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Abstract

Objective—Autophagy is a cellular homeostasis mechanism that facilitates normal cell function
and survival. Objectives of this study were to determine associations between autophagic
responses with meniscus injury, joint aging, and osteoarthritis (OA), and to establish the temporal
relationship with structural changes in menisci and cartilage.

Methods—Constitutive activation of autophagy during aging was measured in GFP-LC3
transgenic reporter mice between 6 and 30 months. Menisus injury was created by surgically
destabilizing the medial meniscus (DMM) to induce posttraumatic OA in C57BL/6J mice. Levels
of autophagy proteins and activation were analyzed by confocal microscopy and
immunohistochemistry. Associated histopathological changes, such as cellularity, matrix staining,
and structural damage, were graded in the meniscus and compared to changes in articular
cartilage.
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Results—In C57BL/6J mice, basal autophagy was lower in the meniscus than in articular
cartilage. With increasing age, expression of the autophagy proteins ATG5 and LC3 was
signficantly reduced by 24 months. Age-related changes included abnormal Safranin-O staining
and reduced cellularity, which preceded structural damage in the meniscus and articular cartilage.
In mice with DMM, autophagy was induced in the meniscus while it was suppressed in cartilage.
Avrticular cartilage exhibited the most profound changes in autophagy and structure that preceded
meniscus degeneration. Systemic administration of rapamycin to mice with DMM induced
autophagy activation in cartilage and reduced degenerative changes in both meniscus and cartilage.

Conclusion—Autophagy is significantly affected in the meniscus during aging and injury and
precedes structural damage. Maintenance of autophagic activity appears critical for meniscus and
cartilage integrity.
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Introduction

Knee meniscus injuries and degeneration are closely linked to the initiation and progression
of osteoarthritis (OA), the most prevalent joint diseasel. OA is characterized by degradation
and loss of articular cartilage; menisci are often implicated in OA pathogenesis. More than
75% of patients with OA concomitantly suffer from meniscal lesions; 50% of patients with
meniscal injury develop posttraumatic OA within 10 to 20 years?3. While the exact
pathogenic processes of meniscus degeneration are unclear, injury or damage to the
meniscus disrupts the biomechanical properties and is associated with cell death, abnormal
cell activation, and differentiation. Injury also disrupts tissue homeostasis, which leads to
progressive extracellular matrix degeneration (ECM) that ultimately manifests as OA of the
whole joint °.

Autophagy is a critical cellular homeostasis mechanism that supports normal cellular
function and survival under stress-induced conditions such as nutrient deprivation and
hypoxia® and injury”. This catabolic process regulates energy and nutrients through the
removal of damaged or dysfunctional proteins and organelles. Aggregate-prone proteins and
organelles accumulate with deficient autophagy, resulting in cell death®8. Aging increases
susceptibility to defects in autophagy, which are implicated in many pathogenic processes,
including cancer® and neurodegenerationl® In OA, autophagy defects in articular cartilage
have been linked to cartilage degeneration11.12,

In articular cartilage tissue, resident chondrocyte population cannot be replenished via
vasculature. Autophagy is thus essential for maintaining cell and tissue homeostasis. We
previously reported low levels of basal autophagy activation in the articular cartilage of
normal young, skeletally mature mice under physiological conditions'2. Articular cartilage
underwent age-dependent reduction in expression of autophagy proteins, ATG-5 and LC3, in
both human and mice!1-13, These changes were accompanied by reduced cellularity and
increased apoptotic cell death along with ECM degradation and OA development. When
mice subjected to DMM were treated with rapamycin, a pharmacological activator of
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autophagy, chondrocyte cellularity was preserved and severe damage and degeneration was
prevented in the articular cartilagel®. Together, these findings suggest that articular
chondrocyte autophagy plays an important role in joint aging and OA development.
Autophagy may also play a role in the relationship between meniscal injury and
degeneration, cartilage damage, and posttraumatic OA. However, very little is known about
the role of autophagy in meniscus in health, injury, and degeneration.

This study was conducted as an extension of previous studies that examined autophagy in
articular cartilage during aging and OA!? to specifically analyze autophagy in meniscus. The
objectives were to determine the changes in autophagy in mouse meniscus (1) during normal
aging, (2) following meniscus injury, and (3) as a consequence of treatment with rapamycin,
a pharmacological activator of autophagy, after meniscus injury.

