytes that stained
positively for caspase-3 were counted under 40x magnification on both medial and lateral
halves of tibial cartilage, normalized to total tibial cartilage area, and averaged for all three
sections (Chon.N/CA, #/mm?). Osteoclasts that positively stained for cathepsin K with at
least two nuclei counterstained with hematoxylin were counted within epiphyseal cancellous
bone, normalized to the epiphyseal bone cancellous surface area, and averaged over the three
sections (OC.N/BS, #/mm).

Statistical analyses were performed using repeated measures two-way ANOVA with
interactions (JMP Pro 10.0, SAS Institute Inc), with Loading as the intra-group variable, and
Time as an inter-group variable. Post-hoc comparisons of means were performed with
Bonferroni correction when interaction effects were significant. P-values of < 0.05 indicated
significance.

J Orthop Res. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ko et al.

Results

Page 5

Articular Cartilage Matrix Changes

Acrticular cartilage damage was first evident in the loaded limbs after 1 and 2 weeks (Fig.
2A). The histological scores of loaded limbs increased 2.6-fold after 1 week and 4.2-fold
after 2 weeks compared to control limbs. The severity of the damage in the loaded limbs was
similar at 1 and 2 weeks (Fig. 2B), with damage mainly localized to the medial peripheral
edge of the articular surface. Loading did not induce collagen loss from the joint surface at
any time point as assessed by the intensity of picrosirius red staining, although localized
fibrillation and fragmentation of the superficial zone cartilage was evident (Fig. 2C).

Avrticular cartilage thinning in both lateral and medial compartments occurred in the
posterior aspect of the tibial plateau of loaded joints (Fig. 2D, Table 1). While articular
cartilage located at the lateral-middle aspect of tibial plateau thinned following a single
session of mechanical loading, no change was observed in the medial-middle area. Lateral-
posterior articular cartilage was 17% thinner and the medial-posterior area was thinner by
13%in loaded limbs compared to control limbs. In contrast to the thinning of the articular
cartilage at the posterior aspect of tibial plateau, a single session of loading appeared to
increase the cartilage thickness at the medial-anterior aspect by 8.4% with no change in the
lateral-anterior area. Control limbs did not undergo cartilage degeneration at any time point
in the posterior aspect of tibial plateau, as indicated by similar histological scores and
cartilage thicknesses.

We next examined the effects of loading on caspase-3, a marker of chondrocyte apoptosis,
by immunohistochemistry. The number of chondrocytes immunostained for caspase-3 in the
articular cartilage was not altered at any time point after a single loading session (Fig. 2E).

Epiphyseal and Metaphyseal Bone Adaptation

Epiphyseal bone architecture was altered following a single loading session. No change was
observed at any time point in control limbs. In the loaded limbs, epiphyseal cancellous bone
mass decreased by 12% after 1 week, but returned to control levels by 2 weeks (Fig. 3A).
The decreased epiphyseal bone mass at 1 week was attributable to the 8% decrease in
trabecular thickness without an increase in trabecular separation (Fig. 3A). The decrease was
associated with increased numbers in osteoclasts on the trabecular bone surface. Osteoclast
numbers in the epiphysis of loaded limbs, which were identified by cathepsin K expression,
increased by 2.4-fold at 1 week and by 1.4-fold at 2 weeks after the single loading session
(Fig. 3B, E). Metaphyseal bone mass was unchanged in the loaded and control limbs (Fig.
3C). The subchondral cortical bone thickness decreased by 26% in the medial-posterior area
and by 24% decreases in the lateral-middle area after mechanical loading (Fig. 3D, Table 1).
At 2 weeks after the single session of mechanical loading, subchondral cortical plate
thickness at the medial-middle aspect of tibial plateau decreased by 42%.

Osteophyte Formation

Osteophytes developed at the joint margins following a single loading session in all loaded
limbs. Fibrous tissue was evident at the joint margins at 1 week. By 2 weeks, cartilaginous
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tissue at the joint margins was evident, indicative of the early endochondral phase of
osteophyte formation (Fig 4A). Osteophyte size increased by 2.1-fold in the loaded limbs
from 1 to 2 weeks (Fig 4B). In addition, osteophyte maturity, indicated by resident
hypertrophic chondrocytes and vascular invasion, increased by 1.7 fold in the loaded limbs
from 1 to 2 weeks (Fig 4C). Osteophytes were absent in the T=0 loaded limbs and all control
limbs.

Synovial Inflammation

Enhancement of synovial lining or hyperplasia was not evident in the knee joint of any
animal at any time point (Fig 5). No lymphocyte or plasma cell infiltration was present in the
synovium. Significant proliferation of cells and columnar cell morphology were observed in
the collateral ligaments of loaded limbs.

