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Abstract

In this study, we examined early time-dependent changes in articular cartilage and synovium in
response to tibial compression and sought the plausible origin of cells that respond to compression
in the healer (LGXSM-6) and non-healer (LGXSM-33) recombinant inbred mouse strains. The
right knee of 13-week old male mice was subjected to tibial compression using 9N axial loading.
The contralateral left knee served as a control. Knees were harvested at 5, 9, and 14 days post-
injury. Histological changes in cartilage and synovium, immunofluorescence pattern of CD44,
aggrecan, type-11 collagen, cartilage oligomeric matrix protein and the aggrecan neo-epitope
NITEGE, and cell apoptosis (by TUNEL) were examined. We used a double nucleoside analog
cell-labeling strategy to trace cells responsive to injury. We showed that tibial compression
resulted in rupture of anterior cruciate ligament, cartilage matrix loss and chondrocyte apoptosis at
the injury site. LGXSM-33 showed higher synovitis and ectopic synovial chondrogenesis than
LGXSM-6 with no differences for articular cartilage lesions. With loading, an altered pattern of
CD44 and NITEGE was observed: cells in the impacted area underwent apoptosis, cells closely
surrounding the injured area expressed CD44, and cells in the intact area expressed NITEGE.
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Cells responding to injury were found in the synovium, subchondral bone marrow and the Groove
of Ranvier. Taken together, we found no strain differences in chondrocytes in the early response to
injury. However, the synovial response was greater in LGXSM-33 indicating that, at early time
points, there is a genetic difference in synovial cell reaction to injury.
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Injury to knee is a predisposing factor for the development of post-traumatic osteoarthritis
(PTOA). Individuals who suffer a knee injury are reported to have about fourfold increase in
the risk of developing knee OA. Unlike many other joints, the knee is particularly
susceptible to OA as ligamentous and meniscal damage and direct effects of injury to the
joint surface and intra-articular fractures occur in the knee.2 Approximately 50% of
individuals with anterior cruciate ligament (ACL) rupture or meniscus tear go on to develop
PTOA within 10-20 years after injury.2 Currently, OA is diagnosed at the terminal stage at
which time little can be done to slow, reverse or halt its progression and too often total knee
arthroplasty is the only answer.

Studies in humans have shown that changes in chondrocytes and extracellular matrix begin
in the first few weeks after injury and well before the occurrence of radiographically
detectable OA.3 The timeline of these events during disease initiation and progression
remains poorly understood. It has been thought that the pathogenetic events following
mechanical injury to the synovial joint can temporally be divided into acute and chronic
phases. The acute phase is characterized by prominent inflammation. During this phase
subtle metabolic changes in cartilage and other joint structures occur that eventually may
result in PTOA.3 Thus, an understanding of changes in the injured joint in the early (acute)
phase of injury may offer opportunities to devise early therapeutic strategies. Joints with
meniscus or ACL injuries are an ideal resource to identify early molecular changes because
the time from injury is generally known. Therefore, in order to study early changes
following injury, we adapted a non-invasive murine model of compressive loading to the
knee joint that results in ACL rupture and injuries to both articular cartilage and
synovium.*> Using this model, we observed chondrocyte apoptosis and altered distribution
of extracellular matrix molecules in the cartilage within 5-14 days after injury.? In the
present study, we explored the timeline of cellular response to injury, attempted to unravel
the plausible mechanism of the altered extracellular distribution pattern, and examined the
source of cells responding to non-invasive injury (i.e., compression).

Another aspect of this study was to begin to examine the genetic differences in the
susceptibility to injury. It is known that OA runs in families and has a strong hereditary
component, accounting for 39-78% of OA.8.7 We have previously shown that two mouse
strains (namely LGXSM-6, the healer strain and LGXSM-33, the non-healer strain), selected
from a range of recombinant inbred lines of LG/J and SM/J, differ in their ability to heal
full-thickness cartilage surface injuries over 16 weeks. In addition, the healer strain can heal
full-thickness ear wounds.8:9 However, very little is known about how these two strains react
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to a non-invasive mechanical injury at early time points (i.e., up to 2 weeks). In the present
study, we sought to determine whether these two mouse strains exhibit phenotypic
differences in the early response to mechanical injury, in order to provide an experimental
basis for our long-term studies.

