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Abstract

The role of articular cartilage in diarthrodial joints is primari ly mechanical as the
tissue provides a nearly frictionless, load-bearing surface that supports and distributes
forces generated during joint loading. Embedded within the extensive cartilage
extracellular matrix (ECM), chondrocytes are surrounded by a narro w, distinct
pericellular matrix (PCM) that is thought to regulate the biomechanical
microenvironment of the cell and influence chondrocyte metabolism, cartilage
homeostasis, and overall joint health. While previous studies of PCM mechanical
properties required physical extraction of the cell and PCM from the tissue, atomic force
microscopy (AFM) provides a means for high resolution microindentation testing that
can be used to measure local mechanical propertiesn situ. This dissertation develops
and applies AFM microindentation techniques to 1) evaluate the microscale elastic
properties of the cartilage PCM and ECM in situ and 2) correlate site-specific
biochemical composition with biomechanical properties of the PCM and ECM.

An AFM -based stiffness mapping technique was experimentally validated and
applied to cartilage sectionsto evaluate ECM and PCM properties in situ with minimal
disruption of native matrix integration. As expected, PCM elastic moduli were
significantly less than ECM moduli, uniform with  depth, and mechanically isotropic.

ECM moduli exhibited distinct depth -dependent anisotropy and unexpectedly, were



found to decrease with depth from the articular surface. Both the PCM and ECM
exhibited alterations in microscale moduli and their spatial d istributions when
evaluated in cartilage presenting early degenerative changes associated with
osteoarthritis (OA) as compared to healthy tissue.

The ability to correlate site-specific biochemical composition with local
biomechanical properties provides a more complete characterization of the chondrocyte
microenvironment. To this end, we developed novel immunofluorescence (IF)t guided
AFM stiffness mapping and demonstrated that PCM mechanical properties correlate
with the presence of type VI collagen. Extending this technique by using dual IF, we
presented new evidence for a defining role of perlecan in the PCM, showing that interior
regions of the PCM rich in perlecan and type VI collagen exhibit lower elastic moduli
than peripheral PCM and ECM regions lacking perlecan. Furthermore, lower moduli at
the PCM interior were significantly influenced by the presence of heparan sulfate. IF-
guided AFM stiffness mapping was combined with enzymatic digestion to demonstrate
that the micromechanical properties of the PCM exhibit high resistance to specific
enzymatic digestion of aggrecan and aggrecanassociated glycosaminoglycans but are
vulnerable to proteolytic degradation by leukocyte elastase.

Overall, this research generates new insights into the complex structural,

compositional, and functional relationships between the cartilage ECM and PCM and



provides the tools and framework for further studies to continue to investigate their

importance in regulating chondrocyte physiology in health and disease.

Vi



Dedication

In loving memory of my grandparents, Charles and Elizabeth Miller.

Vil



Contents

Y 013 1= ox ST PP PPRPPPI iv
LISt Of TADIES ...ttt e e e e nens e e e e e e e e e e e XV
IS Ao o T =P XVi
List Of ADDIEeVIAtIONS ........oiiiiiiiii e e e XiX
LISt OFf VAIADIES ...ttt XXii
ACKNOWIEAGIMENTS ...t rmee e e e e s mnee s XXiV
1. Background and SigNifiCaNCE. ..........uiiiieiiiiiiiiiieeei e e eens e e e e e e 1
1.1 Articular Cartilage Matrix Or ganization ...........ccuuviieiiieeeiiicme e emeee s 1
1.1.1 EXtracellular MAIIIX .........ooeiiiiiiiieiiie et e e 1
1.1.2 PeriCellUlar IMAIIX .........ueeiieiiiiiiie e eeeii ettt emee e 3
1.1.3 Territorial MALIIX .....c.evveeiiiiiiiie et eeni et smmee e 5

1.2 Biomechanical Role of the Pericellular MatrixX ...........ccccooiiiiiiiiieesieieieee e 6.
1.3 Glycosaminoglycans and Proteoglycans ofArticular Cartilage ........cccccoeeeeveeenenn .
1.3.1 GlyCOSAMINOQGIYCANS......ceiiiiiiiiiiiiii e ettt e e e rmmme e e e e e e e e e anee 8
L.3.2 HYAlUrONAN ... eeee ettt eeeet e e e e e e e e e e 9
G TG BN T | =T 03 o P 11
1.3.4 Decorin and BigIYCaN.........uuuuuuuuiiiiiei it eee s e e e e e e 13
1.3.5 PEITECAN. ...ttt et a e 14

1.4 OStEOAINIITIS. ...t e e e e 15
1.5 AtOMIC FOICE MICTOSCOPY ... .uuvreeeeeieeeeeaiiiitineestbteeeeeeeee e e s s s ansibbbnenssbbeseeeeeeeeeesaannes 18

viii



1.5.1 Principles Of OPEration..........cccccciiieiiiii it ee e e e e e e e e e e 19

1.5.2 Evaluation of Elastic Indentation using Modified Hertz Model ...................... 21
1.5.3 Influence of Probe Geometry on AFM-based Indentation ..............ccccvvvvvvvnnns 25
1.6 Research Goals and SigNifiCANCE.........cooiiiiiiiiiiii e 28
1.7 HYpOtheSES @Nd AIMS.......uuiiiiiiieeiiiiiiiiiree e e e e s s eenss e e e e e e e e e s s s nenenens 29

2. Spatial Mapping of the Biomechanical Properties of the Pericellular Matrix of

Articular Cartilage Measured in situ via Atomic Force MIiCroSCOpY .......ccceeeeeeeieeeieeeenee. 32
P2 [ oo 0T 1 o o H P PP TP PPP PP 32
2.2 Materials and MethOdS...........ooiiiiiiiiiiii e 34

2.2.1 Mechanical characterization Via AFM............coooiiiiiiiiiiieesieieeee e 34
2.2.2 Elastomeric ECM/PCM mModel SYStEM.........cccuuuiiiiiiiieeeeimee e 35
2.2.3 Tissue SamPpPle PreParation...........ccuveeriiieeeeriece et e e e e s s rmmme e 37
2.2.4 DAta EVAIUALION. ......ceiiiiiiiiieiiiii et rmn e 38
2.25 Scanning €leCtroN MICTOSCOPY. .. .uuuuuuuuuuuunniiiiisimmeeeeeeeeereeeerereereeeeseeeraaaeeaaeeaas 39
2.2.6 Histological staining and immunofluorescence...................ccccccovveeevcinnnnnnn 40
2.2.7 SEALISCAl ANAIYSIS. ....cciiiiiiiiiiiie et 41
B 3 U= 2] 1 £ USSP
2.3.1 Stiffness mapping of ECM/PCM model system...........cccccceeeeeiviiiicceensiccivnnnnn 41
2.3.2 Siffness mapping of articular cartilage ..........c.cccovevvviiiiiiiiceeiceeceee e a4
2.4 DISCUSSION......cceieittteeeeee e e e e e ammme e et e e e e e e e s mm e e s e e et e e e e e e e e mn e s e e e e eee s a7
2.5 SUIMIMBIY. ...ttt e ettt et e e e e e ettt bbb e s eean s e e e e e e eesnnnnees 53

3. Depth-Dependent Anisotropy of the Micromechanical Properties of Porcine Articular
Cartilage Measured via Atomic FOrce MICTOSCOPY ......ccocuvurvrreiieeeeeiiiimeee e eiiieeeeeeeee e e e 55



G 70 I 010 7o [ o3 1 o T 55

3.2 Materials and MethOdS...........coiiiiiiiiiii e 58
3.2.1 TisSUE SAMPIE PreParatiOn...........ueuurrruurimnriiimnneeeeeereeeeeeeeerererreesieeeraan e 58
3.2.2 Mechanical characteization via AFM -based stiffness mapping...................... 60
3.2.3 DAta VAIUALION........ueiiiiiieiiiiiiiitieee e eeesr e e e eneneeeed 62
3.2.4 HiStolOgiCal STAINING .....uvveeeiiieeiiiiiiiiii e ieeeri et e e e eeenr e e e e e e e e en 62
3.2.5 StatiStiCal ANAIYSES......uuvuiiiiiiiiiiiiiemr e e ——— 63

LB RESUILS ...t smee e e e 64
3.3.1 Picrosirius red staining of porcine articular cartilage ...........cccccvvvvvevvvevieennnn | 64
3.3.2 Depth and directional -dependence of ECM elastic moduli........................... 65
3.3.3 Depth and directional -dependence of PCMelastic moduli ................cooeeen. 65

3.2 DISCUSSION.....cci ittt e e e emmee ettt e e e e e e e m e s e et e e e e e e e e m e e sr e e e e e e e s 68

G 78T 11 |1 1= U/ 72

4. StiffnessMapping of Early Osteoarthritic Changes in the Micromechanical Properties

of the Pericellular Matrix in Human Articular Cartilage ............ccoooo e 4
o [ g1 (oo (U {0 o IO PP PP PPPPTPPPPIOY £
4.2 Materials and MethodS ...........oeiiiiiiiii e 77

4.2.1 Tissue Sample Preparation...........couuiuuriiiiiiieeeiee e eeer e e 17
4.2.2 Mechanical characterization viaAFM -based stiffness mapping..................... 78
4.2.3 Data @VAIUALION...........uiiiiiiiiiieiieecciee e e e e 79
4.2 .4 Histological staining and immunofluorescence.........cccccvvvevviiiiiiiiiien, 380
4.2.5 StatiStiCal ANaAlYSES........coiiiiiiiiii e 80



G o LYY U] T 81

4.3.1 Histological staining and immun ofluorescence-labeling of human articular

(o= 1 1] =T = PP 81
4.3.2 AFM stiffness mapping of human articular cartilage ............coeevevveeeiiiiiiennnnnn. 83
4.4 DISCUSSIQ) ...ceeiieeeiiiiiiiitteee e et eeet e e e e e e e e st e e e e e emmt e e e e e e e e bbb e ettt e e e s ammme e e e e e e annnrrnnees 87
4.5 SUMIMIBITY. ..1ttetueeennetnneinnses s mmme e s e e e e e e et eeeeee et e e e e e s ameesss s e s e s e e s rmmme e e e e e e e e eeeeeeeenees 90

5. Immunofluorescence-Guided Atomic Force Microscopy to Measure the
Micromechanical Properties of the Pericellular Matrix of Porcine Articular Cartilage ....91

ST i oo 0T 1 o o H PP TP TT PR PP 91
5.2 Materials and MethOUS .........oooiiiiiiiiiiiie e enn 95
5.2.1 Tissue Sample PreParation...........cc.uveeriiieee e e e e e s smmne e 95
5.2.2 Immunofluorescence for type VI collagen...........oocuviiiiiiiiiiiiecc e 96
5.2.3 Mechanical characterization via AFM stiffness mapping ...........ccccccceevvvieenne. 96
5.2.4 DAta €VAIUALION. .......coiiiiiiiieiiii e ne e 99
5.2.5 StatiStiCal ANAIYSES......uuuuuiiiiiiiiiiimmme ettt eee e e 103
LR I L= 1 £ PP 103
5.3.1 Immunofluorescence for type VI collagen...........ooooiiiiiiiiiiiieeceeeeii 103

5.3.2 Influence ofimmunofluorescence-labeling on articular cartilage
micromechaniCal PrOPEITIES ........oovviiiiiiiieiieeeeeeeer et e e e e eeeeee e 104

5.3.3 AFM stiffness mapping of immunofluorescence-labeled articular cartilage

(O = Ta Lo [ = O Y TP 105
5.3.4 Zonal variation of PCM elastic MOAUIT ........covveniieeieeee e 108
LY B T o U 1] (] TP 111

Xi



LTS 101 ] 1= /PSR 117

6. A Biomechanical Role for Perlecan in the Articular Cartilage Pericellular Matrix ..... 118
6.1 INTFOTUCTION ...ttt et e e e e bnenr e e e e 118
6.2 Materials and MethOUS .........ccooiiiiii e 121

6.2.1 Tissue sample PreParation...........ccvuueeiiieee i e e s ammne e 121
6.2.2 Dual Immunofluorescence for type VI collagen and perlecan ....................... 121
6.2.3 Enzymatic digestion of heparan sulfate with heparinase Ill.......................... 122
6.24 Mechanical characterization via AFM stiffness mapping ............................. 123
6.2.5 Data EVAIUALION. ......ccciiiiiiii it 124
6.3.6 StatiStiCal ANAIYSES... ..ot 126
8.3 RESUILS ..ottt et e e e e amne e e e 127
6.3.1 Immunofluorescence for type VI collagen and perlecan............cccccveeeeenniiices 127

6.3.2 AFM stiffness mapping of type VI collagen and perlecan dual-labeled articular
cartilage PCM and ECM ............ooiiiiiiiiiiiieeeeee ettt 128

6.3.3 Immunofluorescence for 3G10, perlecan, and type VI collagen and histologcal
staining analyses of heparinase lll-digested articular cartilage ............................. 131

6.3.4 Effect of heparinase IIl digestion on PCM and ECM mechanical properties.133
I 1= o 111 o) ST 138
LSS TRS T 1 110 = U/ 143

7. The Mechanical Properties of the Chondrocyte Pericellular Matrix Exhibit High

Resistance t0 EnzymatiC DIgeSHION............uuuiiiiiiiiiiiiiiiiee e ee e e e 144
% A 1] o Yo [ Tz 1o ] TN 144
7.2 Materials and MeEthOUS .........uiiiiiii e 149

Xii



7.2.1 Tissue Sample PrepParatiOn...............uverrirriiirimieeeeeeeeeeeeeeeeaaeaeeessseseennnennnnann.. 149
7.2.2 Specific enzymatic digestion of aggrecan with ADAMTS-4................e.oe.... 149

7.2.3 Specific enzymatic digestion of chondroitin/dermatan sulfate with
(ol g ] o [ o] 1] g =TT 1 A = 1 S 150

7.2.4 Specific enzymatic digestion of hyaluronan with bacterial hyaluronidase ....150

7.2.5 Broad spectrum enzymatic digestion with elastase..............ccccoociiiiieennnnee. 151
7.2.6 HistologiCal STAINING .....ccoeviiiiiiiiiiiiiii e e e eeeeree e 151
7.2.7 Immunofluorescence for type VI collagen............ccooooei i 151
7.2.8 Mechanical characterization via AFM stiffness mapping ....................o... 152
7.2.9 DAtA ANAIYSIS...ccoiiiiiiiiiie it e e amnne e 153
7.2.10 StatiStiCaAl ANAIYSIS......ceveiiiiieiiiiiiiieree e reei e e e e e 154
T .3 RESUILS ..ottt e e e e e e ammne e e e e s 154

7.3.1 Histological staining of porcine articular cartilage following enzymatic
(o T ==Y i o] o [N 154

7.3.2 Effect of ADAMTS-4 digestion on PCM and ECM micromechanical properties

7.3.3 Effect of chondroitinase ABC digestion on PCM and ECM micromechanical
[S10T 01T [T PP PPTTPPPPPP 157

7.3.4 Effect of hyaluronidase digegion on PCM and ECM micromechanical
010 01T 111U 158

7.3.5 Effect of elastase digestion on PCM and ECM micromechanical properties.159

7.4 DISCUSSION.....cciiiiiiteeeeee e e e ettt e e e e e e e mm e s e bbbt e e e e e e e e mn e bbb e e e e e eas 160
7.5 SUIMIMAIY...ciiiiiiiiiiiiiiitet et reee et e e e e e e e e e e e e e e e e e e eaaete bbb bbb bbb bbb mmme e e e e et e e e eeaeeeeas 165
8. SUMMAry and CONCIUSIONS. ......cciiiiiiiiiiiiiie et e e et e e s eeet e e e e e e e e s eeeeeean 167

Xiii



Appendix A. Finite Thickness Correction for Hertz Model .................ccnieeeciin, 173

Appendix B. Low Force Stiffness Mapping of Articular Cartilage .........cccceeeeeiiiiiiiiiicee. 175
Appendix C. Effect of Indentation Velocity on the Microscale Properties of Articular

(02 1 1] =0 [PPSR TP PP PPPPPP 179
Appendix D. Spatial Mapping of Proteoglycan and Glycosaminoglycan Depleted

Porcing ArtiC Ular Cartilge ........oooiiiiiiiiiiiii et 182
Sy (=] =] o [o L PP P PP PPRRPPR 187
21 oTo ] =T o] 0|V 221

Xiv



List of Tables

Table 2-1: Elastic moduli of ECM and PCM regions from human, porcine, and murine
ArtiCUlAr Cartilage. ........oooiiiieeei e 46

Table B-1: Elastic moduli of ECM and PCM regions from human, porcine, and murine
articular cartilage using low force stiffness MappiNg. ......ccccooiiiiiiiiiiiiiiieere e 177

XV



List of Figures
Figure 1-1: Schematic of AFM OpEration..............cccoeeiiiiiiiiieeeccccee e 20
Figure 1-2: AFM-based elastic iNdentation................ueeviiiiiiiiiiccee e 23

Figure 1-3: Comparison of nanoscale and microscale contact areas during AFM

indentation of articular Cartil age.-.........oooiiiiiiii e 27
Figure 2-1: Selection of PCM and ECM SCaN r€QI0NS.........c..cvvviiviiiiieiiiieeeie e eeeeeeeeeaeeens 38
Figure 2-2: Elastomeric ECM/PCM maodel SYStEM..........uuuuuuiiumiiiiiiiiimreeee e 43
Figure 2-3: Identification of PCM regions in porcine articular cartilage. ......................... 44
Figure 2-4: Stiffness mapping of human, porcine, and murine articula r cartilage............45

Figure 3-1: Split-line identification and sample preparation for porcine articular

(02214 1] F= o [T OO PP PPPOPPPRRP 60
Figure 3-2: AFM scan regions in articular cartilage Zones........cccceeeeeeiiiiiieiiiiieeeeeeeeeeend) 61
Figure 3-3: Picrosirius red staining of porcine articular cartilage. .........cccccvevvvvvvviiiivieenn.d 64
Figure 3-4: Evaluation of ECM microscale aniSOtropy. .........ccevveevreeviveriviimeneeeeeeeeeeeeeeeenn 66
Figure 3-5: Evaluation of PCM microscale aniSotropY. ..........coouvuvrrririiiieieaseeeeee e 67
Figure 4-1: Macroscopic gading of human articular cartilage. ..........cccccoocvviivvvieeecce 17
Figure 4-2: Histological staining of human articular cartilage. .........ccccccceeiiiiiiiiiieeninnnee. 82

Figure 4-3: Immunoflu orescencelabeling of type VI collagen in human articular
(o= 1 1] F=To =T 82

Figure 4-4: Stiffness mapping of human articular cartilage. ...........cccccovvvvviiiiiieeeneeee. 84

Figure 4-5: Stiffness progression of elastic moduli of human articular cartilage from the
MEAIAl CONAYIR. .ottt e e e e e s rmn e e e e e e e 85

XVi



Figure 4-6: Stiffness progression of elastic moduli of human articular carti lage from the

[AtEral CONAYIE. ...coiiiiiieeieeeeee e eere b mmme e e e e e e e e e e e eeeeeeaeees 86
Figure 5-1: Selection of PCM and ECM scan regions using immunofluorescence.......... 98
Figure 5-2: Data analysis of immunofluorescence-labeled PCM scan regions............... 102
Figure 5-3: Stiffness mapping of immunofluorescence-labeled PCM. ...........cccccceiinne 104

Figure 5-4: Effect of immunofluorescence-labeling on articular cartilage microscale
1 T0 T LU 105

Figure 5-5: Elastic modulus vs. fluorescence intensity in PCM scan regions................. 106

Figure 5-6: Linear regression analysis of elastic modulus vs. fluorescence intensity in

PCIM SCAN MEOIONS ......eiiiiiiieei ittt eeeet ettt e e e e e e s s b ee e eeens e et e e e e e e e e s s s bbb e e e e s smerreeeaeeeeaanns 107
Figure 5-7: Zonal uniformity i n PCM elastic moduli. .............cccovvviiiiiiiiccc e 109
Figure 5-8 Stiffness progression of elastic Moduli...............ceviieeiiiiiiiimnee e 110

Figure 6-1: Dual immunofluorescence-labeling of type VI collagen and perlecan in
porcing artiCular Cartilage. ......cocooiieiiiii i e e e e e e e e e e e e e e annnrees 127

Figure 6-2: Stiffness mapping of dual immunofluorescence-labeled PCM.................... 129

Figure 6-3: Spatial distribution of PCM biochemical composition and biomechanical
O] 0] 01T 1 [T O PP P PSP PP PP PP 130

Figure 6-4: Dual immunofluorescence-labeling of heparinase Ill-digested porcine
articular Cartilage. ........oooiiiiiii e 132

Figure 6-5: Effect of heparinase Il digestion on ECM composition and micromechanical
(010 01T 11U PP 135

Figure 6-6: Effect of heparinase Il digestion on PCM micromechanical properties....... 136

Figure 6-7: Effect of heparinase Il digestion on the spatial distribution of PCM
biochemical composition and biomechanical properties. ..........cccccveeeeeeeeiiiiccee e 137

Figure 7-1: Histological staining of porcine articular cartilage following enzymatic
0 [T TS 1o ) o USSP 155

XVii



Figure 7-2: Stiffness mapping of ADAMTS -4 digested porcine articular cartilage. ........ 156

Figure 7-3: Stiffness mapping of chondroitinase ABC digested porcine articular cartilage.

....................................................................................................................................... 157
Figure 7-4: Stiffness mapping of hyaluronidase digested porcine articular cartilage. ....158
Figure 7-5: Stiffness mapping of elastase digesed porcine articular cartilage. .............. 159

Figure A-1: Effect of finite sample thickness on calculated micromechanical properties of
ArtiCUlar Cartilage. .......ooooiiiii e 174

Figure B-1: Effect of indentation force on measured micromechanical properties of
articular Cartilage. .......ooooiiiiiii e 178

Figure C-1: Effect of indentation velocity on ECM micromechani cal properties. .......... 180

Figure D-1: Stiffness progression of elastic moduli in aggrecanase digested porcine
ArtiCUlAar Cartilage. ........oooiiiiiei et rmnn e 183

Figure D-2: Stiffness progression of elastic moduli in chondroitinase ABC digested
porcing artiCular Cartilage. ......cocooiieiiiii i e e e e e e e e e e e e e e annnrees 184

Figure D-3: Stiffness progression of elastic moduli in hyaluronidase digested porcine
ArtiCUIAr CArtilAge. ......ooiieiiee e rmmne e 185

Figure D-4: Stiffness progression of elastic moduli in elastase digested porcine articular
(022 15 1] F= o [ 2SO P PP TP PPPPPP 186

XViil



List of Abbrevia tions

Note: Abbreviations defined upon first usage in each chapter

ADAMTS

AFM

ANOVA

BSA

Col6al

CS

C-4-S

C-6-S

C-ABC

DS

ECM

ERK

FCD

FGF

FITC

G1, G2,G3

GAG

a disintegrin and metalloproteinase with thrombospondin motifs
atomic force microscopy

analysis of variance

bovine serum albumin (bovine albumin solution)
mouse type VI collagen gene alphal subunit
chondroitin sulfate

chondroitin -4-sulfate (chondroitin sulfate A)
chondroitin -6-sulfate (chondroitin sulfate C)
chondroitinase ABC

dermatan sulfate (chondroitin sulfate B)
extracellular matrix

extracellular regulated kinase

fixed charge density

fibroblast growth factor

fluorescein isothiocyanate

globular domains of aggrecan

glycosaminoglycan

XiX



HtrAl high temperature requirement A1l

IGD interglobula r domain of aggrecan

KS keratan sulfate

HA hyaluronan (hyaluronic acid)

HA -ase hyaluronidase

HS heparan sulfate

IF immunofluorescence

U international units

LSD least significant difference

MMP matrix metalloproteinase

OA osteoarthritis

PA polyacrylamide

PBS phosphate-buffered saline

PCM pericellular matrix

PDMS polydimethylsiloxane

PG proteoglycan

SEM scanning electron microscopy

SLRP small leucine-rich repeat proteoglycan
TBS tris-buffered saline

TEMED N,N,N,N -tetramethylethylene diamine

XX



™

1-dir

2-dir

3-dir

territorial matrix

enzyme units

direction parallel to split -line orientation
direction perpendicular to split -line orientation

direction normal to the articular surface

XXi



List of Variables

Note: Variables defined upon description of relevant equations in the Introduction.

a contact radius

a,, b, coefficients in finite thickness correction for Hertz model

C indentation constant related to z-piezo position and deflection at contact
point

C* indentation constant in linearized Hertz model related to selected contact
point

d cantilever deflection

d, cantilever deflection at contact point

" indentation depth

tip -sample separation

E elastic modulus

F force

h sample thickness

k cantilever spring constant

2 /| OPUUOOZUWUEUDO
r spherical probe radius

R? coefficient of determination

XXIi



correction factor in finite thickness correction for Hertz model
Z-piezo position

z-piezo position at contact point

XXiii



Acknowledgments

A Ph.D. is a marathon, not a sprint. There are countless ways to measure the
distance ¢ 743GB of data, 8.3lab notebooks, or 5 years, 6 months, and 8 days. However,
the most meaningful measure is the number of people who have been with me every
step of the way and helped me reach the finish line.

First and foremost is my advisor, Dr. Farshid Guilak. There are not enough
words to express my gratitude for everything that Farsh has done for me over the last 7+
years through his never-ending support, guidance, flexibility, and understanding. |
could not have asked for a better person to have as a lifelong mentor and friend. | also
extend the sincerest of thanks to the members of my committeet Dr. Mansoor Haider,
Dr. Roger Nightingale, Dr. Lori Setton, and Dr. Stefan Zauscher ¢ for their time,
insightful discussions, ideas, and collaborations.

There are a number of individuals who deserve recognition for their
contributions to the work presented in this dissertation. D r. Eric Darling introduced me
to AFM and his collaboration on the initial stiffness mapping study was invaluable. Dr.
Lou DeFrate and his expertise in image analysis in Mathematica were central to the data
analysis of IF-guided stiffness mapping. | had the pleasure of working with an
incredible Pratt Fellow in Morgan McLeod, who spent countless hours evaluating depth -

dependent cartilage microscale anisotropy. The osteoarthritis studies were made

XXIV



possible by the generosity of the Anatomical Gifts Program of Duke University Medical
Center and the surgeons of the Department of Orthopaedic Surgery, specifically Dr.
Michael Bolognesi. Lastly, thank you to my funding sources ¢ the NSF Graduate
Research Fellowship Program, the Duke University James B. Duke and Prat-Gardner
Fellowships, and grants from the NIH.

The members of the Orthopaedic Research Laboratories have given me so many
wonderful memories that | will cherish forever and | have a few scars to ensure that |
will never forget. Dr. Amy McNulty, my Pratt Fellows mentor, | cannot thank enough
for teaching me to be a scientist and mentor. Every day in lab, | applied a lesson that |
learned from her. Thank you to Dr. Holly Leddy for never being too busy for a laugh or
a pep talk. | am forever indebted to Bridgette Furman, Dr. Dianne Little, Dr. Brian
Diekman, Dr. Chris Gilchrist, Chris Rowland, Jonathan Brunger, and Chia -Lung Wu for
their helpful advice about research, classes, and otherwise. Nothing in lab would have
been possible without Bob Nielsen, Steve Johnson, and especially Elaine Campbell,
without whom we could not have purchased our AFM system.

While the Pratt School of Engineering and MSRB | have been my classrooms,
Duke Athletics h as been my playground. Over my 10 yearsat Duke, | attended 185
Ol @ hasketball games and was on the quad for the 2010 National Championship
bonfire. | will never forget the sleepless Campouts and games in Cameron shared with

the GPSC Basketball Committee and Graduate Ushers. | withessed the reinvention of

XXV



Duke Football, rang the Victory Bell, and attended the 2012 Belk Bowl.Beyond all that, |
have been truly blessed to interact with amazing athletes, coaches, trainers, and staff.
Thank you to Bob Weiseman and Mitch Moser for welcoming me into the Athletics
family. ToeveUa O 01 wPOW%EEDPOPUDPI UWEOEW&EOI w. x1 UEUDOOUC
with you from long before sunrise to long after sunset.
Thanks to everyone who made graduate school unforgettable. To Aubrey
Francisco, for all the caffeine breaks, field trips, and hallway laps through every high
and low. To Matt Novak, Jon McDaniel, Alex Kent, Chris Grigsby, Meghan Petrie,
Stephanie Eyerly, Sarah & Tom Hogan, Adrienne Blount, Sarah Dettenwanger, Michael
& Jill Sinclair, Kelly Kimmerling, and my fellow BMEs for all the laughs. To Pam
Hanson, Kim Davis, Jennifer Crumpler, and Dr. Michael Gustafson for the dinners, Pratt
gear, and memories over 10 Phonathons.To Tracy Wester, Emily Schmidt, Aaron Baxter,
and Cameron Harrison for always making time despite the distance. To Mike Sobb, the
OOUU0wxOUPUDYIT wxl UUOOwW(zYl wl YT UwOl OOwi OUwxO6GpOUD
the 100 reasons | saw to cry.
Last but not least, my family. Your unconditional love and support has meant
everything to me. To my mom for all that she has given me so that | have had the
opportunity to chase every dream. To my dad for introducing me to science and for
making me the Duke fan, Phillies fan, runner, and athlete that | am today. Jeremyfor

being the best big brother a little sister could ask for and for setting the bar so high that |

XXVi



always had something to reach for. To Fred and Carol for always being in my corner. To
my little siblings, Evan and Gwen, for understanding beyond their years and making the
most of every visit. | love all you guys more than | can say.

| spent my entire childhood dreaming of coming to Duke. After 10 years and 3

degrees, this place ha been moreand given me more than | could have ever imagined.

