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Abstract

Objective—To establish a standardized protocol for histopathological assessment of murine
menisci that can be applied to evaluate transgenic, knock-out/in, and surgically induced OA
models.

Methods—Kbnee joints from C57BL/6J mice (6 to 36 months) as well as from mice with
surgically-induced OA were processed, and cut into sagittal sections. All sections included the
anterior and posterior horns of the menisci and were graded for (1) surface integrity, (2)
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cellularity, (3) Safranin-O staining distribution and intensity. Articular cartilage in the knee joints
was also scored.

Results—The new histopathological grading system showed good inter- and intra-class
correlation coefficients. The major age-related changes in murine menisci in the absence of OA
included decreased Safranin O staining intensity, abnormal cell distribution and the appearance of
acellular areas. Menisci from mice with surgically-induced OA showed severe fibrillations,
partial/total loss of tissue, and calcifications. Abnormal cell arrangements included both regional
hypercellularity and hypocellularity along with hypertrophy and cell clusters. In general, the
posterior horns were less affected by age and OA.

Conclusion—A new standardized protocol and histopathological grading system has been
developed and validated to allow for a comprehensive, systematic evaluation of changes in aging
and OA-affected murine menisci. This system was developed to serve as a standardized technique
and tool for further studies in murine meniscal pathophysiology models.
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meniscus; aging; osteoarthritis; histopathology

INTRODUCTION

Osteoarthritis (OA) is a whole-joint disorder that invariably affects articular cartilage,
subchondral bone, menisci, synovium, ligaments, and muscles[1, 2]. Among these joint
tissues, articular cartilage is the most susceptible to developing OA and shows the most
profound age-related changes. However, the relationship between articular cartilage and
meniscus is known to be critical in the dynamics of knee joint loading and transmission
[3-9]. This relationship is emphasized by the fact that meniscal lesions, partial/total
meniscectomy, and meniscal degeneration contribute to the development or progression of
OA [10-16]. Despite its pivotal role in knee joint loading and OA development, the
mechanisms of meniscal pathophysiology in aging and OA are not well understood. Better
understanding these mechanistic relationships will improve therapeutic strategies for
repairing meniscal injuries as well as preventing and treating OA.

Recent progress in understanding the mechanisms related to aging pathology of
cartilaginous tissues for the study of human diseases includes the development and use of
animal models (i.e., dogs, rabbits, guinea pigs, rats, and mice) [17-23]. Murine models are
the most versatile due to ease of genetic manipulation, leading to a plethora of transgenic
and knockout and knockin strains for various biological studies [24]. Furthermore, the
availability of murine models allows for extensive studies that answer key questions
concerning the spatial and temporal relationships of changes in menisci as well as in
correlation with other joint tissues in aging and disease development. The C57BL/6J inbred
strain stain of mice has been widely used to create mutants to study developmental biology
and OA pathogenesis [25-30]. C57BL/6J mice spontaneously develop OA as a function of
increasing age [31, 32]. OA can also be surgically induced in mice models with
destabilization of the medial meniscus (DMM) being the most widely used model [33].
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Several histopathological assessment systems exist to evaluate OA-related changes in
articular cartilage. The Osteoarthritis Society International (OARSI) histopathology
initiative developed a grading system that focuses on specific pathological features in
articular cartilage as well as subchondral bone and synovium [17-23]. Using this grading
system, several studies showed that murine OA models exhibited similar histopathological
characteristics as humans, including loss of Safranin O staining, fibrillation, and erosion in
articular cartilage [19]. However, similar systems for the assessment of aging, degeneration
and OA development in mouse menisci are not available. We reported on a grading system
for human meniscal pathology [34]. Due to obvious differences between human and murine
menisci, a comprehensive system to evaluate the histopathological status of the tissue (i.e.,
surface, cell morphology, and tissue composition) at the microscale is required.

The objectives of this study were to (1) establish a standardized protocol for
histopathological studies of meniscal physiology in murine menisci for aging and OA, (2)
develop and validate a new histopathological grading system for murine menisci to evaluate
and assess major changes in aging and OA, and (3) identify major aging-related changes and
OA in murine menisci. In this study, we have used C57BL/6J mice to represent normal
aging and OA development to develop and validate the histological grading system.

