
A Biomechanical Role for Perlecan in the Pericellular Matrix of
Articular Cartilage

Rebecca E. Wilusz, M.S.1,2, Louis E. DeFrate, Ph.D.1,2, and Farshid Guilak, Ph.D.1,2

1Department of Orthopaedic Surgery, Duke University Medical Center
2Department of Biomedical Engineering, Duke University

Abstract
Chondrocytes are surrounded by a narrow pericellular matrix (PCM) that is biochemically,
structurally, and biomechanically distinct from the bulk extracellular matrix (ECM) of articular
cartilage. While the PCM is often defined by the presence of type VI collagen, other
macromolecules such as perlecan, a heparan sulfate (HS) proteoglycan, are also exclusively
localized to the PCM in normal cartilage and likely contribute to PCM structural integrity and
biomechanical properties. Though perlecan is essential for normal cartilage development, its exact
role in the PCM is unknown. The objective of this study was to determine the biomechanical role
of perlecan in the articular cartilage PCM in situ and its potential as a defining factor of the PCM.
To this end, atomic force microscopy (AFM) stiffness mapping was combined with dual
immunofluorescence labeling of cryosectioned porcine cartilage samples for type VI collagen and
perlecan. While there was no difference in overall PCM mechanical properties between type VI
collagen- and perlecan-based definitions of the PCM, within the PCM, interior regions containing
both type VI collagen and perlecan exhibited lower elastic moduli than more peripheral regions
rich in type VI collagen alone. Enzymatic removal of HS chains from perlecan with heparinase III
increased PCM elastic moduli both overall and locally in interior regions rich in both perlecan and
type VI collagen. Heparinase III digestion had no effect on ECM elastic moduli. Our findings
provide new evidence for perlecan as a defining factor in both the biochemical and biomechanical
properties of the PCM.
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1. Introduction
Within the extensive extracellular matrix (ECM) of articular cartilage, chondrocytes are
surrounded by a narrow pericellular matrix (PCM) that together with the enclosed cell is
referred to as a “chondron” (Poole et al., 1987). The PCM is distinct from the surrounding
ECM in its biochemical composition [reviewed in (Poole, 1997)], ultrastructure (Hunziker et
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al., 1997; Poole et al., 1987), and biomechanical properties (Alexopoulos et al., 2003;
Alexopoulos et al., 2005b; Darling et al., 2010; Wilusz et al., in press). While the exact
function of the PCM in cartilage has yet to be determined, it is thought to play an important
role in regulating the biomechanical microenvironment of the chondrocyte, protecting the
cell during compressive loading (Poole et al., 1987) and serving as a mechanical transducer
during joint loading (Guilak et al., 2006). Previous theoretical models (Alexopoulos et al.,
2005a; Guilak and Mow, 2000; Korhonen and Herzog, 2008; Michalek and Iatridis, 2007)
and experimental studies (Choi et al., 2007; Hing et al., 2002; Knight et al., 2001;
Villanueva et al., 2009) have demonstrated that stress and strain in the vicinity of the
chondrocyte is significantly influenced by the relative mechanical properties of the cell,
PCM, and ECM.

In normal cartilage, the PCM is often defined by the exclusive presence and localization of
type VI collagen around the chondrocyte (Poole et al., 1992; Poole et al., 1988). As such,
previous studies investigating the biomechanical properties of the cartilage PCM have
focused on type VI collagen and its role in PCM function. Using immunofluorescence-
guided atomic force microscopy (AFM), a recent study demonstrated that PCM
biomechanical properties correlated with the presence of type VI collagen and that matrix
regions lacking type VI collagen immediately adjacent to the PCM exhibited higher elastic
moduli than PCM regions rich in type VI collagen (Wilusz et al., in press). Alexopoulos and
colleagues (Alexopoulos et al., 2009) demonstrated that intact chondrons can be isolated
from Col6a1 knockout mice that lack type VI collagen and exhibit reduced mechanical
properties as compared to wild-type controls. While these studies illustrate the important
role of type VI collagen in the properties of the PCM, they also suggest that other PCM
components likely contribute to its structural integrity and biomechanical properties.