MATERIALS AND METHODS

Mice and Housing

Male mice from LGXSM-6 (n=15) and LGXSM-33 (/7=15) strains were used and housed
under standard conditions as described previously.8 These mice are available to us through
our collaborative work with Dr. James Cheverud.8-19 The Animal Studies Committee of
Washington University approved all the procedures in this study. Mice were raised at our
mouse facility with a constant humidity of 30—70%, temperature of 21°C, light/dark cycle of
12 h and high standards of animal husbandry. Mouse strains were bred by brother-sister
mating. Offspring were housed with their mothers for 3 weeks until weaned and separated
into sex-specific cages of 4-5 mice per cage with each cage ventilated individually.

Non-Invasive Mechanical Injury Model

Histological

The right knee of labeled mice (see “Labeling Procedure for Cells” below) underwent 9N of
compressive loading as detailed previously.* Briefly, under anesthesia (2.5% isoflurane in 4
L/min oxygen; Highland Medical Equipment, Temecula, CA), the right tibia was positioned
vertically, with the ankle upward and the knee downward in deep flexion between custom-
made cups of a materials testing machine (Instron ElectroPulse E1000, Norwood, MA) in
the laboratory. Axial compressive loads were applied through the foot joint via the upper
loading cup, while the lower cup holding the knee was fixed and linked to the load cell.
Cyclic loads were applied for 0.34 s, with a rise and fall time each of 0.17 s and a baseline
hold time of 10 s between cycles. Peak loading force was 9N with a 0.5N preload force to
maintain the limb in position between periods of peak loading. Sixty cycles of this pattern
were applied in the whole loading episode. The contralateral left knee served as a control.
Three additional age-matched mice from each strain were used as non-loaded, non-labeled
controls at day 14.

Analysis for Changes in Cartilage and Synovium

Mice were sacrificed at day 5 (/7=4), 9 (n=4), and 14 n=4) after loading. Knee joints were
dissected and processed for histology using standard procedures with slight modifications.*
We used 12% formic acid for decalcification instead of 14% ethylene diamine tetraacetic
acid and we cut the sections at 5 um thickness instead of 10 um thickness. We prepared
serial sagittal sections entirely through the lateral femoral condyle. The average number of
sections from each knee was 61. We used every 10th section to stain with Safranin-O/fast
green staining. Three of seven stained sections were used to score cartilage injury length and
synovitis. For immunostaining, we used at least three sections from each knee. Synovial
pathology was evaluated using published methods!! and combined the synovitis score (cell
layers and cell density) to report overall synovitis.
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Assessment of Cell Apoptosis

In situ detection of chondrocyte apoptosis was performed using the terminal
deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) assay (In situ Cell
Death Detection Kit, Roche, Indianapolis, IN). In order to compare the number of apoptotic
cells, we counted the numbers of TUNEL-positive cells in non-calcified cartilage in both
strains since apoptosis naturally occurs in calcified cartilage.12:13 Images taken from three
TUNEL stained sections at 400X magnification were evaluated by two blinded observers as
described previously.14

Pattern of Extracellular Matrix Proteins and CD44 Expression

We assessed expression pattern of extracellular matrix proteins (type-Il collagen, aggrecan,
and cartilage oligomeric matrix protein, that is, COMP) and CD44 (a cell surface antigen)
through immunostaining as described.* The primary antibodies used are shown in Table 1.
Images were captured on an Eclipse E800 microscope (Nikon, Tokyo, Japan) with Qlmaging
Retiga 2000R Fast 1394 camera and MetaMorph software v7.7 (Molecular Devices,
Sunnyvale, CA).

In Situ Hybridization Analyses of Aggrecan

To determine whether cells synthesized aggrecan after injury, in situ hybridization was
performed using 3°S labeled riboprobe as previously described.1516 The aggrecan in situ
probe covering the interglobular domain sequence of the mouse aggrecan has been
previously described. Images for in situ hybridization analysis were captured with an
OlympusBX51 microscope with a 10x objective and Olympus DP70 digital camera using
the DPcontroller software (Olympus, Tokyo, Japan). For in situ analysis, pictures of
hybridization signals were hued red and superimposed on toluidine blue counterstained
images using Adobe Photoshop.

