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gression limits the development of effective long-term treatments. Quantita-
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tively tracking spatiotemporal patterns of cartilage and bone degeneration is
critical for assessment of more appropriately targeted OA therapies. In this
study, we use contrast-enhanced micro-computed tomography (pCT) to estab-
lish a timeline of subchondral plate (SCP) and cartilage changes in the murine
femur after destabilization of the medial meniscus (DMM). We performed
DMM or sham surgery in 10-12-week-old male C57Bl/6J mice. Femora were
imaged using pCT after 0, 2, 4, or 8 weeks. Cartilage-optimized scans were per-
formed after immersion in contrast agent CA4+. Bone mineral density distri-
bution (BMDD), cartilage attenuation, SCP, and cartilage thickness and
volume were measured, including lateral and medial femoral condyle and
patellar groove compartments. As early as 2 weeks post-DMM, cartilage thick-
ness significantly increased and cartilage attenuation, SCP volume, and BMDD

mean significantly decreased. Trends in cartilage and SCP metrics within each
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1 | INTRODUCTION

Osteoarthritis (OA) is a highly prevalent disease with lim-
ited treatment options (Murphy & Helmick, 2012). Cur-
rently available treatments include surgical corrections and
intraarticular injections to decrease the inflammatory
response, but no interventions halt or reverse damage to tis-
sue structure and biomechanical function. Development of
an effective disease-modifying OA drug is partly hindered
by an incomplete understanding of the mechanisms of OA
onset and progression (Vincent, 2020). Although some
genetic predispositions are associated with increased risk of
OA development (Miyamoto et al., 2007, Valdes &
Spector, 2008), for many patients, precise mechanisms and
timing of onset and progression are often uncertain.

OA studies typically focus on cartilage and bone due to
the severity of structural, biochemical, and mechanical
changes in these tissues. Several studies describe the mecha-
nism of onset in both tissues, and the crosstalk between
subchondral bone and cartilage is well established in
in vitro and in vivo models (Goldring, 2012; Lin et al., 2010;
Lories & Luyten, 2011; Pan et al., 2012; Sanchez et al., 2005;
Westacott et al., 1997). However, even in well-defined ani-
mal models of OA, it often remains unclear whether degen-
erative changes develop and progress first in the bone or
the cartilage (Alliston et al, 2018; Goldring &
Goldring, 2016). Alternatively, cartilage and subchondral
bone may respond simultaneously, particularly in cases of
joint instability and post-traumatic OA. Because the pro-
gression of OA may differ depending on the initiation, it is
important to measure with high spatial resolution the struc-
tural and compositional changes that both bone and carti-
lage undergo to further understanding of OA progression
and to guide the development and assessment of appropri-
ately timed and targeted therapies.

A critical barrier to understanding the progression of
OA changes in bone and cartilage, especially within

joint compartment reflected those seen in global measurements, and both BMDD
and SCP thickness were consistently greater in the lateral and medial condyles
than the patellar groove. Sham surgery also resulted in significant changes to SCP
and cartilage metrics, highlighting a potential limitation of using surgical models
to study tissue morphology or composition changes during OA progression.
Contrast-enhanced pCT analysis is an effective tool to monitor changes in mor-
phology and composition of cartilage, and when combined with bone-optimized
pCT, can be used to assess the progression of degenerative changes after joint

cartilage, contrast-enhanced micro-computed tomography, murine model, post-traumatic
osteoarthritis, subchondral plate

commonly used murine model studies, is the lack of
quantitative tools capable of sensitively analyzing struc-
tural and compositional changes in both tissues, within
the same specimen and at micron-level resolutions.
While micro-computed tomography (uCT) has long been
used to assess three-dimensional (3D) bone morphology
and mineral density (Bouxsein et al., 2010), measure-
ments of cartilage structure and composition are often
limited to 2D histology and semi-quantitative scoring
systems (Glasson et al., 2010; Pritzker et al., 2006). To
overcome this limitation, we utilize nondestructive, high-
resolution pCT with an iodinated, cationic contrast agent
that partitions preferentially to the negatively charged
proteoglycans in cartilage (Bansal, Joshi, et al., 2011;
Bansal, Stewart, et al., 2011; Mashiatulla, Moran,
et al., 2017; Stewart et al., 2013) but can target any nega-
tively charged tissues present. High-resolution measure-
ments of structure and composition in both cartilage and
subchondral bone are thus possible with a single imaging
modality and within the same sample. In addition, x-ray
attenuation in cartilage with cationic contrast agents cor-
relates to glycosaminoglycan (GAG) content and
mechanical properties (Lakin et al., 2016). Thus, pCT
provides 3D tissue morphology alongside measurements
of extracellular matrix composition within cartilage and
subchondral bone, making it a powerful tool to assess
animal models of OA.

In this study, contrast-enhanced pCT using CA4+
(Mashiatulla, Moran, et al., 2017) enables a timeline of
femoral bone and cartilage changes in mice after surgical
destabilization of the medial meniscus (DMM) (Glasson
et al., 2007). We constructed this profile of OA progres-
sion using mice euthanized at 0, 1, 2, 4, and 8 weeks after
DMM. Subchondral plate (SCP) thickness, volume, and
bone mineral density distribution (BMDD) were quanti-
fied from high-resolution pCT images. Cartilage thick-
ness, volume, and mean x-ray attenuation were then
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TABLE 1 Experimental setup with mouse numbers
Procedure and End point [weeks] 0+ 2 4 8
Destabilization of medial meniscus n=15" n=38 n=8® n=10° n=9
Sham (arthrotomy only) n=3 n=>5 n=>5° — n=>5
Naive (age-matched) n=>s° — — n==6
Mouse age at end point 12 weeks 13 weeks 14 weeks 16 weeks 20 weeks

“Contralateral joint missing due to postmortem dissection error (reduced n by 1 for percent difference or normalized data only)—criteria to remove damaged

specimens established a priori.

