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ABSTRACT OF THE DISSERTATION

The Structure–Function Relationship in Knee Menisci: A Multiscale
Study of Aging, Degeneration and Osteoarthritis

by

Jeanie Kwok Meckes

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2015

Professor Ratnesh Lal, Chair

Osteoarthritis (OA) is the most prevalent joint disorder with risk factors

that include aging and joint injury. OA is characterized as the degeneration of

articular cartilage, but invariably affects other joint tissues, including subchon-

dral bone, menisci, synovium, ligaments, tendons, and muscles. Of these tissues,

the meniscus, in particular, plays a critical role in the knee joint, providing load

bearing and transmission, shock absorption, smooth articulation, and joint sta-

bility. These biomechanical functions are dependent upon the hierarchical struc-

ture and composition of the meniscus at the tissue level, as well as homeostatic

mechanisms maintained at the cell and molecular level. The importance of the

meniscus is emphasized by the fact that meniscal degeneration and injuries as well

xvii



as partial/total meniscectomy contribute to the development and/or progression

of OA. However, the precise relationship between meniscus degeneration and ag-

ing, injury, and OA is poorly understood. Previous studies have examined the

macroscopic and microscopic meniscus structure, composition, and biomechanical

properties independently, but do not provide a global understanding of meniscus

degeneration. This dissertation investigates the structure-function relationship of

the meniscus in humans and mice during aging, injury, and OA using multidisci-

plinary biological and engineering tools and techniques across multiple scales, from

tissue to molecular level. Age-dependent changes in the nanobiomechanical prop-

erties of the extracellular matrix of human meniscus were characterized by atomic

force microscopy (AFM), which revealed distinct nanobiomechanical profiles of

healthy, aged, degenerated, and OA tissue. A semi-quantitative histopathological

grading system was developed to assess degenerative changes in the structure and

composition of menisci from mice models of normal aging, injury, and OA. This

histopathological grading system was applied to understand changes in and the

function of autophagy in mice menisci during aging and injury. Lastly, qualitative

and quantitative ultrashort echotime (UTE) magnetic resonance imaging (MRI)

was used to assess morphological and functional properties in menisci as well as

determine the potential for identifying early biomarkers of meniscus degeneration

and progression. This multiscale study of the structure–function relationship in

the meniscus provides insight into diagnostics and treatment of meniscus injuries

and degeneration for the prevention or slowing of the progression of OA.
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Introduction

The musculoskeletal system is multifunctional and dynamic, giving form,

support, stability, and mobility to the human body. It consists of the bones, joints,

ligaments, muscles, tendons, and other connective tissue that support other tissues

and organs, including the central nervous and hematopoietic systems. Therefore,

diseases and disorders of the musculoskeletal system invariably affects the overall

health, well-being, and function of the human body. A primary musculoskeletal

disorder is osteoarthritis (OA), which is characterized as the degradation of artic-

ular cartilage in the knee joint. OA is the leading cause of disability in the United

States and affects more than 27 million Americans, and is a debilitating condi-

tion that causes pain, stiffness, swelling, and reduced mobility that dramatically

reduces ones’ quality of life [1]. In addition to physical pain and disability, OA is

associated with large societal and economic burdens, costing over $186 billion in

healthcare alone [2]. Presently, there are no disease-modifying drugs to cure OA,

as the disease itself is poorly understood. Current treatments alleviate the symp-

toms of the disease, such as pain and swelling, but do not target the underlying

root cause of the disease for healing and regeneration.

Ultimately, OA is a whole-joint disorder that invariably affects articular car-

tilage, subchondral bone, meniscus, synovium, ligaments, and muscles. Of these

tissues, articular cartilage is the most susceptible to structural damage, and dis-

plays the most profound age-related changes [3]. The meniscus also plays a critical

role in the complex biomechanics of the knee joint, emphasized by the fact that

damage or degeneration of the meniscus, due to aging or injury, as well as par-

tial/total meniscectomy all contribute to the development or progression of OA

[4]. More than 50% of patients with OA, one-third in middle to advanced ages,

1
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concomitantly suffer from meniscal lesions or degeneration. In patients with a

meniscus injury, the most common type being meniscal tears, or that have under-

gone partial/total meniscectomy are at high risk of developing post-traumatic OA

within 10–20 years [5, 6]. Despite the high incidence of meniscus-related patho-

physiologies, the mechanisms of meniscus degeneration during aging, injury, and

OA are poorly understood.

The meniscus is composed of multiple levels of structural organization from

the tissue to the cells and at the molecular level. Previous studies have focused on

macroscopic and microscopic biomechanical and chemical changes independently,

but do not provide a global understanding of the degenerative changes in the menis-

cus during joint aging, injury, and OA. To better understand meniscus physiology

and pathophysiology, a comprehensive look at the structure and composition of

the meniscus at the tissue, cell, and molecular level is required. Furthermore,

the use of both biochemical and biomechanical characterization techniques will

provide greater understanding of the multifunctional properties of the meniscus.

These studies will contribute to the research and development of diagnostic and

therapeutic treatment of meniscus injuries and degeneration.

This dissertation investigates the mechanisms of meniscal degeneration in

both human and mice at the multiscale, from the tissue to molecular level. While

the study of human tissue is more clinically relevant, the use of mouse models

in this study provides more controlled study designs. Multidisciplinary biological

and engineering techniques and tools were applied to characterize the structure,

composition, biomechanical properties, and cellular homeostasis of healthy, degen-

erated, and diseased meniscus tissue. Finally, high resolution magnetic resonance

imaging (MRI) sequences were assessed for potential of clinically relevant imaging

of early meniscus degeneration and progression.

The objectives of this dissertation were to identify degenerative changes

in the structure, composition, and biomechanical properties during joint aging,

injury, and OA. Chapter 1 provides background information on the meniscus, de-

scribing its structure and anatomy at the multiscale, from tissue, cell, to molecular

level, and its pathophysiology during aging, injury, and OA. Current diagnosis
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and therapeutics for meniscal degeneration and injuries are also described. Chap-

ter 2 evaluates age-related changes in biomechanical properties of human meniscal

tissue measured by atomic force microscopy (AFM). Chapter 3 reports the de-

velopment of a semi-quantitative histopathological grading system for meniscal

degeneration in mouse models for aging, injury, and OA. This system was used

to assess meniscal degeneration in relationship to changes in and function of au-

tophagy in meniscus as well as articular cartilage, which is described in Chapter 4.

Chapter 5 assesses degenerative changes in human menisci using quantitative ultra-

short echo time (UTE) 3.0 T MRI. The morphological changes including collagen

fibers and vasculature were assessed with high resolution 11.7 T MRI.



Chapter 1

Background

1.1 Knee Meniscus

The knee joint contains a medial meniscus and a lateral meniscus located

between the articular surfaces of the femoral condyle and tibial plateau, which

play an important role in joint loading and kinematics. The menisci provide load

bearing and transmission [7, 8], shock absorption, smooth articulation, and joint

stability within the knee joint [9, 10]. These biomechanical functions are carried

out through the structure and composition of the meniscus at the tissue, cell,

and molecular level. Damage or degeneration at any scale inversely affects the

structure–function relationship of the tissue and ultimately the entire joint, leading

to an increased risk for joint injury and disease, most commonly osteoarthritis (OA)

[4].

1.2 Structure and Anatomy

Both the medial and lateral meniscus have a unique crescent shape with

a wedge-shaped cross-section. The lateral meniscus is more circular in shape and

slightly smaller in size compared to the medial meniscus. In humans, the medial

meniscus measures approximately 40.5–45.5 mm in length and 27 mm in width,

while the lateral meniscus is 32.4–35.7 mm in length and 26.6–29.3 mm in width

[11, 12]. The meniscus surfaces appear white and glossy, and lie congruent to the

4
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curved articular surfaces in the knee joint to permit smooth articulation during

joint movement.

To maintain tissue stability during motion, each menisci is attached to the

tibial plateau at the anterior and posterior horns by transverse ligaments [13].

The lateral meniscus covers more of the tibial plateau than the medial meniscus

[13]. The meniscus is stabilized within the knee joint by a network of ligaments,

including the anterior and posterior cruciate ligaments (ACL and PCL) and medial

and lateral collateral ligaments (MCL and LCL), which all connect the femur and

tibia at defined locations (Figure 1.1) [5, 13].

The outer periphery of the meniscus is covered by the synovial membrane,

which contains blood vessels and nerves [14, 15]. The synovial membrane imparts

vasculature to the outer third of the meniscus [14, 15]. The inner third of the menis-

cus is shielded from the synovial membrane, and therefore is non-vascularized. This

limits the ability of the body to repair meniscal damage or injury [15]. The middle

third exhibits properties from both the outer and inner region. This regional vari-

ation in vasculature is reflected by differences in the structure and composition of

the extracellular matrix as well as in the resident cell populations.

1.3 Extracellular Matrix

1.3.1 Collagen

The extracellular matrix (ECM) of the meniscus is composed largely of col-

lagen (∼75%) that varies in structure and composition across the different regions

[5]. The outer region is composed primarily of collagen type I (∼99%) that forms

a highly fibrous matrix containing large bundles of circumferentially-aligned fibrils

held together by small radial “tie” fibers [5]. The inner region is composed of col-

lagen type I (∼40%) along with collagen type II (∼60%), giving this region more

hyaline cartilage-like properties [5]. The surface superficial zone of the meniscus is

composed of randomly aligned collagen type II fibers [5]. Other collagen types in

the meniscus include III, IV, V, VI, and XVIII, but are present in lower abundance

[5].
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1.3.2 Proteoglycans

Proteoglycans are another major component of the ECM, and vary region-

ally within the meniscus. Proteoglycans are comprised of a core protein that is

decorated with glycosaminoglycans (GAGs) (∼15%), which are long unbranched

polysaccharides [5]. GAGs are highly negatively charged making them hydrophilic,

attracting water into the tissue such that the meniscus is 70% hydrated [5]. Cells

from the inner region tend to produce more GAGs as this region bears more com-

pression during joint loading compared to the outer region. Other components of

the meniscus include adhesion glycoproteins (<1%) and elastin (<1%) [5].

1.4 Meniscus Cells

The extracellular matrix of the meniscus is produced and maintained by

cells that originate from the mesenchymal lineage. However, due to the regional

variation in composition and function, meniscus cells display morphological and

phenotypic heterogeneity across the different regions to maintain the various struc-

tures (Figure 1.2) [5]. Cells in the outer region resemble fibroblast cells in shape

and behavior. They are oval and fusiform in shape and have long cytoplasmic

extrusions that enhance cell-matrix interactions [16]. These cells mainly produce

collagen type I. Cells in the inner region exhibit characteristics of both fibroblasts

and chondrocytes, and are often described as fibrochondrocytes [16]. They are

round in shape and produce mostly collagen type II and less of collagen type I.

These cells also produce much more GAGs compared to cells in the outer region,

which gives the inner region more hyaline cartilage-like properties. Cells in the

superficial zone are small and circular in shape and behave like progenitor cells

with therapeutic and regenerative capabilities [17].

In the meniscus, the cells are sparsely distributed and embedded deep within

the dense ECM [17]. Each cell has limited motility within its own matrix and is

responsible for the turnover of the matrix within its local microenvironment. Fur-

thermore, meniscal cells are postmitotic with very low replication rates [17]. There-

fore, meniscus cells are highly specialized in metabolic processes that produce and
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maintain the ECM. These cells respond to a variety of biochemical and biome-

chanical cues, including growth factors, inflammatory cytokines, and mechanical

loading.

Outer and inner meniscal cells reside in different biomechanical environ-

ments, and are exposed to different compressive, tensile, and shear stresses of

different magnitudes. The cells in the inner region experience tensile stresses in

the order of ∼7% of total joint load, while outer cells experience only 2–4% [18].

These differences in biomechanical cues help regulate cellular phenotype, behavior,

and synthetic properties in the different regions [19, 20, 21, 22].

1.4.1 Cellular Homeostasis

Because the meniscus exhibits a very low cell turnover rate, it depends

on intracellular homeostatic mechanisms to maintain functional proteins and or-

ganelles to support normal cell function and survival. Autophagy is an essential

cellular homeostatic mechanism that facilitates the turnover of proteins, such as

aggregate-prone or misfolded proteins and ribosomes, and organelles, including

mitochondria and peroxisomes [23]. Autophagy is constitutively active, occurring

at low basal levels in mammalian cells [24]. It is a protective mechanism that

helps maintain cellular homeostasis, such that loss of constitutive autophagy leads

to the accumulation of aggregate-prone and misfolded proteins and defective mi-

tochondria that stimulates the production of reactive oxygen species (ROS) [23].

This leads to altered gene expressions and even autophagic type II programmed

cell death, characterized by cytoplasmic vacuolation [23]. In fact, deficiencies in

autophagy are involved in several pathophysiologies [25], including cancer [26],

neurodegeneration [27, 28], cardiomyopathies [29], and OA [24, 30].

Autophagy is a lysosomal degradation pathway induced by cellular stresses

such as nutrient and energy deprivation, hypoxia, or injury (Figure 1.3) [31].