Labeling Procedure for Cells

To track the cells that respond to the injury, we took advantage of a previous in vivo scheme
of double nucleoside analog cell-labeling model.1718 Most stem cells are in a quiescent state
and label retention is an indication of quiescence.1® Once cells have incorporated a label,
rapidly dividing cells lose the label quickly due to dilution, whereas quiescent or very slow
cycling cells retain the label for extended periods. Three-week old mice received 1 mg/ml
iododeoxyuridine (IdU; Sigma—Aldrich, St. Louis, MO) in the drinking water for 30 days,
followed by a 40-day washout period using regular drinking water. All the mice were
subjected to mechanical loading as described above. To label cells responding to the injury,
10 mg/ml chlorodeoxyuridine (CldU, Sigma—Aldrich) was subcutaneously injected
respectively at 0, 5, and 9 days after loading (7= at each time point) followed by 1 mg/ml in
drinking water until sacrificed at 5, 9, and 14 days after loading (Fig. 1A). We anticipated
the following scenarios (Fig. 1B): during the initial 30-day labeling period with 1dU, all
dividing cells would become labeled. The IdU would be diluted and become undetectable in
rapidly dividing cells after the 40-day washout period, but would be retained by slow-
cycling cells. These slow-cycling cells are thought to be in a progenitor-like stage. During
the second post-injury labeling period with CIdU, all dividing cells will incorporate CldU,
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but only slow-cycling long-term-retaining 1dU-positive cells would become double labeled.
The IdU-labeled cells that did not divide after injury would not take up CldU.

Statistical Analysis

All scores were evaluated by two blinded observers (XD, MFR). Data were analyzed using
GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA) and are shown as mean +
standard error of the mean (S.E.M.). Histological scores and TUNEL counting results were
analyzed by two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. The
level of statistical significance was set at 0.05.

RESULTS

All the mice exhibited normal cage activity after loading and we did not observe any notable
change in their movement and eating/drinking habit. We also did not observe any obvious
swelling of the loaded joints. All the mice indicated in Materials and Methods were used for
analysis because they had confirmed ACL rupture.

Effect of Loading on ACL

Rupture of ACL was indicated by an abrupt drop in loading wave (force) (Fig. 1C) during
compression as well as by anterior dislocation of tibia (Fig. 1D and E). With regards to ACL
rupture occurring solely during load-removal has not been fully determined. The numbers
have not been compiled but ruptures occur before or after peak force is reached. It is
possible that ruptures of the ACL during unloading may occur because the peak load needed
to be reached. Therefore, if the applied load had been higher, the rupture may have occurred
during the ramping (loading) portion of the cycle. Our unpublished data (MF Rai, X Duan,
JD Quirk, LJ Sandell) suggest that the assessment of ACL rupture by the drop-in force is
very reliable because it was found to be highly correlated with ex vivo tissue damage
observed by magnetic resonance imaging.

Effect of Loading on Cartilage: Site and Magnitude of Injury

We observed multiple injuries in the non-calcified layer of cartilage of the lateral femoral
condyles (Fig. 1F). The primary injury, which was localized at the posterior aspect of lateral
femoral condyle, appeared to occur due to direct compression (femurtibia contact).
Secondary injury, at multiple adjacent sites, was anterior to primary injury and was likely the
outcome of continued compression following ACL rupture. Whether primary or secondary,
all injury sites were characterized by loss of Safranin-O staining (i.e., proteoglycan loss) and
chondrocyte apoptosis. No injury was observed in contralateral non-loaded control knees.

The average length of primary injury as determined by the length of Safranin-O loss
remained the same over time in either strain (Fig. 1G), thus indicating that both mouse
strains have similar magnitude of cartilage lesions and the lesions do not appear to progress
from day 5 to 14.
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Cell Apoptosis at the Site of Injury

All the enlarged images were taken from the areas indicated in Supplementary Figure S1. At
day 5 post-injury, we identified apoptotic chondrocytes in the injured cartilage (Fig. 2A, day
5, arrows). The apoptotic cells in injured cartilage were characterized by TUNEL-positive
(green) and DAPI-negative staining. At days 9 and 14 the calcified layer in the injured area
remained the same as day 5, however the non-calcified cartilage in injured area was nearly
devoid of cells, that is, neither TUNEL- nor DAPI-stained (Fig. 2A, day 9 and 14).
Chondrocyte apoptosis was randomly seen in the calcified cartilage of non-loaded knees but
not in the non-calcified zone. All non-loaded cells were positive for DAPI staining (Fig. 2A,
Non-loaded control). Supplementary Figure S2 shows spilt channels of Figure 2A. Finally,
we did not observe any significant difference for TUNEL-positive cells between LGXSM-6
(13.50 £ 1.85 cells per 1.92 million square pixels) and LGXSM-33 (13.33 £ 1.19 cells per
1.92 million square pixels) at day 5 post-injury. Quantification of TUNEL-positive cells is
provided in Supplementary Figure S3.