A number of matrix molecules are found exclusively in the cartilage PCM as compared to
the ECM including perlecan, a large heparan sulfate (HS) proteoglycan (Kvist et al., 2008;
Melrose et al., 2006; Melrose et al., 2005; SundarRaj et al., 1995). Though its exact role in
cartilage is unknown, perlecan is essential for normal cartilage development, and
dysfunction of the perlecan gene results in skeletal dysplasias that are potentially lethal
(Arikawa-Hirasawa et al., 1999; Costell et al., 1999; French et al., 1999; Gustafsson et al.,
2003). Perlecan modulates signaling of multiple growth factors through its HS chains
including the fibroblast growth factors (FGFs) (Aviezer et al., 1994; Chuang et al., 2010;
Melrose et al., 2006; Smith et al., 2007; Vincent et al., 2007; Whitelock et al., 2008;
Whitelock et al., 1996), and has been implicated in cell-matrix interactions (Kirn-Safran et
al., 2009; SundarRaj et al., 1995) and matrix organization (Melrose et al., 2008).
Importantly, perlecan demonstrates a strong electrostatic binding affinity for type VI
collagen through its HS chains (Tillet et al., 1994) and interacts with fibronectin and laminin
via its core protein and through charge interactions with its HS chains (Hopf et al., 1999;
Hopf et al., 2001). Through these interactions, perlecan may have an important role in the
structural organization and stabilization of the cartilage PCM.

The objective of this study was to determine the biomechanical role of perlecan in the PCM
of articular cartilage and its potential role as a defining factor of the PCM. Cryosections of
porcine articular cartilage samples were labeled for type VI collagen and perlecan using dual
immunofluorescence (IF). Guided by IF labeling, AFM-based stiffness mapping (Darling et
al., 2010; Wilusz et al., in press) was used to evaluate the elastic properties of matched PCM
and ECM regions and correlate these properties with PCM biochemical composition.
Enzymatic removal of HS chains from perlecan using heparinase III was performed to
evaluate the functional role of HS in the biomechanical properties of cartilage. These
methods were used to test the hypotheses that the presence of perlecan can be used to define
the boundaries of the PCM, that PCM regions rich in perlecan exhibit lower elastic moduli
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than regions lacking perlecan and that enzymatic removal of HS significantly reduces the
microscale elastic properties of the PCM while having no effect on ECM properties.

2. Results
2.1 Immunofluorescence for type VI collagen and perlecan in porcine cartilage

IF labeling of cartilage sections revealed a consistent presence of both type VI collagen and
perlecan immediately surrounding cell-sized voids. PCM labeling for type VI collagen was
uniform throughout the tissue depth (Figure 1A). Type VI collagen was also found to be
faintly dispersed in the ECM in the deep zone. Perlecan labeling was exclusively pericellular
and more pronounced in the middle and deep zones of the cartilage as compared to the
superficial zone (Figure 1B).

2.2 AFM stiffness mapping of type VI collagen and perlecan dual-labeled porcine cartilage
PCM

Stiffness mapping revealed that type VI collagen, perlecan, and low elastic moduli localize
in the pericellular region around cell-sized voids (Figure 2A, B, C, D). No difference in
overall PCM elastic moduli was observed between type VI collagen-based (71 ± 3 kPa) and
perlecan-based (68 ± 3 kPa) definitions of the PCM (p = 0.70; Figure 2E). Elastic moduli of
the local ECM (93 ± 7 kPa) were significantly greater than PCM moduli using either
biochemical definition (p < 0.005).

Type VI collagen and perlecan co-localized over 64 ± 3% of labeled PCM areas (positive for
either type VI collagen or perlecan) and occupied inner regions of the PCM (Figure 3A, B).
Regions positive for type VI collagen alone occupied 31 ± 4% of labeled PCM areas and
were located in peripheral regions of the PCM. Within the PCM, elastic moduli in dual-
labeled regions (68 ± 3 kPa) were significantly lower than moduli in regions positive for
type VI collagen alone (81 ± 5 kPa; p < 0.05; Figure 2F). PCM regions positive for perlecan
alone occupied 4 ± 1% of the labeled PCM area, with only 9 of the 23 sites tested having
regions consisting of sufficient area on the stiffness map for analysis. Of these perlecan
alone regions, 6 spanned the width of small portions of the evaluated PCM, occupying up to
18% of the total labeled PCM area, and 3 were located on the PCM periphery. Perlecan
alone regions exhibited greater elastic moduli (92 ± 7 kPa) than dual-labeled regions (p <
0.01). There was no difference in elastic moduli between PCM regions positive for type VI
collagen alone and perlecan alone (p = 0.19). Spatial mapping demonstrated that lower
modulus regions were located within 1.0 μm of the PCM inner edge (p < 0.05) where 92 –
95% of the labeled area was dual-labeled for perlecan and type VI collagen (Figure 3C, D).

