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Abstract

Small animal models are essential for studying anterior cruciate ligament (ACL) injury, one of 

the leading risk factors for post-traumatic osteoarthritis (PTOA). Non-surgical models of ACL 

rupture have recently surged as a new tool to study PTOA, as they circumvent the confounding 

effects of surgical disruption of the joint. These models primarily have been explored in mice 

and rabbits, but are relatively understudied in rats. The purpose of this work was to establish 

a non-invasive, mechanical overload model of ACL rupture in the rat and to study the disease 

pathogenesis following the injury. ACL rupture was induced via non-invasive tibial compression 

in Lewis rats. Disease state was characterized for 4 months after ACL rupture via histology, 

computed tomography, and biomarker capture from the synovial fluid. The non-invasive knee 

injury (NIKI) model created consistent ACL ruptures without direct damage to other tissues 

and resulted in conventional OA pathology. NIKI knees exhibited structural changes as early 

as 4 weeks post-injury, including regional structural changes to cartilage, chondrocyte and 

cartilage disorganization, changes to the bone architecture, synovial hyperplasia, and the increased 

presence of biomarkers of cartilage fragmentation and pro-inflammatory cytokines. These results 

suggest that this model can be a valuable tool to study PTOA. By establishing the fundamental 

pathogenesis of this injury, additional opportunities are created to evaluate unique contributing 

factors and potential therapeutic interventions for this disease.

Keywords

ACL rupture; animal model; post-traumatic osteoarthritis; rat; tibial compressive overload

Correspondence to: Blanka Sharma (T: (352) 273-9329; F: (352) 273-9221; blanka.sharma@bme.ufl.edu).
AUTHORS’ CONTRIBUTION
Each author has contributed substantially to this article, including research design (S.B., E.Y., B.S., and K.A.), acquisition and analysis 
of data (S.B., J.H., R.J., Y.S., E.Y., K.A., and B.S.), drafting and critically revising the article (S.B., Y.S., E.Y., K.A., and B.S.). All 
authors have read and approved the final submitted manuscript.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article.

Conflicts of interest: None.

HHS Public Access
Author manuscript
J Orthop Res. Author manuscript; available in PMC 2021 November 17.

Published in final edited form as:
J Orthop Res. 2020 February ; 38(2): 356–367. doi:10.1002/jor.24470.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Post-traumatic osteoarthritis (PTOA) accounts for 12% of the OA patient population and 

imposes a $3 billion annual burden in the US.1,2 Because joint injuries are common in 

young, athletic, and military populations, the onset of PTOA is particularly devastating as 

these patients lose joint function and require joint replacements early in life.1 Knee injuries 

comprise 39% of all sport injuries, and anterior cruciate ligament (ACL) rupture is one of 

the most common injuries associated with knee PTOA.1 Small animal models are critical for 

studying PTOA, and ACL transection is a common PTOA-induction method for rodents.3 In 

this and other surgical models of PTOA, however, joint capsule incision contributes to the 

inflammatory state of the joint, making it challenging to delineate between surgically-driven 

and disease-driven damage.4 Surgical models also do not capture the mechanical load 

experienced during the induction of the injury itself. To address these issues, non-invasive 

ACL injury has recently emerged as an alternative PTOA model to explore aspects of PTOA 

that had previously been confounded by surgically-induced injuries.

In the last 10 years, multiple non-invasive ACL rupture models have been developed. 

These models have primarily used mice5–12 and rabbits,13–16 with a limited number of 

studies involving rats.17–19 Despite being relatively understudied, there are advantages 

to establishing this injury model in rats, such as their amenability to behavioral tests 

and their larger size, which can accommodate certain imaging modalities and therapeutic 

interventions.20 Even within the few studies using rats, different structural outcomes have 

been observed following ACL rupture, ranging from cartilage degeneration17 to cartilage 

thickening.18 Additionally, the characterization of the inflammatory response to this injury 

has been scarcely studied, with only one recent evaluation of immune cell involvement 

and cytokine profile following injury in mice reported.9 Considering the important role of 

inflammation in PTOA development and the conflicting findings between early studies in 

rats, additional characterization of this model is merited.

