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Abstract

Objectives

This study aimed to investigate the pathology occurring at the calcified zone of articular car-
tilage (CZC) in the joints afflicted with post-traumatic osteoarthritis (PTOA).

Methods

Rats underwent bilateral anterior cruciate ligament (ACL) transection and medial menis-
cectomy to induce PTOA. Sham surgery was performed on another five rats to serve as
controls. The rats were euthanized after four weeks of surgery and tibial plateaus were dis-
sected for histology. The pathology of PTOA, CZC area and the tidemark roughness at six
pre-defined locations on the tibial plateaus were quantified by histomorphometry.

Results

PTOA developed in the knees, generally more severe at the medial plateau than the lateral
plateau, of rats in the experimental group. The CZC area was unchanged in the PTOA joints,
but the topographic variations of CZC areas that presented in the control knees were re-
duced in the PTOA joints. The tidemark roughness decreased in areas of the medial plateau
of PTOA joints and that was inversely correlated with the Mankin’s score of PTOA pathology.

Conclusion

Reduced tidemark roughness and unchanged CZC area differentiate PTOA from primary
osteoarthritis, which is generally believed to have the opposite pathology at CZC, and may
contribute to the distinct disease progression of the two entities of arthropathy.
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Introduction

Post-traumatic osteoarthritis (PTOA) is a form of arthropathy secondary to joint injury. It is
estimated that 12% of all osteoarthritic complaints in the hip, knee, and ankle are post-
traumatic [1]. Clinically, PTOA has a younger patient population than primary osteoarthritis
(OA). Therefore, effective treatments for primary OA, such as joint replacement, fusion and re-
striction, may not be applicable or acceptable for PTOA patients [2]. The clinical outcome of
PTOA has been virtually unchanged for the past 50 years [3]. It is generally believed that the
mechanical instability caused by joint injury is the predominant pathogenesis of PTOA [4],
[5]. The PTOA pathology, particularly what distinguishes PTOA from primary OA has not
been fully understood [6].

Articular cartilage is organized in a zonal structure. The calcified zone of cartilage (CZC) is
the deepest zone where cartilage matrix is calcified. It is separated from the other zones of carti-
lage by the tidemark. The CZC borders the subchondral bone with the cement line. Matrix
mineralization in CZC allows gradual transition of mechanical properties between cartilage
and bone [7]. It would become a focal zone, however, during the development of PTOA whose
pathology features mechanical disorders of the joint. In addition, the permeability of the CZC
is five times less than that of the uncalcified cartilage [8], [9], suggesting that the CZC serves as
a physiological barrier between the tissue compartments of bone and cartilage. Therefore,
changes in the CZC during PTOA development have both mechanical and biological
consequences.

The tidemark is also referred to as the chondro-osseus junction [10]. The shape of the tide-
mark is often described as having a “gentle waviness”. The degree of undulation, or roughness,
of the tidemark is responsive to mechanical stress [11]. The tidemark is significantly less rough
than the cement line, which joints CZC with subchondral bone [12]. This may suggest that the
roughness of the tidemark and cement line is regulated by the mechanical properties of the ad-
jacent cartilage and bone, which undergo significant changes in OA and PTOA [13], [14].

In response to joint instability in PTOA, bone and cartilage are continually remodeling [15].
In the (uncalcified) cartilage, chondrocytes undergo apoptosis and matrix degrades [16]. Si-
multaneously, active calcification is triggered in the subchondral bone, resulting in the forma-
tion of a thicker subchondral bone plate [17]. In this context, changes in CZC are inevitable
but few investigations focused on the CZC in PTOA.

In this study, PTOA in rat knees was induced by transaction of the anterior cruciate liga-
ment (ACL) and medial meniscectomy. The PTOA pathology, CZC areas and tidemark rough-
ness at tibial plateaus were quantified by histomorphometry.

