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Abstract

Animal models of osteoarthritis (OA) are essential tools for investigating the development of the
disease on a more rapid timeline than human OA. Mice are particularly useful due to the plethora
of genetically modified or inbred mouse strains available. The majority of available mouse models
of OA use a joint injury or other acute insult to initiate joint degeneration, representing post-
traumatic osteoarthritis (PTOA). However, no consensus exists on which injury methods are most
translatable to human OA. Currently, surgical injury methods are most commonly used for studies
of OA in mice; however, these methods may have confounding effects due to the surgical/invasive
injury procedure itself, rather than the targeted joint injury. Non-invasive injury methods avoid
this complication by mechanically inducing a joint injury externally, without breaking the skin or
disrupting the joint. In this regard, non-invasive injury models may be crucial for investigating
early adaptive processes initiated at the time of injury, and may be more representative of human
OA in which injury is induced mechanically. A small number of non-invasive mouse models of
PTOA have been described within the last few years, including intra-articular fracture of tibial
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subchondral bone, cyclic tibial compression loading of articular cartilage, and anterior cruciate
ligament rupture via tibial compression overload. This review describes the methods used to
induce joint injury in each of these non-invasive models, and presents the findings of studies
utilizing these models. Altogether, these non-invasive mouse models represent a unique and
important spectrum of animal models for studying different aspects of PTOA.
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Post-traumatic osteoarthritis (PTOA); mouse model; articular cartilage; knee injury

Introduction

Osteoarthritis (OA) currently affects approximately 27 million people in the United States
[1], and 630 million people worldwide, and the knee is by far the most commonly affected
joint [2]. OA can be classified either as “primary” (or idiopathic), arising from unknown
causes and affecting primarily older subjects, or “secondary” (or post-traumatic), arising as a
consequence of a joint injury and often affecting much younger subjects. For example, after
anterior cruciate ligament (ACL) or meniscus injury, patients are at a much higher risk of
developing post-traumatic osteoarthritis (PTOA) within 10-20 years after injury [3, 4]. This
risk is even greater following high-energy impact joint injuries involving intra-articular bone
fracture [5, 6]. Altogether, approximately 10-12% of symptomatic osteoarthritis cases can
be considered post-traumatic [7].

Animal models of OA are essential tools for investigating the development and mechanisms
of the disease on a more rapid timeline than human OA. Spontaneous animal models of OA
[8-11], in which OA will develop in animals without any “injury” to the joint, are believed
to be representative of primary (idiopathic) OA. However, the majority of animal models
use a joint injury or other acute insult to initiate joint degeneration, making them more
representative of PTOA. Little et al. identified five properties of the “ideal” animal model of
OA [12]:

1. The model should induce consistent reproducible disease that occurs in a suitable
time frame to allow reasonably high throughput studies.

2. The induced disease should be universally progressive in the time frame of the
study to allow investigation of early, mid and late pathophysiology and treatment
effects.

3. The animal should be a mammalian species that is tractable, inexpensive, easy to
house and manage, large enough to allow multiple analyses/outcome measures,
allows genome wide micro-array analysis and proteomic analysis, sequencing etc.

4. The disease process in the animal recapitulates the human pathology in all tissues
of the articulating joint.

5. The model should be predictive of therapeutic disease modification in humans.
Numerous animal models of PTOA have been described, however it is not yet
known if any of these models fully exhibit these “ideal” properties.
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Mice are particularly useful model organisms and are commonly used to study OA and other
musculoskeletal conditions, so extensive normative data on mouse musculoskeletal growth
and metabolism are available. The abundance of available genetically modified or inbred
mouse strains provide the unique ability to study molecular mechanisms contributing to OA
development [13-19]. However, the use of mice for studies of OA also has important
limitations [20] including the small size of the joint and the extreme thinness of the articular
cartilage, which is only a few cell layers thick. Therapeutic strategies that are shown to be
successful on this small scale may not prove as effective in the larger human joint.
Additionally, the small joint size and thin cartilage make surgical repair or treatment of joint
injuries unfeasible or impractical.