“Ipsilateral joint missing due to post mortem dissection error (reduced n by 1 per superscript appearance for imaging and analysis)—criteria to remove

damaged specimens established a priori.

“Outlier excluded from compartment comparisons (reduced n by 1 for only medial bone mineral density distribution measures)—criteria to remove outliers

established a priori.

quantified from contrast-enhanced pCT images of the
same specimens. Together these quantitative analyses
provide a catalog of the post-injury response elicited
within both bone and cartilage and the early progression
of post-traumatic OA.

2 | METHODS

2.1 | Animals
C57Bl/6] mice were bred in-house and housed in groups of
no more than five male mice with one female mouse prior
to and after experimental procedures. This reduced aggres-
sive behavior between male animals during the initial post-
surgery period, behavior that often results in severe bite
wounding on the torso and genitalia. Only male mice were
studied because female mice develop a less severe OA after
DMM (Ma et al., 2007), as will be elaborated upon in
Section 4. Mice were permitted free access to food and
water and housed under a standard 12-hr light/dark cycle.
Corn-cob bedding was changed at least biweekly, the day
before, and immediately after surgery. All surgical proce-
dures were performed in the early afternoon by the same
surgeon (J. L.). Each cage was randomly assigned to either
DMM, sham, or naive groups to avoid housing operated
mice with uninjured male mice. All procedures were
approved by the Rush University Medical Center under
IACUC protocol 14-026, and the total mice for each experi-
mental group and end point are summarized (Table 1).
Minimum group sizes (n > 8 for DMM, n >3 for
sham) were based on prior work in bone- and cartilage-
optimized pCT (Mashiatulla, Moran, et al., 2017; Mashia-
tulla, Ross, & Sumner, 2017), although 10 were planned
per DMM group and up to 5 per sham to allow for any
loss during experiments. Losses promptly after DMM
(i.e., poor or no recovery from anesthesia) were added to
the 0+ week group, resulting in n = 15 at that time point,
as no tissue content or morphology changes, aside from

those directly related to the surgical procedures, were
expected to occur within that time frame.

For DMM surgeries, mice were anesthetized by intra-
peritoneal injection of 60 pl ketamine (100 mg/kg)/xyla-
zine (5 mg/kg) prior to arthrotomy and transection of the
medial meniscotibial ligament (Glasson et al., 2007).
Operated joints were rinsed with 3 ml sterile saline to
remove intra-articular debris or blood before joint cap-
sule and skin were separately sutured. The intra-articular
lavage step was established in pilot experiments to reduce
the variability in severity of cartilage degeneration among
DMM animals. This was likely due to the mitigation of
variable early inflammatory phase response expected to
occur in response to blood or tissue debris in the joint.
Sham procedures were identical except for meniscal
detachment. All mice received 60 pl 0.1 mg/kg buprenor-
phine by intramuscular injection within 24 hr of surgery
and were monitored at least daily for pain and distress.
Mice were provided additional analgesia (same dosage)
when deemed necessary under standard IACUC-
approved protocols.

Mice were euthanized using CO, asphyxiation fol-
lowed by cervical dislocation at ~2 hr (0 weeks), 1 week,
2 weeks, 4 weeks, or 8 weeks after DMM (Table 1). The
0-week time point enabled a confirmation of lack of sur-
gical and dissection damage, as well as a comparison age
against sham and naive. Naive mice were examined at
12 and 20 weeks of age to represent most clearly any age-
related changes in bone and/or cartilage parameters in
the absence of sham or DMM surgery over the course of
the study. Examination of dissected joint surfaces under a
dissection microscope (Nikon SMZ1000) confirmed that
ligament transection reproducibly resulted in peripatellar
medial meniscal and medial joint capsule fibrosis, as well
as medial tibial and femoral cartilage lesions (data not
shown), consistent with previously reported changes
using the DMM model (Glasson et al., 2007). For sham
surgeries, medial joint capsule and peripatellar fibrosis
were also observed, whereas macroscopic damage to
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Representative cartilage and subchondral bone plate thickness maps derived from pCT images after surgical destabilization

of the medial meniscus (DMM). Mice were sacrificed at ~2 hr (0 weeks) and 1, 2, 4, and 8 weeks after DMM surgery, the femurs were

scanned by micro-computed tomography (pCT) and compared to femurs from age-matched naive mice. Scans with and without CA4+

contrast enable the segmentation of non-mineralized articular cartilage and subchondral plate (SCP) regions of interest, respectively.

Thickness maps of cartilage (Cart.) and subchondral plate (SCP) are shown for the same representative specimens at each time point

after DMM

cartilage and meniscal surfaces was not observed (data
not shown). All specimens were fixed in 10% neutral
buffered formalin for 2-3 days and then transferred to
70% EtOH until pCT scanning.

2.2 | pCT imaging of subchondral bone
plate and cartilage

Both bone- and cartilage-optimized scans, the latter using
iodinated contrast agent CA4+ (5,5-[malonylbis(azane-
diyl) |bis[ N1,N3-bis(2-aminoethyl)-2,4,6-triiodoisophtha-
lamide]), chloride salt, synthesized, and provided by
M. W. G.), were used in this study. pCT imaging with
and without CA4+ contrast, permitted the visualization
of mineralized tissue and cartilage (Figure 1) and the esti-
mation of cartilage and SCP thickness, respectively, and
BMDD. Because contrast agent may concentrate in post-
surgical fibrous overgrowth of cartilage surfaces, a result
reported in previous mouse models (Chan et al., 2018),
and thereby interfere with quantification of contrast-
enhanced tissues, we elected to image femora, which
demonstrate less severe post-DMM cartilage fibrillation
and cartilage loss than tibiae (Glasson et al., 2007).