It is characterized by the formation of sequestering vesicles called autophago-

somes. When autophagy is constitutively active, mammalian targets of rapamycin

(mTOR) form a complex (mTORC1) with unc-51-like kinase 1 (ULK1), 200 kDa

family kinase (FAK) interacting protein (FIP200), and autophagy-related protein
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13 (ATG13) [24]. Phosophorylation of ULK1 and ATG13 represses autophagy

[24]. During cellular stress, autophagy is activated by the inhibition of mTORC1,

which results in the dissociation of ULK1. This stabilizes mTORC1 and leads to re-

distribution of cellular constituents to initiate autophagy [24]. Dissociated ULK1

transduces pro-autophagic signals that initiate the formation of isolated double-

membrane structures called phagophores [24]. During autophagy, the cellular con-

stituents are enclosed in phagopores, driven by the production of phosphatidylinos-

itol 3-phosphate (PI(3)P)-enriched membrane domains by beclin-1 with class III

phosphatidylinositol-3 kinase (PI3K) on vesicles [24]. This process recognizes and

recruits the damaged or dysfunctional proteins and organelles to be autophago-

cytosed. Next, the phagophores undergo elongation and closure, driven by two

ubiquitin-related conjugation systems: ATG-12 to ATG-5, an autophagy regulator,

and LC3-I to LC3-II, an autophagy effector [24, 32]. Finally, the enclosed cargo,

an autophagosome, fuses with the lysosome and is degraded. The constituents are

then released and reutilized as nutrients and energy within the cell.

In articular cartilage, autophagy is regulated by proteins ULK1, Beclin-

1, and LC3, mainly in the superficial zone [33]. Carames et al. showed that,

in both human and mice articular cartilage, aging and OA is associated with a

reduction in ULK-1, Beclin-1, and LC3 [33, 34]. Furthermore, this reduction in

autophagy is associated with increased apoptotic cell death as well as cartilage

damage [33, 34]. This suggest that basal autophagy decreases with age, which

contributes to the accumulation of proteins and organelles and generation of ROS,

increasing susceptibility to degeneration and OA in articular cartilage. However,

while autophagy activation is present in the meniscus, changes in and the function

of autophagy have not been sufficiently investigated during joint aging, injury, and

OA.

In addition to autophagy, the unfolded protein response (UPR) is another

cellular homeostatic mechanism [35]. UPR assures normal protein folding during

protein synthesis in the endoplasmic reticulum (ER) [35]. UPR is activated when

misfolded proteins are detected, activating autophagy to remove them. Deficiencies

in either UPR or autophagy can lead to deficiencies in the other, thus compromising



9

cell function and survival [35].

1.5 Biomechanical Function and Properties

1.5.1 Load Bearing and Transmission

The meniscus plays an important role in providing load bearing and trans-

mission across the knee joint [7, 8, 9, 10]. During normal joint loading, the femoral

condyle bears down on the meniscus, which absorbs shock and deforms radially

as it is opposed by the anterior and posterior attachments on the tibial plateau

[9, 10]. Due to the wedged-shape of the meniscus, the inner region bears the

most compressive loads while the outer region experiences tensile hoop stresses

[9, 10]. This anisotropic loading condition is reflected by the regional organization

of collagen and proteoglycans. The proteoglycan-rich environment of the inner

region allows the tissue and cells to withstand high compressive loads, while the

circumferentially aligned fibers in the outer region bear tensile loads.

During joint loading, the knee joint bears loads that are 2.7–4.9 times the

body weight [36]; the meniscus bears 45–75% of the total knee joint load [37]. The

meniscus provides a 1 mm gap between the articulating surface and allows only

10% of these surfaces to come in contact [38]. Therefore, damage or degeneration

of the meniscus dramatically increases the stresses on the articular cartilage, which

becomes more prone to degeneration, damage, and injury.

1.5.2 Biomechanical Properties

The biomechanical functions of the meniscus combine compression, tension,

and shear, which have been characterized by bulk mechanical/materials testing.

Several studies have reported the intrinsic material properties of both the me-

dial and lateral meniscus from human and animal models at different locations

(anterior, central, and posterior), depths (superficial and deep), and orientations

(circumferential and radial) (Table 1.1) [39, 40].

In compression, the meniscus exhibits a relatively low compressive modu-
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lus (0.09 to 0.16 MPa) compared to articular cartilage [39]. This indicates that

the meniscus is less stiff and deforms more readily during joint loading, thus is

more efficient in shock absorption compared to articular cartilage. In tension, the

menisci exhibit the greatest tensile strength in the circumferential direction, which

is at least 3-fold higher compared to the radial direction [40]. In humans, the

lateral meniscus has a higher tensile stiffness (∼300 MPa in the central location)

compared to the medial meniscus (∼160 MPa at the anterior horn) in the circum-

ferential direction [40]. In comparison to articular cartilage, the meniscus exhibits

much higher tensile stiffness, which indicates that the circumferential tensile hoop

stresses dominate during joint loading and transmission.

While previous studies examine the bulk mechanical properties of the menis-

cus, recent studies are interested in examining the biomechanical properties at the

micro-to-nanoscale, the length scale of cell-matrix interactions.

1.5.3 Atomic Force Microscopy

Recent studies have utilized high resolution force imaging techniques to ex-

amine the mechanical properties of cartilaginous tissue at the micro-to-nanoscale.

Atomic force microscopy (AFM) is among the most powerful and versatile high

resolution force imaging techniques. AFM is a form of scanning probe microscopy

that utilizes the interactive forces between a sharp tip at the end of cantilever and

the sample as a feedback signal for imaging and force measurements (Figure 1.4)

[41, 42]. The deflection of the cantilever is measured continuously, most frequently

by deflecting a laser beam off the cantilever for detection by a quadrant photodi-

ode. The interactive forces between the tip and the sample can be calculated using

Hooke’s law:

F = −kx

In this equation, F is the force applied by the cantilever, k is the spring constant

of the cantilever, and x is the displacement of the cantilever when it interacts with

the sample. AFM can be operated in two modes: contact and tapping. In con-

tact mode, a constant interaction force between the cantilever and the surface is
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maintained. Tapping mode operates by vibrating the cantilever at its resonant fre-

quency. At close proximity to the surface, the amplitude of vibration is dampened.

During imaging, a constant amplitude is maintained.

The spatial resolution of AFM is determined by the size of the cantilever tip,

allowing for ∼1 nm spatial resolution. For biological materials, the cantilever tip

can be modified with a microbead, to avoid perturbing the membranes. AFM can

probe highly localized regions (∼1 nm) using highly sensitive forces (pN) in fluid

and dynamic environments. This makes AFM a suitable technique for probing the

mechanical properties of biological materials, including tissue, cells, and proteins

at the micro-to-nanoscale.

The mechanical properties of cartilaginous tissues have been measured using

AFM. McLeod et al. used AFM to measure the mechanical properties of the ECM

from porcine articular cartilage in the axial, circumferential, and radial direction

[43]. This study revealed new evidence of tissue heterogeneity and anisotropy

of the ECM at the microscale. Sanchez-Adams et al. measured the mechanical

properties of the ECM and PCM (pericellular matrix) of porcine meniscus, showing

regional variations in mechanical properties; stiffness decreases from the outer to

inner regions [44].

1.6 Meniscus Degeneration

Joint aging or injury, either acute or chronic, can lead to degeneration

of the meniscus characterized by the disruption or loss of matrix structure and

composition. Aging-related changes are driven by cellular senescence processes,

while joint injury can lead to unfavorable changes in the biomechanical properties

of the meniscus that promotes degeneration [30]. In the case of the meniscus, tears

are a common joint injury that can lead to degenerative changes in the knee [4].

At the macroscopic level, meniscus degeneration is seen typically as fibril-

lation and lesions at the surface, mostly at the inner region, which is more injury

prone [45] (Figure 1.5). However, microscopic histopathologic assessment of the

meniscus has shown earlier degenerative changes in the extracellular matrix with



12

the surface relatively intact. These degenerative changes include reduced cellu-

larity, increased Safranin-O staining, which correlates with reduced proteoglycan

content, in the inner region, and loss of collagen fiber organization [45] (Figure 1.6).

This suggest that the meniscus degenerates from the interior to the exterior. In con-

trast, articular cartilage degenerates from the surface inward. Furthermore, other

studies have shown increased proteolytic activity due to increased production of

matrix degrading enzymes as well as formation of advanced glycation end-products

that stiffen the matrix properties [46, 47, 48].

Degenerative changes in the extracellular matrix reflect changes in the cells,

including abnormal cell activation and differentiation [3]. This often leads to the

disruption of cellular homeostasis resulting in matrix degeneration. An imbal-

ance of anabolic and catabolic processes leads to reduced production of important

growth factors and overproduction of matrix degrading enzymes and inflamma-

tory cytokines combining to promote widespread tissue degradation. Aging cells

are more susceptible to homeostatic disruption due to cellular senescence that com-

promises cellular proliferation and biosynthetic capacity as well as a decline in cell

function and viability [3].

1.6.1 Osteoarthritis

Meniscus degeneration is closely linked to the development and progression

of OA, the most prevalent joint disease. OA is characterized by articular carti-

lage degeneration, although meniscus degeneration is always invariably involved.

More than 75% of patients with OA concomitantly suffer from meniscal lesions

while 50% of patients with a meniscus injury go on to develop post-traumatic

OA within 10 to 20 years [4, 6, 49, 3]. While the exact pathogenic processes of

meniscus degeneration are unclear, damage or degeneration of the meniscus dis-

rupts the biomechanical properties and is associated with cell death and abnormal

cell activation and differentiation. This disrupts tissue homeostasis which leads

to progressive matrix degeneration that ultimately manifests as OA of the whole

joint.
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1.7 Current Diagnosis and Therapeutics

Diagnosis of meniscus injuries and conditions greatly depends on the expe-

rience and insight of the physician. Generally, the physician evaluates the patient’s

history and performs a physical examination that could include joint line palpa-

tion [50, 51], McMurray rotation test [52], Apley’s grind test [53], and Thessaly

test [54, 55, 56]. Diagnostic imaging modalities, such magnetic resonance imaging

(MRI), can be used to confirm a diagnosis, such as a meniscal tear [51, 57]. How-

ever, due to the intrinsic properties of both the meniscus and articular cartilage,

conventional MRI techniques can only detect later stages of tissue degeneration

when structural damage is already apparent and irreversible [58]. Current research

in MRI technology and techniques focus on enabling high resolution and quanti-

tative imaging assessment of tissue structure and composition at the microscale.

This will enable early detection of degenerative changes that precede structural

damage and OA in the knee joint.

1.7.1 Magnetic Resonance Imaging

MRI is a non-invasive powerful and versatile diagnostic tool capable of

acquiring high-contrast images of tissues. Imaging is based on the physical phe-

nomenon of nuclear magnetic resonance, in which atomic nuclei, usually hydrogen,

exposed to a magnetic field can absorb and re-emit specific radiofrequencies. The

basic principles of MRI measure the spin orientation and magnetic resonance (MR)

properties of hydrogen atoms in the tissue body. Briefly, a hydrogen nucleus is

composed of one proton and one electron, and therefore has a spinning charge and

produces a magnetic moment. Normally, the protons are randomly oriented, but

when a magnetic field is applied, the atoms align parallel or anti-parallel to the

applied magnetic field. Atoms that align parallel to the field are at a low energy

state while atoms that aligned antiparallel are at a high energy state. The protons

also spin or precess around the axis of the applied magnetic field. The rate of

precession is called the Larmor frequency.

ω = γB
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In this equation, ω is the angular frequency, γ is the gyromagnetic ratio, and B is

the magnetic field strength. Normally, the protons precess randomly, but when a

magnetic field is applied, the atoms precess in phase.

During MRI, a RF pulse is applied at the Larmor frequency, which causes

some of the atoms aligned parallel to the magnetic field to switch from a low to high

energy state, decreasing the longitudinal magnetization. The applied RF pulse also

synchronizes the precession of the atoms. As a result, the transverse magnetization

is increased. Immediately after the RF pulse, several protons switch back to their

favorable low energy state, thus transmitting energy to their surrounding lattice.

This change in longitudinal magnetization is quantified by the spin-lattice relax-

ation time (T1). Concurrently, the atoms that were in phase also begin to de-phase,

resulting in a decrease in transverse magnetization quantified as T2, the spin-spin

relaxation time. However, in reality, the atoms de-phase much quicker than the

T2 relaxation time due to inhomogeneities in the magnetic field. Therefore, T2∗

relaxation refers to combined T2 relaxation and the inhomogeneities.

T1 and T2 relaxation times reflect the structure, composition, and biome-

chanical properties of the tissue components. In articular cartilage, T1 relaxation

has been reported to reflect the proteoglycan content as T1 values are more sensi-

tive to the structure of macromolecules than of collagen in the ECM. T2 relaxation

is dependent on the water content imposed by proteoglycans in the ECM. There-

fore, T1 values decrease while T2 values increase from the superficial to deep zones

of articular cartilage, consistent with the spatial distribution of proteoglycan con-

tent. Studies of healthy versus OA patients also showed that longer T2 values

reflect more severe degeneration of the articular cartilage associated with OA [59].

However, these quantitative MRI assessments of meniscus degeneration is unclear

due to the intrinsic MR properties of the meniscus. The meniscus is composed of

a highly structured matrix thus exhibits an extremely short T2 and T2∗ relaxation

times (∼10 ms) that cannot be captured by conventional MRI techniques, which

can only capture relaxation times greater than 10 ms [60]. However, recent de-

velopments in ultrashort echo time (UTE) MRI enables acquisition of relaxation

times between 0.05 to 0.5 ms [61]. This technique is being evaluated on clinical
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MR scanners, along with other techniques that provide higher contrast and spatial

resolution. Experimental narrow-bore magnets with field strengths of 9.4T and

11.7T have enabled increased signal-to-noise ratio, higher spatial resolution (∼50

µm), and accelerated acquisition time.

1.7.2 Treatment and Repair

Currently, there are no preventative measures or disease-modifying OA

drugs available for joint aging and OA. Symptom-modifying drugs help relieve

pain and inflammation. Further investigation of mechanisms that maintain joint

health are warranted to develop better therapeutic treatments. Current manage-

ment of meniscus injuries and conditions depends on the location of the injury as

self-healing and repair capabilities of the meniscus is dependent on the vasculature.