While numerous mouse models of PTOA have been described, no consensus exists on the
injury methods used to initiate the development of OA. This limitation is crucially
important, since the observed pattern of joint degeneration likely depends on the injury
method used. For this reason, injury methods should be utilized in mice that recapitulate the
human injury conditions as closely as possible. However, most mouse models use invasive
(i.e., surgical) or non-physiologic methods to initiate joint degeneration.

Surgical and Injection Mouse Models of PTOA

Surgical injury methods initiate joint degeneration by disrupting joint structures such as
ligaments and menisci that can alter the stability and biomechanics of the joint.
Development of mouse models of PTOA based on this concept follows previous studies in
larger animals. One of the first surgically-induced animal models of OA was ACL
transection (ACLT), or Pond-Nuki model, in dogs in 1973 [21]. The authors noted a
histological progression of arthritis similar to naturally occurring arthritis, with gross
fibrillation extending deep into the articular cartilage at long time points. This study laid the
groundwork for further ACLT studies in dogs [22-26], rats [27-29], rabbits [30-32], cats
[33, 34], guinea pigs [35, 36], sheep [37], and mice [38, 39].

Another common method of inducing OA in animal models involves partial or total removal
of the medial meniscus [40-44]. Studies have combined meniscectomy and ACLT to model
the combination injury seen clinically [45-47]. Destabilization of the medial meniscus
(DMM) also initiates OA progression in mice [19, 38, 48-51]; this method has been the
most commonly reported for studying OA in mice. DMM produces relatively predictable
development of OA, although disease progression may be variable, particularly when the
procedure is performed by surgeons with disparate skill or experience. These factors may
represent potential drawbacks to the DMM model or any other surgical method. These
procedures can be technically difficult to perform, and require specialized equipment and
personnel to effectively perform the procedure. Surgical techniques also require opening the
joint capsule, which can disrupt the natural environment of the joint, and may therefore
come with unintended adaptive and healing processes that are due to the surgery itself,
rather than the intended “injury”. This consideration is particularly important when studying
early time points following an injurious event, and thus require the use of “sham” surgeries
and increased numbers of experimental animals.
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Degenerative changes in the knee joint can also be achieved by intra-articular injection of
degradative agents into the joint space, including proteolytic enzymes such as papain [52—
54] and collagenase [54-57], cytokines such as tumor necrosis factor alpha (TNF-a) [58,
59], transforming growth factor § (TGF-f) [60, 61], and interleukin-1 (IL-1) [56, 62], or
chemicals such as monosodium iodoacetate (MIA) [54, 63-65] and colchicine [66].
Different agents will create pathological changes in the joint by different mechanisms,
making these approaches appropriate for studies of particular biological mechanisms.
However, these methods do not mimic human injury conditions, suggesting that the
translatability of information garnered from these models may not be relevant to PTOA.

Non-Invasive Mouse Models of PTOA

Non-invasive models can initiate PTOA using externally applied mechanical loads, but do
not break the skin or disrupt the joint capsule. Non-invasive injury models are therefore
completely aseptic, and avoid potential confounding effects caused by the trauma of the
surgical/invasive injury procedure.

A particular opportunity afforded by non-invasive injury models is investigating early
adaptive processes that are initiated at the time of injury, with time scales of hours or days
following injury (Fig. 1). This is a key advantage, as the window of opportunity for
treatments aimed at slowing or inhibiting PTOA may be only a few days following injury.
Non-invasive models more accurately recapitulate the mechanically-induced mechanisms
involved in injuries leading to OA in humans, initiating joint degeneration through direct
damage to cartilage, bone, or soft tissue structures of the joint. Additionally, non-invasive
models may be simpler, quicker experimental procedures that are straightforward to
implement and do not require technically difficult surgical or injury techniques.

Several non-invasive mouse models of PTOA have been described within the last few years.
Each model initiates joint degeneration using different methods, and is therefore
representative of specific conditions leading to the human disease. However, these non-
invasive models represent a unique and important spectrum of animal models for studying
different aspects of PTOA.

Intra-Articular Fracture of the Tibial Plateau

The first non-invasive mouse model of PTOA was described by Furman et al. in 2007 [67].
This model initiates symptoms using intra-articular fracture (IAF) of the proximal tibia, and
includes blunt impaction of articular cartilage, fracture of the articular cartilage/subchondral
bone layer, fragmentation of the articular surface, residual displacement of the articular
surfaces, and exposure of blood and marrow products to the articular surface and synovium.
This injury model is representative of higher-energy impact injuries that may be sustained
by humans in events such as frontal automobile collisions.