For bone-optimized scans, femora were wrapped in
gauze and immersed in 70% EtOH, for secure placement in
the scanner, and the distal 1.8 mm of each femur was
scanned (Scanco Medical pCT50, Briittisellen, Switzerland)
at 70 kVp, 57 pA, 1,500-ms integration time, and 2-pm

voxel size, as previously described (Mashiatulla, Ross, &
Sumner, 2017). The pCT outputs were recorded in linear
attenuation units (1/cm). Mineral density calibration was
performed at multiple intervals with a wide-range hydroxy-
apatite (HA) calibration phantom (0-1860 mg HA/cm?,
Roeder Lab, Notre Dame) (Deuerling et al., 2010). Conver-
sion of mineralization from linear attenuation to mineral
density and evaluation of BMDD metrics were performed
with an in-house MATLAB (R2015b, MathWorks, Natick,
MA) script.

For cartilage-optimized scans, the solution osmolality
and pH of iodinated contrast agent CA4+, which contains
four positive charges and six iodine atoms (Joshi
et al,, 2009), were maintained at 400 mOsm/kg and 7.4,
respectively. Femora were immersed at 4°C in 1 ml of
12 mg iodine/ml CA4+ for at least 40 min, as previously
described (Mashiatulla, Moran, et al., 2017). Femora were
blotted to remove excess liquid prior to scanning, and sam-
ples were affixed at the top of the scanning tube with the
distal end of the femur exposed. ~0.5-ml phosphate buffered
saline (PBS) was placed in the holder to maintain a humid
environment and prevent desiccation. Samples could not be
scanned in a solution that still contains contrast agent
because the solution itself would attenuate x-rays; nor can
samples be placed into CA4+--free solution during imaging
because contrast agent will diffuse out of the tissues and
into solution due to the drive toward osmotic equilibrium
of CA4+ between the tissue and fluid compartments. On
the other hand, cationic contrast agent that is ionically
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attracted to negatively charged tissue is not expected to dif-
fuse out from a hydrated tissue into a different phase of
matter such as air. The distal 1.8 mm of the femur was
scanned at 45 kVp, 133 pA, 1,000-ms integration time, and
2-pm voxel size.

2.3 | Contouring of subchondral plate
and cartilage

Image slices were acquired in the transverse plane and
rotated into the sagittal plane for semi-automatic contour-
ing of SCP and cartilage volumes of interest (Mashiatulla,
Moran, et al., 2017). Separately for bone- and cartilage-
optimized scans, contours were manually drawn (M. M.,
blinded to experimental groups) every 20 slices (Scanco
Medical V5.15) and morphed to the intervening slices with
a Scanco Image Processing Language (IPL) script. Contours
for the SCP were drawn along the deep and superficial sur-
faces of the mineralized tissue, excluding medullary space
and articular cartilage. For cartilage scans, initial contours
were drawn to include subchondral bone, calcified cartilage,
the non-calcified articular cartilage and air, and cartilage-
only regions were isolated after further analysis as detailed
below.

2.4 | Subchondral plate structure and
composition

To characterize the SCP, thickness, volume, and BMDD
were calculated from the bone-optimized pCT images. Cus-
tom OpenVMS scripts were implemented in Scanco IPL to
generate a histogram of grayscale values and calculate tis-
sue thickness and volume by the sphere-fitting method. Fre-
quency distributions from this script were then imported
into MATLAB to calculate the mean thickness and total
volume. For SCP composition, four BMDD metrics were
quantified (mean, SD, 5th and 95th percentile values) with
a custom MATLAB script (Boskey et al., 2005; Mashiatulla,
Ross, & Sumner, 2017; Roschger et al., 2008). Since the
BMDD contains values from all the mineralized SCP pixels,
the nature of the distribution was quantified by SD and per-
centiles. The 5th and 95th percentiles indicate the spread of
values into the tails of the BMDD and can change with
experimental groups, even if mean and SD do not, because
the BMDD may not be symmetric. The characterization of
these two percentiles helps to provide context to changes in
SD, as accumulation of 5th may be due to inhibited miner-
alization, while accumulation of 95th could be due to accu-
mulation of hypomineralized region, prolonged secondary
mineralization, or large amounts of cement lines (Roschger
et al., 2008).

2.5 | Cartilage structure and
composition

Cartilage thickness, total volume, and mean attenuation
were quantified from the cartilage-optimized pCT scans.
The histogram for cartilage scans showed three distinct
peaks: calcified cartilage and bone, articular cartilage,
and air (Mashiatulla, Moran, et al., 2017). Linear attenua-
tion threshold values of —2 and 4 cm ™' sufficiently sepa-
rated calcified tissues and air from the cartilage for most
specimens. Cartilage was segmented as the tissues with
attenuation within these threshold values, and the seg-
mented region was used to calculate cartilage thickness
and volume. Notably, the magnitude of attenuation is not
considered for measurement of cartilage thickness and
volume, so long as it falls within these threshold values
for calcified tissues and air. Although CA4+ equilibrates
preferentially into negatively charged tissues, it nonethe-
less will enhance attenuation in neutral-charged tissues
(e.g., no GAG but containing collagen) to greater than
that of air (Bansal, Stewart, et al., 2011). After threshold-
ing, the mean attenuation of articular cartilage was also
calculated from the distribution and is a correlate of fixed
(negative) charge density, the majority of which is attrib-
utable to GAG content (Lakin et al., 2013; Mashiatulla,
Moran, et al., 2017). The OpenVMS scripts and MATLAB
code for SCP morphology were also applied to the con-
toured cartilage to calculate average thickness and total
volume.

