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Abstract

Objective—Traumatic joint injuries initiate a surge of inflammatory cytokines and proteases that

may contribute to cartilage and subchondral bone degeneration. Detecting these early biological

processes in animal models of post-traumatic osteoarthritis (PTOA) typically involves ex vivo

analysis of blood serum or synovial fluid biomarkers, or destructive histological analysis of the

joint. In this study, we used in vivo fluorescence reflectance imaging (FRI) to quantify protease

activity, matrix metalloproteinase (MMP) activity, and Cathepsin K activity in mice following

ACL rupture. We hypothesized that these processes would be elevated at early time points

following traumatic joint injury (1–14 days), but would return to control levels at later time points

(4–8 weeks).

Design—Mice were injured via tibial compression overload, and FRI imaging was performed at

multiple time points from 1–56 days after injury using commercially available activatable

fluorescent tracers to quantify protease activity, MMP activity, and cathepsin K activity in injured

vs. uninjured knees. PTOA was assessed at 56 days post-injury using micro-computed

tomography and whole-joint histology.

Results—Protease activity, MMP activity, and cathepsin K activity were all significantly

increased in injured knees relative to uninjured knees at all time points, peaking at 1–7 days post-

injury, then decreasing at later time points while still remaining elevated relative to controls.
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Conclusions—This study establishes FRI imaging as a reliable method for in vivo quantification

of early biological processes in a translatable mouse model of PTOA, and provides crucial

information about the time course of inflammation and biological activity following joint injury.

These data may inform future studies aimed at targeting early inflammation to reduce the

development of PTOA.

Introduction

Osteoarthritis (OA) is a primary musculoskeletal health concern, affecting approximately 27

million Americans [1]. Post-traumatic osteoarthritis (PTOA) is commonly observed within

10–20 years following anterior cruciate ligament (ACL) rupture [2–4]. Traumatic joint

injuries initiate a surge of inflammatory cytokines, matrix metalloproteinases (MMPs),

cathepsin proteases, and other degradative enzymes that contribute to cartilage and

subchondral bone degeneration [2, 5–11]. Detecting these early biological processes in

animal models of OA typically involves analysis of blood serum or synovial fluid

biomarkers, or destructive histological analysis of the joint. The ability to quantify these

processes non-invasively in vivo has the distinct advantages of rapid measurement time,

relatively low cost, and the capability to perform repeated longitudinal measurements in the

same animals at multiple time points or following therapy. Additionally, non-invasive in

vivo analyses preclude the possibility of exacerbated inflammation or damage to the joint as

a direct result of the sampling procedure.

Near-infrared protease activatable probes combined with fluorescence reflectance imaging

(FRI) have become widely used for in vivo imaging to visualize and quantify cellular

activity. These optical tracers are fluorescently quenched until a linker domain is cleaved by

a specific protease of interest, which then produces a robust fluorescent signal. These

techniques have been extensively validated and used in studies of cancer [12–15] and

atherosclerosis [16–19], but are also potentially useful for studies of the musculoskeletal

system to measure markers of inflammation and matrix degradation (cathepsin proteases and

matrix metalloproteinases (MMPs)) and bone turnover (cathepsin K), which have vital roles

in OA progression. Commercially available fluorescent activatable probes have been

validated for use in musculoskeletal applications [20–23]. However, no studies have utilized

these methods in an animal model of PTOA to determine the dynamic protease profile

following joint injury or to quantify disease severity or progression.

In this study, we used FRI to quantify the time course of biological processes associated

with PTOA progression following non-invasive joint injury in mice. We hypothesized that

inflammatory biomarkers and degradative processes would be elevated at early time points

following traumatic joint injury (1–14 days), but would return to control levels at later time

points (4–8 weeks). These results of this study reveal, for the first time, the dynamic time

course of protease activity in joints following injury, and establish FRI imaging as a feasible

method for in vivo quantification of these biological processes in a mouse model of PTOA.
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Methods

Animals

A total of 54 C57BL/6 mice (27 male, 27 female; 10 weeks old at the time of injury) were

obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN, USA). Forty-eight mice (24

male, 24 female) were injured using tibial compression overload, while 6 mice (3 male, 3

female) were sham injured. Animals were housed in a compliant facility at UCDMC for a 2-

week acclimation period prior to injury. All animals were maintained and used in

accordance with National Institutes of Health guidelines on the care and use of laboratory

animals, and the study was approved by our institutional Animal Studies Committee.