To induce an articular fracture of the tibial plateau, C57BL/6 mice were positioned in a
custom cradle with the lower limb at approximately 90° flexion, in a materials testing
system (ELF 3200, Bose, Eden Prairie, MN), and a 10 N compressive preload was applied to
the proximal tibia using a wedge-shaped indenter mounted to the testing system (Fig. 2) to a
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target compressive force of 55 N at a rate of 20 N/s. Fractures were characterized by
anterior/posterior (A/P) and lateral radiographs. No fixation or surgical intervention was
employed so that the natural history and healing of a closed articular fracture could be
elucidated. Animals were allowed immediate full weight bearing with unlimited range of
motion.

The IAF protocol was successful in 87% of the mice (27 of 31). Subsequent studies using
this model have reported over 95% success in fracture creation [63—65]. The injuries
induced by the protocol varied, with both simple and complex fractures of the tibia.
Fractures were commonly located on the lateral side of the plateau and closely resembled
those seen clinically (Fig. 2). Micro-computed tomography (UCT) results indicated that
trabecular bone volume fraction (BV/TV) in the femoral condyles was significantly reduced
in injured limbs at all time points compared to contralateral control limbs. Bone density was
significantly lower in injured limbs in the femoral condyles, tibial plateau, and tibial
metaphysis. The lateral femoral condyle and tibial plateau exhibited subchondral bone
thickening in injured limbs compared to control limbs. Histology showed a progressive loss
of Safranin-O staining over the first 8 weeks from the meniscus, and femoral and tibial
articular cartilage, indicating a loss of proteoglycan. By 50 weeks, severe loss of articular
cartilage and exposure of subchondral bone was present on both the tibia and femur,
indicative of terminal OA.

The IAF model provides a fast and fairly reproducible non-invasive injury to the knee joints
of mice using a single mechanical load, consistent with human injuries, and the resulting
changes in bone and articular cartilage are representative of joint degeneration observed in
human OA. This model is representative of articular fracture injuries, therefore this model
may not be ideal for studying lower energy non-contact injuries that commonly lead to
PTOA (e.g., ACL rupture or meniscus tear). The authors evaluated energy of injury using a
liberated surface area analysis and found good correlation between applied energy of
fracture and liberated surface area, allowing investigators to create high and low energy
articular fracture injuries [63] (Fig. 3). The variability in severity of fracture creates varying
degrees of joint inflammation or abnormal loading of cartilage after injury, which affects the
rate of joint degeneration on a mouse-to-mouse basis, therefore fracture severity needs to be
quantified and included as a co-factor when comparing experimental groups [68]. However,
even when fracture severity is quantified and factored into the analysis, the inherent
variability in fracture severity must be considered a limitation of this model.

Another important advantage of the IAF model is that, as the first non-invasive mouse
model of PTOA described, a relatively large body of literature has utilized this model for
studies of PTOA development. For example, Ward et al. [13] investigated PTOA
development following IAF in MRL/MpJ mice, which have shown unique regenerative
abilities following injury. Injured knees of MRL/MpJ mice were protected against changes
in bone density, subchondral bone thickness, and cartilage degeneration at 4 and 8 weeks
post-injury. The differences in PTOA development between C57BL/6 mice and MRL/MpJ
mice after IAF have been further explored [69]. Seifer et al. utilized this mouse model to
investigate cartilage oligomeric matrix protein (COMP) in synovial fluid of mice following
IAF [70]. Lewis et al. used this model to determine the effect of articular fracture severity on
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synovial inflammation, bone morphology, liberated fracture area, cartilage pathology,
chondrocyte viability, and systemic cytokines and biomarkers levels [68]. Louer et al.
utilized 1AF in mice to determine whether diet-induced obesity influences the severity of
PTOA development [71]. Diekman et al. utilized this animal model to investigate whether
delivery of mesenchymal stem cells (MSCs) could affect the development of PTOA by
altering inflammation and regeneration after fracture [72]. In two other investigations, intra-
articular administration of IL-1 receptor antagonist immediately after fracture limited the
development of PTOA in C57BL/6 mice [73, 74]. Altogether, the IAF mouse model is a
useful method for studying joint degeneration following high trauma injuries to the knee.
The model has been well characterized and accurately recapitulates joint degeneration
observed in humans following this type of injury.