2.6 | Analyses by compartment

To further distinguish the regional relationship of mor-
phology or composition changes, both bone- and
cartilage-optimized pCT scans were divided into the
medial condyle, lateral condyle, and trochlear groove.
Selected analyses for global metrics of SCP and cartilage
as described above were repeated for the medial, lateral,
and patellar compartments of the operated femora.

2.7 | Data calculation and statistical
evaluation

To control against confounders including cage effects and
individual mouse differences, global parameters in the
operated leg were normalized against those of the contra-
lateral leg as a percent difference with respect to contralat-
eral ([operated—contralateral]/contralateral). Normalized
compartment data are presented as the compartment-
specific operated joint value divided by the contralateral
global value. Notably, normalization against the
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contralateral leg may obscure systemic effects of the sur-
gery (e.g., systemic inflammation, gait changes), so inter-
pretation of differences among treatment groups and time
points must consider both raw and normalized values.

Statistical analyses were performed (D. C., M. P.)
using R (R Development Core Team, 2010) implemented
in R Studio (RStudio Team, 2020) with ggplot2
(Wickham, 2016) and other packages, with statistical sig-
nificance was defined at ¢ = .050. Anderson-Darling
tests were used to confirm normality within each experi-
mental subset, and sample variances were tested among
groups using Levene's median test. The effect of progres-
sion (i.e., time point) was tested among operated legs
using a one-way analysis of variance (ANOVA) or a
Kruskal-Wallis rank sum test for non-normal distribu-
tions or unequal sample variances. Significant effects
were probed with post hoc Tukey's honest significant dif-
ference or Dunn's test, respectively. Time point or age-
matched groups (i.e., DMM vs. sham at a specific time
point, 12- and 20-week-old naive animals) were com-
pared by Welch's unequal variance ¢ test, while operated
and contralateral limbs were compared with paired two-
tailed ¢ tests. Cross-correlations were performed using
Pearson’s correlation among all parameters, inclusive of
all treatments and time points, on the operated leg for
DMM and sham and the right leg for naive mice.

3 | RESULTS

3.1 | Cartilage morphology and contrast-
enhanced attenuation

CA4+ contrast-enhanced pCT data for cartilage thickness
and volume, as well as mean attenuation at ~2 hr (0+
weeks) and 1, 2, 4, and 8 weeks was determined (Fig-
ure 2). Since CA4+ contrast agent partitions preferen-
tially to tissues with high concentrations of negatively
charged GAGs (Bansal et al., 2010), mean tissue attenua-
tion of x-rays correlates to GAG content and mechanical
properties of cartilage (Lakin et al., 2016).

Cartilage parameters were not significantly altered at
2 hr after surgery when compared to age-matched naive,
supporting the absence of surgical or dissection damage
to the tissues. However, a time-point effect after DMM
was significant for cartilage thickness (p = .01) and mean
attenuation (p = .006), with significant post-hoc differ-
ences after 2 and 8 weeks, respectively. Cartilage thick-
ness increased and peaked at 2 weeks (p = .024) but was
the same as O-week levels at 4 to 8 weeks post-DMM.
Mean attenuation was significantly lower at 2 weeks
(p = .016) and remained low up to 8 weeks post-DMM
(p = .023). Similar time-point trends were observed but

volume

significant  for
(p = .098). Interestingly, cartilage thickness (p = .012)
and volume (p = .001) at 8 weeks post-DMM were
greater than, but attenuation (p < .001) was less than,
those of age-matched naive mice. Normalization of carti-
lage metrics to the contralateral joint (Figure 2c) did not
appreciably change the trends or significance.

not statistically cartilage

3.2 | Bone morphology and
mineralization

Bone-optimized pCT scans were used for SCP morphology
and BMDD (Mashiatulla, Ross, & Sumner, 2017) at 0+,
1, 2, 4, and 8 weeks after DMM, and contralateral and
normalized data were compared (Figure 3). Two hours
post-DMM, SCP thickness and volume were not different
compared to naive age-matched controls, whereas BMDD
mean (p < .001) was greater in DMM group in both oper-
ated (1,023 + 55 mg HA/cm®) and contralateral (1,041
+ 43 mg HA/cm?®) legs than naive (851 + 16 and 868
+ 16 mg HA/cm®, right and left legs). Significant time
point effects were found with BMDD mean (p = .035),
SCP thickness (p <.001), and SCP volume (p = .001)
(Figure 3), as well as BMDD SD (p = .048), 5th percentile
(p = .004), and 95th percentile (p = .048) (Figure 4). Spe-
cifically, SCP thickness and volume were least at 2 weeks
with a return to or greater than 0-week levels by 8 weeks.
Mean BMDD 8weeks post-DMM (1,033 + 68 mg
HA/cm?) was significantly greater than age-matched naive
mice (922 + 11 mg HA/cm?, p = .001).

3.3 | Changes in medial and lateral
femoral compartments and patellar groove

Analyses by compartment were performed for cartilage
thickness and attenuation (Figure 5) and SCP thickness
and BMDD mean (Figure 6). Cartilage thickness was not
changed in any compartment (medial p = .128, lateral
p = .309, patellar p = .094, Figure 5). Significant time
point effects in cartilage mean attenuation were found in
medial (p = .045) and patellar (p = .041) but not lateral
compartments (p = .454), with significant post hoc com-
parisons shown (Figure 5).

