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Abstract

Chondrocytes in articular cartilage are surrounded by a narrow pericellular matrix (PCM) that is
both biochemically and biomechanically distinct from the extracellular matrix (ECM) of the
tissue. While the PCM was first observed nearly a century ago, its role is still under investigation.
In support of early hypotheses regarding its function, increasing evidence indicates that the PCM
serves as a transducer of biochemical and biomechanical signals to the chondrocyte. Work over
the past two decades has established that the PCM in adult tissue is defined biochemically by
several molecular components, including type V1 collagen and perlecan. On the other hand, the
biomechanical properties of this structure have only recently been measured. Techniques such as
micropipette aspiration, in situ imaging, computational modeling, and atomic force microscopy
have determined that the PCM exhibits distinct mechanical properties as compared to the ECM,
and that these properties are influenced by specific PCM components as well as disease state.
Importantly, the unique relationships among the mechanical properties of the chondrocyte, PCM,
and ECM in different zones of cartilage suggest that this region significantly influences the stress-
strain environment of the chondrocyte. In this review, we discuss recent advances in the
measurement of PCM mechanical properties and structure that further increase our understanding
of PCM function. Taken together, these studies suggest that the PCM plays a critical role in
controlling the mechanical environment and mechanobiology of cells in cartilage and other
cartilaginous tissues, such as the meniscus or intervertebral disc.
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Introduction

Avrticular cartilage provides a nearly frictionless, lubricating, load-bearing surface that
supports and distributes the forces generated during loading and motion of the diarthrodial
joints. The mechanical properties of cartilage are conferred by the tissue's extensive
extracellular matrix (ECM) that is maintained by a single population of cells known as
chondrocytes. Chondrocyte physiology and control of matrix turnover are influenced by a
number of environmental factors, including matrix composition, soluble mediators (e.g.,
growth factors and cytokines), and biophysical factors engendered by mechanical loading of
the joint (Grodzinsky et al., 2000; Guilak and Hung, 2005). Due to the avascular nature of
adult articular cartilage, the immediate pericellular environment of the chondrocytes appears
to play a critical role in regulating cell activity.

Each chondrocyte is surrounded by a narrow pericellular matrix (PCM) that together with
the enclosed cell(s) is referred to as a chondron (Figure 1) (Benninghoff, 1925; Poole et al.,
1987; Szirmai, 1968; Vanden Berg-Foels et al., 2012). Although the complete function of
the PCM in cartilage has yet to be elucidated, growing evidence suggests that the PCM
serves as a transducer of both biomechanical and biochemical signals for the chondrocyte
(Chen et al., 2013; Guilak et al., 2006; Macri et al., 2007; Vincent et al., 2007). The results
of previous theoretical models (Alexopoulos et al., 2005a; Guilak and Mow, 2000; Haider et
al., 2006; Julkunen et al., 2009; Korhonen and Herzog, 2008; Michalek and latridis, 2007;
Mow et al., 1994; Sibole and Erdemir, 2012; Wu and Herzog, 2000) and experimental
studies (Choi et al., 2007; Hing et al., 2002; Knight et al., 1998) support an important
functional role for the ECM and PCM in the regulation of the mechanical and
physiochemical environments at multiple scales, which in turn influence chondrocyte
metabolism, cartilage homeostasis, and overall joint health (Halloran et al., 2012).

The Mechanical Properties and Function of the Pericellular Matrix

The quantification of PCM biomechanical properties is technically challenging due to the
low cell density of articular cartilage (Stockwell, 1971) and the micrometer length scale of
the PCM (Hunziker et al., 1997; Youn et al., 2006). As chondrons are embedded within the
cartilage ECM, measurement of PCM properties requires extraction of the chondron,
sectioning of the tissue, or indirect methods that couple measures of microscale deformation
with theoretical modeling. In this regard, over the last two decades, a variety of experimental
techniques have been developed to provide a means for evaluating PCM properties either
using isolated chondrons or in situ testing methods (Figure 2). Together, these studies have
contributed to a growing understanding of the micromechanical environment of the
chondrocyte.

Several techniques that have been used to characterize the mechanical properties of the PCM
require physical extraction of chondrons from the tissue, notably deformation of isolated
chondrons embedded within hydrogels (Hing et al., 2002; Knight et al., 1998; Knight et al.,
2001), single chondron compression (Ng et al., 2007; Nguyen et al., 2009; Nguyen et al.,
2010), and micropipette aspiration (Alexopoulos et al., 2003; Alexopoulos et al., 2005b;
Alexopoulos et al., 2009; Guilak et al., 2005; Guilak et al., 1999). These techniques
demonstrated that the mechanical integrity of chondrons isolated using enzymatic digestion

Matrix Biol. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wilusz et al.