Cyclic Tibial Compression of Articular Cartilage

Tibial compression is a commonly used technique for studies of bone adaptation in mice
[75-79]. For this loading method, a mouse is subjected to cyclic axial compressive loads
applied to the lower leg through the ankle and knee joints (Fig. 4), with loads transmitted
through natural joint articulations. This technique has also proven useful for the study of
articular cartilage degeneration following mechanical loading. Poulet et al. were the first to
exploit this approach to investigate short- and long-term joint degeneration following single
or multiple bouts of loading in male CBA mice [80]. In this study, a 9N compressive load
was applied every 10 seconds, with 40 cycles for each loading bout, and loading was
performed three days per week. Loss of Safranin-O staining and articular cartilage lesions
were observed on the lateral femur after two weeks of loading. When an additional three
weeks of loading or non-loading was allowed after the initial two weeks of loading, the
mean grade of lesion severity increased significantly in the loaded group, but the maximum
lesion severity did not change. A single bout of tibial compression loading damaged the
articular cartilage, but was not sufficient to create progressive lesions. Early signs of
osteophytes were seen on the lateral femur in 57% of mice that were loaded for two weeks,
while early signs of osteophytes on the medial and lateral femur were observed in 83% of
mice loaded for five weeks. This model has subsequently been used to explore interaction
between mechanically-induced cartilage lesions and genetics using the STR/Ort mouse
strain (a model of spontaneous OA) to show that increased susceptibility to OA in this
mouse strain was unlikely due to greater vulnerability to mechanical trauma [81]. It has also
been used to show that cyclic mechanical loading is sufficient to induce subchondral bone
thickening, particularly in regions contiguous with articular cartilage lesions in young
growing mice [82].

A similar approach was used to examine the effect of compressive load magnitude on the
structure and composition of articular cartilage and subchondral bone in the knees of young
(10 week-old) and adult (26 week-old) male C57BL/6 mice [83]. In vivo tibial compression
loading was performed at defined magnitudes of 4.5 N and 9.0 N in adult mice, and at a
peak load of 9.0 N in young mice for 1, 2, and 6 weeks. Loading was applied for 1,200
cycles per day, 4 cycles per second, for 5 days per week. Tibial compression initiated
cartilage damage in both young and adult mice, and the severity of cartilage damage was
greater with longer duration of loading (Fig. 5). As reported by Poulet et al. [80], cartilage
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degeneration occurred primarily at the lateral tibial plateau. Trabecular bone volume in the
tibial metaphysis increased relative to contralateral controls with loading in young mice, but
not in adult mice, whereas trabecular bone volume in the tibial epiphysis decreased with 6
weeks of loading in both young and adult mice. In both age groups, articular cartilage
thickness decreased, and subchondral cortical bone thickness increased in the posterior tibial
plateau. Mice in both age groups developed periarticular osteophytes at the tibial plateau in
response to the 9.0 N peak load, but no osteophytes were observed in mice subjected to 4.5
N loading.

Recently, tibial compression was used to investigate early molecular events following
cartilage injury in mice [84]. The right lower leg of 8-week old male C57BL/6 mice was
subjected to tibial compression loading at 3, 6, or 9 N peak force for 60 cycles (10 s rest
between cycles) in a single loading period, and harvested 5, 9, and 14 days post-loading. The
authors reported that loading to 9 N produced a sharp drop in recorded force during the 15t
loading cycle, consistent with ACL rupture (Fig. 7). Histology, immunohistochemistry, and
ELISA were performed to evaluate chondrocyte viability, cartilage matrix metabolism,
synovitis, and serum COMP levels. All loading regimens induced chondrocyte apoptosis,
cartilage matrix degradation, and disruption of cartilage collagen fibril arrangement. 6 N
loading induced mild synovitis by day 5, while 9 N loading initiated severe synovitis and
fibrosis, likely due to joint instability associated with ACL injury. Even with joint loading at
low compressive forces, serum COMP was significantly increased in mice. The precise
source of COMP is unknown, however evidence of COMP synthesis in the lower zone of
mouse cartilage is observable, with more pericellular COMP at higher loading magnitudes
over time. Wu et al. recently reported the same COMP response to compression in 3-
dimensional cell culture [85]. Similarly, ex vivo studies showed that mechanical loading of
cartilage explants increased COMP mRNA expression and synthesis of COMP, suggesting
that cartilage tissue can remodel certain aspects of its extracellular matrix in response to an
altered mechanical environment [86].