BMDD mean and SCP thickness were greater in the
lateral and medial compartments than the patellar com-
partment, within all treatment groups and post-surgery
time points. Trends for global changes to SCP parameters
after DMM (Figure 3) were generally reflected in the
compartment analysis. SCP thickness was altered in the
lateral (p <.001), medial (p = .037), and patellar
(p < .001) compartments (Figure 6). BMDD means
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FIGURE 2  Effect of destabilization of the medial meniscus (DMM) surgery on cartilage of the distal femora. Cartilage morphology and

mean attenuation were determined from contrast-enhanced micro-computed tomography (uCT) of the operated (a) and contralateral

(b) joints. The difference between operated and contralateral joints were normalized by the contralateral values (c). Data are plotted by
individual animals (gray circles) and group mean (black bar), with SD (thick line). Significant between-group differences are highlighted by

the horizontal brackets with p values indicated

showed significant time point effects after DMM in lat-
eral (p = .012) but not medial (p = .118) or patellar
(p = .105) compartments (Figure 6).

3.4 | Effect of sham surgery on cartilage
and SCP morphology and matrix changes

Naive mice generally showed significant increases in SCP
BMDD mean (p < .001) and thickness (p = .017) but not
in other SCP or cartilage parameters, between 12- and
20-weeks of age. However, both operated and contralat-
eral parameters from 8-week sham mice showed some
significant differences from age-matched, 20-week-old
naive mice (Table S1). Representative pCT images of

cartilage and mineralized tissues from the femora of
sham operated joints are shown (Figure 7), with cartilage
(Figure 8) and SCP (Figure 9) parameters calculated for
operated and contralateral joints.

Cartilage parameters in sham showed a significant
time-point effect (Figure 8), including in volume
(p = .001), attenuation (p < .001), and contralateral-
normalized thickness (p = .015). Post hoc comparisons
showed that contralateral-normalized cartilage thickness
was significantly greater at 1-week than 0-week, 2-week,
and 8-week post-sham (Figure 8). At 8 weeks post-sham,
the mean cartilage attenuation was significantly less than
(p < .001) age-matched naive mice (Table S1). Significant
time point effects were observed in the sham-operated
joint for SCP thickness and volume (Figure 9). After
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FIGURE 3 Effect of destabilization of the medial meniscus (DMM) surgery on subchondral plate of the distal femora. Subchondral plate

(SCP) morphology and bone mineral density were evaluated from micro-computed tomography (uCT) without use of a contrast agent.

Thickness, volume, mean attenuation, and mean of the bone mineral density (BMD) distribution were calculated for the operated (a) and

contralateral (b) joints. The difference between operated and contralateral joints were normalized by the contralateral values (c). Data are

plotted by individual animals (gray circles) and group mean (black bar), with SD (thick line). Significant between-group differences are

highlighted by the horizontal brackets with p values indicated

contralateral normalization, significant time point effects
were found also in BMDD mean (p = .009), thickness
(p = .001), and volume (p = .003), with all parameters
decreasing by 2 weeks but returning to 0-week levels by
8 weeks (Figure 9).

3.5 | Differences between DMM and
sham surgery effects on cartilage and
subchondral plate

Comparisons of DMM mice (Figures 1-3) to sham
(Figures 7-9) showed differences in cartilage parameters

only at 1 week after DMM (Table S2). In the operated
joint, DMM mice showed significantly thinner cartilage
(p = .022) compared to sham. After contralateral nor-
malization, DMM mice also had significantly less carti-
lage volume (p = .007) and mean attenuation
(p = .019) than sham at 1 week after surgery. BMDD
metrics in DMM joints were generally significantly dif-
ferent from sham (Table S2). SCP thickness differed sig-
nificantly only at 8 weeks (p = .026). However, once
SCP metrics were normalized to contralateral
(Table S2), significant differences between DMM and
sham remained only at 1 and 2 weeks for BMDD mean
and 5th and 95th percentiles.

ASULOIT SUOWW0)) danea1) ajqeorjdde ayy £q pauIdA0T dxe SONIE YO O8N JO SN 10§ AIRIqUT SUIUQ AJ[IA\ UO (SUOTIPUOD-PUB-SULIA} WO AIM " AIRIqI[QUI[U0//:sd)Y) SUORIPUO)) PUE SWID L, A} S *[£20T/70/9Z] U0 Areiqry auruQ A[IM ‘£Z0STI®/2001°01/10p/wod AaimAreiqrjaurjuo sqndAworeue;/:sdny woiy papeofumod ‘1 ‘€70T ‘P6v8TE61



100

CHAN ET AL.

(a) BMDD 5th Percentile BMDD Standard Deviation BMDD 95th Percentile
270 0.0278 350 . 2000 . 0.0§11 }
—~ 240 0.00218 — % ° % 1750 .@.
< @
S . 210 . 8001 & & ¥ 4 1500 s
g g 180 250 ° 1250
o2 150 200 1000
S g 120 6 150 750
8 E 90 .g. !
IS 60 s 100 500
30 50 250
0 0 0
o+ 1 2 4 8 0+ 1 2 4 8 0+ 1 2 4 8
Time Point (weeks) Time Point (weeks) Time Point (weeks)
(b) 0.028 2000 0.011
270 0.002 350
= 240 o g 40 70 § & & & %
S 2100 $ § 0 § % 1500 .
S E o180 8 250 1250
T3 1% : 200 1000
% o 138 0 150 750
g 60 . 100 500
g 30 50 250
o 0 0 0
o+ 1 2 4 8 0+ 1 2 4 8 0+ 1 2 4 8
c Time Point (weeks) Time Point (weeks) Time Point (weeks)
(o) J—
0.042
60% A <0.001 30% 12.5% G —u002___
° i 0.023 @ 10.0% " 0.006
g 40%1{ o 20% 7.5% <0.001
o o | © ° 50%{ °
5 0% 0 0% ° o % o
o 2.5%
= 0% l _@, 0.0% ° 8
q 'é' 0% L o 3
T -20%- 8 9 25%{ ¥
o —10%] o -5.0% 2 °
T 0% ° . & ° ~7.5% ¢
) 8
E  _60%] % . -20% -10.0%
§ o+ 1 2 4 8 o+ 1 2 4 8 o+ 1 2 4 8