XXVil



1. Background and Significance
1.1 Articular Cartilage Matrix Organ ization

1.1.1 Extracellular Matrix

Articular cartilage is the connective tissue that lines the articulating surfaces of
diarthrodial joints. The role of cartilage in the joint is primarily mechanical; the tissue
provides a nearly frictionless, lubricating, load-bearing surface that supports and
distributes forces generated during joint motion. The functional mechanical properties
Of WEEUUDPOET T wEUI WEOOI 1 UUI EwEaw0T 1T wUPUUUI zUwI BU
composed primarily of water (65 ¢+ 80%), type Il collagen (15t 22% wet weight), and
proteoglycans (PGs) (4¢ 7% wet weight) (McDevitt 1973; Mow et al. 1992 Martel -
Pelletier et al. 2008. The ECM is produced and maintained by a single population of
cells known as chondrocytes that are found sparsely embedded within the tissue,
generally occupying less than 10% of the total tissue volume in adult cartilage (Stockwell
1971 Hunziker et al. 2002).

The cartilage ECM is subdivided into three zones (superficial, middle, and deep)
based on distance from the articular surface that are characterized by differences in ECM
composition and ultrastructure (Muir et al. 1970; Venn and Maroudas 1977 Jeffery et al.
1991 Hwang et al. 1992 Hunziker et al. 1997; Hughes et al. 2005 Vanden Berg-Foedls et
al. 2012 and chondrocyte morphology and arrangement (Hwang et al. 1992, Hunziker et

al. 2002 Hughes et al. 2005 Quinn et al. 2005). In terms of composition, ECM collagen



content is highest in the superficial zone and decreases with depth through the middle
and deep zones. PG content follows an inverse trend, being lowest in the superficial
zone and highest in the deep zone(Stockwell and Scott 1967 Muir et al. 1970; Venn and
Maroudas 1977 Maroudas et al. 1980Q. Type |l collagen fibers are arranged in an arcade-
like architecture through the tissue depth (Jeffery et al. 1991 Hwang et al. 1992). In the
superficial zone, closely packed thin fibers (25¢ 50 nm diameter) lie parallel to the
articular surface with split -lines indicating the preferred fiber orientation relative to the
joint surface (Meachim et al. 1974 Below et al. 2003. In the middle zone, fibers are
thicker (60 ¢ 140 nm diameter) and are oriented at angles oblique to the articular surface
follo wing the split -line direction (Jeffery et al. 199). In the deep zone, thick fibers (up to
160 nm diameter) are oriented perpendicular to the articular surface and comprise the
base of the arcades. Chondrocyte morphology and arrangement reflect the local type I
collagen fiber orientation in the ECM. Chondrocytes are ellipsoidal and elongated along
split-lines in the superficial zone, more spherical in the middle zone, and are found in a
columnar arrangement in the deep zone (Quinn et al. 2005).

Variations in matrix composition and ultrastructure contribute to depth -
(Kempson et al. 1973 Jurvelin et al. 1997 Schinagl et al. 1997 Chen et al. 2001 Wu and
Herzog 2002 Wong and Sah 2010 and directional -dependent (Mizrahi et al. 1986;
Jurvelin et al. 2003 Wang et al. 2003 Chahine et al. 2004 Huang et al. 20095 macroscale

mechanical properties of the ECM. In tension, ECM stiffness decreases with depth from



the superficial to the deep zone, reflecting differences in collagen and PG content
(Akizuki et al. 1986) and fiber orientation (Chahine et al. 2004. In compression, the
aggregate modulus of the ECM increases through the depth of the tissue (Schinagl et al.
1997 Chen et al. 200}, with a difference of up to two orders of magnitude observed

between the superficial and deep zones in bovine cartilage (Schinagl et al. 1997.

1.1.2 Pericellular Matrix

Each chondrocyte is surrounded by a narrow region called the pericellular
matrix (PCM) thattogeUT 1 Uwb D UT wOT 1T wi OEOOUI EwEl OOpUAwWDUwWUI
(Benninghoff 1925; Poole et al. 1987. The PCM isbiochemically (Poole et al. 1988Poole
et al. 1997 Hunzik er et al. 2003 and structurally (Poole et al. 1984 Poole et al. 1987
Hunziker et al. 1997) distinct from the bulk 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. 1988Poole et al. 1992Hagiwara et al. 1993 Youn et al. 200§
but also contains thin type Il collagen fibers (15 ¢ 20 nm diameter) (Poole et al. 1982 as
well as type 1X and Xl collagen (Poole 1997 Poole et al. 1997. The PCM is also
characterized by an elevated concentration of PGs(Hunziker et al. 2002), including
aggrecan(Poole et al. 1982Poole et al. 19913 hyaluronan (HA) (Poole et al. 1991a
Knudson 1993, Cohen et al. 2003, biglycan (Kavanagh and Ashhurst 1999), and perlecan
(SundarRaj et al. 1995Melrose et al. 2006, and glycoproteins, including link protein

(Poole et al. 1982, fibronectin (Chang et al. 1997, and laminin (Durr et al. 1996). Unlike



the large, distinct triple helical fibers formed by type Il collagen, type VI collagen
monomers assembleinto characteristic thin (3 + 10 nm diameter) beaded filaments
(Bruns et al. 198¢. These microfilaments interact with PGs and small diameter type |
collagen fibers to form extended hexagonal networks (Kielty et al. 1992, Wiberg et al.
2001, Wiberg et al. 2002 Wiberg et al. 2003 that constitute the mesh-like capsule of the
PCM (Poole et al. 1984Poole et al. 1987. PCM thickness varies locally around single
chondrocytes (Poole et al. 1987Hunziker et al. 1997) and increases with depth through
the cartilage zones, ranging from 2 4m thick in the superficial zone to 4 4m thick in the
deep zone of porcine cartilage (Youn et al. 200§. PCM morphology, like that of its
enclosed chondrocytes, reflects the type llcollagen orientation of the local ECM (Youn et
al. 2006 Vanden Berg-Foels et al. 2012

Quantifi cation of the biomechanical properties of the PCM is a challenge due to
its micrometer length scale. Previous studies that have directly quantified the elastic and
biphasic properties of the PCM required enzymatic (Guilak et al. 1999 Nguyen et al.
2010 and mechanical (Alexopoulos et al. 2003 Alexopoulos et al. 2005ly Guilak et al.
2005 Alexopoulos et al. 2009 isolation of chondrons from the tissue. In micropipette
EUxDUEUPOOWUUUEDI UOwWUT T ws OUOT ZzUWOOEUOUUWOI wlT 1
from human cartilage was reported to be 40 ¢ 70 kPa, an order of magnitude less than
the macroscale propetties of the surrounding ECM (Alexopoulos et al. 2003

Alexopoulos et al. 2005b). Micropipette aspiration of canine (Guilak et al. 2005 and



human (Alexopoulos et al. 2003 Alexopoulos et al. 20050 chondrons mechanically

isolated from the superficial and middle/deep zones revealed zonal uniformity in the

mechanical properties of the PCM, despite the significant zonal differences in ECM

properties. One more recent study evaluated the biomechanical properties of the PCM in

situ indirectly using an inverse boundary element analysis coupled with three -

dimensional confocal microscopy of porcine chondrons (Kim et al. 2010. In this study,

OT1T wsOUOT zUWOOEUOUU WO wOPEEOI waxked. Thé resulis b EUwi U0
from all methods agree that the mechanical properties of the PCM are significantly less

than those of the surrounding ECM. However, these methods fail to provide a means for

full evaluation of the chondrocyte micromechanical environment in situ.

1.1.3 Territorial Matrix

The territorial matrix (TM) is a structural transition region between the fine type
VI collagen microfilaments of the PCM and the thi ck type Il collagen fibers of the ECM
(Poole et al. 1984. Since no distinct structural boundaries exist among these three matrix
regions, the TM has been identified based on qualitative differences in PG staining and
type 1l collagen fibril archite cture (Poole et al. 1982Poole et al. 1984Poole et al. 197,
Hunziker et al. 1997). While some studies report an abrupt loss in type VI collagen
staining at the PCM periphery to mark the PCM -TM transition (Poole et al. 1992Pullig
et al. 1999, others have reported a gradient of increasing type Il collagen fiber diameter

outward from the PCM, with the TM comprisin g the regions of thinner, widely -spaced



type 1l collagen fibers that are directly interwoven with type VI collagen (Soder et al.
20032. Since previous studies of the chondrocyte micromechanical environment have
been limited by the need for physical extraction of the chondron and the lack of a precise
biochemical definition of the TM, the mechanical properties of the TM region have not

been evaluated.

1.2 Biomechani cal Role of the Pericellular Matrix

During joint activity, chondrocytes are subjected to a complex mechanical
environment consisting of temporal and spatial variations in stress and strain,
hydrostatic pressure, streaming potentials, and osmotic pressure (Mow et al. 1994;
Bachrach et al. 1998Lai et al. 2002 Mow and Guo 2002; Wang et al. 2002. While the
exact functional role of the PCM in cartilage is unknown, any signal perceived by the
chondrocyte, either biochemical or biomechanical, is likely influenced by the presence of
the PCM (Guilak et al. 2006). Since this mechanical environment has been shown to
significantl y impact the balance of chondrocyte anabolic and catabolic activities and
influence the overall health of the joint (Guilak et al. 1997, Grodzinsky et al. 2000;
Williams et al. 2010; Guilak 2011), there has been considerable speculation regarding tre
biomechanical role of the PCM.

It has been hypothesized that each chondrocyte tailors its PCM based on the
unique set of dynamic mechanical forces at its position within the matrix (Poole et al.

1988, suggesting that the PCM serves to regulate the biomechanical microenvironment



of the chondrocyte, protecting the cell during compressive loading (Poole et al. 1987,
and serving as a transducer of mechanical signals during joint loading (Guilak et al.
2009. Previous theoretical models (Guilak and Mow 2000; Wu and Herzog 2002;
Alexopoulos et al. 2005g Korhonen et al. 2006 Michalek and latridis 2007 ; Korhonen
and Herzog 2008 Julkunen et al. 2009 and experimental studies (Knight et al. 1998;
Knight et al. 2003, Hing et al. 2002, Choi et al. 2007 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
particular, the ratio of PCM to ECM mechanical properties significantly alters stress and
strain in the chondrocyte microenvironment (Guilak and Mow 2000), allowing the PCM
OOwi EEPOPUEUI wUT 1T weOxObPi PEEUD OO wpdditiod Withh OED OT wo
the tissue (Choi et al. 2007.

1.3 Glycosaminoglycans and Proteoglycans of Articular
Cartilage

Articular cartilage is characteriz ed by a high concentration of PGs and
glycosaminoglycans (GAGs). GAGs are long, linear polysaccharidesthat are most
commonly found covalently attached to the core protein of PGs. GAGs are characterized
by their high concentration of negatively -charged caroxylate and sulfate groups. The
five GAG species found in cartilage are chondroitin sulfate (CS), dermatan sulfate (DS),

keratan sulfate (KS), heparan sulfate (HS), and hyaluronan (HA). The specific functional



properties of PGs and their interactions with other matrix proteins are conferred by their

unique combination of GAG chains and protein domain structures.

1.3.1 Glycosaminoglycans

Chondroitin sulfate (CS) and dermatan sulfate (DS) are derived from the same
unsulfated precursor, chondroitin, which co nsists of galactosamine and glucoronic acid
disaccharide units. The most common chondroitin derivatives, chondroitin -4-sulfate
(chondroitin sulfate A, C -4-S), DS (chondroitin sulfate B) , and chondroitin -6-sulfate
(chondroitin sulfate C, C-6-S), are differentiated by their chemical modifications. C-4-S
and C-6-S aresulfated at the 4-position and 6-position of the galactosamine, respectively,
whereas DS undergoes conversion of glucoronic acid to iduronic acid and is sulfated at
the 4-position of the galactosamine (Ernst et al. 1995 Gandhi and Mancera 2008. CS is
the most prominent GAG in articular cartilage (Knudson and Knudson 2001), consisting
of at least 80% of the total GAG in the tissue(McDevitt 1973). The proportions of C-4-S
and C-6-S vary with age, anatomical location, and depth from the articular surface
(Mourao 1988; Caterson et al. 1990Bayliss et al. 1999. In human cartilage, the
proportions of C -4-S and G-6-S in young cartilage (9 years) are approximately 40% and
60%, respectively, as comparel to approximately 15% and 85% in old cartilage (60 years)
(Bayliss et al. 1999. Overall, CS content and chain length decrease with age(Rosenberg
et al. 1965 Buckwalter et al. 1994). On the other hand, DS accounts forless than 1%of

the total GAG in cartilage (Burkhardt et al. 1995 Hall et al. 2009).



Keratan sulfate (KS) consists of repeating disaccharide units of glucosamine and
galactose with sulfate groups found at the 6-position on almost all glucosamine units
and some galactose units (Ernst et al. 1995 Funderburgh 2000). There are two major
species of KS (KSI and KSII) that differ in their linkage to the PG core protein. Both are
found in articular cartilage. In contrast to CS, KS content and chain length in cartilage
increase with age (Bayliss and Ali 1978; Venn 1978 Brown et al. 1998. In porcine
cartilage, the ratio of KS to CS increases from approximately 1:30 in fetal tissie to 1:4 in
adults (McDevitt 1973).

Heparan sulfate (HS) is structurally related to heparin, containing repeating
disaccharide units of glucosamine and either glucuronic acid or iduronic acid (Scott
1988 Ernst et al. 1995 Gandhi and Mancera 2008. While HS has a lower charge density
than heparin (Ernst et al. 1995 Gandhi and Mancera 2008, it is still one of the most
highly negatively charged extracellular molecules in the body (Kirn -Safran et al. 2009.
HS is aminor GAG species in articular cartilage, found on cell -surface PGs and in the
chondrocyte microenvironment (Heinegard 2009). In adult rabbit articular carti lage, the

ratio of HS to CS was reported to be 1:40(Price et al. 1996.

1.3.2 Hyaluronan

Hyaluronan (HA) has a homogeneous structure of repeating disaccharide un its
of glucosamine and glucuronic acid. HA is unique among GAGs in that it is unsulfated,

has a very high molecular weight (100 ¢ 10* kDa), and is synthesized as a free



polysaccharide at the plasma membrane that is released directly into the ECM (Ernst et
al. 1995 Fraser et al. 1997Roughley 2006).

Unlike other GAGs, HA is not covalently linked to a PG core protein. Instead, it
is recognized by and interacts with several glycoproteins and PGs to form and stabilize
large PG aggregates, most notably link protein and aggrecanin the cartilage ECM. While
HA dem onstrates no electrostatic binding with type Il collagen (Scott 1988 Vogel 1994,
HA affects type Il collage n fiber spacing and sliding and contributes to the very low
permeability of cartilage through its role as the backbone of PG aggregates(Vogel 1994
Fraser et al. 1997Bastow et al. 2008. Specific enzymatic digestion of HA from cartilage
explants results in an increase in macroscale tensile properties(Asanbaeva et al. 2008
and a loss of macroscale compressive propertiedBroom and Poole 1983 due to the
disruption of PG aggregates.

In the cell microenvironment, HA provides a direct link between the chondrocyte
and its surrounding matrix v ia interactions with CD44 (Knudson 2003 and its roles in
PCM organization. In vitro, chondrocytes synthesize an expansive HA-rich PCM that is
dependent on CD44-HA interactions for assembly and retention (Knudson 1993; Lee et
al. 1993 Knudson et al. 1996 Maleski and Knudson 1996; Cohen et al. 2003 Rilla et al.
2008. Several studies have demonstrated that HA interacts with type VI collagen
microfilaments (McDevitt et al. 1991; Kielty et al. 1992; Specks et al. 199pand that the

presence of HA facilitates spontaneous reassembly of depolymerized type VI collagen
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microfilaments (Kielty et al. 1992). Extensive enzymatic digestion of HA significantly
alters PCM ultrastructure and morphology in situ (Poole et al. 198%. These results
suggest that interactions between HA and type VI collagen are essential for

microfilament assembly and network stabilization in the PCM.

1.3.3 Aggrecan

Aggrecan is the most prominent PG in articular cartilage. The aggrecan core
protein has a modular structure of three globular domains (G1, G2, G3), an inter-
globular domain (IGD) between the G1 and G2domains, and an extended GAG
attachment domain between the G2 and G3domains (Paulsson et al. 1987. The GAG
attachment region consists of one KS domain, containing approximately 30 KS chains
(Doege et al. 1991 Funderburgh 2000), and two CS domains, containing a total of
approximately 100 CS chains(Doege et al. 199). Aggrecan monomers assemble into
large PG aggregates through G1 domain interactions with HA and link protein
(Morgelin et al. 1988). The functional properties of aggregates depend upon the number
of monomers (104 100 per aggregate), the degree of proteolytic processing of the
monomers, and the proportion of link prote in stabilizing the aggrecan-HA interactions
(Roughley et al. 2003 Roughley 2006).

In the ECM, aggrecan fills the spaces within the type Il collagen network to
generate a fiberreinforced composite solid matrix (Poole et al. 1982Mow et al. 1992).

Aggrecan interacts with type Il collagen through the GAG domains of its core protein
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(Hedlund et al. 1999) and strong electrostatic interactions with its CS chains (Obrink et
al. 1975 Oegema et al. 1975Junqueira and Montes 1983 Scott 1988. Through these
interactions, aggrecan is thought to mediate type Il collagen fiber sliding and retard
deformation in response to tensile loading of the tissue (Schmidt et al. 1990 Scott and
Stockwell 2006, Asanbaeva et al. 2008.

Aggrecan is the main contributor to cartilage macros cale compressive properties
due to its high abundance and highly negative charge (Lai et al. 199)). In total, CS chains
contribute 8,000¢ 10,000 negatively charged sulfate groups to each aggrecan monomer
(Dudhia 2005). These closely space, immobilized groups give rise to a high charge
density within the tissue referred to as the fixed charge density (FCD). In order to
maintain electroneutrality, each fixed negative charge requires a nearby positive ion in
the interstitial fluid. As a result, the total ion concentration inside the tissue is greater
than in its environment. This imbalance in mobile ions generates the Donnan osmotic
pressure and is the main force behind cartilage swelling behavior (Lai et al. 199). The
Donnan osmotic pressure contributes 30¢ 50% of the compressive aggregate modulus of
articular cartilage (Eisenberg and Grodzinsky 1985 Mow et al. 1998) and approximately
I YOwOl wOT 1 wi gUPOPEUDPUOWS OUDT 7z Uwl GEneal20E Owxi a U
Loss of FCD, either through experimental enzymatic digestion (DiSilvestro and Suh

2002 Korhonen et al. 2003 Basalo et al. 2004 or disease(Maroudas and Venn 1977,
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Flahiff et al. 2004 Le and Fleming 2008, significantly reduces cartilage macroscale

compressive properties.

1.3.4 Decorin and Biglycan

Decorin, a small leucine-rich repeat PG (SLRB, carries a single DS/CS chain on
the N-terminal region of its core protein (Krishnan et al. 1999 and non-PG forms are
present in adult cartilage (Witsch-Prehm et al. 1992. Decorin is found predominantly in
the cartilage ECM, preferentially localized to the superficial and middle zones(Archer et
al. 1996 Poole et al. 1996Kavanagh and Ashhurst 1999). While decorin is designated as
a minor component of cartilage, it has been speculated to play a major role in organizing
the type Il collagen network (Scott 1988 Roughley 2006). Decorin interacts with type |l
collagen via its core protein (Hedbom and Heinegard 1989, Hedbom and Heinegard
1993 and DS chains(Scott 1988 Vogel 1994 and has been implicated in regulating fiber
spacing and inter-fiber interactions (Hedbom and Heinegard 1993; Scott and Stockwell
2006. Specific digestion of DS had no effect on cartilage macroscale tensile or
compressive properties, suggesting that DS is not a loadbearing element in the ECM
(Hall et al. 2009).

Biglycan is the predominant SLRP in the cartilage PCM (Vogel 1994 Archer et al.
1996 Kavanagh and Ashhurst 1999). Biglycan is biochemically similar to decorin but
carries two DS/CS chains on its core protein(Krishnan et al. 1999 and non-PG forms are

present in adult cartilage (Witsch-Prehm et al. 1992 Roughley et al. 1993. Biglycan
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strongly interacts with type VI collagen via its core protein (Wiberg et al. 2001 and
shows no affinity for type Il collagen (Roughley 2006). In vitro, biglycan efficiently
assembles type VI collagen microfilaments into extensive hexagonal networks in a
manner that is dependent on intact DS/CS chains(Wiberg et al. 2002. Complexes of
biglycan and matrilin -1 mediate interactions between type VI collagen microfilaments
and type Il collagen and aggrecan in a GAG-independent manner (Wiberg et al. 2003.
These results suggest that biglycanis necessry for PCM assembly and structural

connection to the adjacent ECM.

1.3.5 Perlecan

Though more commonly associated with basement membranes, perlecan is a
prominent PG in the cartilage PCM (SundarRaj et al. 1995Melrose et al. 2005 Melrose et
al. 2006 Kvist et al. 2008). Perlecan is a large, modular HS PG with five distinct domains
that contains up to three HS chains in domain | and an additional HS substitution in
domain V (SundarRaj et al. 1995Melrose et al. 2005 Melrose et al. 2006 Kvist et al.
2008, though all can also be alternatively substituted with CS (Kvist et al. 2006 Smith et
al. 2007. Perlecan is essential for normal cartilage development and likely plays an
important role in cartilage matr ix organization. Functional null mutations of perlecan in
humans and mice result in potentially lethal skeletal dysplasias (Arikawa -Hirasawa et
al. 1999 Costell et al. 1999 French et al. 1999Arikawa -Hirasawa et al. 20013 Arikawa -

Hirasawa et al. 2001y Arikawa -Hirasawa et al. 2002 and perlecan-null mice exhibit

14



similar skeletal abnormalities as type Il collagen-null mice (Gustafsson et al. 2003.
Perlecan promotes chondrocyte attachment and its prevalence in the chondrocyte
microenvironment suggests a functional ro le in cell-matrix interactions (SundarRaj et al.
1995 Kirn -Safran et al. 2009. Though perlecan domain | HS-deficient mice develop
phenotypically normal cartilage (Rossi et al. 2003 the HS chains of perlecan have been
implicated in biochemical signaling and m atrix organization. Perlecan interacts with and
modulates the signaling of multiple growth factors through its HS chains, most notably
the fibroblast growth factors (FGFs) (Aviezer et al. 1994 Whitelock et al. 1996, Knox et al.
2002 Smith et al. 2007 Whitelock et al. 2008 Chuang et al. 2010Q. HS demonstrates
strong electrostatic binding affinity for many PCM matrix components, including type

VI collagen (Tillet et al. 1994), type |l collagen (Scott 1988, fibronectin and laminin
(Battaglia et al. 1993. Through these interactions, perlecan may have an important role

in stru ctural organization and stabilization of the chondrocyte PCM.

1.4 Osteoarthritis

Osteoarthritis (OA) is a joint disease characterized by the progressive
degeneration and loss of articular cartilage, causing severe pain and disability. In the
United States, over 20 million people suffer from OA, resulting in a total economic
burden of over $80 billion annually (Buckwalter and Martin 2006 ; Bitton 2009). While

age, it is now recognized that OA is caused by a complex interplay among biochemical
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factors, joint structure, and joint biomechanics (Aigner et al. 2006, Poole et al. 2007
Goldring 2008) that result in an imbalance in anabolic and catabolic signaling pathways
in joint tissues (Sandell and Aigner 2001, Sandell 2007%.

In the cartilage ECM, degeneration begins at the articular surface and progresses
through the depth of the tissue. Early degeneration is marked by physical disruption of
the articular surface. Over time, surface fibrillation leads to erosion of the superficial
zone and the formation of vertical fissures that eventually reach the subchondral bone
(Pritzker et al. 2006). The degradation front is marked by extensive proteolysis of the
type 1l collagen network (Dodge and Poole 1989 Hwan g et al. 1992 Hollander et al.
1995 Poole et al. 1997 and PGs(Plaas et al. 200Y. During the early stages of OA,
chondrocytes increase synthesis of matrix components in an attempt to replace the lost
tissue. However, there is evidence of phenotypic change in OA chondrocytes marked by
altered expression patterns of types |, Il, lll, and X collagen (Aigner et al. 1999, Fukui et
al. 2009 and altered patterns of PG synthesis (Cs-Szabo et al. 1997Tesche and Miosge
20049, sulfation (Caterson et al. 1990Rizkalla et al. 1992 Roughley 2001), glycosylation
(Witsch-Prehm et al. 1992 Roughley et al. 1993, distribution (Venn and Maroudas 1977,
Poole et al. 1996Bock et al. 2001 Tesche and Miosge 2003, and aggregate assembly
(McDevitt and Muir 1976 ). This limited repair response cannot overcome the catabolic
signaling cascades initiated by the inflammatory and abnormal mechanical

environment sin the joint (Poole et al. 2007. The net result is an overall loss of ECM

16



components and a progressive loss of cartilage thickness until the underlying bone is
exposed.

Relationships between structural and histological changes and altered cartilage
mechanical properties have been observed in all stages of OA degeneration(Armstrong
and Mow 1982; Kleemann et al. 2005 Hennerbichler et al. 200§. Disruption of the type |l
collagen network dramatically decreases the cartilage tensile modulus (Kempson et al.
1973 Akizuki et al. 1986; Setton et al. 1999. Damage to the collagen network, coupled
with an increase in water content and loss of PGs, leads to abnormal swelling of the
tissue (McDevitt and Muir 1976 ; Venn and Maroudas 1977) and increased hydraulic
permeability (Armstrong and Mow 1982 ; Setton et al. 1999Hennerbichler et al. 2008).
Combined, these changes contribute to the loss of cartilage compressive properties
associated with OA (Armstrong and Mow 1982 ; Setton et al. 1999Kleemann et al. 2005
Hennerbichler et al. 2008.

Since chondrocytes produce many of the catabolc enzymes implicated in OA
(Cawston and Young 2010), it is not surprising that the PCM undergoes extensive
structural and mechanical changesas well. Away from the articular surface, type Il
collagen and aggrecan degradation products are first observed in the PCM/TM region
and later appear in the bulk ECM (Dodge and Poole 1989 Hollander et al. 1995; Gibson
et al. 20021 Plaas et al. 2007, supporting the hypothesis that degradative enzymes

involved in OA slowly digest their way into and through the tissue to gain access to
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remote regions (Bonassar et al. 1995 Despite local enzymatic degradation of the matrix,
enlarged chondrons are prevalent OA cartilage (Poole et al. 1991bLee et al. 2000. This
increase in chondron volume is due to a net increase in PCM matrix component
production and deposition (Poole et al. 1991bhLee et al. 200Q0Horikawa et al. 2004), most
notably type VI collagen (Hambach et al. 1998 Pullig et al. 1999, Lee et al. 2000, and a
loosely organized ultrastructure (Poole etal. 1991h Lee et al. 2000Murray et al. 2010),
which may be influenced by an altered type VI collagen microfilament structure (Soder
et al. 2003 and abnormal swelling (Poole 1997. These structural changes are coupled to
a loss of PCM mechanical function. Micropipette aspiration of isolated chondrons from
WEEUUDPOET T wEl OOOUUUEUTI EWEWKYUWEUOxwbOws8 OUOT ¢
as compared to chondrons from healthy tissue (Alexopoulos et al. 2003 Alexopoulos et

al. 20058.

1.5 Atomic Force Microscopy

The atomic force microscope (AFM) was developed in 1986 by Binnig and
colleagues(Binnig et al. 1986 as a means for high resolution topographical imaging of
non-conductive surfaces. Over the last 25 years, the applications of AFM have reached
beyond topographical imaging and into the realm of biomechanics with its unique
combination of piconewtown force sensitivity, nanometer spatial resolut ion, and its

ability to perform real -time measurements in aqueous environments (Costa 2003.
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1.5.1 Principles of Operation

The principal component of an AFM is a microscopic cantilever and its
associated tip (Figure 1-1). The cantilever acts as a mechanical transducer as forces
generated during interaction between the ti p and the substrate cause the cantilever to
deflect. Cantilever deflection is measured using a laser that is reflected off the end of the
cantilever onto a photodiode. The distance between the cantilever and the photodiode
amplifies the reflected laser motion such that sub-nanometer changes in cantilever
deflection can be detected. By calibrating the spring constant ) of the cantilever from its
thermal oscillations (Hutter and Bechhoefer 1993, the force (F) generated during tip -
sample interactions is calculated from cantilever deflection (dA wU U D OT w' OOOI z Uw+ EP

F = kd (1.1)
As a result, the AFM is capable of applying a wide range of loads based on the spring

constant of the cantilever.
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Figure 1-1: Schematic of AFM operation. Interaction between the tip and the
substrate causes the cantilever to deflect. This defl ection is measured using a laser
reflected off the end of the cantilever onto a photodiode. By calibrating the spring
constant of the cantilever, the applied force can be calculated. Three piezoelectric

actuators control the movement of the cantileverint he x-, y-, and z- directions.

The vertical position of the cantilever is controlled with sub -nanometer precision
by a piezoelectric actuator (z-piezo). Two additional piezoelectric actuators control the
position of the cantilever in the plane of the substrate (x- and y-piezo), allowing the tip
to be raster scanned over a defined region to generate a topographical image.

By taking advantage of the movement capabilities of all three piezos, the AFM
can be used to combine topographical imaging with precisely controlled indentation. By
collecting indentation arrays, spatial maps of mechanical properties can be overlaid on
topographical images for the direct correlation of local mechanical properties with

underlying structural features (Radmacher et al. 1992. This technique known as stiffness
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or force-volume mapping has been used to investigate the mechanical properties of a
number of biological substrates including cells (Hofmann et al. 1997; Rotsch et al. 1997
A-Hassan et al. 1998Haga et al. 2000 Sato et al. 200y and local features in soft tissues,
including h ippocampus (Elkin et al. 2007), cornea(Last et al. 2009, atherosclerotic
plagues (Tracqui et al. 2011, and cartilaginous tissues like intervertebral disc (Lewis et
al. 20089, fibrocartilage (Hu et al. 2001), growth plate (Allen and Mao 2004;
Radhakrishnan et al. 2009, and articular cartilage (Stolz et al. 2004 Tomkoria et al. 2004

Park et al. 2009 Stolz et al. 2009 Desrochers et al. 2010Loparic et al. 2010.