Since the inner region is limited in vasculature, meniscal lesions and tears in this

region usually require surgical treatment or repair.

Surgical treatment of meniscal lesions and degeneration is most commonly a

partial or total meniscectomy, a procedure that removes damaged or dysfunctional

meniscus tissue to allow normal articulation [62]. However, meniscectomies most

often lead to uneven load distribution and transmission across the knee joint,

resulting in the development or progression of OA within 10 to 20 years post-

operation [4, 15, 62, 63, 64].

This has led to the development of meniscus repair techniques that enhance

healing in the meniscus. Current repair techniques include fibrin clot injection,

synovial abrasion, and vascular access channel creation [65, 66, 67, 68]. Fibrin

clot injection containing hematoma chemotactic factors promotes healing when

injected in the meniscus [69]. Synovial abrasion also activates hematoma chemo-

tactic factors that stimulate healing in the meniscus [70]. Meniscal lesions in the

inner region can be repaired by creating vascular access channels from the vascular-

ized outer region to the non-vascularized inner region [15]. Theoretically, vascular

access channels enable the delivery of hematoma chemotactic factors to the inner

region to promote healing of lesions, however, the technique has proven to be in-

adequate. All of these meniscus repair techniques have limited healing capacity,
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as the repair tissue, essentially scar tissue, does not stand up to the biomechanical

function needed in load bearing tissues in the knee. These repair techniques have

a finite, pain-free expectancy of 5 to 7 years post-operation [67]. If the meniscus is

damaged or degenerated beyond repair, the meniscus has to be surgically replaced

by autografts from non-load bearing tissue, or allografts donated from cadavers

[71]. However, the major issues with meniscus replacement transplants are poor

integration with host tissue and a finite lifespan of 10 to 15 years[71].

Currently, research in treatments for the meniscus attempts to promote

tissue regeneration using cell-based tissue engineering approaches. The present

challenge in meniscus tissue engineering is selecting the appropriate combination

of cells, scaffolds, and signaling mechanisms that regenerates tissue that is nearly

identical to the phenotype and biomechanical properties of native meniscus tissue

[72].
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Figure 1.1: Anatomy of the knee joint. The knee joint contains a medial and
lateral meniscus, which are situated between the femur and tibia. The menisci
are stabilized by a network of ligaments, which include the anterior and posterior
cruciate ligament (ACL and PCL), medial and lateral collateral ligament (MCL
and LCL), and transverse ligament. [5]
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Figure 1.2: Regional variations in the meniscus cell populations. (Left)
The outer region is vascularized (indicated in red) while the inner region is non-
vascularized. (Right) The outer region contains blood vessels. Cells in the outer
region are fibroblast-like while cells in the inner region are chondrocyte-like. Cells
in the superficial zone are small and round. [5]
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Figure 1.3: Autophagy signaling and regulation. Autophagy is activated
upon cellular stress such as nutrient deprivation and hypnoxia. The formation
of a complex with ULK1, FiP200, and ATG13 leads to subcellular redistribution
and autophagosome formation. The autophagosome enclosed with the damaged
organelles then fuse with the lysosome. Finally, the enclosed constituents are de-
graded, and reutilized as nutrients and energy. Successful removal of the damaged
organelles promote cell survival and regain homeostasis, while non-successful re-
moval results in autophagiac cell death. Reprinted with permission: Grogan et al.
2015 [31].
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Table 1.1: Summary of compressive and tensile properties of human
menisci.

Tissue Location Modulus (MPa) Reference

Compressive properties

Human medial menisci Superficial zone

Anterior 0.15 ± 0.03 [39]

Central 0.10 ± 0.03

Posterior 0.11 ± 0.02

Deep zone

Anterior 0.16 ± 0.05 [39]

Central 0.11 ± 0.04

Posterior 0.09 ± 0.03

Tensile properties

Human medial menisci

Circumferential Anterior 106.21 ± 77.95 [40]

Central 77.95 ± 25.09

Posterior 82.36 ± 22.23

Radial Anterior 48.31 ± 24.35 [40]

Central 46.20 ± 27.56

Posterior 32.55 ± 11.27

Human lateral menisci

Circumferential Anterior 124.58 ± 39.51 [40]

Central 91.37 ± 23.04

Posterior 143.73 ± 38.91

Radial Anterior 48.47 ± 25.67 [40]

Central 45.86 ± 24.20

Posterior 29.85 ± 12.77
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Figure 1.4: Schematic of atomic force microscopy (AFM). The AFM can-
tilever approaches the surface of the sample and, upon contact, the cantilever is
deflected. The cantilever deflection is recorded using a laser beam that is reflected
off the tip of the cantilever onto a 4 quadrant photodiode. Reprinted with permis-
sion [42].
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Figure 1.5: Stages of meniscus degeneration at the macroscopic level.
(A) Healthy normal meniscus with a smooth, intact surface. (B) Mildly degen-
erated meniscus with fibrillation and fraying at the inner border. (C) Moderately
degenerated meniscus with a partial tear (arrow) and calcification (asterik). (D)
Severely degenerated meniscus with a full tear (arrow) and calcification (asterik).
Reprinted with permission [45].
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Figure 1.6: Histopathologic features of meniscus degeneration at the
microscopic level. (Left to Right) Showing healthy, mildly, moderately, and
severely degenerated menisci. (Top row) Degenerative changes in cellularity in-
clude diffuse hypercellularity, hypo/acellular regions, and hypocellularity. (Mid-
dle row) Gradual loss of collagen fiber organization is associated with meniscus
degeneration. Histopathological features include diffuse foci (•) and cyst formation
(�). (Bottom row) Biochemical changes reflect a reduction in Safranin-O-Fast
Green staining intensity. Reprinted with permission [45].



Chapter 2

Atomic force microscopy reveals

age–dependent changes in

nanomechanical properties of the

extracellular matrix of native human

menisci: implications for joint

degeneration and osteoarthritis

2.1 Abstract

With aging, the menisci become more susceptible to degeneration due to

sustained mechanical stress accompanied by age-related changes in the extracel-

lular matrix (ECM). However, the mechanistic relationship between age-related

meniscal degeneration and osteoarthritis (OA) development is not yet fully un-

derstood. We have examined the nanomechanical properties of the ECM of nor-

mal, aged, and degenerated human menisci using atomic force microscopy (AFM).

Nanomechanical profiles revealed a unique differential qualitative nanomechanical

profile of healthy young tissue: prominent unimodal peaks in the elastic moduli

24
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distribution among three different regions (outer, middle, and inner). Healthy aged

tissue showed similar differential elasticity for the three regions but with both uni-

modal and bimodal distributions that included higher elastic moduli. In contrast,

degenerated OA tissue showed the broadest distribution without prominent peaks

indicative of substantially increased heterogeneity in the ECM mechanical proper-

ties. AFM analysis reveals distinct regional nanomechanical profiles that underlie

aging dependent tissue degeneration and OA.

2.2 Introduction

Aging is the leading risk factor for osteoarthritis (OA), a whole joint de-

generative disease that affects all articulating tissues, including articular cartilage

and menisci in the knee. The menisci play a crucial role in joint loading by provid-

ing mechanical stability, smooth articulation, shock absorption, load bearing and

transmission in the knee [7, 9, 10, 37, 73, 74, 75]. Damage or degeneration due to

aging of the menisci leads to unfavorable changes in joint loading that significantly

affect overall joint health by precipitating the onset of OA development. The role

of meniscal injuries and surgical removal of the meniscus on the development of

post-traumatic OA is well established [4, 62, 76]. However, the mechanistic re-

lationship between age-related meniscal degeneration and OA development is not

yet fully understood.

The menisci are two crescent shaped tissue structures wedged between the

articulating surfaces of the femoral condyle and tibial plateau. During normal

joint loading, the femoral condyle bears down on the menisci concentrating the

highest compressive loads in the inner tapered end of the tissue. The forces are

transmitted to the outer periphery due to its geometry, which causes the tissue to

expand circumferentially. The extrusion is resisted by the anterior and posterior

attachments, creating circumferential tensile hoop stresses that distribute the com-

pressive load. This anisotropic biomechanical response is supported by a regionally

heterogeneous network of collagenous extracellular matrix (ECM) that varies in mi-

crovasculaturity, microstructure, and biocomposition [14, 77]. The inner region is
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composed primarily of randomly aligned collagen type II fibrils embedded within

an abundance of proteoglycan molecules that help resist high compressive loads

[78, 79]. The outer region is more fibrous consisting of both collagen types I and

II that form mostly circumferentially aligned fibrils to uphold tensile strength and

carry out anisotropic load transmission [78, 79].

Age-related changes are accompanied by molecular and structural changes

in the ECM that lead to matrix degeneration [80, 81, 82]. This degenerative process

is characterized by an imbalance between anabolic and catabolic processes as cells

reduce production of important growth factors and increase production of matrix

degrading enzymes and inflammatory cytokines [83, 84]. These age-related bio-

chemical changes have been identified by histological analyses which demonstrate

increased Safranin-O staining, reduced cellularity, and loss of collagen fiber orien-

tation [45]. While the biochemical changes have been investigated by histological

and immunohistochemical analyses, age-related changes in biomechanical proper-

ties have not been documented at the microstructural level in human menisci. Our

hypothesis is that aging alters the biomechanical properties of meniscal ECM thus

changing the tissue response during joint loading thereby leading to OA develop-

ment.

To define the earliest age-related biomechanical changes of the ECM, a

high resolution force scanning technique is required to measure mechanical prop-

erties at the nano-to-microscale, the native length scale of the cells and associated

matrix. Recent studies have examined tissue mechanical properties at the nano-

to-microscale utilizing atomic force microscopy (AFM) [41]. Cartilaginous tissues,

including articular cartilage and porcine menisci, have been evaluated by AFM

demonstrating depth-dependent and regional variations in nanomechanical prop-

erties [43, 44]. However, the nanomechanical properties of human meniscal tissue,

especially in its native and non-fixed condition, have not been reported. Charac-

terizing these nanomechanical properties and identifying key changes with aging,

degeneration, and OA will provide important insights into the pathogenesis of

joint degeneration and OA, and may lead to novel therapeutic developments for

the prevention and treatment of OA. For tissue engineering of menisci, nanome-
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chanical characterization is critical for optimal design of materials and scaffolds.

In addition, understanding the correlation between biochemical and biomechani-

cal changes may lead to novel targets for pharmacological modulation of meniscal

tissue degeneration.

In this study, we have examined nanomechanical properties of the ECM

of normal, aged, and osteoarthritic human menisci using AFM. Human meniscal

tissue samples were collected from donors of various ages and OA grades to repre-

sent meniscus physiology of aging and OA development. Regional ECM nanome-

chanical properties of individual specimens were measured by AFM-based elastic

mapping and correlated with histological Safranin-O staining to identify matrix

degeneration [85]. Our results show distinct regional differences in the nanome-

chanical properties of menisci that correlate well with the aging as well as with the

severity of OA.

2.3 Materials and Methods

2.3.1 Tissue Selection and Processing

This study was approved by the Institutional Review Board at Scripps

Health. Human knee joints were collected from tissue banks or from patients un-

dergoing total knee arthroplasty. Subjects were selected by age and OA grade

scored by macroscopic assessment of articular cartilage [86]. Briefly, OA grade

0 describes normal (intact smooth surface) articular cartilage, grade 1 thru 3 de-

scribes surface irregularities of slight to moderate reductions, and grade 4 describes

severe disruption or loss of tissue [86].

In this study, 8 individual specimens were selected to represent normal

meniscus physiology and pathophysiology, grouped by age and OA grade (age

range 20–90 years; OA grade 0–4). Tissue donors were separated into three groups:

specimens from individuals younger than 45 and of OA grade 0 were classified as

young normal menisci; specimens from individuals older than 50 with OA grade

1 to 2 were classified as aging normal; and severely degenerated human menisci

obtained from OA knee joints (OA grade 4) removed from patients greater than 50
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years of age and undergoing total knee arthroplasty were classified as aging OA.

Menisci were dissected from the knee joints and triangular shaped cross-

sections in the sagittal plane were harvested from the central portion of the medial

menisci (Fig 2.1). The samples were embedded into O.C.T. Tissue Tek (Sakura

Finetek, Torrance, CA) and stored at –80 ◦C for cryopreservation. The O.C.T. em-

bedded samples were then cut using a cryostat microtome into 10 µm thick sections

onto glass slides to be processed for histology and AFM measurements. Same or

adjacent tissue sections were evaluated by AFM using histology to locate regions

of interest.

10 µm thick cryosections were thawed and stained with Safranin-O/Fast

Green (Sigma-Aldrich, St. Louis, MO) for semi-quantitative evaluation of pro-

teoglycan content associated with matrix degeneration. Each tissue section was

examined for Safranin-O staining intensity.

2.3.2 Atomic Force Microscopy

Prior to AFM, the tissue sections were thawed, having undergone only one

freeze-thaw cycle to minimize the effects of freezing on the tissue structure. Tis-

sue sections were rinsed with PBS to remove O.C.T. Tissue Tek and replenished

with fresh PBS (Cellgro, Manassas, VA) to allow the tissue to swell at room tem-

perature. All AFM measurements were carried out using a diBioScope SZ AFM

(Bruker Corporation, Santa Barbara, CA) mounted on an Olympus IX71 inverted

microscope used to visually position the AFM cantilever with respect to the sam-

ple. Colloidal AFM cantilevers (silicon nitride rectangular cantilever tip with a 5

µm diameter borosilicate glass sphere attached; NovaScan, Ames, IA) were used.