The early molecular and cellular response to joint loading or injury is of particular interest
for studies of OA, as these biological responses likely contribute to long-term joint
degeneration. Surprisingly, the early response to a single loading session at 3 or 6N
magnitudes demonstrated a molecular and cellular response similar to that associated with
severe injury [84]. For example, a single loading episode at 3 or 6N magnitude elicited
apoptosis of chondrocytes at the site of cartilage compression. Concomitant with cartilage
injury and chondrocyte apoptosis, safranin O staining was lost in the surrounding
pericellular and interterritorial matrices, and the proteoglycan aggrecan appeared to be
internalized into the chondrocyte. The internalization of aggrecan happens only in cells that
are undergoing apoptosis (Fig. 6) and may reflect loss of membrane integrity. Longer-term
studies suggest that these early events are not repaired, and no evidence of cell proliferation
or migration of cells into the injured cartilage is observed (Xin, Rai and Sandell,
unpublished data). At these low levels of cartilage injury, inhibition of cell death in cartilage
or inhibition of synovial cell proliferation could potentially decrease cartilage damage [87].
Thus, joint loading at sub-injury magnitudes can cause focal damaged patches in the

Osteoarthritis Cartilage. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Christiansen et al.

Page 8

cartilage that have fewer cells and thus less ability to synthesize extracellular matrix and
resist mechanical abrasion.

The cyclic tibial compression model provides several unique benefits for the study of OA
development. The adjustability of this model is a major benefit. By loading at a higher
compressive force or for longer duration, the severity of joint degeneration can be
controlled. However, regardless of the loading protocol used, the subsequent joint
degeneration is typically mild (in the absence of ligament failure), even when loading at
high force for several weeks, therefore severe OA may not be easily achievable. This model
is highly reproducible between individual mice (and theoretically between research groups;
see “Additional Considerations” below), and produces predictable structural changes in
articular cartilage and subchondral bone. Importantly, the joint degeneration observed with
this model (for sub-injury forces) does not appear to be a secondary consequence of joint
destabilization or altered joint biomechanics, but is ascribable to direct overload of articular
cartilage. In fact, acute degeneration can be observed within a few days at the sites of
contact between the femur and tibia (Fig. 6) [84]. A limitation of this approach is that
multiple days of anesthesia and loading are required in order to initiate cartilage
degeneration. Despite the recent findings of Poulet et al. [82], it is also unclear if bone
changes induced with this model occur by a similar mechanism to PTOA, or if they are an
anabolic response to cyclic mechanical loading. In fact, the same loading protocol that can
be used to produce articular cartilage degeneration and epiphyseal bone changes [80, 83, 84]
can also be used for studies of anabolic bone adaptation of metaphyseal trabecular bone in
mice [75-77]. Altogether, the cyclic loading model is an extremely useful non-invasive
model of OA in mice because it is adjustable (i.e., severity of initiated OA can be
controlled), and can initiate OA features without disrupting joint function or altering the
biomechanical stability of the joint in a measurable fashion (if the peak force is below the
ACL-rupture threshold). From this perspective, this model may be more representative of
OA driven by chronic mechanical overuse rather than acute injury.