Discussion

Our results demonstrate that a single episode of mechanical loading can initiate a cell-
mediated process leading to cartilage degeneration and bone adaptive changes that evolve
over a one- to two-week interval. In addition, subchondral bone demonstrated robust
capacity to return to the normal level within two weeks in contrast to articular cartilage.
Controlled mechanical loading applied to the mouse knee in other models showed similar
changes in the articular cartilage matrix, including loss of proteoglycans and surface
fibrillation (10, 11, 14, 15). However, the alterations in the peri-articular bone differed, likely
related to differences in the loading protocol parameters used in the other studies. For
example, the studies by Poulet et al. included an extended rest period of 10 seconds between
loading cycles, and they noted limited osteophyte development at the joint margins 2 weeks
after a single loading session (10), whereas in our study all mice developed osteophytes with
a shorter rest insertion period of 0.25 second between loading cycles. When higher peak
loads (12N) were applied (11, 14), heterotopic ossification and ACL injury were observed,
responses that were not observed in our animals using lower loads. The study by Wu et al.
demonstrated that single cyclic compressive loading at 9N peak load ruptured the ACL (15),
an effect that was not observed in our studies. Analyses for possible damage to knee
ligaments or the joint capsule revealed intact ligaments in our model. Subluxation of the
knee was not evident. However, we cannot exclude the possibility that the single loading
episode resulted in subsequent alterations in joint mechanics. The differential effects with
respect to ligament rupture compared to previous studies could be related to the knee holder
design. Our device allows normal flexion of the knee, and we speculate that the orientation
of the loading (vertical vs. horizontal as in our study) of the loading apparatus in the Wu
study may have contributed to the ligament injury. In addition, the mice in our studies were
26 weeks of age compared to 8 weeks of age in the Wu studies, and this age difference may
have affected the material properties of the ligament.

In our previous study, mice loaded at a peak load of 4.5N demonstrated mild cartilage
fibrillation without the formation of osteophytes in the knee despite daily loading for 6
weeks (12). In contrast, mouse knees loaded daily at 9N for 6 weeks exhibited more
extensive and severe cartilage degeneration and developed mineralized osteophytes at joint
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margins (12). Similarly, the surgically-induced mouse models of OA, such as the
destabilized medial meniscus (DMM) and ACL transection models, show more advanced
degenerative cartilage changes at 8 weeks post-surgery compared to 4 weeks (21, 22). Our
longest evaluation time was limited to two weeks, since our primary objective was to assess
rapid morphological and cellular changes in the subchondral bone and articular cartilage
after a single loading session. Further studies are needed to establish whether the pathologic
cartilage changes that we observed after 2 weeks will progress at later time points or
whether a component of the pathology is reversible. In addition, investigating the
contributions of loading rate, peak load, frequency, and total number of cycles to changes in
the mouse joint will provide a better understanding of the role of the mechanical
environment in promoting the cartilage and bone changes and osteophyte formation.

Similar to tissue changes following daily mechanical loading (12), at 1 or 2 weeks after a
single session of loading there were alterations in the articular cartilage, including decreased
cartilage thickness. In addition, osteophytes had formed on the medial joint margins. In
contrast to thinning of articular cartilage at the posterior aspect of tibial plateau observed
with repetitive loading, a single session of loading resulted in increased cartilage thickness at
the medial-anterior aspect with no change in the lateral-anterior area. The differential
patterns observed in the single and repetitive loading sessions suggest that additional
mechanical and biological cell-mediated processes are initiated by repetitive episodes versus
a single episode of joint loading. Further studies with longer follow-up will be required to
determine whether the alterations in the articular cartilage induced by the single loading
session are reversible and whether chondrocytes can restore the cartilage matrix to a
physiological state after an initial injury.

A single session of loading also produced alterations in the subchondral bone that evolved
over the first week. The decreased epiphyseal cancellous mass at 1 week was primarily
attributable to thinning of trabeculae rather than increased trabecular separation. These
changes were associated with increased osteoclast number. Kennedy et al. (23) examined the
effects of cyclic loading on rat ulnae and observed up-regulation of osteoclastic resorption in
regions of microdamage. This effect was accompanied by the appearance of osteocyte
apoptosis at these sites and up-regulation of osteoclast-inducing factors in adjacent viable
osteocytes. We did not directly examine the subchondral bone for evidence of microdamage
or effects on osteocyte viability after the acute loading session.

The decrease in the epiphyseal bone at week 1 was no longer detectible at week 2. This
contrasts with the effects of repeated daily loading that resulted in progressive decreases in
epiphyseal trabecular bone mass. The decrease in epiphyseal trabecular bone mass
accompanied corticalization of the epiphysis, which may have contributed to the increased
subchondral cortical bone thickness. In contrast, a single session of loading did not produce
thickening of the subchondral bone plate. Bone tissues exhibit a unique capacity to adapt to
microdamage and to alterations in mechanical loading via the activities of osteoclasts and
osteoblasts. The restoration of bone architecture after two weeks indicates that the effects of
the acute loading are reversible, and reflect the unique capacity of bone to remodel its
extracellular matrix once the loading environment is returned to a physiological loading
state. In contrast the cartilage changes persist within the time frame of the study. The
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different pattern of responses in the cartilage versus the bone reflect the differential capacity
of these tissues to remodel their extracellular matrices and likely is a factor that contributes
to the pathogenesis of the joint pathology in OA (24).