The nominal spring constant k of the cantilever was 4.5 N/m and the exact value

was determined by the thermal tuning method. The deflection sensitivity was

determined by indenting on a glass substrate in fluid. Force-volume (FV) maps

were generated from 20 × 20 µm2 to 50 × 50 µm2 areas of the tissue samples.

Each FV map recorded 32 × 32 pixels (1024 force–displacement curves per map).

Each individual force curve constitutes 512 data points. The maximum applied

loading force was ∼200nN, which resulted in indentation depths of ∼1 µm ( 10%
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of the section thickness) at a tip velocity of ∼15 µm/s. Force retraction curves

were analyzed using Hertzian contact mechanics to determine the elastic modulus.

The Poisson’s ratio was assumed to be 0.04.

2.3.3 Statistical Analysis

All elastic measurements were summarized in histogram plots to obtain the

distribution of values. The bin width was set at 20 kPa while the frequency count

was normalized to the total number of measurements per region. A multi-peak

Gaussian curve fit was applied to the distribution wherein peaks were located us-

ing the peak analysis in OriginPro 7.0 (Northampton, MA). All data are presented

as a mean ± standard deviation. The statistical significance of differences between

stiffness values from different regions (outer, middle, and inner) and conditions

(normal, aged, and OA) were assessed by Kruskal-Wallis nonparametric test fol-

lowed by a Wilcoxon test with a Bonferroni correction for age group comparisons in

R 3.1.0. P -values less than 0.05 were considered statistically significantly different.

2.4 Results

2.4.1 Nanomechanical properties of ECM of menisci in nor-

mal joints

Histological analyses of meniscus specimens from three young normal indi-

viduals (20, 31, and 41 years of age) showed healthy, normal well-organized ECM

with minimal Safranin-O staining, and intact articular surfaces (Fig 2.2). Individ-

ual histograms of regional ECM elastic moduli characterized the nanomechanical

profile for healthy, young normal menisci with distinct unimodal peaks in distri-

bution (Figure 2). In general, the outer and middle regions were characterized by

a sharp dominant peak at 130 to 150 kPa and the inner region at 70 to 90 kPa.

Mean elastic moduli also varied with regions: the outer region with its character-

istic fibrous content measured the highest in elastic moduli with a mean value of

205.6 ± 8.9, with the middle region showing the next highest with a mean value of
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188.0 Âś 21.9 kPa (Table 2.1). The inner region displayed the lowest elastic moduli

with a mean value of 176.7 ± 28.0 kPa. Each region was statistically different (P

< 0.05).

2.4.2 Nanomechanical properties of ECM of menisci in aged

joints

Meniscus specimens representative of normal aging (55 and 56 years of

age; OA grade 1 and 2, respectively) exhibited intact articular surfaces, organized

matrix, and mild matrix degeneration reflected in the slight to moderate increase

in Safranin-O staining compared to healthy normal ECM. Histograms showed a

nanomechanical profile that was similar to young, normal menisci with distinct

peaks that were comparable in magnitude. However, the elastic moduli of normal

aged specimens were more widely distributed, as reflected in the larger standard

deviation, and included stiffer values. In addition, the wider distribution contained

bimodal peaks varying from 110 to 400 kPa (Fig 2.3). In the sample of 55 years

of age (OA grade 1), the outer region exhibited a wider (bimodal) distribution

compared to the middle and inner regions (unimodal), which still displayed region-

defined nanomechanical properties. However, in the sample of 56 years of age

(OA grade 2), region-defined nanomechanical properties became less distinct in

nanomechanical properties among the outer (303.0 ± 28.3 kPa), middle (282.4 ±
30.2 kPa), and inner regions (274.0 ± 8.7 kPa).

2.4.3 Nanomechanical properties of ECM of menisci in os-

teoarthritic joints

All OA specimens were harvested from patients with undergoing total knee

arthroplasty. Macroscopic and histopathological analyses of the articular cartilage

were categorized as OA grade 4, while histological assessment of menisci showed

severe matrix degeneration as identified by intense Safranin-O staining throughout

the sample. OA menisci specimens exhibited a characteristic wide spread distribu-

tion of nanomechanical properties with no dominant peak. The wide distribution
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of elastic moduli demonstrates stiffer mean values in the outer (364.3 ± 72.2 kPa),

middle (401.9 ± 39.2 kPa), and inner regions (365.9 ± 106.5) (Figure 2.4). The

large standard deviations indicate increased nanomechanical heterogeneity that

correlated with increased Safranin-O staining intensity in matching sections. No-

tably, each individual OA sample displayed a unique nanomechanical profile of

each region. The regions were not statistically significantly different (P > 0.05).

2.4.4 Correlation of nanomechanical properties of ECM to

histological analyses

The respective nanomechanical profiles were correlated with the histopatho-

logical findings in normal, aged, and degenerated OA human meniscal tissue. The

correlation of local AFM measurements with matching Safranin-O stained sections

corroborated that the ECM regions with strong staining intensity exhibit stiffer

values. This pattern was more pronounced in OA samples, as the strong Safranin-

O staining in the outer regions was associated with broader and stiffer values (∼300

to 350 kPa) compared to the middle and inner regions (Fig 2.4). Figure 2.5 sum-

marizes the characteristic nanomechanical profile of normal, normal aged, and OA

human menisci.

2.5 Discussion

Meniscal degeneration due to aging and OA remains poorly understood. In

accordance with conventional knowledge (mostly from experimental animal mod-

els), studies of macroscopic and histopathological changes of the menisci demon-

strate a strong association between age-related meniscal degeneration and OA

[81, 82, 87, 88, 89]. This is supported by clinical findings of a high incidence

of OA in middle to advanced ages that occurs concomitantly with meniscal le-

sions [5, 90, 91]. Studies on animal tissues provide for a convenient assess-

ment of anatomical, biochemical, and biomechanical properties of the menisci

[15, 44, 81, 82, 92, 93, 94], but are biased due to interspecies variations raised
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by significant differences in size, shape, matrix architecture and biochemical con-

tent [95].

This study is the first to document age-related biomechanical changes in

native human menisci during tissue degeneration and OA development. An exper-

imental profile of human meniscal tissue samples from individuals of various ages

and degenerated/diseased conditions were examined to characterize age-related

changes. Histological analyses of the samples collectively showed a clear represen-

tation of aged-related changes, as evidenced by a marked increase in Safranin-O

staining with age. We used AFM-based elasticity mapping of tissue samples to

characterize regional nanomechanical properties in normal, aged, and degenerated

OA menisci. Overall, these results showed a similar trend in regional nanome-

chanical properties in healthy young menisci compared to properties previously

reported on porcine menisci, although human tissue proved to be less stiff than

porcine [44]. Like porcine menisci, the outer region of human menisci is stiffer

due to its characteristic collagen fiber I fibrous content, while the inner region is

more compliant in line with its rich proteoglycan content. This regional definition

of nanomechanical properties is important to the overall health and function of

the meniscus, as the results show that the regional properties become less defined

with aging and disease (Figure 5). Indeed, regional differences in nanomechani-

cal properties of OA samples proved to be statistically insignificant (P > 0.05).

Loss of mechanical integrity is likely to compromise the biomechanical function

of the tissue, disrupting the region-defined anisotropic biomechanical response of

the tissue for efficient load bearing and transmission. These findings suggest that

changes in regional nanomechanical properties in the ECM may emerge from ear-

lier biochemical changes that occur during aging and take part in the initiation

and progression of OA.

The most striking finding in this study is that normal, aged, and os-

teoarthritic human meniscal tissue exhibited qualitatively unique nanomechanical

profiles. Young, healthy tissues exhibited a unimodal distribution in elastic moduli

with each region displaying distinctly sharp peaks: outer (130 to 150 kPa), middle

(130 – 150 kPa), and inner (70 – 90 kPa). Normal aged tissue also exhibited simi-
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lar unimodal peaks but with a wider distribution (often bimodal) biased towards

stiffer values. In general, the bimodal distributions encompassed a narrow first

peak and broader second peak, suggesting regions of increased stiffness associated

with degeneration. This bimodality was more obvious in some samples compared

to others reflective of the severity of degeneration. Within the nanomechanical

profiles, age-related changes associated with matrix degeneration were recognized

by two features: (i) increased nanomechanical heterogeneity in line with increased

Safranin-O staining and (ii) development of matrix stiffening with wider distribu-

tions.

Additionally, nanomechanical evaluations of degenerated OA samples were

each individually unique in regional properties and distribution profiles. These

results demonstrated incremental heterogeneity in nanomechanical properties with

aging and OA development. Indeed, OA manifests as a heterogeneous disease with

varying clinical features and biochemical characteristics among patients [96, 97].

In general, with increasing age there is stiffening of tissue, which is likely

to increase the compressive stiffness of the overall tissue. Eventually, this leads to

compromised tensile strength leading to biomechanical failure. Matrix stiffening

is most likely due to age-related molecular changes in the ECM, such as abnormal

deposition and cross-linking of ECM molecules [98, 99, 100]. These changes are

known to alter matrix mechanics which can lead to abnormal cell behavior [101,

102, 103, 104, 105]. Meniscal cells are highly responsive to mechanical stimuli

during joint loading [18, 19, 106, 107]. It is possible these changes in the ECM

may cause or exacerbate OA-associated phenotypic changes in cells. However, the

precise relationship between matrix mechanics and OA development remains to be

established.

In summary, we have characterized regional nanomechanical properties of

human meniscal tissue, especially ECM changes that occur during aging and OA.

Further studies should investigate the correlation between biomechanical properties

and biochemical characteristics that reflect meniscal tissue degeneration and OA.

Understanding these age-related degenerative changes will provide insight for the

development of effective therapeutic strategies to prevent and treat OA.
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Figure 2.1: AFM schematics for force mapping of human meniscal tissue.
(A) Central portion of medial meniscus was sectioned in the sagittal direction
(red). The sagittal tissue portion was cut by a cryostat microtome at a thickness
of 10 µm. The regions were defined by the purple line as the outer one-third,
middle, and inner one-third of the tissue. (B) AFM cantilever tip with a glass
microsphere attached (5 µm in diameter) was used to probe the tissue sample
surface of the ECM. (C) Representative force maps (scan size of 20 µm × 20 µm)
of outer, middle, and inner regions were generated from which the elastic moduli
was extracted and plotted in histogram distributions.
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Figure 2.2: Nanomechanical properties of ECM of healthy normal hu-
man meniscal tissue with OA grade 0. (A) Histological overview of the
samples shows minimal Safranin-O staining (in purple) indicating young, normal
meniscal tissue. Scale bar = 1 mm. (B) Corresponding stiffness distributions with
a multi-peak Gaussian curve fit (in red and green) reveals sharp distinct peaks
within each region, representing regional differences across the tissue: outer and
middle (peak values from 130 to 150 kPa) and inner region (peak values from 70
to 90 kPa).
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Table 2.1: Mean elastic moduli determined from individual donor sam-
ples belonging in three groups: normal, aged, and degenerated OA hu-
man menisci.

Age (years)
Tissue

Condition

OA

Grade
Elastic Molulus (kPa)

Outer Middle Inner

20, 31, 41 Normal 0–1 205.6 ± 8.9 188.0 ± 21.9 176.7 ± 28.0

55, 56 Normal Aged 1–2 303.0 ± 28.3 282.4 ± 30.2 274.0 ± 8.7

61, 75, 90 Aged OA 4 (TKA) 364.3 ± 72.2 401.9 ± 39.2 265.9 ± 106.5
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Figure 2.3: Nanomechanical properties of ECM of aged human meniscal
tissue with OA grade 1-2. (A) Histological analyses of normal aging samples
show slight to moderate Safranin-O staining (in purple) typical of normal tissue
degeneration due to aging. Scale bar = 1 mm. (B) Stiffness distribution with
multi-peak Gaussian fit curves (in red) revealed both unimodal and bimodal (in
green) distributions with regional variations but with a broader distribution that
shifts toward stiffer values with increasing age.
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Figure 2.4: Nanomechanical properties of ECM of degenerated human
meniscal tissue removed from patients with severe OA undergoing total
knee arthroplasty. (A) Histopathology of all three OA samples show a more
intense Safranin-O staining (in purple) associated with severe matrix degenerative
changes in the ECM. Scale bar = 1 mm. (B) Corresponding elastic moduli dis-
tributions with multi-peak Gaussian curve fits (in red) demonstrate a significant
increase in stiffness with broadened bimodal distributions (in green) and increased
nanomechanical heterogeneity across regions (from outer to inner, left to right).
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Figure 2.5: Nanomechanical profiles for normal, aged, and degenerated
OA human menisci revealed unique qualitative representation of ag-
ing and degenerated/diseased conditions. Healthy normal meniscal tissue
presents narrow distinct peaks of the three regions while normal aged and degen-
erated OA samples display a broadened bimodal distribution indicative of increased
mechanical heterogeneity across all regions.



Chapter 3

Histopathological Analyses of

Murine Menisci: Implications for

Joint Aging and Osteoarthritis

3.1 Abstract

3.1.1 Objective

To establish a standardized protocol for histopathological assessment of

murine menisci that can be applied to evaluate transgenic, knock-out/in, and sur-

gically induced OA models.

3.1.2 Methods

Knee 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) cellularity, (3) Safranin-O staining distribution and intensity.

Articular cartilage in the knee joints was also scored.

41
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3.1.3 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 hypercellular-

ity and hypocellularity along with hypertrophy and cell clusters. In general, the

posterior horns were less affected by age and OA.

3.1.4 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.