ACL Rupture via Tibial Compression Overload

A similar tibial compression loading method, first described by Christiansen et al. [88], has
been used for studies of PTOA by non-invasively creating an acute knee injury in mice by
rupturing the ACL. This method is analogous to previous studies that have used external
mechanical loading to non-invasively injure the ACL of rabbits [89]. A single compressive
load was applied to the lower leg of C57BL/6 mice (10 weeks old at injury) using a tibial
compression setup similar to those described above, to a target force of 12 N with a loading
rate of 1 mm/s. Injury was noted by a release in compressive force and an audible “click”
(Fig. 7). Mice were sacrificed at 1, 3, 7, 14, 28, or 56 days post-injury. MicroCT analysis
revealed a dramatic loss of trabecular bone at the femoral and tibial epiphysis and tibial
metaphysis by 7 days post-injury compared to contralateral knees. This bone volume deficit
persisted for at least 56 days post-injury. Considerable mineralized osteophyte volume was
also observed in the injured limb compared to the contralateral control by 28 and 56 days
after injury. Histological results at 56 days post-injury indicated degenerative changes in the
articular cartilage of injured knees, including loss of Safranin-O staining, fissuring in the
cartilage surface, and chondrocyte cell death in the superficial zone.
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A subsequent study using this model investigated biomechanical and structural changes in
the joint following ACL rupture either with avulsion fracture or midsubstance tear [90]. This
was achieved by increasing the loading rate during knee injury to decrease the likelihood of
avulsion fracture [91, 92]. Joint degeneration following low-speed injury (1 mm/s; ACL
rupture with avulsion) or high-speed injury (500 mm/s; ACL rupture via mid-substance tear)
was quantified at 10 days, 12 and 16 weeks to determine structural changes in subchondral
bone and epiphyseal trabecular bone, osteophyte formation, articular cartilage degeneration,
and biomechanical stability of injured vs. uninjured knees. Knee injury with both injury
modes caused considerable trabecular bone loss by 10 days post-injury, with avulsion
initiating a greater amount of bone loss than midsubstance tear. Immediately after injury,
both injury modes resulted in greater than twofold increases in anterior-posterior (AP) joint
laxity relative to control knees. However, by 12 and 16 weeks post-injury, AP laxity was
restored to uninjured control values, possibly due to knee stabilization by osteophytes. By 12
and 16 weeks post-injury both high-speed and low-speed injury resulted in severe joint
degeneration and osteophyte formation (Fig. 8). A primary site of degeneration was the
posterior aspect of the medial tibia, similar to previously studies using surgical ACL
transection in mice [38].

A recent study by Onur et al. [93] subjected 3-month old FVB mice to cyclical axial loads of
12 N for 240 cycles or until the ACL ruptured. One and eight weeks after this procedure,
knees were evaluated histologically for OA. Consistent with Wu et al. [84], the ACL-
ruptured group exhibited significantly greater joint degeneration than either control (non-
loaded) joints or joints that were cyclically loaded without ACL injury at both 1 and 8
weeks. Additionally, only ACL-ruptured knees consistently showed synovitis after 1 week
and osteophyte formation after 8 weeks. The authors concluded that ACL rupture
consistently creates a severe osteoarthritis phenotype, while a single bout of tibial
compression loading alone did not consistently create an OA phenotype in this mouse strain.

The ACL rupture model applies loads with similar methods to those used for the cyclic tibial
compression model, however the early biological response is likely very different. Once the
tibial compression forces are high enough to cause rupture of the ACL, the cartilage is no
longer loaded in the same way as it is in the cyclic compression model. In fact, once the
ACL is ruptured, the position of the tibia and femur change in relationship to each other and
thus the position of joint contact changes and is reflected in two or more zones of apoptosis
[84]. This joint destabilization causes considerably more synovial cell proliferation than sub-
injury cyclic compression, which sets the stage for the formation of cartilaginous nodules
that will eventually mineralize and become visible on microCT. The rapid and considerable
synovial response following ACL rupture may reflect several contributing factors, including
soft tissue injury, destabilization of the joint, increased concentrations of inflammatory
cytokines, and hemarthrosis.