Page 3

is significantly reduced as compared to chondrons isolated using mechanical methods
(Guilak et al., 1999; Knight et al., 2001). Nonetheless, such measurements provide
important information for potential applications in tissue engineering, wherein large
numbers of enzymatically-isolated chondrons may be used for seeding of constructs or
cartilage repair (Bekkers et al., 2013; Vonk et al., 2010).

Micropipette aspiration studies (Figure 2a) have provided some of the first direct
quantitative measurements of PCM elastic (Alexopoulos et al., 2003; Guilak et al., 2005;
Guilak et al., 1999) and biphasic (Alexopoulos et al., 2005a; Alexopoulos et al., 2005b)
properties, demonstrating that PCM moduli (40 — 70 kPa) are two orders of magnitude
greater than those of chondrocytes [~0.5 kPa; (Darling et al., 2006; Guilak et al., 1999)] but
as much as an order of magnitude lower than those of the surrounding ECM, depending on
the zone of cartilage [0.1 — 2 MPa (Schinagl et al., 1997)]. In addition, micropipette
aspiration of mechanically isolated chondrons from canine (Guilak et al., 2005) and human
(Alexopoulos et al., 2003; Alexopoulos et al., 2005b) cartilage demonstrated that PCM
properties exhibit zonal uniformity, despite significant variations in ECM properties through
the depth of the tissue (Schinagl et al., 1997).

Although techniques designed for isolated chondrons provide quantitative measurements of
PCM mechanical properties, it is not known how the extraction of chondrons from the ECM
alters their mechanical properties. In situ imaging studies of chondron deformation within
cartilage explants have been useful tools to investigate the relative deformations of the cell,
PCM, and ECM (Figure 2b) (Choi et al., 2007). These studies have demonstrated that the
PCM may have multiple biomechanical functions by regulating either the amplification or
the shielding of forces, depending on a cell's position within the tissue. For example, in the
superficial zone of cartilage, which exhibits the lowest ECM modulus, the presence of a
PCM can actually decrease the cellular level strains, whereas in the deep zones, the
difference in ECM and PCM moduli results in an amplification of cellular strains (Choi et
al., 2007). These findings suggest that an important role for the PCM may be to provide a
relatively uniform strain environment for the chondrocytes despite large zonal variations in
ECM strain during loading.

Furthermore, “triphasic” models that incorporate the ionic phases of cartilage in addition to
the solid and fluid phases (Lai et al., 1991) suggest that another important role for the PCM
and ECM may be to enhance and regulate the conversion of mechanical loading to
physicochemical changes that can be sensed by the chondrocytes (Mow et al., 1999). The
proteoglycan content of the PCM is generally higher than that of the surrounding ECM.
Therefore, tissue deformation and the associated changes in interstitial water content that
occur during loading (Coleman et al., 2013) will result in dynamic changes in the
physicochemical and osmotic environment of the chondrocyte (Haider et al., 2006).
Importantly, a growing body of evidence suggests that osmotic changes may provide critical
signals for regulating the chondrocyte response to loading (Chao et al., 2006; O'Conor et al.,
2014).

Data from imaging studies of PCM morphology has also been used to facilitate indirect
quantification of PCM properties through the development and application of computational
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models (Kim et al., 2010; Michalek and latridis, 2007). In this manner, the mechanical
properties of the PCM can be estimated in situ during loading, without sectioning or
extraction of the tissue. In a recent study, the elastic modulus of porcine PCM was
determined using an inverse boundary element analysis coupled with three-dimensional
confocal microscopy (Figure 2c) (Kim et al., 2010). This study showed that the in situ
properties of the PCM in the middle zone measured using this method (24 — 59 kPa) were
similar to those measured for mechanically isolated chondrons (Alexopoulos et al., 2005b;
Guilak et al., 2005).

