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Abstract

The utility of nonsurgical, mechanical compression-based joint injury models to study 

osteoarthritis pathogenesis and treatments is increasing. Joint injury may be induced via cyclic 

compression loading or acute overloading to induce anterior cruciate ligament rupture. Models 

utilizing mechanical testing systems are highly repeatable, require little expertise, and result in a 

predictable onset of osteoarthritis-like pathology on a rapidly progressing timeline. In this chapter, 

we describe the procedures and equipment needed to perform mechanical compression-induced 

initiation of osteoarthritis in mice and rats.

Keywords

Osteoarthritis; post-traumatic; animal models; cartilage; anterior cruciate ligament; compression; 
injury

1. Introduction

Rodent models of osteoarthritis (OA) are essential tools for studying the pathogenesis 

and treatment of OA on an accelerated timeline (from 10–20 years in humans to 4–12 

weeks in rodent models). All animal models of OA initiate cartilage degradation, but 

many currently used models do not reproduce clinically-relevant injury conditions, due 

to invasive and non-physiologic injury methods most commonly involving surgery. In 

addition, these methods often cause an injury response due to invasive surgical procedures, 

complicating studies of the inflammatory response associated with the injury itself. Due 

to these limitations, there is emerging interest in compression models of OA that can non-

invasively induce joint injury and resultant degeneration in mice and rats. These procedures 

use externally-applied mechanical loads to overload the articular cartilage and/or injure 

the anterior cruciate ligament (ACL), more closely mimicking injury conditions relevant 

to humans. Non-invasive models do not break the skin or disrupt the joint capsule, and 
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are therefore completely aseptic, which avoids potential confounding effects caused by 

the surgical/invasive injury procedure. Furthermore, in models utilizing mechanical testing 

systems, injury loading is highly repeatable and less prone to operator variability, potentially 

affecting disease onset and progression in surgical OA models.

Established non-invasive compression models of OA generally apply controlled loads to the 

rodent limb, and include the cyclic compression model in mice [1–5], and the overload 

ACL rupture (ACL-R) model in mice [6–10] and rats [11–15]. These models can be 

implemented using a variety of methods, each with its own advantages, limitations, and 

technical considerations (see Notes 1–10). The objectives of this chapter are to discuss the 

implementation of compression models of OA, including Cyclic Compression in Mice (see 

Notes 11–19), ACL Rupture in Mice (see Notes 20–33), and Rat ACL Rupture in Rats (see 

Notes 34–44), and to share best practices to facilitate repeatable injury and disease induction 

when employing these methods in preclinical studies of OA.

2. Materials

1. Animals – mice or rats. These procedures can be applied for any genetic strain, 

age, or sex (see Notes 11, 12, 20, and 35)

2. Commercially-available materials testing systems such as the Electroforce 3200 

(TA Instruments, New Castle, DE) or equivalent (see Note 6)

3. Load cells for mice require approximately 20 N capacity; load cells for rats 

require approximately 200 N capacity (see Notes 33 and 44)

4. Appropriately-sized fixtures that restrict medial-lateral motion of the knee and 

foot (see Note 7)

5. Anesthetic during loading: ketamine/xylazine or, preferably, inhaled isoflurane 

(2–4%) (see Note 4)

6. Analgesic post-injury for ACL-R models: e.g., 5 mg/kg SC Carprofen and/or 

0.05 mg/kg SC buprenorphine

3. Methods

3.1. Mouse Cyclic Compression (see Notes 11–19):

1. Anesthetize mice and ensure adequate anesthesia with toe pinch and/or tail pinch

2. Place the mouse supine, with the lower leg positioned horizontally (parallel to 

the body) between two loading platens (see Fig. 1)

3. Apply a preload of 0.5–1 N to position the lower leg

4. Apply cyclic loading for the designated number of cycles (see Notes 11–13)

5. Repeat procedures for each daily loading bout for the designated number of days 

and weeks to induce OA (see Note 13)
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3.2. Mouse ACL-R (see Notes 20–33):