Pattern of Extracellular Matrix Proteins Distribution and CD44 Expression

The following pattern of extracellular matrix protein distribution and CD44 expression was
consistent across all time points and in both mouse strains. We observed an increased
presence of aggrecan (Fig. 2A, red) and COMP (Fig. 2B, green) proteins inside the empty
lacunae at the site of injury. In contrast, in the non-injured area, a smooth and intense
pericellular distribution pattern of these proteins was observed.

In contrast, type-11 collagen protein was uniformly distributed along the entire surface of
cartilage without any notable difference between injured and non-injured areas. Consistently
observed by us and others, the intensity of type-I1 collagen protein was higher in the
calcified cartilage compared to the non-calcified cartilage (Fig. 2B, red).

Previously, we reported that, in the impacted mouse knee, aggrecan was found in the injured
cells, co-localizing with the TUNEL staining. In the current study, we further investigated
this observation, asking whether this intracellular aggrecan was intact or fragmented,
resulting in internalization, and whether it was newly synthesized. With regard to
proteoglycan degradation, immunostaining for the C-terminus of the aggrecan (COOH-)
cleavage product, NITEGE, revealed a higher degradation of aggrecan matrix in the intact
cartilage (adjacent to the injured area) in the loaded knees compared to control knees (Fig.
2C, yellow arrows). In the injured area, NITEGE was mostly detected in extracellular matrix
and not in the injured chondrocytes (Fig. 2C, green), where aggrecan and Safranin-O
staining was lost. This finding indicated that injured chondrocytes did not take up the
cleaved aggrecan molecules while intact chondrocytes are responding to the injury by taking
up the fragmented aggrecan.

In order to determine the mechanism of aggrecan protein redistribution, we co-stained CD44
and aggrecan. CD44, a chondrocyte surface marker and a receptor for hyaluronic acid, is
required to complete the process of aggrecan fragment internalization. In the intact cartilage
area, we observed that CD44 protein was abundant along the plasma membrane of
hypertrophic chondrocytes in the calcified layer and less so in the cells of the non-calcified
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zone (Fig. 3A). However, as early as day 5 after loading CD44 intensity was higher in the
intact cartilage around the injured area, in both calcified and non-calcified layers, and it
persisted until day 14. No CD44 expression was seen in the injured chondrocytes in any of
the mouse strains or at any time point. The results from chondrocyte apoptosis, extracellular
matrix proteins distribution and CD44 expression are summarized in Figure 3B.

In Situ Analysis of Aggrecan mRNA

In order to confirm that the aggrecan was already present in the cartilage, we probed for neo-
synthesis of aggrecan mRNA. Aggrecan mRNA was detected only in the intact area of
cartilage and the cartilage of non-loaded control knees at all time points in both strains (Fig.
3C). This observation indicated that up to 14 days post-injury, no cells were synthesizing
aggrecan in the injured cartilage area. Chondrocytes in the intact area might be reacting to
the injury and trying to produce aggrecan proteins to repair the injured cartilage. The
absence of aggrecan mRNA in the injured cartilage indicated the increased presence of
aggrecan protein we observed by immunostaining was not due to newly synthesized
aggrecan proteins. Besides cartilage, aggrecan mRNA was also seen in the synovium at day
14 post-injury in both strains (Fig. 3C, black boxes), a finding consistent with Safranin-O
staining.

Impact of Loading on Synovium: Development of Synovitis and Ectopic Chondrogenesis

Normal synovium in control knees appeared as a thin, smooth lining, with a 1-2 cell
thickness intimal surface (Fig. 4, Safranin-O staining). In contrast, significant synovial cell
proliferation, intimal lining cell hyperplasia and inflammatory-cell infiltration were seen as
early as day 5 after loading in both strains. At day 9, loaded joints in LGXSM-33 strain
exhibited proliferating synovial tissue, characterized by numerous clusters of cells with
rounded, enlarged nuclei (Fig. 4, Safranin-O staining). Furthermore, there was a localized
decrease in cell density and increase in proteoglycan matrix staining at the sub-intimal area.
Immunofluorescence of aggrecan and COMP was intense while only weak type-11 collagen
staining was found (Fig. 4, day 9). At day 14, circular nodules with less cellularity but more
localized type-11 collagen/COMP co-staining were observed in the synovium (Fig. 4 white
box). LGXSM-6 mice did not show such nodules at any time points (Fig. 4), however at day
14, increased synovial proliferation along with higher aggrecan and COMP intensities were
seen. Synovitis was significantly higher in the loaded knees compared to control knees at all
time points and it increased over time (Fig. 5A). Of note, there was significantly higher
synovitis in LGXSM-33 than LGXSM-6 at day 9 (p=0.008) and day 14 (p=0.008) but not at
day 5 (Fig. 5B). These results indicate that both mouse strains undergo similar changes in
synovium initially, but LGXSM-33 surpasses LGXSM-6 later on (i.e., day 14) with the onset
of gene expression characteristic of chondrogenesis.