Direct quantification of PCM properties in situ with minimal disruption of native matrix
integration between the PCM and ECM has recently been reported through applications of
atomic force microscopy (AFM)-based microindentation (Figure 2b) (Allen and Mao, 2004;
Darling et al., 2010; McLeod et al., 2013; Wilusz et al., 2012a, b; Wilusz and Guilak, 2014;
Wilusz et al., 2013). Using a force spectroscopy technique known as stiffness or force-
volume mapping (Radmacher et al., 1992), AFM can be used to collect arrays of indentation
curves and map spatial variations in elastic modulus in the micromechanical environment of
the chondrocyte. PCM elastic moduli from porcine [13 — 75 kPa; (Darling et al., 2010;
McLeod et al., 2013)] and human [27 — 205 kPa; (Darling et al., 2010; Wilusz et al., 2013)]
cartilage obtained using AFM-based stiffness mapping were comparable to micropipette
aspiration of mechanically isolated chondrons (Alexopoulos et al., 2003) and computational
methods based on in situ deformation (Kim et al., 2010). AFM-based methods also provide a
means for evaluating PCM anisotropy with a recent study reporting that when pooled
through the tissue depth, PCM moduli were greatest in the direction parallel to the split-line
orientation (McLeod et al., 2013).

Furthermore, in situ AFM-based methods allow for detailed evaluation of regions beyond
the PCM such as the territorial matrix (TM), the structural transition region between the
PCM and ECM. Quantitative evaluation of stiffness maps has revealed a modulus gradient
outward from the PCM to the ECM (Figure 3) (Wilusz et al., 2012a, b; Wilusz and Guilak,
2014; Wilusz et al., 2013). The combination of AFM with fluorescence microscopy (Sen
and Kumar, 2009) has provided a means for direct correlation among structural features,
biochemical composition, and biomechanical properties of the PCM (Wilusz et al., 2012a, b;
Wilusz et al., 2013).

The Relationship between the Composition and Biomechanical Properties of the PCM

A number of matrix molecules, most notably type VI collagen (Hagiwara et al., 1993; Poole
etal., 1992; Poole et al., 1988; Youn et al., 2006), perlecan (Melrose et al., 2006; SundarRaj
et al., 1995), aggrecan monomers and small aggregates (Poole et al., 1982; Poole et al.,
1991a), hyaluronan (Knudson, 1993; Poole et al., 1991a), biglycan (Kavanagh and Ashhurst,
1999), and type IX collagen (Hu et al., 2006; Poole et al., 1997), are found either exclusively
or at higher concentrations in the PCM as compared to the surrounding ECM (Heinegard
and Oldberg, 1989). Interactions among these molecular constituents contribute to the
distinct mesh-like capsule ultrastructure of the PCM (Hunziker et al., 1997; Poole et al.,
1984, 1987) and its biomechanical properties.

Matrix Biol. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wilusz et al.

Page 5

In normal adult articular cartilage, the PCM is typically defined by the exclusive presence
and localization of type VI collagen around the chondrocyte (Poole et al., 1988; Youn et al.,
2006). Multiple studies have focused on the important biomechanical role of type VI
collagen. In a study using AFM stiffness mapping guided by immunofluorescence labeling,
regions of porcine articular cartilage rich in type VI collagen and regions exhibiting low
elastic moduli co-localized to the pericellular space and exhibited lower elastic moduli than
regions lacking type VI collagen (Wilusz et al., 2012b). Additional studies have utilized
Col6al knockout mice to further elucidate the role of type VI collagen in the PCM.
Somewhat surprisingly, intact chondrons were successfully isolated from Col6al*/~ and
Col6al~'~ mice using a pipette-based mechanical extraction technique, showing that a
distinct PCM can form despite the disruption or absence of type VI collagen (Alexopoulos et
al., 2009). Micropipette aspiration of these isolated chondrons revealed that PCM moduli
were reduced by one-third in heterozygous Col6al*/~ mice and by two-thirds in Col6al ™/~
mice. These studies confirm that type V1 collagen has an important functional role in the
biochemical and biomechanical definitions of the PCM and also suggest that additional
matrix components contribute to PCM structural integrity and mechanical properties.