Given the need to advance our understanding of this relatively new model of PTOA and 

the opportunities that could be generated for scientific exploration, the goal of this work 

was to validate and characterize a non-invasive ACL rupture model in rats. To induce 

the injury, a non-invasive knee injury (NIKI) device was designed to rupture the ACL 

through a single compressive load along the tibia. To identify the timeframe and severity 

of disease development, PTOA progression was characterized at monthly intervals over 

4 months by assessing bone micro-and macro-structure as well as cartilage morphology 

and composition. Inflammation was characterized via measurements of knee swelling and 

synovial hyperplasia. Additionally, synovial fluid biomarkers were also quantified - an 

assessment not previously conducted in non-invasive ACL rupture models.

METHODS

NIKI Device Design and Injury Loading Scheme

The NIKI device induces an ACL tear in the supine rat with the foot and knee secured in 

custom fixtures, as shown in Figure 1. The tibia was held approximately perpendicular to 

the ground, with the posterior face of the ankle tucked 7–9 mm cranially from the center 

of the knee. The angles of the foot mount were modeled after that of Ramme et al.,17 

with approximately 20° pronation, 36° lateral rotation, and 15° dorsiflexion. Compressed 
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air from a standard air compressor (TD55140; DeWalt, Baltimore, MD) was used to drive 

a two-shaft linear pneumatic thruster (0A-2; Ultramation, Waco, TX). Custom software 

(LabView, v.15.0.1; Texas Instruments, Dallas, TX) interfaced with a Data Acquisition 

Device (USB-6009; National Instruments, Austin, TX) to control the air pressure regulators 

(P3P-R; Parker Pneumatic, Richland, MI) and, therefore, the axial load applied to the knee. 

A load cell (TLL-500; Transducer Techniques, Temecula, CA) was mounted between the 

knee cup and piston to obtain real-time indications of the force delivered to the knee.

For injury induction, a static pre-load of approximately 5.4 N was applied for 15–25 s 

followed by a single 3.26 ± 0.28 N/s ramp in compressive load until the rupture was 

observed. The rupture was identified as a “popping” sound and/or cranial translation of 

the distal femur out of the knee cup. Immediately after injury, the compressive load was 

removed; the limbs were manually assessed for ACL laxity via tibial drawer and palpated for 

potential bone fractures.

Animals

Skeletally mature male Lewis rats were obtained from Charles River Laboratories 

(Wilmington, MA). Three rats (361.0 ± 27.1 g, 17.3 ± 3.2 weeks old) were used for injury 

confirmation, and twenty-four rats were used for PTOA progression characterization (356.2 

± 16.9 g, 13.8 ± 0.9 weeks old). The sample size (n = 6 per group) was determined by an 

a priori power analysis conducted in G*Power v.3.1.9.2 using a power of 0.8, an α of 0.05, 

and an effect size derived from the histological scores of a murine ACL rupture model.6 All 

methods were conducted with the approval of the University of Florida Institutional Animal 

Care and Use Committee.

Injury Induction and Confirmation

Injury was first characterized in three rats in a non-survival study. Rats were anesthetized 

with 2–3% isoflurane, injured as described above, and euthanized without recovery from 

anesthetics. Both legs from each animal were isolated and imaged fresh by magnetic 

resonance imaging (MRI) to visualize the ACL in the intact knee (Bruker BioSpin, Billerica, 

MA, 17.6T; sequence available in the supplement). For pathogenesis studies, rats were 

anesthetized and the left limb underwent NIKI injury, as described above. Contralateral 

limbs were secured into the foot mount and knee cup as done with ipsilateral limbs, but no 

compressive load was applied (4–12-week groups). For the 16-week group, the contralateral 

knees were unmanipulated (not loaded into the mounts).

