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Non-Invasive Compression-Induced ACL Injury and In Vivo
Imaging of Protease Activity in Mice

Yu-Yang Lin,
Blaine A. Christiansen

University of California Davis Health, Department of Orthopaedic Surgery, Lawrence J. Ellison
Musculoskeletal Research Center, 2700 Stockton Blvd, Suite 2301, Sacramento, CA 95817

Abstract

Traumatic joint injuries such as anterior cruciate ligament (ACL) rupture or meniscus tears
commonly lead to post-traumatic osteoarthritis (PTOA) within 10-20 years following injury.
Understanding the early biological processes initiated by joint injuries (e.g., inflammation, matrix
metalloproteinases (MMPSs), cathepsin proteases, bone resorption) is crucial for understanding the
etiology of PTOA. However, there are few options for /n vivo measurement of these biological
processes, and the early biological responses may be confounded if invasive surgical techniques or
injections are used to initiate OA. In our studies of PTOA, we have used commercially available
near-infrared protease activatable probes combined with fluorescence reflectance imaging (FRI)
to quantify protease activity /n vivo following non-invasive compression-induced ACL injury

in mice. This non-invasive ACL injury method closely recapitulates clinically relevant injury
conditions and is completely aseptic since it does not involve disrupting the skin or the joint
capsule. The combination of these injury and imaging methods allows us to study the time course
of protease activity at multiple time points following a traumatic joint injury.

SUMMARY:

Non-invasive ACL injury is a reliable and clinically relevant method for initiating post-traumatic
osteoarthritis (PTOA) in mice. This injury method also allows for /n vivo quantification of
protease activity in the joint at early time points post-injury using protease-activatable near
infrared probes and fluorescence reflectance imaging.

INTRODUCTION:

Osteoarthritis is a pervasive health issue that affects millions of people in the United States?.
Post-traumatic osteoarthritis (PTOA) is a subset of OA that is initiated by a joint injury such
as anterior cruciate ligament (ACL) rupture, meniscus injury, or intra-articular fracture?. The
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proportion of symptomatic OA patients that can be classified as PTOA is at least 12%3,

and this etiology typically affects a younger population than idiopathic OA%. Mouse models
of OA are crucial tools for investigating disease etiology and potential OA treatments on a
much shorter timeline (4-12 weeks in mouse models compared to 10-20 years in humans).
However, the methods to initiate OA in mice commonly involve invasive surgical techniques
such as ACL transection®8, removal or destabilization of the medial meniscus®’~16, or a
combination of the twol7~19, which do not reproduce clinically relevant injury conditions.
Surgical models also exacerbate inflammation in the joint due to disruption of the joint
capsule, which could accelerate OA progression.

Non-invasive knee injury mouse models provide the opportunity to study biological and
biomechanical changes at early time points post-injury and may yield more clinically
relevant results20. Our lab has established a non-invasive injury model that uses a single
externally applied tibial compression overload to induce anterior cruciate ligament (ACL)
rupture in mice21-24, This non-invasive injury method is able to produce an aseptic joint
injury without disrupting the skin or joint capsule.

Fluorescence reflectance imaging (FRI) is an optical imaging method that involves exciting
a target with infrared light at a specific wavelength and quantifying the reflected light
emitted at another wavelength. Commercially available protease-specific probes can be
injected into animal models and FRI can then be used to quantify protease activity at
specific sites such as the knee joint. This method has been widely used for /n vivo detection
of biological activities such as inflammation. The probes used for this application are
fluorescently quenched until they encounter relevant proteases. Those proteases will then
break an enzyme cleavage site on the probes after which they will produce a near-infrared
fluorescent signal. These probes and this imaging method have been extensively validated
and used in studies of cancer?>-28 and atherosclerosis?9-32, and our group has used them
for studies of the musculoskeletal system to measure markers of inflammation and matrix
degradation?3:2433,

Together, non-invasive joint injury combined with in vivo FRI and protease activatable
probes provide a unique ability to track inflammation and protease activity following a
traumatic joint injury. This analysis can be done as early as hours or even minutes after
injury, and the same animal can be assessed multiple times to study the time course of
protease activity in the joint. Importantly, this imaging method may not be feasible when
combined with surgical models of OA, since disruption of the skin and joint capsule results
in a fluorescence signal that would confound the signal from within the joint.