3.1.5 Keywords

meniscus; aging; osteoarthritis; histopathology

3.2 Introduction

Osteoarthritis (OA) is a whole-joint disorder that invariably affects artic-

ular cartilage, subchondral bone, menisci, synovium, ligaments, and muscles [97].

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 [7, 8, 9, 10, 40, 78, 108]. This relation-

ship is emphasized by the fact that meniscal lesions, partial/total meniscectomy,

and meniscal degeneration contribute to the development or progression of OA
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[4, 6, 88, 109, 110, 111, 112]. 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 pathol-

ogy of cartilaginous tissues for the study of human diseases includes the develop-

ment and use of animal models (i.e., dogs, rabbits, guinea pigs, rats, and mice)

[113, 114, 115, 116, 117, 118, 119]. 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 [120]. 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 corre-

lation 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 devel-

opmental biology and OA pathogenesis [33, 121, 122, 123, 124, 125]. C57BL/6J

mice spontaneously develop OA as a function of increasing age [126, 127]. OA

can also be surgically induced in mice models with destabilization of the medial

meniscus (DMM) being the most widely used model [128].

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 patho-

logical features in articular cartilage as well as subchondral bone and synovium

[113, 114, 115, 116, 117, 118, 119]. Using this grading system, several studies

showed that murine OA models exhibited similar histopathological characteris-

tics as humans, including loss of Safranin O staining, fibrillation, and erosion in

articular cartilage [115]. However, similar systems for the assessment of aging, de-

generation and OA development in mouse menisci are not available. We reported

on a grading system for human meniscal pathology [45]. Due to obvious differ-

ences between human and murine menisci, a comprehensive system to evaluate

the histopathological status of the tissue (i.e., surface, cell morphology, and tissue
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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.

3.3 Materials and Methods

3.3.1 Mouse Knee Joints

All animal experiments were performed according to protocols approved by

the Institutional Animal Care and Use Committee at The Scripps Research In-

stitute (TSRI). Pathogen-free C57BL/6J mice were purchased from TSRI breed-

ing facility. GFP-LC3 transgenic mice with C57BL/6J genetic background [129]

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) months old mice.

OA was experimentally induced in 2 months old mice by surgical destabi-

lization of the medial meniscus (DMM). The meniscotibial ligament, which anchors

the medial meniscus to the tibial plateau, was transected by microsurgical tech-

nique, which induced mechanical instability in the knee joint [128]. 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.
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3.3.2 Tissue Processing and Staining

Entire knee joints were collected by a detailed protocol for tissue collection

as previously described [130]. 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 sec-

tions (4 µm thick) were cut from the medial compartment at the junction between

the middle region of the 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. All sections Safranin O staining was used to evaluate proteoglycan

content and pathological changes.

3.3.3 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 an-

terior and posterior locations) of 62 mice sacrificed at various ages (Fig. 3.1).

The DMM mice (n = 60) were also reviewed 2-, 4-, 6-, 8, and 12-weeks post-

destabilization (Fig. 3.2). Three criteria were selected for histological assessment

of menisci: (1) tissue surface structures, (2) cellularity, and (3) Safranin O staining

distribution and intensity.

3.3.4 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
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for menisci. These sections were selected to cover the spectrum from healthy

normal to severely degenerated menisci, and 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.

3.3.5 Statistical Analysis

All data was presented as mean ± standard error of the mean. Change in

score with age was assessed with linear regression to determine if there was a posi-

tive 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 mul-

tiple 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 con-

sidered significant. The reliability and reproducibility of the histological grading

system was assessed by comparing the scores from all graders for all the histolog-

ical specimens using interclass/intraclass correlation coefficients (ICCs) according

to Shrout and Fleiss’ schema using a custom written script in Matlab (MathWorks,

Natick, MA) [131]. The ICC is measured for consistency when systematic differ-

ences between graders are irrelevant. The 95% confidence intervals were computed

using bootstrapping in Matlab.

3.4 Results

3.4.1 Devlopment of the Histological Grading System

Aging-related changes in the menisci were observed in 6 to 36 month old

mice (Fig. 3.1). 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
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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 [45, 122, 132] independently observed in the an-

terior 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 3.1). Each criterion describes four observations, scored 0–3, in varying re-

gions (Fig. 3.3). 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.

3.4.2 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 (R2 = 0.952) in the C57BL/6J mice as assessed with the new grading system

(Fig. 3.4 A). Statistically significant differences in scores were detected starting at

18-months-old mice compared to 6-months (P < 0.05). The articular cartilage was
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also scored by the OARSI grading system and an age-dependent increase in scores

was present as well (Fig. 3.4 C).

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 (DMMmodel) did not increase further (Fig. 3.4 B)

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 (Table 3.2).

The ICC between the readers for the surface structural parameter ranged from

0.708 to 0.856 and 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.

3.4.3 Analysis of Menisci in Young Mice

Mature C57BL/6J mice at 6 and 12 months of age were examined to iden-

tify 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. 3.5 A). The vascular

(outer) regions contained fusiform cells, resembling fibroblast-like cells (Fig. 3.5 B,

E). The inner regions contained round and ovoid-shaped cells, resembling the so-

called fibrochondrocytes (Fig. 3.5 C, D). These fibrochondrocytes were also found

along the superficial zone in the anterior horn, but not in the posterior. In addi-

tion, 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
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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 3.5 C, 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. 3.5 B,

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.

3.4.4 Analysis of Menisci in Aged Mice

The new histological grading system detected moderate meniscal degener-

ation (Grade 2) by 18 months of age (Fig. 3.4 A). 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. 3.4 C).

The aged mice showed mild to moderate levels of meniscal structural

changes that include surface fibrillations and undulations. Fibrillations were de-

fined as fraying at the surface while undulations are wave-like or ripple formations

at the surface (Fig. 3.6 A, 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. 3.6 B).

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 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. 3.6 C-

E). In addition, there were formations of large, irregular cyst-like cavities that

are surrounded by structures with a bony spicule appearance (Fig 3.6 F) and
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bone marrow-like regions (Fig. 3.6 G). 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. 3.4 D). 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.

3.4.5 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 (Fig. 3.8 A).

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-months-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 (Fig. 3.8 A). However, a few cases show

that the meniscus showed a greater reduction in Safranin O (Fig. 3.8 B).

In the 30- and 36-months-old group, a few mice spontaneously developed

OA characterized by severe degeneration of articular cartilage as well as meniscus

(Fig. 3.7 A). 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 distri-

bution. 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. 3.7 B, C). Only in these specimens was cell death (denoted

by empty lacuna and pyknotic nuclei) visually prominent in the menisci.
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3.4.6 Analysis of Menisci in Surgical OA Model

OA was surgically induced by DMM close to the anterior horn (Fig. 3.2).

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 syn-

ovium 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. 3.4 B).

3.5 Discussion

The role of meniscal injuries as well as partial or total meniscectomy in the

development OA is well established [111, 133, 134, 62, 49]. However, the mechanis-

tic 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 quan-

tification of histopathological changes in mouse 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 [121, 33, 123, 135, 136]. At 6 months, these mice reach skeletal maturity
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and exhibit healthy normal physiology at large. 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 degrada-

tion [45]. 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 superfi-

cial 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. 3.6).

These changes can occur with the articular cartilage surfaces remaining relatively

intact. The relationship between meniscus and articular cartilage was also ob-

served 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 structural changes, OA-related cellular changes in meniscus

include cell clustering in the fibrillated clefts of the superficial zone, which is almost
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identical to those seen in articular cartilage [33, 122, 132, 137]. The differences

between age-associated versus OA-associated cell clustering are unknown. The

DMM mice represent secondary OA induced by injury and abnormal mechani-

cal loading [128]. All of these mice developed an injury-repair response that ap-

peared to take place in three stages over the course of 12-weeks post DMM surgery

[138, 139, 140, 141, 142, 143]. 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 [128, 144]. 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 abnormal-

ities, including the formation of cyst-like cavities and ossicles as well as changes

in Safranin O staining profile 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 [138, 139]. Ultimately, this

led to the third stage defined by severe meniscal degradation, which evidently in-

fluenced 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 was 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. 3.2). Meniscal surface fibrillations were first seen at

the inner rim, which progresses to loss of meniscal tissue, mainly in the avascular
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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 [115, 128].

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.

In summary, we present a comprehensive meniscus grading system for mouse

models undergoing normal aging, aging-related and surgical OA. Previous stud-

ies used individual histological grading systems for mouse articular cartilage to

evaluate mechanistic studies of articular cartilage pathophysiology [115]. 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 pathophys-

iology 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.

Chapter 3 in part is a reprint of the material Kwok J, Onuma H, Olmer M,

Lotz M, Grogan S P, D’Lima D D. Histopathological analyses of murine menisci:

implications for joint aging and osteoarthritis. Osteoarthritis and Cartilage. 2015;

Accepted. The dissertation author was the primary author.
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Figure 3.1: Representative images of normal aging in C57BL/6J mice
knee joints (6 to 36 months old). Images show 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 3.2: Representative images of the surgical/injury DMM model
of C57BL/6J mice knee joints (2-, 4-, 6-, 8- and 12-weeks post-
destabilization). Images show 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 3.3: Regional assessment of menisci scored by histological as-
sessment. (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 stain-
ing). 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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Figure 3.4: Meniscus total scores and grades for menisci (anterior and
posterior) obtained with new grading system. (A) C57BL/6J normal aging
mice (asterisk = P < 0.05 versus 6 months old mice) and (B) surgically-induced
OA mice (DMM model). 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.



59

Figure 3.5: Normal pattern of matrix staining and cellularity in young
mice (6 months). A very similar pattern was found in 12 months 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 and inner meniscal cells resemble (C, D) fibrochondrocytes
(black arrows).
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Figure 3.6: 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 for-
mation (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 3.7: (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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Figure 3.8: Spatial and temporal relationship between articular cartilage
and meniscus. (A) In most cases, there is a greater reduction in Safranin O
staining in articular cartilage (boxed in black). (B) A few cases showed greater
reduction in the meniscus (boxed in black).



63

Table 3.1: Criteria, scores, and observations for histological assessment
of menisci. The range of possible total score is 0-25.

Criteria Score Anterior Posterior

Tissue Surface Structure

Femoral and tibial side,

inner rim

0 Smooth Smooth

1 Slight fibrillation and undulating Slight fibrillation or undulating

2 Moderate fibrillation or undulating Moderate fibrillation or undulating

3 Severe fibrillation or undulating Severe fibrillation or undulating

- Distuption 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 lacunae, cyst, matrix separation
- Empty lacunae, cyst, matrix

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 lacunae, cyst

Superficial Zone 0 Normal distribution of round cells –

1 Hypercellularity –

- Cell clustering –

2 Diffused hypocellularity –

- 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 - homogeneous staining of ECM –

1 Slightly disrupted –

2 Moderately disrupted –

3 Severely disrupted –
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Table 3.2: Validation of reliability and reproducibility quantified by ICC
for histological grading of menisci.

Anterior Intra-class (3 graders) Inter-class (1 grader)

Grade 0.7423 0.8933

Structure 0.7484 0.8387

Cellularity 0.5784 0.8580

Matrix Staining 0.4816 0.8802

Posterior Intra-class (3 graders) Inter-class (1 grader)

Grade 0.6914 0.8040

Structure 0.7635 0.7970

Cellularity 0.5641 0.8091

Matrix Staining 0.4263 0.9365



Chapter 4

Compromised autophagy precedes

meniscus degeneration and cartilage

damage

4.1 Abstract

4.1.1 Objective

Autophagy is a cellular homeostatic mechanism facilitates normal cell func-

tion and survival and is activated in response to injury. The objectives of this study

are to determine whether altered autophagic response is involved in meniscal injury

and to monitor changes in autophagy in menisci during joint aging, degeneration,

injury, and OA.

4.1.2 Methods

Constitutive activation of autophagy was measured in reporter GFP-LC3

transgenic mice. Meniscal injury was represented by a surgical model of post-

traumatic OA in mice by destabilizing the medial meniscus in C57BL/6J transgenic

mice. The autophagic response in meniscus was analyzed by confocal microscopy,

immunohistochemistry and associated histopathological changes, such as cellular-

65
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ity, matrix staining, and structural damage. These observations were compared to

autophagic changes in articular cartilage.

4.1.3 Results

In the meniscus, basal autophagy activation was detected at a lower level

compared to articular cartilage. With increasing age, the expression of autophagy

proteins were reduced. Age-related changes included reduced cellularity, the pres-

ence of focal lesions, and general degeneration of both meniscus and cartilage

tissue. In the surgical OA murine model, meniscal injury induced autophagy in

the meniscus while it was suppressed in cartilage. Cartilage displayed a greater

loss of autophagic activity and a higher degree of degeneration compared to menis-

cus. Systematic administration of rapamycin induced autophagy activation and

reduced degenerative changes that manifest as OA in both meniscus and cartilage.

4.1.4 Conclusion

Altered autophagic responses accompany aging and degeneration of both

menisci and cartilage while maintenance of autophagic activity is critical for joint

health and function.

4.2 Introduction

Knee meniscal injuries and degeneration are linked to osteoarthritis (OA),

the most prevalent joint disease [145, 146, 147, 148]. OA is characterized by degra-

dation loss of articular cartilage, but its pathogenic process most always involves

the meniscus. More than 75% of patients with OA concomitantly suffer from

meniscal lesions while 50% of patients with a meniscal injury will go on to develop

post-traumatic OA within 10 to 20 years [6, 149]. While the exact pathogenic

process of meniscal degeneration are unclear, it is suspected that injury or damage

to the meniscus disrupts the biomechanical environment at the cellular level [4].

This disruption in tissue homeostasis leads to widespread matrix degeneration that
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ultimately manifests as OA of the whole joint [24].

