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1. Background

In mostmammals including humans, endogenous cartilage repair
is an ineffective process. If the cartilage defect is deep enough to
reach the marrow cavity, repair can be observed; however the repair
tissue usually consists entirely of fibrocartilage. Fibrocartilage is
inferior to hyaline cartilage with respect to robustness since it is
composed mainly of collagen type 1 rather than type 2 [1] and is
unable to withstand the same mechanical loading as the original
hyaline cartilage surface. A number of research groups have
independently confirmed the presence of stem cells in the joint
environment (synovial membrane and fluid) that are able to
differentiate into chondrocytes and produce hyaline like cartilage
(in vitro), suggesting that an intrinsic cartilage repair mechanism
may exist. However, to study cartilage repair in vivo, it is necessary to
identify appropriate controls that demonstrate some level of
endogenous repair. The mouse strain MRL/MpJ (MRL) is of particular
interest in this regard. In one study, an intraarticular fracture was
induced in C57BL/6 (C57) and MRL mice and evaluated for
post-traumatic arthritis [2]. At 4 and 8 weeks after injury, MRL
mice did not show the gross morphological changes that occurred in
the C57 mice [2]. In a separate study, the authors induced full
thickness cartilage lesions in C57 andMRLmice and evaluated injury
sites at 6 and 12 weeks [3]. The authors observed that full thickness
lesions resulted in significant repair in MRL mice at both 6 and
12 week time points, while limited to no repair was observed in C57
mice over the same period of time [3]. Furthermore, the repair tissue
was comprised of chondrocytes and exhibited a hyaline cartilage-
like structure including proteoglycan and collagen expression.
However, it is important to note that all these studies rely on end
point histological examination of the cartilage and this has two
important drawbacks; (i) examination of individual animals at
different time points does not account for animal to animal
variability, and (ii) these methods of cartilage repair assessment
cannot be clinically translated.
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The use of magnetic resonance imaging (MRI) for cartilage
evaluation continues to be intensely evaluated. Compared to the use
of X-ray, MRI is ideal due to its capacity to visualize not only cartilage
but also the surrounding tissues in the joint. The use of MRI in rodent
cartilage repair studies, however, remains limited. Preclinical studies
involving focal cartilage repair often utilize large animal models such
as rabbits, sheep, dogs, pigs, etc. Murine models are underutilized
due to the gross size of the joint, and also the cartilage thickness:
rodent cartilage is only a few cells thick and thus correlating
mechanisms of degeneration and/or repair in rodents to that of
humans is difficult [4]. Despite these potential biological limitations/
differences, the wide spectrum of genetic tools that are available in
mice makes the use of this animal model ideal to study complex
systems and has led to the development of various murine cartilage
injury models [2,5]. While longitudinal studies regarding cartilage
repair have been undertaken in patients and in larger animalmodels,
a robust method has yet to be developed that will allow for mouse
cartilage to be repeatedly and non-invasively evaluated over time.

In this study, we adapted a previously published protocol for
mouse model of focal cartilage defect [5] and sought to determine
whether MRI could be used to evaluate morphological differences in
cartilage repair between C57 and MRL mice.

2. Materials and methods

All animal experiments were done in accordance to the standards
of the research ethics committee at the University of Calgary.

2.1. Creating surgical apparatus—stopped needle

A custommade stopped needle was used to induce a standardized
cartilage defect. Similar to the needle described by Eltawil et al. [5], a
stopper in the form of a bead was made from Apoxie Sculpt® and
placed on a 26 gauge (26G) needle (BD Biosciences) such that
approximately 1.45 mm of the tip was exposed. For sterilization,
stopped needles were exposed to UV radiation for 15 minutes.

2.2. Inducing cartilage defect

The ‘pin-prick’ technique used in this study for inducing focal
cartilage defects has been previously described and validated [5].
Briefly, a small skin incision on the medial side of the left knee was
made to expose the patella and the associated tendon. Keeping the
knee extended, the tip of our custom-made 26G stopped needle was
inserted under the patella tendon from the medial side and aimed
towards the femur. Pressure was applied with a rotational motion
until the tissue was at the hilt of the stopper. The resistance upon
withdrawing the needle and bleeding indicated that the needle had
successfully penetrated into the subchondral bone.

2.3. Experimental outline

Focal cartilage defects were induced in the left knee of 4- to
6-week-old mice (n = 3 per timepoint, per strain). Injuries were
induced in the first group of animals, which were allocated for the
t = 0 timepoint (euthanized immediately after injury), while
remaining animals were euthanized at 1 hour, 2 weeks and
4 weeks post-injury. At the endpoints, both legs were dissected
out and fixed with 10% neutral buffered formalin (NBF).