MATERIALS AND METHODS

Mouse knee joints

All animal experiments were performed according to protocols approved by the Institutional
Animal Care and Use Committee at The Scripps Research Institute (TSRI). Pathogen-free
C57BL/6J mice were purchased from TSRI breeding facility. GFP-LC3 transgenic mice
with C57BL/6J genetic background [35] were obtained from the RIKEN BioResource
Center. The mice were housed in a temperature-controlled environment with 12-hour light/
dark cycles and allowed feed and water ad libitum. The mice were sacrificed at various ages
and knee joints were collected for analysis. Both male and female mice were included in this
study. A total of 62 mice from six different ages were assessed: 6 (n = 13), 18 (n = 16), 24 (n
=12), 27 (n=8), 30 (n = 8), and 36 (n = 5) month-old mice.

OA was experimentally induced in 2-month-old mice by surgical DMM. The meniscotibial
ligament, which anchors the medial meniscus to the tibial plateau, was transected by
microsurgical technique, which induced mechanical instability in the knee joint [33]. These
mice were sacrificed at 2-, 4-, 6-, 8, and 12-weeks post-destabilization (10 mice per time
point) and the knee joints were collected for analysis.

Tissue processing and staining

Entire knee joints were collected by a detailed protocol for tissue collection as previously
described [36]. Tissue specimens were harvested and fixed using zinc-buffered formalin (Z-
Fix; ANATECH LTD, Battle Creek, MI). Knee joints were decalcified in TBD-2 (Shandon
Inc., Pittsburgh, PA) for 12 hours on a shaker and then washed.

After fixation, samples were embedded in paraffin. Knee joint sagittal sections (4 um thick)
were cut from the medial compartment at the junction between the middle region of the
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menisci and the anterior/posterior horns. These sections were cut until the anterior and
posterior horns appeared as triangles between the femoral condyle and tibial plateau. The
sections were then stained with Safranin O/Fast Green. For all sections, Safranin O staining
was used to evaluate proteoglycan content and pathological changes.

Development of the histological grading system

The histological grading system reported in this study was developed by carefully reviewing
age-related changes in meniscal sagittal sections (including anterior and posterior locations)
of 62 mice sacrificed at various ages (Fig. 1). The DMM mice (n = 60) were also reviewed
2-, 4-, 6-, 8, and 12-weeks post-destabilization (Fig. 2). Three criteria were selected for
histological assessment of menisci: (1) tissue surface structures, (2) cellularity, and (3)
Safranin O staining distribution and intensity.

Validation of the histological grading system

The total sum of the scores of all criteria (structure, cellularity, and matrix staining) can
range from 0 — 24. This score is subdivided into 5 grades representing meniscal degeneration
state: score 0-5 = Grade 0, score 6—10 = grade 1, score 11-15 = Grade 2, score 16-20 =
Grade 3, score 21-25 = Grade 4.

Three individuals familiar with histopathological grading of joint tissues were given a set of
62 sections to grade using the new histological grading system for menisci. These sections
were selected to cover the spectrum from healthy normal to severely degenerated menisci
and were randomized for the graders who were blinded with respect to age or disease state.
The three sets of scores were used to assess the interclass reliability of the histological
scoring system. In addition, one grader scored the same collection of sections twice (3
weeks apart) to assess the intraclass reproducibility of the grading system.

Statistical analysis

All data were presented as mean = standard error of the mean. Change in score with age was
assessed with linear regression to determine whether there was a positive increase in score
with age using Excel (Microsoft, Seattle, WA). The statistical significance of differences
between age groups were assessed by the Kruskal-Wallis test followed by a Wilcoxon test
with a Benjamin and Hochberg correction for multiple comparisons using R Project 3.1.0.
The Kruskal-Wallis test assumes that the sample population is not normally distributed. P-
values less than 0.05 were considered significant. The reliability and reproducibility of the
histological grading system were assessed by comparing the scores from all graders for all
the histological specimens using interclass/intraclass correlation coefficients (ICCs)
according to Shrout and Fleiss’ schema using a custom written script in MATLAB
(MathWorks, Natick, MA) [37]. The ICC is measured for consistency when systematic
differences between graders are irrelevant. The 95% confidence intervals were computed
using bootstrapping in MATLAB.
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RESULTS