PROTOCOL:

All procedures described have been approved by the Institutional Animal Care and Use
Committee at the University of California Davis.
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Non-Invasive ACL Injury

ACL injury produced by an externally applied compressive load is a simple and reproducible
method that closely recapitulates ACL injury conditions in humans. This protocol is written
for the ElectroForce 3200 system but could be adapted for similar systems.

Procedure:
1 Open the WinTest software and select an existing control file or create a new file.
2. Turn on the power to the actuator.
3. In calibration menu, tare the force reading of the load cell and set the

displacement of the actuator to ‘0.

4, Use 1-4% inhaled isoflurane in oxygen to anesthetize animals and ensure the
mice are fully anesthetized by toe pinch and/or tail pinch.

5. Place the mouse in a prone position on the platform. Position the lower leg
vertically between two loading fixtures (Fig. 1). Fit the foot into the cutout of the
top fixture and the knee in the cup of the bottom fixture.

6. Manually adjust the height of bottom fixture to apply a preload of 1-2 N
(monitored in real time on the computer screen) and tighten the set screw to
hold the position. The preload is necessary to hold the leg in the correct position
prior to applying the injury load.

7. Apply a single compressive load to a target force (~12-15 N) or target
displacement (~1.5-2.0 mm). Applying the load at a slower loading rate (~1
mm/s) will provide a greater level of real-time monitoring and control but will
likely result in an avulsion failure of the ACL. Applying a faster loading rate
(~200 mm/s) will be more likely to produce a mid-substance ACL injury?2,
The loading rate can be set in the software control file and confirmed using the
force-displacement data.

NOTE: Bone fracture during tibial compression loading is typically not a
concern since the fracture force (~20 N) is considerably higher than the ACL
injury force. However, this should be monitored with palpation, and imaging
(i.e., x-ray) can be used to confirm that no tibial fractures have occurred.

8. Injury is typically indicated with a sound (“click” or “crunch”) and a release of
force that is identifiable on the force-displacement plots (Fig. 1(c)). If a slower
loading rate is used, the compressive load should be stopped immediately after
injury to prevent further loading and possible damage to other joint tissues.

NOTE: ACL injury typically occurs at 8-15 N depending on body mass34. It is
important to set a target force greater than the anticipated ACL injury force.

9.  ACL injury can be confirmed using an anterior-posterior drawer test3%:36 or
comparable assessment of joint instability.

10.  Administer an animal weight-dependent dose (0.1 mg/kg) of analgesic
(buprenorphine) to mice post-injury.

J Vis Exp. Author manuscript; available in PMC 2023 November 27.
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Fluorescence Reflectance Imaging (FRI)

1. Mice Fur Removal—For optical imaging, animal fur (particularly dark fur) is highly
effective at blocking, absorbing, and scattering light, therefore fur must be removed as much
as possible from the area around the knee joints before imaging. A depilatory cream is
typically more effective for fur removal than clippers. Nude or hairless mice don’t require
fur removal. However, for most commonly used mouse strains (e.g., C57BL/6) fur removal
is necessary. If possible, feed mice with low-fluorescence food before imaging (e.g., Teklad
Diets, TD.94045, AIN-93G Purified Diet, Envigo, Indianapolis, IN). Standard mouse chow
contains chlorophyll which auto-fluoresces with a wavelength around 700 nm and may
affect data collection from the near-infrared FRI system.

Procedure:

11

12

13

14

Anesthetize mice with 1-4% inhaled isoflurane in oxygen. Keep mice on a
heating pad as much as possible and apply eye ointment to prevent irritation of
the eyes.