2.4. Magnetic resonance imaging (MRI)

After fixation, samples were imaged ex vivo using a 9.4 T/21 cm
horizontal bore magnet (Magnex, UK) with a Biospec console
(Bruker, Germany) and a cryogenic transceive quadrature RF surface
coil (CryoProbe, Bruker, Germany) [6]. A proton density weighted,
four-segment Rapid Acquisition with Relaxation Enhancement
(RARE) sequence was used with the following parameters: RARE
factor = 4, repetition time = 2000 ms, echo time = 9.346 ms,
FOV = 1.92 cm, slice thickness = 0.25 mm, matrix = 256 × 256,
and averages = 12. Once imaged, samples were processed, embed-
ded into paraffin wax, and sectioned at 7 μm thickness.

2.5. Characterizing defect size by image analysis

Tip to bead distance on the surgical apparatus was measured
using calipers. To measure defect size in an MRI scan, pixel size was
calculated to be 75 μm × 75 μm with a slice thickness of 250 μm.
MRI scan section was saved as a DICOM (.dcm extension) file and
subsequently opened with ImageJ software. Under image ➔

properties, unit of length was set to μm, pixel width and depth
were set to 75 μm, and voxel depth was set to 250 μm. The defect
was measured using the straight line tool, where the length of the
drawn line was given. To measure the defect size in the correspond-
ing histological image, the TIF file containing a scale bar was opened
with ImageJ. Using the straight line tool, a line was drawn to the
length of the scale bar. Under analyze➔ set scale, length of scale bar
and the unit of length was entered into known distance and the box
next to ‘global selection’ was selected. The defect was measured
using the straight line tool where length of the line drawn was now
presented in the unit of measurement (length) entered. Signal
intensity was quantified using SPIN (Magnetic Resonance Imaging
Institute for Biomedical Research). The signal intensity of the defect
was acquired and then normalized to the signal intensity of the bone
marrow in the same mouse. The signal intensity of the defect area
was then normalized to the bone marrow signal intensities obtained
from each strain of mouse at each time point.

2.6. Histological analysis

Legs were fixed for 3 days in 10% NBF and decalcified in 10% EDTA
for three weeks. After decalcification was completed, samples are
washed with water and underwent tissue processing and embed-
ding. Paraffin-embedded tissue sections at 7 μm thick were stained
with Safranin-O and graded using a scoring matrix previously
described [3].

3. Results

3.1. Characterization of the cartilage defect with MRI and histology

Defects induced using 26G needles were characterized using MRI
and histology and compared with the measurements of the surgical
device itself and non-injured joints (Fig. 1). A representative image
of the defect in a disarticulated injured femur (Fig. 1A) has been
stained with India ink to demonstrate the position of the defect in
the femoral groove. The external diameter of the needle, as provided
by the manufacturer (BD Bioscience), was 0.45 mm (450 μm). The
length from the tip of the needle to the edge of stopper was
approximately 1.45 mm (1450 μm) as measured using calipers. The
MRI scans of an injured knee at time 0 post-injury revealed a
localized increase in signal intensity below the patella (Fig. 1D, F, H)
compared to an MRI of a non-injured leg (Fig. 1B). The hyperintense
area was measured using ImageJ and to be 375 μm in diameter and
1125 μm in length for mouse 1 (Fig. 1D), 213 μm by 1025 μm for
mouse 2 (Fig. 1F) and 515 μm by 1065 μm for mouse 3 (Fig. 1H).
ImageJ analysis of Safranin-O stained sections from the same
samples demonstrated a defect opening of 441 μm for mouse 1
(Fig. 1E), 271 μm for mouse 2 (Fig. 1G) and 587 μm for mouse 3
(Fig. 1I).