Materials and Methods
1. Animal model of PTOA

Ten male Wistar rats (Harlen Laboratories, Indianapolis, IN), 12 weeks of age, were used for
this study (approved by Saint Louis University Institutional Animal Care and Usage Commit-
tee; Protocol 2242). The rats were individually housed and the cage numbers were used to ran-
domly assign the animals in experimental and control groups. Rats were anesthetized by an
intraperitoneal injection of a cocktail of ketamine and zylazine and both knees were prepared
for surgery. A parapatellar incision was made to expose the knee joint. The ACL was transected
and the medial meniscus was resected. The joint capsule and skin were closed separately with
6.0 vicryl suture. Sham surgery was performed on the rat knees in the control group and con-
sisted of opening the joint capsule but no ACL transection and meniscectomy. The operated
limbs were not immobilized and rats were allowed to access food and water ad lib.
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All animals survived and had no limitation of mobility. Rats were euthanized four weeks
post-operatively. A total of 19 knees (one in the experimental group was eliminated due to in-
fection) were dissected and fixed in 4% paraformaldehyde. Specimens were decalcified using
Acumate Rapid Decalcifying Solution (Sigma-Aldrich Co., St. Louis, MO). The knees were
then disarticulated and the tibial portions were coronally bisected, using a custom made jig for
accurate positioning and reproducible sections. The tibial parts of the knees were embedded in
TissueTek OCT (Sakura, Torrance, CA) after being balanced in 15% and 30% sucrose solu-
tions. Tissue sections (6 L) were cut using a cryostat and stained with Safranin-O, Fast Green,
and Hematoxylin. Images were taken with a Leica DMI 4000 light microscope and analyzed
with Image] (NTH).

2. Image analyses

For histological analysis, each medial and lateral tibial plateau was divided into three areas
(Fig. 1A): medial (closest to the tibial spine), central (center of the tibial fossa), and peripheral
(closest to the edges of tibial plateau). An equally sized, consistently located portion from each
third of the medial or lateral tibial plateau was selected for histomorphometry. From the same
specimen, the same locations on two or more consecutive sections were analyzed and averaged
in order to reduce systematic errors.

On each selected imaging area, the degree of PTOA, CZC area and the tidemark roughness
were quantified. The Mankin’s scoring system was used to assess the severity of cartilage de-
generation in cellularity, matrix biochemistry and surface integrity [18]. Specimens were grad-
ed on a scale of zero, representing healthy cartilage, to eleven representing severe OA.

CZC area was measured by tracing the borders of the CZC using the freehand selection tool
of Image]. Tidemark roughness (R) was calculated using the following equation: R = L/LO,
where L is the true length of the tidemark and L0 is the anticipated projection length [12]. The
true length of the tidemark (L) was traced using the freehand line tool and anticipated projec-
tion length (LO) was measured using the straight line tool (Fig. 1B).

Statistical analyses. Data are expressed as mean + standard deviation. T tests were used to
assess differences between PTOA and control knees at corresponding locations in Mankin’s
score, CZC area and tidemark roughness. One way ANOV A, followed by post hoc Tukey’s test,
was used to analyze the Mankin’s score, CZC area, and tidemark roughness among the six loca-
tions on both medial and lateral plateaus in the same study group. Pearson’s Correlation was
used to determine the relationship between the Mankin’s scores and CZC areas or tidemark
roughness in the PTOA knees. The significance level was set at p < 0.05.

Results
1. Cartilage degeneration in PTOA joints

The pathology of PTOA induced by meniscectomy and transaction of ACL included erosion of
cartilage surface, loss of proteoglycan from the matrix, formation of chondrocyte clusters

(Fig. 2A). The Mankin’s score in the experimental group showed significant cartilage degenera-
tion at all three selected locations of the medial plateau and the peripheral portion of the lateral
plateau, compared with the corresponding locations in the control group. The Mankin’s scores
for the central and medial areas of the lateral plateau in the PTOA knees were not statistically
different from the control (Fig. 2B). As measured by the Mankin’s score, the central area of me-
dial plateau had the most severe PTOA among the involved areas on the tibial plateau. There
was, however, no statistical difference among the Mankin’s scores of the six assigned areas on
the plateaus of PTOA knees (p = 0.07).
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Peripheral | Central