Materials and methods

Mice and tissue collection

All animal experiments were approved by the Institutional Animal Care and Use Committee
at The Scripps Research Institute (TSRI). Reporter mice that ubiquitously express green
fluorescence protein (GFP) fused to LC3 with a C57BL/6J genetic background (GFP-LC3
transgenic mice) were obtained from the RIKEN BioResource Center 1°. Pathogen-free
C57BL/6J mice were purchased from the breeding facility at TSRI. Mice were housed in a
temperature-controlled environment with 12-hour light/dark cycles and received food and
water ad libitum. Mice were euthanized at the various ages and knee joints collected for
analysis. Both male and female mice were included in this study. At least 5 mice were
analyzed per each age group (6, 18, 24, 30 months).

Surgically induced meniscus injury in mice

C57BL/6J mice at 2 months old were subjected to surgical transection of the medial
meniscotibial ligament and medial collateral ligament in the right knee, as previously
described’6. The left knee, not subjected to surgery, was used as a control. The mice were
euthanized at 10 weeks post-surgery and knee joints were harvested for analysis.

Rapamycin treatment

Rapamycin was obtained from LC Laboratories (Woburn, Massachusetts, USA) and was
dissolved in dimethyl sulfoxide (DMSO) at 25 mg/ml and stored at =20 °C. For injection,
the stock solution was diluted in PBS at 1 mg/kg bodyweight/dose in a total injection
volume of 0.3 ml. Mice with DMM surgery received daily intraperitoneal injections, starting
1 day post-surgery for 10 weeks; control mice received the DMSO vehicle at 0.4% in a total
injection volume of 0.3 mI14,

Histological analysis of knee joints

A detailed protocol for tissue collection has been previously described2. Briefly, knee joints
were fixed with zinc buffered formalin (Z-Fix; Anatech, Battle Creek, MI) and decalcified in
a Shandon TBD-2 decalcifier for 12 hours. Knee joints were washed and stored in PBS at
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4°C, and cut into ~70 um sections using a Leica VT 1000 S Vibratome. Knee joints were
also embedded in paraffin for histology and immunochemistry.

Knee joint serial sections (4 um thick) were stained with Hematoxylin to evaluate cellularity.
Images were taken under 40X magnification and the total number of cells per 100 um? in
each section was counted. Sections were stained with Safranin O-fast green for histological
analysis using a semiquantitative grading system for meniscus degenerationl’. Briefly, 3
parameters, tissue structure, cellularity, and Safranin-O staining were scored to determine
the degenerative states of the meniscus as follows: 0 = absent, 1 = slight (grade 1), 2 =
moderate (grade 2), or 3 = severe (grade 3).

Immunohistochemistry

Knee joint serial sections (4-um thick) were first deparaffinized in Pro-Par Clearant
(Anatech) and rehydrated in a series of graded ethanol and water. Sections were blocked
with 5% serum for 30 minutes at room temperature (RT) and incubated with ATG-5
antibody (1:500 dilution, Novus Biologicals. Littleton CO. NB110-53818), LC3-antibody
(1:600 dilution); MBL International (Woburn, MA) PM036), and poly(ADP-ribose)
polymerase (PARP) p85 (1:60 dilution, G7341, Promega, Madison, WI) overnight at 4°C.
After washing with PBS, sections were incubated with biotinylated goat anti-rabbit
secondary antibody for 30 minutes at RT and then with Vectastain ABC-AP alkaline
phosphatase (Vector Laboratories) for 30 minutes at RT. Slides were washed and developed
in alkaline phosphatase substrate for 10 to 15 minutes. Sections were dehydrated in graded
ethanol and cleared in Pro-Par Clearant (Anatech), and mounted with a coverslip.

Immunostaining and fluorescent imaging of autophagosome formation

A detailed protocol for immunostaining of knee joint sections has been previously
described!2. Briefly, sections were incubated with Hoechst 33342 (1:1,000 dilution, Life
Technologies, Carlshad, CA) for 1 hour at RT to label nuclei. For localization of LC3,
sections were incubated with anti-LC3 antibody (1:5,000 dilution, MBL International) in
PBS with 1% normal goat serum and 0.3% Triton X-100 for 1 hour at RT and 2 days at 4°C
on a vertical shaker. Sections were also incubated with Alexa Fluor® 568 conjugated goat
anti-rabbit antibody (1:400 dilution) in PBS/0.3% Triton X-100/1% normal goat serum for 1
hour at RT. After incubation, sections were mounted with ProLong® Gold antifade reagent
(Life Technologies) for confocal microscopy.