In some cases, the rat’s knee slipped out of the knee cup at low forces prior to ACL rupture 

(determined by a lack of tibial drawer). For these specimens, the knee was loaded again until 

ACL injury was confirmed. The animals were randomly distributed between the groups, and 

each group had an even distribution of animals that sustained more than one compressive 

load.

Rats received 0.05 mg/kg buprenorphine immediately prior to the injury and once per 12 

h for 48 h after injury via subcutaneous injection. After recovery from the injury, animals 

were monitored for limb disuse and knee swelling via knee width measurements in the 

coronal plane with digital calipers. Longitudinal knee width measurements were performed 
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by a single researcher to avoid inter-user variation. The rats were housed in pairs in an 

atmosphere-controlled room with a 12-h light-dark cycle and ad libitum access to food 

and water. Rats were euthanized at 28, 54, 84, and 112 days post-injury (n = 6/time) by 

CO2 asphyxiation. At each time point, cytokine capture was conducted, then tissues were 

processed for CT and histological assessments as summarized in Figure S1A.

Biomarker Capture and Quantification

Biomarker levels within the joint were quantified using a magnetic capture technique 

previously described21,22 for interleukin 1β (IL-1β), interleukin 6 (IL-6), tumor necrosis 

factor α (TNF-α), and carboxy-terminal telepeptides of type II collagen (CTX-II). Briefly, 

biotinylated antibodies were conjugated to commercially available streptavidin-coated 

particles (Dynabeads MyOne™ Streptavidin C1; Life Technologies, Carlsbad, CA) by 

incubating particles with an antibody mixture (containing 7 ng/μl anti-CTX-II, 182 ng/μl 

anti-IL-1β, 34 ng/μl anti-IL-6, and 182 ng/μl anti-TNF-α). The conjugated particles were 

then washed to generate a final antibody profile of 0.33 ng anti-CTX-II, 8.84 ng anti-IL-1β, 

1.66 ng anti-IL-6, and 8.84 ng anti-TNF-α per μg particle.

After euthanasia, 10 μl of the conjugated particles at 9.05 μg/μl were injected into both 

articular joints, the limbs were flexed 10 times, and the particles were incubated in the 

joints for 2 h. Afterwards, the synovial cavity was lavaged 10 times with 20 μl of phosphate

buffered saline to recover the biomarker-bound particles. The recovered particles were 

washed and separated from the released biomarkers by a magnetic plate. The biomarker

containing supernatant was adjusted to pH 7.5 with Tris. The released biomarkers were 

quantified using a custom rat pro-inflammatory panel Meso Scale Discovery kit (Meso Scale 

Diagnostics, Rockville, MD) and a CTX-II ELISA (Immunodiagnostic Systems Cartilaps 

Kit, Copenhagen, Denmark). Particle mass was quantified by measuring absorbance at 450 

nm by a plate reader (BioTek, Winooski, VT) and comparison to a serial dilution with 

known particle concentrations. Biomarker quantification was normalized to particle mass 

recovered from the knee. As a conservative measure, joints from which <5% of particles 

were collected were excluded from analysis, as low collections can artificially inflate 

biomarker quantification during normalization and may indicate a missed injection. Detailed 

methods and reagent sources, including for the antibodies, are available in the supplement.

Tissue Isolation and Nano Computed Tomography (nanoCT)

After cytokine capture, each knee was isolated and prepared for CT. Excess soft tissue 

around the knee was removed, taking care to preserve the synovial tissue and joint capsule. 

Flexed in a natural position, each knee was fixed in 20 ml of 10% neutral buffered formalin 

for 48 h. Knees were then imaged by nanoCT (GE phoenix, 9.9 W, 90 μA, 200 ms) and 

were analyzed following the general guidelines for rodent microstructure analysis by CT23 

(details available in the Supplementary Material).