Development of the histological grading system

Aging-related changes in the menisci were observed in 6 to 36 month old mice (Fig. 1).
With increasing age, the femoral (F) and tibial (T) surfaces of the menisci can undergo
fibrillation and undulation that increase in severity with aging resulting in partial or total
loss of meniscal structure. Cellularity also changes with aging as reflected by the emergence
of areas with hyper- and hypocellularity. Age-related changes in the matrix involve a focal
reduction of Safranin O staining, which is normally stained homogeneously at the surface.
More severe age-related changes were observed in the anterior horn of the menisci. Based
on these observations, a histological grading system of menisci was developed in the context
of age-related changes.

For the histological evaluation of meniscus, criteria were selected based on the major age-
related changes [27, 34, 38] independently observed in the anterior and posterior regions as
well as different regions. These criteria included: (1) surface integrity (femoral and tibial
aspects, and inner rim); (2) cellularity (vascular and avascular regions, and superficial zone);
and (3) Safranin O staining distribution and intensity (vascular and avascular regions, and
superficial zone) (Table 1). Each criterion describes four observations, scored 0-3, in
varying regions (Fig. 3). Following evaluation of each criterion, a total score was calculated
representing the pathological state of the meniscus. The presence or absence of blood vessel
formation, calcification (ossification), and inflammation were recorded separately.

Validation of the histological grading system

A total of 62 mouse menisci (normal aging and surgical OA models) were graded
independently by three graders using the new histological system. The total scores for all
criteria (structure, cellularity, and matrix staining) were summed together which can range
from 0 to 24. This range was subdivided into grades 0 through 4 to present progressive
stages of meniscal degeneration (Score 0-5 = Grade 0; Score 6-10 = Grade 1; Score 11-15
= Grade 2; Score 16-20 = Grade 3; Score 21-25 = Grade 4). Figure 3 shows representative
histopathologic changes of each grade.

Overall there was an age-dependent statistically significant increase in scores (R? = 0.952)
in the C57BL/6J mice as assessed with the new grading system (Fig. 4A). Statistically
significant differences in scores were detected starting at 18-months-old mice compared to
6-months (P < 0.05). The articular cartilage was also scored by the OARSI grading system
and an age-dependent increase in scores was present as well (Fig. 4B).

Scores for menisci from mice with DMM surgery were significantly higher at 2 weeks
compared to normal aging mice without surgery (P < 0.001). However, scores for the
surgical OA group (DMM model) did not increase further (Fig. 4C) although cartilage
scores increased with post-operation time.

Inter-observer variability between three graders was low with an ICC of 0.7423 and 0.6914
for the anterior and posterior regions, respectively (See Supplementary Table 1). The ICC
between the readers for the surface structural parameter ranged from 0.708 to 0.856 and
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0.702 to 0.853 for the anterior and posterior regions, respectively, while the other two
parameters (e.g., cellularity and Safranin O staining intensity) revealed lower ICCs. The ICC
for the inter-observer variability between the readers was highest for the structural
parameter, followed by ICC for overall grade. In addition, one grader repeated the scoring
after a minimum period of 3 weeks to assess intra-class grading variations. The absolute
agreement between replicate scores was within 0.702 to 0.853. The 95% confidence
intervals computed using bootstrapping was 0.7292 and 0.8311 for the anterior region, and
0.6139 and 0.8168 for the posterior region.

Analysis of menisci in young mice

Mature C57BL/6J mice at 6 and 12 months of age were examined to identify histological
features of normal murine menisci. In these mice, the surface structure was smooth and
intact with no or minimal fibrillation or undulation. Cellularity was defined by regions in
murine menisci (Fig. 5A). The vascular (outer) regions contained fusiform cells, resembling
fibroblast-like cells (Fig. 5B, E). The inner regions contained round and ovoid-shaped cells,
resembling the so-called fibrochondrocytes (Fig. 5C, D). These fibrochondrocytes were also
found along the superficial zone in the anterior horn, but not in the posterior. In addition,
small cyst-like cavities and small ossicles were occasionally observed in the anterior horns
of normal mice menisci.