One candidate molecule that likely contributes significantly to PCM properties is perlecan, a
large heparan sulfate proteoglycan. Perlecan is found exclusively in the PCM of normal
articular cartilage (Melrose et al., 2006; SundarRaj et al., 1995) and co-localizes with type
VI collagen (Vincent et al., 2007). Though its exact role in cartilage is unknown, perlecan is
essential for normal cartilage development. Dysfunction of the perlecan gene results in
potentially lethal skeletal dysplasias (Arikawa-Hirasawa et al., 1999) and a cartilage
phenotype similar to that of type Il collagen knockout mice (Kvist et al., 2006). In a study
using dual immunofluorescence-guided AFM stiffness mapping (Wilusz et al., 2012a),
perlecan and type V1 collagen were found to co-localize to lower modulus regions adjacent
to the chondrocyte in the PCM interior. The lower elastic moduli observed in these regions
were directly related to the presence of heparan sulfate, providing additional support for
heparan sulfate and perlecan as a pericellular depot of fibroblast growth factor-2 (FGF-2)
(Vincent et al., 2002; Vincent et al., 2004) which may play a role in mechanotransduction in
cartilage through release of FGF-2 with loading (Vincent et al., 2007). Peripheral PCM
regions positive for type VI collagen alone exhibited higher elastic moduli than dual-labeled
regions, suggesting a defining role for perlecan as the boundary of the PCM with regions of
type VI collagen alone marking the transition to the adjacent TM (Wilusz et al., 2012a).

Furthermore, as other growth factors and matrix proteins pass to or from the cell, they may
be retained in the PCM where their structure or action may be further modified (Ruoslahti
and Yamaguchi, 1991). For example, the influence of matrilin-3 on chondrocytes switches
from an anti-anabolic to a pro-anabolic effect once it is integrated in the PCM (Vincourt et
al., 2012). Thus, changes in the microscale transport properties of the PCM (Bougault et al.,
2013; Leddy et al., 2008) may also influence the activity of the chondrocytes, potentially by
altering growth factor transport in response to loading (Vincent et al., 2007). Furthermore,
alterations in PCM structure or properties may influence the response of the enclosed cells
to various chemical or physical mediators (Farnsworth et al., 2012; Steward et al., 2013).
Overall, these studies suggest the presence of direct relationships between spatial variations
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in biochemical composition and the biomechanical, biophysical, and biological properties of
the PCM in the chondrocyte microenvironment.

Insights into PCM Development, Turnover, and Degeneration

As the limb develops and the growth plate and articular cartilage emerge, the PCM becomes
distinct from its surrounding matrix. The formation of the PCM can be observed by tracking
one of the most abundant PCM components, type VI collagen, over time. During early
development, type VI collagen is abundant throughout the cartilage matrix and then
gradually localizes around the cell until it is found exclusively in the PCM of adult cartilage
(Alexopoulos et al., 2009; Morrison et al., 1996; Sherwin et al., 1999). This process also
occurs throughout the growth plate as the limb develops and is thought to play an important
role in organizing the growth plate's proliferative zone (Plumb et al., 2011). While the
localization of PCM components during development is a well-known phenomenon, the
mechanism by which these molecules are organized and assembled remains an important
unanswered question.

In healthy adult articular cartilage, matrix turnover is a slow, continuous process, and
maintenance of matrix architecture is achieved through a balance of anabolic and catabolic
activities. As the PCM surrounds every chondrocyte, all matrix components and enzymes
secreted by chondrocytes must pass through this region. Thus, an understanding of the
influence of various matrix enzymes on the mechanical properties of the PCM and ECM
could provide important insights into the functional properties of these regions under normal
or pathologic conditions. For example, collagenase digestion has been utilized to isolate
intact chondrons from the tissue as type VI collagen is resistant to this enzyme (Lee et al.,
1997); however, this process, which leads to a loss of type Il collagen and proteoglycan,
significantly reduces chondron mechanical properties (Guilak et al., 1999; Knight et al.,
2001). Aggrecan plays an important role in cartilage matrix turnover due to its high
abundance, relatively short half-life in situ (Maroudas et al., 1998), and interactions with a
number of PCM and ECM matrix components (Hedlund et al., 1999; Junqueira and Montes,
1983; Scott, 1988; Wiberg et al., 2003).

Interestingly, the structure and composition of the PCM appears to provide it with resistance
to enzymatic degradation. In fact, protocols for enzymatic isolation of chondrons have taken
advantage of the resistance of the PCM, and more specifically type VI collagen, to digestion
with dispase and collagenase (Lee et al., 1997). A recent study using targeted digestion with
aggrecanase-1 (ADAMTS-4), bacterial hyaluronidase, and chondroitinase ABC
demonstrated that PCM mechanical properties exhibit high resistance to aggrecan-targeted
digestion, despite significant alterations in ECM properties (Wilusz and Guilak, 2014). This
resistance may be an important property of the chondrocyte microenvironment by providing
a mechanism for enzyme transport from the chondrocyte to the ECM during normal matrix
turnover without mechanical disruption of the PCM.