2.3 Immunofluorescence for 3G10, perlecan, and type VI collagen and histological staining
analyses of heparinase III-digested porcine cartilage

Enzymatic digestion of HS with heparinase III was specific to PCM regions immediately
surrounding cell-sized voids in cartilage sections. IF labeling for the heparinase III-specific
HS epitope 3G10 matched the pericellular distribution of perlecan (Figure 4A, B, C) and co-
localized with type VI collagen (Figure 4D, E, F). There was no 3G10 labeling present in
undigested controls (data not shown). Digestion had no effect on IF labeling of either
perlecan or type VI collagen (Figure 4G, H, I). Digestion with heparinase III did not induce
a global loss of GAGs in cartilage sections (Figure 5A, B).

2.4 Effect of heparinase III digestion on the micromechanical properties of porcine
cartilage PCM and ECM

Digestion with heparinase III resulted in a significant increase in the overall elastic modulus
of the PCM as defined by perlecan labeling (69 ± 5 kPa vs. 56 ± 3 kPa; p < 0.05; Figure
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6A). There was a trend toward an increase in PCM properties as defined by the presence of
type VI collagen with digestion (70 ± 4 kPa vs. 60 ± 3 kPa; p = 0.05). There were no
differences in the relative composition of tested control and digested PCM regions, with
dual-labeled, type VI collagen alone and perlecan alone regions consisting of 60 ± 3%, 34 ±
3%, and 5 ± 1% of labeled areas in control PCM regions and 59 ± 3%, 37 ± 3%, and 3 ± 1%
of labeled areas in digested PCM regions, respectively (p > 0.39). There was no significant
change in ECM properties with heparinase III digestion as compared to undigested controls
(103 ± 6 kPa vs. 93 ± 6 kPa; p = 0.39; Figure 5C).

Within the PCM, enzymatic removal of HS resulted in a significant increase in the elastic
modulus of dual-labeled regions as compared to undigested controls (68 ± 5 kPa vs. 55 ± 2
kPa; p < 0.05; Figure 6B). There was no change in the properties of regions positive for type
VI collagen alone (74 ± 4 kPa vs. 68 ± 4 kPa; p = 0.31). 15 of the 25 PCM regions tested in
undigested controls and 13 of the 25 PCM regions tested in digested samples had perlecan
alone regions consisting of sufficient area on the stiffness map for analysis. Of these
perlecan alone regions, 16 spanned the width of small portions of the evaluated PCM,
occupying up to 33% of the total labeled PCM area, and 13 were located on the PCM
periphery. In these regions, there was a trend toward a significant increase in elastic moduli
with digestion (87 ± 6 kPa vs. 74 ± 5 kPa; p = 0.09). In heparinase III digested PCM, dual-
labeled regions exhibited elastic moduli similar to those of regions occupied by type VI
collagen alone (p = 0.94) but lower than perlecan alone areas (p < 0.01). In undigested
controls, dual-labeled regions were significantly softer than regions positive for either type
VI collagen or perlecan alone (p < 0.05) and there was no difference observed between type
VI collagen and perlecan alone regions (p = 0.34). Spatial mapping demonstrated significant
increases in elastic moduli with digestion in regions within 1.0 μm of the PCM inner edge (p
< 0.05; Figure 7A) where 80 – 85% of the labeled area was dual-labeled for perlecan and
type VI collagen and 4 – 8% was positive for perlecan alone (Figure 7B).

3. Discussion
Our results provide new evidence for a biomechanical role for perlecan in the cartilage
PCM. IF-guided AFM stiffness mapping revealed localization of perlecan, type VI collagen
and low elastic moduli to the pericellular region around cell-sized voids. While there was no
difference in overall PCM mechanical properties between type VI collagen- and perlecan-
based definitions of the PCM, interior regions within the PCM containing both type VI
collagen and perlecan exhibited lower elastic moduli than more peripheral regions rich in
type VI collagen alone. Contrary to our initial hypothesis, enzymatic removal of HS chains
from perlecan with heparinase III resulted in increased elastic moduli in the PCM,
specifically in interior regions positive for both perlecan and type VI collagen. Heparinase
III digestion had no effect on the micromechanical properties of the ECM.