Fig 1. A) Diagram of selected locations on tibial plateau for Mankin’s score and CZC measurements.
Showing here is a lateral tibial plateau, where standardized areas are defined in the evenly divided three
portions of the plateau: peripheral portion, near the edge of the plateau; the central portion, in the middle of
the plateau; and the medial portion, close to the cruciate ligaments. Three areas are defined in the same way
on the medial plateau (bar = 50pym). B) CZC measurements, using Imaged. The tidemark was traced for true
length (L, white arrows). The straight line (black arrows) was drawn, as LO, for calculation of tidemark
roughness. The cement line between CZC and subchondral bone was also traced (open arrows) for
measurements of CZC area between the tidemark and cement line (bar = 20um).

doi:10.1371/journal.pone.0120949.g001
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Fig 2. A) Histology of PTOA knees. A, B and C are the peripheral, central and medial regions of the medial
plateau in the control knees. D, E, and F are the peripheral, central and medial regions of the medial plateau
of the PTOA knees, respectively. While the cartilage in the control knees is intact and uniformly stained for
extracellular matrix, the cartilage in the PTOA joints shows clustering cells, decreased and uneven staining of
proteoglycans, and surface fibrillation (Safranin-O/Fast green/Hematoxylin staining). B) Mankin’s scores of
six selected locations on the tibial plateau of the PTOA and control knees. PTOA developed in all three
locations on the medial plateau and the peripheral area of the lateral plateau after four weeks of ACL
transection and meniscectomy. Note: * indicates p < 0.05; ** p < 0.001. L = lateral plateau; M = medial
plateau; bar = 20pm.

doi:10.1371/journal.pone.0120949.9002
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Fig 3. Measurements of the CZC area in six selected locations on the tibial plateau of the PTOA and control knees. A: The topographic distribution of
CZC area is uneven across the tibial plateau in the control knees. The CZC areas at the peripheral and central regions on the lateral plateaus are larger than
the corresponding locations on the medial plateau. In addition, there are significant differences in CZC area among several asymmetric locations between
the lateral and medial plateaus. B: On the tibial plateaus of the PTOA joints, the number of significant differences in CZC area among different locations is
reduced, as compared with the control tibial plateaus. C: Although the distribution pattern of CZC area in the PTOA joints is altered, the CZC areas sampled
at each location of the PTOA tibial plateaus are unchanged when statistically compared with the corresponding locations in the control knees.

Note: * indicates p < 0.05. L = lateral plateau; M = medial plateau.

doi:10.1371/journal.pone.0120949.9003

2. PTOA associated CZC pathology

The CZC area varied significantly among the six defined locations across the tibial plateau.
Within the control group, the CZC area at the central area of the medial plateau was the small-
est and the medial area of the lateral plateau was the largest. Among several locations, the CZC
areas were statistically different, such as medial versus lateral plateau at the central and periph-
eral areas. The unevenness of CZC areas was also demonstrated with differences among asym-
metric locations between the lateral and medial plateaus, such as the peripheral area on the
lateral plateau vs. the central area on the medial plateau (Fig. 3A). A significant change in the
PTOA knees was the disappearance of many statistical differences in the CZC area between dif-
ferent locations across the tibial plateau. The remaining differences between CZC areas in the
PTOA knees were the medial area of the lateral plateau versus the peripheral and central areas
of the medial plateau. In the PTOA knees, the smallest CZC area was in the peripheral area of
the medial plateau, whereas the largest was, the same as the control, at the medial area of the
lateral plateau (Fig. 3B). Each CZC area of the six locations on the tibial plateau in the PTOA
joints did not differ significantly from the corresponding locations in the control group, al-
though four of the six areas on the tibial plateau in the PTOA joints showed a tendency of re-
duced CZC area (Fig. 3C).
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Fig 4. The tidemark roughness at the six selected locations on the tibial plateau of the PTOA and control knees. The tidemark roughness in the
control knees varies from area to area on the tibial plateau. In the PTOA knees, there are not regional differences in tidemark roughness. In addition, the
generally reduced tidemark roughness in the PTOA knees is statistically significant at the central and medial areas of medial plateau, when compared with
the controls. Note: * indicates p < 0.05. L = lateral plateau; M = medial plateau.