Time Point (weeks)

Time Point (weeks)

Time Point (weeks)

FIGURE 4 Destabilization of the medial meniscus (DMM) significantly altered the spread of the bone mineral density distribution
(BMDD). SD and 5th and 95th percentiles were measured from the bone mineral density distribution (BMDD) after DMM in the operated
(a) and contralateral (b) distal femora to determine whether the changes in bone mineral density represented only a shift in values (mean) or

had effects in other measures of the distribution throughout mineralized tissues. Time effects after DMM were significant for 5th percentile
(p = .004), SD (p = .048), and 95th percentile (p = .022) of the BMDD. (c) Time effects remained significant after normalization to
contralateral leg for the 5th and 95th percentiles (both p < .001) but not the SD (p = .306). Significant post hoc comparisons are shown with
their p values. Data are plotted by individual animals (gray circles) and group mean (black bar), with SD (thick line)

3.6 | Subchondral plate and cartilage
parameter relationships

SCP and cartilage parameters in the operated leg (a—c)
and contralateral-normalized (d-f) parameters signifi-
cantly cross-correlated within naive, sham, and DMM
groups (Figure 10 and Table S3). As defined in Section 2,
contralateral-normalized parameters are the parameters
from the operated leg, normalized against those of the
contralateral leg as a percent difference with respect to
contralateral ([operated-contralateral]/contralateral).
This approach was used to control against confounders
including cage effects and individual mouse differences,
to which a cross-correlation analysis among bone and
cartilage parameters may be particularly sensitive.

Notably, cartilage thickness with DMM was negatively
and significantly correlated to BMDD mean as well as
SCP thickness and volume. Cartilage mean attenuation
positively correlated to BMDD fifth percentile and SCP
volume but only in contralateral normalized data sets.
BMDD metrics were generally positively correlated with
SCP thickness and volume, although the SD of BMDD
values was negatively correlated.

4 | DISCUSSION

In this study, we report CA4-+-enhanced pCT and bone-
optimized pCT being used together for the first time to
characterize the time course of cartilage and SCP changes
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FIGURE 5 Thickness and mean attenuation of medial and lateral femoral compartment and patellar groove cartilage. Cartilage

thickness and mean attenuation for the medial, patellar, and lateral compartments were measured after destabilization of the medial

meniscus (DMM). Only one post hoc pairwise comparison—medial mean attenuation between 0 and 8 weeks—reached significance.
Data are plotted by individual animals (gray circles) and group mean (black bar), with SD (thick line). Significant post hoc comparisons are
shown with brackets and labeled with their p values
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FIGURE 6 Subchondral plate thickness and mean of the bone mineral density distribution (BMDD) of medial and lateral femoral

compartments and patellar groove. Subchondral bone plate thickness and BMDD mean were calculated for each compartment. Significant

post hoc comparisons are indicated with p values. Data are plotted by individual animals (gray circles) and group mean (black bar), with SD

(thick line). Significant post hoc comparisons are shown with brackets and labeled with their p values
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FIGURE 7 Representative cartilage (a) and subchondral bone plate (b) thickness maps derived from micro-computed tomography
(uCT) after sham surgery and in age-matched naive mice. Mice were sacrificed at ~2 hr (0 weeks) and 1, 2, and 8 weeks after sham surgery,
prepared for imaging with contrast-enhanced pCT. Age-matched naive joints (Figure 1) are shown again for comparison. Contrast-enhanced
pCT permitted measurements of non-mineralized cartilage and subchondral plate (SCP) thickness as mapped here, in addition to other
tissue morphology parameters and matrix content
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FIGURE 8 Effect of sham surgery on cartilage of the distal femora in sham-operated animals. Cartilage parameters were measured in
the sham-operated (a) and contralateral (b) legs, and the difference was normalized by the contralateral values (c). Cartilage thickness, but
not cartilage volume or mean attenuation was significantly altered with sham operation (p = .006), increasing at 1 week returning to 0-week
levels by 2 weeks. In the contralateral sham leg, significant effects were found in cartilage volume (p = .0122) but not cartilage thickness or
attenuation. Data are plotted by individual animals (gray circles) and group mean (black bar), with SD (thick line). Significant post hoc
comparisons are shown with brackets and labeled with their p values
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FIGURE 9 Effect of sham surgery on subchondral plate of the distal femora in sham-operated animals. Subchondral plate (SCP)

parameters were measured in the sham-operated (a) and contralateral (b) legs, and the difference was normalized by the contralateral values
(c). SCP thickness (p < .005) and volume (p = .004), but not mean bone mineral density (BMD), showed significant time point effects in
operated sham legs. Contralateral sham legs showed significant time point effects in SCP thickness (p < .005), SCP volume (p < .005), and

mean BMD (p = .001). Data are plotted by individual animals (gray circles) and group mean (black bar), with SD (thick line). Significant

post hoc comparisons are shown with brackets and labeled with their p values

in the DMM model of murine post-traumatic OA. This
study demonstrates the application of both bone- and
cartilage-optimized pCT to quantitate and analyze simulta-
neous changes in tissue content and morphology in the
femur, although these methods can be broadly applied to
other osteochondral compartments of the stifle and indeed
other synovial joints in any preclinical model. The overall
imaging outcomes of this study show significant changes
early, within 2 weeks, after DMM surgery for the SCP
parameters more than cartilage parameters. Significant
correlations exist between cartilage and SCP parameters,
in addition to those expected within each tissue. Notably,
there are also more significant pairings among the SCP
and cartilage parameters with DMM and sham than naive.