AFM measures highly localized mechanical properties in situ that may be dominated by
individual molecular components of the tissue. Therefore, our findings provide evidence for
variations of elastic moduli within the PCM that are related to site-specific biochemical
composition. PCM regions rich in perlecan and type VI collagen were located immediately
adjacent to cell-sized voids and exhibited lower elastic moduli than more peripheral PCM
regions rich in type VI collagen alone. Previous work by Loparic and colleagues
investigating the nanostiffness of porcine articular cartilage with AFM (Loparic et al., 2010)
demonstrated that proteoglycans in situ are an order of magnitude softer than collagen
fibers. The low elastic moduli observed at the PCM interior in the present work were likely
due to the high concentration of HS in this region, further supported by the increase elastic
moduli in these regions with digestion of HS by heparinase III. In this regard, our results
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suggest heparinase III digestion could be utilized to selectively manipulate the biochemical
and biomechanical properties of the PCM with minimal effect on the surrounding ECM.

The exact mechanism by which perlecan contributes to lower elastic moduli is not
understood. Proteoglycans are known to have lower compressive moduli than collagen
fibers, due in part to their glycosaminoglycan side chains (Loparic et al., 2010). The HS
chains of perlecan may contribute to lower elastic moduli in a manner analogous to a softer
spring in series with a stiffer spring, where the effective spring constant of the system is
lower than that spring constant of either component. In this respect, digestion of the HS
chains exposes the stiffer underlying components of the solid matrix, thereby increasing the
observed elastic moduli of these regions.

The localization of perlecan to low modulus, interior regions of the PCM provides support
for a potential role for HS and perlecan in mechanotransduction in cartilage. Perlecan has
been shown to regulate the bioactivity of FGFs through interaction with HS, serving as an
extracellular store and mediating FGF binding to, and subsequent activation of, FGF
receptor tyrosine kinases (Aviezer et al., 1994; Chuang et al., 2010; Melrose et al., 2006;
Smith et al., 2007; Whitelock et al., 1996). Loading-induced activation of extracellularly
regulated kinase (ERK) in cartilage (Vincent et al., 2002; Vincent et al., 2004) has been
shown to depend on the presence and concentration of FGF-2 in the pericellular matrix
(Vincent et al., 2007). Vincent and colleagues hypothesized that in unloaded cartilage,
FGF-2 bound to HS chains of perlecan is sequestered away from the cell surface and that
matrix deformation presents HS-bound FGF-2 to its receptor on the cell surface, activating
downstream signaling pathways (Vincent et al., 2007). Since the cartilage PCM is
significantly less stiff than the ECM, it experiences significant stress and strain amplification
during mechanical loading and undergoes larger deformations than the surrounding ECM
(Choi et al., 2007; Guilak and Mow, 2000). Localization of perlecan to low modulus regions
in the PCM interior, as observed in the current study, would facilitate HS-bound FGF
signaling via this proposed mechanism. Furthermore, perlecan may transmit mechanical
signals directly to the chondrocyte via core protein interactions with cell surface integrins
(Brown et al., 1997; Hayashi et al., 1992; Melrose et al., 2008).

The territorial matrix (TM) has been defined as a structural transition region between type
VI collagen microfilaments in the PCM and type II collagen fibers in the ECM (Poole et al.,
1984). Since there are no distinct structural boundaries among these three matrix regions,
identification of the TM is difficult and often based on qualitative differences in
proteoglycan content and collagen architecture (Hunziker et al., 1997; Poole et al., 1982;
Poole et al., 1984, 1987; Poole et al., 1997). While type VI collagen is considered the
defining boundary of the PCM in articular cartilage (Poole et al., 1988), type VI collagen
has been reported to be present in the TM where it is interwoven with type II collagen fibrils
(Soder et al., 2002). Given the exclusive localization of perlecan to the PCM observed here
and in previous studies (Kvist et al., 2008; Melrose et al., 2006; Melrose et al., 2005;
SundarRaj et al., 1995) and the distinct mechanical properties of regions positive for
perlecan and type VI collagen in the immediate vicinity of the chondrocyte, our results
suggest a defining role for perlecan as the boundary of the PCM with regions of type VI
collagen alone representing the transition to the adjacent TM.