1.5.2 Evaluation of Elastic Indentation using Modified Hertz Model

For AFM -based elastic indentation, voltage is applied to the z-piezo to displace
the cantilever at a specified velocity. Probe contact with the substrate is marked by a
sharp increase in cantilever deflection. Once in contact with the substrate, the cantilever
continues to descend until a specified trigger force is reached. At this point, the
downward motion of the cantilever is stopped and the cantilever is retracted from the
surface (Figure 1-2A, B).

Raw data for cantilever deflection and z -piezo position from the indentation
portion of t he approach curve is subsequently modeled using the Hertz equation for

indentation of an isotropic elastic half space with a hard spherical indenter

F= 4Er_1/2d3/2

— 1.2
31-n° (12)
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where Fis the applied force, E is the elastic modulus, r is the radius of the spherical
POET OUI UOw2whbUwli 1 w/ 6PUUOO7 Uwwiadng énd snedddhwy wd U wU
1945. The applied force (F) is derived from cantilever ET1 | O1 EUDOOwWUUDOT w' O0OOI
P$ BUEUDOOwWhS Ad w( OEIT O tpiedd pobitbruapd cintileverdélécda U1 E w0 O w
through

d=(z z) (d &) L3
where z is the z-piezo position at the trigger point, z,is the z-piezo position at the contact

point, dis the cantilever deflection at the trigger point, and d, is the cantilever deflection

at the contact point (Dimitriadis et al. 2002) (Figure 1-2c).
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Figure 1-2: AFM -based elastic indentation. (A) Z-piezo movement during a
single indentation consists of two ramp displacements at a specified velocity
comprising the approach (red) and retraction (blue) of the cantilever. (B) Raw data for
cantilever deflection and z -piezo position is recorded during indentation. Contact
with the substrate is marked by a sharp increase in cantilever deflection. (C) Force -
indentation data from the indentation portion of th e approach curve (red) is curve-fit
with a modified Hertz model (black) to calculate the elastic modulus of the substrate.

When the Hertz model is used in the form presented in Equation 1.2, it is
essential to determine the exact contact point between tre probe and the substrate to
achieve an accurate calculation of the indentation. Precise definition of the contact point
is difficult when performing indentation on low modulus materials and even small

errors in contact point selection can result in significant errors in the calculated elastic
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modulus (Dimitriadis et al. 2002; Guo and Akhremitchev 2006). To address this problem,
Guo and Akhremitchev introduced a cont act point extrapolation method that applies a
linearized Hertz model to calculate the elastic modulus (Guo and Ak hremitchev 2006).
Briefly, indentation can be rewritten as

ad=C_C - (1.4)
where C=d, -z represents a constant related to the unknown contact point and
D =z d represents the tip-sample separation. The linearized Hertz model uses the
slope of the F¥* Y U8 w. wE U Watel the Bl&3tic BrBdOiEs

2

~
w

. C4EM g
F°=C ¢ ) 15
B17 Y o

where C*is a constant that depends onthe selection of tip-sample contact point. The
/ OPUUOOZUWUEUPOwWp2AwbUwUIl Ol EUI EWEEU]I EwOOwxUI YD
interest. Following calculation of the elastic modulus, the contact point can be
extrapolated from the x - and y-intercepts of the linearized Hertz model.
Application of the Hertz model to thin soft samples can lead to significant errors
in calculated moduli under finite deformations due to contributions from the underlying
substrate. However, few theoretical models are tractable for routine analysis of the large
number of force-indentation curves required for AFM -based stiffness mapping. To this
end, a polynomial -based correction factor for the Hertz model was developed by

Dimitriadis and colleagues (Dimitriadis et al. 2002) that depends on probe radius,
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of finite deformation, the calculated elastic modulus from the linearized Hertz model

can be multiplied by the polynomial to correct for apparent stiffening related to finite

sample thickness. In the current work, applied forces and indentation depths were

selected to minimize these effects.

1.5.3 Influence of Probe Geometry on AFM -based Indentation

Previous studies have shown that experimental parameters chosen for AFM-
based indentation, including applied force (Appendix B) (Park et al. 2009, indentation
velocity (Appendix C) (Han et al. 2011, probe shape and size(Costa and Yin 1999
Dimitriadis et al. 2002; Stolz et al. 2004 Stolz et al. 2009 Loparic et al. 2010, and accurate
representation of tip geometry in model fitting (Costa and Yin 1999, canimpact the
measured mechanical properties (Stolz et al. 2004 Park et al. 2009. Probe geometry in
particular has been shown to significantly affect the material properties drawn from
AFM indentation of soft samples (Costa and Yin 1999 Dimitriadis et al. 2002), including
articular cartilage (Stolz et al. 2004 Stolz et al. 2009 Loparic et al. 2010.

Nanometer-sized pyramidal tips (20 nm diameter) generate local stress
concentrations and large strains at the point of contact that often fall outside the linear,
small strain regime . In addition to potentially damaging soft biological samples, these
finite deformations generate significant errors when using models that are derived from

linear elasticity, including the Hertz model (Equation 1.2). On the other hand, microscale
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spherical probes cause minimal stress and strain concentratiors for the same applied
force (Costa and Yin 1999 Dimitriadis et al. 2002).

Furthermore, there are inherent physical differences in load support when
performing indentation with a nanometer-sized tip as compared to a microscale
spherical probe. Since nanometersized tips are smaller than the diameter of individual
collagen fibers (204 160 nm diameter (Hwang et al. 1992)), moduli obtained using
nanoindentation methods reflect those of individual matrix components (Loparic et al.
2010 (Figure 1-3). On the other hand, micrometer-sized spherical tips are large enough
that structural elements act in concert to support the applied load in a manner that is
more similar to macroscale indentation (Stolz et al. 206}, Loparic et al. 2010. As a result,
a difference of two-orders of magnitude was observed in articular cartilage ECM elastic
moduli measured using a nanometer-scale pyramidal tip as compared to a micrometer-
scale spherical tip (Stolz et al. 2004 with microscale elastic moduli being more

comparable to macroscale measurements.
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Figure 1-3: Comparison of hanoscale and microscale contact areas during AFM
indentation of articular cartilage. A representative AFM image of the porcine articular
cartilage ECM is shown. Nanometer -sized pyramidal tips generate contact footprints

(10 nm contact radius; red) that are smaller t han the diameter of individual collagen
fibers, resulting in moduli that reflect individual matrix components. Micrometer -

A N A N oA A

large enough that matrix components act in concert to support the applied load in a
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While microscale spherical probes reduce stress concentration and yeld moduli
comparable to macroscale properties, use of large probedimits lateral resolution. Any
topographical image obtained with AFM is the convolution of the true surface
topography and the probe geometry. As a result, information is lost when feature s have

smaller or similar radii as comparedto the probe. When performing indentation, the
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contact radius, a, scales with both probe radius (r) and indentation depth () (Dimitriadis

et al. 2003 as described by

a=+/rd (1.6)

For a given indentation depth, larger radius probes generate a larger contact footprint
than smaller probes and calculated mechanical properties reflect those of the entire
contact footprint, not just the specific point of interest . As a result, the mechanical

properties of features smaller than the contact radius cannot be independently resolved.

1.6 Research Goals and Significance

The overall goals of this research are to develop techniques that seek to:

1) evaluate the microscale elastic properties of the cartilage PCM and ECM in
situ and

2) correlate site-specific biochemical composition with biomechanical
properties of the PCM and ECM.

Previous studies of PCM mechanical properties have been limited by the need
for physical extraction of chondrons from the tissue. The first research goal seeks to
validate and apply an AFM -based microindentation technique to directly evaluate the
biomechanical properties of the PCM and ECM in situ with minimal disruption of native
matrix integration.

The relationship between the molecular constituents of the cartilage matrix and
its mechanical properties are not fully understood. The second research goal seeks to
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develop a novel immunofluorescence-guided AFM microindentation technique to
correlate site-specific biochemical composition with biomechanical properties within the
cartilage PCM and ECM, allowing for a more complete characterization the chondrocyte

micromechanical environment in situ.

1.7 Hypotheses and Aims

These wo research goals were addressed througha total of six hypotheses and
specific aims. Aim 1 involved the validation of AFM -based stiffness mapping for
determin ing site-specific mechanical properties at the microscale in control surfaces and
human, porcine, and murine articular cartilage. Aim 2 was accomplished through the
application of AFM stiffness mapping to evaluate microscale anisotropy of porcine
articular cartilage ECM and PCM. Aim 3 was accomplished by evaluating PCM and
ECM biomechanical properties in human articular cartilage from macroscopically
normal and early OA knee joints. Aims 4 and 5 were accomplished by developing a
novel immunofluorescence (IF)-guided AFM microindentation technique. Using IF -
labeling for PCM -specific matrix components in porcine articular cartilage, biochemical
composition of the PCM was correlated with its biomechanical properties. Aim 6 wa s
accomplished by combining IF-guided AFM stiffness mapping with enzymatic digestion
of GAGsand PGsin porcine articular cartilage.

Hypothesis 1: The microscale elastic modulus of the cartilage ECM is greater than that

of the PCM.
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Specific Aim 1: The microscale mechanical properties of the articular cartilage
ECM and PCM will be evaluated in situ using an experimentally -validated AFM
stiffness mapping technique.

Hypothesis 2: The cartilage ECM exhibits deptand directionaldependent microscale
mechanical properties whereas PCM modtdi uniform with depth and isotropic.

Specific Aim 2: Microscale elastic moduli of porcine articular cartilage ECM and
PCM will be evaluated within each zone in three mutually -perpendicular directions
relative to the split -line orientation.

Hypothesis 3: The cartilage ECM and PCM exhibit alterations in microscale elastic
moduli and their spatial distribution with the onset of OA.

Specific Aim 3: ECM and PCM microscale mechanical properties will be mapped
guantitatively in normal and early OA human articula r cartilage.

Hypothesis 4: PCM biomechanical properties correlate with the presence of type VI
collagen in the chondrocyte microenvironment.

Specific Aim 4: Immunofluorescence will be combined with AFM -based stiffness
mapping to evaluate the influence of the presence of type VI collagen on site-specific
mechanical properties of cartilage in situ.

Hypothesis 5: Perlecan is a defining factor in the boundaries of the PCM and

contributes to sitespecific mechanical properties witltiCM regions. The enzymatremoval of
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heparan sulfate redusthe microelastic properties of the PCM while having no effect on ECM
properties.

Specific Aim 5: Dual immunofluorescence for type VI collagen and perlecan will
be used to guide AFM-based stiffness mapping and characteiize the role of perlecan in
the PCM.

Hypothesis 6: Loss of mechanical integrity in the cartild@€M and ECM is observed
following enzymaticdigestion of aggrecan and aggreeasociated GAGs.

Specific Aim 6: Specificand broad spectrum enzymatic digestion will be
performed in conjunction with immunofluorescence-guided AFM stiffness mapping to
characterize the region-specific contributions of aggrecan, CS/DS, and HAto cartilage

micromechanical properties.
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2. Spatial Mapping of the Biomechanical Pr  operties of
the Pericellular Matrix of Articular Cartilage Measured in
situ via Atomic Force Microscopy

A version of this chapter was published as the following:
Darling, E.M.*, Wilusz, R.E.*, Bolognesi, M.P., Zauscher, S., Guilak, F. Spatial Mapping
of the Biomechanical Properties of the Pericellular Matrix of Articular Cartilage

Measured in situ via Atomic Force Microscopy. Biophysical JournabP8(12):28486, 2010.
(*E.M. Darling and R.E. Wilusz contributed equally to this work)

2.1 Introduction

Chondro cytes are embedded within an extensive extracellular matrix (ECM) that
gives articular cartilage its functional mechanical properties. Each chondrocyte is
surrounded by a distinct narrow region called the pericellular matrix (PCM) that
together withthe enE OO U1 EwET OO wh U wU i(Redinghaff1925; RodIEdt &hOE U OO > w
1987. The mechanical properties of chondrocytes (Lee and Bader 1995Trickey et al.
200Q Trickey et al. 2004 Leipzig and Athanasiou 2005; Darling et al. 2006; Shieh and
Athanasiou 2006; Trickey et al. 2006 Darling et al. 2008) and the cartilage ECM (Mow et
al. 198Q Armstrong and Mow 1982 ; Athanasiou et al. 1991; Schinagl et al. 1997 Stolz et
al. 2004 Tomkoria et al. 2004 Kleemann et al. 2005 Stolz et al. 2009 have been
characterized extensively using multiple techniques. For the PCM, previous studies have
evaluated the elastic and biphasic properties of enzymatically and mechanically isolated
chondrons using micropipett e aspiration (Guilak et al. 1999 Alexopoulos et al. 2003

Alexopoulos et al. 2005b; Guilak et al. 2005 Alexopoulos et al. 20098 w31 1 w8 OUOT z Uw
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modulus of the PCM was reported to be 40 ¢ 70 kPa, an ader of magnitude less than
that of the macroscale modulus of the surrounding ECM (Alexopoulos et al. 2003. While
enzymatic isolation has been shown to significantly reduce PCM mechanical properties
as compared to mechanical isolation (Knight et al. 2001; Guilak et al. 2005), the influence
of mechanical isolation on PCM properties is unknown. Few studies have measured the
biomechanical properties of cartilage PCM and its associated ECMin situ. In one recent
study (Kim et al. 2010, the mechanical properties of the PCM were determined in situ
using an inverse boundary element analysis coupled with three -dimensional confocal
OPEUOUEOxawoOi wei OOEUOOwWUT ExT wEUUDOT WEOOXUI UUDY
modulus of the PCM in intact porcine cartilage was estimated to be 24 ¢ 59 kPa.

Atomic f orce microscopy (AFM) provides a method for precise control of
indentation testing that can be used to characterize samples down to the nanometer
length scale (Ludwig et al. 2008). In addition to allowing for microscale measurements, a
major advantage of AFM is its ability to simultaneously obtain height and elasticity data
for a region of interest (Radmacher et al. 1992. This stiffness mapping technique,
sometimes referred to as forcevolume mapping (Gad et al. 1997, can be used to
measure the elastic modulus of a sample at distinct points as the probe raster scans
across a specified region. Stiffness mapping via AFM has been used to investigate the

mechanical properties of cells (Hofmann et al. 1997; Rotsch et al. 1997A-Hassan et al.

1998 and local features in soft tissues, including the hippocampus (Elkin et al. 2007),
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cornea(Last et al. 2009, and cartilaginous tissues (Hu et al. 2001; Allen and Mao 2004;
Stolz et al. 2004 Tomkoria et al. 2004, Lewis et al. 2008 Park et al. 2009 Stolz et al. 2009.
For example, using a nanoscale approach, Allen and Mao(Allen and Mao 2004 showed
significant differences between the elastic moduli of the pericellular and interterritorial
matrices of rat growth plate cartilage. Previous studies have shown that experimental
parameters chosen for mechanical testing, including probe shape and size, indentation
velocity, indentation depth, and accurate representation of tip geometry in model fitting
(Costa and Yin 1999, impact the measured mechanical properties derived from AFM
indentation (Stolz et al. 2004 Park et al. 2009.

The objective of this study was to use AFM to quantify the microscale
biomechanical properties of matched ECM and PCM regions of articular cartilage in situ.
First, we validated the microscale stiffness mapping technique and its ability to measure
the spatial distribution and mechanical properties of two materials using an elastomeric
ECM/PCM model system. This indentation technique was subsequently used to measure
the elastic properties of ECM and PCM in the middle/deep zones of human, porcine,

and murine articular cartilage in situ.

2.2 Materials and Methods
2.2.1 Mechanical characteri zation via AFM

Elastic moduli were mapped quantitatively with the use of a stand -alone atomic

force microscope (MFP-3D; Asylum Research, Santa Barbara, CA). Borosilicate glass
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spheres (5% m diameter) were attached to the end of AFM cantilevers (k= 7.5 N/m;
Novascan Technologies, Ames, IA) to facilitate microscale testing. Indentation curves
were sampled at 5 kHz, with a force trigger of 750 nN prescribing the point at which the
cantilever approach was stopped and retracted. An additional set of experiments was
performed using a force trigger of 50 nN, but results indicated that larger indentations
were necessary to evaluate macroscaleequivalent cartilage properties (Appendix B). For
evaluation of PCM elastic properties, indentations (900 ¢ 1600 sites pemegion, 154m/s
indentation velocity) were sequentially applied over a region of interest as defined by
microscopic examination (Figure 2-1, 2-2). ECM elastic properties were evaluated using
the same technique over regions \sually devoid of PCM (16 sites per region, 155m/s

indentation velocity).

2.2.2 Elastomeric ECM/PCM model system

We validated the stiffness mapping technique by probing an elastomeric model
of a soft inclusion within a stiff medium. P olyacrylamide (PA) hydrogel s were chosen as
our model material s because they have been used previously to create cell culture
substrates with ECM-like stiffness (Engler et al. 200§, have mechanical properties that
are tunable over three orders of magnitude by adjusting the relative amounts of
acrylamide and bis-acrylamide in solution to vary the gel cross -link density (Pelham and
Wang 1997, Peyton and Putnam 2005 Engelmayr and Sacks 2008, and can be patterned

using soft lithography (Di Benedetto et al. 2005 Snyder et al. 2007.
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For our model system, soft lithography was used form a higher -modulus PA
mold (final acrylamide conce ntration of 15%, final bis-acrylamide concentration of 1.2%)
with a regular pattern of holes (20 4m diameter, 12 4m depth, 50 4m center-to-center
distance). Holes were filled with a lower -modulus PA (final acrylamide concentration of
8%, final bis-acrylamide concentration of 0.6%) supplemented with tissue marking dye
to distinguish the two materials (Figure 2 -2). To lower surface tension and improve
filling of the mold, 0.1% v/v Tween20 (Sigma-Aldrich, St. Louis, MO) was added to the
lower -modulus PA soluti on. All solutions were prepared using pre -mixed solutions of
40% acrylamide and 2% bisacrylamide (Bio-Rad Laboratories, Hercules, CA) with 1%
viv 1.0 M HEPES (pH 8.5; Gibco, Carlsbad, CA) and purified water (Sigma-Aldrich).
Polymerization was initiated wi th ammonium persulfate (10% w/v solution in water;
Bio-Rad) (1:200 v/v) and N,N,N,N -tetramethylethylene diamine (1:2000 v/v; TEMED;
Bio-Rad).

A similar model was made using polydimethylsiloxane (PDMS) to validate
testing on higher-modulus materials. The higher-modulus mold was comprised of 10:1
elastomer/curing agent mixture of PDMS (Sylgard 184 Silicone Elastomer Kit; Dow
Corning Corporation, Midland, MI). Holes were filled with a 30:1 elastome r/curing
agent mixture of PDMS supplemented with tissue markin g dye.

PA models were tested in water, and PDMS models were tested in air by AFM

using the previously described protocol. Bulk gels from the same PA mixtures were
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tested in unconfined compression on a materials testing system (ElectroForce 3200; Bose

EnduraTec, Eden Prairie, MN) to obtain macroscale properties.

2.2.3 Tissue sample preparation

Articular cartilage was obtained from three different species (human, porcine,
and murine) to illustrate the versatility of the microscale stiffness mapping techniqu e.
Human samples were taken from macroscopically normal regions of femoral condyles
removed during total knee replacement surgery or from normal knee joints at autopsy.
Porcine samples were collected from central regions of the medial condyle of skeletally
mature knee joints with no visible signs of joint degeneration. For murine samples,
entire knee joints from 3-week-old C57BL/6 mice were harvested for evaluation
purposes. All cartilage samples were wrapped in phosphate -buffered saline (PBS}
soaked gauzeand frozen at -20°C for intermediate storage.

To evaluate in situ matrix properties, samples were sectioned perpendicular to
the cartilage surface in 3¢+ 54m thick slices using a cryostat microtome (Leica CM1850;
Leica Microsystems, Inc., Buffalo Grove, IL). Human and porcine samples were
composed completely of articular cartilage. Due to size limitations, murine samples
were sectioned through the entire joint to obtain a cross-section of the cartilage tissue.
Samples were sectioned onto glass slides, andhe water-soluble embedding medium

(Tissue-Tek O.C.T. Compound; Sakura Finetek USA, Inc., Torrance, CA) was washed
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thoroughly from all samples before AFM indentation was performed. Cartilage slices

remained in PBS at room temperature for the duration of m echanical testing.

Figure 2-1: Selection of PCM and ECM scan regions. PCM (blue) and ECM

(red) scan regions in (A) human, (B) porcine, and (C) murine articular cartilage were

selected based on microscopic examination of ce Il -sized voids in the tissue section.
The AFM cantilever is also shown. Scale bar =30 4 O

2.2.4 Data evaluation
Raw data for cantilever deflection and z-piezo movement were collected and

subsequently analyzed using a custom MATLAB script (The MathWorks, Natick, MA).

Elastic moduli, E, were determined by fitting a modified Hertz model to fo rce-

indentation curves as described previously (Darling et al. 2006). For the elastomeric

$", v/ ", wOOEI OwUauUll OUOWUT T w/ 6PUUOOZUWUEUDOOWRO

(Carrillo et al. 2005) and 0.45 for PA (Engler et al. 2004. For articular cartilage, past

UUUEDI Uwl EY] wUIl xOUUI EwEwPDE]T wUEOT T wOi w/ 6PUUOOZ

Ol w$", wEOCEwW/ ", wEUwWUI | wOPEUOUEEOI wbUwWUOEIT UUEDO
was assumed b be 0.04 for both the ECM(Chen et al. 2001 Choi et al. 2007 and PCM

(Alexopoulos et al. 2005b) based on previous experimental reports. Nonetheless, from
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Probe surface contact was identified using contact point extrapolation, a method that
focuses on the indentation portion of the approach curve to determine where
indentation begins based on a mathematical model (Guo and Akhremitchev 2006). With
the contact point determined, relative surface heights were calculated within each scan
region. Height maps were generated and overlaid with a graded color m ap
representative of material modulus ( Figure 2-2C, Figure 2-4A, D, G).
PCM regions were identified using spatial indicators present in each stiffness
map. Thinly sliced cartilage sections provided a relatively flat, uniform surface
interspersed with cell -sized holes (Figure 21). Voids were chosen that had no apparent
cell debris and exhibited sharp contact with the underlying glass substrate in their
centers. Contact with the glass was readily apparent from the indentation curves and
used to define the edge of each cell void. For evaluation purposes, PCM data were
included for a region extendingl 4 QOWOUUPEUE wi UOOwU4BPEJH)] ET 1 wp%bi U
although it is possible that the PCM extends further depending on its position within the

tissue depth (Youn et al. 20(®).

2.2.5 Scanning electron microscopy

Cartilage sections were examined via scanning electron microscopy (SEM) to

visualize tissue ultrastructure present during mechanical testing. Sectioned samples of
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healthy porcine cartilage were prepared using the standard protocols of Duke
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3.7% formaldehyde, washed with PBS, and treated with 1% OsQ: (Electron Microscopy

Sciences, Hatfield, PA) for 1 hour, followed by dehydration in serial gradations of

ethanol. Samples were then incubated in tetramethylsilane (Electron Microscopy

Sciences) and allowed to dry before being sputter-coated with gold by means of a Desk

IV sputter coater (Denton Vacuum, Moorestown, NJ). Cartilage sections were imaged

using an FEI XL30 scanning electron microscope (FEI, Hillsboro, OR).

2.2.6 Histological staining and immunofluorescence

For histological staining, porcine cartilage sections were fixed in 10%
formaldehyde for 10 minutes at room temperature im mediately after mechanical testing.
Fixed sections were rinsed with PBS and dehydrated in ethanol. Sections were stained
with 0.02% aqueous fast green (SigmaAldrich) and Accustain Safranin -O solution
(Sigma-Aldrich).

Unfixed porcine sections were labeled using immunofluorescence (IF) for type VI
collagen to illustrate the presence of the PCM around cell-shaped holes using a
previously described protocol (Youn et al. 200§. Specimens were labeled using a
primary anti -type VI collagen antibody (RDI -6000401108; Fitzgerald Industries
International, Acton, MA) followed by a fluorescein isothiocyanate (FITC) -conjugated

anti-rabbit secondary antibody (RDO-7111095152; Fitzgrald). IF-labeled sections were
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visualized on a confocal laser scanning microscope (LSM 510; Carl Zeiss, Inc.,

Thornwood, NY).

2.2.7 Statistical analysis

Differences between the two regions for PA (n = 6)or PDMS (n = 4) model
systems were evaluaed using a two-way ANOVA (region , length scaleO wY wéd wy 6 Y k A wp D
%D UT 1 Uz UwOIl E U U wUEsD)pd&sihdréna\@is tadeiming thelle@eEdf
significance. Atwo-PEa w - . 5 woeUl T OO Bl 90 | (haikmyEiwdupy#duy k A
test were used to analyze EQVI/PCM comparisons in the middle/deep zones of human
p- wh wt wOPET Owdwa whut WOOUEOWUI 1 POOUAWEEUUDPOET | wU
standard deviation.

2.3 Results
2.3.1 Stiffness mapping of ECM/PCM model system

Stiffness mapping successfully depicted the spatial arrangement of moduli in
elastomeric model systems (Figure 22). Artificial PA ECM/PCM structures exhibited
moduli of 309 + 16 kPa and 55 + 12 kB for the ECM and PCM materials, respectively (p <
0.0001; Figure 22D). For the PCM material, there was no statistical difference between
microscale moduli and the macroscale value of 55 £ 5 kPa§ = 0.39). The microscale
modulus of the ECM material was significantly greater than that observed at the

microscale (259 + 27 kPap < 0.001), a differencdikely attributed to local variations in
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acrylamide cross-link density (Matsuo et al. 1994. Microscale elastic moduli showed
excellent agreement with previously published macroscale values for the chosen
acrylamide and bis-acrylamide concentrations (Peyton and Putnam 2005.

The elastomeric model system was also validated for higher modulus materials
using a combination of high - and low-modulus PDMS. These ECM/PCM samples
possessed moduli of 2.8 £ 0.5 MPa and 0.8 = 0.3 MPa for theCM and PCM materials,
respectively (p < 0.0001). Microscale moduli measured for PDMS agreed with the
macroscale values previously reported in the literature (E=2.8 MPa for 10:1 PDMSE =

0.88 MPa for 30:1 PDMS(Carrillo et al. 2005)).
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(C) stiffness map of model PCM region showing relative height and calculat  ed elastic

moduli. (D) Elastic moduli of the model ECM and PCM PA gels observed at the
microscale (black) and macroscale (white). a: p < 0.0001 for microscale ECM PA gel

moduli as compared to macroscale moduli. b: p < 0.001 for PCM PA gel moduli as
compared to respective ECM PA gel moduli. Moduli presented as mean + standard

deviation (n = 6 regions).
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2.3.2 Stiffness mapping of articular cartilage

Thinly sectioned articular cartilage samples exhibited microscopic features that
were consistent with the location of PCM within the tissue. Tissue within 1 4m of cell-
sized voids was considered PCM, an assumption validated by SEM images of tissue
sections, a higher concentration of PGs in Safranin-O stained samples, and localization

of type VI collagen around cho ndrocytes (Figure 2-3).

Figure 2-3: Identification of PCM regions in porcine articular cartilage. (A) Ina
SEM image of a cell-sized void in the middle/deep zone of a tissue section, the
capsule-like PCM is structurally di  stinct from the surrounding ECM. Sca le bar =
54 08 wp! Aw( OwUI E UD OO U-a (ed FPBahdHastlyiedn (blue éliager)O b O
Safranin -O staining is more intense in regions surrounding cell -sized voids.  Scale

Ul TPOOSW2EEO] WEEUWA wk Yws 08

Topographical maps corresponded to the images created from collectedforce-
indentation data, allowing for co -localization of height and elasticity measurements
throughout the tested regions (Figure 2-4A, D, G). Hertzian contact mechanics provided
excellent fits to the experimental data for all force -indentation curves (R? > 0.90).

Histograms of calculated elastic moduli (Figure 2 -4C, F, 1) exhibited a bimodal
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distribution with a lower modulus peak corresponding to points with  in the pre-defined
14m PCM region and a higher modulus peak corresponding to the local ECM within

each scan region.
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Figure 2-4: Stiffness mapping of human, porcine, and murine articular
cartilage. (A, D, G) Stiffness maps of the PCM showing h eight and calculated elastic
moduli. (B, E, H) Contour maps of the pre -E1 | DOl Ewhiws Ow/ "“sjzedudids DOOS w" 1
and local ECM regions are depicted in white. (C, F, I) Histograms of calculated elastic
moduli in PCM (black) and local ECM (white) regions wit  hin each scan.

As shown in Table 2-1, the elastic modulus of the ECM was significantly greater
than that of the PCM (p < 0.005) for human, porcine, and murine articular cartilage.

Among the three species investigated, the elastic moduli for both the ECM and PCM
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were the highest in human cartilage, the lowest in porcine articular cartilage, and the 3 -
week-old murine samples fell in between. Human cartilage showed similar properties
whether it was obtained from macroscopically normal regions of femoral condy les
removed during total joint replacement surgery (ECM = 306 * 133 kPa; PCM = 104 £ 51
kPa) or from normal femoral cartilage from cadaver knee joints (ECM = 359 + 39 kPa;
PCM =162 + 22 kPa). ECM regions were consistently comprised of 1% 16
indentations /site whereas PCM regions had 80t 110 indentations/site. This variability in
PCM measurements was associated with cell void size, which was typically larger in

human and porcine samples than in murine samples.

Table 2-1: Elastic moduli of ECM and PCM regions from human, porcine, and
murine articular cartilage.  Stiffness mapping of sectioned cartilage samples showed
clear differences between ECM and PCM regions for each species ( p < 0.002). Moduli

shown as mean * standard deviation.

Sample ECM E ECM Erange PCM E PCM Erange
P (kPa) (kPa) (kPa) (kPa)
Human (N = 6)
n=ISECM | 3064133 | oorpo e | 10050 ot e
n=19, PCM
Porcine (N = 6)
46¢ 114 131 75
n=16, ECM 81+£19 . 30+ 19 .
n =15, PCM (254 tal sites) (1540 total sites)
Murine (N = 6)
nSITECM | 10792 | e | P22 o0 el sies
n=16, PCM
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2.4 Discussion

Our results demonstrate that microscale stiffness mapping using AFM is a viable
means of determining site-specific mechanical properties of soft biological samplesin
situ. Validation of this technigue in an elastomeric model system clearly illustrated the
spatial arrangement of two different materials based on local micromechanical
properties. For control surfaces, microscale elastic properties showed excellent
agreement with macroscale properties for all materials. Stiffness mapping of articular
cartilage from human, porcine, and murine knee joints illustrated local elastic moduli fo r
cell-sized regions and verified that ECM elastic moduli are significantly greater than
PCM moduli in human, porcine, and murine tissues when measured in situ.