Histology

After nanoCT, each knee was decalcified in 20 ml of freshly-diluted 10% formic acid for 

6 days at room temperature. Tissues were then embedded and sectioned at 5 μm in the 

sagittal plane to the approximate center of the medial compartment. Sections were stained 
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with Safranin-O/fast green and mounted in Permount (detailed methods in Supplementary 

Material). The femur and tibia were graded according to a Modified Mankin system 

described by Furman et al.24 Additionally, synovitis was graded by the scoring system 

presented by Lewis et al.25 and used with other non-invasive PTOA models.8,17 A single 

section was scored per animal replicate, and all parameters were scored by three blinded 

graders from which the mode score was used.

Statistics

Statistical analyses were conducted in GraphPad Prism version 8.0.0 (San Diego, CA). 

Except where otherwise stated, figures show means with 95% confidence intervals. Specific 

analytical methods are described in each figure caption. No replicates were dropped from the 

study, therefore an n = 6 per group was used for all analyses.

RESULTS

Injury Induction and Characterization

Two independent studies were conducted to characterize the NIKI model: a non-survival 

study to confirm ACL rupture (n = 3) and a survival study to evaluate pathological 

progression following injury (n = 24). Across both studies, ACL rupture was induced 

with a compressive load of 51.1 ± 4.0 N, and 70% of ruptures occurred during the first 

compressive load (n = 19). In the other animals, rupture was achieved after a second (n = 

5) or third (n = 3) compressive load, but the number of compressive loads did not correlate 

with pathological outcomes (Supplementary Tables S1 and S2). For all animals, the affected 

limb exhibited anterior tibial drawer immediately after the injury. No injuries to other joint 

tissues were observed by MRI and CT. No adverse events such as non-weight bearing in the 

affected limb occurred. Swelling (~20% of initial knee diameter) occurred within 12–24 h 

following NIKI, returned to near-baseline levels within a week, and persisted at ~10% of 

initial diameter starting at 4 weeks (Supplementary Figure S2).

As a confirmation of an isolated ACL rupture, ACL disruption was visible by MRI (Fig. 

2A) and gross observation following dissection. ACLs were disconnected near the femoral 

insertion and were retractable, indicating a complete rupture had occurred (Fig. 2B). Bone 

fragmentation was visible in the center of the joint by nanoCT (Fig. 2C), together suggesting 

that the mode of failure was likely a femoral avulsion.

Bone Remodeling after ACL Rupture

At all four time points, NIKI knees displayed anterior tibial translation with respect to the 

femur (Fig. 3A), an abnormal tibial positioning that is associated with weakened or ruptured 

ACLs.26 The earliest macroscopic alterations were ossification of the anterior menisci and 

bone remodeling in the posterior medial tibial plateau (Fig. 3B and C). Qualitatively, these 

features continued to progress in severity over the 4-month study, particularly for the tibial 

plateau remodeling, which was also visible from the medial view (Fig. 3A). Macroscopic 

bone erosion developed in the anterior femur, starting at 8 weeks and persisting throughout 

the study. Osteophytic outgrowth was visible in the medial tibia by 16 weeks. Contralateral 

knees did not undergo any obvious macroscopic changes over time.
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Architectural changes to the bone were further probed within the tibia because of the 

considerable remodeling that was observed in the tibial epiphysis (Fig. 3D and E). NIKI 

knees were significantly different from control knees with respect to bone volume ratio 

(BV/TV), trabecular separation, and subchondral bone porosity. At 4 weeks post-injury, 

subchondral bone porosity had significantly increased by 44% compared with control 

knees, but this comparison was not significant at later times. All NIKI morphometric 

parameters except BV/TV had significant changes over time. Between 4 and 16 weeks, 

NIKI knees exhibited a 32% reduction in trabecular number, 45% increase in trabecular 

separation, 39% increase in trabecular thickness and a 28% increase in subchondral bone 

volume. Interestingly, contralateral control knees also experienced similar changes to bone 

architecture across time, including a 26% reduction in trabecular number, 43% increase in 

trabecular separation, and 11% increase in subchondral bone volume.