This finding suggests that cartilage-bone crosstalk may
play a greater role in OA joints than healthy ones, which
observations of increased tissue matrix permeability after
DMM (Pan et al., 2012) surgery support.

Contrast-enhanced pCT of murine femurs after
DMM surgery enables the quantification of cartilage
and SCP changes. Assessment of both SCP and cartilage
changes in the same imaged joints permits cross-
correlation of these metrics across a range of treatments
and time-points. Since significant changes in SCP thick-
ness and BMDD associate with continued skeletal matu-
ration between 12 and 20 weeks in the mice used in this
study, we report outcomes normalized to contralateral
in addition to data only from operated legs.
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Cross-correlation among bone and cartilage parameters demonstrated significant associations among micro-computed

tomography (pCT)-derived metrics after DMM. pCT permitted the global measurement of bone mineral density distribution (BMDD)

metrics, cartilage and subchondral plate (SCP) morphology, and cartilage mean x-ray attenuation after CA4-+ contrast, which can be used to

estimate proteoglycan content. Cross-correlation (whose coefficients range from —1 to 1) among variables in the naive (a,d), sham (b,e),

operated (c,f) leg for DMM identified the slope and strength of significant correlations (ellipses shown only for p < .05) in operated joint

(a-c) and contralateral-normalized (d-f) values. The eccentricity of ellipses is scaled to the correlation value, such that narrower ellipses

indicate a greater absolute value of the significant cross-correlation coefficient. Bone-cartilage correlation pairs are indicated within the thick

dashed black outlines

Normalization by the contralateral joint changes the
significance of relationships among some time points or
treatment groups. These observations suggest the need
for better approaches to controlling for individual mouse
and cage variations without obscuring systemic, contra-
lateral, and arthrotomy effects. While contralateral limbs
are valuable for comparison across animals that may vary
in size and biological responses, the normalization
approach may obscure systemic changes, including
inflammation. With the potential for altered biomechan-
ics and behavior after surgery, systemic effects cannot be
inferred from the contralateral limb alone.

The earliest significant changes in the femora post-
DMM at 2 weeks include greater cartilage thickness but
less cartilage mean attenuation, SCP volume, and BMDD
mean compared to 0+ weeks. Although the reduction in

SCP thickness is not significant in the 1- and 2-week
post-DMM groups, the thinning of the SCP at early time
points—followed by sclerosis at later stages of disease—
has been observed in several previous studies (Burr &
Gallant, 2012). SCP thinning is consistent with the
increased bone remodeling that is associated with carti-
lage degeneration (Muehleman et al., 2002) and early
post-traumatic OA (Ziemian et al., 2021) and targeted to
mitigate disease progression. Eight weeks after DMM,
SCP thickness, but not SCP volume or BMDD mean, is
significantly greater than 0+ weeks. Indeed, in similarly
aged mice, SCP thickness increased 4 weeks after DMM
in the medial posterior femoral condyle, but not medial
anterior nor lateral condyles (Jia et al., 2018). However,
the age and growth trajectory of mice in this study may
partially explain greater SCP thickness but also the lack
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of reduction of BMDD mean at 8 weeks. SCP thickness
and BMDD mean are both significantly greater in naive
mice at 20 weeks of age, compared to 12 weeks old. Inter-
estingly, normalization to the contralateral joint results
in significant differences in BMDD mean in 2 and
4 weeks post-DMM groups, suggesting that either varia-
tions in BMDD of individual mice or systemic BMDD
effects of DMM may mask some effects within the
injured joint. Others have reported that epiphyseal bone
mineral density was not appreciably changed at 2 weeks
but was greater in the medial tibial plateau (but not lat-
eral tibial plateau nor femoral condyles) at 5 and
10 weeks after DMM surgery compared to time-point
matched sham (Fang et al., 2018). However, that prior
study did not examine the SCP, potentially indicating
that SCP and cartilage changes may be more sensitive to
early changes after joint injury.

Prior work has evaluated the relationship between
contrast enhancement by CA4+ and biochemical and
biomechanical properties of murine tibial plateau carti-
lage in healthy joints (Lakin et al., 2016). In this study,
although cartilage parameters change with time after
DMM, only 2-week post-DMM values reach statistical
significance compared to the 0-week time point. Cartilage
mean attenuation is significantly less at 2 weeks after
DMM, mirroring the loss of GAG seen with histology
after DMM (Fang et al., 2018; Glasson et al., 2007). Carti-
lage thickness is also significantly greater at 2 weeks after
DMM, suggesting potential swelling of cartilage early
after joint injury, such as that seen in partial meniscect-
omy in a rabbit model (Calvo et al.,, 2004). Taken
together, the greater variance in mean attenuation values
within cartilage at 4 and 8 weeks after DMM and the
apparent swelling behavior may be explained by the
increased time required for CA4+ equilibration into tis-
sues with reduced proteoglycan content (Bhattarai
et al., 2021).