doi:10.1371/journal.pone.0120949.9004

The tidemark roughness was not equal across the tibial plateau in the control group. The
lowest tidemark roughness was at the peripheral area of the medial plateau. There were signifi-
cant differences in the tidemark roughness between several pairs of locations, such as the pe-
ripheral area versus medial and central areas on the medial plateau and the central area of the
lateral plateau. The differences of tidemark roughness among the six defined locations on the
tibial plateau, however, did not exist in the PTOA knees. Compared with the control, tidemark
roughness in the PTOA knees was reduced in general, except at the peripheral area of the later-
al plateau. When the tidemark roughness was compared between the PTOA and control knees
at the corresponding locations, it was found that tidemark roughness was significantly reduced
in the PTOA joints at the central and medial areas of the medial plateau (Fig. 4).

3. Correlation among PTOA pathology, CZC area and tidemark
roughness
No correlation was found between the Mankin’s scores and CZC areas. The Mankin’s scores

and tidemark roughness in the PTOA joints were inversely correlated (r = -0.65; p = 0.02;
Fig. 5). The CZC area and tidemark roughness in the PTOA joints did not correlate (p = 0.44).
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Fig 5. Correlation between Mankin’s score and tidemark roughness. In the PTOA knees, Mankin’s score and tidemark roughness are reversely

correlated (p < 0.05).
doi:10.1371/journal.pone.0120949.9005

Discussion

The integrity of the ACL and meniscus is essential for the normal kinematics of the knee joint.
Surgical damage to the ACL and meniscus applied in this study significantly destabilized the
joints. When the abnormal stress developed in the joint excesses the adaptability of cartilage,
cartilage degeneration occurs [19]. In this study, PTOA developed in all three selected locations
on the medial plateau and the peripheral portion of the lateral plateau, but the central and me-
dial portions of the lateral plateau were spared from significant cartilage degeneration. The se-
verity of PTOA was the greatest in the peripheral portion of the medial plateau, followed by the
central portion of the medial plateau. The intraarticular pathology developed on the medial
plateau is in line with the surgical removal of medial meniscus.

The pathologies of cartilage and subchondral bone in PTOA have been subjects of extensive
investigations [20], [21]. The CZC is a thin layer of cartilage (about 1/25 of the uncalcified car-
tilage on human femoral condyles [22]). It is critically located to unite articular cartilage and
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subchondral bone and, thus, is in a position that could well influence the progression of PTOA.
At the calcification front of the CZC, the tidemark has been found to be metabolically active in
primary OA [23]. In the mandibular condyle, though it is fibrocartilage, tidemark appears
wavy in load-bearing areas and relatively flat and smooth in non-load bearing areas [24], indi-
cating the shape of tidemark is regulated to some extent by mechanical loading of the joint.
Since biomechanical instability dominates PTOA pathology, the CZC pathology could be sig-
nificant to the development of PTOA.

This study employed a model of acute joint injury leading to accelerated joint degeneration.
Compared with the controls, the CZC area in the PTOA joints remained constant or decreased
in most of the locations on the tibial plateau. In a normal joint, the CZC maintains a constant
thickness throughout life, because of the equilibrium of calcification advancing into uncalcified
cartilage and absorption by endochondral ossification at the opposite end [25]. This balance re-
lies on physiological cellular activities and a normal biomechanical environment [26]. In the
PTOA joints, mechanical instability and histological pathology were evident and that indeed
impacted on the properties of the CZC.