Use a cotton swab to apply depilatory cream onto the anterior (cranial) aspect of
the legs of the mice around the knee joint.

Let the cream stand for ~1 minute, then use wipes to remove the cream and fur
from the leg. Repeat if necessary.

Once the knee joints are fully exposed without any fur covering the area, clean
the legs with alcohol wipes to remove any remaining depilatory cream.

NOTE: Depilatory cream can be used on the same mice multiple times
throughout a study, but these applications should be at least one week apart
to prevent unnecessary irritation of the skin.

2. Preparation of the Probe Solution—Procedure:

21

22

23

If necessary, dilute the fluorescence activatable probe according to the
manufacturer’s instructions in sterile 1x phosphate buffered saline (PBS). One
vial of the commercially available probe (see Table of Materials) typically
contains 20 nmol in 0.15 mL 1 x PBS. To dilute the solution in the vial, add 1.35
mL of 1 x PBS to make 20 nmol in 1.5 mL 1 x PBS.

NOTE: After dilution, one vial can be used to image 10 mice when injecting
0.15 mL per mouse.

\ortex the solution with a minimum speed set of “5” (~2000 RPM) for 30s
to ensure that the probe is dissolved in solution and then centrifuge briefly to
ensure that all liquid is out of the lid.

The solution can be stored at 2-8° C in a location that is protected from light for
up to 12 months.

3. Retro-Orbital Injection3’—Procedure:

J Vis Exp. Author manuscript; available in PMC 2023 November 27.
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Use 1-4% inhaled isoflurane in oxygen to anesthetize mice and place the mouse
on its side with the snout in a nose cone.

Use ~29G insulin syringes for injection of probe solution
Keep the syringe covered before use to prevent exposure to light.
When doing injection:

3.4.1 The injection should be administered on the inside of the eye (lacrimal
caruncula), and the bevel of the syringe should be angled towards the
eye. For right-handed people, it is recommended to inject into the right
eye of the mouse with the animal facing right.

3.4.2 With the non-injecting hand, gently pull back the skin around the eye
to stabilize the head and cause the eye to protrude.

3.4.3 Angle the syringe parallel to the body of the mouse.

3.4.4 Gently advance the syringe past the eye until it meets rigid resistance,
do not attempt to push past this point.

3.4.5 Slowly inject the probe solution into the retro-orbital sinus, then
slowly pull the needle out of the eye socket. If no solution comes
out with the needle, the injection was successful.

3.4.6 Apply saline or eye ointment to the injected eye.

NOTE: Based on the documentation provided with the imaging probes,
the optimal imaging time is typically between 1 and 2 days after
injection of the probe solution. If possible, it is recommended to do an
initial time screening to determine the optimal imaging time for each
specific application.

NOTE: Mice will metabolize the injected probe within approximately
7 days, after which a new dose of probe solution will need to be
injected if additional time points are desired.

4. Fluorescence Reflectance Imaging—The procedures in this section are specific
to the IVIS Spectrum Imaging System. Similar imaging can be performed with comparable

systems.

Procedure:

4.1

4.2

4.3

Anesthetize mice with 1-4% inhaled isoflurane in oxygen and place supine in
the imaging system with the snout in a nose cone.

Position the mouse with the lower legs extended so that the knees are pointed
slightly in the air (it may be necessary to tape down the feet). It is critical that a
consistent positioning is used for all animals.

Opening the Living Image software on the imaging system computer; the Living
Image IVIS Acquisition Control Panel will appear.

J Vis Exp. Author manuscript; available in PMC 2023 November 27.
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To warm up the system, click ‘Initialize” and wait until the temperature light
turns green.

Click ‘Imaging Wizard’ and the Imaging Wizard window will appear.

Click “Filter Pair’, and make sure the setting is on ‘Epi-lllumination’, then press
‘Next’.