In normal, young mice, a strong correlation between cellular phenotype and Safranin O
staining was observed. The matrix surrounding fibrochondrocytes (avascular and superficial
zone) were usually homogeneously stained with Safranin O of moderate intensity (Fig. 5C,
D). In the vascular regions, only the localized pericellular matrix surrounding fibroblast-like
cells were faintly stained by Safranin O while the more distant areas away from the cell
were not stained (Fig. 5B, E). Therefore, a normal profile for Safranin O in murine menisci
was defined by homogenous staining in avascular and superficial zones with vascular
regions devoid of stain. Note, in some 6-month-old mice, this Safranin O staining profile
was less defined and more diffuse throughout the menisci. In addition, in some young mice,
hypertrophic cells were observed in the avascular zone of the anterior horn.

Analysis of menisci in aged mice

The new histological grading system detected moderate meniscal degeneration (Grade 2) by
18 months of age (Fig. 4A). Therefore, age-related changes in murine menisci were
identified by examining the histology of 18- to 36-month old mice with no or minimal signs
of OA in articular cartilage in comparison to younger mice (6—12 months). In this younger
age group, the articular cartilage was relatively intact with low OARSI scores (Fig. 4C).

The aged mice showed mild to moderate levels of meniscal structural changes that include
surface fibrillations and undulations. Fibrillations were defined as fraying at the surface
while undulations were wave-like or ripple formations at the surface (Fig. 6A, B). These
structural changes increased in severity with age. In aged mice, the surface regions became
fibrillated and undulated with faint or no Safranin O staining (Fig. 6B).

Compared to young mice, menisci in aged mice also showed a decrease in Safranin O
staining intensity in the avascular region and superficial zones. This pattern in Safranin O
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staining correlated with abnormal phenotypic change mainly in the fibrochondrocytes
located in the avascular and superficial zones. Abnormal cell patterns included hypertrophy,
cell shrinkage, and cell clustering (Fig 6C-E). In addition, there were formations of large,
irregular cyst-like cavities that are surrounded by structures with a bony spicule appearance
(Fig. 6F) and bone marrow-like regions (Fig. 6G). The cavities and ossicles were larger in
size in aged mice compared to those observed in young mice. The frequency of the cavities
and ossicles were counted with results demonstrating age-dependency for both (Fig. 4D).
Less significant changes were found within the posterior horn of menisci though changes in
cell size, morphology, and density were most apparent with advanced aged mice.

Correlation of changes in cartilage and menisci in normal aging mice

Most changes in articular cartilage occurred at the femoral articular surface in the region
covered by the anterior meniscus. Changes in both cartilage and anterior meniscus appeared
to be similar and occurred in parallel (See Supplementary Fig. 1A). These changes included
alterations in Safranin O distribution, cell reduction, and cell clustering/proliferation.
However, the meniscus appeared to better maintain its structure, Safranin O distribution, and
cell arrangement compared to articular cartilage. In the 30- and 36-month-old group, most
cases showed that articular cartilage underwent more accelerated changes compared to
meniscus. This was mainly identified by a greater reduction in Safranin O stain at the
femoral surface indicative of focal lesions and degeneration (See Supplementary Fig. 1A).
However, a few cases showed a greater reduction in Safranin O staining of the meniscus
(See Supplementary Fig. 1B).

In the 30- and 36-month-old group, a few mice spontaneously developed OA characterized
by severe degeneration of articular cartilage as well as meniscus (Fig. 7A). Both the articular
cartilage and meniscus showed an abundant loss of tissue at the superficial zone with
fibrillations that extended into the deep zone. This group showed extensive variations in
Safranin O staining intensity and distribution. Cellular changes included reduced cell density
in many areas as well as the presence of cell clusters, a hallmark of OA that forms in the
fibrillated clefts of the superficial zone (Fig. 7B, C). Only in these specimens was cell death
(denoted by empty lacuna and pyknotic nuclei) visually prominent in the menisci.