1. Anesthetize animals and ensure adequate anesthesia with toe pinch and/or tail 

pinch

2. Place the mouse prone, with the lower leg positioned vertically (perpendicular to 

the body) between two loading platens with the hip in full extension (see Fig. 2)

3. Apply a preload of 1–2 N to hold the lower leg in place

4. Apply a single compressive load with a loading rate of 1–10 mm/s to a target 

force (~12–15 N) or until ACL injury

5. Injury is typically accompanied by an auditory cue (“click” or “crunch”) and 

force release on the force-displacement plot, after which the load can be 

manually stopped (see Fig. 2)

6. Alternatively, the ACL can be injured by applying a considerably faster load 

(~200 mm/s) to a target displacement (1.7 mm) (see Note 21)

7. ACL injury can be confirmed using an anterior drawer test, or with standard 

radiography (e.g. Faxitron) following injury loading to rule out fractures

8. Provide at least one dose of analgesic post-injury and additional doses as needed

3.3. Rat ACL-R (see Notes 34–44):

1. Anesthetize animals and ensure adequate anesthesia with toe pinch and/or tail 

pinch

2. Place the rat prone, with the lower leg positioned vertically in the system (see 

Fig. 3)

3. Apply a 3 N preload for 10 s

4. Optional: apply 10 preconditioning cycles, cycling from 1–5 N at 0.5 Hz. 

Preconditioning cycles can aid in seating the joint in the fixtures but may not 

be necessary

5. Apply a preload ramp at 0.1 mm/s from 1–15 N

6. Apply a failure ramp at 8 mm/s to a target displacement of 3 mm

7. Injury is typically accompanied by an auditory cue (“click” or “crunch”) and 

force release on the force-displacement plot (see Note 35)

8. ACL injury can be confirmed using an anterior drawer test, or with standard 

radiography (e.g. Faxitron) following injury loading to rule out fractures (see 

Note 36)

9. Provide at least one dose of analgesic post-injury and additional doses as needed
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4. Notes

1. Once successfully set up, these methods are easy to learn with not much 

expertise required, which likely reduces inter- and intra-user variability 

compared to surgical or even injection models

2. Injury/loading is highly reproducible (although faster loading rates, i.e. >10 

mm/s are somewhat less reproducible), with a predictable pattern of joint 

degeneration

3. For models utilizing mechanical testing systems, although not necessary, it is 

generally recommended that two people perform the procedure: one person to 

operate the mechanical testing system and one person to anesthetize, configure, 

and monitor the animals

4. Total anesthesia time for inhaled isoflurane, in the absence of other procedures, 

is typically 5–10 mins, followed by an additional ~5 mins of recovery monitoring 

after loading. Short procedure time and use of isoflurane for anesthesia enables 

rapid recovery and minimal anesthesia-dependent effects, and allows these 

methods to be high throughput

5. Due to being non-invasive and completely aseptic, all of these methods allow 

for the study of inflammation, ectopic intra-articular bone formation, joint 

biomechanics, or other processes at early time points, even only a few minutes 

after injury

6. Implementation typically involves a commercially available materials testing 

system, but can also be achieved using a custom-built system or a small handheld 

device and laptop computer. However, these custom systems often have limited 

capabilities for high velocities and real-time measurement and control of force 

and displacement

7. These procedures require custom-made fixtures that often vary between research 

groups. Knee fixtures must be able to hold the lower leg stationary during 

loading without the knee “slipping out”. A shallow knee cup that does not 

constrain translation of the tibia will be more likely to result in ACL rupture. 

A deeper knee cup will allow for higher magnitude loading without acute ACL 

injury [16]. As an alternative to a cup, a channel/trough may be milled with a 

ball-end mill (facilitating rounded edges), which restricts medial-lateral motion 

while allowing for anterior translation of the tibia. Quadriceps tendon injury 

during loading can be avoided/mitigated with padding and/or rounding of edges 

on the knee fixture

8. Degree of knee flexion may influence joint damage and likelihood of ACL 

injury. Tension in the quadriceps during hip extension makes ACL rupture more 

likely by pulling the tibia anteriorly, while tension in the hamstrings during 

flexion makes ACL rupture less likely by pulling the tibia posteriorly [16]. For 

both mouse and rat ACL-R, the knee joint should be in ~90–100° of flexion.
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9. The flexion angle of the ankle may also influence likelihood of ACL injury. 