A detailed protocol for quantitative imaging of autophagosome formation in GFP-LC3
transgenic mice has been previously described!2.18, Individual autophagosomes can be
detected as discrete signals of high fluorescence, which allows quantification of vesicles per
cell as well as the area, perimeter, and circularity. Briefly, optical Z-series images were
obtained with a Zeiss 780 laser scanning confocal microscope equipped with gallium
arsenide phosphide detectors using the Zen 2011 software (Zeiss, Jena, Germany). The
images were reconstructed using Imaris software (Bitplane) to generate a 3-dimensional
tissue representation. The images were imported into Image-Pro Plus Software (Media
Cybernetics, Rockville, MD) for quantitative image analysis. The results were reported as
the average number of vesicles per cell.
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Quantification of Atg5 and LC3 expressing cells

For each mouse, images of anterior and posterior menisci, and articular cartilage (regions
covered by menisci) were taken at the tissue surface (~100 um in depth) under 40X
magnification. The total number of ATG-5 and LC3 expressing cells per 100 X 100 pm? area
were counted. The results are reported as density of ATG-5 and LC3 expressing cells per
100 pm2.

Statistical analysis

Results

Statistically significant differences between 2 groups were determined using the Mann-
Whitney-Wilcoxon test. Statistically significant differences between multiple groups were
determined using the Kruskal-Wallis test. Pair-wise differences between young and aged
mice, and between normal (grade 0) and higher grades of degeneration, were assessed using
Dunn’s method. In cases involving 2 dependent groups, such as comparison between knees
in the same mouse, we used the Wilcoxon signed rank test. P values less than 0.05 were
considered significant. The results are displayed as box and whisker plots.

Autophagosome formation in menisci and age-related changes

GFP-LC3 transgenic micel® ubiquitously express GFP-LC3, which serves as a specific
biomarker for autophagic vesicles. The accumulation of GFP puncta indicates the formation
of autophagosomes, which can be individually detected as discrete signals of high
fluorescence. These signals were analyzed as a measure of autophagy activation based on
the average number of vesicles per cell (Fig. 1A).

Autophagosome formation was analyzed in menisci from young, skeletally mature mice (3-
6 months old; n = 5) and older mice (28-30 months old; n = 5). GFP-LC3 puncta detected in
young mice established the basal levels of normal autophagy activity under physiological
conditions. The average number of autophagic vesicles per cell was significantly lower in
menisci compared to cartilage (P = 0.003 at 3-6 months and £=0.005 at 28-30 months,
Fig. 1B). This result indicated lower basal level of autophagy activity in menisal cells
compared to articular chondrocytes. In older mice (28-30 months), the average number of
vesicles per cell was reduced in both meniscus and articular cartilage.

Age-related changes in autophagy protein expression

For further confirmation of autophagy activity, we performed immunohistochemistry for key
autophagy proteins ATG-5 and LC31219, in knee joints from mice ages 6, 18, 24, and 30
months. Because ATG-5 is an important regulator of autophagy and LC3 an effector of
autophagy, their expression indicated the level of autophagy activity!2. ATG-5 and LC3
were expressed mostly in round cells (chondrocyte-like) in the superficial zone of meniscus
and much weaker in fusiform cells (fibroblast-like) in the deep zone of young menisci (Fig.
2A). ATG-5 and LC3 expression were greater in the posterior region of the meniscus
compared to the anterior region (Fig. 2B and 2C). The number of ATG-5 and LC3 positive
cells in the superifical zone of the meniscus decreased with increasing age. ATG-5-positive
cells were significantly reduced at 24 (£ =0.03) and 30 months (# =0.03) in the anterior
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region (Fig. 2B). LC3-positive cells were significantly reduced (Fig. 2C, £=0.008) at 30
months in the anterior region. No significant changes in ATG-5 and LC3 expression were
found in the posterior region. In addition, age-dependent reduction of ATG-5 and LC3
positive cells was accompanied by a decrease in total cell density (Fig. 2D), which was
statistically significant at 30 months, in both the anterior (2= 0.005) and posterior (P=
0.005) menisci; at 24 months in the posterior meniscus (P = 0.02).