Pathological Changes to Articular Cartilage

Histological changes to cartilage were assessed in multiple joint locations (Supplementary 

Figure S1B). By 4 weeks post-injury, typical changes associated with early OA were 

present (Fig. 4A). Namely, NIKI knees showed proteoglycan loss in the femoral cartilage 

and cartilage swelling in the anterior femur. By 8 weeks, cartilage damage progressed, 

particularly in the posterior tibia, where fibrillation and lamination occurred. By 12 weeks, 

cartilage erosion to the tidemark was visible in the anterior femur and posterior tibia. At 

16 weeks, cartilage erosion was not present but was similar to 12 weeks with respect 

to fibrillation, lamination and proteoglycan loss. Inter-cohort variability may explain why 

histological PTOA progression at 16 weeks was less severe than at 12 weeks, as the 16-week 

animals were injured in a separate cohort (n = 6) than the 4–12-week animals (n = 18). 

Cartilage swelling persisted throughout the 16 weeks in the central-anterior portion of the 

tibia. Importantly, there were notable changes in the posterior tibial plateau (Fig. 4B). At all 

time points, the posterior tibial plateau showed bone loss in NIKI knees and, in its place, a 

proteoglycan- and cell-rich matrix that had not been detectable by CT.

Closer examination of the cartilage at ×20 revealed additional pathological outcomes of this 

model. In the posterior aspect of the knee (Fig. 5A), cartilage fibrillation, cartilage thinning, 

proteoglycan loss, and chondrocyte hypertrophy were present in both the femur and tibia. 

In the anterior aspect of the knee (Fig. 5B), cartilage erosion occurred in the femur while 

cartilage swelling occurred in the tibia. Chondrocyte clustering was particularly prevalent 

in anterior tibial cartilage at 4 weeks and persisted in this tissue over time. Tidemark 

duplication in the anterior tibial cartilage, while detected in some replicates as early as 4 

weeks post-injury, was significantly established by 16 weeks (Figs. 5B and 6). Tidemark 

duplication was never detected in control knees. In both the posterior and anterior regions of 

cartilage, the structural disorganization of the cartilage was greater in injured compared with 

control knees.

Blinded grading of cartilage parameters confirmed significant differences in cartilage 

structure in the tibia and femur by 12 weeks (Fig. 6). Safranin-O scores were generally 

higher in injured compared with control knees but were not significantly different. 

Chondrocyte clustering (referred to as the “cloning score”) was only significantly greater 
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in the tibias of NIKI knees at 4 weeks. In this study, fibrocartilage, another parameter used 

in the grading scale by Furman et al.,24 was not observed in any of the sections.

Synovitis

Synovitis, an important clinical feature of OA,27 was observed histologically as the increase 

in nuclei density in the intimal layer of the synovium. NIKI knees had more cellular 

infiltration in the synovial lining throughout the study compared control knees (Fig. 7A). 

By blinded scoring, 23 of 24 of the injured knees exhibited synovitis (score of 1 or more), 

compared with control knees, which did not score above 0 (Fig. 7B).

Biomarker Profile of the Intra-Articular Space

Magnetic capture is a previously reported technique for quantifying synovial fluid 

biomarkers in a manner more sensitive than that of conventional lavage (Fig. 8A).22 Here, 

magnetic capture was used to assess collagen breakdown (CTX-II) and pro-inflammatory 

cytokines (IL-6, TNF-α, and IL-1β). All four biomarkers were present at significantly higher 

quantities in injured versus uninjured knees (Fig. 8B). Only two of the four biomarkers 

were significantly affected by time, namely CTX-II and TNF-α. A decrease in CTX-II was 

observed over time (p = 0.0126) in both injured and contralateral control knees, although 

CTX-II levels were significantly higher in the injured knees compared with uninjured. 

This finding is consistent with rabbit data showing that CTX-II declines with age.28 For 

TNF-α, the time effects (p < 0.0001) were attributed to changes in TNF-α levels in NIKI 

knees. There was a significant increase in TNF-α from 4 to 8 weeks, after which TNF-α 
levels significantly dropped. In contrast, the TNF-α levels remained constant in the control 

uninjured knees. Interestingly, IL-1β also reached its highest level at 8 weeks post-injury, at 

which point it was 5.9-fold higher than the contralateral control.