To select the correct excitation/emission settings, find your probe of interest
from the pulldown list. If you can’t find the correct probe, find the Name “Input
Ex/Em’ and manually type in the value of Excitation Peak and Emission Peak
based on the property of the probe that you use (e.g., for Excitation Peak, enter
675, and for Emission Peak, enter 720). Click ‘Next’.

Choose ‘“Mouse’ for Imaging Subject. In Exposure Parameters, make sure the
‘Auto Settings’ is checked, and the ‘Fluorescent’ and ‘Photograph’ options
should be both selected. Select ‘D —22.6 cm’ in the checklist of Field of View.
Press “‘Next’.

Imaging setting can be seen and modified on the right panel of the IVIS
Acquisition Control Panel. Make sure that all settings are correct and then press
the ‘Acquire Sequence’ button. After the image shows up, confirm that the
image had adequate exposure. If not, change the exposure time setting and click
‘Acquire Sequence’ again.

To analyze the image, position a region of interest (ROI) circle with consistent
size over each knee joint on the black and white image (this prevents biased
positioning based on areas of fluorescent signal). Calculate total radiant
efficiency and/or average radiant efficiency for each knee joint. If the radiant
efficiency is also calculated on the contralateral legs, the data can be normalized
by dividing the radiant efficiency measurement for the injured leg by the radiant
efficiency measurement of the contralateral leg.

NOTE: If a region of interest with consistent area is used for all knees, both

total radiant efficiency and average radiant efficiency will yield similar results. If
regions of interest with different sizes are used, using average radiant efficiency
is recommended.

NOTE: Normalizing radiant efficiency data from the injured joint by the data
from the uninjured contralateral knee will provide an internal control to account
for any differences in the amount of probe injected and the delivery efficiency
between different animals.

REPRESENTATIVE RESULTS:

After applying a single compressive force (1 mm/s until injury) on the lower legs of
3-month-old male C57BL/6J mice, ACL injury was consistently induced in all mice. The
average compressive force at knee injury was approximately 10 N (Figure 1).

J Vis Exp. Author manuscript; available in PMC 2023 November 27.
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FRI analysis showed significantly greater protease activity in the injured joints of mice
subjected to non-invasive ACL injury at 7 days following injury (Figure 2). We also
performed FRI analysis of knee joints from mice that underwent surgical restabilization
of the knee joint immediately after non-invasive ACL injury, similar to what has been
previously described in rats35:36:38, This analysis showed considerably greater fluorescent
signal in mice that were subjected to restabilization surgery compared to mice that did not
have surgery at both 2 and 4 weeks post-injury. These data suggest that invasive surgical
procedures can confound the analysis of protease activity in the joint.

DISCUSSION:

Our lab has established and rigorously described a reproducible non-invasive method for
inducing ACL injury in mice20:21.24.33 This simple and efficient injury method can be
performed in just a few minutes, which facilitates high-throughput studies of PTOA. This
injury method also closely recapitulates injury conditions relevant to human ACL injury.
Surgical methods used to induce OA in mice may preclude the use of in vivo imaging
methods to measure the time course and magnitude of protease activity in the joint following
injury. In contrast, non-invasive OA mouse models (reviewed in2%) combined with FRI
provide a unique capability for in vivo imaging of protease activity in mouse knee joints
following injury.

The inflammatory response following injury is critically important in OA progression.
However, the methods used to analyze inflammation in the joint are typically expensive,
time-consuming, and destructive. For example, techniques such as reverse transcription
polymerase chain reaction (RT-PCR) or RNAseq can be used to quantify a wide array of
genes in whole joints, individual tissues, or single cells. However, this method requires
mice to be euthanized to acquire injured and uninjured knee joints. These mice cannot