Fig. 1. Visualization of non-injured and injured joints. An isolated mouse femur that
has been stained with India ink after injury to demonstrate the relative position of the
defect (A). Non-injured kneeswere assessed usingMRI (B) and Safranin-O (C). Injured
knees at 0 weeks post-surgery assessed by MRI (D, F, H) and Safranin-O (E, G, I), the
defect area is indicated by the yellow boxes. Scale bar equal to 500 μm.
3.2. Defects can be visualized with MRI up to 4 weeks post-injury in
both strains

Side by side comparisons of histology and MRI scans show that a
focal cartilage injury can be visualized up to 4 weeks in both C57 and
MRL mice (Fig. 2). MRI scans for both strains at the 1 hour after
injury time point display decreased signal intensity compared to the
time 0 images (Fig. 1) within the injury sites, with hyperintense
signaling at the defect further decreasing over time in both strains
(Fig. 2). Hypointense signaling in the patella and striations were also
observed to be localized at load-bearing areas in both MRL and C57
mice (Fig. 2). Compared to non-injured legs, thickness of the
hypointense layer at the cartilage surface in C57 mice appeared to
decrease after injury (Fig. 2A) but was observed to be maintained in
MRL mice (Fig. 2B).

Areas with proteoglycan staining corresponded to areas of
hypointense signaling as assessed by MRI (Fig. 2), although the
correlation between the two was not exclusive. In some animals,
hypointense signaling was present in the corresponding MRI scan in
areas where proteoglycan staining in the patellar tendon was not
present (Fig. 2). Furthermore, increased signal intensity was
observed not only at the site of injury at 1 h after injury, but also
at 4 weeks post-defect in two of the three C57 mice that displayed
gross morphological changes in the injured knee (Fig. 2A). In these
mice hyperintense signaling was observed not only in the defect but
also in the tissues surrounding the joint and this was not observed in
the MRL mice at 4 weeks (Fig. 2B).

The signal intensity of the defect area was quantified in each
strain at each time point and it was found that signal intensity
increased after injury in both strains with C57 intensity peaking at
4 weeks (Fig. 2C) and MRL intensity peaking at 2 weeks (Fig. 2D). At
4 weeks post-injury, MRL signal intensity in the defect area had
almost returned to control levels, however, C57 levels remained high
(Fig. 2E). When the injury was histologically graded a significant
difference was also observed between C57 and MRL healing, with
MRL mice demonstrating significantly better healing the C57 mice at
4 weeks (Fig. 2F).

4. Discussion

MRI can be used to visualize cartilage in a rodent focal cartilage
injury model. Defect size as measured by MRI correlated well with
the size of the needle used to make the injury, as well as the defect
measurements generated from histological sections. The localized
increase in signal intensity at the site of injury ismost likely due to an
influx in fluid content.

Having established and validated a cartilage injury model, we set
out to characterize the early healing process following a focal
cartilage injury in both C57 andMRLmice. It was evident that defects
could still be visualized for up to 4 weeks post-injury. In both strains,
we observed hypointense signaling in the patella and its associated
tendon while striations were seen in load bearing areas. These
findings have been documented before in humans and have been
associatedwith areas of high collagen and high proteoglycan content
[7]. We observed, however, that signal intensity does not always
correlate with proteoglycan content. Comparing section histology
with the correspondingMRI scan, we also observed that hypointense
signaling in the patella and tendon occurs despite low levels of
Safranin-O staining.

In support of previous studies [2,3], we found that at 4 weeks
post-injury, repair in MRLmice was significantly superior to repair in
C57 animals (Fig. 2). Interestingly, two of the C57 animals displayed
gross changes in knee morphology at 4 weeks post-injury. Hyper-
plasia of the patella and the associated tendon was observed but the
MRI showed a clear, structural distinction between the patella and



Fig. 2. Histological and MRI analysis of injured knees at 2 and 4 weeks post-injury in both C57BL/6 (A) and MRL/MpJ (B) mice. Quantification of signal intensity in the defect area
of C57 (C) andMRL (D) demonstrates that MRLmice have a lower signal intensity at 4 weeks post-injury compared to C57mice at the same time point (E). This corresponds with
MRL mice demonstrating a significantly better repair compared to C57 mice (F). Defects are highlighted in the red boxes in both the Safranin-O stains as well as in the respective
MRI scans. Scale bar equal to 500 μm.
the new tissue growth (Fig. 2). The latter is associated with an
increase in signal intensity while the patella is clearly outlined by the
hypointense signaling. Hyperintensities could be due to changes in
water content but this seems unlikely to be the sole reason due to the
fibrotic appearance of the new growth. A more plausible cause could
be due to changes in collagen fibers and other structural components
that resulted in the increase in signal intensity [8,9].

Nevertheless, our data suggest that ex vivo MRI can reveal
structural and morphological changes in the joint tissue in response
to injury that is not evident in histology. Further analysis to
distinguish how signal intensity corresponds to the composition of
repair tissue will be needed before MRI can be used as a tool for
monitoring in vivo mouse models of cartilage injury.
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