The fact that intact chondrons can be isolated from Col6a1 null mice (Alexopoulos et al.,
2009) suggests that molecular components other than type VI collagen may provide
alternative composition-based definitions of the PCM. In the present study, we focused on
perlecan due to its exclusive presence to the PCM and documented roles in cartilage
development and growth factor signaling. A number of other matrix molecules are found
exclusively or at higher concentrations in the PCM as compared to the surrounding ECM,
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including hyaluronan (Cohen et al., 2003; Knudson, 1993), biglycan (Kavanagh and
Ashhurst, 1999), type IX collagen (Poole et al., 1997), fibronectin (Chang et al., 1997;
Martin et al., 2002), and laminin (Durr et al., 1996; Kvist et al., 2008), and are known to
interact with type VI collagen (Kielty et al., 1992; Wiberg et al., 2002) and perlecan (Hopf
et al., 1999; Hopf et al., 2001; Kirn-Safran et al., 2009). These molecules likely contribute to
PCM structure and biomechanical function.

The aim of this study was to characterize the biomechanical properties of articular cartilage
PCM at the microscale. When using micrometer-sized spherical indenters as presented here,
there are limitations in the lateral resolution of AFM-based indentation of soft substrates
(Dimitriadis et al., 2002; Radmacher et al., 1992). From Hertz contact mechanics, the
contact radius of a spherical probe scales with tip radius and indentation depth. Since a force
threshold (300 nN) was used for all stiffness mapping, indentation depths were not
equivalent throughout a single scan region. Indentations were larger in the soft interior of the
PCM and smaller in stiff peripheral PCM, TM, and ECM regions. As a result, contact radii
were larger in PCM regions (~2.0 μm) as compared to ECM regions (~1.5 μm). This contact
footprint would have masked the sharp transition in matrix stiffness between the PCM and
ECM proposed in theoretical models (Alexopoulos et al., 2005a; Guilak and Mow, 2000;
Korhonen and Herzog, 2008; Michalek and Iatridis, 2007). In addition, contact with adjacent
TM and/or ECM regions during indentation may have contributed to artificial stiffening of
peripheral PCM regions. Nonetheless, the elastic moduli measured for the PCM in this study
are highly consistent with previous studies using AFM (Darling et al., 2010; Wilusz et al., in
press) as well as other techniques such as micropipette aspiration (Alexopoulos et al., 2003),
and inverse computational methods (Kim et al., 2010).

In summary, this study provides support for perlecan as a defining factor in both the
biochemical and biomechanical boundaries of the PCM. The HS chains of perlecan soften
the PCM in the immediate vicinity of the chondrocyte and presumably, generate an
environment conducive for mechanotransduction via HS-bound growth factors or direct cell-
matrix interactions. By demonstrating site-specific differences in mechanical properties
coincident with spatial variations in biochemical composition, our findings provide a more
complete characterization of the chondrocyte microenvironment in articular cartilage.

4. Methods
4.1 Tissue sample preparation

Full thickness articular cartilage samples were collected from central regions of the medial
femoral condyle of skeletally mature, macroscopically normal female pig knee joints.
Cartilage samples were wrapped in phosphate-buffered saline (PBS)-soaked gauze and
frozen at −20°C for intermediate storage. Samples were embedded in water-soluble
embedding medium (Tissue-Tek O.C.T. Compound; Sakura Finetek USA, Inc., Torrance,
CA) and sectioned perpendicular to the articular surface in 5 μm-thick slices using a cryostat
microtome (Leica CM1850; Leica Microsystems, Inc., Buffalo Grove, IL). Cartilage slices
were collected on negatively charged glass slides and washed thoroughly with PBS to
remove the water-soluble embedding medium prior to IF labeling and AFM testing.

4.2 Immunofluorescence for type VI collagen and perlecan
Unfixed cartilage sections were simultaneously labeled for type VI collagen and perlecan.
Sections were blocked in 10% normal goat serum (Invitrogen, Carlsbad, CA) for 20 minutes
at room temperature. Samples were incubated with primary antibodies for type VI collagen
(anti-collagen type VI raised in rabbit, 70R-CR009X, Fitzgerald Industries International,
Inc., Action, MA) and perlecan (anti-perlecan raised in rat, sc-33707, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) at a 1:50 dilution in 10% goat serum for 20 minutes at
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room temperature. After three PBS washes of 5 minutes each, samples were incubated with
secondary antibodies (AlexaFluor 568 goat anti-rabbit IgG and AlexaFluor 488 goat anti-rat
IgG, Invitrogen) at a 1:200 dilution in 10% goat serum for 20 minutes in the dark at room
temperature. Sections were rinsed twice in PBS for 5 minutes each and remained in PBS at
room temperature during AFM testing.