The tibial compression overload/ACL rupture model has several unique advantages for
studies of OA development. This model closely replicates ACL injury in humans, as ACL
rupture is induced with a single mechanical overload, with subsequent OA symptoms
developing due to a known etiology. This method produces a highly reproducible injury, and
a predictable pattern of joint degeneration. However, this model is not easily adjusted like
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the cyclic tibial compression model. Joint degeneration can likely be accelerated by applying
additional compressive loads following ACL injury [84, 93], but producing joint
degeneration of a lesser severity is difficult. Another consideration is that the observed joint
degeneration is likely due in a large part to the joint instability initiated by this injury. The
severe osteophyte formation observed at 8-16 weeks may also be part of the compensatory
response to this joint instability [94-96], although osteophyte formation is also present with
sub-injury cyclic loading in which no instability is created [80, 83, 84]. Another limitation of
this model is the severity of OA symptoms at long time points after ACL injury. The
instability created by the failure of the ACL results in the distal femur translating posteriorly
relative to the tibial plateau, creating a new articulating surface on the posterior aspect of the
proximal tibia. Over time, this new articulation will erode articular cartilage from both the
posterior tibial surface and the femoral condyles, particularly at the medial aspect of the
joint, with degeneration often extending into the subchondral bone. This severe degeneration
can be clearly observed by 12 and 16 weeks post-injury [90], and often as early as 8 weeks
post-injury [97]. For this reason, the tibial compression overload model may be more useful
for studies of acute processes initiated by ACL rupture on a scale of hours or days following
injury, and may not be ideal for long-term studies investigating the onset of OA symptoms
on a scale of weeks or months.

Additional Considerations

The selection of an appropriate mouse model involves not only the proposed research
question, but also factors such as the logistics of performing the appropriate injury. For
example, the non-invasive methods described in this review typically require specialized
loading equipment with custom-made attachments. Much like surgical expertise and
training, these specialized systems may not be readily available in all laboratories. If a
suitable system is available, preliminary studies are still required to confirm the ability to
reliably create the desired injury. Subtle differences in equipment and animal position may
alter the site of maximal loading and the load-to-failure of the ACL, and thus possibly the
pathology observed. These considerations are particularly important when attempting to
create or avoid ACL rupture (as in the cyclic loading model) during tibial compression.
Some tibial compression systems induce ACL rupture at relatively low forces (8-10 N),
while others apply multiple loads of relatively high magnitude compression (11-12 N)
without causing ACL injury. Contributing factors may include hip angle, which can create
tension in the quadriceps during hip extension (pulling the tibia anteriorly, making ACL
rupture more likely) or tension in the hamstrings during flexion (pulling the tibia posteriorly,
making ACL rupture less likely). The angle of extension of the ankle, along with any
rotation of the lower limb also plays a role in the likelihood of inducing an ACL rupture
during tibial compression. Even among groups that apply tibial compression without ACL
rupture, subtle system-specific differences may exist in the loading of the joint that affect the
tissue changes reported [98]. Because of these subtle differences, each team of investigators
should carefully and rigorously characterize the methods used to initiate joint degeneration.
The specific mechanical loading applied to the cartilage or the injury methods used may be
subtley different than published results from other groups, and differences in OA
development may reflect this.
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The specific strain, sex, or age of mice used for studies of OA may also have a significant
effect on outcomes. The majority of studies describing injury methods have used young,
male, “wild-type” mice. Using mice of a different age, sex, or genetic strain will affect the
ability to induce an injury, or the adaptation of the joint following the injury [13, 81].
Indeed, studies examining such interplay have already revealed mechanisms contributing to
susceptibility [81] or resistance [13] to OA following non-invasive injury. Further studies
may reveal the roles of joint size and shape, the inherent mechanical properties of bone,
ligaments, or other musculoskeletal tissues, or the biological response to injury in OA
development. Each animal phenotype should be carefully characterized, and appropriate
controls should be utilized to ensure the fidelity of results obtained with these models.

Careful consideration must also be given to appropriate controls for studies of OA that
utilize non-invasive injury methods. Many studies compare the injured joint to the
contralateral joint as an internal control. However, systemic effects of inflammation and
bone turnover exist following an injury [88, 97, 99], which may confound the results
obtained when only the contralateral limb is used as a control. Therefore, each investigative
team should independently perform a comparison of sham vs. contralateral controls as part
of the characterization of an animal model; when appropriate, uninjured (sham) controls
should be utilized. This experimental design allows a true comparison of injured vs.
uninjured effects, and is necessary for investigators to determine contralateral or systemic
effects of injury.