Greater ankle flexion creates tension in the gastrocnemius and soleus and causes 

anterior tibial translation, making ACL injury more likely [16]. For both mouse 

and rat ACL-R procedures, the ankle joint should be in 30° of flexion (see Figs. 2 

and 3)

10. Rotation of the lower limb also plays a role in the likelihood of inducing an ACL 

rupture during tibial compression [12]. Similarly, body and contralateral limb 

position are important, as pelvic rotation induces ipsilateral femoral internal/

external rotation. Elevating the contralateral limb to the height of the loaded limb 

ensures a neutral pelvic rotation

4.1. Cyclic Compression in Mice:

11. The applied loading waveform and loading rate for mouse cyclic compression 

are based on osteogenic loading of the metaphysis [17, 18]. A common loading 

frequency is 4 Hz, corresponding to the walking frequency of the mouse at ~4% 

strain per second, with a dwell between each load-unload cycle (see Fig. 1c).

12. Load magnitude varies with animal age and strain. Generally, loads are in the 7–

10 N range. Altering the load magnitude and number of loading bouts modulates 

the amount of joint damage generated

13. For mouse cyclic compression, 1,200 cycles are typically applied in each daily 

loading bout, 5 days per week for multiple weeks, although a single bout of 

loading produces similar effects to daily loading after 1 and 2 weeks [19]

14. Cyclic compression loading of mice induces compression and shear at the joint 

through AP translation of the tibia and rotation of the femur [20]

15. Daily in vivo loading induces cartilage damage in both male and female mice; 

degenerative changes are mouse-strain specific and progress over time [4]

16. Bone mass changes occur in the subchondral, epiphyseal and metaphyseal bone. 

Over time, daily loading enhances bone mass at the metaphysis. Changes in bone 

mass closer to the joint surface are more variable and may initially decrease at 

early time points, followed by increased bone mass with time.

17. Osteophytes/enthesophytes form on the medial aspect of the joint at the MCL 

insertion. These structures are cartilaginous after 1 and 2 weeks of loading, and 

are mineralized at 6 weeks of loading

18. Joint fibrosis is present, but not classical inflammation. The degree of fibrosis 

differs substantially across different mouse strains

19. Gait analysis shows no major differences in loaded animals

4.2. ACL-R in Mice:

20. ACL injury of mice typically occurs between 8–15 N; injury force correlates 

positively with body mass (but not sex) [10]
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21. Using a higher speed loading rate is more likely to induce midsubstance tear of 

the ACL, rather than avulsion from the distal femur [7]. Real-time monitoring 

of injury on the force-displacement plot may be more difficult with high-speed 

loading

22. Following ACL-R in mice, joint degeneration progresses to severe OA by 4–6 

weeks; the medial side of the joint is more affected than the lateral side

23. OA in older mice typically progresses slightly faster than in young mice [21]; 

OA progression is typically similar in male and female mice [22]

24. ACL deficiency causes the articulation of the femur to move to a more posterior 

position on the proximal tibia; this can lead to dislocation of the posterior horn of 

the medial meniscus

25. ACL-R results in joint instability, and OA progression may be largely driven by 

mechanical factors. This model typically can’t be adjusted to produce a milder 

injury or slower PTOA progression

26. Joint inflammation, synovitis, and protease activity are observed primarily during 

the first 2–3 weeks, peaking around 1–14 days post-injury [23]

27. Considerable synovial fibrosis and chondrophyte formation occur within the first 

1–2 weeks; mineralized osteophytes are present by 4 weeks post-injury, which 

will continue to progressively grow and mineralize [24]