These findings were similar to those found in articular caritlagel2. ATG-5 and LC3
expressing cells were primarily located in the superficial zones in young cartilage and were
fewer in number in aged mice (Fig. 2A). In aged mice, the number of ATG-5 and LC3
positive cells were already signficantly reduced (P < 0.05) at 18 months. There was less
autophagy activity, reflected by fewer cells and lower GFP signals, in articular cartilage
compared to meniscus (Fig. 1B, 30-months old), suggesting a spatial and temporal
relationship in autophagy deficiencies across the knee joint.

Autophagy in relationship to meniscus degeneration

To determine the relationship between autophagy deficiencies and meniscus degeneration,
we performed histopathological analysis using a semiquantitative grading system that we
recently developed!’. The 3 criteria scored were: tissue structure (smooth, fibrillation,
undulating), cellularity (normal, hypercellularity, hypocellularity), and matrix staining of
Safranin O/Fast Green (normal and disrupted staining). Safranin O stain intensity for the
meniscus was often irregular, varied with degeneration, and associated with cellular changes
as previously described!”. The total score was summed and categorized into the following
grades: Grade 0, normal menisci; Grade 1, early degeneration; Grade 2, mild degeneration;
Grade 3, moderate degeneration; and Grade 4, severe degeneration). We graded both the
anterior and posterior sections of each murine meniscus, (n = 12; 4 per age group). There are
cells resembling chondrocytes in the avascular region of the mouse meniscus. Unlike the
human meniscus, mice (and several animal species) have larger areas that are positive for
Safranin-O stain. This is likely due to the fact that in animals the meniscus function more as
load-bearing tissue as evidenced by its relatively increased thickness and larger coverage of
the tibial plateau. The results showed that with increasing grade, indicating advancing
degeneration, the autophagy protein expression was reduced (Fig. 3A). The reduction of
ATG-5 expression was statistically signifcant (P= 0.02) at Grade 4 in the anterior menisci
(Fig. 3B). LC3 expression was also signficiantly (£=0.004) reduced at Grade 4 in the
anterior menisci (Fig. 3C). Changes in ATG-5 and LC3 expression were not statistically
significant in the posterior menisci.

Autophagy changes in response to meniscal injury in experimental OA

To identify differences in age-related autophagy function from those in response to acute
meniscal injury, we examined mouse knee joints injured by surgical destabilization of the
medial menisci (DMM) in the right knee. The knee joints were harvested 10 weeks after
injury and analyzed by histology and immunohistochemistry for ATG-5 and LC3.

DMM resulted in a rapid development of OA, as reflected by structural damage to menisci
and articular cartilage compared to the control knee joints (without injury/surgery) (Fig. 4A).
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Avrticular cartilage appeared to be more severely damaged than menisci. Injury led to a
significant increase (£ = 0.05) in the ATG-5 expression around the injury site in menisci in
the anterior horn, while ATG-5 expression was reduced in the posterior region. Autophagy
protein expression was almost completely depleted in articular cartilage (Fig. 4B, £=0.04).
Compared to normal aging, the density of ATG-5 expressing cells was much greater in
menisci from the injured mice; which demonstrated that autophagy in meniscus cells is
rapidly activated in response to acute local injury and suggests lower levels of autophagy
proteins in articular cartilage may render it more susceptible to structural damage compared
to menisci.

Effect of rapamycin treatment on autophagy in protecting against post-traumatic OA

To determine whether the induction of autophagy can reduce meniscus degeneration and
OA, we treated injured mice with rapamycin, which directly inhibits the mTOR signaling
pathway and activates autophagy2%-21, Previously, we investigated the potential of rapamycin
in preserving articular cartilage damage and found that it significantly reduced the cartilage
degradation and synovial inflammation in mice subjected to DMM?4, In this study, we
examined menisci from the same mice. Rapamycin treatment protected the articular cartilage
from damage and OA development (Fig. 5A). Rapamycin treatment significantly increased
the number of ATG-5 expressing cells in the posterior menisci (P= 0.02) and articular
cartilage (£ =0.009), but not in the anterior menisci at the injury site (Fig. 5B). Reduction in
grade of meniscal degeneration by rapamycin approached statistical significance in the
anterior meniscus (Fig. 5C, £=0.07) but not in the posterior meniscus.