be analyzed at multiple time points such as an early time point during the peak protease
response (i.e. 3-14 days after injury) and a later time point when OA is more severe (i.e.,
4-6 weeks after injury). In contrast, FRI combined with non-invasive joint injury provides
the ability to analyze protease activity at multiple time points in the knee joints of mice in
vivo39. This allows for longitudinal analysis of the same mice and makes FRI a relatively
lower cost outcome than RT-PCR or RNAseq. In addition, multiple probes or targets can

be imaged simultaneously at different wavelengths, which can provide multiple results for
different purposes. Measuring protease activity in the joint using FRI does not provide a
rigorous quantification of all inflammatory processes that occur during OA progression, but
the in vivo and longitudinal data provided by this method may still be useful for tracking the
magnitude and time course of inflammatory protease activity following joint injury.

The fluorescence activatable probe solution used for FRI imaging of protease activity must
be delivered intravenously (1V). The most common ways to perform IV injection in mice
is tail vein injection and retro-orbital injection. Retro-orbital injection is often easier to
perform and more easily facilitates the necessary injection volume than tail vein injection.
Literature also indicates that retro-orbital delivery may cause less stress to mice with no
difference in drug delivery or efficacy compared to the tail vein injection®C. These findings

J Vis Exp. Author manuscript; available in PMC 2023 November 27.
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suggest that retro-orbital injection is suitable for injection of the fluorescence activatable
probe solution for FRI imaging.

The resolution of FRI is relatively low compared to some other imaging techniques, but the
quantitative results can provide sufficient information on the time course and magnitude of
the inflammatory protease response during OA progression. A limitation of this technique
is that tissue autofluorescence could affect the results, but this problem can be solved with
a thorough plan before the experiment (probe type, strain of mice, animal positioning, etc.).
Unlike other preclinical imaging methods (e.g., microPET, microSPECT, microCT, MRI),
FRI is not able to be directly translated to a clinical imaging modality due to the drastic
differences in size between mice and humans, since the depth of light penetration is limited.
However, in preclinical studies using rodent models, the knee joint is close to the skin with
minimal soft tissue coverage. Consequently, FRI is an effective tool for detecting protease
activity in the knee joint of mice.

In conclusion, non-invasive ACL injury provides a simple and reproducible method to
initiate PTOA in mice. This injury method also facilitates the use of protease-activatable
probes and Fluorescence Reflectance Imaging for in vivo measurement of the time course
and magnitude of inflammatory protease activity in mouse joints during OA progression.
Future studies could use these techniques and the multiple commercially available near-
infrared fluorescence activatable probes to investigate mechanisms of OA progression in
mice with different ages, sexes, and genetic backgrounds or to evaluate potential therapies
for slowing or preventing OA progression after joint injury.
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Figure 1: Non-invasive ACL injury setup and a force-time plot duringinjury.

(A-B) The mouse’s lower leg is positioned vertically in the system, with the ankle placed in
a notch of the top fixture and the knee joint placed in a shallow cup on the bottom fixture.
The bottom fixture is locked into place with a set screw after manually applying a preload of
1-2 N. (C) Force-displacement plot, which shows ACL injury at approximately 9 N.
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Figure 2: Fluorescence Reflectance | maging detecting protease activity in mouse kneejoints.
(A-B) Representative images of uninjured (A) and injured (B) mice following injury. (C)
Average radiant efficiency of both knee joints for uninjured and injured mice one week
following non-invasive ACL injury. Injured joints showed 43% greater average radiant

efficiency compared to contralateral joints and joints from uninjured mice. (D) Normalized

total radiant efficiency (R/L) for non-invasively injured mice and injured mice that were
also subjected to joint restabilization surgery. We commonly observe a ~30-80% greater

radiant efficiency in injured joints compared to contralateral joints at 1-4 weeks post-injury.

J Vis Exp. Author manuscript; available in PMC 2023 November 27.

** = <0.01



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lin and Christiansen

Page 13

In contrast, surgically operated joints exhibited ~300% greater radiant efficiency at week 4
compared to contralateral joints, suggesting a notable confounding effect of surgery.
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