28. Osteophytes are commonly observed on the medial side of the distal femur, the 

posterior-medial proximal tibia, and the anterior horn of the medial meniscus 

[24]

29. Epiphyseal trabecular bone loss (~20–30% decrease in BV/TV) occurs during 

the first 2 weeks post-injury, primarily due to trabecular thinning; this bone loss 

is partially recovered at later time points

30. Thinning of the subchondral bone plate also occurs during the first 2 weeks 

post-injury; at later time points, this is reversed and subchondral bone plate 

thickness is increased in injured joints

31. No significant differences in overall activity level of mice following injury, 

though gait analysis indicates some gait asymmetry [25]

32. If possible, the mechanical testing system can be programmed to return to the 

“zero-displacement” position immediately after a sudden drop in load is detected 

to reduce the joint from the subluxed position

33. It is recommended to program load and displacement limits to avoid overloading 

or damage to load cells, fixtures, or the mechanical testing system. For mice, a 

load limit of 20–25 N and a displacement limit of ~2.0 mm is recommended. 

These are dependent on strain and skeletal size, and careful preliminary testing is 

recommended to determine these limits.
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4.3. ACL-R in Rats:

34. ACL-R creates joint instability, and OA progression may be largely driven by 

mechanical factors; this model typically can’t be adjusted to produce a milder 

injury or slower PTOA progression

35. For a 200–250 g Lewis rat, the failure load is typically 60 – 70 N, at a 

displacement of 2.2 – 2.5 mm. Force release associated with ACL rupture may 

not be easily detectable on force-displacement plot for rat injuries

36. Important: distal femoral physeal dislocations/fractures can give a false-positive 

anterior drawer test. These are most common in the rat ACL-R model. Cadaveric 

animals should be used to practice the procedure and confirm ACL injury by 

dissection to avoid physeal injuries

37. Early articular cartilage damage is observed by 1–2 weeks post-injury, including 

surface fibrillation and acute necrosis [26]

38. Moderate OA is observed by 4–6 weeks post-injury, and severe OA is observed 

by 10 weeks

39. Medial compartment damage is more severe than lateral compartment, with up to 

2x OARSI grade on the medial femoral condyle compared to the lateral femoral 

condyle at 4 weeks [27]

40. Synovitis is observed as early as 3 days post-injury, maximal between 3–14 days, 

and synovial fibrosis persists up to 16 weeks post-injury [14, 28]

41. Osteophyte formation is commonly observed in the medial compartment, notably 

at the anterior medial condyle, posterior medial tibial plateau, and anterior 

medial meniscus. In general, osteophytes are larger in mice than in rats relative 

to the size of the joint

42. Acute epiphyseal trabecular bone loss (~20–30% decrease in BV/TV) and 

subchondral bone thinning (~15–20%) is observed within the first 2 weeks. 

Persistent bone volume deficit of 5–10% is observable for at least 10 weeks 

post-injury [26, 29]. Bone loss has been associated with both reduced bone 

formation rates and increased bone resorption and osteoclast numbers acutely 

after injury [26]

43. Subchondral bone thinning and volumetric loss is observed within first 2 weeks 

of injury, recovering up to 4 weeks post-injury. Subchondral bone thickening is 

observed during chronic disease [26, 29]

44. It is recommended to program load and displacement limits to avoid overloading 

or damage to load cells, fixtures, or the mechanical testing system. For rats, a 

load limit of 90–150N and a displacement limit of 3.5–4.5 mm is recommended. 

These are dependent on strain and skeletal size, and careful preliminary testing is 

recommended to determine these limits.
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Figure 1: 
(a-b): Handheld loading system used for cyclic compression loading of mice. (c): 

Commonly used waveform for the cyclic compression model.
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Figure 2: 
(a-b): Configuration for inducing ACL-R in mice. (c): Representative compressive load that 

resulted in ACL rupture in a mouse knee.
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Figure 3: 
(a-b): Configuration for inducing ACL-R in rats. (c-d): Load and displacement plots for 

preconditioning and injury load in a rat ACL-R model.
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