Discussion

Menisci play an important role in knee joint load bearing and transmission, shock
absorption, and mechanical stability?2. These biomechanical functions protect the articular
cartilage from degeneration, damage, and injury. While articular cartilage degeneration is
central to the pathogenesis of primary OA, meniscus degeneration commonly accompanies
moderate or severe OA, and meniscus injury is a significant risk factor for posttraumatic
OAZ4.23.24 \We previously established a role for dysfunctional autophagy in cartilage
mechanical injury and OA1112.25 |n this study, we investigated autophagy using 3 animal
models, including meniscal aging and injury and OA secondary to meniscal injury treated
with an autophagy activator.

The primary mechanism of the tissue degradation is abnormal cell function and cell death
because of homeostatic imbalance that involves autophagy®26. Autophagy, an essential
cellular homeostasis mechanism, protects against cell dysfunction by regulating nutrients
and energy and by removing damaged or dysfunctional proteins and organelles?”. Thus,
deficiencies in autophagy can lead to uncontrolled cellular dysfunction that ultimately
manifests as widespread tissue and organ disease and failure28-30,

In our previous study, we evaluated defects in autophagy in articular cartilage degradation
and its implications for joint aging and OA in mice!2. Normal cartilage in mice exhibited a
steady level of constitutive autophagy, progressing to an aging-dependent reduction in
autophagy activation, which preceded cell death and structural damagel2. The defects in
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autophagy were most profound in the superficial and upper middle zones, where OA-like
structural damages first appeared, suggesting that normal autophagic activity plays a major
role in preventing matrix degradation, cell death, and OA development in cartilage.

The purpose of the present study was to analyze the role of autophagy in meniscus
degeneration during aging and injury in mice. We used the same GFP-LC3-transgenic
reporter micel? to establish the baseline constitutive level of autophagy activity in normal
menisci. Meniscus cells exhibited lower constitutive autophagy activity compared to
chondrocytes, reflected in the number of autophagosomes per cell. This difference between
meniscal cells and chondrocytes may be due to differences in cell phenotype, tissue
vascularity, and mechanical loading between the two tissues.

Cells expressing ATG-5 and LC3, in menisci appeared to be predominantly
fibrochondrocytic or chondrocytic in shape. These cells were primarily located in the
superficial zones; very few positive cells were found in the deep zone. A similar pattern of
autophagy activation existed in the superficial and middle zones of articular cartilage,
suggesting that chondrocyte-like cells have a higher level of constitutive autophagy.

Similar to articular cartilagel?, expression of autophagy proteins, ATG-5 and LC3 in menisci
were also reduced with age. The deficit in autophagy was associated with meniscus
degeneration characterized by our previously reported histological grading system’. More
severe degeneration was observed in mouse menisci exhibiting lower levels of autophagy
proteins compared to menisci with greater autophagy expression. Reduced autophagy
corresponded with structural degeneration that included surface fibrillation and undulation,
while histological analysis revealed loss of proteoglycan content and reduction in cellularity.
These observations support a major role for deficient autophagy in meniscus degeneration
during aging.

We also evaluated the temporal relationship between autophagy activation in articular
cartilage and menisci during aging. In most mouse knee joints, reduced expression of LC3 in
articular cartilage preceded the reduction in meniscus, and cartilage damage was relatively
greater than meniscus degeneration. It is possible that autophagy in articular chondrocytes is
more susceptible to suppression or dysregulation than in meniscus cells. In fact, this result
was also observed in the presence of surgically induced meniscus injury, where autophagy
suppression was more profound in articular cartilage than in menisci.

In addition to aging, we previously reported that mechanical injury suppresses autophagy in
articular cartilage2®. By contrast, meniscus showed increased autophagy after injury despite
visible damage to both the menisci and cartilage. This increase was more notable in the
anterior horn. These regional differences in autophagy response to injury are possibly due to
local variations in the extent of abnormal mechanical loading induced by DMM or due to
regional differences in meniscal cells response to injury. In the DMM model and in contrast
to aging, ATG-5 expressing cells were located throughout the injured meniscus and were
especially numerous in the region near the injury site. The increase in cells exhibiting high
levels of autophagy could also be a result of hypercellularity within the menisci, or cell
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infiltration from the synovium; the latter being a consequence of the inflammatory and
repair response observed at the meniscus injury site.