Tibial compression-induced knee injury

Mice were subjected to non-invasive ACL rupture induced by a single overload cycle of

tibial compression as previously described [24]. Briefly, mice were anesthetized and placed

in a prone position in a materials testing system (Bose ElectroForce 3200, Eden Prairie, MN,

USA) with tibial compression loading platens (Fig. 1). A single dynamic axial compressive

load was applied at 1 mm/s to the right lower leg to a target compressive force of 12 N to

produce ACL rupture. This loading protocol produces failure of the ACL with avulsion

fracture from the distal femur [24, 25]. Contralateral limbs remained uninjured, and served

as internal controls. Sham injury was performed by anesthetizing mice and loading them

into the tibial compression system, then applying a 1–2 N compressive load for ~5 seconds.

Fluorescent reflectance imaging (FRI)

All mice were imaged on days 1, 3, 7, 14, 28, and 56 after injury using in vivo FRI to

quantify levels of fluorescence from activated probes in injured knees vs. contralateral

knees. Three probes were used in this study: ProSense 680, MMPSense 680, and CatK 680

FAST (Table 1; PerkinElmer, Waltham, MA). Sixteen injured mice (8 male, 8 female) were

analyzed with each of the fluorescent activatable probes; 6 uninjured (sham) mice (3 male, 3

female) were analyzed with ProSense 680 in order to confirm that there were no right/left

differences in uninjured mice, and to quantify possible systemic inflammation that may be

measureable in contralateral limbs of injured mice. In previous studies, both MMPSense [26,

27] and ProSense [13, 16] have been shown to localize to sites of inflammation, while CatK

has been demonstrated to localize to sites of increased bone resorption and osteoclast

activity [28].

Before each imaging time point (24 hours prior for ProSense 680 and MMPSense 680, and 6

hours prior for CatK 680 FAST), mice were anesthetized via isoflurane inhalation, and 10

μL (~0.1 mg/kg, IV) of probe was administered to each mouse. Hair was removed with a

depilatory from the ventral aspect of both legs, and mice were imaged three at a time (22.5

cm field of view) in the imaging system (IVIS Spectrum, PerkinElmer, Waltham, MA).

Each mouse was imaged twice at each time point in two different positions (left, right, or

center; Fig. 2A), and results from the two images were averaged for each mouse/time point.

Mouse legs were positioned such that the anterior-medial aspect of the knees was horizontal

to allow for even epi-illumination. The legs were taped down across the ankle, and image

processing and quantification was performed via IVIS LivingImage software.
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The excitation and emission filters for all probes were 675±35 nm and 700±35 nm,

respectively, and were chosen based on the peak excitation and emission spectra of the

probes (680/700 nm ex/em for ProSense 680 and MMPSense 680; 675/693 nm ex/em for

CatK 680 FAST). The exposure time for each probe was 0.75 sec for ProSense 680, 0.75 sec

for MMPSense 680, and 1.0 sec for CatK 680 FAST. Spatial binning of pixels was set at the

Medium option and the F/Stop was set to 2. Quantification of fluorescence intensity was

performed by evaluating the total radiant efficiency ([photons/sec]/[μW/cm2]) of the signal

within a region of interest (ROI). The ROI was a uniform circle of 12.3 mm2 that was

anatomically selected around the knee on a grayscale photograph of the mice (Fig. 2B), such

that the ROI selections encapsulated the entire knee and were unbiased by the fluorescent

signals. Subsequently, the total radiant efficiency of the injured knee was normalized to the

contralateral uninjured knee of each mouse, to account for mouse-to-mouse variation in

delivery of the fluorescent probe.

Micro-computed tomography analysis of epiphyseal trabecular bone and osteophyte
formation

Injured and uninjured knees from 8 male and 8 female mice were analyzed with micro-

computed tomography (μCT 35, SCANCO, Brüttisellen, Switzerland) to quantify trabecular

bone structure of the distal femoral epiphysis and osteophyte formation around the joint. All

mice were sacrificed 56 days post-injury following the last time point for FRI imaging.