Source of Cells Responding to Loading

In control knees, only a small number of CldU-positive cells (red, slow-cycling) scattered in
synovium and subchondral bone marrow were observed. They likely represent normal cell
proliferation in these tissues. In loaded knees, the number of CldU-positive cells was
substantially increased in the synovium and subchondral bone marrow. In chondrocytes, no
CldU-positive staining was found in either loaded or control knees. In contrast, slow-
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cycling, long-term retained (IdU—positive, green) cells were detected in the synovium,
subchondral bone marrow and cartilage (Fig. 6).

At day 5 after loading, an accumulation of IdU-and CldU-double-positive cells were found
in the synovium as well as the Groove of Ranvier (a wedge-shaped groove adjacent to the
growth plate) in the injured knees of both strains (Fig. 6, day 5). This accumulation was still
detectable 14 days after injury, however, with less IdU-positive cells (Fig. 6, day 14). No
remarkable accumulation of CldU-positive cells was found in control knees (Fig. 6, non-
loaded control).

No fast-cycling cells were found in the injured cartilage and there were no differences in
nucleoside labeling detected in the subchondral bone marrow between uninjured controls
and injured mice in both strains, at all time points tested. These results indicate that the cells
responding to injury arise from synovium and the Groove of Ranvier but not from cartilage
or subchondral bone. There were labeled cells in subchondral bone marrow, but they did not
migrate to cartilage (i.e., no CldU-positive cells were found in cartilage) within the acute
period after injury.

DISCUSSION

Here, we investigated the different responses of the two recombinant inbred mouse strains to
the non-invasive mechanical injury in the early time points. We found a similar reaction in
both strains in the context of cartilage phenotype and cell response at early time points (up
to 14 days) after injury. However, a significant difference in synovitis was seen after day 9
post-injury suggesting strain differences in the synovial response.

Our loading model was found to be very reproducible because it resulted in an injury pattern
in the genetic mouse strains in a manner similar to what we have previously reported in
C57BL/6J* and others have reported in CBA20 and FVB?! strains. The cartilage injury
neither progressed to degeneration nor resulted in healing over the 14-day study period.
These results were not unexpected because the injury model employed in the current study
was different from what we have used previously? in which subchondral bone was
penetrated by needle to induce “full-thickness” lesions. In the prior model, healing occurred
over a period of 16 weeks after injury, whereas in the current model analysis was restricted
to 2 weeks post-injury. Studies have shown that partial thickness cartilage injuries do not
heal or they heal poorly and over a much extended time period.22 The injury produced here
did not show macroscopic damage in the cartilage however we could identify the impact
zone by the loss of Safranin-O staining and lack of nuclei or, if an early time, the presence of
TUNEL-positive DNA.

Studies have shown an acute chondrocyte necrosis and apoptosis in response to blunt trauma
to cartilage.23 Our findings of apoptosis in the injured cartilage are in line with our previous
observations# and observations made by Aigner and colleagues.2 The programmed cell
death and substantially low number of living chondrocytes in the calcified layer do not seem
to impair cartilage under normal conditions.12:13 Therefore, we only compared chondrocyte
apoptosis in the impacted area of non-calcified cartilage layer between the two strains,
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which appears to be a direct consequence of loading. We hypothesized that there would be
less chondrocyte apoptosis in healers after loading and a relatively smaller area of cartilage
injury, but we failed to observe differences in number of apoptotic cells and in the length of
cartilage lesions. These results suggest that genetic differences do not necessarily link to
greater susceptibility to mechanical damage in cartilage. Another study that used Str/ort
mice2> concluded that genetic susceptibility to OA in these mice is not apparently related to
greater cartilage vulnerability to trauma. It is also interesting to note that apoptosis did not
progress over time (up to 14 days after loading) indicating again that chondrocytes were
injured at the time of trauma and no new apoptosis occurred as a reaction to the dead cells.