These observations maotivated further study to examine whether systemic administration of
pharmacological autophagy activator, rapamycin, can reduce the severity of meniscus
degeneration in injured mice as previously demonstrated for articular cartilagel4. While
rapamycin treatment resulted in more protection against structural damage in articular
cartilage, it still significantly reduced the severity of meniscus degeneration. These findings
suggest that pharmacological activation of autophagy may be effective not only in primary
OA but also in preventing or delaying the progression of secondary cartilage degeneration
resulting from meniscus injury3! through beneficial effects on both menisci and cartilage.

Analysis of the injury model revealed region-specific changes in the meniscus. The basal
expression of ATG-5 and LC3 in normal meniscus was greater in the posterior region
compared to the anterior region. Injury led to a significant increase in the ATG-5 expression
around the injury site in menisci in the anterior horn, while ATG-5 expression was reduced
in the posterior region. Rapamycin treatment significantly increased the number of ATG-5
expressing cells in the posterior menisci, but not in the anterior menisci at the injury site.
Structural damage was reduced by rapamycin in the anterior but not in the posterior region.
Thus, rapamycin increases autophagy in the posterior region where it is suppressed by injury
but was not associated with reduced lesion severity in the same region. These findings
suggest a complex regional relationship between rapamycin effects on ATG5 and structural
damage and do not support a direct correlation. Further studies are needed in the injury
model to more completely examine the effects of rapamycin on structural changes and
autophagy, such as effects on autophagosome formation. Nonetheless, rapamycin does have
some protective effect against meniscus damage, which could also be in part secondary to its
protective effect on cartilage.

Aging is associated with a reduction in autophagy while injury is associated with an increase
in autophagy proteins in the anterior horn. These divergent changes indicate a capacity of
cells in menisci from young animals to respond to injury with increased autophagy, which
we also observed in tissue explants from young animals2®. This potentially protective
response is compromised in aging. Potential mechanisms by which autophagy declines with
aging and injury could be related to cellular stresses, namely increased production of free
radicals, including reactive oxygen and nitrogen species®. In particular, the effects of nitric
oxide (NO), an inorganic, gaseous free radical, on autophagy pathways seem to play a
critical role in regulating several catabolic processes such as the synthesis of collagen and
proteoglycan32-35, Elevated levels of NO have been reported to inhibit autophagy during
aging®6-37 and disease, including OA in articular cartilage3® and meniscus®®. Furthermore,
NO production has been reported to be higher in articular cartilage compared to menisci and
synovium, respectively3940. Since articular cartilage seems to be the main source of NO in
the knee joint, it is possible that higher NO production corresponds to higher basal
autophagy in cartilage compared to menisci, as shown in the present study. This result might
also increase the susceptibility for autophagy suppression in articular cartilage with aging,
injury, and OA. Only limited information is available about autophagy regulation in
meniscus. In cultured meniscus cells, dexamethasone-induced autophagy as well as
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apoptosis and autophagy protected the meniscal cells from dexamethasone-induced
apoptosis®L. Further investigation is warranted to elucidate mechanisms of autophagy in
meniscal cells.

One limitation of this study is that the knee joint anatomy, physiology, and biomechanics of
mice are different from that of humans#2:43, The spatial and temporal associations between
autophagy, cell density, and degeneration in cartilage with similar changes in meniscus
require further experiments to establish cause and effect. Sample sizes for individual groups
were small but within the range commonly reported for mouse studies of knee degeneration
and osteoarthritis4-50,

In summary, this study is the first to characterize changes in meniscal autophagy in response
to aging and injury. Baseline autophagic activity was lower in meniscal tissue relative to
articular cartilage and underwent an age-related reduction, which was associated with
meniscus degeneration. Autophagy significantly increased locally in response to meniscus
injury. Treatment with rapamycin did not affect autophagy protein expression in menisci but
reduced the severity of meniscus degeneration and development of posttraumatic OA. These
results link compromised autophagy to meniscus degeneration and to overall joint
degeneration.
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Fig. 1.
Autophagosome formation in meniscus from GFP-LC3 transgenic mice. Vibratome cut

sagittal sections (70 um) of mouse knee joints were stained with anti-LC3 antibody (AB)
and Hoechst 33342 to label nuclei and were analyzed by confocal microscopy. (A)
Representative images of GFP-LC3 signal in 3-, 6-, and 28-month-old mice showing the
surface superficial layer of meniscus for each condition. Original magnification = 63X. (B)
Quantitative analysis of autophagosomes presented as average number of autophagic
vesicles per cell. Box and whisker plots (5 mice per group); * = £< 0.05 meniscal cells
versus cartilage cells.