The single episode of loading did not acutely affect the structure or architecture of the
articular cartilage and the subchondral and peri-articular bone and, importantly, did not
acutely affect chondrocyte viability. Therefore, the sequential changes in the tissues after the
loading session must be related to the induction of alterations in the activities of the resident
chondrocytes and bone cells. In addition to effects on articular chondrocytes, bone cells and
cells at the joint margins that give rise to osteophytes, the loading episode may also have
affected cells in the menisci or synovium. The release of soluble mediators from these tissue
may also have indirectly contributed to the de-regulated functional activities of the cartilage
and bone cells (25). We did not detect significant signs of inflammation in the synovial
tissue or alterations in the histological features of the menisci, but this finding does not
exclude their potential roles in contributing to the de-regulated function of the chondrocytes
and bone cells.

In conclusion, our results demonstrated that a single loading session that does not adversely
affect chondrocyte viability or induce morphological and compositional alterations in
cartilage or peri-articular bone tissues is sufficient to induce a cell-mediated program that
leads to the development of progressive OA pathologic changes. Notably, the cartilage
pathology progressed over the two-week period, whereas the epiphyseal subchondral
changes were transient. We speculate that different response profiles of the bone and
cartilage may be related in part to the differential capacity of the resident cells in each tissue
to remodel and repair the tissue damage. Future studies are needed to define the threshold
for induction of bone and cartilage pathology and to define the specific loading parameters
that are involved in the initiation of these pathological changes. Importantly, this model
provides a system to assess the effects of pharmacological interventions such as anti-
resorptive drugs or agents that modulate the catabolic activity of chondrocytes to gain
insights into the pathophysiological mechanisms involved in the bone and cartilage changes
and for identifying potential therapeutic interventions to prevent the adverse effects of
mechanical loading on joint tissues.
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Figure 1.
(A) Overview of the loading and euthanasia time points, (B) schematic of mouse tibial

loading configuration, and (C) /n vivo loading waveform used in the study for 1200 cycles.
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Figure 2.
Progressive cartilage degeneration occurred following a single loading session in adult mice

without creating immediate physical damage (A and B). Superficial zone collagen loss was
not altered by the single loading session (C). Loading also thinned articular cartilage (Ca.Th)
at the lateral posterior quadrant (D). Chondrocyte apoptosis, measured by
immunohistochemical staining for caspase-3 positive chondrocytes in articular cartilage was
not altered by the single loading session (E). Control images represent a hon-loaded
contralateral limb at each time point. Scale bar = 100 um. Data presented as mean + SD of 7/
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group. “Loading, Ttime, 8loading*time, p < 0.05 by repeated measures two-way ANOVA.
Groups with different letters are significantly different by post-hoc comparisons of means
with Bonferroni correction.
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1-week

In the epiphysis loading decreased epiphyseal cancellous mass (BV/TV) in adult mice at 1
week. This change was due to decreased trabecular thickness (Th.Th) at 1 week, but not to
increased trabecular separation (Th.Sp) (A). Osteoclast number (OC.N/BS), which was
identified by immunohistochemical staining for Cathepsin K positive osteoclasts, increased
in the epiphysis with loading (B, E). Metaphyseal bone mass (BV/TV) did not change with
loading (C). Medial posterior subchondral cortical bone thickness (Sub.Pl) decreased with
loading (D). Scale bar = 200 um. Data presented as mean + SD of 7/group.
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"loading, Ttime, 8loading*time, p<0.05 by repeated measures two-way ANOVA. Groups
with different letters are significantly different by post-hoc comparisons of means with
Bonferroni correction.
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Figure 4.

A single 5 minute loading session induced osteophyte formation (black arrowheads) 1 and 2
weeks later, but not at time T=0 (A). A single loading session increased osteophyte size and
maturity at 1- and 2-week time points (B, C). Osteophytes did not develop in any control or
T=0 loaded limb. Scale bar 400 um. Data presented as mean = SD of 7/group.

"loading, Ttime, 8loading*time, p<0.05 by repeated measures two-way ANOVA. Groups
with different letters are significantly different by post-hoc comparisons of means with
Bonferroni correction.
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Figureb5.
A single 5-minute loading session did not induce synovial inflammation indicated by the

absence of synovial hyperplasia and lymphocyte infiltration in the synovium at 1 and 2
weeks after the single loading session. Locations of the high magnification images on the
right are indicated by the black boxes in the left-hand panels. Scale bar 100 pm.
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