Similar to C57BL/6J mice,* the distribution pattern of several extracellular matrix proteins
changed in injured knees in both strains. The mechanism of this change had not been fully
studied in vivo, so we used aggrecan as an example in our study to propose a possible
mechanism. Intact aggrecan is observed inside of the dead cell lacunae. However, some
aggrecan in the extracellular matrix is degraded by proteoglycanases such as ADAMTS-5.
Studies?6:27 have found that upon aggrecan cleavage by ADAMTS-5, the C-terminus
NITEGE fragments of aggrecan are internalized into the chondrocyte(s) by the hyaluronic
acid cell surface receptor CD44. We found more immunostaining of NITEGE around the
lacunae of dead chondrocytes in the injured zone (consistent with less Safranin-O staining)
but failed to locate any CD44-positive staining at any time point. This indicates that in an
acute cartilage injury, chondrocytes are not able to internalize the fragments since there is no
CD44. In contrast, chondrocytes with positive CD44 signals were seen only in the area
adjacent to the impacted site. The likely reason is that the mechanical loading itself injured
chondrocytes and caused apoptosis. Yamamoto and colleagues2® demonstrated that dead, but
not living cells, stimulated ADAMTS-5 activity. Therefore, the death of chondrocytes could
stimulate aggrecan cleavage. Increased aggrecan fragments (i.e., more NITEGE staining in
extracellular matrix in the injured area) called for more CD44 expression in living adjacent
chondrocytes, as a receptor to fulfill the process of internalization of aggrecan fragments.
The extracellular proteins were degraded (positive neoepitope NITEGE) due to mechanical
impact and chondrocyte death. The apoptotic chondrocytes have lost their normal structure
(no CD44 on the cell surface) and are unable to uptake or make new extracellular matrix
proteins (i.e., no aggrecan mRNA was detected).

Synovial tissues are important to the overall health of the synovial joint. Previous studies
have shown that changes in the synovial tissues could contribute to progression or protection
of OA.#29.30 |t js increasingly appreciated that some degree of synovitis may be observed in
both early and late OA, including synovial hypertrophy and hyperplasia with an increased
number of lining cells, often accompanied by infiltration of the sub-lining tissue with
scattered foci of inflammatory cells and eventually osteophyte formation.31-33 We observed
a rapid and considerable synovial response following loading, as early as 5 days post-injury,
in both strains, which extended through the entire 14-day time period. This indicates that
both strains have the same initiating response of synovitis in the early days after injury.
However the non-healer (LGXSM-33) strain then progressed faster. By day 9, the cells were
synthesizing cartilaginous extracellular matrix molecules throughout the synovial tissue
(COMP and aggrecan) and by 14 days, type-I1 collagen positive chondrogenic nodules were
seen in the non-healer strain. It is thought that mesenchymal stem cells in the synovium are
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stimulated to proliferate and undergo chondrogenesis and differentiate to mature
hypertrophic chondrocytes where vascular invasion occurs.34 Our findings of double-labeled
cells and chondrogenesis in synovium after injury are consistent with their hypothesis. The
synovial calcifications have been investigated in detail elsewhere.35

The possibility that intrinsic cells respond to injury and may participate in regeneration of
cartilage has been extensively studied. Kurth and others have shown that the intra-articular
tissues (e.g., synovium) contain mesenchymal stem cells in humans as well as in
mice.18:36.37 From our non-invasive model, we confirmed the result of Kurth et al.28 in vivo,
that IDU-positive mesenchymal stem cell (MSC)-like cells were found in synovium at all
time points without any strain differences. We also found that the slow-cycling cells were in
the Groove of Ranvier and became transit-amplifying cells after injury. This is consistent
with Karlsson et al.38 who have demonstrated that the Groove of Ranvier is a pool of stem
cells. Recent studies have shown that the bone marrow cavity underneath the subchondral
bone may provide mesenchymal stromal cells to damaged cartilage to support its repair.39:40
However, we consider that the bone-marrow derived MSCs were less possible to migrate to
the injured cartilage in our study, due to our partial-thickness cartilage injury model.
Studies*142 have shown the presence of stem/progenitor cells in the superficial layer in
human cartilage, however it is unknown if this layer supports cartilage renewal or can
provide cells for repair of cartilage. Pretzel and co-workers*3 have reported that cartilage by
itself may contain some mesenchymal progenitor cells, which are located in the superficial
and middle zones of cartilage. But they did not show how long it took these cells to be
involved in cartilage repair. Another study by Eltawil et al.** also failed to detect
proliferating cells in the cartilage adjacent to injury at 4-weeks following injury by using a
joint surface injury model in DBA/1 mice. Chondrocyte proliferation has been reported to
take place following injury in vitro,*> however such a model does not mimic the daily joint
motions after injury, especially in the mice with ACL rupture. In agreement with Kurth et
al.,18 we did not observe any CIDU-positive fast reacting cells in the injured cartilage in
either strain at any time point. We propose that during the acute phase after impact (up to 14
days post-injury), no progenitor cells in cartilage responded to the injury even in the
“healer” strain. However both strains demonstrated a synovial response. The independent
response of cartilage and synovium has also been shown by us for mice lacking the
chemokine receptor CCR5.46