Correlations between synovial fluid biomarker levels and structural outcomes were assessed 

(Supplementary Table S3). Interestingly, CTX-II levels and cytokines correlated with 

different bone parameters at different times. Specifically, CTX-II correlated with trabecular 

thickness, number, and subchondral bone volume at 16 weeks, while TNF-α and IL-1β 
correlated with BV/TV, trabecular spacing, and subchondral bone porosity at 12 weeks. 

Correlations between biomarker levels and histological outcomes were not found, although 

this may be attributed in part to the ordinal scoring system.

DISCUSSION

The aim of this study was to understand the fundamental pathology and time course of a 

non-invasive, ACL rupture-based PTOA model in the rat. This work serves as a first step 

to establishing an animal model, which could be used to study unique features of PTOA 

without surgical complications and with a mechanical contribution during injury induction. 

Moreover, this work contributes to the relatively new and growing body of literature for this 

model, which is relatively understudied in rats. We were motivated to establish this model 

with rats because they generally are more cooperative with sensory behavior tests, and, due 

to their larger size, may be more amenable to some imaging modalities (e.g., MRI),20 which 

may provide valuable insights for evaluating therapeutic interventions in future studies.
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Bone plays an important role in OA pathology, as clinical OA is often accompanied by a 

loss of trabecular bone, sclerosis, osteophyte formation, and thickening of the subchondral 

bone plate.29 Whereas the exact mechanisms driving these changes are poorly understood, 

bone is known to respond to direct mechanical damage30 and to cytokines such as IL-1β, 

IL-6, and TNF-α, which are released after ACL rupture and stimulate bone resorption.31,32 

In this work, NIKI knees experienced bone remodeling as early at 4 weeks post-injury. 

Additionally, NIKI tibial architecture changed over time for all parameters except BV/TV, 

suggesting that this model may capture key aspects of the trabecular and subchondral bone 

remodeling associated with human OA. NIKI knees also developed subtle osteophytes on 

the medial tibia. These changes were considerably less severe than those of other rodent 

studies,5,6 but arguably more similar in size to typical human osteophytes relative to the size 

of the joint.33,34 However, it is important to recognize that the severe bone remodeling in the 

posterior tibial plateau is a feature atypical of human disease, although it has been observed 

in other rodent models.5 In this region of bone remodeling, histological analysis revealed 

abnormal tissue. Although the cellular profile of this tissue and the mechanism driving it 

have not been identified, this tissue may indicate a physical compensation for the underlying 

bone loss and posterior shift in mechanical loading patterns which typically arise after ACL 

rupture.35 This tissue may also be pre-osteophytic, as osteophytes are generally thought to 

provide structural support to mechanically disrupted knees.34

Inflammation perpetuates OA through a variety of accepted mechanisms after traumatic 

injury.36 In mice and within a week of injury, synovial cellularity has been shown to increase 

in injured knees7 and with higher forces of loading.8 Here, injured joints were more swollen 

than uninjured knees by measurement of knee diameter, possibly suggesting synovial 

effusion, and, at later times post-injury, tissue morphoses such as joint capsule thickening 

and osteophyte formation. Additionally, the synovium of injured knees had distinctly more 

cellular infiltration in the synovial intima, which persisted longer than that observed in 

other rat models of non-invasive ACL rupture.17 Owing to the understanding that synovitis 

and pro-inflammatory cytokine production is linked to immune cell34 and macrophage 

polarization37 in the synovium, this research could be advanced by identifying the specific 

cell populations that respond to this injury. By understanding the cellular composition in the 

synovium and how it might change after PTOA initiation, cell-and inflammation-targeted 

therapeutic opportunities may be elucidated.