Autophagy is an important cellular homeostatic mechanism that helps

maintain normal cellular function and survival under stress-induced conditions, in-

cluding injury [150]. This catabolic process regulates energy and nutrients though

the removal of damaged or dysfunctional proteins and organelles. Defects in au-

tophagy leads to the accumulation of aggregate-prone proteomes and organelles

that can result in oxidative stress [151], abnormal gene expression [24], and even

cell death [152]. Aging increases the susceptibility of autophagy defects, thus au-

tophagy is involved in many pathogenic processes, including cancer [153], neurode-

generation [27], and musculoskeletal disorders. In osteoarthritis, a reduction in au-

tophagy activity in articular cartilage has been identified as part of the pathogenic

process of degeneration [33, 34].

Autophagy is a lysosomal degradation pathway that is activated in response

to cellular stress such as nutrient deprivation and hypoxia [154]. Mammalian

target of rapamycin complex 1 (mTORC-1) is a key upstream regulator of au-

tophagy as it inhibits serine/threonine-protein kinase (ULK1), a key initiator of

autophagy [155]. ULK1 transduces pro-autophagic signals to initiate the formation

of phagophores, isolated double-membrane structures [156]. During autophagy,

cellular constituents are enclosed by phagophores as they undergoes elongation

and closure, driven by two ubiquitin-related conjugation systems: LC3-I to phos-

phatidylethanolamine, resulting in the formation of LC3-II, and ATG-12 to ATG-

5 [32, 157]. Finally, autophagosomes, the double-membrane enclosures, fuse with

lysosomes and the enclosed constituents are degraded and released for reutilization

as nutrients and energy [154].

Since cartilage as a tissue has a relatively low turnover rate as its resident

chondrocyte population cannot be replenished via the vasculature, autophagy is

essential for maintaining tissue homeostasis. We previously reported low levels of

basal autophagy activation in articular cartilage in normal young, skeletally ma-

ture mice under physiological conditions [34]. Articular cartilage showed an age-

dependent reduction in the expression of autophagy proteins, ATG-5 and LC3, in

both human and mice [33, 34, 158]. This was accompanied by reduced cellularity
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and increased apoptotic cell death as well as matrix degeneration and OA develop-

ment. When aged mice were treated with rapamycin, a pharmacological activator

of autophagy, cellularity was preserved and severe damage and degeneration was

prevented in the articular cartilage [136]. These observations were also made in

a surgically-induced OA mice model. Together, these findings suggest that au-

tophagy 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 post-traumatic OA. However, very little is known about au-

tophagy in meniscal cells, and the role of autophagy in meniscus in health, injury,

and degeneration.

This study was carried out in parallel to previous studies that examined

defective autophagy in articular cartilage during aging and OA [34]. This study was

designed to specifically analyze autophagy in the meniscus. The objectives of this

study were to determine the changes in and function of autophagy in meniscus 1)

during normal aging, 2) in development of joint degeneration following a meniscal

injury, and 3) effect of inducing autophagy with a pharmacological activator of

autophagy (rapamycin).

4.3 Materials and Methods

4.3.1 Mice and Tissue Collection

All animal experiments were performed according to protocols approved

by the Institutional Animal Care and Use Committee at The Scripps Research

Institute. 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 [129]. Pathogen-free

C57BL/6J mice were also purchased from the breeding facility at Scripps. Both

male and female mice were included in this study. Five mice were used per each

age group (6, 18, 24, 30 months). Mice were housed in a temperature-controlled

environment with 12-hour light/dark cycles, and received food and water ad libi-

tum. Mice were euthanized at the various ages and knee joints were collected for
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analysis.

4.3.2 Surgically-induced Meniscal Injury in Mice

Five pathogen-free C57BL/6J mice at 2 months old were subjected to surgi-

cal transection of the medial meniscotibial ligament and medial collateral ligament

in the right knee. A detailed protocol for the surgical procedure has been previ-

ously described [128]. The left knee was not subjected to surgery to be used as

a control. The mice were euthanized at 10 weeks post-operation and knee joints

were harvested for analysis.

4.3.3 Rapamycin Treatment

Rapamycin was obtained from LC Laboratories (Woburn, Massachusetts,

USA) and dissolved in dimethyl sulphoxide (DMSO) at 25 mg/ml and stored at

–20 ◦C. For injection, the stock solution was diluted in PBS at 1 mg/kg body

weight/dose in a total injection volume of 0.3 ml. Mice received daily intraperi-

toneal injections for 10 weeks and control mice received the DMSO vehicle at 0.4%

in a total injection volume of 0.3 ml.

4.3.4 Histological Analysis of Knee Joints

A detailed protocol for tissue collection has been previously described [34].

Briefly, knee joints were fixed with zinc buffered formalin (Z-Fix; Anatech) and

then decalcified in a Shandon TBD-2 decalcifier for 12 hours on a shaker. Knee

joints were washed and stored in PBS at 4 ◦C, and then cut into ∼70 µm sections

using a Leica VT 1000 S Vibratome. Knee joints were also embedded in paraffin

for histology and immunochemistry.

Knee joint serial sections (4 µm) were stained with Hemoxylin and Eosin

(H&E) to evaluate cellularity. Images were taken under 40× magnification and

the total number of cells per 100 µm2 in each section was counted. Sections

were also stained with Safranin O-fast green for histological analysis using a semi-

quantitative grading system for meniscal degeneration (Chapter 3). Briefly, three
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parameters, tissue structure, cellularity, and Safranin O staining were scored to

determine the degenerative states of meniscus as follows: 0 = absent, 1 = slight

(grade 1), moderate (grade 2), or severe (grade 3).

4.3.5 Immunohistochemistry

Knee joint serial sections (4 µm thick) were first deparaffinized in xylene

substitute Pro-Par Clearant (Anatech) and then rehydrated in a series of graded

ethanol and water. Sections were blocked with 5% serum for 30 minutes at room

temperature and then incubated with ATG-5 antibody (1:500 dilution; Novus Bi-

ologicals), LC3-antibody (1:1,000 dilution; MBL International), and poly(ADP-

ribose) polymerase (PARP) p85 (Promega) overnight at 4 ◦C. After washing with

PBS, sections were incubated with biotinylated goat anti-rabbit secondary an-

tibody for 30 minutes at room temperature and then with Vectastain ABC-AP

alkaline phosphatase (Vector Laboratories) for 30 minutes at room temperature.

Slide were washed and developed in alkaline phosphatase substrate for 10 to 15

minutes.

4.3.6 Immunostaining and Fluorescent Imaging of Au-

tophagosome Formation

A detailed protocol for immunostaining of knee joint vibratome sections has

been previously described [34]. Briefly, sections are incubated with Hoechst 33342

(1:1,000 dilution; Life Technologies) for 1 hour at room temperature 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 room temperature 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% NGS for 1 hour at room

temperature. After incubation, sections were mounted with ProLong Gold antifade

reagent (Life Technologies) for confocal microscopy.
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4.3.7 Quantification of Atg5 and LC3 expressing cells

For each mice, images of anterior and posterior menisci, and articular car-

tilage (regions covered by menisci) were taken at the tissue surface (∼100 µm in

depth) under 40× magnification. The total number of ATG-5 and LC3 expressing

cells per 100× 100 µm2 area were counted. The results were reported as percentage

of ATG-5 positive cell density per 100 µm2 area.

4.3.8 Stastical Analysis

Statistically significant differences between two groups were determined

with the Mann-Whitney-Wilcoxon test. Statistically significant differences be-

tween multiple comparisons were determined using a Kruskal-Wallis test. P val-

ues less than 0.05 were considered significant. The results are reported as mean ±
standard deviation.

4.4 Results

4.4.1 Autophagosome Formation in Menisci and Age-

Related Changes

GFP-LC3 transgenic mice were used in this study. These mice 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 based on the average number of vesicles per cell (Fig. 4.1 A).

We first analyzed autophagosome formation in menisci from young, skele-

tally mature mice (3–6 months old; n = 5). The GFP-LC3 signals were detected at

the meniscal surface, which indicated basal levels of autophagy activation in normal

menisci under physiological conditions. These signals were greater in young mice

compared to old mice (28–30 months; n = 5). The average number of vesicles per

meniscal cell was higher in young mice (4.09 ± 0.12) compared to old mice (2.17 ±
0.04), indicating an age-dependent reduction in autophagy activation (Fig. 4.1 B).
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To determine the relationship between autophagy activation in menisci and

articular cartilage, we compared the autophagosome formation in meniscus to that

in articular cartilage. In young mice, the average number of autophagic vesicles per

cell was two-fold lower in meniscal cells compared to chondrocytes. This indicated a

lower basal level of autophagy activation in menisci compared to articular cartilage.

In old mice, the average number of vesicles per cell was reduced to (2.17 ± 0.04)

and (4.28 ± 0.40) in meniscus and articular cartilage, respectively, while articular

cartilage still maintained higher levels of autophagy activation.

4.4.2 Aging-Related Changes in Autophagy Protein Expres-

sion

To evaluate the molecular mechanisms of autophagy activation, we per-

formed immunohistochemistry for autophagy markers ATG-5, an autophagy reg-

ulator, and LC3, an autophagy effector, in knee joints from mice ages 6, 18, 24,

and 30 months. The amount of ATG-5 and LC3 expression correlates with the

extent of autophagy activation. ATG-5 and LC3 were expressed mostly in cells in

the superficial layer and much weaker in cells in the deep zone of young menisci

(Figure 2A). ATG-5 and LC3 expressions were greater in the posterior region of

menisci compared to the anterior. The percentage of ATG-5 and LC3 positive cells

in the superifical layer decreased with increasing age. The percentage of ATG-5-

positive cells were significantly reduced (P < 0.05) at 24 months in the anterior

region while LC3-positive cells were significantly reduced (P < 0.05) at 30 months

(Figure 4.2 B). No significant age-related changes in the percentage of ATG-5 and

LC3 positive cells 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, which was statistically significant (P < 0.05) at 24 months.

These findings were similar to those found in articular cartilage [15]. ATG-5

and LC3 expressing cells were primarily located in the superficial layers in young

cartilage and were fewer in number in aged mice (Fig. 4.2 A). In aged mice, there

was less atuophagy activation, reflected by fewer cells and lower GFP signals, in

articular cartilage compared to meniscus (Fig. 4.2 A: 30 months old), suggesting a



73

spatial and temporal relationship in autophagy deficiencies across the knee joint.

4.4.3 Autophagy in Relationship to Meniscal Degeneration

To examine a possible relationship between autophagy deficiencies and

meniscal degeneration, we performed histopathological analysis of meniscal de-

generation in the mice using a semi-quantitative grading system that we had de-

veloped (Chapter 3). The three criteria were scored (0 to 3): tissue structure

(smooth, fibrillation, and undulating), cellularity (normal, hypercellularity, and

hypocellularity), and matrix staining of Safranin O/Fast Green (normal and dis-

rupted staining). The total score was summed and categorized into grades 0 to 4

indicative of the degree of meniscal degeneration (Grade 0 – normal menisci; Grade

1 indicates – early degeneration; Grade 2 – mild degeneration; Grade 3 – mod-

erate degeneration; and Grade 4 – severe degeneration). We graded each murine

menisci, (n = 12; 4 per age group) both the anterior and posteior sections, us-

ing this histopathological grading system. The grades correlated with ATG-5 and

LC3 expression in the menisci (Fig. 4.3 A). The results show that with increasing

grade, indicating advancing degeneration, there is a reduction in autophagy pro-

tein expression (Fig. 4.3 B). The reduction of ATG-5 expression was statistically

signifcant (P < 0.05) at Grade 2 (moderate degeneration) in the anterior menisci,

and at Grade 3 (severe degeneration) in the posterior. Histological hallmarks of

degeneration include surface fibrillation and undulation where there was faint or

no Safranin O staining in the extracellular matrix. Loss of Safranin O staining

corresponds to a loss of glycosaminoglycan (GAG) matrix content.

4.4.4 Autophagy Changes in Response to Meniscal Injury

in Experimental Osteoarthritis

To identify differences in aging-related autophagy function from that in

response to meniscal injury, we examined mice knee joints injured by surgical

destabilization of the medial menisci near anterior in the right leg. The left leg

was not operated on and served as a control. The knee joints were harvested 10-
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weeks after the injury and analyzed by histology and immunohistochemistry for

ATG-5 and LC3.

Medial meniscal destabilization 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. 4.4 A). Articular cartilage ap-

peared to be more severely damaged than menisci. Injury led to a significant

increase (P < 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 carti-

lage (Fig. 4.4 B). Compared to normal aging, ATG-5 expressing cell density was

much greater in menisci from the injured mice. These findings demonstrate that

autophagy in meniscal cells is rapidly activated in response to acute local injury,

and suggests that depletion of autophagy in articular cartilage may render it more

susceptible to structural damage compared to menisci.

4.4.5 Effect of Rapamycin Treatment on Autophagy in Pre-

venting Post-Traumatic Osteoarthritis

To determine whether the induction of autophagy can reduce meniscal de-

generation and OA, we treated injured mice with rapamycin, a pharmacological

activator of autophagy. Rapamycin directly inhibits the mTOR signaling pathway

and induces activation of autophagy [159, 160]. Previously, we investigated the po-

tential of rapamycin as a disease-modifying drug for OA [136]. Rapamycin signifi-

cantly reduced cartilage degradation and synovial inflammation in mice subjected

to DMM. In this study, we examined the menisci from the same mice. The results

showed that rapamycin further induced ATG-5 expression in knee joint following

injury by DMM with a signficant increase in ATG-5 positive cells in the posterior

meniscus and articular cartilage (Fig. 4.5 B). Rapamycin treatment appeared to

preserve meniscus structure and protected the articular cartilage from damage and

OA development (Fig. 4.5 A). These new findings suggest a therapeutic potential of

rapamycin as a disease-modifying drug that modulates meniscus and perhaps knee

joint tissues collectively in a manner that prevents post-traumatic OA following
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meniscal injury.