Conclusion

Non-invasive mouse models of post-traumatic osteoarthritis are a significant step forward
for the study of OA mechanisms and therapies. Non-invasive models aseptically initiate
joint degeneration, and are more representative of human injury conditions than surgical or
invasive injury models because they use externally applied mechanical loading to directly
damage bone, cartilage, or soft tissues of the joint. Non-invasive models are particularly
useful for studying injury-induced biological processes at early time points following injury,
which may be difficult with surgical models due to complications of the invasive injury
methods. Non-invasive models are also typically faster and easier to perform than invasive
or surgical injury methods, which often require special tools or training to consistently
produce the desired injury. Currently, a small number of non-invasive mouse models have
been described for studies of PTOA. These models vary in the methods and severity of
injury, and are each translatable to specific human injuries and conditions that may lead to
PTOA. These non-invasive models represent a unique and important spectrum of animal
models for studying different aspects of PTOA, and may lead to novel insights into the
underlying mechanisms of joint disease, although considerable work remains before results
from these models will be truly translatable to human disease and treatment.
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Conceptual framework of the immediate cellular responses to acute joint trauma. Both
catabolic and anabolic processes are involved in the response to the injury, and overlap with
one another. Image courtesy of Susanna Chubinskaya. From Anderson et al. [100]. Used
with permission.
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Indenter

Tibia

(A) Alignment of the cradle and indenter for creating a closed articular fracture in the mouse
knee. (B—-C) Radiographs of clinically observed (B) human tibial plateau fracture and (C)
experimentally created mouse tibial plateau fracture. From Furman et al. [67]. Used with

permission.
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Figure 3.
Correlation between liberated surface area and measured energy of fracture for closed

articular fracture in the mouse knee. Fracture severity, as measured from the liberated
surface area, was well correlated to the energy of fracture, as calculated from the load-
displacement data. From Lewis et al. [68]. Used with permission.
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Figure 4.
Diagrammatic representation of the cyclic tibial compression loading model. (A) Estimated

position of the hind limb and loading direction when placed in the loading apparatus. (B)
Diagram of a single cycle of applied load, showing hold and peak load magnitudes, rate of
load application, and intervening peak and baseline hold times. (C) Diagrammatic
representation of the 5 different loading regimens. From Poulet et al. [80]. Used with
permission.
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Control 1-week Loading 2-week Loading 6-week Loading

Figure 5.
Cartilage matrix changes in the tibia after cyclic tibial compression loading. The left tibiae

of young and adult mice were loaded (peak loads of 4.5N and 9.0N in adult mice; 9.0N in
young mice) for 1, 2, and 6 weeks. The nonloaded contralateral limb at 6 weeks load
duration served as control. Safranin O—fast green staining of the medial articular cartilage
reveals that damage to the cartilage matrix occurred following mechanical loading in both
young and adult mice, and was exacerbated with longer durations and a higher level of
loading in adult mice. Bars = 100 pm. From Ko et al. [83]. Used with permission.
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Figure 6.
Reduction in pericellular aggrecan (ACAN) thickness and in the intensity of extracellular

distribution around the cells in the impact area in mouse knee joint cartilage injured by 3N
compressive loading. (A) Loss of Safranin O (S.0.) staining in the impact area. (B)
Representative images from TUNEL assay combined with immunofluorescence staining for
aggrecan. Note the inferior aggrecan encapsulation and thickness around apoptotic
chondrocytes (nuclei stained green) in the injured area, compared to clear pericellular
aggrecan in TUNEL-negative cells (nuclei stained blue). Bar = 20 pm. From Wu et al. [84].
Used with permission.
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Figure 7.

Tibial compression overload ACL injury (A) Tibial compression loading caused a transient
anterior subluxation of the tibia relative to the distal femur. (B) An anesthetized mouse with
the right lower leg in the tibial compression loading system. (C) Knee injury during tibial
compression loading was identified by a release of compressive force during the loading
cycle, with a continued increase in actuator displacement. From Christiansen et al. [88].
Used with permission.
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Figure 8.
MicroCT images of injured and uninjured mouse knees 12 weeks after non-invasive ACL

injury. Substantial osteophyte formation and joint degeneration were observed in all injured
knees. In particular, osteophytes were observed on the anteriomedial aspect of the distal
femur, the posteromedial aspect of the proximal tibia, and the medial meniscus. From
Lockwood et al. [90]. Used with permission.
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