This is, to authors’ best knowledge, the first study to assess joint biomarkers after non

invasive ACL rupture. Clinically, various biomarkers are being explored as a method 

to augment current diagnostic techniques, which are limited by poor responsiveness and 

sensitivity to OA progression, particularly at the early stages of disease.38 Magnetic capture 

technology assesses biomarkers directly at the site of injury and circumvents challenges 

associated with rodent stifle aspiration and dilution by lavage.21,22,39 Here, IL-6, TNF-α, 

and IL-1β were quantified because of their established role as inflammatory cytokines 

associated with OA progression.34,40 All of these cytokines were found at higher levels 

in the synovial fluid of injured knees compared with uninjured knees, suggesting that 

inflammation is a contributing factor to PTOA development in this model. This finding is 

supported by a recent study that found increased IL-6 in the extracellular matrices of the 

ACL, synovium, and cartilage following non-invasive injury in mice,9 as the cytokines found 

Brown et al. Page 8

J Orthop Res. Author manuscript; available in PMC 2021 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the synovial fluid originate from the cells within these tissues.41 We also assessed levels 

of CTX-II, a widely studied biomarker of collagen fragmentation that has been shown to 

increase following traumatic joint injury in humans.42 CTX-II was found at higher quantities 

in NIKI knees relative to control knees, suggesting that injured joints may be experiencing 

irreversible43 degenerative changes in the cartilage as early as 4 weeks post-injury. This 

damage may relate back to the relatively high levels of IL-1β, which is known to upregulate 

proteolytic enzymes in the joint,44 and accordingly may facilitate collagen degradation and 

CTX-II release.

As is true of all animal models of human OA, there are limitations to the model, particularly 

when considering relevance and translatability to human disease. The NIKI device in this 

study induced ACL avulsions at the femoral insertion, whereas avulsions account for less 

than 14% of ACL ruptures in adult humans.45,46 Even in the avulsions encountered in 

the clinic, most occur in the tibia.46 However, a recent study compared avulsion and 

midsubstance tears in mice and found that both ACL injury modalities resulted in the same 

degree of long-term cartilage and bone alterations.5 This finding suggests that, at least in 

rodent models, the tear location may not be critical for PTOA development. Additionally, 

this study only used male rats. Although sex has been shown to influence the mode of ACL 

rupture in mice47 and the severity of PTOA development in some surgical models,48 in 

a recent study of non-invasive ACL rupture, pathological changes to joint tissue structure 

were determined to be sex-independent.47 Last, changes to animal gait can influence disease 

progression but were not measured in this study. Reduced loading following injury has 

the potential to promote bone atrophy and influence cartilage degradation.5,8,19 Similarly, 

animals may mechanically compensate for the injured limb, which may explain the change 

in bone architecture over time in contralateral limbs in this study. Accordingly, future work 

will evaluate the potential role of non-invasive ACL rupture on gait patterns to identify the 

degree to which loading influences structural outcomes in this model.

All animal models of OA have inherent limitations and can be used to address different 

scientific questions. As they are further characterized and understood, non-invasive PTOA 

models may serve to answer new research questions in the OA community. Surgical 

ACL transection in rats induces pathological changes to cartilage 13 weeks post-injury 

that are similar to those observed in this study, including surface fibrillation, chondrocyte 

disorganization, and matrix thinning.49 However, the NIKI model may be more suitable 

as a platform for studying PTOA features that could be confounded by a surgical insult. 

This model also generates opportunities to study procedures that would otherwise require 

repeat surgeries, which can be restricted by animal welfare regulations. For example, this 

model has recently been used to evaluate a new ACL reconstruction technique in rat,50 

demonstrating this emerging model’s potential utility for new PTOA research. Last, without 

the need for sham surgical controls, this model may reduce the number of animals needed 

for a study - one of “the three R’s” of animal research.