4.5 Discussion

The meniscus plays an important role in knee joint load bearing and trans-

mission [7, 108], shock absorption [10], and mechanical stability [8]. These biome-

chanical functions protect the articular cartilage from degeneration, damage, and

injury. The conventional wisdom is that articular cartilage degeneration is central

to the pathogenesis of primary OA. However, meniscal degeneration invariably

accompanies moderate or severe OA, and meniscal injury is a common cause for

post-traumatic OA [4, 6, 49, 62, 147, 148, 149]. We previously established a role

for dysfunctional autophagy in cartilage mechanical injury and OA [33, 34, 161].

In this study, we investigated the role of autophagy response to meniscal injury,

aging, and OA. The primary mechanism of the tissue degradation process is ab-

normal cell function and cell death as a result of homeostatic imbalance which

invariably involves autophagy [152, 162]. Autophagy, an essential cellular home-

ostasis mechanism, protects against cell dysfunction by regulating nutrients and

energy and by removing damaged or dysfunctional proteins and organelles [163].

Thus, defects in autophagic response can lead to uncontrolled cellular dysfunction

that ultimately manifests as widespread tissue and organ failure in the form of OA

[164, 165, 166].

In our previous study, we evaluated the defects in autophagy in articular

cartilage degradation and its implications for joint aging and OA in C57BL/6J

transgenic mice [34]. Normal cartilage in mice exhibited a steady level of con-

stitutive autophagy, progressing to an aging-dependent reduction in autophagy

activation that preceded cell death [34]. The defects in autophagy was most pro-

found in the superficial and upper middle zones, where OA-like structural damages

first appears, suggesting that autophagy plays a major role in matrix degradation,

cell death, and OA development in cartilage.

The purpose of the present study was to analyze the role of autophagy

in meniscal degeneration during aging and injury in mice. Herein, we used the
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same GFP-LC3–transgenic reporter mice [34] to establish the baseline constitutive

level of autophagy activation in normal menisci. However, meniscal cells exhibited

lower constitutive autophagy activation compared to chondrocytes, reflected in the

quantitative analysis of autophagosome formation (Fig. 4.1). This difference be-

tween meniscal cells and chondrocytes may be due to differences in cell phenotype

and mechanical loading profiles between the two tissues, especially as the tissues

degenerate.

Autophagic cells, expressing ATG-5 and LC3, in menisci appeared to be

fibrochondrocytes, or chondrocyte-like in shape. These cells were primarily located

in the superficial layer while very few 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 are primarily responsible

for autophagy activation in the knee joint. This observation might be due to similar

phenotypes between fibrochondrocytes and chondrocyte, however this is unknown.

Similar to articular cartilage [34], autophagy activity in menisci also re-

duced with age, as reflected by reduced expression of autophagy proteins, ATG-5

and LC3 (Fig. 4.2). The deficiency in autophagy was invariably associated with

meniscal degeneration characterized by our previously reported histological grad-

ing system (Kwok et al. Osteoarthritis and Cartilage. 2015. In Press). Higher

grades, and more severe degeneration was observed in mice menisci exhibiting lower

levels of autophagy proteins compared to menisci with higher expression (Fig. 4.3).

Autophagy defects corresponded with structural changes of degeneration that in-

cluded surface fibrillation and undulation, while histological analysis revealed loss

of proteoglycan content and a reduction in cellularity. These observations support

a major role for autophagy in meniscal degeneration during aging.

We also evaluated the temporal relationship between autophagy activation

in articular cartilage and menisci during aging. In most of the mice knee joints,

reduced expression of LC3 in articular cartilage preceded the reduction in meniscus,

and cartilage damage was relative greater than meniscal degeneration. It is possible

that the autophagy in articular chondrocytes is more susceptible to suppression or

dysregulation during aging than in meniscal cells. In fact, this was also observed
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in the presence of surgically induced meniscal injury, where autophagy suppression

was more profound in articular cartilage than in menisci.

In addition to aging, we previously reported that mechanical injury can also

suppress autophagy in articular cartilage [161]. On the other hand, in menisci, in-

jury increased autophagy with visible damage to both the meniscus and cartilage.

In contrast to aging, ATG-5 expressing cells were located throughout the menisci

and were especially numerous in the region near the site of injury. The increase

cells exhibiting high levels of autophagy could be a result of hypercellularity or

hypertrophy within the menisci, or cell infiltration from the synovium; the lat-

ter being a consequence of the inflammatory and repair response observed at the

meniscal injury site.

These observations motivated the further study to examine whether system-

atic administration of pharmacological autophagy activator, rapamycin, can reduce

the severity of meniscal degeneration in injured mice as previously demonstrated

for articular cartilage degeneration [136]. While rapamycin treatment resulted in

profound changes in articular cartilage, only a slight reduction was observed in

the severity of meniscal degeneration, which was associated with minimal change

in autophagy protein expression in anterior menisci. These findings suggest that

pharmacological activation of autophagy, while not directly reducing meniscal de-

generation, may be effective not only in primary OA, but also in preventing or

delaying the progression of secondary cartilage degeneration resulting from menis-

cal injury [30].

The potential mechanisms by which autophagy declines with aging and

injury could be related to cellular stresses, namely increased production of free

radicals, including reactive oxidative and nitrogen species [24]. In particular, the

effects of nitric oxide (NO), an inorganic, gaseous free radical, on autophagy path-

ways seem to play a critical role in regulating several catabolic processes such as

the synthesis of collagen and proteoglycan [167, 168, 169, 170]. Elevated levels of

NO have been reported to inhibit autophagy during aging [171, 172] and disease,

including OA in articular cartilage [170] and meniscus [173]. Furthermore, NO pro-

duction has been reported to be higher in articular cartilage compared to menisci
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and synovium, respectively [174, 175]. Since articular cartilage seems to be the

main source of NO in the knee joint, it is possible that the higher NO production

corresponds to higher basal autophagy in cartilage compared to menisci, as shown

in the present study. This might also increase the susceptibility for autophagy

suppression in articular cartilage with aging, injury, and OA, but warrants further

investigation.

One limitation of this study is that the knee joint anatomy, physiology, and

biomechanics of mice is different from human [39, 95]. 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. Lastly, our model of meniscal injury was surgically induced and not one of

traumatic disruption.

In summary, this study is the first to characterize autophagy in menisci.

Baseline autophagic activity was lower in meniscal tissue relative to articular car-

tilage and suffered an age-related reduction which was associated with histologic

evidence of meniscal degeneration. Autophagy was significantly increased in re-

sponse to meniscal injury. Treatment with rapamycin did not further induce au-

tophagy expression in anterior menisci but reduced the severity of meniscal degen-

eration and the development of post-traumatic OA. The results link compromised

autophagy to meniscal degeneration and to overall joint degeneration.

Chapter 4 is a publication in preparation. Kwok J, Carames B, Olmer

M, Kiosses W, Grogan S, Lotz M, D’Lima D. Compromised autophagy precedes

meniscus degeneration and cartilage damage. The dissertation author is the

primary author.
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Figure 4.1: Autophagosome formation in meniscus from GFP-LC3
transgenic mice. Vibratome cut sagittal sections (70 µm) of mice knee joints
were stained with anti-LC3 antibody (AB) and Hoechst 33342 to label nuclei and
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 63×. (B) Quantitative analysis of
autophagosomes in superficial meniscal cells presented as average number of au-
tophagic vesicles per cell. Values are presented as SEM ± mean of five mice per
group. ∗ = P < 0.05 versus 6 month old mice.
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Figure 4.2: Age-related changes in ATG-5 and LC3 expression and cel-
lularity. Immunohistochemistry for ATG-5 and LC3 were performed on mice knee
joint sections. (A) Representative images of knee joints from 6 and 30 month old
mice stained with ATG-5, LC3, and H&E. Original magnification 10×. (B) Per-
centage of ATG-5 positive cell density per 100 µm2 area. H&E stained sections
were analyzed by total cell density per 100 µm2 area. Results show a significant
decrease in ATG-5 and LC3 cell number and reduced cellularity (H&E). Values
are the mean of 5 mice per group. ∗ = P < 0.05 versus 6 month old mice.
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Figure 4.3: Changes in ATG-5 expression associated with meniscal de-
generation. Mice knee joints were analyzed by a semi-quantitative histological
grading system for meniscal degeneration in mouse models. Grades are defined
from 0 to 4 ranging from healthy normal tissue to severe degeneration. (A) Repre-
sentative images of mice knee joints stained with Safranin-O and ATG-5. Original
magnification 10×. (B) Correlation of grading with the percentage of ATG-5 pos-
itive cell density per 100 µm2 area.. Results show a significant decrease in ATG-5
positive cells in the anterior meniscus with advancing degeneration. Values are the
mean of 5 mice per group. ∗ = P < 0.05 versus Grade 0 (healthy, normal menisci).
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Figure 4.4: Autophagic response following meniscal injury. 2 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 to be used as a control. The knee joints were an-
alyzed by Safranin-O staining and immunohistochemistry for ATG-5. (A) Repre-
sentative images of the control and injured mice knee joints stained with Safranin-O
and ATG-5. (B) Percentage of ATG-5 positive cell density per 100 µm2 area. Re-
sults show a significant increase in ATG-5 expressing cells in the anterior meniscus
and articular cartilage. Values are the mean of 5 mice per group. ∗ = P < 0.05
versus control.
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Figure 4.5: Effect of rapamycin treatment on meniscal injury and de-
generation. C57BL/6J transgenic mice with surgically induce meniscal injuries
were systematically administrated rapamycin. The knee joints were analyzed by
Safranin-O staining and immunohistochemistry for ATG-5. (A) Representative
images of the control and rapamycin (RAP) treated mice knee joints stained with
Safranin-O and ATG-5. (B) Percentage of ATG-5 positive cell density per 100
µm2 area. Results show a significant increase in ATG-5 expressing cell number in
the posterior meniscus and articular cartilage. Values are the mean of 5 mice per
group. ∗ = P < 0.05 versus control.



Chapter 5

Qualitative and quantitative UTE

MRI for morphological and

functional assessment of regional

variations in meniscus during joint

aging, degeneration, and

osteoarthritis

5.1 Abstract

Meniscal lesions usually result from long-term tissue degeneration, which

contributes to the development or progression of osteoarthritis (OA). Clinical mag-

netic resonance imaging (MRI) can be used to diagnose meniscal lesions and later

stages of osteoarthritis, only after established structural damage which is typically

irreversible. The short relaxation times, T2∗ (∼10 ms) of the tissue limits the

detection of early meniscus degeneration. Recent developments in ultrashort echo

time (UTE) imaging, however, enables the acquisition of short and ultrashort T2∗,

which is associated with bound and free water concentrations in the tissue. In this

84
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preliminary study, human menisci from various ages and stages of degeneration

were assessed using UTE MR imaging. Nonslice selective two-dimensional UTE

MR sequences analyzed by multiexponential models for components of T2∗ were

used to assess the functional properties of menisci. High resolution 11.7T MR

imaging was used to capture morphological changes in the meniscus with aging

and degeneration. These sequences have the clinical potential of detecting menis-

cus degeneration at the early stages and may be more sensitive to monitoring the

progression of tissue degeneration.

5.2 Introduction

The knee meniscus is a highly ordered structure consisting of a collagen-

based matrix and proteoglycans, where composition varies from region to region.

The outer region is mainly composed of collagen type I fibers, while the inner

region contains both collagen type I and II as well as more proteoglycans [10, 79].

Due to the negative charge of the proteoglycan molecules, the meniscus has a

high water content and is ∼70% hydrated [5, 10]. This regional organization of

structure and composition supports important biomechanical functions in the knee

joint, including load bearing, transmission, and shock absorption [7, 108]. Changes

in the meniscus tissue upon aging or due to traumatic knee injury compromises the

tissue structure and function, thus increasing the susceptibility of the meniscus to

further injury including the development of tears and lesions, which then procedes

to osteoarthritis. After injury or OA, the structural damage is irreversible and

likely will require surgical intervention. Early detection of meniscus degeneration

would allow for early intervention and prevention of further meniscus degeneration

and lesions to reduce the risk of developing OA.

While meniscal lesions and late stages of osteoarthritis can be detected by

conventional magnetic resonance imaging (MRI), early degenerative changes in the

meniscus are virtually undetectable as the tissue mostly generates short relaxation

time, T2 ( 10 ms) [60]. The MR signals from the meniscus characteristically

decay much faster than the echo times (TEs) used in conventional MRI, such that
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majority of the signals recovered are from the long T2 components [176]. This

generates little signal for high contrast imaging. In addition, conventional MRI

uses half-pulse excitations that are highly sensitive to eddy currents, thus resulting

in out-of-slice excitation and low signal-to-noise ratio (SNR) [177].

With the advent of ultrashort echo time (UTE) MR imaging, tissues with

predominantly short (0.5–10 ms) and ultrashort (0.05 to 0.5 ms) relaxation times,

T2∗, can be evaluated. UTE MR imaging uses slice selective two-dimensional (2D)

sequences containing a half-pulse excitation followed by a 2D radial ramp sampling

that minimizes the TEs by eliminating phase encoding used in conventional MRI

[60, 176, 177, 178]. Recent studies in multiexponential T2∗ analysis in articular

cartilage has shown that short T2∗ components are predicative of bound water to

the matrix, while long T2∗ components are predictive of free water [179]. How-

ever, multiexponential T2∗ analysis has not been thoroughly evaluated in menisci,

particularly in the different regions nor at various stages of degeneration.