CONCLUSION

Our findings indicate that both healer and non-healer mouse strains are vulnerable to 9N
impact loading. Chondrocyte apoptosis occurs in the cartilage at an early time point while
injury responding cells are mainly located in the synovium and the Groove of Ranvier (but
not in the cartilage). We show, for the first time, the distribution of hyaluronan receptor
(CD44) in healthy and injured knees in vivo in intact cartilage surrounding the impact zone.
Interestingly, the cartilage response appears to be the same between the two strains, while
there is a difference in the synovial response. We cannot predict what long-term outcomes
this difference may lead to. Since the in vivo model described here mimics one type of blunt
human knee injury resulting in an ACL tear, these results will provide a platform to compare
mice with different genetic backgrounds and/or modified genes and for future treatment
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strategies aiming at circumventing the pathological changes following injurious loading but
before the development of clinical PTOA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Non-invasive tibial compression and acute pathological changes in articular cartilage. (A) A

sketch of double nucleoside cell-labeling procedure and (B) labeling options with three
possible outcomes (a, b, and c). (a) IdU-positive cells will not proliferate and retain 1dU
(green); (b) IdU-positive cells will proliferate and acquire CldU (red) and gradually lose
1dU, hence appearing yellow, orange, or red; (c) Unlabeled IdU-negative cells (white) will
proliferate and acquire CldU (red); x = sacrifice. (C) A schematic diagram of loading cycle
with basal maintenance force, peak force, time-interval between loading episodes and a
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typical indication of ACL rupture (red circle). (D) Compression-induced ACL rupture
indicated by disrupted alignment of the ligament fibrils (A=ACL, F=femur, T=tibia),
increased joint gap, and the dislocation of the tibia in relation to the femur; red lines indicate
joint alignment. (E) Non-loaded control knee with intact ACL (A=ACL, F=femur, T=tibia).
(F) Representative images of cartilage injury site of the lateral femoral condyle (left panel
lower magnification, right panel higher magnification of white dotted line box), showing
loss of Safranin-O staining and disappearance of normal nuclear staining. White dotted line
box indicates the primary injury site, black dotted line box shows secondary injury site,
parallel solid white lines indicate the injury border. F=femur, M=meniscus, S=synovium.
Bar=100 pm. (G) Mean cartilage injury length showing no significant difference between the
strains or time points. (/7=4 each time point and each strain).
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Figure 2.
Chondrocyte apoptosis and distribution pattern of extracellular matrix proteins. (A) TUNEL

assay identified apoptotic chondrocytes (green staining, white arrows) in the injured
cartilage area in both strains at day 5 but not at day 9 or 14. Aggrecan (red staining) was
found around the chondrocytes in the intact area and in the lacuna left by the apoptotic
chondrocytes in the injured area (Bar=50 pm). (B) COMP (green staining) had the same
distribution pattern as aggrecan in the injured region but could be seen less than aggrecan
along the adjacent healthy cartilage surface. Type-I1 collagen (red staining) was uniformly

J Orthop Res. Author manuscript; available in PMC 2017 December 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Duan et al.

Page 17

found along the whole cartilage surface (Bar=50 um). (C) The left panel shows typical
images of the loaded and non-loaded control knees. NITEGE (green staining) was mainly
found in the calcified layer of cartilage (hypertrophic chondrocytes) in non-loaded knees.
However immunoreactivity of NITEGE was stronger in non-injured cartilage area of injured
knees at all time points after injury (yellow arrows). In the injured cartilage, NITEGE was
mainly in the extracellular matrix not in the dead chondrocytes (indicated by aggregated
aggrecan staining without DAPI staining). Aggrecan staining (red) was undertaken to
identify injury site. The area indicated by white dotted line boxes is shown at higher
magnification. Bar=100 pm.
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Figure 3.
CD44 immunofluorescence and in situ hybridization of aggrecan mMRNA. (A) The areas