Dissected limbs were fixed in 4% paraformaldehyde for 48 hours, then preserved in 70%

ethanol. Knees were scanned according to the guidelines for μCT analysis of rodent bone

structure [29] (energy = 55 kVp, intensity = 114 mA, 10 μm nominal voxel size, integration

time = 900 ms). Analysis of trabecular bone in the distal femoral epiphysis was performed

by manually drawing contours on 2D transverse slices; the distal femoral epiphysis was

delineated as the region of trabecular bone enclosed by the growth plate and subchondral

cortical bone plate (Fig. 3). Using the manufacturer’s analysis software, we quantified

trabecular bone volume per total volume (BV/TV), trabecular thickness (Tb.Th), trabecular

separation (Tb.Sp), trabecular number (Tb.N), bone tissue mineral density (Tissue BMD; mg

HA/cm3 BV), and apparent mineral density (Apparent BMD; mg HA/cm3 TV). Osteophyte

volume was calculated for each knee. For this analysis, manual contours were drawn to

quantify all non-native mineralized tissue in and around the joint space, excluding naturally

ossified structures (patella, fabella, anterior and posterior horns of the menisci; Fig. 3).

Whole-joint histology of articular cartilage

Following μCT imaging, knees from the same 8 male mice and 8 female mice were analyzed

with whole-joint histology to quantify cartilage and joint deterioration. Knee joints were

decalcified for four days in 10% buffered formic acid, and processed for standard paraffin

embedding. From each joint, 4 sagittal slices of 6 μm thickness were sectioned from the

medial joint, separated by 250 μm. The medial joint was analyzed since this is the primary

site of joint degeneration in our previous studies, and in studies by other investigators using

similar models [24, 30]. Slides were stained with Safranin-O and Fast Green in order to

assess proteoglycan content, articular cartilage degeneration, and overall joint integrity.

Slides were blinded and graded by three independent readers using the semi-quantitative

OARSI scale [31]. Grades were assigned to the medial tibial plateau and medial femoral
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condyle. Grades from the three readers were averaged for each section, and all gradable

sections were averaged for each knee.

Statistical analysis

For all analyses, paired Student’s t-tests were used within each experimental group in order

to determine differences in injured vs. uninjured knees. Differences in FRI readings between

time points were analyzed with repeated measures ANOVA. FRI, μCT, and histology data

were compared between male and female mice at each time point using unpaired t-test.

Differences were considered statistically significant at p < 0.05 for all tests. All data is

presented as mean ± 95% confidence interval. We also performed a statistical analysis to

assess the effect of mouse position within the imaging chamber (left, right, center). We

performed repeated-measures ANOVA on radiant efficiencies of mice imaged in the three

positions, by delineating both the position on the stage and the position of a mouse leg with

respect to the center as additional ordinal variables.

Results

FRI quantification of protease, MMP, and cathepsin K activity

Protease activity (ProSense 680), MMP activity (MMPSense 680), and cathepsin K activity

(CatK 680 FAST) were all significantly increased in the injured knee compared to the

contralateral (uninjured) knee at all time points (Fig. 4–5; p < .05). No significant

differences were observed between male and female mice for any of the probes at any of the

time points examined. Uninjured mice did not exhibit significant differences between the

right and left knees at any time points. No differences in protease activity (ProSense 680)

were observed between uninjured mice and contralateral knees at any time points except at

14 days post-injury, at which point protease activity of uninjured mice was significantly

lower than contralateral knees, and significantly lower than all other time points for

uninjured mice.

Normalization of fluorescence data (injured/contralateral for each mouse) indicated that

MMPSense and ProSense were elevated 33–77% from days 1–14 post-injury, then

decreased at later time points while still remaining 24–37% greater than contralateral limbs

until at least 56 days post-injury. Normalized data from the CatK probe exhibited a less

consistent time course, with noticeable peaks in Cathepsin K activity at days 1 and 14. The

raw (non-normalized) CatK 680 signal exhibited significant increases in both the injured and

contralateral knees (Fig. 5), particularly at days 3 and 7 relative to other time points.