Osteoarthritis Cartilage. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Meckes et al. Page 15

>

NG
7

6 months old
z

30 months old
2

100 100
[ Anterior Meniscus . [ Anterior Meniscus 5] .0
W Posterior Meniscus Il Posterior Meniscus 51 . l
& - Camlage T 80 W Cartilage A .
20
wA I 60 II

»

2
3

[]AntenorMemscus 5 i
1 I Posterior Meniscus  ~
W Cartilage

6

N
S

H H

Number of cell per 100pm?

Percentatge of ATGS Positive Cells 0J
o

Fig. 2.

Age-related changes in ATG-5 and LC3 expression and cellularity. Immunohistochemistry
for ATG-5 and LC3 were performed on mouse knee joint sections. (A) Representative
images of knee joints from 6- and 30-month-old mice stained with ATG-5, LC3, and
Hematoxylin (H), showing the anterior (A) and posterior meniscus, femur (F) and tibia (T).
Original magnification = 10X, Scale bar = 100 um. Quantitative analysis of ATG-5 (B) and
LC3 (C) positive cell density per 100 um? area. Hematoxylin (H) stained sections were
analyzed by total cell density per 100-um? area (D). Results show a significant decrease in
ATG-5 and LC3 cell number and reduced cellularity. Box and whisker plots (5 mice per
group); * = P< 0.05 versus 6-month-old mice.
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Fig. 3.

Gr0

Gr1 Gr2 Gr3

Gr4

Changes in ATG-5 expression associated with meniscus degeneration. Mouse knee joints
were analyzed by a semiquantitative histological grading system for meniscal degeneration
in mouse models’. Grades (Gr) are defined from 0 to 4 ranging from healthy normal tissue
to severe degeneration. (A) Representative images of mouse knee joints stained with
Safranin-O and ATG-5, showing the anterior (A) and posterior meniscus, femur (F) and tibia
(T). Original magnification = 10X, Scale bar = 100 pm. (B) Correlation of grading with
ATG-5 positive cell density per 100 pm? area. Results show a significant decrease in ATG-5
positive cells with advancing degeneration. Box and whisker plots (5 mice per group); * = P

< 0.05 versus Grade 0 (healthy, normal menisci).
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Fig. 4.
Autophagic response following meniscus injury. Two-month-old C57BL/6J transgenic mice

were subjected to surgical transection of the medial meniscotibial ligament and medial
collateral ligament in the right knee. The left knee was not subjected to surgery but was used
as a control. The knee joints were analyzed by Safranin-O staining and
immunohistochemistry for ATG-5. (A) Representative images of the control and injured
mice knee joints stained with Safranin-O and ATG-5, showing the anterior (A) and posterior
meniscus, femur (F) and tibia (T). Original magnification = 10X, Scale bar = 100 pm. (B)
Quantitative analysis of ATG-5 positive cell density per 100 um? area. Results show
significant increase in ATG-5 expressing cells in the anterior menisci. Box and whisker plots
(5 mice per group); * = £< 0.05 versus control.
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Fig. 5.

Ef%ect of rapamycin treatment on meniscus injury and degeneration. C57BL/6J transgenic
mice with surgically induced meniscus injuries and received daily intraperitoneal injections
of rapamycin for 10 weeks. The knee joints were analyzed by Safranin-O staining and
immunohistochemistry for ATG-5. (A) Representative images of the control (injury) and
rapamycin (RAPA) treated mice knee joints stained with Safranin-O and ATG-5, showing
the anterior (A) and posterior meniscus, femur (F) and tibia (T). Original magnification =
10X, Scale bar = 100 um. (B) Quantitative analysis of ATG-5 positive cell density per 100-
um? area. Results show significant increase in ATG-5 expressing cell number in the
posterior menisci and articular cartilage. (C) Meniscus degeneration increases with injury.
Rapamycin treatment does not improve degeneration in posterior meniscus. Box and
whisker plots (5 mice per group); * = £< 0.05 versus control; # = = 0.07 versus injury.
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