Previous studies of the mechanical properties of the PCM of articular
chondrocytes focused on extracting chondrons from the tissue (Guilak et al. 1999
Alexopoulos et al. 2003 Alexopoulos et al. 2005k Guilak et al. 2005 Alexopoulos et al.
2009 or extrapolating material parameters using in verse mathematical analyses
(Michalek and latridis 2007 ; Kim et al. 2010. By allowing matrix integration bet ween the
PCM and ECM to remain relatively intact, the method presented here provides an
additional direct measure of the mechanical properties of the PCM in situ. Of particular
importance, PCM and ECM moduli wer e measured in the same sampleusing the same
technique, providing a means of directly comparing ECM and PCM properties. Results

from all methods agree that the modulus of the PCM is greater than that of chondrocytes
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but significantly lower than that of the ECM. Human PCM values measured in this
study correspond to those found using micropipette aspiration on extracted chondrons
(E=40¢ 70 kPa(Alexopoulos et al. 2003 Alexopoulos et al. 2005b)). PCM moduli for 3 -
week-old mice were lower than those previously reported for extracted chondrons for 1 -
month -old CD1 mice (E = ~280 kPaAlexopoulos et al. 2009), adifference that may be
related to the maturity of the cartilage or differences in the strains of mice used.
Although earlier studies have reported the relationship between ECM and PCM
deformation in porcine cartilage (Choi et al. 2007, to our knowledge, this is the first
study to directly measure the mechanical properties of the porcine PCM. The results for
the PCM modulus in this study ( E = ~30 kPa)are in direct agreement with a recent study
that used an inverse method to match the predictions of a boundary element model of
the chondron with three -dimensional confocal imaging of cell, PCM, and ECM
deformation (Kim et al. 2010). Overall, the in situ mechanical properties of the PCM as
measured by AFM are comparable to those measured previously for mechanically
isolated chondrons, suggesting that mechanical extraction does not dramatically affect
the elastic properties of the PCM.

It is hypothesized that the local mechanical environment of the chondrocyte is
one of many factors that regulate chondrocyte physiology. The presence of the PCM has
been shown to significantly influence the mechanical and physiochemical environment

of the chondrocyte (for review, see (Alexopoulos et al. 2005g). The mismatch between
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mechanical properties of the PCM and ECM in the middle/deep zones has been shown
to result in significant strain amplification in the vicinity of the chondrocyte (Guilak and
Mow 2000; Alexopoulos et al. 2005g. This strain amplification may be an important
factor in mechanotransduction in these regions since local ECM strains are low during
bulk tissue deformation (Choi et al. 2007. In this study, the ratio of PCM to ECM
properties was similar for all species, with values of 0.34 + 0.16,0.37+ 0.2Q and 0.45+
0.23 for human, porcine, and murine cartilage, respectively. This consistency across
species suggests that the mismatch in PCM and ECM properties is an intrinsic
characteristic of articular cartilage and may reflect the role of the PCM as a transducer of
mechanical signals from the ECM to the chondrocyte during joint loading (Poole 1997
Guilak et al. 200§.

In general, ECM modulus values were lower than previously reported results
for cartilage macroscale properties, a finding consistent with previous AFM studies
(Coles et al. 2008Park et al. 2009. Modulus values were found to depend on the force
threshold used during indentation. At a force threshold of ~50 nN, the measured elastic
moduli were appr oximately two - to fivefold lower than those measured at ~750 nN (see
Appendix B). These findings are consistent with the indentation -dependent microscale
properties of bovine cartilage observed by Park et al.(Park et al. 2009. This apparently
non-linear behavior may be related to depth - and strain-dependent behavior of articular

cartilage observed at the macroscale(Schinagl et al. 1997 Chen et al. 2001 Wang et al.
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2003. This behavior is unlikely to be due to fluid pressurization effects during loading
at the microscale. The time constart for interstitial fluid pressurization in cartilage
during AFM -based indentation has been estimated to be less than a millisecondPark et
al. 2009, two orders of magnitude smaller than the duration of indentation from first
contact to maximum load. This suggests that fluid load support is minimal and that our
technique measures the intrinsic equilibrium mechanical properties of the solid matrix.
Apparent softening at the mi croscale may also be due taindentation of exposed
proteoglycans on the cut surface of the tissue. Previous work by Dean and colleagues
(Dean et al. 2006 on the compressive nanomechanics of aggrecan illustrated that the
mechanical stiffness of aggrecan increases dramatically when compressed at strains
greater than 40%. Given that the length of aggrecan macromolecules is on order of a
micrometer (Mow et al. 1992), this strain-stiffening behavior could be observed with
indentations greater than ~400 nm and may contribute to the indentation-dependent
behavior observed in this study. Overall, our findings suggest that large indentations are
required to obtain AFM -based mechanical properties representative of macroscale
measurements for articular cartilage.

For this study, cartilage slices were tested in the transverse direction relative to
the articular surface. In the middle/deep zones, collagen fibers transition from a more
random orientation in the middle zone to a highly aligned orientation per pendicular to

the articular surface in the deep zone (Mow et al. 1992). Thus, measurement in this
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direction may vyield different mechanical properties as compared to the direction normal
to the articular surface. Additionally, cartilage mechanical properties have been shown
to depend on the orientation of loading relative to the split -line dir ection (Chahine et al.
20049). The split-line direction was not taken into account during sample preparation for
this study.

Measured ECM elastic moduli were likely influenced by joint degeneration,
maturity, and/or tissue structure in the cartilage samples. Human samples were
collected from femoral condyles removed during joint replacement surgery. Other
studies have shown a decrease in the compressive stiffness of articular cartilage with age
(Armstrong and Mow 1982 ), as well as increasing severity of degeneration at the macro
(Armstrong and Mow 1982 ; Kleemann et al. 2005, micro- and nanoscales(Stolz et al.
2009. Kleeman et al.(Kleemann et al. 2005 recently reported that the macroscale
modulus of degenerated cartilage ranges from 280% 500 kPa, which is comparable to
ECM moduli measured in the current study.

In this work, porcine tissue was harvested from healthy, skeletally mature
animals. Consistent with our results, previous reports have indicated a lower
compressive modulus for porcine articular cartilage (Fermor et al. 2007 Hennerbichler et
al. 200§ as compared to human (Athanasiou et al. 1991, Magnussen et al. 2005 or
murine (Cao et al. 2006 Alexopoulos et al. 2009 tissue. Although ECM moduli in this

study are comparable to those reported for AFM indentation of the superficial zone of
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porcine patellar cartilage (Coles et al. 2008, they are inconsistent with macroscale
values.

Murine knee joints from 3-week-old, skeletally immature mice were collected to
allow for tissue sectioning without chemical treatments, such as decalcification. It is
likely that skeletally immature mice do not exhibit the same mechanical properties that
are characteristic of more mature animals. The average elastic modulus measured in the
current study was ~55% lower than that reported for AFM indentation of hip joint
cartilage from 20-week-old mice (Coles et al. 2008. Murine cartilage also has a much
greater cell density than that of larger animals (Stockwell 1971). This high cellularity
made it difficult to isolate testing regions that were solely ECM, resulting in lower than
expected values (Figure 2-1).

This study aimed to characterize the mechanical properties of articular cartilage
PCM at the microscale. A recent AFM study by Stolz and colleagues(Stolz et al. 2004
demonstrated that micrometer-sized indenters obtain elastic modulus values that better
reflect macroscale measurements as compared to nanometessized tips. However, there
are limitations to using micrometer -sized indenters for the stiffness mapping approach
presented in this study. Larger tips have a larger contact area, which decreases the
lateral resolution of the stiffness maps, particularly for soft materials (Radmacher et al.
1995. For spherical indenters, the contact radius scales with tip radius and indentation

depth. Since measurements were conducted using a force theshold (750 nN),
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indentations were small er in stiffer materials like the ECM but larger in softer materials

like the PCM. For the softest cases, this could result in contact radii of greater than 2.5

w( OwOi 1 Ul wEEUI UOwD OE it E-WMimighudotidbitetEantitickad 01 w0 1 w
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stiffening of measured PCM moduli. To minimize this effect, the PCM was defined as

OT 1T wUT T OO wb b Bhaped wiisuSirdepteliausstudiad have indicated that
PCM thickness varies locally around single chondrocytes (Poole et al. 1987Hunziker et
al. 1997 and that the PCM in the middle/deep zones of porcine cartilage is 3t K ws O w
thick (Youn etal. 20000 wUT B U whiws O w U of obed @poeddntthe tiud Extetit of

the PCM for any given site.

2.5 Summary

The results of this study suggest that stiffness mapping via AFM is a viable
method for determining site-specific mechanical properties at the microscale. AFM-
based stiffness mapping accurately obtained site-specific mechanical properties of soft
substrates and captured the spatial arrangement of different materials based on their
elastic moduli. Furthermore, elastic moduli obtained using AFM microindentation are
comparable to other micro- and macroscale techniques. This study supports previous
work demonstrating that PCM mechanical properties are significantly lower than those
of the local ECM. The scale level accessible with AFMbased measurements facilitates

more detailed investigation of the spatial distribution of PCM properties and the
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chondrocyte micromechanical environment as a whole than that afforded by other

techniques.

54



3. Depth -Dependent Anisotropy of the Micromechanical
Properties of Porcine Articular Cartilage Measured via
Atomic Force Microscopy

A version of this chapter was published as the following:
McLeod, M.A., Wilusz, R.E., Guilak, F. Depth-Dependent Anisotropy of the
Micromechanical Properties of the Extracellular and Pericellular Matrices of Articular

Cartilage Evaluated via Atomic Force Microscopy, Journal of Biomechanic5(3):586592,
2013.

3.1 Introductio n

Articular cartilage is the connective tissue that lines the articulating ends of
diarthrodial joints, providing a nearly frictionless surface for joint articulation and
functioning to support and distribute mechanical loads. Since the tissue is structura lly
and mechanically inhomogeneous and anisotropic (as reviewed in (Mow and Guo
2002), joint activity generates a complex mechanical environment that varies with depth
from the articular surface. Locally, chondrocytes experience stress and strain in
directions both paralle | and perpendicular to the direction of the applied external load as
well as osmotic stress, fluid pressurization, and streaming potentials (Mow et al. 1994;
Bachrach et al. 1998Lai et al. 2002 Mow and Guo 2002; Wang et al. 2002h Wong and
Sah 2010. This mechanical environment has been shown to significantly affect
chondrocyte metabolic activity, regulating the balance of catabolic and anabolic
processes andinfluencing overall tissue and joint health (as reviewed in (Williams et al.

201Q Guilak 2011)).
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Cartil age derives itsbulk mechanical properties from the structure and
composition of its extensive extracellular matrix (ECM), which is rich in type Il collagen
and proteoglycans (PGs). Based on distance from the articular surface, the ECM is
divided into thre e zones (superficial, middle, and deep) that vary in molecular
composition (Muir et al. 1970; Venn and Maroudas 1977) and matrix architecture (Jeffery
et al. 1991 Hwang et al. 1992 Yin et al. 2011 Vanden Berg-Foels et al. 2012 Split-lines
are indicative of the preferred collagen fiber orientation parallel to the articular surface
(Meachim et al. 1974 Below et al. 2003 and provide an additional component of
structural anisotropy. Variations in composition an d ultrastructure contribute to depth -
(Kempson et al. 1973 Jurvelin et al. 1997 Schinagl et al. 1997 Chen et al. 2001 Wang et
al. 20023 Wang et al. 2002y Wu and Herzog 2002) and directional -dependent (Mizrahi
et al. 1986 Jurvelin et al. 2003 Wang et al. 2003 Chahine et al. 2004 Huang et al. 2005
macroscale mechanical properties of the cartilage ECM. While recent studies have
evaluated variations in cartilage biomechanical properties with depth at the nanoscale
(Tomkoria et al. 2004, depth-dependent anisotropy rel ative to the split-line orientation
at the microscale has not been examined.

Each chondrocyte is surrounded by a distinct pericellular matrix (PCM) that
together with the enclosed cell makes up a chondron (Poole et al. 1987. The PCM differs
from the ECM in its composition (Poole et al. 1992Poole 1997 Hunziker et al. 2002;

Wang et al. 2008, structure (Poole et al. 1987Hunziker et al. 1997; Vanden Berg-Foels et
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al. 2012, and mechanical properties (Alexopoulos et al. 2003 Alexopoulos et al. 2005k
Guilak et al. 2005 Kim et al. 2010). In normal cartilage, the PCM is generally defined by
the presence of type VI collagen(Poole et al. 1988 and has a higher concentration of PGs
than the ECM (Poole et al. 1984Hunziker et al. 2002). Type VI collagen microfilaments
interact with PGs (Wiberg et al. 2002, Wiberg et al. 2002 Wiberg et al. 2003 and small
diameter type Il collagen fibers (Wiberg et al. 2003 to constitute the mesh-like capsule of
the PCM (Poole et al. 1987 and contribute significantly to the mechanical properties of
the PCM (Alexopoulos et al. 2009).

The local mechanical environment of the chondrocyte depends heavily on the
Ul OEUDYI wOl ET EOPEEOQwWxUOxIT UUDT UwoOi wOTl T w/ ", wEOGE W
tissue (Guilak and Mow 2000; Wu and Herzog 2002; Korhonen et al. 2006 Choi et al.
2007 Korhonen and Herzog 2008; Julkunen et al. 2009. Unlike ECM properties that vary
significantly with depth, PCM mechanical properties have been shown to exhibit zonal
uniformity (Alexopoulos et al. 2003 Alexopoulos et al. 2005b; Guilak et al. 2005. While
previous studies have shown that PCM morphology reflects the local collagen fiber
orientation of the ECM within each zone (Youn et al. 200§, PCM mechanical anisotropy
has yet to be characterized. Confocal microscopy studies of chondrocyte deformationin
situ have shown that the relationship between cell and ECM deformation is anisotropic
in the surface zone ard dependent on the split-line direction (Guilak et al. 1995). Finite

element studies have demonstrated that ECM anisotropy may have a significant effect
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on cell deformation under load (Wu and Herzog 2002; Korhonen and Herzog 2008),
suggesting that the existence of PCM anisotropy could also affect the local mechanical
environment of the chondrocyte.

The goal of this study was to characterize the depth and directional dependence
of microscale mechanical properties of porcine articular cartilage ECM and PCM in situ
using atomic force microscopy (AFM). We hypothesized that microscale elastic moduli
in the cartilage ECM exhibit depth -dependent anisotropy reflecting the local structure
and composition in each zone and that PCM microscale moduli are uniform with depth
and isotropic. To test these hypotheses, AFMbased stiffness mapping (Chapter 2;
(Darling et al. 2010)) was used to measure the elastic properties of ECM and PCM

regions in three mutually -perpendicular directions relative to the split-line orientation.

3.2 Materials and Methods
3.2.1 Tissue sample preparat ion

Full thickness cartilage samples were collected from the medial condyle of 2¢ 3
year old, skeletally mature, female pigs with no macroscopic signs of cartilage
degeneration (N = 12 pigs). Local split-line direction was visualized by inserting a
surgical needle dipped in India ink (Below et al. 2003 into the cartilage surface
immediately adjacent to each 6 mm diameter explant (Figure 3-1A). Each explant was

cut in half either parallel or perpendicular to the local split -line direction, removed from
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the condyle, and wrapped in gauze soaked in phosphate-buffered saline (PBS) for
intermediate storage at -20°C.
Samples were embedded in water-soluble embedding medium (Tissue-Tek
OCT.COOx OUOEOQW2EOUUEwW»D O1 Ul Owdtck #HaetditgaUl EUDPODI E
cryostat microtome (Leica CM1850; Leica). Cartilage samples were cut in the transverse
plane to generate full thickness samples oriented for indentation parallel (1 -dir) and
perpendicu lar (2-dir) to the split -line orientation. Additional zone -specific slices were
cut parallel to the articular surface to generate sections oriented for indentation normal
to the articular surface (3-dir) (Figure 3-1B). The cartilage zones were defined suchthat
the superficial zone consisted of the region 0¢ luk Y w4 OQwi UOOwUT | wEUUDPEUOE U
middle zone from200¢+ YY w4 Qwi UOOwUT 1 wEUUPEUOEUWUUUI EET Quw
bottom half of the explant (Figure 3-1C). These designations were made based ortell
morphology and tissue architecture described previously in the literature (Hwang et al.
1992 Hunziker et al. 1997 Youn et al. 200§. Samples were collected on glass slides and

rinsed with PBS to remove the water-soluble embedding medium. Samples remained in

PBS at room temperature for AFM testing.
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A B = Split-line orientation C

3-dir

C /'/ /‘/
/I-dir

Figure 3-1: Split -line identification and sample preparation for porcine
articular cartilage. (A) Local split -line orientation near collected explants (circles)
visualized using India Ink on the medial femoral condyle. Scale bar =10 mm.(B)
Direction of applied loads relative to the split  -line orientation. (C) For AFM testing,
cartilage zones were defined as superficial (0 + vk Y ws Owi UOOwUT 1T wEUUDPEUOI
middle (200 ¢+ YY ws OAOQWEOEWET | xwepEOUUOOwk YU wdOd wUEOX OI
with Safranin -. wUI EOw/ & AWEOEwWI EVUCwWT UT'l OwpEOUI OWEOO

3.2.2 Mechanical characterization via AFM -based stiffness mapping

Elastic moduli were mapped quantitatively using an AFM system (MFP -3DBio;

Asylum Research) integrated with an optical microscope (AxioObserver Al; Zeiss) to

diameter) were attached to AFM cantilevers (k= 4.5 N/m, Novascan) for microscale

mechanical measurements. Indentations were applied with a force trigger of 200 nN and

EOQOwWDOEI OUEUPOOwYI OCEPUA wOIl whk ws O¥xyUs w" UUYI Uwkil U
Scan regions were selected based on microscopic examination of cartilage

sections. ECM testing sites were located in areas visually devoidof cells (Figure 3-2A, B,
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C) and ECM properties were evaluated by performing 16 indentations applied over each
| Yws OwR wl Yws OwUTI T POOwpbwa wOOUEOwWNwUI T POOUwWxI1 U
were placed along the edge of cellsized voids in the tissue section (Figure 32D) and 400

indentations were applied OY 1T Uwil EET why wsy Gudruwdhwy wh@udiETO@d T B O

zone, per direction).

Figure 3-2: AFM scan regions in articular cartilage zones. Phase contrast
images show ECM scan regions (red) in the (A) superficial, (B) middle, and (C) deep
zones. Cartilage section shown is oriented for loading parallel to the split  -line
orientation (L-EPUAS w %, wEEOUDPOI YI UwPUWEOUOwWUT Op OB w2 EE
regions (blue) wer e placed along the edge of cell -sized voids. An adjacent ECM scan
Ul TPOOwpUl EAWEOEW %, wEEOUDOI YI UWEUT wEOUOwL
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3.2.3 Data evaluation

Raw data for cantilever deflection and z-piezo movement were analyzed using a
custom MATLAB scrip t (The MathWorks). A Hertzian contact model was used to
calculate tissue elastic moduli, E, (Darling et al. 2006) from force -indentation curves and
provided excellent fits to the experimental data ( R?> 0.90). For ECM regions, the
/ 0P UUOOuptERIMEEAAD 01 EwUOwBUwD Wl aEdEOwh O0QU wEODE w’
middle and deep zones based on published values for porcine cartilage (Choi et al.
2007). For PCM regions, i 1T w/ OPUUOOz UWUEWD OwBIEWMEHAWYOY Kwb OwE
(Alexopoulos et al. 2005b). Probe-surface contact was identified using a contact point
extrapolation method described previously (Guo and Akhremitchev 2006). Two-
dimensional contour maps of calculated elastic moduli were generated for each ECM
and PCM scan region.

Elastic moduli for PCM regions were extracted using the distance-based
definition of the PCM outlined in Chapter 2 (Darling et al. 2010). Briefly, the inner edge
of the PCM was identified using spatial indicators of contact with the underlying glass
substrate within each cell-sized void. PCM data were included for a region extending 1
4QwWUEEPEOOawi UOOWUT PUwWI ETT wOOwxUOYDPEI wEwWEOOUDU
3.2.4 Histological staining

For histological staining of collagen and PGs, unfixed cartilage sections were

rinsed with PBS to remove the water-soluble embedding medium. Sections were stained
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with 0.02% aqueous fast green (SigmaAldrich) and Accustain Safranin -O solution
(Sigma-Aldrich).

Picrosirius red staining (Junqueira et al. 1979 was utilized to visualize collagen
fiber alignment in unfixed cartilage sections. Cartilage samples were sectioned in the
transverse plane to generate full thickness samples oriented paallel to the split -line
orientation (1-dir) . Sections were rinsed with PBS to remove the watersoluble
embedding medium EQE wWE DT 1 UUIT E wb/RluckopduditinaseGABQ Yolutiok w
(Sigma-Aldrich) in 50 mM Tris buffer containing 60 mM sodium acetate (Sigma-Aldrich)
and 0.02% bovine serum albumin (BSA Invitrogen, Carlsbad, CA), pH 8.0 at 37°C for 30
minutes to remove glycosaminoglycans. Sections were stained with picrosirius red
solution (ScyTek Laboratories, Inc., Logan, UT) for 1 hour at room temperature, rinsed
twice with 0.5% acetic acid, and dehydrated in ethanol. Stained sections were visualized
UUDOT wxOOEUP&T EwODPT T UWwOPEUOUE Ox avéswsedtb Ul 1 OWEEOE
provide monochromatic illumination so that differences in light intensity, rather than
hue variation, could be visualized (Thomopoulos et al. 2003. To determine the direction
of maximum birefringence, images were taken at 10° increments as the analyzer and

polarizer were rotated from 0° to 90° (data not shown).

3.2.5 Statistical analyses

ECM and PCM data were evaluated separately for differences among cartilage

zones and loading direction using a two -way ANOVA & 001 OWEDPUI EUPOOO WY wé u
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%D UT 1 Uz UwOIl E U U wpbsthGekeét. BIEJAS dtaipieBehtédiatinmednfE 1 w
standard error.

3.3 Results
3.3.1 Picrosirius red staining of porcine articular cartilage

Picrosirius red staining viewed with polarized light revealed distinct ECM
collagen alignment through the tissue depth (Figure 3-3A). High collagen birefringence
was observed in a region extending 100t hul k w% Owi UOOwUT I wEUUPEUOE U WU
bottom 50% of the cartilage section. PCM birefringencevaried considerably from site -to-
site and was complicated by edge effects associated with the circular celtsized voids in

the tissue section (Figure 33B).

Figure 3-3: Picrosirius red staining of porcine articular cartilage
Representative polarized light images of picrosirius red -stained sections cut parallel
to the local split -line orientation (1-dir) . Images shown were captured at the
orientation of maximum birefringence. (A) Distinct ECM collagen alignment was

observed UT UOUT T wOT T wOPUUUI wET xUl B w2EEOT wEEUwWA wl YY
PCM was highly variable site -to-site and complicated by edge effects associated with

circularcell -UPal EwYOPEUS W2 EEO] WEEU WA wk Y wy O
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3.3.2 Depth - and directional -dependence of ECM el astic moduli

Stiffness mapping revealed that ECM elastic moduli within each zone exhibit
distinct directional dependence relative to the split -line orientation (Figure 3-4). In the
superficial zone, 1-dir moduli were 20% greater than 2 - and 3-dir moduli ( p < 0.0005;
Figure 3-4A). In the middle zone, 1-dir moduli were 14% greater than 2-dir moduli and
no significant differences were observed between 1- or 2-dir moduli with 3 -dir moduli
(p> 0.05). In the deep zone, 3ir moduli were 24% greater than moduli in the both the 1-
and 2-directions (p < 0.0005). A decrease in elastic moduli with depth was present in all
three tested directions. In both the 1- and 2-directions, superficial zone moduli were
significantly greater than those measured in the middle and deep zones (p < 0.000005)
and middle zone moduli were greater than deep zone moduli ( p < 0.05). In the 3
direction, the only significant difference observed was between the superficial and deep

zones (p < 0.05).

3.3.3 Depth - and directional -dependence of P CM elastic moduli

In PCM scan regions, stiffness mapping revealed lower modulus regions
immediately surrounding cell -sized voids (Figure 3-5). There was no significant
interactive effect between cartilage zone and loading direction for PCM elastic moduli
(p=10.27) and PCM properties exhibited zonal uniformity through the tissue depth ( p=
0.38; Figure 35B). When pooled across zones, dir PCM moduli were 16% greater than

2- and 3-dir moduli ( p < 0.05).
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Figure 3-4: Evaluation of ECM microscale anisotropy. (A) Representative
elastic maps of superficial zone ECM scan regions evaluated inthe 1 -, 2-, and 3-
directions. (B) Elastic moduli for ECM regions in the superficial, middle, and deep
zones evaluated in the 1- (black), 2 ¥ (grey), and 3- (white) directions. a: p < 0.0005 for
superficial zone 1 -dir as compared to superficial zone 2 - and 3-dir. b: p < 0.000001 for
superficial zone 1 -dir as compared to middle and deep zone 1 -dir. c: p < 0.000005 for
superficial zone 2 -dir as compared to middle and deep zone 2 -dir. d: p < 0.05 for
superficial zone 3 -dir as compared to deep zone 3-dir. e: p < 0.05 for middle zone 1-dir
as compared to middle zone 2 -dir. f: p < 0.00005 for middle zone 1-dir as compared to
deep zone 1-dir. g: p <0.05 for middle zone 2-dir as compared to deep zone 2-dir.
h: p < 0.0005 for deep zone 2dir as compared to deep zone 1- and 2-dir. Moduli
presented as mean + standard error (N = 12 pigs, nd wuNhvwUl T POOUwx1 Uwa O0I
direction).
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Figure 3-5: Evaluation of PCM microscale anisotropy. (A) Representative

elastic maps of superficial zone PCM scan regions evaluated in the 1 -, 2-, and 3-
directions. (B) Elastic modu li for PCM regions in the superficial, middle, and deep
zones evaluated in the 1- (black), 2- (grey), and 3- (white) directions. No significant

zone*direction ( p = 0.27) or zone effect p = 0.38) was observed. When pooled across
zones, 1-dir PCM moduli wer e greater than 2- and 3-dir moduli ( p < 0.05). Moduli
presented as mean + standard error (N = 10 pigs, na wl WwUI T OO U wx1 Uwa O00I
direction).
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3.4 Discussion

Our results present new evidence that articular cartilage mechanical properties
exhibit inhomogeneity and anisotropy relative to the split -line orientation at the
microscale. Distinct anisotropy in EC M elastic moduli was observed in the superficial
and deep zones whereas the middle zone exhibited subtle anisotropy. Contrary to our
initial hypothesis, ECM microscale moduli decreased with depth in all three tested
directions. PCM elastic moduli exhibited zonal uniformity with depth and when pooled
across zones, were greatest in the direction parallel to the splitline orientation.

Our study supports the hypothesis that collagen fiber orientation has a
significant influence on the directional dependence of cartilage ECM mechanical
properties. In agreement with our picrosirius red staining results and previous
macroscale studies(Wang et al. 2003 Chahine et al. 2004 Huang et al. 2005, AFM-based
stiffness mapping demonstrated that ECM microscale elastic moduli exhibit distinct
anisotropy in the superficial and de ep zones where the local collagen fibers are highly
aligned (Jeffery et al. 1991 Hwang et al. 1992). In the superficial zone, collagen fibers run
parallel to the articular surface along the split -line orientation. Following this fiber
alignment, moduli measured parallel to split -lines (1-dir) were significantly greater than
those measured perpendicular to the split -line orientation (2 - and 3-dir). In the deep
zone, collagen fibers are oriented perpendicular to the articular surface and elastic

moduli measured normal to the articular surface (3 -dir) were significantly greater than
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moduli obtained in either transv erse plane (t and 2-dir). Furthermore, we observed
subtle anisotropic behavior in the middle zone where moduli were greater parallel to the
split-line orientation (1 -dir) than perpendicular to it (2 -dir). Following the cascade-like
architecture of collagen fibers through the depth of the tissue, the middle zone serves as
a structural transition between the mutually -perpendicular fiber orientations of the
superficial and deep zones. Previous studies have shown that the collagen fiber
alignment along split-lines in the superficial zone influences the angle at which middle
zone fibers are oriented relative to the articular surface (Jeffery et al. 199). This in-plane
alignment of collagen fibers likely contributes to the observe d anisotropy in the middle
zone.