4.3 Enzymatic digestion of heparan sulfate with heparinase III
Heparinase III (heparitinase I; EC 4.2.2.8; Sigma-Aldrich, Inc., St. Louis, MO) is the most
specific heparinase for HS, demonstrating no activity for heparin (Ernst et al., 1995).
Cartilage sections were incubated in 50 μL of 6 U/mL (0.01 IU/mL) heparinase III solution
in 20 mM Tris-HCl containing 0.1 mg/mL bovine serum albumin (BSA) and 4 mM CaCl2,
pH 7.0 at 37°C for 30 minutes. Undigested control sections were incubated at 37°C for 30
minutes in enzyme buffer.

Digestion was confirmed using IF for the heparinase III-specific HS epitope 3G10 (mouse
monoclonal primary antibody H1890-75, US Biological, Swampscott, MA) (David et al.,
1992) on undigested control and digested sections. Dual IF labeling was used to evaluate
localization of the HS epitope to the cartilage PCM using the protocol outlined in Section
4.2 (secondary antibody AlexaFluor 488/568 goat anti-mouse IgG, Invitrogen). Cartilage
sections were simultaneously labeled with antibodies for 3G10 and type VI collagen to
determine if digested HS was found exclusively in the PCM. To confirm that digested HS
was associated with perlecan, sections were dual-labeled with antibodies for 3G10 and
perlecan. It is important to note that the monoclonal antibody used to label perlecan was
raised against the core protein of perlecan and thus was not expected to be affected by
heparinase III digestion. Control experiments were performed to confirm this result and no
difference was observed between the IF labeling of undigested perlecan and heparinase III-
digested perlecan on adjacent sections from the same porcine cartilage specimens (data not
shown). Histological staining with Safranin-O (proteoglycans) and fast green (collagen) was
used to visualize global loss of proteoglycans from sections with digestion.

For AFM testing, sample-matched undigested control and heparinase III-digested sections
were dual-labeled for type VI collagen and perlecan as described in section 4.2. Sections
remained in PBS at room temperature during testing.

4.4 Mechanical characterization via AFM stiffness mapping
Simultaneous force measurements and fluorescence imaging were performed using an AFM
system (MFP-3DBio; Asylum Research, Santa Barbara, CA) integrated with an inverted
fluorescence microscope (AxioObserver A1; Carl Zeiss, Inc., Thornwood, NY). For
microscale indentation, borosilicate glass spheres (5 μm diameter) were attached to tipless
AFM cantilevers (k ≈ 4.5 N/m; Novascan Technologies, Inc., Ames, IA). Indentations were
applied with a force trigger of 300 nN and curves were sampled at 7.5 kHz. For evaluation
of PCM elastic properties, indentations (1600 sites/region, 15 μm/s indentation velocity)
were sequentially applied over a 20 μm × 20 μm region of interest defined by microscopic
examination with phase contrast imaging and positive IF labeling around cell-sized voids.
Images of perlecan (green) and type VI collagen (red) labeling were captured for each PCM
region. Topographical maps of relative height were also collected during elastic mapping of
each PCM scan region. Elastic properties of the adjacent ECM were evaluated using the
same approach over 20 μm × 20 μm regions visually devoid of PCM (16 indentations/
region, 15 μm/s indentation velocity). For all samples, AFM testing was completed within 4
hours of initial sectioning.
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To evaluate the spatial relationship between biochemical composition and biomechanical
properties within the PCM in situ, paired PCM/ECM regions (n = 23 total regions) were
selected in the middle/deep zone (200 – 400 μm from the articular surface) of each cartilage
sample (N = 4 pigs). To evaluate the biomechanical role of HS in the cartilage PCM, site-
matched PCM/ECM regions were evaluated in the middle/deep zone of paired undigested
and heparinase III-digested cartilage sections (N = 6 pigs, n = 25 total regions).