Analysis of menisci in surgical OA model

OA was surgically induced by DMM close to the anterior horn (Fig. 2). Most of the DMM-
related changes presented as an early tissue response within the first 2 weeks after surgery
with features not seen in the normal mice or mice with aging-related spontaneous OA. Cells
appeared to infiltrate from the synovium through the injury site and spread throughout the
tissue as early as 2-weeks post-surgery. Starting at 4-weeks, abnormal histological features
similar to age-related changes were observed, including formation of large cyst-like cavities
and ossicles. These changes in the cells and extracellular matrix occurred while the
meniscus structure and surface remained relatively intact. However, by 12-weeks post-
destabilization, all DMM mice developed full-blown OA, defined by severe articular
cartilage damage. The histological scores for menisci in the DMM mice did not change
significantly over time from 2 to 12 weeks (Fig. 4B).
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DISCUSSION

The role of meniscal injuries as well as partial or total meniscectomy in the development OA
is well established [13, 39-42]. However, the mechanistic relationship between age-
associated meniscal degradation and OA development is not well understood. Better
understanding of meniscal pathophysiology requires mechanistic studies to identify early
degradative changes most suitable in animal models. Animal studies in mice could
potentially identify key biological processes, which may also be involved in human OA,
thus leading to improved therapeutic strategies to treat and repair meniscal injuries as well
as to prevent and treat OA in the knee.

A prerequisite for mechanistic studies is a grading system that allows quantification of
histopathological changes in murine menisci. Here, we have developed and validated a
grading system for mouse menisci that evaluates aging-associated or experimental OA-
related changes. We used C57BL/6J transgenic mice from age 6 to 36 months as this strain
of mice most commonly used in studies of joint aging and OA [25, 26, 28, 30, 43, 44]. At 6
months, these mice reach skeletal maturity and exhibit healthy normal physiology. Therefore
these mice are used to characterize the healthy, normal meniscus state. These mice can
spontaneously develop OA in cartilage with the meniscus showing minimal signs of
degeneration. Hence, a DMM mice model was used to induce severe degeneration in
menisci for histological assessment and to determine the effects of an unstable meniscus on
the development of OA.

There are obvious differences between human and murine menisci, notably their distinct
Safranin O staining profiles. In human menisci, young healthy tissues show little to no
Safranin O staining, which then increases with age and degradation [34]. In murine menisci,
Safranin O staining is present in both young and old mice, though staining intensity and
distribution varies with age and degradation. In young, healthy mice, Safranin O staining is
concentrated mainly at the superficial zone in the anterior meniscus. In the posterior
meniscus, Safranin O staining appears mainly in the inner region. In aged mice, the
distribution of Safranin O staining appears disrupted with reduced intensity of staining,
which could indicate early signs of degradation. In general, menisci in OA-affected mouse
knees tend to have much less Safranin O staining compared to human OA menisci.

In murine menisci, there is a strong correlation between cell type and Safranin O staining
which is also age-dependent. The rounded ‘fibrochondrocytes’ reside in areas with dense
Safranin O staining, while only the pericellular matrix is stained around the fusiform
fibroblast-like cells. In aged mice, strong staining intensity usually correlates with abnormal
age-related cellular changes in cell size, morphology, and distribution (e.g., cell shrinkage
and cell clustering) (Fig. 6). These changes can occur with the articular cartilage surfaces
remaining relatively intact. The relationship between meniscus and articular cartilage was
also observed in the Safranin O staining profiles, which show a strong correlation between
the intensity of staining in articular cartilage and meniscus.

In mice with OA-like cartilage changes, the menisci were severely degraded with numerous
and deep fibrillations at the surface and loss of tissue structure. Besides the obvious
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structural changes, OA-related cellular changes in meniscus include cell clustering in the
fibrillated clefts of the superficial zone, which is almost identical to those seen in articular
cartilage [26, 27, 38, 45]. The differences between age-associated vs OA-associated cell
clustering are unknown.