Unlike previous macroscale studies which show a depth-dependent increase in
ECM elastic moduli (Schinagl et al. 1997 Chen et al. 2001 Wang et al. 2003 Chahine et
al. 2009, the observed ECM microscale elastic properties in the current study decreased
with depth in a Il three tested directions. These observations may be related to the fact
that AFM measures highly localized mechanical properties that may be influenced by
the molecular composition of the tissue. During AFM microindentation, the effects of
interstitial f luid pressurization are minimal, with an estimated relaxation time constant
of 30+ 60 milliseconds based on the moduli presented in our study (Park et al. 2009. As
a result, fluid load support during localized indentation is minima |, approximately 10%

based on the Peclet number(Bonnevie et al. 2012. This suggests that elastic moduli
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measured in our study reflect the intrinsic properties of the solid matrix. The molecular
composition of the cartilage ECM varies with depth from the articular surface; collagen
content is highest in the superficial zone and decreases with depth while PG content
follows an opposite trend, being lowest in the superficial zone and highest in the deep
zone (Muir et al. 1970; Venn and Maroudas 1977). It has been shown previously that the
in situ nanoscale elastic modulus of PGs is an order of magnitude softer than that of
collagen fibers (Loparic et al. 2010. In the current work, t he lowest moduli were
observed in the deep zone where PG content is highest and collagen content istie
lowest. The highest moduli were found in the superficial zone where PG content is
lowest and collagen content is highest. This apparent softening of ECM properties with
depth may be due in part to these depth-dependent variations in ECM composition.
AFM -based stiffness mapping allows for direct evaluation of PCM mechanical
properties with minimal disruption of native matrix integration and a model framework
for evaluating the depth and directional dependence of PCM properties. Consistent with
previous mi cropipette aspiration studies (Alexopoulos et al. 2003 Alexopoulos et al.
2005k Guilak et al. 2005, PCM microscale elastic moduli exhibited zonal uniformity
with depth. Within each zone, PCM microscale elastic moduli exhibited no directional
dependence, reflecting its meshlike capsule architecture. How ever, when pooled across
the three zones, PCM moduli were greater parallel to the split-line orientation (1 -dir) as

compared to the other two directions. This effect appears to be dominated by the
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superficial and middle zones where 1-dir moduli tended to b e greater than those

measured in the 2- and 3- directions. Previous studies have shown that PCM

morphology reflects the local collagen fiber orientation in the ECM (Youn et al. 200§. In

regions closer to the articular surface where the PCM is thinner (Youn et al. 2009, it is

possible that local ECM type Il collagen fiber ori entation in the plane of split -line

orientation (Jeffery et al. 199] contributes to subtle, but measurable, alignment of type

VI collagen microfilaments or other molecular components in the PCM. While

picrosirius red staining is useful for visualizing fibrillar ¢ ollagen like types I, I, and 1l

(Junqueira et al. 1979, there is little evidence suggesting that type VI collagen

microfilam ents are birefringent and can be visualized with this stain. In addition, an

edge effect was found to be associated with the circular cellsized voids in stained

sectionswhen viewed with polarized light . As a result, we were unable to confidently

evaluate type Il collagen alignment within U1 1 whiwsg Ow/ ", wUI T POSwUUDPOT wl
( OQwUT 1T wEUUUI OUwWUUOUVUEaAOwWUT T w/ ", whEUWET | DOI E wE

from the edge of eachcelUDP a1l EwYOPES w/ ", wUOT PEOOI UUwPUwi 1 O1 U

has been shown to vary locally around single chondrocytes (Hunziker et al. 1997) as well

as with depth through the cartilage zones (Youn et al. 2006. As a result, this pre-defined

tuws QwUIl T b O Gestiiata the bétial ektent of the PCM. There are limitations in

lateral resolution when using micrometer -sized indenters for AFM stiffness mapping of

soft substrates due to the size of the contact area during indentation (Radmacher et al.
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1995. The contact radius for a spherical indenter scales with tip radius and indentation

depth. Using a single force trigger of 200 nN to evaluate both the PCM and ECM led to

differences in contact radii between the two regions. PCM regions exhibit lower elastic

moduli and therefore experience larger indentations than the adjacent ECM for the same

applied force. As a result, contact radii in the PCM (1.84 | 8 Y uwef@ Mnger than

contact radii in the ECM (1.3¢ ud k ws OK S w" OOUEEUwWPPUT WEENEEI O0w$:
indentation may have contributed to the observed anisotropy in PCM mechanical

properties and to stiffening of PCM moduli. Thepre -E1 | DO1T Ewhiws OwUI T OO wb E
in an attempt to minimize these effects. Use of smaller radius indenters would improve

lateral resolution but may result in moduli th at do not reflect macroscale measurements

(Stolz et al. 2004. Alternatively, using a biochemical definition of the PCM, such as
immunofluorescence for type VI collagen (Poole et al. 1988Poole et al. 1992, would

allow for more complete characterization of spatial variations in anisotropy within the

chondrocyte microenvironment.

3.5 Summary

Our study provides new evidence for mechanical inhomogeneity and anisotropy
at the microscale in articular cartilage. By demonstrating distinct depth -dependent
anisotropy in ECM microscale elastic moduli, our results provi de further support for
local collagen fiber orientation and matrix composition as defining factors in cartilage

mechanical behavior. In addition, our findings provide new insights into the
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micromechanical environment of the chondrocyte, demonstrating zonal uniformity and
mechanical isotropy of PCM elastic moduli. This detailed characterization of the cell
microenvironment within each zone can be applied to theoretical models of cell -PCM-
ECM interactions (Guilak and Mow 2000; Wu and Herzog 2002; Kim et al. 2008
Korhonen and Herzog 2008 to further our understanding of the specific mechanical

stresses experienced by the chondrocyte in health and disease.
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4. Stiffness Mapping of Early Osteoarthritic Changes in
the Micromechanical Properties of the Pericellular
Matrix in Human Articular Cartilage

4.1 Introduction

Osteoarthritis (OA) is a joint disease characterized by progressive degeneration
and loss of articular cartilage, ultimately resulting in severe pain and disability. In the
United States, over 20 million people suffer from OA, resulting in a total economic
burden of over $80 billion dollars annually (Buckwalter and Martin 2006 ; Bitton 2009).
61 DOl wbOPUPEOOa wWUT OUT T DwOOWET wEwWEDUI EUIT wOi w? 00
advanced age, it is now recognized that OA is caused by a complex interplay among
biochemical factors, joint structure, and joint biomechanic s (Aigner et al. 2006; Poole et
al. 2007 Goldring 2008) that alters the balance between an&olic and catabolic pathways
in joint tissues (Sandell and Aigner 2001, Sandell 2007%.

Articular cartilage derives its functional mechanical properties from its extensive
extracellular matrix (ECM) of type Il collagen and proteoglycans (PGs). As these
molecular components undergo enzymatic degradation and are progressively lost in OA
(McDevitt and Muir 1976 ; Cs-Szabo et al. 1995Kleemann et al. 2005 Bay-Jensen et al.
2008 Hennerbichler et al. 2008 Stolz et al. 2009, cartilage loses its structural and
mechanical integrity. Alterations in the mechanical properties of the cartilage ECM with
OA have been characterized at the macroscalg Armstrong and Mow 1982 ; Setton et al.

1999 Kleemann et al. 2005 Hennerbichler et al. 2008, microscale (Stolz et al. 2009
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Desrochers et al. 2010Desrochers et al. 2012, and nanoscale(Stolz et al. 2009 in both
human tissue and experimental models. Results at all length scales agree that cartilage

compressive properties decline with increasing disease severity. Interestingly, in knee

NOPOUOUwPDPUT wUOPEOOXxEUUOI OUEOwW. OwUi 1T woil EI

compartment are also compromised, though not to the same degree, despite the often
normal macroscopic appearance of the tissle (Obeid et al. 1994.

While most investigations focus on the macroscale degradation of the cartilage
ECM in OA, significant changes also occur in the chondrocyte microenvironment.
Immediately surrounding each cell is a narrow region known as the pericellular matrix
(PCM) that together with its enclosed cell form s the functional unit known as the
chondron (Poole et al. 1987. The PCM is distinct from the bulk extracellular matrix in its
biochemical composition, most notably the exclusive presence of type VI collagen (Poole
et al. 1988 Poole et al. 1992Hagiwara et al. 1993 Youn et al. 2009, ultrastructure (Poole
et al. 1987, Hunziker et al. 1997; Vanden Berg-Foels et al. 2012, and biomechanical
properties (Alexopoulos et al. 2003 Alexopoulos et al. 2005y Guilak et al. 2005 Kim et
al. 2010. Marked changes in the structural and biochemical profiles of the PCM in OA
have been reported, including the presence of type Il collagen and PG degradation
products (Dodge and Poole 1989 Hollander et al. 1995; Gibson et al. 2001 Plaas et al.
2007, a loss of organization in PCM collagens and PG components(Poole et al. 1991b

Hambach et al. 1998 Horikawa et al. 2004; Murray et al. 2010), and the prevalence of
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swollen and enlarged chondrons (Poole et al. 1991bLee et al. 2000. Micropipette
aspiration studies revealed a significant loss of mechanical integrity in cho ndrons
isolated from OA human cartilage as compared to normal tissue. OA chondrons exhibit
8 OUOT 7 UwbA®@dldver arid paumeability values 2 ¢ 3times greater than those of
normal chondrons (Alexopoulos et al. 2003 Alexopoulos et al. 2005h). However, these
studies were limited by the need for physical extraction of the chondron from the tissue
and no studies, to our knowledge, have investigated degradative changes in the
chondrocyte micromechanical environment in situ.

The objective of this study was to quantify osteoarthritic changes in the
micromechanical properties of the ECM and PCM of human arti cular cartilage in situ
using atomic force microscopy (AFM). To this end, AFM -based stiffness mapping (as
described in Chapter 2 (Darling et al. 2010)) was used to evaluate the microscale elastic
modulus of ECM and PCM regions of human articular cartilage collected from both
femoral condyles of macroscopically normal and early OA knee joints. This approach
was used to test the hypotheses that both ECM and PCM regions experience a loss of
mechanical integrity with OA on both femoral condy les and that the mechanical

footprint of the PCM is enlarged in OA cartilage as compared to normal tissue.
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4.2 Materials and Methods
4.2.1 Tissue sample preparation

Full thickness articular cartilage samples were collected from matched sites on
both femoral condyles from adult human knee joints at autopsy (6 female, 2 male; age =
65+ 11 years; age range: 53 83 years). None of the patients had a history of knee
surgery or clinical diagnosed OA. Joints were classified as macroscopically normal
(Collins grade 01 1; N = 4) or arthritic (Collins grade 2 t+ 3; N = 4) based on the presence
and extent of surface fibrillation, fissures, and/or focal defects on the condyles (Collins
and McElligott 1960) (Figure 4-1). Degenerative changes were present on the medial
condyle of all four OA joints, with one joint exhibiting arthritic changes on both

condyles (Figure 4-1C).

Normal: Collins Grade 0 OA: Collins Grade 2 OA: Collins Grade 3
Figure 4-1: Macroscopic grading o f human articular cartilage. Knee joints were
classified as (A) macroscopically normal or (B, C) arthritic based on the presence of

surface fibrillation, fissures, and/or focal defects on the medial (M) or lateral (L)
condyle.
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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) and
sectioned perpendicular to the articular surface ® O w k-thick €lices using a cryostat
microtome (Leica CM1850; Leica). Cartilage slices were collected on glass slides and
washed thoroughly with PBS to remove the water-soluble embedding medium prior to
AFM testing. Samples remained in PBS at room temperaure for the duration of AFM

testing.

4.2.2 Mechanical characterization via AFM  -based stiffness mapping

Elastic moduli were mapped quantitatively with the use of a stand -alone atomic
force microscope (MFP-3D; Asylum Research, Santa Barbara, CA). For microndentation,
borosilicate glass spheres (57m diameter) were attached to the end of AFM cantilevers
(k= 7.5 N/m; Novascan Technologies, Ames, IA). Indentation curves were applied with a
force trigger of 750 nN and sampled at 7.5 kHz.

For evaluation of PCM elastic properties, indentations (1600 sites per region, 15
>m/s indentation velocity ; n = 15t 16 regions per classification) were sequentially
applied over each scan region as defined by microscopic examination of cellsized voids
in the cartilage section. ECM elastic properties were evaluated using the same technique
over regions visually devoid of PCM (16 sites per region, 154 m/s indentation velocity;

n =15¢ 16regions per classification).
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4.2.3 Data evaluation

Raw data for cantilever deflection and z-piezo movement were analyzed using a
custom MATLAB script (The MathWorks). A modified Hertzian contact model was used
to calculate tissue elastic moduli, E, from force -indentation curves, as described
previously (Darling et al. 2006). Probe-surface contact was identified using a contact
point extrapolation method descr ibed previously (Guo and Akhremitchev 2006). The
/I OPUU O OwatEulDEWDIOE w0 OWET wAawAh wysYKwDOWEOUT ws" , weod
published values (Mow et al. 1980, Chen et al. 2001 Alexopoulos et al. 2005y Choi et al.
2007). Hertzian contact mechanics provided excellent fits to the experimental data (R2 >
0.90). Two-dimensional contour maps were generated of the spatial distribution of
calculated elastic moduli in each scan region.
Elastic moduli for PCM regions were extracted using the distance -based
definition of the PCM outlined in Chapter 2 (Darling et al. 2010). Glass contact was
readily apparent from the force -indentation curves and was used to define the edge of
each cellsized void in PCM scan regions. PCM data were included for a region
I RUI OEDOT whvws OWUEEPEOOa wi UOOwUItiendendssall | wOOwx UOY
samples. To quantitatively evaluate the spatial distribution of moduli in the chondrocyte
microenvironment, the stiffness progression from the PCM inner edge to the ECM was

I YEOUEUI EwbDOWUEEDEOWDOEUI O OUUwWOT wydk ws 08
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4.2.4 Histological staini ng and immunofluorescence

For histological staining, additional cartilage explants from both femoral
condyles were cut in half to generate a transverse crosssection and fixed overnight in
formalin . Fixed explants were dehydrated in ethanol, infiltrated wi th xylene, and
embedded in paraffin. For histological staiOD O1T wOi WEOOOET I-thiakE OE w/ & UO why
sections were stained with 0.02% aqueous fast green (Sigm&ldrich) and Accustain
Safranin-O solution (Sigma-Aldrich).

Unfixed EUa OUIT E UD OO binmpdialcor@yleltartbageOnére labeled using
immunofluorescence (IF) for type VI collagen to visualize the PCM. Sections were
blocked in 10% goat serum (Invitrogen) for 30 minutes at room temperature. Samples
were incubated with primary antibody for type VI collagen (anti -collagen type VI raised
in rabbit, sc-20649; @nta Cruz Biotechnology, Inc., Santa Cruz, CA) at a 1:200 dilution in
10% goat serum for 1 hour at room temperature. After three PBS washes of 5 minutes
each, samples were incubated with secondary antibody (AlexaFluor 488 goat anti-rabbit
IgG; Invitogen) at a 1:200 dilution in 10% goat serum for one hour in the dark at room
temperature. Sections were rinsed three times with PBSand visualized on a confocal

laser scanning microscope (LSM 510Zeiss).

4.2.5 Statistical analyses

Differences between ECM and PCM elastic moduli were evaluated separately on

eachcondyleusingatwo-pEaw - .5 weUI T DOOOWEPUI EUI wUUEUI Ow’
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significant difference (LSD) posthoctest. Data were log-transformed for normality when

required. Differences in ECM and PCM elastic moduli between the medial and | ateral

condyle were evaluated separately for each region using a repeated measures ANOVA
PYWAwYSdYKkASw2UPI I O1 UUwxUOT Ul UUPOOWEEUEwWPT Ul wl VY
usingaonebPEa w - .5 weEDUUEOEIT OwY uphsinygolest. Fdt and\BiE w%d UT 1
within the cell microenvironment, the pericellular/territorial matrix (PCM/TM) region

PEUWEI UPT OEUI EwUOWPOEOUET wUIT T wUl 1 DOOwI RUI OEDOI

All data are presented as meanz standard error.

4.3 Results

4.3.1 Histolo gical staining and immunofluorescence -labeling of
human articular cartilage

Histological staining qualitatively confirmed early degradative changes on the
medial condyle of joints classified as arthritic. OA cartilage exhibited surface
irregularities and a progressive loss of PG stainingwith depth as compared to
macroscopically normal tissue (Figure 4-2).

IF-labeling for type VI collagen in medial condyle cartilage demonstrated distinct
differences in the PCM between normal and OA cartilage (Figure 4-3). In normal
cartilage, type VI collagen was tightly localized around cell -sized voids. In contrast in
OA cartilage, expanded type VI collagen labeling was observed around cell-sized voids

and faintly dispersed in ECM regions.
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Medial Condyle Lateral Condyle

Normal

Figure 4-2: Histological staining of human articular cartilage.  Safranin -O (red,
PG) and fast green (blue, collagen) staining of cartilage sections from (A, B)
macroscopically normal and (C, D) OA knee joints. Surface irregularities and loss of
PG staini ng are present in OA cartilage sections from the medial condyle .
2EEOI WEEUwWA wt YYws OB

Normal

Figure 4-3: Immunofluorescence -labeling of type VI collagen in human
articular cartilage. Representative images of IF -labeli ng of type VI collagen in medial
condyle cartilage from (A) macroscopically normal and (B) OA knee joints. IF -
labeling revealed expanded PCM regions in OA cartilage. Scale bar = 100 % O 6
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4.3.2 AFM stiffness mapping of human articular cartilage

Stiffness mapping of articular cartilage from the medial condyle revealed a
significant loss of mechanical function in both the PCM and ECM of articular cartilage
collected from the medial condyle. The elastic modulus of the PCM in OA cartilage was
reduced by one-third (96 + 8 kPa) as compared to normal cartilage (137 £ 10 kPg@;< 0.05,
Figure 4-4A). The elastic modulus of the ECM was reduced by 45% (270 £ 36 kPa) in OA
cartilage as compared to macroscopically normal joints (491 + 52 kPap < 0.0005). On the
lateral condyle, no change in either PCM or ECM elastic properties was observed with
OA (Figure 4-4B; p>0.25). On both condyles, ECM elastic moduli were significantly
greater than PCM moduli in normal and OA cartilage ( p < 0.000001).

Comparisons between the condyles demonstrated that ECM moduli on the
medial condyle were significantly lower than those on the lateral condyle in OA joints
(p < 0.005). No difference in ECM moduli was observed between the condyles in
macroscopically normal joints (p = 0.21). PCM modudi were significantly greater on the
medial condyle in healthy joints ( p < 0.05). No difference was observed in PCM moduli
between the condyles in OA joints (p = 0.24).

Spatial mapping of elastic moduli revealed distinct differences in the
biomechanical footprint of the PCM in normal and OA cartilage on the medial condyle.
Stiffness maps of PCM regions in OA cartilage illustrated expanded regions of lower

moduli surrounding cell -sized voids as comparedto normal cartilage (Figure 4-5A, B).
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This radial expansion was reflected in a shallow stiffness gradient outward fro m the

PCM inner edge (Figure 4-5C), in which elastic moduli failed to reach ECM -like values

PPUI POWEWUEEPEOQWEDPUUEOET woOi wA ws Owi k&dOwWUT 1T w/ ", w

modulus values were OE U]l UYl EWEUWEWUEEPEOWEDUUEOET woOil wt 8y

in normal cartilage. There were no differences in the biomechanical footprint of the PCM

or the stiffness gradient between normal and OA cartilage on the lateral condyle (Figure

4-6).
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Figur e 4-4: Stiffness mapping of human articular cartilage. Elastic moduli of
cartilage ECM and PCM from the (A) medial and (B) lateral condyles of
macroscopically normal (black) and OA (white) joints. a: p < 0.0005 for normal ECM
moduli as compared to OA ECM moduli on the medial condyle. b:  p < 0.000005 for
ECM moduli as compared to their respective PCM moduli on the medial condyle.
c:p <0.05 for normal PCM moduli as compared to OA PCM moduli on the medial
condyle. d: p <0.000001 for ECM moduli as compared to their respective PCM moduli
on the lateral condyle. Moduli presented as mean + standard error (N = 4 knees,
n =154 16regions per classification).
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Figure 4-6: Stiffness progression of elastic moduli of human articular cartilage
from the lateral condyle. Representative contour maps of calculated elastic modul i for
PCM scan regions of (A) macroscopically normal and (B) OA joints. (C) Outward
stiffness progression of elastic moduli from the PCM inner edge to the ECM of
macroscopically normal (black) and OA (white) cartilage. a:  p < 0.05 for normal
cartilage modu OP wbP DUT DPOwhd k wy Owdi wUOT T w/ 'harnabrb@uli Uwi ET T w
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compared to OA modU O P wE U wip & §.06 500BAEENM moduli as compared to all
distances in OA cartilage . Moduli presented as mean = standard error (N = 4 knees,
n = 16 regions per classification).
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4.4 Discussion

Our results demonstrate a significant loss in the mechanical function of the
articular cartilage PCM and ECM in situ with OA at the microscale. AFM -based stiffness
mapping of medial condyle cartilage revealed a significant decrease in both PCM and
ECM elastic moduli in OA knee joints as compared to macroscopically normal tissue. In
addition, radial expansion of the biomechanical footprint of the PCM was observed in
medial condyle cartilage with OA. Contrary to our initial hypothesis, no changes in
mechanical properties or their spatial distribution were observ ed in PCM or ECM
regions of lateral condyle cartilage.

Our findings provide direct evidence for degenerative changes in the
chondrocyte micromechanical environment with OA. Unlike previous micropipette
aspiration studies of isolated OA chondrons (Alexopoulos et al. 2003 Alexopoulos et al.
2005b, the AFM-based method utilized in the current work allows for direct evaluation
of PCM mechanical properties in situ. The observed ~30% decrease in PCM elastic
moduli is comparable to that observed previously for mechanically isolated chondrons
(Alexopoulos et al. 2003 Alexopoulos et al. 2005b) from normal and OA cartilage. The
observed moduli fall within the range observed for human cartilage in our initial stud vy
presented in Chapter 2 (Darling et al. 2010) but are approximately two -fold higher than
those reported for isolated chondrons (96 ¢ 137 kPa vs. 4% 66 kPa). This difference may

be due to subjectto-subject variability in PCM propertie s. It is also possiblethat OA
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PCM exhibits enhanced mechanical integrity in situ as compared to an isolated chondron
due to its loosely organized ultrastructure (Poole et al. 1991hHambach et al. 1998
Horikawa et al. 2004; Murray et al. 2010).

In agreement with previous studies that demonstrate a significant decrease in
cartilage compressive properties with the onset and progression of OA (Armstrong and
Mow 1982 Setton et al. 1999Kleemann et al. 2005 Hennerbichler et al. 2008, medial
condyle ECM microscale elastic moduli decreased 45% in OA cartilage as compared to
macroscopically normal tissue. Contrary to our initial hypothesis, no change was
observed in either ECM or PCM elastic moduli on the lateral condyle. This lack of
alteration is likely related to the relative health of the early-stage OA cartilage examined
in this study as compared to end-stage OA cartilage (Obeid et al. 1994. Difficulties with
sample preparation of severely degenerated tissueprevented end-stage OA cartilage
collected at total knee arthroplasty from being included in th is analysis. Overall, ECM
moduli are in excellent agreement with previously reported macroscale values for
normal and arthritic human cartilage (Armstrong and Mow 1982 Athanasiou et al. 1997,
Kleemann et al. 2005 and results demonstrating similar moduli between the medial and
lateral condyle (Athanasiou et al. 1997).

Stress and strain in the immediately vicinity of the chondrocyte depend heavily
OOwUT 1T wUl OEUDYI!T woOl ET EOPEEOwWxUOx1 UUDT UwoOl wlOT 1T w/
within the tissue (Guilak and Mow 2000; Wu and Herzog 2002; Korhonen et al. 2006
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Choi et al. 2007 Korhonen and Herzog 2008; Julkunen et al. 2009. In the current study,
the ratio of PCM to ECM elastic moduli increased from 0.36 + 0.06 in macroscopically
normal medial condyle cartilage to 0.56 + 0.13 in OA cartilage. This disruption of the
normal ratio of PCM to ECM mechanical properties, coupled with the observed
concurrent decreasein ECM moduli, may result in the chondrocyte experiencing
significantly different biomechanical signals in OA (Guilak and Mow 2000; Alexopoulos
et al. 20053. This altered mechanical signaling, coupled with the inflammatory
environment of the degenerative joint, would contribute to catabolic signaling cascades
and further destruction of the cartilage (Sandell and Aigner 2001; Poole et al. 2007.

One noted advantage of our AFM -based approach is its ability to spatially map
these mechanical changes in the chondrocyte microenvironment. In agreement with our
qualitative IF -labeling results, the biomechanical footprint of the PCM was enlarged in
OA medial condyle cartilage as compared to macroscopically normal samples.
Quantitative analysis of collected stiffness maps revealed a shallow stiffness gradient
outward from the PCM inner edge in OA cartilage as compared to normal tissue. This
result suggests a direct relationship between the ultrastructural changes prevalent in OA
chondrons (Poole et al. 1991bHambach et al. 1998 Lee et al. 2000Horikawa et al. 2004;
Murray et al. 2010) and their altered biomechanical properties.

While the distance-based definition of th e PCM applied in this work provided a

consistent region across all samples tested, the predefined 14 OwUT T POOwWOP O1 Oa w
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underestimates the true extent of the PCM (Youn et al. 2006. This is especially true in
OA cartilage due to the prevalence of enlarged chondrons (Poole et al. 1991bLee et al.
2000. A biochemical definition of the PCM such as type VI collagen (Poole et al. 1988
Poole et al. 1992Hagiwara et al. 1993 Youn et al. 2006, as opposed to the distance
based definition applied here , would allow for precise definition of PCM indentation

points and full characterization of the PCM in OA cartilage.

4.5 Summary

Our study provides further evidence of sig nificant degradative changes in
articular cartilage at the microscale with OA. In addition, our findings provide new
insight into the micromechanical environment of the chondrocyte in the early stages of
disease progression demonstrating radial expansion of the PCM biomechanical
footprint in addition to a loss in mechanical integrity. A detailed mechanical
characterization of PCM alterations throughout the progression of OA could be applied
to theoretical models of the chondrocyte microenvironment (Guilak and Mow 2000;
Alexopoulos et al. 20053 to better understand alterations in cellular stress and strain
which can, in turn, improve our understanding of the specific contributions of

mechanical loading to cartilage degeneration in OA.
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5. Immunofluorescence -Guided Atomic Force
Microscopy to Measure the Micromechanical Properties
of the Pericellular Matrix of Porcine Articular Cartilage

A version of this chapter was published as the following:
Wilusz, R.E., DeFrate, L.E. Guilak, F. ImmunofluorescenceGuided Atomic Force

Microscopy to Measure the Micromechanical Properties of the Pericellular Matrix of
Porcine Articular Cartilage, Journal of the Royal Society Interfa€76):29973007, 2012

5.1 Introduction

Articular cartilage is the connective tissue that lines the articulating surfaces of
diarthrodial joints, providing a low -friction, load -bearing surface that supports and
distributes the forces generated during joint motion. The functional mechanical
xUOx1 UUPI UwOi wEEUUDPOET T wEUI WEOOI T UUI EwEa w0l 1 wO
that is produced and maintained by a single population of cells known as chondrocytes.
During joint activity, chondrocytes are subjected to a complex mechanical environment
consisting of temporal and spatial variations in stress and strain, hydrostatic pressure,
streaming potentials, and osmotic pressure (Mow et al. 1994; Lai et al. 2002 Mow and
Guo 20032. This mechanical environment has been shown to significantly impact the
balance of chondrocyte anabolic and catabolic activities and, in turn, influence the
overall health of the joint (reviewed in (Guilak et al. 1997, Grodzinsky et al. 2000;
Williams et al. 2010)).

Within the ECM, chondrocytes are surrounded by a narrow region called the

pericellular matrix (PCM) that together with the enclosed cell(s) is termed the chondron
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(Poole et al. 1987. In normal cartilage, the PCM is often defined by the exclusive
presence and localization of type VI collagen around the chondrocyte (Poole et al. 1988
Poole et al. 1992Hagiwara et al. 1993 Youn et al. 2009 and is characterized by an
elevated concentration of proteoglycans (PGs) and glycoproteins relative to the
surrounding ECM (Poole et al. 1984Poole 1997 Hunziker et al. 2002). While the exact
function of the PCM in cartilage is not fully understood, it is thought to play an

important biomechanical role in the tissue. It has been hypothesized that each
chondrocyte tailors its PCM based on the unique set of dynamic mechanical forces at its
position within the matrix (Poole et al. 1988, suggesting that the PCM serves to protect
the chondrocyte during com pressive loading (Poole et al. 1987 and act as a transducer
of mechanical and biochemical signals in the cellular microenvironment (Guilak et al.
2006. Furthermore, the relationship between the molecular constituents of the PCM (e.g.
type VI collagen) and its mechanical properties are not fully understood.

Previous theoretical models (Guilak and Mow 2000 ; Alexopoulos et al. 20053
Michalek and latridis 2007 ; Korhonen and Herzog 2008) and experimental studies
(Knight et al. 1998 Knight et al. 2001; Hing et al. 2002, Choi et al. 2007 Nicodemus and
Bryant 2008) have demonstrated a functional biomechanical role for the PCM. In
particular, the stress-strain environment of the chondrocyte depends heavily on the
relative mechanical properties of the chondrocyte, its PCM, and the local ECM (Guilak

and Mow 2000; Alexopoulos et al. 20055 Choi et al. 2007). Cartilage is sub-divided into
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three zones (superficial, middle, and deep) based on depth from the articular surface
that are characterized by differences in ECM composition and ultrastructure (Venn and
Maroudas 1977, Hwang et al. 1992 Hunziker et al. 1997; Hunziker et al. 2002) and
chondrocyte morphology and arrangement (Poole et al. 1984 Quinn et al. 2005). Zonal
variation in matrix composition and structure contribute to a depth -dependent increase
in compressive properties of the cartilage ECM (Schinagl et al. 1997 Chen et al. 2001
Tomkoria et al. 2004). Isolated chondrocytes also demonstrate zonal differences in their
mechanical properties with superficial zone cells exhibiting higher moduli than
middle/deep zone cells (Darling et al. 2006; Shieh and Athanasiou 2006). While the three-
dimensional morphology and thickness of the PCM varies among the cartilage zones
(Hunziker et al. 2002; Youn et al. 2006, micropipette aspiration of mechanically isolated
chondrons from canine (Guilak et al. 2005 and human (Alexopoulos et al. 2003
Alexopoulos et al. 2005b) cartilage revealed zonal uniformity in the mechanical
properties of the PCM, despite significant zonal differences in ECM properties. Whi le
recent studies have evaluated the biomechanical properties of the cartilage PCMin situ
indirectly using inverse boundary element analysis couple d with three -dimensional
confocal microscopy (Kim et al. 2010 and directly via atomic force microscopy (AFM)
(Chapter 2 (Darling et al. 2010); Chapter 3 (McLeod et al. 2013), few studies have
evaluated zonal variation in PCM properties in situ. In Chapter 3 (McLeod et al. 2013,

UT1 wOl ET EOPEEOwWxUOxIT UUPI UwlOi wEwhws OQwuUil 1 DOOwWDOO
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were shown to be uniform across the superficial, middle, and deep zones. However, this
distance-based region does not represent the true extent of the PCM(Youn et al. 2006. A
more precise definition based on the unique biochemical composition of the PCM would
provide a means to fully evaluate the existence, or lack, of zonal variations in PCM
properties in situ.