indicated by white dotted line boxes in the upper panels are shown at higher magnification in
the lower panels. CD44 (green) was seen around hypertrophic chondrocytes in non-loaded
control knees (yellow arrows, the right panel) and in the chondrocytes immediately around
the injured zone (yellow arrows, left three panels). There was no difference in the pattern of
CDA44 expression between the two mouse strains. Aggrecan staining (red) was undertaken to
identify injury site. Bars=100 um. (B) Summary of changes in extracellular matrix proteins
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in the injured and adjacent intact areas of loaded knees and in the intact area of non-loaded
knees. (C) Aggrecan mRNA, detected by in situ hybridization, was only present in the intact
area of cartilage and the cartilage of non-loaded knees at all time points in both strains (red
color dots show positive hybridization signals, red lines show the injured area). Aggrecan
mRNA was also seen in the synovium at day 14 post-injury in both strains (black boxes).
Bar = 100 um.
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Figure 4.
Synovial response: comparison of LGXSM-33 and LGXSM-6. Horizontal panels in each

strain, from top to bottom are Safranin-O stain, immunostaining for type 2 collagen +
COMP and aggrecan + TUNEL. As early as day 5 post-injury, significant synovial cell
proliferation and intimal lining cell hyperplasia were observed in both strains (Safranin-O
stain) compared to the non-loaded control knees (the far right column). LGXSM-33 showed
higher expression of aggrecan (red) and COMP (green) in synovium than LGXSM-6 at day
9 and 14 post-injury. LGXSM-33 also developed ectopic chondrogenic nodules on day 14
after injury. These nodules were type-II collagen positive (white dotted line circle).
F=femur; S=synovium; bars=50 um.
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Figure 5.

Synovitis assessment. (A) Enlargement of the synovial lining cell layer and density of the
cells in the synovial stroma (yellow arrows) were individually assessed. Bar=100 pm. (B)
Quantification of synovitis score at day 5, 9, and 14 post-injury indicated a trend of
increased synovitis overtime following injury. There was significantly higher synovitis in
LGXSM-33 compared to LGXSM-6 at day 9 and 14 post-injury. Graphs represent mean +
SEM. p-value was set at <0.05. Identical lowercase letters represent statistical difference
across groups (/=4 each time point and each strain).

J Orthop Res. Author manuscript; available in PMC 2017 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

Page 22

Non-loaded control

Groove of Ranvier

LGXSM-6
CldU+idU+Dapl
Synovium Injured cartilage

Groove of Ranvier

LGXSM-33
CIDU+DU+Dapl

Injured cartilage

Synovium

Figure 6.
Cells responding to injury. (A) Safranin-O stained image showing areas used for the

immunofluorescent images. (B) Horizontal panels from top to bottom in each strain are
images taken from Groove of Ranvier (G), injured cartilage (1) and synovium (S) as
indicated in Figure A. Long-term-retaining, slow-cycling IdU-positive cells (green arrows)
were detected in cartilage (middle panels, dotted lines indicate the cartilage or the joint
surface) and synovium (lower panels) in both strains at all time points. At 5, 9, and 14 days
after injury, there was a marked proliferation of CldU-positive cells (red arrows and yellow

J Orthop Res. Author manuscript; available in PMC 2017 December 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Duan et al.

Page 23

arrows) in the synovium (lower panels in each strain) and Groove of Ranvier (upper panels
in each strain, white dotted circle), compared to non-loaded control knees in the right
column. No responding cells were detected at the site of cartilage injury (middle panels).
S=synovium, BM=bone marrow, G=Groove of Ranvier, I=injured cartilage. Yellow arrows
indicate co-localization of 1dU- and CldU-positive cells. Bars=50 um.
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Antibody Supplier Cat. # Dilution
Mouse anti-CldU Abcam (Cambridge, MA) ab6326 1:100
Rat anti-1dU Abcam (Cambridge, MA) ab8955 1:100
Rabbit anti-COMP Kamiya Biomedical Co. (Seattle, WA) PC-140 1:100
Rabbit anti-aggrecan (G2 domain) Dr. Amanda Fosang (The University of Melbourne, Australia) Gift 1:100
Rat anti-type-II collagen (triple helical domain)  Dr. Linda Sandell (Washington University, St. Louis, MO) In house 1:100
Rabbit anti-NITEGE373 Dr. Amanda Fosang (The University of Melbourne, Australia) Gift 1:100
Alexa Fluor 594 goat anti-rat Abcam (Cambridge, MA) ab150168 1:200
Alexa Fluor 488 goat anti-rabbit Abcam (Cambridge, MA) abh181448 1:200
Alexa Fluor 594 goat anti-rabbit Abcam (Cambridge, MA) ab150092 1:200
Alexa Fluor 488 goat anti-mouse Abcam (Cambridge, MA) ab150113 1:200
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