The DMM mice represent secondary OA induced by injury and abnormal mechanical
loading [33]. All of these mice developed an injury-repair response that appeared to take
place in three stages over the course of 12-weeks post DMM surgery [46-51]. A large
infiltration of cells at the injury site from the synovium indicated an acute inflammatory
response, which was absent in mice with normal knees and aging-related OA [33, 52]. The
inflammation was present already at 2-weeks and persisted through 12-weeks post-
destabilization. It spread throughout the tissue, indicating a pathologic healing process.
Cellular abnormalities, including the formation of cyst-like cavities and ossicles as well as
changes in Safranin O staining were noted as early as 4 weeks post-surgery. These changes
are presumed to be part of an injury-induced repair response associated with abnormal cell
proliferation and matrix deposition [46, 47]. Ultimately, this led to the third stage defined by
severe meniscal degradation, which evidently influenced the state of articular cartilage. At
12-weeks post-destabilization, all DMM mice developed full-blown OA, defined by severe
degradation of articular cartilage as well as meniscus.

Meniscal surfaces often remained intact while distinct age-related changes in Safranin O
staining and cellularity were observed within the tissue substance. This indicates that
degeneration of menisci possibly initiates within the tissue substance before detection of
changes in the surface. This phenomenon was more evident in the DMM model in which
dramatic changes in the cells and extracellular matrix occurred with most of the surface
structure remaining intact. This result was in direct contrast to degradation of articular
cartilage, where changes progressed from the surface to the mid and deep zones. In general,
the anterior menisci appeared to undergo more change in cellular and matrix components
than the posterior menisci. In the DMM mice, the prominent changes in the anterior
segments were also likely due to the location of the surgical injury in the medial meniscus,
as shown in the sections (Fig. 2). Meniscal surface fibrillations were first seen at the inner
rim, which progresses to loss of meniscal tissue, mainly in the avascular region. Signs of
aging and degeneration included formation of cyst-like cavities, inflammation, bony
spicules, and bone marrow-like regions. We also observed the presence of hypertrophic-like
single cells in regions intensely stained with Safranin O, indicative of abnormal proliferation
and hypertrophic differentiation.

A limitation of this study is that only one strain of mice was included in the histological
analysis. C57BL/6J transgenic strain is commonly used to study joint aging and OA, as it is
known to spontaneously develop OA with aging [19, 33]. Therefore, the present study was
developed to quantitatively assess age-related degenerative changes in menisci that
accompany OA development. Analysis of knee joints from other mice strains that do not
develop OA with aging may reveal differences between aging and osteoarthritic meniscal
degeneration. This study also examines only the anterior and posterior locations of the
menisci for convenience in establishing a standard protocol for histological analysis of
menisci.
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In summary, we present a comprehensive meniscus grading system for mouse models
undergoing normal aging, aging-related and surgical OA. Previous studies used individual
histological grading systems for mouse articular cartilage to evaluate mechanistic studies of
articular cartilage pathophysiology [19]. With a standard grading system, outcomes of
similar studies can be directly compared to identify mechanisms of meniscal
pathophysiology. This system may be useful to characterize the molecular mechanisms that
are reflected in the reported age-related changes in the structure, cells, and matrix. This
system can also be used to establish the temporal relationship of and identify cause and
effect mechanisms of age-associated changes in the menisci. This system was developed to
serve as a standardized technique and tool for further studies in murine meniscal
pathophysiology models. Further development of this system could integrate evaluations of
all joint tissues, including synovium, ligaments, bone, and cartilage regions covered or not
covered by the meniscus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative images of C57BL/6J mice knee joints (6 to 36 months old) showing the

femur (F), tibia (T) as well as anterior (A) and posterior (P) location of the menisci (Safranin
O staining).
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Figure 2.
Representative images of the surgical/injury DMM model of C57BL/6J mice knee joints (2-,

4-, 6-, 8- and 12-weeks post-destabilization) showing the femur (F), tibia (T) as well as
anterior (A) and posterior (P) location of the menisci (Safranin O staining). The transection
of the meniscotibial ligament (black arrow) intersects the medial menisci, leading to joint
stability, meniscal degeneration, and development of OA in articular cartilage
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Figure 3.