Fluorescence intensity for ProSense and MMPSense of the contralateral knees also varied

throughout the time course of the study, but did not exhibit the nearly 3-fold increase

observed for the CatK probe at day 3.

Analysis of imaging positions within the IVIS Spectrum confirmed that there were

significant differences in total radiant efficiency quantified between each of the respective

positions (p < .001) due to slight differences in illumination intensity. To account for this,

mouse position was included as a factor in all statistical analyses. Future studies will utilize

only one imaging position (center) in order to eliminate this confounding factor.
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Micro-computed tomography of femoral epiphysis

MicroCT analysis of injured and uninjured joints at Day 56 revealed a ~27% loss of

trabecular bone volume and notable osteophyte formation in injured joints relative to

uninjured joints, consistent with our previous findings [24, 25] (Fig. 6). We observed no

significant difference between males and females in osteophyte formation or trabecular bone

adapatation, as injured-contralateral differences in trabecular bone volume fraction (BV/

TV), connectivity density (Conn.Dens), structural model index (SMI), trabecular number

(Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) were all similar for

both sexes. We did, however, observe significant differences in the absolute values of some

trabecular bone parameters between male and female mice (not considering adaptation to

injury). For example, males exhibited significantly higher connectivity density (p < .001)

and trabecular number (p < .001) than females, while females exhibited significantly higher

trabecular thickness (p < .001) and trabecular separation (p < .001) than male mice. This is

consistent with previously published findings in mice [32].

Histological analysis of articular cartilage of the medial joint

Whole-joint histology of injured and uninjured knees revealed severe deterioration of

articular cartilage and subchondral bone in injured knees, often including full loss of

thickness and erosion of subchondral bone, representative of severe OA (Fig. 7).

Degradation of cartilage often extended into the subchondral bone causing bone-to-bone

contact. Osteophyte formation was also observed on the tibia and femur, along with growth

of new mineralized cartilage from menisci. The anterior portion of the tibial plateau was not

noticeably damaged, while the posterior tibial plateau exhibited erosion extending to the

growth plate. This pattern of degeneration is similar to what we have observed at 12 and 16

weeks post injury [25]. Histological grading revealed significant differences between injured

joints and uninjured control joints for both the tibial plateau (p < .001) and femoral condyle

(p < .001). No significant differences were observed between male and female mice.

Discussion

In this study, we used fluorescence reflectance imaging (FRI) to visualize and quantify the

time course of the biological response to traumatic joint injury in mice in vivo using near-

infrared fluorescent activatable probes that report on protease activity, MMP activity, and

cathepsin K activity. We confirmed that these processes are significantly increased in

injured joints relative to uninjured joints, particularly at early time points (1–14 days post-

injury), but contrary to our initial hypothesis, these processes did not return to control values

at later time points. Rather, the increased protease activity observed in injured joints

remained for the duration of the study (8 weeks).

This study used FRI to quantify and characterize the dynamic protease profile longitudinally

in the same animals during the development of injury-induced PTOA. We were able to

demonstrate that injured joints exhibited increased levels of protease activity, MMP activity,

and cathepsin K activity compared to uninjured knees. ProSense 680 specifically reports on

cysteine proteases such as Cathepsins B, L, and S, while CatK 680 reports specifically on

Cathepsin K activity, and MMPSense reports on a family of MMPs involved in
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inflammation. A role for cathepsins (excluding Cathepsin K) is well-established in

osteoarthritic progression, though they may not be the prime mediators of articular cartilage

deterioration or bone turnover [33–36]. Cathepsin K plays a major role in bone resorption

and aggrecan degradation; it has been recognized as one of the most abundant and primary

proteases in osteoclastic activity. Additionally, Cathepsin K has shown the ability to degrade

type II collagen, therefore it may also be directly involved in the degradation of articular

cartilage in addition to its role in osteoclast function [37]. MMPs are the primary

collagenolytic enzymes of osteoarthritic cartilage; MMP-13 is extremely active and MMP-3

is thought to be a collagenase activator [33], and MMP-9 is highly responsible for initiating

osteoclastic resorption by removing the collagenous layer from the bone surface before

demineralization begins [38].