AFM has emerged as a powerful tool for biomechanics applications because it
provides a means for precisely controlled nano- and microindentation in aqueous
environments. Using a force spectroscopy technique known as stiffness or force-volume
mapping, AFM can be used to collect arrays of indentation curves and map spatial
variations in elastic modulus over a specified region (Radmacher et al. 1992 Gad et al.
1997 A-Hassan et al. 1998. In this regard, AFM indentation has been used to investigate
the mechanical properties of local features in multiple cartilaginous tissues, including
intervertebral disc (Lewis et al. 2008, fibrocartilage (Hu et al. 2001), growth plate (Allen
and Mao 2004 Radhakrishnan et al. 2009, and articular cartilage (Chapter 2 (Darling et
al. 2010, Chapter 3 (McLeod et al. 2013; (Stolz et d. 2004 Tomkoria et al. 2004 Park et
al. 2009 Stolz et al. 2009 Desrochers et al. 2010Loparic et al. 2010. More recently, AFM
has been combined with a number of optical microscopy techniques, including phase
contrast and fluorescence(Moreno Flores and TocaHerrera 2009, Sen and Kumar 2009,

allowing for simultaneous stiffness mapping and high resolution imaging, thereby
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providing a means for direct correlation between structural features, biochemical
composition, and biomechanical properties.

The objective of this study was to characterize the mechanical properties of the
ECM and PCM in the microenvironment of the chondrocyte in situ using AFM and test
the hypotheses that the biomechanical properties of the PCM correlate with the presence
of type VI collagen and are uniform with depth from the articular surface. PCM regions
in full thick ness articular cartilage samples from porcine knee joints were identified
using fluorescence immunolabeling for type VI collagen. Guided by this biochemical
definition of the PCM, AFM stiffness mapping as described in Chapter 2 (Darling et al.
2010 was used to evaluate the elastic properties of matched PCM and ECM regions
within the superficial, middle, and deep zones in situ and to correlate these properties to

the presence of type VI collagen.

5.2 Materials and Methods
5.2.1 Tissue sam ple preparation

Full thickness articular cartilage samples were collected from central regions of
the medial femoral condyle of 2 ¢ 3 year old, skeletally mature, female pig knee joints
with no macroscopic signs of joint degeneration. Cartilage samples were wrapped in
phosphate-buffered saline (PBS}soaked gauze and frozen at-20°C for intermediate
storage. Samples were embedded in watersoluble embedding medium (Tissue-Tek

O.C.T. Compound; Sakura Finetek USA) and sectioned perpendicular to the articular
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suUl E El wihbskceswsing a cryostat microtome (Leica CM1850; Leica). Cartilage
slices were collected on glass slides and washed thoroughly with 0.1 M tris-buffered
saline (TBS), pH 7.3, to remove the watersoluble embedding medium prior to

immunofl uorescence (IF) labeling and AFM testing.

5.2.2 Immunofluorescence for type VI collagen

Unfixed cartilage sections were labeled for type VI collagen using a modified IF
protocol (Youn et al. 200§. Sections were blockedin 10% normal donkey serum (Lot #:
S10011325; Fitzgerald) diluted in assay buffer (0.1% Bovine Albumin Solution (BSA;
Invitrogen) in 0.1 M TBS, pH 7.3) for 20 minutes at room temperature. Samples were
incubated with primary antibody for type VI collagen (anti -collagen type VI raised in
rabbit, 70R-CR009X, Fitzgerald) at a 1:50 dilution in 10% donkey serum for 20 minutes at
room temperature. After two TBS washes of 5 minutes each, samples were incubated
with secondary antibody (FITC -conjugated donkey anti-rabbit IgG, 43R-IDO61FT;
Fitzgerald) at a 1:200 dilution in 10% donkey serum for 20 minutes in the dark at room
temperature. Sections were rinsed twice with TBS for 5 minutes each and remained in

TBS atroom temperature during AFM testing.

5.2.3 Mechanical characterization via AFM stiffness mapping

Simultaneous force measurements and fluorescence imaging were performed
using an AFM system (MFP-3DBio; Asylum Research) integrated with an inverted

fluorescence microscope (AxioObserver Al; Zeiss). For microscale indentation,
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borosilicate glass spheresk ws OWEDE Ol Ul U A wb llessIABMECArTIEvErs k£ w0 OwU b
4.5 N/m; Novascan). 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 perregion, 154 Ovy UwD OET QUEUDPOOwYI OOEPUaAwPI Ul wUI @
GOwR w! Yws OwUI T DPOOwWOI wbOUIT UT UUWET I pOI EwEawdOPEUOD
imaging (Figure 5-1A) and positive IF-labeling for type VI collagen around cell -sized

voids (Figure 5-1B). Topographical maps of relative height were collected

simultaneously during stiffness mapping of each PCM scan region. Elastic properties of

Uil wWEENEET O0ws$", whl Ul wi YEOUEUI EwUUDOT wlUT 1 wUEOI

visually devoid of PCM and type V | collagen (16 indentations perUl T BOOOwhk ws Oy Uw

indentation velocity).
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Figure 5-1: Selection of PCM and ECM scan regions using
immunofluorescence. (A) Phase contrast and (B) fluorescence images of PCM (blue)
and ECM (red) scan regions in the deep zone of porcine articular cartilage as seen
during AFM testing. Localization of type VI collagen around cell  -sized voids was
used to identify the PCM in IF -labeled sections. The AFM cantilever is shown in (A)
and outlined in (B) with the red circle indicating the approximate location of the
sphl UPEEOwWUDPx8 W2EEOTI wEEUwWA wl Yws 08w

In order to investigat e the potential influence of IF-labeling on measured
microscale elastic properties, sitematched PCM/ECM regions were evaluated in the
middle/deep zone (2004 KY Y w4y Owi UOOwUT 1 wE U @dublahbeidddand(FOUT EET Au
labeled cartilage sections (N = 3 pigs, n = 17 total regions). Unlabeled sections underwent
minimal washing to remove the water -soluble embedding medium and underwent
AFM testing immediately. AFM testing was conducted in TBS at room tem perature and
was completed within 4 hours of initial sectioning. Preliminary studies showed no
significant change in Safranin-O staining of PGs or mechanical properties in IF-labeled

cartilage sections over the time course of AFM testing (113+ 18 kPa vs.94+11 kPa,p =

Y6+ NOw2testEl OUz Uw
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To evaluate zonal variations in PCM elastic properties in situ, paired ECM/PCM
regions (N = 5 pigs, n = 20 total regions per zone) were selected within each of the three
cartilage zones. The superficial zone was defned to include the region 0 ¢ vy Y ws Qwi UOOw
the articular surface, the middle zone from 2004+ YY ws Owi UOOwUT I wEUUPEUOE!
the deep zone as the bottom half of each cartilage section. These designations were
selected based on variations in cell momphology and tissue architecture outlined
previously in the literature (Hwang et al. 1992 Hunziker et al. 1997). The order of testing
among the three zones was varied among cartilage the samples. All AFM testing was
conducted in TBS at room temperature and completed within 4 hours of initial

sectioning.

5.2.4 Data evaluation

Raw data for cantilever deflection and z-piezo movement were collected and
analyzed using a custom MATLAB script (The MathWorks). The elastic modulus, E, was
determined by fitting a modified Hertz model to force -indentation curves, as described
previously (Darling et al. 2006). For articular cartilage, the local PoissO Oz UWUEUD Owb E U w
assumed O WET w2 wé wy 8 Y K wMdvetaE O&DIChed ét bl.u2801 Chai et al.
2007 and PCM (Alexopoulos et al. 2005b) based on previous experimental reports in the
OPUIT UEUUUI 8 wnUOOwWUT T w' 1 U0AWOOET OOwxUI Ul OUI EwbdO
0.04toE WEDI I 1 Ul OUWEUUUOI EWYEOUT woOl waaIwEawdUOUDxOAE
(1¢ /(1 ¢+ 0.08). Probe-surface contact was identified using contact point extrapolation,
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a method that uses the indentation portion of the approach curve to determine the
probe-surface contact point on soft substrates based on an applied mathematical model
(Guo and Akhremitchev 2006). Hertzian contact mechanics provided excellent fits to the
experimental data for all force -indentation curves (R2> 0.90). Twadimensional contour
maps were generated of the spatial distribution of calculated elastic moduli in each
region.

To compare the elastic moduli of unlabeled and IF-labeled PCM, a distance
baseal definition of the PCM was used as described in Chapter 2 (Darling et al. 2010).
Briefly, PCM regions were determined based on spatial indicators of contact with the
underlying glass substrate within cell -sized voids. Glass contact wasreadily apparent
from the force-indentation curves and was used to define the edge of each cell void.
PCM data were includedfora Ul T DOOwl RUI OEDPOT whhws OWUEEDEOOA wi |
defined region may locally under - or over-represent the actual extent of the PCM for any
given site but provided a consistent definition of the PCM among samples in the absence
of IF-labeling.

For IF-labeled sections, the cartilage PCM was identified by positive type VI
collagen labeling around cell-sized voids and data were included for all indentations
that fell within labeled regions. For precise navigation using the AFM MFP -3D software
(Asylum Research), the tip location on the AFM cantilever must be specified. Because

the spherical tip was not visible in either captured light or fluorescence images, its
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location was approximated to within 2 ¢+ + w4 O w o %E),Tatdi @ imelge analysis
algorithm was developed in Mathematica (Wolfram Research, Inc., Champaign, IL) t o
correct for any translational shift between captured IF images and stiffness maps. ImageJ
(National Institutes of Health) was used to crop AFM navigation images (Figure 5 -1B)
and produce an IF image of each PCM scan region (Figure 52B, 256 x 256 pixels}hat
was imported into Mathematica. The corresponding topographical (Figure 5 -2A) and
elastic moduli contour maps (not shown) were resized from 40 x 40 pixels to 256 x 256
pixels using bilinear interpolation. The topographical map was used for alignment o f
stiffness maps due to its clear depiction of the cell-sized void associated with each PCM.
Since indentation points on the topographical map perfectly align with points on the
elastic moduli contour map, any translational shift in the topographical map ¢ ould be
directly applied to the contour map. Edge detection was used to define the inner edge of
the cell-sized void in the topographical map and IF image (Figure 5-3C, D). Using an
iterative closest-point technique (Abebe et al. 2009, the topographical map was
translated in the x- and y-directions to minimize the distance between the cell void inner
edge in the topographical map and IF image. With the magnitude of t he translational
shift between the two images determined, the IF image and elastic moduli contour maps
were cropped as necessary to align the images (Figure 83E, F). Once aligned, IF images
were converted to binary masks to indicate regions of positive IF -labeling using an

optimal threshold value determined from a range of images (Figure 5 -3G). IF-positive
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masks and elastic moduli contour maps were analyzed in MATLAB to extract PCM data

from each scan region (Figure 53H). To quantitatively evaluate the sp atial distribution

of moduli in the chondrocyte microenvironment, the stiffness progression from the P CM
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Figure 5-2: Data analysis of immunofluorescence -labeled PCM scan regions.
The inner edge of cell -sized voids was detected in topographical maps (A) and IF
images (B) using edge detection (C, D). The topographical map was translated in the
x- and y-directions to minimize the distance between it and the IF image (E).
Topographical maps and IF images were cropped for alignment as needed (shown
overlaid in F) . Aligned IF images were thresholded and converted to binary masks to
determine regions of positive IF -labeling (G). IF -positive masks and elastic moduli
contour maps were analyzed in MATLAB to extract PCM moduli from each scan
region (H). SEEOT WEEU wéi wk ws 06
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5.2.5 Statistical analyses
Differences in ECM and PCM elastic moduli between unlabeled and IF -labeled

cartilage sections were evaluated usingatwoP Eaw - . 5 wopUlI T DOOOWOEET OO
%DOUT 1 Uz UwlOl EVCOwUDIT pasihdtedsE O (Fuabded dettiaht, Giffeiences+ 2 # A w
between ECM and PCM elastic moduli among the three zones were evaluated using a
two-bEaw -.5 weUiipoOdOowa OOI O posthdciesy. Diffekercastnd E w%bd UT 1
PCM elastic moduli among the three zones were evaluated separately using a one-way

-.5 wpadddl OwYwld wydYkAdw20Pi 1 01 UUwxUOT UT UUDPODW
eachzoneusingaonePEaw - .5 wpEDUUEDOEIT OwY uphsthgoleyt.k A WE OE w%

The relationship between elastic modulus and fluo rescence intensity for each PCM scan

region was determined using linear regression.

5.3 Results
5.3.1 Immunofluorescence for type VI collagen

Immunolabeling of cartilage sections for type VI collagen showed clear
localization of type VI collagen to the regions immediately surrounding cell -sized voids.
In the superficial zone, cell-sized voids and their associated PCM were elongated
parallel to the articular surface (Figure 5-3A). In the middle zone, the PCM and cell-sized
voids exhibited a more rounded morp hology (Figure 5-3B). In the deep zone, celisized

voids and the PCM were elongated perpendicular to the articular surface (Figure 5-3C).
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Figure 5-3: Stiffness mapping of immunofluorescence -labeled PCM. (A, B, C)
Representative IF images showing the distribution of type VI collagen around cell -
sized voids in the superficial, middle, and deep zones. (D, E, F) Representative
contour maps of calculated elastic moduli of PCM scan regions in each zone. The
spatial distribution o f type VI collagen co -localized with softer modulus regions

PPUI POwl EET WUEEOB8 W2EEOI WEEUWA wk wy O

5.3.2 Influence of immunofluorescence -labeling on articular cartilage
micromechanical properties

The influence of IF-labeling on the observed microscale mecharical properties
was evaluated in the middle/deep zone of unlabeled and IF-labeled cartilage sections.
No significant difference was observed in the measured elastic moduli in either the
x Ul El | EnOACHE vebian ‘er the ECM with IF -labeling (p = 0.97 for -CM, p = 0.39 for
ECM,; Figure 5-4). ECM elastic moduli were significantly greater than PCM elastic

moduli in both unlabeled and labeled sections (p < 0.05).
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Figure 5-4: Effect of immunofluorescence -labeling on articular cart ilage
microscale moduli. Elastic moduli of ECM and PCM regions measured in the
middle/deep zone of unlabeled (black) and IF -labeled (white) cartilage sections. No

difference in moduli was observed with IF  -labeling ( p = 0.39 for ECM, p = 0.97 for
PCM). a: p < 0.001 for ECM moduli as compared to PCM moduli. Moduli presented as
mean + standard error (N = 3 pigs, n = 17 regionsper treatment).

5.3.3 AFM stiffness mapping of immunofluorescence -labeled articular
cartilage PCM and ECM

Stiffness mapping revealed that type VI collagen and lower elastic moduli co -
localized in the pericellular space around cell-sized voids (Figure 5-3). Regions
exhibiting higher fluorescence intensity had lower elastic moduli (Figure 5 -5). There was
a significant relationship between fluorescence intensity and elastic modulus within
PCM scan regions (p < 0.0001). The strongest relationships, based oR?, existed between

fluorescence intensity and elastic modulus when evaluated over the full scan region
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(PCM + local ECM) as compared to PCM points or local ECM points alone (Figure 5-6).

Overall, the weakest relationships were observed in deep zone scan regions.
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Figure 5-5:; Elastic modulus vs. fluorescence intensity in PCM scan regions.
Representative scatter plots of elastic modulus vs. relative fluorescence intensity in
PCM scan regions in the (A) superficial, (B) middle, and (C) deep zones. PCM (green)
and local ECM (black) areas are shown.
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Figure 5-6: Linear regression analysis of elastic modulus vs. fluorescence
intensity in PCM scan regions. Box plots of coefficient of determination ( R?) for each
PCM scan region in the (A) superficial, (B) middle, and (C) deep zones and (D) across
all zones. Separate regression analyses were performed on PCM regions alone, local
ECM regions alone, and the full scan region (PCM + local ECM). Median R2value is

designated by the h orizontal line within each box (N =5 pigs, n = 20 regions per zone).
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5.3.4 Zonal variation of PCM elas tic moduli

PCM elastic moduli exhibited no significant differences among the superficial (68
+ 5 kPa), middle (56 + 4 kPa), and deep (58t 6 kPa) zones (p = 0.21, Figure &). In the
superficial zone, PCM regions exhibited lower elastic moduli than immedia tely adjacent
regions lacking type VI collagen (p < 0.05, Figure 58). Elastic moduli reached values
1 OEUUPEWOOCEUOPwWPT Ul wOOPT UwlT EOQwWUT OUM auerO wU1 1T BOO
edge (p < 0.05). Middle zone elastic moduli reached ECM-like Y EOUT Uwhid k wsy Owi UOOu
PCM outer edge. In the deep zone, PCM moduli exhibited lower values than regions
TUI EUOT UwOT EOwhd k ws Owi px®Osnahtl EQMiike elastd BdduliU wil ET 1 weop
were observed immediately outside the PCM. In all three zones, ECM elastic moduli
were greater than their respective PCM moduli ( p < 0.05, Figure 57). The superficial

zone exhibited higher ECM moduli as compared to the middle and deep zones (p < 0.05).
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Figure 5-7: Zonal uniformity in PCM elastic moduli.  Elastic moduli of ECM
(black) and PCM (white) regions measured in the superficial, middle, and deep zones.
PCM elastic moduli exhibited zonal uniformity ( p = 0.21). ap <0.05 for ECM moduli
as compared to their respective PCM moduli. b: p < 0.05 for superficial zone ECM
moduli as compared to middle and deep zone ECM moduli. Moduli presented as
mean + standard error (N = 5 pigs, n = 20 regions per zone).
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Figure 5-8 Stiffness progression of elastic moduli.  Stiffness progression of
moduli from the PCM outer edge to the ECM in the superficial (diamond), middle
(square), and deep (circle) zones. a:p < 0.05 for superficial zone PCM moduli as
compared to all superficial zone regions beyond the PCM outer edge. b: p < 0.05 for
middle zone PCM moduli as compar | EwUOwWODPEEOTI wa O0d1 wUl mPOOUwT Ul
from the PCM outer edge. c: p < 0.05 for deep zone PCM moduli as compared to deep
zone regions greater U1 E O unhfi®rk tlvezPCM outer edge. *: Superficial zone moduli
UITEETT Ews" , widBCMoutkr@&dgeu‘p > 0.05). #: Middle zone moduli
UITEETT EwsS$" , wi oM the POModiek edge ( p > 0.05). &: Deep zone moduli
reached ECM values at the PCM outer edge (p > 0.05). Moduli presented as mean +
standard error (N = 5 pigs, n = 20 regions per zone).
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5.4 Discussion

Our results demonstrate that the biomechanical properties of the cartilage PCM
correlate with the presence of type VI collagen in the chondrocyte microenvironment.
Control experiments verified that immunolabeling had no effect on micromechanical
properties of either the cartilage PCM or ECM. Immunolabeling in combination with
AFM -based stiffness mapping revealed cclocalization of type VI collagen and lower
elastic moduli to the PCM. Matrix regions lacking type VI collagen immediately adjacent
to the PCM exhibited higher elastic moduli than regions positive for type VI collagen.
PCM elastic moduli measured in situ exhibited zonal uniformity across the superficial,
middle, and deep zones of the cartilage.

By evaluating PCM mechanical properties within the context of the local ECM
with minimal disruption of native matrix integration, the method presented here
provides a direct means to fully evaluate the micromechanical environment of the
chondrocyte in situ. Stiffness mapping demonstrated that type VI collagen is a defining
factor for both the biochemical and biomechanical definitions of the PCM. PCM regions
were softer than immedi ately adjacent regions lacking type VI collagen. In the
superficial and middle zones, these regions exhibited intermediate elastic moduli
between the PCM and ECM. This result suggests that the territorial matrix (TM), located
between the PCM and ECM (Poole et al. 1984, may serve as a mechanical as well as

structural transition region in articular cartilage. In addition, fluorescence intensity of
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type VI collagen IF-labeling was found to be a significant predictor of elastic modulus.
The strongest rdationships, based on R2 values, were observed when evaluated over the
full scan region with fluorescence intensity contributing to 48%, 51%, and 23% of the
observed variation in elastic modulus in the superficial, middle, and deep zones,
respectively. Not surprisingly, the weakest relationships were observed in the deep zone
where the difference between PCM and ECM elastic moduli was the smallest. This
observation further supports the defining role of type VI collagen in the biomechanical
properties of the PCM.

The results of this study provide evidence for site -specific variation of the elastic
modulus w ithin the PCM. For example, PCM elastic moduli in this study ( E = 56% 68
kPa) were approximately twice as stiff as those measuredin situ via AFM for por cine
cartlage Esewt Y wO/ EAwDPOwOUU WD ODPUDE Marlinydil &.20a8 &hd U1 OUI Eu
104 15% greater than those presented in Chapter {McLeod et al. 2013. This difference
in moduli was not an effect of immunolabeling on microscale stiffness. Rather, it likely
reflects a more accurate definition of the PCM boundary that is based on type VI
distance-based definition of the PCM was employed in the current work, measured
PCM elastic moduli (E = 33¢ 34 kPa) were in direct agreement with our previous results.
The distribution of type VI collagen around cell -sized voids demonstrated that this

distance-based definition underestimated the true local PCM thickness. It is also possible
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that ty pe VI collagen extends beyond the PCM and into the adjacent TM, where it has

been reported to be interwoven with type Il collagen fibers (Soder et al. 2002. Inclusion

of higher modulus TM regions may have contributed to elevated PCM moduli.

Furthermore, there are limitations in lateral resolution associated with using

micrometer -sized indenters for AFM -based stiffness mapping of soft substrates

(Radmacher et al. 1995%. For spherical probes, the contact radius scales with tip radius

and indentation depth. Since stiffness maps were collected using a single force trigger

(300 nN), indentation depths were smaller in stiffer ECM regions (~800 nm) than in

UOI Ul Uw/ ", wul 1 POOUwpahudk ws OAd w UwWE wbns 20IOUOWE OO

and/or ECM regions might contribute to artificial stiffening of peripheral PCM regions.
PCM elastic moduli measured in the current study are in excellent agreement

with those measured using other techniques such as micropipette aspiration of isolated

chondrons (Alexopoulos et al. 2003 Alexopoulos et al. 2005k Guilak et al. 2005). In

particular, a recent study reported the mechanical properties of the PCM in intact

cartilage by employing inverse boundary element analysis coupled with three -

dimensional confocal microscopy of compressed porcine cartilage. This study estimated

UT 1T wsOUOT z UwdOOE UOU UtisdkPauib) thd middIé zona (KbnueEal. 2010K w

The consistency in PCM properties among these different measurement techniques
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suggests that the sample preparation methods in this study (i.e. frozen sectioning and
immunolabeling) do not have significant effects on PCM properties.

Previous studies investigating zonal variation in PCM properties focused on
mechanically extracting chondrons from the superficial and middle/deep zones of the
tissue (Alexopoulos et al. 2003 Alexopoulos et al. 2005k Guilak et al. 2005. Results from
these micropipette aspiration studies and our in situ work agree that the PCM exhibits
zonal uniformity in its mechanical properties. Zonal uniformity in PCM properties
coupled with zonal differences in chondrocyte (Darling et al. 2006; Shieh and
Athanasiou 2006) and ECM (Schinagl et al. 1997 Chen et al. 200) properties generates
depth-dependent variation in the ratio of chondrocyte to PCM to ECM properties which
in turn influence the local mechanical and physiochemical environments of the cell
(Guilak and Mow 2000; Alexopoulos et al. 20053. This result supports the hypothesized
role of the PCM as a mechanical tansducer that provides a uniform cellular
environment throughout the tissue depth despite large inhomogeneities in local strain
during joint loading (Choi et al. 20079).

While type VI collagen is often used as the primary marker of the cartilage PCM,
a recent study by Alexopoulos and colleagues (Alexopoulos et al. 2009 demonstrated
that intact chondrons coul d be isolated from Col6al knockout mice that lack type VI
collagen. A number of matrix molecules are found either exclusively or at higher

concentrations in the PCM as compared to the surrounding ECM, including perlecan
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(SundarRaj et al. 1995Melrose et al. 200§, hyaluronan (Knudson 1993; Cohen et al.
2003, biglycan (Kavanagh and Ashhurst 1999), type IX collagen (Poole et al. 1997,
fibronectin (Chang et al. 1997, and laminin (Durr et al. 1996). The fact that intact
chondrons can be isolated from Col6al null mice (Alexopoulos et al. 2009 suggests that
other molecular components likely contribute to the structural integrity and
biomechanical properties of the PCM, potentially providing alternative composition -
based definitions of the PCM.

Consistent with other AFM studies (Coles et al. 2008Park et al. 2009, ECM
modulus values observed in our study were lower than macroscale values for healthy
porcine articular cartilage (Fermor et al. 2007 Hennerbichler et al. 2008. Measured ECM
moduli were greater than those rep orted previously for the superficial zone ( E= 154 kPa
vs. 44 kPa) of porcine patellar cartilage (Coles et al. 2008 and the middle/deep zone (E =
90t 106 kPa vs. 81 kPa) of porcine articular cartilage presentedn Chapter 2 (Darling et
al. 2010Q. Furthermore, the observed ECM microscale elastic properties decreased with
depth from the articular surface, a finding in direct agreement with the results presented
in Chapter 3 (McLeod et al. 2013 but inconsistent with the depth -dependent increase in
ECM compressive properties observed in macroscale studies(Schinagl et al. 1997 Chen
et al. 200). These observations may be attributed to the fact that the AFM measures
highly localized properties that may be dominated by the individual molecular

components of the tissue. Previous work by Loparic and colleagues on the nanostiffness
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of porcine articul ar cartilage (Loparic et al. 2010 demonstrated that PGsin situ are an
order of magnitude softer than collagen fibers. In the cartilage ECM, PG content
increases with depth from the articular surface (Venn and Maroudas 1977). Interstitial
fluid pressurization in response to AFM microindentation is minimal  (Park et al. 2009,
with an estimated relaxation time constant of approximately 60 milliseconds based on
moduli presented in our study. Consistent with previous AFM nano - and
microindentation studies (Han et al. 2011, ECM elastic moduli increased slightly with
DOEUI EUDOT wbOEI OUEUPOOwWYI OOE DB U obskruativ®thdb w0 Owl k ws
the effect of indentation rate was relatively small over a large range of rates indicates
that the relaxation time of the tissue is significantly shorter than the charact eristic
loading time of these experiments. This suggests that the properties measured using this
technique represent the intrinsic mechanical properties of the solid matrix independent
of biphasic effects. As a result, the apparent softening of the ECM with depth observed
in the present work may be due in part to the high concentration of PGs in the middle
and deep zones.

Another important difference in these measurements as compared to most
previous studies of depth -dependent cartilage properties is that in the current study,
cartilage sections were tested in the transverse direction relative to the articular surface.
While the mesh-like ultrastructure of the PCM (Poole et al. 1984 Poole et al. 1987

Hunziker et al. 1997) and our AFM results presented in Chapter 3 (McLeod et al. 2013
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suggestthat the PCM is isotropic, distinct anisotropy is present in the ECM due to the
arcade-like architecture of type Il collagen fibers (Hwang et al. 1992). In addition,
macroscale properties of cartilage ECM have been shown to depend on the direction of
loading relative to the split -line orientation in the superficial zone (Chahine et al. 2004.
Split-line direction was not taken into account in this study; however the effect of
loading relative to the split -line direction was shown in Chapter 3 to signi ficantly affect
the micromechanical properties of the superficial and deep zones of the cartilage ECM

(McLeod et al. 2013.

5.5 Summary

Our findings provide further support for type VI collagen as a defining factor in
both the biochemical and biomechanical definitions of the PCM and the biomechanical
role of the PCM in articular cartilage. In addition, our findings provide a more complete
characterization of the matrix mechanical properties in the cellular microenvironment
and suggest that the TM serves as a mechanical as well as structural trandion between
the cartilage PCM and ECM. The combined approach of IF-labeling and AFM stiffness
mapping developed here provides a novel means for characterization of the relationship

between tissue biochemical composition and biomechanical properties in situ.
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6. A Biomechanical Role for Perlecan in the Articular
Cartilage Pericellular Matrix

A version of this chapter was published as the following:

Wilusz, R.E., DeFrate, L.E., Guilak, F. A Biomechanical Role for Perlecan in the Articular
Cartilage Pericellular Matrix. Matrix Biology, 31(6):3207, 2012

6.1 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 toE U WE w? E T (Fb&i&adah @98 uThe PCM is distinct
from the surrounding ECM in its biochemical composition (reviewed in  (Poole 1997),
ultrastructure (Poole et al. 1987Hunziker et al. 1997), and biomechanical properties
((Alexopoulos et al. 2003 Alexopoulos et al. 2005b); Chapters 2 (Darling et al. 2010), 3
(McLeod et al. 2013, 4, and 5(Wilusz et al. 2012). 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 environment of the chondro cyte, 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 (Guilak and Mow 2000;
Alexopoulos et al. 2005a Michalek and latridis 2007 ; Korhonen and Herzog 2008) and
experimental studie s (Knight et al. 2001; Hing et al. 2002 Choi et al. 2007, 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.
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In normal cartilage, the PCM is often defined by the exclusive presence and
localization of type VI collagen around the chondrocyte (Poole et al. 1988Poole et al.
1992). 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 (IF)-guided atomic force microscopy (AFM), we demonstrated in
Chapter 5 that PCM biomechanical properties correlate with the presence of type VI
collagen and that matrix regions lacking type VI collagen immediate ly adjacent to the
PCM exhibit higher elastic moduli than PCM region s rich in type VI collagen (Wilusz et
al. 20129. Alexopoulos and colleagues (Alexopoulos et al. 2009 demonstrated that intact
chondrons can be isolated from Col6al 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
(PG) (SundarRaj et al. 1995Melrose et al. 2005 Melrose et al. 2006 Kvist et al. 2008.
Though its exact role in cartilage is unknown, perlecan is essential for normal cartilage
development, and dysfunction of the perlecan gene results in potentially lethal skeletal

dysplasias (Arikawa -Hirasawa et al. 1999 Costell et al. 1999 French et al. 1999
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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
Whitelock et al. 1996, Melrose et al. 2006 Smith et al. 2007 Vincent et al. 2007 Whitelock
et al. 2008 Chuang et al. 2010 and has been implicated in cell-matrix interactions
(SundarRaj et al. 1995Kirn -Safran et al. 2009 and matrix organization (Melrose et al.
2008h. 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 (Hopf et al. 1999 Hopf et al. 2001) and HS chains
(Battaglia et al. 1992. 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 o f the PCM.
Cryosections of porcine articular cartilage samples were labeled for type VI collagen and
perlecan using dual IF. Guided by IF-labeling, AFM -based stiffness mapping as
presented in Chapter 5 (Wilusz et al. 2012 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 Il was
performed to evaluate the functional role of HS in the biomechanical properties of
cartilage. These methods were sed 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
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exhibit lower elastic moduli 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.