Abnormal matrix turnover is a hallmark of osteoarthritis (OA), a joint disease characterized
by progressive degradation and loss of articular cartilage, ultimately resulting in severe pain
and disability. While most investigations of alterations in cartilage properties in OA focus
on the macroscale properties of the ECM, characterization of the morphological,
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biochemical, and biomechanical changes in the PCM can improve our understanding of the
specific contributions of mechanical loading to cartilage degeneration in OA. In this regard,
alterations in PCM appear to modify the response of chondrocytes to soluble mediators and
matrix proteins (Peters et al., 2011; Vonk et al., 2011; Xu et al., 2011)

Despite localized matrix degradation by chondrocyte-derived matrix metalloproteinases and
aggrecanases (Aigner et al., 2003; Song et al., 2007), enlarged, loosely-organized chondrons
are prevalent in OA (Lee et al., 2000; Poole et al., 1991b). These changes are associated
with a significant loss of biomechanical properties. Micropipette aspiration studies revealed
that human chondrons isolated from OA cartilage exhibit Young's moduli that are 30 — 40%
lower than those exhibited by chondrons isolated from healthy tissue (Alexopoulos et al.,
2003; Alexopoulos et al., 2005b). When measured in situ, human PCM in early OA cartilage
exhibited Young's moduli 30% lower than macroscopically normal cartilage (Wilusz et al.,
2013). This study also demonstrated that the chondrocyte biomechanical microenvironment
was significantly altered in early OA cartilage showing a low gradient in the change of
modulus from the PCM to the ECM, as compared to the sharper transition observed in
normal cartilage (Figure 4). Interestingly, similar alterations in the PCM micromechanical
environment were observed following digestion with human leukocyte elastase (Wilusz and
Guilak, 2014), providing support for elastase as a potential contributor to PCM degeneration
in OA (Elsaid et al., 2003). Additional studies with Col6al knockout mice have provided
indirect evidence that alterations in PCM properties or Col6al~/~ derived joint laxity can
accelerate the progression of OA in the hip (Alexopoulos et al., 2009), but not the knee
(Christensen et al., 2012). Furthermore, recent work using fluorescence-guided AFM
stiffness mapping techniques has shown that in situ mechanical properties of Col6al =/~
PCM is significantly lower than wild type PCM as early as 2 months of age, and that these
changes are accompanied by altered calcium signaling in chondrocytes and increased cell
swelling in response to osmotic stress (Zelenski et al., 2014). These studies demonstrate that
disease-related PCM structure and biomechanical properties can be measured at the
microscale, and that these changes may affect the way chondrocytes sense and respond to
the diseased environment, perhaps contributing to further matrix degradation and disease
progression.

Conclusion

Although the “chondron” was initially observed nearly a century ago (Benninghoff, 1925),
little direct research was performed on this entity until it was discovered that intact
chondrons could be isolated as a by-product of cartilage homogenization (Szirmai, 1968).
Following this discovery, Poole and co-workers performed an extensive body of work on the
biochemical composition and structure of the chondron, proposing important hypotheses on
the potential function of this matrix compartment [e.g., (Poole, 1997; Poole et al., 1988;
Poole et al., 1987; Poole et al., 1997; Poole et al., 1991a; Poole et al., 1991b)]. Over the past
two decades, increasing evidence on the structure, biomechanical properties, and function of
the PCM has confirmed the role of the chondron as a distinct functional compartment within
articular cartilage. As outlined in this review, the PCM plays a role in a number of important
processes throughout the development, maintenance, and degeneration of articular cartilage,
including organizing the growth plate, modulating enzyme and growth factor activity,
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transducing biophysical signals, and undergoing changes that contribute to the progression
of OA. The disparity in mechanical properties between the PCM and ECM, and within the
PCM itself, confers the ability of the PCM to modulate stress and strain in the unique
micromechanical environment of each chondrocyte within the tissue.