(A) Diagram demonstrating the different regions of the anterior and posterior portions to be
scored by histological assessment. (B) Representative images of histopathological grade 0
through 4, showing the femur (F), tibia (T) as well as anterior (A) and posterior (P) location
of the menisci (Safranin O staining). Grades were converted from the total scores from the
histological assessment: Grade 0 =0-4, Grade 1 =5-9, Grade 2 = 10 — 14; Grade 3=15-—

19; Grade 4 = 20 — 24.
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Meniscus total scores and grades for menisci (anterior and posterior) were obtained using
the new grading system in this study for A) C57BL/6J hormal aging mice (asterisk = P <
0.05 versus 6-month-old mice) and B) surgically-induced OA mice (DMM maodel). C)
Meniscus total scores were compared with articular cartilage scoring by OARSI method. D)
Frequency counts of hypertrophy, cyst and ossicle formation in anterior meniscus showing
increased incidences with aging.
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Figure 5.
Normal pattern of matrix staining and cellularity in young mice (6 months). A very similar

pattern was found in 12-month-old mice. A) Minimal to no staining in the outer region and
moderate staining in the inner region diffused in the superficial and deep zone. Outer
meniscal cells resemble (B, E) fibroblast cells (black arrows) and inner meniscal cells
resemble (C, D) fibrochondrocytes (black arrows).
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Figure 6.
Age-related abnormal changes to tissue structure, cells and extracellular matrix in aged mice

(24 to 36 months old). Structural changes include (A) fibrillation (indicated by arrow) and
(B) undulation mainly at the femoral aspect surface (asterisk indicates surface defects with
faint or no Safranin O staining). Hypercellular changes included (C) cell clustering (shown
in inset and indicated by arrow) and (D) hypertrophy. Hypocellularity was observed through
(E) reduced cell density and cell shrinkage (indicated by arrow). (F) Cyst-like formation
(indicated by arrow) and (G) bone marrow-like regions were also observed more frequently
in aged mice (indicated by arrow).
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Figure 7.
(A) OA manifestation in the meniscus and articular cartilage (36 months) characterized by

(B) cell clusters (black arrow) and (C) severe disruption of meniscal tissue (asterisk) and
articular cartilage.
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Criteria, scores, and observations for histological assessment of anterior and posterior menisci. The range of
possible total score is 0-25.

Criteria Score  Anterior Posterior
Tissue Surface Structure
Femoral and tibial 0 Smooth Smooth
side, inner rim 1 Slight fibrillation or undulating Slight fibrillation or undulating
2 Moderate fibrillation or undulating Moderate fibrillation or undulating
3 Severe fibrillation or undulating, Severe fibrillation or undulating,
- Disruption or total loss of tissue - Disruption or total loss of tissue
Cellularity
Outer region 0 Normal distribution of fusiform cells Normal distribution of fusiform cells
1 Hypercellularity Hypercellularity
2 Diffused hypocellularity Diffused hypocellularity
- Few empty lacuna - Few empty lacuna
3 Hypocellularity Hypocellularity
- Empty_ lacuna, cyst, matrix - Empty_ lacuna, cyst, matrix
separation separation
Inner region 0 Normal distribution of round cells Normal distribution of round cells
1 Hypercellularity Hypercellularity
2 Diffused hypo/acellular zones Diffused hypo/acellular zones
3 Hypocellularity Hypocellularity
- Empty lacuna, cyst
Superficial zone 0 Normal distribution of round cells
1 Hypercellularity
- Cell clustering
2 Diffused hypo/acellularity
- Cell shrinkage
3 Hypocellularity
Matrix Staining
Outer region 0 Normal - slight staining of PCM Normal - slight staining of PCM
1 Slightly disrupted Slightly disrupted
2 Moderately disrupted Moderately disrupted
3 Severely disrupted Severely disrupted
Inner region 0 Normal - slight staining of ECM
1 Slightly disrupted
2 Moderately disrupted
3 Severely disrupted
Superficial zone 0 Normal - homogenous staining of ECM -
1 Slightly disrupted
2 Moderately disrupted
3 Severely disrupted

Bone formation: present +, ++, +++

Inflammation: present +, ++, +++
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