6.2 Materials and Methods
6.2.1 Tissue sample preparation

Full thickness articular cartilage samples were collected from central regions of
the medial 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 watersoluble
embedding medium (Tissue -Tek O.C.T. Compound; Sakura Finetek USA) and sectioned
x1 Ux] OEPEUOEUwWUOwWUIT 1 wHckdlideLusing & tryostdt roidrdomé wb O wk ws O
(Leica CM1850; Leica). Cartilage slices were collected on glass slides and washed
thoroughly with PBS to remove the water -soluble embedding medium prior to IF -

labeling and AFM testing.

6.2.2 Dual 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 goaserum (Invitrogen) 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) and perlecan

(anti-perlecan raised in rat, s¢33707; Santa Cruz) aia 1:50 dilution in 10% goat serum for
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20 minutes at 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 1gG; 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.

6.2.3 Enzymatic digestion of heparan sulfate with heparinase Il I

Heparinase lll (heparitinase |, EC 4.2.2.8; SigmaAldrich) is the most specific
heparinase for HS, demonstrating no activity for heparin (Ernst et al. 1995. Cartilage
sections were incubated ink Y w4 + wOl wt w4 vy O+ wepyYdYhw( 4xO0+Awlil xEU
mM Tris -HCI (Sigma-Aldrich) containing 0.1 mg/mL bovine serum albumin (BSA,;
Invitrogen) and 4 mM calcium chloride (EM Science, Gibbstown, NJ), pH 7.0 at 37°C for
30 minutes. Undigested control seaions were incubated at 37°C for 30 minutes in
enzyme buffer.

Digestion was confirmed using IF for the heparinase Il -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 IFlabeling was
used to evaluate localization of the HS epitope to the cartilage PCM using the protocol
outlined in Section 6.2.2. Cartilage sections were simultaneously labeled with antibodies
for 3G10 and type VI collagen to determine if digested HS was found exclusively in the

PCM (secondary antibody AlexaFluor 488 goat anti-mouse IgG; Invitrogen). To confirm
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that digested HS was associated with perlecan, sections were duatlabeled with
antibodies for 3G10 and perlecan (secondary antibody AlexaFluor 568 goat antirmouse
IgG; Invitrogen). It is important to note that the monoclonal antibody used to label
perlecan was raised against he core protein of perlecan and thus was not expected to be
affected by heparinase Il digestion. Control experiments were performed to confirm
this result and no differe nce was observed between the IFlabeling of undigested
perlecan and heparinase llI-dig ested perlecan on adjacent sections from the same
porcine cartilage specimens (data not shown). Histological staining with Accustain
Safranin-O (Sigma-Aldrich) and 0.02% aqueous fast green (SigmaAldrich) was used to
visualize global loss of PGs from sections with digestion.

For AFM testing, sample-matched undigested control and heparinase Il -
digested sections were duallabeled for type VI collagen and perlecan as described in

Section 6.2.2. Sections remained in PBS at room temperature during testing.

6.2.4 Mechanical characterization via AFM stiffness mapping

Simultaneous force measurements and fluorescence imaging were performed
using an AFM system (MFP-3DBio; Asylum Research) integrated with an inverted
fluorescence microscope (AxioObserver Al; Zeiss).For microscale indentation,
EOUOUDPOPEEUI wi OEUUwWUxT | Weédiouippless ARMwdnferedsl (K1 UA wb i U
4.5 N/m; Novascan). 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

123



(1600 sitespetU] T DPOOOwhk ws Ovr UwbOET OUEUPOOwWY! OOEPUa Awb ]
GOwR w! Yws OwUI T DOOwWOI wbOUIT UT UUWET I POl EwEawdOPEUOD
imaging and positive IF -labeling around cell -sized voids. Images of perlecan (green) and
type VI collagen (red) labeling were captured for each PCM scan region. Elastic
xUOx1 UUPI UwOi wOT 1T wEENEET OOws$", whi Ul wi YEOQUEUI Euw
velocity). For all samples, AFM testing was completed within 4 hours of initial
sectioning.
To evaluate the spatial relationship between biochemical composition and
biomechanical properties within the PCM in situ, paired PCM/ECM regions were
cartilage sample (N = 4 pigs, n = 23 total regions). 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 Il -digested cartilage sections
(N = 6 pigs, n = 25 totalregions per treatment).
6.2.5 Data evaluation
Raw data for cantilever deflection and z-piezo movement were collected and
analyzed using a custom MATLAB script (The MathWorks). Elastic moduli, E, were
determined by fitting a modified Hertz model to force -indentation curves as described
previously (Darling et al. 2006)0 W% OUWEUUDPEUOEUWEEUUDPOET I OwUIT 1T wo

124



assumed to be 0.04 for both the ECM(Mow et al. 1980; Chen et al. 2001 Choi et al. 2007
and PCM (Alexopoulos et al. 2005h). Probe-surface contact was identified using contact
point extrapolation, as described previously (Guo and Akhremitchev 2006). Hertzian
contact mechanics provided excellent fits (R2 > 0.90). Twaedimensional contour maps
were generated of the spatial distribution of calculated elastic moduli in each region.

The cartilage PCM was defined based on positive IFlabeling around cell -sized
voids and data were included for all indentations that fell within labeled regions. ImageJ
(NIH) was used to crop collected images to produce single channel IF images of each
PCM scan region (Figure 6-2A, B). For each PCM scan region, two IF images (green, red)
and the corresponding topographical and elastic moduli contour maps were imported
into Mathematica (Wolfr am) for alignment, as described in Chapter 5 (Wilusz et al.
2012. Once aligned, IF images were converted to binary masks to indicate regions of
positive labeling for each individual channel using an optimal threshold value
determined from a 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 duatlabeled, 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 IFdefined regions.
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To quantitatively evaluate the spatial distribution of moduli in the ch ondrocyte
microenvironment, the stiffness progression of PCM moduli was evaluated in radial

DOEUI Ol OUUwWOi wydkws OQwi UOOWUT T w/ ", wbOOI Uwl ET I

o
o

overlaid IF masks to determine the relative composition of the PCM within each radial

increment.

6.3.6 Statistical analyses

Differences between ECM and PCM elastic moduli were evaluated using a one-
PEaw -.5 wpUI Tl DOOOwWYwi wydYk AwE OE w%pddthdcUz Uwol EU
test. Differences among IF-defined regions within the PCM (dual -labeled, type VI
collagen alone, perlecan alone) were evaluated using a oneway ANO VA (IF-labeling;
Ywél wy 8 Y k A wE Ogostitededt] Stiftdessipnogréssian data were evaluated using
aonebEaw -.5 wpEDUUEOEIT OwY uphsinyolest.iAKdate @dsentsd UT 1 Uz U
as meanz standard error.

The effect of HS-digestion with h eparinase Il on ECM elastic moduli was
I YEOUEUI EwlUBOIl wBwpYV B wGOoyWwd w2bpl OPDI PEEOUWEDI |
moduli with digestion between type VI collagen - and perlecan-based definitions were
evaluated using a two-way ANOVA(PCMd 1 | DODPUPOOOWEDPT 1 UUPOOOWY wé w
LSD posthoctest. Significant differences in stained PCM areas and elastic moduli among

IF-labeled regions within the PCM with heparinase 11l digestion were eval uated using a

two -way ANOVA (IF -labeling, digestiOOOwY wé wy 6 Y k A pesthéctesdb UT 1 Uz Uw+ 2
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Differences between control and digested elastic moduli were evaluated separately for
l EET wydk wy OwbOEUI O1 O0wPpOwUT 1 wOUUPEWBWOODBIMY ©& wU
0.05). All data presented as meart standard error.

6.3 Results
6.3.1 Immunofluorescence for type VI collagen and perlecan

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 6 -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 6-1B).

Figure 6-1: Dual immunofluorescence -labeling of type VI collagen and
perlecan in porcine articular cartilage. (A) Labeling for type VI collagen was uniform
through out 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. Scaleb E U wé why Y w4t 08
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6.3.2 AFM stiffness mapping of type VI collagen and perlecan dual -
labeled articular cartilage PCM and ECM

Stiffness mapping revealed that type VI collagen, perlecan, and low elastic
moduli localize in the pericellular space around cell-sized voids (Figure 6-2A, B, C, D).
No difference in overall PCM elastic moduli was observed between type VI collagen -
based (71t 3 kPa) and perlecanbased (68+ 3 kPa) definitions of the PCM (p = 0.70;
Figure 6-2E). 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 6-3A, 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 modul i in
regions positive for type VI collagen alone (81 £ 5 kPa;p < 0.05; Figure 62F). PCM
regions positive for perlecan alone occupied 4 + 1% of labeled PCM area, with only 9 of
the 23 sites tested having regions consisting of sufficient area on the stiffress 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 elasticmoduli (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).
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Spatial mapping demonstrated that lower modulus regions were located P D UT D Owhid Y w4 Ou
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 6-3C, D).
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Figure 6-2: Stiffness mapping of dual immunofluorescence -labeled PCM. 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
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elastic moduli for the PCM scan region shown. (E) Elastic moduli of ECM (black) and
PCM as defined by the presence of type VI collagen (grey) or perlecan (white). There
was no difference between biochemical definitions of the PCM (  p =0.70). ap < 0.005
for ECM moduli as compared to either PCM definition. (F) Elastic moduli of PCM
regions dual -labeled for type VI collagen and perlecan (black), positive for type VI
collagen alone (grey) and perlecan alone (white). b: p < 0.05 for dual-labeled regions as
compared to single -labeled regions. Moduli presented as mean + standard error (N = 4
xDT UOwOwawNwUI T POOUABS w
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Figure 6-3: Spatial distribution of PCM biochemical composition and
biomechanical properties. (A) Outward progression of PCM biochemical composition
from the PCM inner edge. Within each radial increment, data represent the relative
composition b ased on the percent of total IF -labeled area occupied by each
antibody/antibody com bination. (B) Representative IF -labeling demon strating the co-
localization of type VI collagen (red) and perlecan (green) within the PCM. Scale bar =
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the PCM for the scan region shown in (B). Data presented as mean =+ standard error
(N = 4 pigs, n = 23 regions).
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6.3.3 Immunofluorescence for 3G10, per lecan, and type VI collagen
and histological staining analyses of heparinase Il -digested articular
cartilage

Enzymatic digestion of HS with heparinase Ill was specific to PCM regions
immediately surrounding cell -sized voids in cartilage sections. IF-labeling for 3G10
matched the pericellular distribution of perlecan (Figure 6 -4A, B, C) and cclocalized
with type VI collagen (Figure 6 -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 6-4G, H, I). Digestion with heparinase Il did not

induce a global loss of PGs in cartilage sections (Figure 65A, B).
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Figure 6-4: Dual immunofluorescence -labeling of heparina se Il -digested
porcine articular cartilage. Dual IF -labeling of (A) HS epitope 3G10 and (B) perlecan
exhibited a nearly one -to-one overlay (C). (D) HS epitope 3G10 and (E) type VI
collagen co-localized in the pericellular space (F). Heparinase Ill digest ion had no
effect on labeling of (G) perlecan or (H) type VI collagen and did not disrupt theirco -
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6.3.4 Effect of heparinase Il digestion on PCM and ECM mechanical
properties

Digestion with heparinase Il | 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 66A). 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. 60t 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 as
compared to 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 Il digestion as compared to undigested controls (103 + 6 kPa vs. 93t 6 kPa,;
p = 0.39; Figure 65C).

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 66B). There was no change in the properties of
regions positive for type VI collagen alone (74 + 4 kPa vs. 68t 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
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13 were located on the PCM periphery. In these regions, there was a trend toward a
significant increase in elastic moduli with digestion ( p = 0.09). In heparinase Il 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 area (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 o difference
observed between type VI collagen and perlecan alone regions p = 0.34).
Spatial mapping demonstrated significant increases in elastic moduli with
EPT T UUDPOOWPOWUI T HDOOUwWPDUT b PuN0b; Figute GAaWhereD T T w/ ", w
80t 85%of the labeled area was duatlabeled for perlecan and type VI collagen and 4 ¢

8% was positive for perlecan alone (Figure 67B).
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Figure 6-5: Effect of heparinase Il digestion on ECM composition and
micromechanical prope rties. (A) Histological staining with Safranin  -O (red, PG) and
fast green (blue, collagen) demonstrated that heparinase Il digestion had a minimal

effect on global PG content as compared to (B) undigested controls. Scale bar = 250
(white) cartilage. Moduli were unaffected by heparinase Ill digestion (  p = 0.39).
Moduli presented as mean + standard error (N = 6 pigs, n = 25 regions per treat ment).
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Figure 6-6: Effect of heparinase Ill digestion on PCM micromechanical
properties. (A) PCM moduli as defined by type VI collagen and perlecan in

undigested control (black) and heparinase Ill digested (white) samples. PCM moduli
as defined by type VI collagen showed a trend toward higher moduli with heparinase
Il digestion ( p = 0.05). ap < 0.05 for PCM moduli as defined by perlecan in control as

compared to digested samples. (B) Elastic moduli of PCM regions dual -labeled for
type VI collagen and perlecan, positive for type VI collagen alone, and perlecan alone

in undigested control (black) and heparinase Il digested (white) samples. b:  p <0.05
for dual -labeled regions in controls as compared to digested samples. c: In controls,

p < 0.05 for dual-labeled regions as compared to type VI collagen alone and perlecan
alone regions. d: In digested samples, p < 0.05 for dual-labeled regions as compared to
perlecan alone regions. Moduli presented as mean + standard error ( - wé& wt wx BT UO wO wa

regions per treatment).
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Figure 6-7: Effect of heparinase IIl digestion on the spatial distribution of

PCM biochemical composition and biomechanical properties.  (A) Outward stiffness
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(black) and heparinase Il digested (white) samples. a: p < 0.05 for control as compared
to digested moduli. (B) Outward progression of PCM biochemical composition from
the PCM inner edge for undi gested control (black) and heparinase Ill digested (white)
samples. Within each radial increment, data represent the relative composition ba sed

on the percent of total IF -labeled area occupied by each antibody/antibody
combination. Data presented as mean = standard error (N = 6 pigs, n = 25 regions per
treatment).
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6.4 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 Il resulted in increased
elastic moduli in the PCM, specifically in the interior regions positive for both perlecan
and type VI collagen. Heparinase 1l 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 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 PGsin situ are an order of magnitude softer than

138



collagen fibers. The low elastic moduli observed in the PCM interior in the present work
were likely due to the high concentration of HS in this region, further supported by the
increase in elastic moduli in these regionsfollowing digestion of HS by heparinase Ill. In
this regard, our results suggest heparinase Il 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. PGs 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 the 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 of either component. In this respect, digestion of the HS chains exposes
the underlying stiffer components of the solid matrix, thereby increasing the observed
elastic moduli of these regions.

The localization of perlecan to low modulus, interior regions of t he 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, a nd
subsequent activation of, FGF receptor tyrosine kinases(Aviezer et al. 1994 Whitelock et

al. 1996 Melrose et al. 2006 Smith et al. 2007 Chuang et al. 2010Q. Loading-induced
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activation of extracellular regulated kinase (ERK) in cartilage (Vincent et al. 2002
Vincent et al. 2009 has been shown todepend on the presence and concentration of
FGF-2 in the PCM (Vincent et al. 2007. Vincent and colleagues hypothesized that in
unloaded cartilage, FGF2 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 exhibits significantly lower compressive moduli than the ECM, it
experiences significant strain amplification during mechanical loading and undergoes
larger deformations t han the surrounding ECM (Guilak and Mow 2000; Choi et al. 2007%.
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 in tegrins (Hayashi et al. 1992 Brown et al.
1997 Melrose et al. 2008b.

The territorial matrix (TM) has been defined as a structural transition region
between type VI collagen microfilaments in the PCM and type Il 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 PG content and collagen architecture (Poole et al. 1982Poole et al. 1984

Poole et al. 1987Hunziker et al. 1997; Poole et al. 1997. While type VI collagen is
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considered the defining boundary of the PCM in articular cartilage (Poole et al. 1988,
type VI collagen has been repated to be present in the TM where it is interwoven with
type Il collagen fibers (Soder et al. 2002. Given the exclusive localization of perlecan to
the PCM observed here and in previous studies (SundarRaj et al. 1995Melrose et al.
2005 Melrose et al. 2006 Kvist et al. 2008 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 Col6al 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 tahe 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, including hyaluronan (Knudson 1993; Cohen et al.
2003, 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. 20098, and are known to interact with type VI collagen (Kielty et al. 1992 Wiberg et al.
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2002 and perlecan (Battaglia et al. 1992 Hopf et al. 1999, Hopf et al. 2001). These
molecules also 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 (Radmacher et al. 1992 Dimitriadis et al. 2002). From Hertz
contact mechanics, the contact radius of a sphericalprobe 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 s maller in stiff peripheral PCM, TM, and
ECM regions. As a result, contact radiiwerl wOEUT I UwbOuw/ ", wUI T DOOUwpal
FOOXxEUI EwUOOwWs", wul 1 POOUVUwmpahdk wy OAK3d w3 PUWEOOUEE
sharp transition in matrix stiffness between the PCM and ECM proposed in theoretical
models (Guilak and Mow 2000 ; Alexopoulos et al. 20058 Michalek and latridis 2007 ;
Korhonen and Herzog 2008). In addition, contact with adjacent TM and/or ECM regions
during indentation may have contributed to artificial stiffening of peripher al PCM
regions. Nonetheless, PCMelastic moduli measured in this study are highly consistent

with our previous studies of using AFM (Chapters 2 (Darling et al. 2010), 3 (McLeod et

al. 2013, and 5(Wilusz et al. 2012) as well as other techniques such as micropipette
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aspiration (Alexopoulos et al. 2003 Alexopoulos et al. 2005k Guilak et al. 2005 and

inverse computational methods (Kim et al. 2010).

6.5 Summary

This study provides new evidence 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 determining 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.
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7. The Mechanical Properties of the Chondrocyte
Pericellular Matrix Exhibit High Resistan  ce to Enzymatic
Digestion

7.1 Introduction

In articular cartilage, the bulk extracellular matrix (ECM) and chondrocyte -
associated pericellular matrix (PCM) are characterized by a high concentration of
proteoglycans (PGs) and their associated glycosaminoglycan (GAG) chains. The specific
functional properties of PGs are conferred by their unique combination of GAG chains
and protein domain structures . In cartilage, PGs and their associated GAGs serve
important structural, biochemical, and biomechanical roles (reviewed in (lozzo 1998
Knudson and Knudson 2001; Roughley 2006)).

The most prominent PG in cartilage is aggrecan, consisting of three globular
domains (G1, G2, G3), a short interglobular domain (IGD) between the G1 and G2
domains, and an extensive GAG attachment region between the G2 and G3 domains
containing over 100 GAG chains of chondroitin sulfate (CS) and keratan sulfate (KS)
(Paulsson et al. 1987Doege et al. 199). The aggrecan G1 domain interacts with
hyaluronan (HA) and link protein to form large PG aggregates (Morgelin et al. 1988).
While the exact process of aggregate formation is unknown, initial assembly of smaller
aggregates likely begins in the PCM, where concentrations of aggrecan monomer, HA,
and link protein are high, followed by transport to the ECM for incorporation into larger

aggregates and sequestration in the matrix (Sandy et al. 1989Poole 1997 Winter et al.
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1998 Bayliss et al. 2000 Dudhia 2005). In the ECM, sequesteredaggregates fill the space
between type Il collagen fibers to generate a fiberreinforced composite through physical
entanglement and interaction with type Il collagen via the aggrecan core protein
(Hedlund et al. 1999) and CS chains(Obrink et al. 1975, Oegema et al. 1975Junqueira
and Montes 1983 Scott 1988. Due to its high abundance and fixed negative charge
resulting from its numerous closely spaced GAG chains, aggrecan is the main
contributor to the osmotic swelling behavior and low hydraulic permeability that confer
UT T wOPUUUIT z UwE E b Obuiedawgd dmpiedsive |Gadsexperiéricad Buling U
joint loading (Maroudas and Venn 1977 Eisenberg and Grodzinsky 1985; Lai et al. 1997
Mow et al. 1992 Mow et al. 1998; Sun et al. 2004.

Decorin and biglycan are low molecular weight, non -aggregating PGs that
belong to the family of small leucine -rich repeat PGs (SLRPs). Decorin and biglycan are
biochemically similar PGs; decorin is substituted with one derm atan sulfate (DS)/CS
chain whereas biglycan is substituted with two DS/CS chains (Krishnan et al. 1999.
Though considered minor components of cartilage, they are present in similar molar
concentrations as aggrecan(Poole et al. 1996 and have been speculated to play major
roles in organizing the larger structural components of the cartilage matrix (Scott 1988
Roughley 2006. Decorin is most prominent in the ECM (Archer et al. 1996 Poole et al.
1996 Kavanagh and Ashhurst 1999) where it interacts with type 1l collagen (Scott 1988

Hedbom and Heinegard 1989; Hedbom and Heinegard 1993; Vogel 1994. Its DS/CS
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chain is thought to regulate type Il collagen fibril spacing and fibril -fibril interactions
(Hedbom and Heinegard 1993 Scott and Stockwell 200§. Biglycan is most prominent in
the PCM (Vogel 1994 Archer et al. 1996 Kavanagh and Ashhurst 1999). In vitro, biglycan
has been show to strongly interact with and facilitate network assembly of type VI
collagen (Wiberg et al. 2001, Wiberg et al. 2002, and mediate interactions between type
VI collagen and aggrecan (Wiberg et al. 2003, suggesting a role for biglycan in PCM
structural integrity and connection with the ECM.

HA is unigue among GAGs in that it has a high molecular weight, i s unsulfated,
is synthesized at the plasma membrane and released directly into the matrix, and is not
found covalently linked to a PG core protein (Ernst et al. 1995 Fraser et al. 1997
Roughley 2006. Beyond its role as the backbone of aggrecan macromolecular aggregates
in the ECM, HA and its interactions w ith CD44 are important factors in cell -matrix
interactions (Knudson 2003) and PCM matrix organization (Knudson 1993; Lee et al.
1993 Knudson et al. 1996 Maleski and Knudson 1996; Cohen et al. 2003 Rilla et al.
2008. HA interacts with type VI collagen (McDevitt et al. 1991; Kielty et al. 1992 Specks
et al. 1992 and facilitates spontaneous assembly of depolymerized type VI collagen
microfilaments (Kielty et al. 1992). Taken together, these results suggest that HAtype VI
collagen interactions are essential for microfilament assembly and network stabilization

in the PCM (Poole et al. 1985.
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In healthy cartilage, matrix turnover is a slow, continuous process and
maintenance of tissue structure and matrix architecture is achieved through a balance of
anabolic and catabolic activities. Matrix turnover is predominantly related to PGs, due to
their shorter half -lives in situ, 3t 25 years for the aggrecan core protein(Maroudas et al.
1998, as compared to type Il collagen, more than 100 years(Verzijl et al. 2000). Normal
proteolytic processing of aggrecan occurs via cleavage within the GAG attachment
domain and/or wit hin the IGD by aggrecanases and matrix metalloproteinases (MMPS)
(Lark et al. 1997 Plaas et al. 2007Struglics and Hansson 2013. As a result, the
prevalence of shortened aggrecan monomers exhibiting partial or complete loss of CS
chains increases and residual G1 domains attached to HA accumulate in the EQ/ with
age (Lark et al. 1997 Dudhia 2005).

In joint diseases characterized by cartilage degradation and inflammation, such
as osteoarthritis (OA) and rheumatoid arthritis (RA), aggrecan and small PGs are the
first matrix components to undergo measureable loss. Proteolytic enzymes secreted by
chondrocytes, including aggrecanases and MMPs (reviewed in (Caterson et al. 2000),
and inflammatory cells, most notably the serine protease elastase(Janoff et al. 1976
Starkey et al. 1977 Barrett 1994 Momohara et al. 1997, are believed to play a prominent
role in PG degradation. The loss of aggrecan has been primarily attributed to proteolytic
cleavage within the IGD region where there are known, unique cleavage sites for

aggrecanases (Gld’*Ala®™¥) (Sandy et al. 1991), MMPs (Asn34-Phe34?) (Flannery et al.
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1992, and elastase (Vat-lle39) (Mok et al. 1992). Additional aggrecan cleavage sites are
also known for all three enzyme classes within the GAG attachment domains (Mok et al.
1992 Tortorella et al. 2000 Little et al. 2002, Nagase and Kashiwagi 2003. Fragmentation
of biglycan and decorin in OA and RA cartilage extracts (Witsch-Prehm et al. 1992 has
been associated with aggrecanas€Melching et al. 2006 Gendron et al. 2007 and MMP
(Monfort et al. 2006; Melrose et al. 2008aZhen et al. 200§ activity.

The objective of this study was to investigate the region-specific contributions of
aggrecan, CS/DS, and HA to the micromechanicalproperties of the cartilage PCM and
ECM. To this end, cryosections of porcine cartilage underwent specific enzymatic
digestion with aggr ecanase(ADAMTS -4), chondroitinase ABC (C-ABC), or bacterial
hyaluronidase (HA -ase)or broad spectrum enzymatic digesti on with human leukocyte
elastase. Guided by immunofluorescence (IF) for type VI collagen as presented in
Chapter 5 (Wilusz et al. 2012, AFM stiffness mapping was used to evaluate the elastic
properties of matched PCM and ECM regions in paired control and digested cartilage
sections. Thesemethods were used to test the hypotheses that all enzymes would reduce
both PCM and ECM elastic moduli and that elastase digestion would result in the

greatest loss of mechanical integrity in both regions.
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7.2 Materials and Methods
7.2.1 Tissue sample pr eparation
Full thickness articular cartilage samples were harvested from the medial
condyle of 2+ 3 year old, skeletally mature, porcine knee joints exhibiting no signs of
macroscopic degeneration. 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
%D Ol Ul Qw42 AwWEOEwWUI EUPOOI Ewx1 Uxl OEPEUOGEUWUOWUI
using a cryostat microtome (Leica CM1850; Leica). Cartilage slices were collected on

glass slides and washed thoroughly with PBS to remove the embedding medium prior

to further treatment.

7.2.2 Specific enzymatic digestion of aggrecan with ADAMTS -4
"EUUDPOET T wUI EUPOOUWPI Ul wb OGN EN ketofhinar® wk Y ws + u
human ADAMTS -4 (aggrecanasel; EC 3.4.24.82; Anaspec, Inc., San Jo€&A) in 50 mM
Tris-HCI (Sigma-Aldrich ) containing 150 mM sodium chloride (EM Science), 5 mM
calcium chloride (EM Science), pH 7.5 at 37°C for 60 minutes. Undigested control
sections from the same cartilage specimens were incubated at 37°C for 60 mintes in

ADAMTS -4 enzyme buffer.
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7.2.3 Specific enzymatic digestion of chondroitin/dermatan sulfate
with chondroitinase ABC

Chondroitinase ABC (C-ABC) (from Proteus vulgarisEC 4.2.2.4; SigmaAldrich )
has demonstrated activity toward chondroitin -4-sulfate (C-4-S,chondroitin A), DS
(chondroitin B), and chondroitin -6-sulfate (C-6-S, chondroitin C) (Yamagata et al. 1963.
"EUUPOETIT wUIl EUPOOUwPI Ul wb GEBCE&Ubdn B aEndATksy ws + wOi w
(Sigma-Aldrich ) containing 60 mM sodium acetate (Sigma-Aldrich ) and 0.02% bovine
serum albumin (BSA; Invitrogen), pH 8.0 at 37°C for 30 minutes. At this higher pH, C -
ABC demonstrates little activity toward HA (optimal pH 6.8) (Yamagata et al. 1963.
Undigested control sections from the same cartilage specimens were incubated at 37°C

for 30 minutes in C-ABC enzyme buffer.

7.2.4 Specific enzymatic digestion of hyaluronan with bacterial
hyaluronidase

Hyaluronidase (HA -ase) (from Streptomyces hyalurolyticu&C 4.2.2.1; Sigma
Aldrich) is specific for HA and is distinct from other hyaluronidases in that it is inactive
toward unsulfated chondroitin and CS/DS (Ohya and Kaneko 1970. Cartilage sections
were incubated in50% + wOI wt Y wasersGlution'in 20 mM phosphate buffer
containing 77 mM sodium chloride (EM Science) and 0.01% BSA (Invitrogen), pH 6.0 at
37°C for 30 minutes. Undigested control sections from the same cartilage specimens

were incubated at 37°C for 30 minutes in HA -ase enzyme buffer.
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7.2.5 Broad spectrum enzymatic digestion with elastase
"EUUDOET T wUI EUPOOUwWPI Ul widds Bikecyld diastBd wk Y ws + u
(EC 3.4.21.37; Sigmaldrich) solution in 20 mM Tris (Sigma-Aldrich ) containing 10 mM
calcium chloride (EM Science), pH 8.0 at 37°C for 30 minutes. Undigested control
sections from the same cartilage specimens were incubated at 37°C for 30 minutes in

elastase enzyme buffer.