As more studies evaluate the PCM and generate new insights into its ultrastructure,
biochemical composition, and biomechanical properties, a more complete characterization
of the chondrocyte mechanical environment in cartilage will continue to emerge. Further
investigations focused on the roles of individual PCM components and how they contribute
to chondrocyte mechanotransduction in health and disease can help to elucidate factors
contributing to the progression of OA. These findings may be relevant to the
mechanobiology of other cartilaginous tissues such as the meniscus and intervertebral disc
(Setton and Chen, 2004; Upton et al., 2003), which possess similar PCM-like structures that
are rich in type VI collagen and surround individual cells within the tissue (Figure 5) (Cao et
al., 2007; Sanchez-Adams et al., 2013). Furthermore, the detailed characterization of PCM
structure and properties gained from these studies can be applied to computational modeling
of cell-PCM-ECM interactions to further our understanding of the specific mechanical
stresses experienced by the chondrocyte during joint loading and advance our knowledge of
mechanotransduction mechanisms in articular cartilage and other tissues.
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Superficial Middle

Figure 1. Structure and morphology of the PCM
(A) Transmission electron microscopy (TEM) showing the chondrocyte within the

pericellular, territorial, and extracellular matrices (scale bar = 1 um). (B) Helium ion
microscopy of a cell void within a cross-section of articular cartilage showing the basket-
like morphology of the collagen in the pericellular matrix [adapted from (Vanden Berg-
Foels et al., 2012), with permission]. (C) Immunohistochemistry for type VI collagen in the
full thickness of articular cartilage. (D) Three-dimensional reconstruction of articular
cartilage chondrons defined by type VI collagen [adapted from (Choi et al., 2007), with
permission].
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Figure 2. Methods of mechanical testing for determining the micromechanical properties of the
PCM
(A) Isolated chondrons tested using micropipette aspiration [from (Alexopoulos et al.,

2003), with permission]. (B) Immunofluorescence-guided atomic force microscopy of
cartilage sections labeled for PCM molecules [adapted from (Wilusz and Guilak, 2014)]. (C)
3D reconstruction of compressed chondrons and computational modeling of chondron
deformation [adapted from (Choi et al., 2007; Kim et al., 2010), with permission].
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Figure 3. Stiffness mapping of the PCM in the superficial, middle, and deep zones of articular
cartilage
(A-C) Representative immunofluorescence images showing the distribution of type VI

collagen around cell-sized voids in superficial, middle, and deep zones. (D-F)
Representative contour maps of calculated elastic moduli of the PCM in each zone. The
spatial distribution of type VI collagen correlates well with lower modulus regions within
each scan. Scale bar =5 pm. [From (Wilusz et al., 2012b), with permission].

Matrix Biol. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Wilusz et al.

Page 17

A 20 400 B 20 ' 400
= ¢ =
=~
n Iwo 2 18 lmn <
E Z E | 2
=2 E=s = X -
= w0 € = 3 200 2
=2 = = =
= 100 § = 100 §
E e
= L =
0 = -a) T e 0
0 5 10 15 20 10 15
Length (um) Length (um)
i 700 L
1 oNormal IOA ;
T erma 700 #Normal 0OA
& 600 1 = ab
] T 600 -
% 500 4 o
3 3 500 -
o 3¢ $ = 400
2 3001 @ f}, 354001 b
201 o gmﬂdfﬁ@@@é 2 300 1
& 100 {& o £ 200 1 c
T ———————— & 100 -
O AP 4P o 4 P o0 P 0 . .
ECM PCM

Distance from PCM Inner Edge (pm)

Figure 4. Alterations in the mechanical properties of the PCM with OA
(A, B) Representative contour maps of calculated elastic moduli of the PCM of normal (A)

or osteoarthritic (B) cartilage. (C) Mean elastic modulus values with distance from the PCM
inner edge of with and without OA. (D) Mean elastic moduli of the ECM and PCM, with
and without OA, showing a loss of mechanical properties with OA. [Adapted from (Wilusz
et al., 2013), with permission].
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A Intervertebral Disc B Knee Meniscus

Figure 5. The pericellular matrix in other cartilaginous tissues
(A) (i) The intervertebral disc is composed of the annulus fibrosis (AF) and nucleus

pulposus (NP); (ii) immunofluorescence for type VI collagen in the disc; (iii-v) collagen
type VI surrounding cells in the NP, inner AF, and outer AF (scale bar = 20 um). [Adapted
from (Cao et al., 2007), with permission]. (B) (i) Knee meniscus histology and
immunohistochemistry showing the variation in ECM and PCM labeling with meniscus
region (scale = 0.2 mm, cell view: 20x20 um); (ii) representative images of perlecan
immunolabeling and elastic modulus maps in the outer, middle and inner regions of the knee
meniscus [adapted from (Sanchez-Adams et al., 2013), with permission].
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