In this study we observed increased Cathepsin K activity at days 3 and 7 post-injury relative

to other time points in both injured and contralateral knees following injury. This is

consistent with our previous study [24], in which we observed a decrease in trabecular bone

volume from the femoral epiphysis of both injured and contralateral knees by 7 days post-

injury. Similarly, a study of injured and contralateral knees in human subjects following

traumatic joint injury showed an increase in concentrations of aggrecan and cartilage

oligomeric matrix protein (COMP) fragments and stromelysin-l in contralateral knees [39].

In the current study we did not observe significant increases in early protease activity or

MMP activity in the contralateral knee relative to uninjured mice or later time points.

However, this contralateral effect should be carefully considered for studies of OA using

FRI, and future studies should more extensively utilize uninjured (sham) mice. It is common

practice to use an internal control for normalizing fluorescent signals with FRI

measurements, as this accounts for possible mouse-to-mouse differences in probe delivery.

Systemic variations in fluorescent signal strength may be due to probe delivery, exact

placement on the imaging stage, or illumination intensity. Normalizing by an internal

control for each mouse can theoretically account for these systemic variations in difference

in signal strength. However, taking into account the possible contralateral increases in these

biological processes following an acute injury, this may not be a suitable analysis method

for future studies of OA.

We did not detect any differences in PTOA development between male and female mice

using any of the analysis methods in this study. It is well known that female athletes are 4–6

times more likely than male athletes to sustain an ACL rupture during exercise or sports

[40–43], however studies of both humans and animal models suggest that males may have a

greater tendency to develop PTOA following traumatic joint injury [44–46]. However, the

specific mechanisms contributing to this sex-related disparity are unknown. In the current

study we did not observe any sex-based differences in the protease profile at any of the time

points. Furthermore, we did not observe any sex-based differences in articular cartilage or

subchondral bone degeneration at 56 days post-injury. This may be due to examining a

single time point when severe OA has already developed. An intermediate time point may

be useful for detecting sex-based differences in OA progression, similar to those observed

previously [45, 46].
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In vivo FRI was able to detect significant differences in fluorescent signal in injured vs.

contralateral knees using three different probes, however the high variability of this in vivo

imaging technique may limit the capability to observe relatively small differences in

fluorescence levels. For example, quantification of fluorescent signals using the IVIS

Spectrum system exhibited large variance and a strong dependence on position of mice

within the system. The IVIS Spectrum system produces a circular beam of light from the

epi-illumination excitation light source above the stage. Because we imaged three mice at a

time, the centrally located mouse received the most uniform illumination; whereas the mice

on the left and right sides had more non-uniformity. An analysis of mouse position within

the imaging system helped elucidate this issue, and by performing a repeated-measures

ANOVA on radiant efficiencies on mice imaged in different positions, we confirmed that

there was a significant difference in brightness between each respective position on the

stage, as well as the position of each leg, with respect to the center line. In addition, typical

issues of autofluorescence and attenuation by tissue are continually a concern for in vivo

imaging studies. In this respect, variations from mouse to mouse can make it difficult to

quantify fluorescence with accuracy and reliability, as the depth of penetration of irradiated

light can be considerably different. Future studies will minimize measurement variability by

using only the center imaging position, however the precision of this imaging technique for

detecting small differences in fluorescent signals remains unclear. However, despite these

limitations, we were able to successfully track the time course of protease, MMP, and

cathepsin K activity following knee injury in mice. This imaging method is non-invasive,

time and cost effective, and provides longitudinal data from individual mice at multiple time

points. In this way, FRI is a meaningful step forward for quantification of early biological

processes in mouse models of PTOA.

This study is also somewhat limited because we did not validate our in vivo fluorescent

signals with a histological “gold standard” such as immunohistochemistry or in situ

hybridization. Therefore, we are unable to attribute the observed fluorescent signals to

specific tissues associated with PTOA development. However, each of these fluorescent

activatable probes has been extensively validated and compared to histological standards

[12–19], and in particular have been validated for studies of musculoskeletal tissues [20–

23], therefore we are confident that the fluorescent signals are indicative of cellular

processes at the level of the whole joint. Our future studies will utilize histological

techniques to further characterize the specific tissues in which these fluorescent signals

originate following traumatic joint injury using this animal model.