4.5 Data analysis
Raw data for cantilever deflection and z-piezo movement were collected and analyzed using
a custom MATLAB script (The MathWorks, Natick, MA). Elastic moduli, E, were
determined by fitting a modified Hertz model to force-indentation curves as described
previously (Darling et al., 2006). For articular cartilage, the local Poisson’s ratio, ν, was
assumed to be 0.04 for both the ECM (Chen et al., 2001; Choi et al., 2007; Mow et al.,
1980) and PCM (Alexopoulos et al., 2005b). Probe-surface contact was identified using
contact point extrapolation, as described previously (Guo and Akhremitchev, 2006).
Hertzian contact mechanics provided excellent fits to the experimental data for all force-
indentation curves (R2 > 0.90). Two-dimensional contour maps were generated of the spatial
distribution of calculated elastic moduli in each region.

The cartilage PCM was defined based on positive IF labeling around cell-sized voids and
data were included for all indentations that fell within labeled regions. ImageJ (National
Institutes of Health) was used to crop collected images to produce single channel IF images
of each PCM scan region (Figure 2A, B; overlaid in Figure 2C). For each PCM scan region,
two IF images (green, red) and the corresponding topographical and elastic moduli contour
maps were imported into Mathematica for alignment, as described previously (Wilusz et al.,
in press). Once aligned, IF images were converted to binary masks to indicate regions of
positive staining for each individual channel using an optimal threshold value determined
from range of IF images. IF-positive masks and elastic moduli contour maps were analyzed
in MATLAB to extract PCM data for each scan region. Using single channel masks, overall
PCM moduli were evaluated based on the presence of type VI collagen or perlecan. Relative
staining areas for dual-labeled, type VI collagen alone, and perlecan alone regions within the
PCM were determined by overlaying the single channel masks. Elastic properties were
evaluated for each of these IF-defined regions. To quantitatively evaluate the spatial
distribution of moduli in the chondrocyte microenvironment, the stiffness progression of
PCM moduli was evaluated in radial increments of 0.5 μm from the PCM inner edge. The
same analysis was performed on overlaid IF masks to determine the relative composition of
the PCM within each radial increment.

4.6 Statistical analyses
Differences between ECM and PCM elastic moduli were evaluated using a one-way
ANOVA (matrix region) and Fisher’s LSD post-hoc test (α = 0.05). Differences among IF-
defined regions within the PCM (dual-labeled, type VI collagen alone, perlecan alone) were
evaluated using a one-way ANOVA (IF labeling) and Fisher’s LSD post-hoc test (α = 0.05).
Stiffness progression data were evaluated using a one-way ANOVA (distance) and Fisher’s
LSD post-hoc test (α = 0.05).

The effect of HS-digestion with heparinase III on ECM elastic moduli was evaluated using a
Student’s t-test (α = 0.05). Significant differences in overall PCM elastic moduli with
digestion between type VI collagen- and perlecan-based definitions were evaluated using
two-way ANOVA (PCM definition, digestion) and Fisher’s LSD post-hoc test (α = 0.05).
Significant differences in stained PCM areas and elastic moduli among IF labeled regions
within the PCM with heparinase III digestion were evaluated using two-way ANOVA (IF
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labeling, digestion) and Fisher’s LSD post-hoc test (α = 0.05). Differences between control
and digested elastic moduli were evaluated separately for each 0.5 μm increment in the
outward stiffness progression using a Student’s t-test (α = 0.05). All data are presented as
mean ± standard error.
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Highlights

• Type VI collagen and perlecan in the cartilage PCM were immunolabeled.

• Atomic force microscopy used to measure microscale elastic properties.

• Interior PCM regions rich in type VI collagen and perlecan exhibit lower
moduli.

• Enzymatic removal of heparan sulfate increases moduli of interior PCM regions.