In conclusion, the NIKI device consistently induced a femoral avulsion of the ACL via 

axial compression of the tibia. This injury initiated short-term changes to joint swelling 

and chronic pathological alterations to the bone, synovium, cartilage, and synovial fluid 

biomarker levels. Although this model captures many of the typical features of knee 
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OA, careful consideration of model limitations should be recognized, including species

dependent factors that may influence the disease development, including loading patterns, 

ACL rupture locations, and post-injury activity levels. Moving forward, characterization 

of this model will be expanded to explore the structure-function relationships between 

non-invasive ACL rupture-induced pathology, sex, and joint loading.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NIKI device (A) design and (inset) orientation of anatomical structures during loading. (B) 

Profile of a typical loading scheme, including a pre-load, the single compressive ramp, and 

release of compression after rupture. The air compression is controlled on a computer by 

changing system voltage to the air pressure regulators (not shown). [Color figure can be 

viewed at wileyonlinelibrary.com]
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Figure 2. 
Confirmation of ACL rupture in animals euthanized immediately post-injury. (A) Sagittal 

view of the knee by MRI shows the ACL in the contralateral control knee (white arrow), 

which is not visible in the same view of the injured knee. (B) Appearance of the ACL 

by gross dissection, whereby in injured knees, the ACL (white arrow) had been torn from 

the femoral attachment site and was fully retractable. (C) Bone condition and tear type 

identification via nanoCT immediately post-injury. The nanoCT-imaged knees are shown 

from the posterior view. The contralateral controls are animal-matched in all images. M = 

medial, L = lateral. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3. 
Bone structure and morphometric parameters by nanoCT. (A) Relative anatomical 

orientation of the femur and tibia. The dotted line is drawn along the anterior tibia with the 

arrow illustrating the positioning of the femur with respect to that line. (B) Anterior view of 

the knee and (C) view of the tibial plateau of the same knee. Images for 3D reconstructions 

are animal-matched between NIKI and control and were selected as representative based on 

the severity of tibial plateau remodeling. Morphometric analysis for the (D) tibial epiphysis 

and (E) tibial subchondral bone over time. p-Values above graphs = two-way analysis of 
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variance treatment effect (NIKI vs. control); p-values within graphs = Tukey’s multiple 

comparisons. M = medial, L = lateral, P = posterior, A = anterior. [Color figure can be 

viewed at wileyonlinelibrary.com]
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Figure 4. 
(A) Histological assessment of the whole joint stained with Safranin-O/fast green. Images 

were taken in the medial compartment at ×4, then stitched together to view a larger region of 

the joint. (B) ×10 zoom on the posterior tibial plateau (region identified by white dotted lines 

in (A)). All images were taken at the same microscope settings. A = anterior, P = posterior. 

Scale bar = 1 mm. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. 
Histological appearance of articular cartilage in the (A) posterior and (B) anterior regions of 

the knee. Sections are stained with Safranin-O/fast green. All images were taken at the same 

microscope settings and at ×20. As a reference point to visualize cartilage thickness, images 

are aligned approximately along the cartilage tidemark (white dotted line). Scale bar = 100 

μm. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6. 
Histological scoring of cartilage parameters in the medial femur and tibia over time. Each 

parameter was compared by a Kruskal–Wallis test followed by Dunn’s multiple comparisons 

tests. Graph bars = median score. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 7. 
Synovitis in NIKI-injured knees. (A) Synovial lining on the anterior face of the joint of 

Safranin-O/fast green stained knees. Nuclei appear dark blue/black. (B) Synovitis score, 

compared by a Kruskal–Wallis test followed by Dunn’s multiple comparisons tests at each 

time. Graph bars = median score. Scale bar = 100 μm. A = anterior, P = posterior. [Color 

figure can be viewed at wileyonlinelibrary.com]
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Figure 8. 
Cytokine and biomarker analysis. (A) Schematic of the magnetic capture technology for 

quantification of synovial fluid biomarkers. (B) Quantification of CTX-II, IL-6, TNF-α, and 

IL-1β in the synovial fluid immediately post-mortem at each time point. p-Values above 

graphs = two-way analysis of variance treatment effect (NIKI vs. control); p-values within 

graphs = Tukey’s multiple comparisons. SPION, superparamagnetic iron oxide nanoparticle. 

[Color figure can be viewed at wileyonlinelibrary.com]
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