Using commercially available fluorescent agents we were able to quantify the time course of

protease activity, MMP activity, and cathepsin K activity following traumatic injury to the

ACL, with noticeable peaks at early time points (1–7 days post-injury). This early response

may point to a “window of opportunity” in which treatments may be administered to most

efficiently stall the progression of OA. Cathepsin and MMP inhibitors have both been

utilized experimentally, both in the molecular and transcriptional pathways, as potential

therapies for hindering OA progression [33]. Future studies could investigate effective time

periods for treatment in the murine model, which can then be extrapolated into larger animal

models and human subjects.
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Conclusions

Using in vivo FRI, we observed substantial increases in protease activity, MMP activity, and

cathepsin K activity in injured joints compared to uninjured joints in mice following

traumatic knee injury. We successfully described the dynamic protease profile following

joint injury, and established FRI as a useful analysis method contributing to the

quantification of OA progression in mice. This study provides crucial information about the

time course of inflammation and cellular activity in a translatable mouse model of knee

injury, and may inform future studies aimed at targeting early inflammation to reduce the

development of PTOA.
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Figure 1.
Tibial compression setup for non-invasive knee injury. A single dynamic axial compressive

load was applied at 1 mm/s to the right lower leg to a target compressive force of 12 N to

produce ACL rupture. For uninjured mice, sham injury was performed by applying a 1–2 N

compressive load.
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Figure 2.
(A) Imaging positions for mice in the IVIS Spectrum system. Each mouse was imaged twice

at each time point in two different positions, and results from the two images were averaged

for each mouse/time point. (B) Regions of interest for quantifying fluorescent signals in

each knee. The region of interest was a uniform circle of 12.3 mm2 that was anatomically

selected around the knee on a grayscale photograph of the mice, such that the selection

criteria were unbiased by the fluorescent signals.
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Figure 3.
(Left) Trabecular bone volume of interest from the femoral epiphysis. (Right) Uninjured and

injured mouse knees at 56 days post-injury. Considerable osteophyte formation and joint

degeneration are apparent on the injured knee.
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Figure 4.
Representative pseudo-colored images of male and female mice imaged with each of the

fluorescent tracers at 3 and 14 days post-injury. Protease activity (ProSense 680), MMP

activity (MMPSense 680), and cathepsin K activity (CatK 680 FAST) were all significantly

increased in the injured knee compared to the contralateral knee at all time points.
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Figure 5.
(A–C) Total radiant efficiency values from each fluourescent activatable probe at each time

point of interest (n = 16 mice/time point for Injured and Contralateral data, n = 6 for Sham

data). (D–F) Normalized time course of total radiant efficiency (fluorescence intensity:

injured knee/contralateral knee) for the three probes. Normalized fluorescence levels of

MMPSense and ProSense were elevated from days 1 through 14, and decreased slightly at

later time points while still remaining significantly elevated compared to uninjured limbs

(above 1.0). CatK 680 FAST signals were increased in both the injured and contralateral

knees at days 3–7, suggesting a systemic bone loss at these time points. All data presented as

mean ± 95% confidence interval. * Injured > Contralateral (p < 0.05).
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Figure 6.
(A, C, D) MicroCT analysis of femoral epiphysis trabecular bone structural parameters from

injured and contralateral joints and (B) osteophyte volume of injured joints at 56 days post-

injury (n = 8 mice/sex). No significant differences were observed for any parameters

between males and females in adaptation to injury. All data presented as mean ± 95%

confidence interval. * Injured vs. Contralateral (p < 0.05), # Male vs. Female (p < 0.05).
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Figure 7.
Whole-joint histology of the medial aspect of injured and contralateral joints at 56 days

post-injury (n = 8 mice/sex for Injured data, n = 6 mice for Uninjured data). Injured joints

exhibited considerable deterioration of articular cartilage and subchondral bone, often

including full loss of thickness and erosion of subchondral bone, representative of severe

progressive OA (B–D). The anterior portion of the tibial plateau was not noticeably

damaged, while the posterior tibial plateau exhibited erosion extended down to the growth

plate. Articular cartilage grading revealed severe OA on both the tibial plateau and femoral

condyle (A). No significant differences were observed between male and female mice. All

data presented as mean ± 95% confidence interval. * Injured vs. Contralateral (p < 0.05).
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