• Perlecan may be defining factor in the boundary of the cartilage PCM.
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Figure 1.
Immunofluorescence labeling of unfixed sections of porcine articular cartilage. (A) Staining
for type VI collagen was uniform throughout the cartilage thickness in pericellular regions
and faintly dispersed in the ECM in deeper regions. (B) Perlecan labeling was localized to
pericellular regions and more pronounced in the middle and deep zones. Scale bar = 100
μm.
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Figure 2.
AFM stiffness mapping of PCM regions dual-labeled for type VI collagen and perlecan. A
representative PCM scan region in the middle/deep zone is shown. Dual IF-labeling for (A)
type VI collagen and (B) perlecan demonstrated the (C) co-localization of these molecules in
the pericellular space. Scale bar = 5 μm. (D) Contour map of calculated elastic moduli for
the PCM scan region shown. (E) Elastic moduli of cartilage ECM and PCM as defined by
the presence of type VI collagen or perlecan. There was no difference between biochemical
definitions of the PCM (p = 0.70). ECM elastic moduli were significantly greater than PCM
moduli (a: p < 0.005 as compared to either PCM definition). (F) Within the PCM regions,
dual-labeled for type VI collagen and perlecan exhibited lower elastic moduli than regions
positive for type VI collagen or perlecan alone (b: p < 0.05 as compared to type VI collagen
and perlecan alone regions). Data presented as Mean + SEM (n ≥ 9).
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Figure 3.
Spatial distribution of PCM biochemical composition and micromechanical properties from
the PCM inner edge. Evaluation was performed at radial increments of 0.5 μm. (A) Outward
progression of PCM biochemical composition. Within each radial increment, data represent
the relative composition based on the percent of total IF labeled PCM area occupied by each
antibody/antibody combination. (B) Representative IF labeling demonstrating co-
localization of type VI collagen (red) and perlecan (green) within the PCM. Scale bar = 5
μm. (C) Outward stiffness progression of PCM elastic moduli. Elastic moduli within 1.0 μm
from the PCM inner edge were less than moduli in peripheral regions (a: p < 0.05 as
compared to distances greater than 1.5 μm; b: p < 0.05 as compared to distances greater than
2.5 μm). (D) Contour map of calculated elastic moduli within the PCM scan region shown
in panel B. Data presented as Mean ± SEM (n = 23).
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Figure 4.
Immunofluorescence labeling of unfixed porcine cartilage sections following heparinase III.
Dual IF labeling of (A) HS epitope 3G10 and (B) perlecan exhibited a nearly one-to-one
overlay (C). (D) 3G10 and (E) type VI collagen co-localized in the pericellular space around
cell-voids (F). Heparinase III digestion had no effect on labeling of (G) perlecan or (H) type
VI collagen and did not disrupt their co-localization in the PCM (I). Scale bar = 20 μm.
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Figure 5.
Effect of heparinase III digestion on ECM composition and micromechanical properties. (A)
Histological staining with safranin-O (red, proteoglycans) and fast green (blue, collagens)
demonstrated that digestion with heparinase III had a minimal effect on global proteoglycan
content as compared to (B) undigested control. Scale bar = 250 μm. (C) ECM elastic moduli
were unaffected by heparinase III digestion (p = 0.39). Data presented as Mean + SEM (n =
25).
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Figure 6.
Effect of heparinase III digestion on PCM micromechanical properties. (A) PCM moduli as
defined by perlecan significantly increased with heparinase III digestion (a: p < 0.05 as
compared to control). PCM moduli as defined by type VI collagen showed a trend toward
higher moduli with digestion (p = 0.05 as compared to control). (B) Within the PCM, elastic
moduli of dual-labeled regions significantly increased with heparinase III digestion (b: p <
0.05 as compared to digested). In undigested controls, dual-labeled regions exhibited elastic
moduli that were significantly less than regions positive for type VI collagen or perlecan
alone (c: p < 0.05 as compared to undigested type VI collagen and perlecan alone regions).
In digested samples, elastic moduli in dual-labeled regions were significantly less than those
in regions positive for perlecan alone (d: p < 0.05 as compared to undigested perlecan
alone). Data presented as Mean + SEM (n ≥ 13).
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Figure 7.
Effect of heparinase III digestion on the spatial distribution of PCM elastic properties.
Evaluation was performed at radial increments of 0.5 μm from the PCM inner edge. (A)
Outward stiffness progression of PCM elastic moduli from the PCM inner edge for control
(black) and digested (white) samples. Regions within 1.0 μm from the PCM inner edge
exhibited higher elastic moduli with heparinase III digestion as compared to undigested
controls (a: p < 0.05 for digested as compared undigested controls). (B) Outward
progression of biochemical composition from the PCM inner edge for control (black) and
digested (white) samples. Within each radial increment, data represent the relative
composition based on the percent of total IF labeled PCM area occupied by each antibody/
antibody combination. Data presented as Mean ± SEM (n = 25).
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