It is known that CZC thickness (area) varies topographically in the same joint [27], [28]. In
the control rat knees, the CZC areas in the six selected locations on the tibial plateau were dif-
ferent at six paired locations. This topographical variation in the CZC area on the same tibial
plateau, however, was minimized in the PTOA joints—-only 2 paired locations were statistical-
ly different. It is most likely that the CZC area pattern was adjusted to respond to the bio-
mechanical instability in the PTOA joints.

Changes of CZC area are seen in other physiological/pathological conditions. The CZC area
increases as aging progresses [29-31]. In primary OA, the expansion/advancement of CZC is
regarded as a primary pathology, since it may contribute to the thinning of articular cartilage
[27], [32-34]. Interestingly, when OA was induced in rats by excessive running, the CZC was
expanded [35]. It is noteworthy that, during aging, and in primary OA and the excessive run-
ning OA model, the joints experience accumulated loading over a long period of time, whereas
the PTOA joints in the current study were destabilized in an acute fashion and joint degenera-
tion occurred merely in four weeks. While mechanical instability is significant in PTOA, it is
much subtle and developed gradually in primary OA [2]. This may also contribute to the differ-
ent patterns of CZC area found in this study and in primary OA.

The calcification front—tidemark is a mechanism to equilibrate cartilage mineralization at
the bone and cartilage junction. In response to a pathological environment of primary OA,
tidemark is observed in duplication or multiple lines [7], [10], [30], [36]. Tidemark duplica-
tions can be directly accompanied with fibrillation on the surface of articular cartilage in OA
[23], [37]. While tidemark duplication was occasionally observed in the PTOA joints in this
study, the advancement of the calcification front and CZC into the uncalcified cartilage seemed
not occur.

In a classic study, patients with primary OA were given two episodes (ten days apart) of tet-
racycline prior to the surgery of total hip replacement [23]. The tetracycline-labeled tidemark
in the articular cartilage of femoral head advanced toward uncalcified cartilage. The distance
between the two tetracycline labeling lines in cartilage was 2.8 times of that in bone. The results
indicate that the tidemark in OA is metabolically active, leading to the expectation of a rougher
tidemark. Topographically, the tidemark roughness varied between a few paired locations on
the tibial plateau in the control joints. In the PTOA joints, however, no differences were found
between any paired locations on the tibial plateau. Overall, the tidemark roughness decreased
in the PTOA joints. The tidemark roughness was significantly reduced at the central and medi-
al areas of the medial plateau in the PTOA joints, when compared with the control joints. Im-
portantly, the reduced tidemark roughness was inversely correlated with the severity of
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cartilage degeneration. In PTOA joints, both the central and medial portions of the medial pla-
teau, where had reduced tidemark roughness, showed the largest increases of Mankin’s scores.
The peripheral portion of the lateral plateau had increased tidemark roughness in the PTOA
joints, but it incurred the smallest change in Mankin’s scores. Therefore, the reduced tidemark
roughness could be the CZC pathology specific to PTOA.

This study created bilateral PTOA in rat knees. In the same rat, operating on one knee joint
and using the opposite joint as a control may minimize inter-individual variables, but the ani-
mals may spare the operated limb and reduce joint loading. It has been noticed that the injured
joints, without bearing weight, have an increased CZC area [26]. Indeed, unilateral knee PTOA
induced by a procedure similar to the one used in the present study demonstrated an increased
CZC thickness [29]. In this study, surgery performed bilaterally forced animals bearing similar
loads on both injured joints, which quickens the progression of PTOA [38].

In summary, tidemark roughness was locally reduced in PTOA induced by ACL transection
and medial meniscectomy and this was inversely correlated with Mankin’s scores. Although
CZC area is increased in primary OA, the CZC area in the PTOA model used in this study was
unchanged, but the topography of CZC areas across tibial plateau was modified. These CZC
pathologies provide insight to the progression of PTOA and show features that differentiate
PTOA from primary OA.
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