Statistically significant compartment-specific changes
in the femur (medial, lateral femoral condyles or patellar
groove) follow the timing of changes in the global metrics
for both cartilage and SCP. Future studies to optimize
imaging and image processing for the tibial compartment
may better delineate early cartilage composition changes,
since the tibia appears to display more severe post-DMM
cartilage fibrillation and loss with histopathology
(Glasson et al., 2007). Cellular changes (Pritzker
et al., 2006) occur by 3 days, with articular surface dam-
age at 7 days, in the medial tibial plateau with DMM
(David et al., 2017). Taken together, the changes observed
at 2 weeks that appear to recover by 8 weeks may be a
combined effect of SCP or bone remodeling after DMM
and continued skeletal maturation and growth of the
mice between 12 and 20 weeks of age. Although the age

range used in this study is typical for DMM studies (9-
12 weeks at surgery; Bateman et al., 2013; Das Neves
Borges et al, 2014; David et al, 2017; Doyran
et al., 2017), the progression of cartilage and SCP changes
may differ if DMM were instead initiated in skeletally
mature mice.

Importantly, sham surgery, which includes arthrot-
omy without physical detachment of the meniscus, also
results in significant changes after 8 weeks in both SCP
and cartilage morphology and composition, compared to
the contralateral and age-matched naive. These findings
highlight an inherent limitation of surgical models,
wherein the effect of soft tissue healing responses follow-
ing arthrotomy likely contributes both locally and sys-
temically to joint remodeling responses. For example,
macrophage and monocyte responses after DMM surgery
include greater CD64, CD206, and iNOS expression
(M1 macrophage markers) in both DMM and sham
limbs, compared to naive (Utomo et al., 2021). In addi-
tion, similar inflammatory and fibrotic pathway expres-
sion profiles were observed in both sham surgery and
joint injury in wild-type mice (Chan et al., 2015).

A limitation for cartilage-specific imaging with pCT is
likely related to the contrast agent, which generally parti-
tions to negatively charged tissues rather than more spe-
cifically targeting articular cartilage. Contrast agent could
also concentrate in post-surgical fibrous overgrowth of
cartilage surfaces, as previously reported for a cartilage
injury model (Chan et al., 2018). For this reason, we
opted to evaluate femora rather than tibiae in this study,
despite the earlier appearance of histological changes in
the tibial plateau described in prior DMM studies
(Glasson et al., 2007). The cartilage surfaces of the tibial
compartment are difficult to dissect lean of adherent tis-
sues from the meniscal and periosteal margins, a particu-
lar concern with DMM since fibrous overgrowth on the
medial side—originating from the surgical detachment of
the medial meniscus—is observed during dissection.
Inclusion of these fibrous tissues, which contain anionic
GAGs and glycoproteins, with CA4+ contrast enhance-
ment would likely have biased cartilage volume and
mean attenuation measurements. An improved approach
of using multiple contrast agents for pCT (Bhattarai
et al., 2020) or the use of more specific extracellular
matrix markers in other imaging modalities (Hui
Mingalone et al., 2018; Lim et al.,, 2015) may improve
sensitivity to detection of cartilage-specific morphometric
changes in joint injury models. These or other improve-
ments may be necessary before contrast-enhanced pCT
can be used in intact whole joints to evaluate changes in
all joint tissues with post-traumatic OA progression. In
the same context, 3D and longitudinal imaging could also
enable greater sensitivity to the changes in the whole
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joint after injury or surgery, providing internal controls
for each animal without the need for normalization to
contralateral. Use of other imaging tools not discussed
here may also provide additional insight (as reviewed by
others; Lim et al., 2020; Drevet et al., 2022) by comple-
menting contrast-enhanced pCT.

In addition, female mice are likely to show different
progression of cartilage and SCP changes, based on work
that demonstrated less severe OA development after
DMM (Ma et al., 2007). Notably, that study showed a role
for sex hormones in the progression of OA, in that a more
severe joint pathology occurred in ovariectomized
(i.e., estrogen-deficient) female animals and a less severe
OA in orchiectomized (i.e., testosterone-deficient) males.
Although ovariectomy prior to DMM may be useful to
model OA in older, potentially post-menopausal women,
considered to be at greater risk for OA than men, the
above study utilized mice at 10 weeks of age, prior to
skeletal maturity, which is considered to be ~16 weeks of
age (Ferguson et al., 2003; Somerville et al., 2004). Fur-
thermore, ovariectomy induces bone loss, independent of
DMM or other injury models, that varies by both mouse
strain and skeletal location (Bouxsein et al., 2005) and
would generate confounding factors affecting bone and
cartilage remodeling outcomes in the DMM model.
Although housing with a single female mouse reduced
cases of aggressive and other potentially stressful behav-
iors, this study did not measure differences in sex hor-
mone levels, which could be confounding variables in
addition to the physical and stress responses to aggres-
sion and its consequences. Notably, gross joint pathology
performed in our study after euthanasia showed compa-
rable DMM-associated changes as prior studies per-
formed in male mice not housed with female mice (Li
et al., 2011). Nonetheless, effects of sex as a biological
variable, sex hormones, and their interaction with skele-
tal age could be further investigated in murine OA
models, to provide the role of such variables in the patho-
genesis of human OA.

In this study, we used pCT of mineralized tissues in
the SCP and contrast-enhanced pCT of articular cartilage
to analyze femoral bone and cartilage from mice after
DMM or sham surgeries. We quantified the morphology
and composition of both SCP and cartilage in this model
of post-traumatic OA. With increasing appreciation of
the importance of subchondral bone remodeling and its
effect on cartilage metabolism in OA (Adebayo
et al.,, 2017; Bailey et al., 2021; Fang et al., 2018; Jung
et al., 2018; Nagira et al., 2020; Pan et al., 2012), further
development of volumetric imaging, such as contrast-
enhanced pCT, capable of imaging mineralized and soft
tissues within the joint is essential to advancing our
understanding of this whole joint disease.
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