In this preliminary in vitro study, the potential for clinically relevant MRI

of early meniscus degeneration and progression is assessed. A two-dimensional

(2D) UTE sequence for both single component and bicomponent T2∗ analysis

was used to assess the functional properties that pertain to bound and free wa-

ter concentration in the different regions of human menisci from increasing ages

and degeneration. In addition, high resolution 11.7T MRI was used to assess the

morphology of the collagen matrix and vasculature. The objective was to generate

preliminary results in order to design a more definitive study to identify corre-

lations between MR properties with histological and biomechanical properties as

well as establish MRI changes due to aging and degeneration.

5.3 Materials and Methods

5.3.1 Tissue Collection

Fresh human knee joints were obtained from donor tissue banks, approved

by Institutional Review Board at Scripps Health. Subjects were selected by age and

grade scored by macroscopic assessment of the meniscus [45]. Meniscus specimens
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from patients undergoing total knee arthroplasty (TKA) at Scripps Health were

also obtained. At total of 6 meniscus specimens were collected and processed for

MR imaging and histology. For each specimen, a sagittal section (3–5 mm thick)

was cut from the central portion of the medial meniscus. The sections were stored

in DMEM at 4 ◦C until MRI.

5.3.2 UTE MR Imaging and Assessment

A General Electric 3.0T Signa HDx MR scanner (GE Healthcare, Milwau-

kee, MI) with a maximum gradient strength of 40 mT/m and slew rate of 150

mT/m/s was used for imaging and data acquisition. A custom Transmit-Receive

(T/R) switch was added to the receiver preamplifiers for fast switching between

the end of radiofrequency (RF) excitation and data acquisition which enables UTE

imaging. A custom birdcage T/R coil (1 inch in diameter) was added for signal

excitation and reception. For UTE imaging of menisci, each specimen was placed

in a 20 mL syringe filled with perfluorooctyl bromide solution to minimize suscep-

tibility effects tissue-air junctions. The syringe was then placed in the center of

the birdcage coil to minimize coil RF inhomogeneities.

A nonslice selective two dimensional (2D) UTE sequence using a short rect-

angular hard pulse excitation (32 µs in duration) followed by a 2D radial ramp

sampling was used. A short rectangular pulse was used to enhance the signal-to-

noise (SNR) ratio and eliminate errors due to the eddy currents associated with the

gradient pulse sequences used in conventional half-pulse excitation. Together, with

the 2D radial ramp sampling and fast T/R switching, this MR sequence achieves

an ultrashort nominal TE of 8 µs. Images were acquired using a pulse repetition

time of 425 ms, field of view of 5 × 5 cm2, reconstruction matrix of 256 × 256,

and 6 sets of dual TEs of 0.03, 0.2, 0.4, 0.8, 2.2, 6.6 ms and 10, 14, 18, 22, 26, and

30 ms. Only one excitation (number of excitation (NEX) = 1) was needed.

Both monoexponential and biexponential models were used to analyze the

apparent transverse relaxation times (T2∗). The biexponential model assumes both

a short and long T2∗ component. Short T2∗ components are predicative of bound

water, while long T2∗ components are predictive of free water. In this model,
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the UTE MR signals taken at increasing TEs were measured and then normalized

before fitting to a bicomponent function given by the following equation:

S∗
N (t) = FS × e−t/T2∗S + FL × e−t/T2∗L

where FS and FL are the fractions of short T2∗S and long T2∗L components [180].

The noise is estimated using a voxel by voxel basis on the bicomponent model

developed by Sijbers et al. [181, 182, 183]. This noise corrected model is considered

the most accurate and precise method for calculating T2∗, especially for low SNR

images [183].

Monoexponential and biexponential T2∗ analyses were computed using cus-

tom written script in MATLAB (The MathWorks, Natick, MA). The script allows

for specific region of interests to be selected for analysis and then executes regional

averages of T2∗ values. In this study, we selected the outer and inner regions as

well as the global meniscus for analysis.

5.3.3 High Resolution 11.7T MR Imaging

A Bruker Biospec 117/16 USR system (Bruker Corporation, Billerica, MA)

with a maximum field strength of 11.7T and a 155 mm bore as well as a maximum

gradient strength of 740 mT/m and slew rate of 6,600 T/m/s was used for high

resolution MR imaging. Images were acquired using a repetition time of 3000 ms,

slice thickness of 5 mm, flip angle of 90◦, and acquisition matrix of 300 x 200.

5.3.4 Histological

After MRI, the same specimen or tissue from an adjacent region were pro-

cessed histology. Briefly, the samples were fixed in a zinc buffered formalin (Z-Fix;

Anatech) and then decalcified in a Shandon TBD-2 decalcifier for 12 hours on a

shaker. The samples were then embedded in paraffin and cut into 4 µm thick

sagittal sections. For histology, the samples were de-paraffinzed and then stained

with Safranin O–Fast Green. The samples were then graded for degeneration us-

ing a semi-quantitative histopathological grading system for meniscus developed

by Pauli et al. [45].
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5.3.5 Stastical Analysis

Statistically significant differences between 2 groups were determined by

Student’s unpaired t-test. Statistically significant differences between multiple

groups were determined by analysis of variance (ANOVA) with Tukey’s multi-

ple comparisons test. P -values less than 0.05 were considered significant. Linear

regression was utilized to assess wether changes in the long and short T2∗ compo-

nents occured with age or degenaration state. The slopes of the regression lines

were assessed for significance with P -values less than 0.05 considered significant.

5.4 Results

5.4.1 Quantitative UTE T2∗ Analysis

Through UTE MR imaging, the T2∗ components were measured in six

menisci from patients of different ages (27 – 69 years old) and at various states of

degeneration (Grade o to Grade 3, Table 1). Both single component and bicompo-

nent, short and long T2∗ (both fractions and values), were assessed in the global,

outer, and inner regions of menisci (Fig. 5.1). Single component analysis showed

no signifcant differences in T2∗ values with neither age or degeneration. Globally,

we approached a significant difference in the short and long fractions when ex-

pressed as a percentage (P = 0.06). However, we found no significant age-related

changes in T2∗ components in the global area, or in the outer, and inner regions

of the meniscus (Fig. 5.2). No significant differences were found in the short and

long T2∗ components of increasing degenerative grades either. This is most likely

due to the small number of samples scanned so far (n = 6) (Fig. 5.3). However,

in general, there was an increase in long T2∗ components (fractions and values)

in the outer region with increasing age and degeneration, while changes in the

inner region displayed variations between samples. This indicates the free water

concentration is reduced with increasing age and degeneration. Changes in short

T2∗ also varied between samples with no significant trend. Compared to the outer

region, the inner region consists of lower short and long T2∗ components, thus is
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more hydrated. Histological analysis of the samples showed a general increase in

degeneration with increasing age (Fig. 5.4).

5.4.2 High resolution 11.7T MR imaging

Imaging healthy meniscus with the 11.7T MR scanner revealed distinct

morphological features, including vasculature (yellow arrow) and collagen fibers

in the different orientations, including circumferential (red arrow), radial (green

arrow), and lamellar (blue arrow) (Fig. 5.5). Severe collagen disorganization can

be observed in the assessment of a meniscus retrieved from a TKA (Fig. 5.6). MR

images taken within TEs of 3.63 to 8.21 ms appear to give the highest resolution

and contrast.

5.5 Conclusion

Meniscal tears represent the most common intra-articular injury and, in

most cases, require surgical intervention [5]. Meniscal lesions usually result from

long-term degeneration, which ultimately leads to OA. While meniscal lesions and

late stages of OA are detectable by conventional MRI, early to moderate menis-

cus degeneration is virtually undetectable. This occurs due to the meniscus MR

spectrum being primarily composed of short T2 components that decay much

faster than the TEs used in conventional MR imaging, thus the MR signals are

invisible with traditional techniques. New developments in MRI enable the detec-

tion of ultrashort TEs (0.05 to 5 ms), potentially leading to the identification of

early meniscus degeneration. Recent studies have already evaluated degenerative

changes in articular cartilage, quantifying bound and free water concentrations,

associated with degeneration and OA [59, 60, 177].

In this preliminary in vitro study, we evaluated changes in MR properties in

human menisci associated with aging and degeneration. From general observations,

long T2∗ components tend to increase with advancing age and degeneration, while

short T2∗ components vary between samples with no significant trends for age or

degeneration. This indicates that the free water concentration, quantified by long



91

T2∗ components, is reduced with age and degeneration as expected. Age-related

reduction in proteoglycan content has been shown to reduce tissue hydration during

degeneration and OA [79]. In addition, short and long T2∗ components are greater

in the inner region compared to the outer region, which indicate that the inner

region is more hydrated than the outer region. This also reflects the abundance of

proteoglycans in the inner region compared to the outer region.

Future directions involve a larger study to fully determine aging-related

changes in MR properties associated with degeneration. Furthermore, the corre-

lation of MR properties with more specialized histologic imaging (immunohisto-

chemistry and polarized microscopy) and biomechanical properties could provide

insight to the biochemical and biomechanical changes associated with aging and

degeneration.

Chapter 5 is a publication in preparation. Kwok J, Shao H, D’Lima D

D, Du J. Qualitative and quantitative UTE MRI for morphological and functional

assessment of regional variations in meniscus during joint aging, degeneration, and

osteoarthritis. The dissertation author is a primary author.
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Figure 5.1: Schematic for UTE bicomponent T2∗ analysis of human
menisci. (A) Regions of interest (outlined in blue) analyzed by UTE MRI in-
cluded the global, outer, and inner regions, respectively. (B) UTE signals from
global, outer, and inner region assessment showed rapid decay of T2∗ signal with
increasing echo time.
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Figure 5.2: UTE bicomponent T2∗ analysis of human menisci from var-
ious ages. (A) Short and long fractions. (B) Short and long T2∗ values.
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Figure 5.3: UTE bicomponent T2∗ analysis of human menisci from vari-
ous stages of degeneration graded by meniscus scores. (A) Short and long
fractions. (B) Short and long T2∗ values.
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Figure 5.4: Histopathological analysis of human meniscus specimens.
Safranin-O staining shows increase in degeneration with aging.
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Figure 5.5: High resolution 11.7T images of a healthy normal meniscus.
Representative images of healthy normal meniscus taken at varying TEs from 2.09
to 21.00 ms, showing the vasculature (yellow arrow), circumferential (red arrows),
radial (green arrows), and lamellar (blue arrow) collagen fibers.
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Figure 5.6: High resolution 11.7T images of a degenerated meniscus.
Representative images of degenerated meniscus taken at varying TEs from 2.21 to
98.24 ms, showing disrupted structure and organization within the deep zone.
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Table 5.1: Summary of UTE bicomponent T2∗ analysis of human menisci
from various ages. Both short and long T2∗ components were presented as
fractions or actual T2∗ value assessed in the (top) global, (middle) outer, and
(bottom) inner regions.
Global

Monoexponential T2∗ Biexponential T2∗

Short T2∗ Component Long T2∗ Component

Age
Meniscus

Score
T2∗ (ms) Fraction (%) T2∗ (ms) Fraction (%) T2∗ (ms)

27 5 8.54±0.43 37.74±65.06 3.95±0.94 62.26±64.94 18.51±7.41

33 1 7.82±0.25 35.84±53.48 4.00±0.89 64.16±46.52 12.01±2.85

37 10 7.01±0.33 42.25±52.56 3.22±0.48 57.75±47.44 12.45±1.84

46 2 4.26±0.16 40.96±50.65 2.25±0.15 59.04±49.35 6.59±0.34

58 11 9.47±0.21 31.00±52.88 5.12±2.08 68.97±47.12 13.88±4.84

69 11 12.71±0.48 16.88±66.84 3.98±1.10 83.12±33.16 19.17±2.87

Outer

Monoexponential T2∗ Biexponential T2∗

Short T2∗ Component Long T2∗ Component

Age
Meniscus

Score
T2∗ (ms) Fraction (%) T2∗ (ms) Fraction (%) T2∗ (ms)

27 5 7.41±0.36 47.37±66.58 3.99±0.62 52.63±33.42 19.1±7.80

33 1 7.88±0.33 41.93±57.89 4.1±0.76 58.07±42.11 15.8±4.84

37 10 7.40±0.38 42.69±54.06 3.28±0.45 57.32±45.94 14.17±2.16

46 2 4.06±0.16 51.9±50.76 2.42±0.10 48.08±49.24 6.98±0.35

58 11 9.43±0.19 50.18±54.26 6.42±2.48 49.82±45.74 17.60±15.96

69 11 13.44±0.49 18.01±69.16 4.61±1.53 81.93±30.84 21.28±5.1

Inner

Monoexponential T2∗ Biexponential T2∗

Short T2∗ Component Long T2∗ Component

Age
Meniscus

Score
T2∗ (ms) Fraction (%) T2∗ (ms) Fraction (%) T2∗ (ms)

27 5 9.09±0.38 6.33±54.98 0.53±0.16 93.67±45.02 9.91±0.26

33 1 7.81±0.15 5.87±52.34 1.81±1.25 94.13±47.66 8.38±0.46

37 10 7.64±0.25 30.59±51.25 3.45±1.25 69.41±48.75 10.73±2.11

46 2 4.66±0.17 15.07±50.18 1.18±0.17 84.93±49.82 5.552±0.15

58 11 10.81±0.27 8.93±57.14 2.64±0.97 91.07±42.86 12.68±0.85

69 11 14.94±0.60 14.19±57.26 2.55±0.25 85.12±42.74 12.57±0.37
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