7.2.6 Histological staining

To visualize global loss of GAGs/PGs with each enzymatic digestion, histological
staining was performed using Accustain Safranin -O solution (Sigma-Aldrich ) and 0.02%
aqueous fast green (SigmaAldrich ). Control experiments confirmed that no significant
loss of staining was observed between sectionsstained immediately after collection and
undigested control sections incubated as describedin each enzymebuffer (data not
shown).

7.2.7 Immunofluorescence for type VI collagen

Following digestion, cartilage sections were labeled for type VI collagen using a
modified IF protocol (Youn et al. 200§. Sections were blocked in 10% normal donkey
serum (Lot #: S10011325; Fitzgerald) diluted in assay buffer (0.1% BSA (Invitogen) in 0.1
M TBS, pH 7.3) for 20 minutes at room temperature. Samples were incubated with
primary antibody for type VI collagen (anti -collagen type VI raised in rabbit, 70R-

CRO009X; Fitzgerald) at a 1:300 dilution in 10% donkey serum for 20 minutes at roon
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temperature. After two TBS washes of 5 minutes each, samples were incubated with
secondary antibody (FITC-conjugated donkey anti-rabbit IgG, 43R-IDO61FT; Fitzgerald)
at a 1:200 dilution in 10% donkey serum for 20 minutes in the dark at room temperature.
Sections were rinsed twice in TBS for 5 minutes each and remained in TBS at room
temperature during AFM testing. No significant alteration in type VI collagen labeling
was observed with any enzyme treatment (Figures 7-2, 3, 4, 5).

7.2.8 Mechanical characte rization via AFM stiffness mapping

Simultaneous force measurements and fluorescence imaging were performed
using an AFM system (MFP-3DBio; Asylum Research) integrated with an inverted
fluorescence microscope (AxioObserver Al; Zeiss) as outlined in Chapter5 (Wilusz et al.
2012. For microscE O1 wbOEI OUEUPOOOWEOUOUPOPEEUT wi OEUU WU x
attached to tip-less AFM cantilevers (k = 4.5 N/m; Novascan). Indentations were applied
with a force trigger of 300 nN and curves were sampled at 7.5 kHz. For evaluation of
PCM elastic properties, 1600 indentations (uk ws O¥ Uwb OETI OUEUDPOOwYI OOEDPU
Ul U1 OUPEOOCAWExxOPI EwOY!l UwEw! Yws OwR w! Yws OwUl T H
examination with phase contrast imaging and positive IF -labeling for type VI collagen
around cell-sized voids. Elastic properties of the adjacent ECM were evaluated using a
similar Ex x UOEET wOYIl Uwl Yws OwR wl Y ws OpeWwbddlldgerd(@a wET Y ODE
indentationsper UT T DOOOwhik wy Oy UwbOET OUEUDPOOwWYI OOEPUA AB

completed within 4 hou rs of initial sectioning.
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PCM and ECM micromechanical properties were evaluated in paired PCM/ECM
scan regions in the middle/deep zone (200¢ 4004 m from the articular surface) of
cartilage sections digested with ADAMTS -4 (N = 3 pigs, n = 9 total regions ger
treatment), C-ABC (N = 6 pigs, n = 24 total regions pettreatment), HA -ase (N = 6 pigs,
n = 24 total regionsper treatment), or elastase (N = 3 pigs, n = 12 totalegions per
treatment).

7.2.9 Data analysis

Raw data for z-piezo movement and cantilev er deflection were collected and
analyzed using a custom Matlab script (The Mathworks). Elastic moduli, E, were
determined by fitting a modified Hertz model to force -indentation curves as described
previously (Darling et al. 2006; Guo and Akhremitchev 2006). For articular cartilage, the
OOEEOQw/ OPUUOGOZUWUEUDOOWROwWP E Uenktal) (9BOECnenO wE T wy 6
et al. 2001 Choi et al. 2007 and PCM (Alexopoulos et al. 2005b) in control and digested
samples. Hertzian contact mechanics provided excellent fits to the experimental data for
all force-indentation curves (R? > 0.90). Two dimensional contour mapswere generated
of the spatial distribution of calculated elastic moduli in each region. For clarity of
comparisons, contour maps presented for each enzyme treatment are plotted on the
same color scales.

The cartilage PCM was defined based on positive IFlabeling for type VI collagen

around cell-sized voids and data were included for all indentations that fell within
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labeled regions as described in Chapter 5(Wilusz et al. 2012). To quantitatively evaluate
the spatial distribution of moduli in the chondrocyte microenvironment, the stiffness
progression of elastic moduli from the PCM outer edge to the ECM was evaluated in
UEEDPDEOwWDOEUI QApfebdx Dl wy d k ws O
7.2.10 Statistical analysis
For each enzyme treatment, the effect of digestion on ECM and PCM elastic
moduli was evaluate d using a two -way ANOVA (region , digestion; Y = 0.05) and
%DPUT 1 Uz UwlOl EV0wUDIT (pasihates hew eduiret, iddial weré& Ibgu+ 2 # A w
transformed for normality. All data presented as mean =+ standard error.

7.3 Results

7.3.1 Histological staining of por cine articular cartilage following
enzymatic digestion

Histological staining of porcine articular cartilage confirmed a loss of GAG/PG
staining with all enzyme treatments (Figure 7-1). In the ECM, ADAMTS -4 digestion
resulted in a more moderate loss of staning as compared to the complete loss observed
following digestion with C -ABC, HA -ase, or elastase. In the PCMGAG/PG staining
remained in the chondrocyte microenvironment throughout the tissue depth following
ADAMTS -4 and HA -ase digestion. In contrast, GABC and elastase digestion resulted in

a complete loss of PCMGAG/PG staining.
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Figure 7-1: Histological staining of porcine articular cartilage following
enzymatic digestion. Safranin -O (red, GAG/ PG) and fast green (blue, collagen)
staining of cartilage sections from paired undigested control (A, C, E, G) and digested
(B, D, F, H) cartilage sections for ADAMTS -4, C-ABC, HA -ase, and elastase digestion.
Loss of GAG/ PG staining was observed with all digestions. Scale bar=25 Y w4 O 8

7.3.2 Effect of ADAMTS-4 digestion on PCM and ECM
micromechanical properties

In ADAMTS -4 samples, no difference was observed between PCM elastic moduli
in undigested controls (44 + 3 kPa) and digested samples (38 3 kPa;p = 0.30; Figure 7
2). In contrast, ECM elastic moduli (77 £ 8 kPa) were reduced by 30% following
ADAMTS -4 digestion (54 + 7 kP& p <0.01). ECM moduli were significantly greater than

PCM moduli in both control and digested samples ( p < 0.05).
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Figure 7-2: Stiffness mapping of ADAMTS -4 digested porcine articular
cartilage. Representative PCM scan regions are shown for control and ADAMTS -4
digested sections. (A, B) IF-labeling for type VI collagen illustrated the distribution of
type VI collagen around cel-lUPA&41l EwYOPEUS w2 EEOI wWEEUwWA wk ws 08 wqg
calculated elastic moduli of the PCM scan regions shown. To highlight differences
with digestion, contour maps are plotted on the same color scale. (E) Elastic moduli of
ECM and PCM regions measur ed in undigested control (black) and ADMATS -4
digested (white) cartilage sections. a: p < 0.01 for control ECM moduli as compared to
ADAMTS -4 digested ECM moduli. b: p < 0.05 for ECM moduli as compared to
respective PCM moduli. PCM moduli were unaffected b y ADAMTS -4 digestion (p =
0.30). Moduli presented as mean + standard error (N = 3 pigs, nh = 9 regions per
treatment).
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7.3.3 Effect of chondroitinase ABC digestion on PCM and ECM
micromechanical properties

In C-ABC samples, no difference was observed ketween PCM elastic moduli in
undigested controls (58 + 3 kPa) and digested samples (54t 4 kPa;p =0.68; Figure 73).
In contrast, ECM elastic moduli (95+ 9 kPa) were reduced by 37% following C-ABC
digestion (60 = 7 kPap < 0.0005). ECM elastic moduli wee significantly greater than

PCM moduli in undigested controls only ( p < 0.000).
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Figure 7-3: Stiffness mapping of chondroitinase ABC digested porcine
articular cartilage. Representative PCM scan regions are shown for con trol and C-ABC
digested sections. (A, B) IF-labeling for type VI collagen illustrated the distribution of

type VI collagen aroundcell -UP&il EwYODPEUS w2 EEOTI WEEU WA wk ws 06 wqg
calculated elastic moduli of the PCM scan regions shown. To highlig  ht differences
with digestion, contour maps are plotted on the same color scale. (E) Elastic moduli of
ECM and PCM regions measured in undigested control (black) and C-ABC digested
(white) cartilage sections. a: p < 0.005for control ECM moduli as compare d to C-ABC
digested ECM moduli. b: p < 0.001for control ECM moduli as compared to control
PCM moduli. PCM moduli were unaffected by = C-ABC digestion ( p = 0.69. Moduli
presented as mean + standard error (N =6 pigs, n = 24regions per treatment).
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7.3.4 Effect of hyaluronidase digestion  on PCM and ECM
micromechanical properties

In HA -asesamples, no difference in PCM elastic moduli was observed between
undigested controls (52 + 3 kPa) and digested samples (46t 2 kPa;p = 0.43; Figure 74).
ECM elastic moduli (107+ 9 kPa) were reduced by 32% following HA -ase digestion (73t
6 kPa p < 0.00005). In contrast to CABC digestion, ECM elastic moduli were
significantly greater than PCM moduli in both control and HA -ase digested samples <

0.005).

A Control B HA-ase E mControl OHA-ase

120{ ab

=]
o
1

[=1]
o
M

Elastic Modulus (kPa)
-y
o

(ed¥) sminpo ansei3
Width (um)

20 -

ECM PCM

Figure 7-4: Stiffness mapping of hyaluronidase digested porcine articular
cartilage. Representative PCM scan regions are shown for control and HA -ase
digested sections. (A, B) IF-labeling for type VI collagen illustrated the distributi on of

type VI collagen around cell -UP &1 EwYOPEUS w2 EEOTI wWEEUwWA wk ws 08 wq
calculated elastic moduli of the PCM scan regions shown. To highlight differences
with digestion, contour maps are plotted on the same color scale. (E) Elastic moduli  of
ECM and PCM regions measured in undigested control (black) and HA -asedigested
(white) cartilage sections. a: p < 0.M005for control ECM moduli as compared to HA -
asedigested ECM moduli. b: p < 0.®M5for ECM moduli as compared respective PCM
moduli. PC M moduli were unaffected by HA -asedigestion ( p = 0.43. Moduli
presented as mean + standard error (N =6 pigs, n = 24regions per treatment).
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7.3.5 Effect of elastase digestion on PCM and ECM micromechanical
properties

In elastase samples PCM elastic moduli were reduced by 24% following
digestion (39 3 kPa)as compared to undigested controls (51+ 3 kPa;p < 0.05; Figure 7
5). Similar results were observed in the ECM where elastase digestion resulted in a 57%
reduction in elastic moduli (43+ 3 kPa) ascompared to controls (99 + 13 kPa;p <
0.000001). ECM moduli were significantly greater than PCM moduli only in undigested
controls (p < 0.00005).

H Control OElastase
120 1 a, b

A Control B Elastase

m

100 -

[=:]
o

Elastic Modulus (kPa)
£y o
=) =1
(2]

(2dx) sninpow o

[\
o

o
4

a LS (SN Y
39 79 118 157 40 79 M9 158
Length (m) Length (um)

ECM PCM

Figure 7-5: Stiffness mapping of elastasedigested porcine articular cartila ge.
Representative PCM scan regions are shown for control and elastase digested
sections. (A, B) IF-labeling for type VI collagen illustrated the distribution of type VI
collagen aroundcell -UD a1 EwYOPEUS w2 EEO] WEEU WA wk ws 08 wep" Ow#
elastic moduli of the PCM scan regions shown. To highlight differences with
digestion, contour maps are plotted on the same color scale. (E) Elastic moduli of ECM
and PCM regions measured in undigested control (black) and elastasedigested
(white) cartila ge sections. a:p < 0.000001for control ECM moduli as compared to
elastasedigested ECM moduli. b: p < 0.0005for control ECM moduli as compared
control PCM moduli. ¢: p < 0.05 for control PCM moduli as compared to elastase
digested PCM moduli. Moduli pr esented as mean + standard error (N =3 pigs, n =12
regions per treatment).
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7.4 Discussion

Contrary to our initial hypothesis, our results demonstrate high resistance of the
cartilage PCM to enzymatic degradation of aggrecan, CS/DS, and HA. Guided by IF-
labeling of type VI collagen to mark the boundaries of the PCM, AFM stiffness mapping
revealed no change in PCM elastic moduli following digestion with ADAMTS -4, C-ABC,
or HA -ase despite significant reductions in ECM moduli. On the other hand, significant
decreases in both PCM and ECM moduli were observed following broad spectrum
digestion with leukocyte elastase.

Our results suggest that the micromechanical properties of the PCM exhibit high
resistance to enzymatic degradation of aggrecan, CS/DS, and HA. Tl lack of alteration
in PCM properties was not due to global inactivity of the enzyme preparations, as
demonstrated by the concurrent decrease in ECM moduli and loss of Safranin-O staining
in digested cartilage sections. In support of our findings, Lark an d colleagues
demonstrated a lack of aggrecanasegenerated aggrecan G1 fragments in the PCM and
territorial matrix regions in normal articular cartilage from central, weight -bearing
regions of the femoral condyle despite abundant epitope staining in the ECM (Lark et al.
1997. Furthermore, Wiberg and colleagues demonstrated that while PG forms of
biglycan facilitate assembly of type VI collagen networks in vitro, C-ABC digestion fails
to disrupt networks formed in the presence of intact biglycan (Wiberg et al. 2002. If a

similar mechanism governs PCM assembly in situ, removal of the CS/DS chains of
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biglycan would have no effect on the structural integrity of the type VI collagen network
and in turn, would not alter PCM mechanical integrity. With regard to HA, in
agreement with our results, Poole and colleaguesdemonstrated no discernible change in
PCM PG content or morphology following up to 10 hours of digestion with ovine
testicular hyaluronidase (Poole et al. 198%. Overall, our study suggeststhat aggrecan,
CS/DS, and HA have distinct mechanical roles in the PCM as compared to the ECM.

In agreement with previous studies that demonstrate a loss of cartilage
macroscale properties following GAG depletion with C -ABC (Zhu et al. 1993 Lyyra et
al. 1999 Korhonen et al. 2003 Laasanen et al. 200Band various hyaluronidases (Broom
and Poole 1983 Zhu et al. 1993, porcine cartilage in the current study exhibited a 30% -
37% reduction in ECM microscale elastic moduli following digestion with ADAMTS -4,
C-ABC, and HA -ase. Since a recent study showed no effect of specific digestion of DS on
cartilage GAG content or macroscale indentation properties (Hall et al. 2009), the
observed effects of GABC digestion in the current study are likely dominated by the
loss of CS chains from aggrecan rather than DS chains from decorin. Interestingly, all
three enzymes exhibited similar effects on ECM mechanical properties despite their
different mechanisms of aggrecan disruption. ADAMTS -4 cleavage of the aggrecan core
protein has been mapped to six sites(Sandy et al. 1991 Tortorella et al. 2000 Nagase and
Kashiwagi 2003), though the enzyme most efficiently cleaves within the CS GAG

attachment domain near the C-terminal end of the core protein (Tortorella et al. 2000. C-
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ABC acts directly on the CS GAG chains, reducing their length through cleavage of the
bonds between adjacent disaccharide units(Ernst et al. 1995, leaving the PG core
protein intact. HA -ase digestion disrupts aggrecan macromolecular aggregates via
cleavage of the HA backbone releasing aggrecan monomers, link piotein, and HA
fragments from the tissue in the absence of aggrecan proteolysis(Durigova et al. 2011).
Since interstitial fluid load support is minimal during A FM microindentation ,
approximately 10% based on the Peclet number(Bonnevie et al. 2012, the mechanical
consequences of aggrecan disruption are not likely the result of biphasic and/or triphasic
effects associated with the loss GAGassociated fixed charge density. Rather, our results
suggestthat disruption of aggrecan, regardless of the mechanism, significantly decreases
the intrinsic properties of the solid matrix.

The loss of PCM and ECM mechanical integrity following digestion with
leukocyte elastase provides additional support for elastase as an important contributor
to cartilage degeneration. Elevated levels of elastase have been measured in synovial
fluid from patients with RA  (Momohara et al. 1997 Ishiguro et al. 2001; Elsaid et al.
2003, OA (Momohara et al. 1997 Elsaid et al. 2003, and joint injury (Elsaid et al. 2003
Elsaid et al. 2009. In addition to binding to the articular surface (Janoff et al. 1976
Kawabata et al. 199§, elastase is capable of diffusing through the cartilage matrix (Janoff
et al. 1976 and binding to chondrocytes (Menninger et al. 1981; Bartholomew and

Lowther 1987), providing a means and potential mechanism for enzyme localization to
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the PCM. Elastasebased degradation of the PCM is likely driven by disruption of the
type VI collagen network either through direct cleavage of type VI collagen
microfilaments (Kielty et al. 1993) or disruption of biglycan -mediated interactions
(Wiberg et al. 200 Wiberg et al. 2002 Wiberg et al. 2003 through cleavage of the core
protein (Owen and Campbell 1999). Beyond type VI collagen and biglycan, elastase is
capable of degrading a wide range of substrates, including aggrecan (Mok et al. 1992,
link protein (Mok et al. 1992, small PG core proteins(Owen and Campbell 1999), type
IX and Xl collagen (Gadher et al. 1988, and type Il collagen cross-links (Starkey et al.
1977 Gadher et al. 1988 Barrett 1994), but not triple -helical type 1l collagen (Starkey et
al. 1977 Gadher et al. 1988. This broad range of substrates likely contributed to the
larger reduction in ECM moduli observed following elastase digestion (57%) as
compared to ADAMTS -4 (-30%), GABC (-37%), or HA-ase £32%). The observed 57%
reduction in ECM microscale moduli is comparable to previous studies at the macro-
(Menninger et al. 1981, Bader and Kempson 1994 and microscales(Stolz et al. 2003.
Overall, our results suggest that treatment strategies targeting leukocyte elastase activity
could be effective in reducing inflammation -mediated cartilage degeneration.

Digestion protocols used in this study were optimized on cryosections of porcine
cartilage to achieve measireable changes in ECM biomechanical properties and a clear
loss of Safranin-O staining, which has been shown previously to exhibit a linear

relationship with GAG content as measured by DMMB for articular cartilage (Martin et
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al. 1999 LeRoux et al. 2000 Flahiff et al. 2002). In our dig estion protocols, incubation for
30 minutes to one hour was sufficient for significant and in some cases complete loss of
Safranin-O staining in cartilage sections. The loss of GAG/PG staining was more
moderate in ADAMTS -4 digested samples as compared to the other digestions.
ADAMTS -4 cleaves faster within the CS GAG attachment domains than within the IGD,
with detectable CS domain epitopes present after as little as 5 minutes of digestion as
compared to IGD epitopes which are detectable after 30 to 60 minutes(Tortorella et al.
2000. These siteto-site differences in efficiency likely contributed to the moderate loss
of staining observed in the current work as aggrecan monomers may have lost only a
fraction of their CS chains as opposed to their entire GAG attachment domain.

A number of proteolytic enzymes have been implicated in cartilage turnover and
degeneration. In the present study, we focused on ADAMTS -4, C-ABC, Streptomyce
HA -ase, and leukocyte elastase because of their prevalence in previously published
work characterizing the macroscalemechanical properties of PG/GAG depleted cartilage
and for the known roles of ADAMTS -4 and elastase in joint disease. ADAMTS5
(aggrecamse-2) is another aggrecanase that has been implicated in cartilage
degeneration (Song et al. 2007Verma and Dalal 2011), has aggrecanase activity 1000
fold greater than ADAMTS -4 (Gendron et al. 2007, and has been shown to have a
dominant role in aggrecan degradation in mice (Glasson et al. 2005 ADAMTS -5is

constitutively expressed by chondrocytes (Bau et al. 2002 and co-localizes with HA in
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the PCM in normal and OA cartilage (Plaas et al. 200y. MMPs have a well-characterized
role in cartil age degeneration and are known to cleave aggrecanFlannery et al. 1992
Little et al. 2002) and small PGs (Monfort et al. 2006; Zhen et al. 2009 in addition to type
Il collagen (reviewed in (Bramono et al. 2003). Other proteases asso@ted with
inflammation, including high temperature requirement A1l (HtrAl) and cathespin B and

L, are elevated in synovial fluid of patients with RA, OA, and following joint injury

(Lang et al. 200Q Solau-Gervais et al. 2007 Polur et al. 2010. These enzymes provide
interesting targets for future studi es to ascertain which, if any, alter the mechanical

integrity of the PCM.

7.5 Summary

This study provides new evidence for high resistance of PCM micromechanical
properties to specific degradation of aggrecan and aggrecanassociated GAGs but
vulnerability to leukocyte elastase digestion. This resistance may be an important
intrinsic property of the chondrocyte microenvironment, allowing for enzyme transport
from the chondrocyte to the ECM during normal matrix turnover without mechanical
disruption of the PC M and suggesting that aggrecan and aggrecanassociated GAGs
have distinct structural and mechanical roles in the PCM as compared to the ECM. In
joint disease, our results suggest that the PCM is susceptible to proteolytic degradation
by inflammatory cell -derived enzymes, like leukocyte elastase, that have wide substrate

specificity. These inflammatory enzymes may be associated with degradative changes
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observed in the chondrocyte micromechanical environment in OA (Chapter 4;

(Alexopoulos et al. 2003 Alexopoulos et al. 2005b)).
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8. Summary and Conclusions

This work developed and applied new techniques for evalu ation of the
mechanical properties of the extracellular (ECM) and pericellular matrices (PCM) of
articular cartilage in situ and, by extension, correlation of site-specific mechanical
properties with local biochemical composition. All techniques were appli cations of
atomic force microscopy (AFM), taking advantage of its capabilities as a high resolution
microindentation device and its ability to be directly integrated with traditional optical
microscopy. Our first research goal, to evaluate the biomechanicd properties of the
cartilage PCM and ECM in situ, was accomplished through AFM -based stiffness
mapping of articular cartilage from multiple species, in multiple loading directions, and
in healthy and degenerative tissue. Our second research goal, to corelate site-specific
mechanical properties with local biochemical composition, was accomplished by
combining AFM stiffness mapping with immunofluorescence (IF) for type VI collagen,
dual IF for type VI collagen and perlecan, and selective enzymatic digestion of
proteoglycans (PGs) and glycosaminoglycans (GAGS).

In Chapter 2, we presented experimental validation of an AFM -based stiffness
mapping technigue and demonstrate its ability accurately obtain site-specific mechanical
properties of soft substrates, @pture the spatial arrangement of different materials based
on their elastic moduli , and yield elastic moduli comparable to other micro - and

macroscale techniques Application of AFM stiffness mapping to cryosections of
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articular cartilage from human, porcin e, and murine knee joints demonstrated that PCM
elastic moduli were significantly lower than local ECM elastic moduli in all species. This
initial study demonstrate sthat AFM-based measurements are a viable means for direct,
detailed investigation of the chondrocyte microenvironment in situ.

In Chapter 3, we provide d new evidence for mechanical inhomogeneity and
anisotropy at the microscale in articular cartilage by performing AFM stiffness mapping
on cryosections of porcine articular cartilage generated in three mutually -perpendicular
directions relative to the split -line orientation . PCM elastic moduli exhibited zonal
uniformity and mechanical isotropy despite distinct, depth -dependent anisotropy in the
ECM in the superficial and deep zones along thedire ction of local type Il collagen fiber
alignment. Unexpectedly, ECM microscale moduli decreased with depth in all three
tested directions. Overall, our results provide further support for local collagen fiber
orientation and matrix composition as defining f actors in cartilage mechanical behavior.

In Chapter 4, we supported the hypothesis that significant degradative changes
occur in articular cartilage at the microscale with the onset of osteoarthritis (OA). AFM
stiffness mapping of human articular cartilage from the medial condyle of joints
exhibiting early signs of OA revealed radial expansion of the biomechanical footprint of
the PCM in addition to a loss of PCM and ECM mechanical integrity as compared to
macroscopically normal joints. No significant chang es were observed in either ECM or

PCM mechanical properties in lateral condyle cartilage from the same joints. Our studies
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provide a direct measure of and new insights into PCM degeneration within the context
of local ECM degeneration in OA.

In Chapter 5, we developed a novel IF-guided AFM stiffness mapping technique
for the direct correlation of type VI collagen localization and PCM biomechanical
properties in situ. Control experiments confirmed that IF -labeling of cryosections of
porcine articular cartil age did not alter the microscale elastic properties of the PCM or
ECM. PCM elastic moduli correlated with the presence of type VI collagen. Matrix
regions lacking type VI collagen immediately adjacent to the PCM exhibited higher
elastic moduli than regions positive for type VI collagen, suggesting that the territorial
matrix (TM) serves as a mechanical as well as structural transition region between the
PCM and ECM. PCM properties were similar throughout the tissue depth. Our finding s
provide further suppor t for type VI collagen as adefining factor of the chondrocyte
PCM and an important contributor to its biomechanical properties.

In Chapter 6, we extended the applicability of our IF -guided AFM stiffness
mapping technique by using dual IF to correlate site-specific differences in mechanical
properties with spatial variations in composition within the PCM. Dual IF -labeling for
type VI collagen and the heparan sulfate (HS) PG perlecan in cryosections of porcine
articular cartilage demonstrated co-localization of these components to the PCM. While
there was no difference in overall PCM moduli between type VI collagen - and perlecan-

based definitions of the PCM, within the PCM , interior regions rich in both type VI
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collagen and perlecan exhibited lower elastic moduli than more peripheral regions
containing type VI collagen alone. Enzymatic removal of HS chains from perlecan with
heparinase Il resulted in increased elastic moduli in the PCM, specifically in interior
regions positive for both perlecan and type VI c ollagen. As expected, heparinase I
digestion had no effect on ECM elastic moduli. Our study supports a new role for
perlecan as a defining factor in both the biochemical and biomechanical boundaries of
the PCM and suggests that the HS chains generate aenvironment conducive for
mechanotransduction by softening the PCM in the immediate vicinity of the
chondrocyte.

In Chapter 7, we found that the micromechanical properties of the PCM exhibit
high resistance to specific enzymatic degradation of aggrecan and aggrecarnassociated
GAGs but are vulnerable to degradation by leukocyte elastase. Unexpectedly, PCM
elastic moduli were not altered following enzymatic digestion of cryosections of porcine
articular cartilage with aggrecanase ADAMTS -4), chondroitinase ABC (C-ABC), and
bacterial hyaluronidase (HA -ase) despite significant decreases in ECM moduli with each
enzyme. On the other hand, both PCM and ECM moduli were significantly decreased
following enzymatic digestion with leukocyte elastase, presumably due to its wide
substrate specificity. Overall, our findings suggest that resistance to enzymatic

degradation is an intrinsic property of the chondrocyte PCM that would allow enzyme
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transport from the PCM to the ECM during normal matrix turnover without disruptio  n
of the PCM and a role for elastase in cartilage degeneration

Overall, our work demonstrates that the PCM is much more complex than the
simple, uniform region with a sharp discontinuity in properties at its interface with the
ECM presented in many theoretical models. Rather, the PCM exhibits spatialvariations
in mechanical properties tied to local biochemical composition and , via the TM, exhibits
a smooth mechanical transition to the local ECM. Unlike the depth -dependent moduli
and anisotropy of the local ECM, PCM moduli demonstrate zonal uniformity and
mechanical isotropy. This detailed zone-by-zone characterization of the cell
microenvironment can be applied in computational modeling of cell -PCM-ECM
interactions (Guilak and Mow 2000 ; Alexopoulos et al. 20058 Korhonen and Herzog
2008 Julkunen et al. 2009 to further our understanding of the specific mechanical
stresses experienced by the chondrocyte under normal loading conditions and advance
our knowledge of mechanotransduction mechanisms in articu lar cartilage. Furthermore,
this microscale approach can be readily adapted for mechanical assessmenbf neo-
matrix deposition and evaluation of PCM and ECM development and maturation over
time in tissue-engineered cartilage constructs (Fraser et al. 2006Diekman et al. 2012.

In addition, our studies provide new insights into cartilage matrix turnover in
healthy and diseased joints. Our novel finding of PCM -specific resistance to aggrecan

targeted digestion suggests that mechanical integrity of the PCM is maintained during
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normal matrix turnover despite constitutive production of aggrecanases by
chondrocytes. This surprising result provides many avenues for future work

investigating the ability of specific PCM components to modulate local enzyme activity
(Nakada and Wolfe 1961 Mio and Stern 2002 and the role of aggrecan in structural
stability of the PCM . In OA cartilage, the PCM and ECM exhibit significant alterations in
their microscale mechanical properties. Our demonstration of PCM and ECM
susceptibility to leukocyte elastase digestion suggests treatment strategies targeting the
activity of inflammatory cell -derived proteases could be effective in reducing cartilage
degeneration in rheumatoid arthritis (RA), OA, a nd following joint injury (Momohara et
al. 1997 Ishiguro et al. 2001, Elsaid et al. 2003. AFM stiffness mapping in combination
with IF for specific enzymes and type Il collagen or aggrecan epitopes would provide
interesting insights into localized degradation patterns in cartilage throughout disease
progression and distinguish between chondrocyte -mediated and inflammatory cell -
mediated degradation.

Collectively, the work presented in this dissertation offers a more complete
characterization of the chondrocyte micromechanical environment in articular car tilage.
These studies provide the tools and framework for further studies to continue to
elucidate the complicated structural, compositional, and functional relationships
between the cartilage ECM and PCM and their importance in regulating chondrocyte

physiology in health and disease.
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Appendix A. Finite Thickness Correction for Hertz Model

Dimitriadis and colleagues developed an approximate, polynomial -based
solution to the Hertz model for finite thickness samples (Dimitriadis et al. 2002). The

final relation between the applied force, FOWE OE wb OET QUEUDPOOOwy OQwb Uwl B

1/2 é o 2 ~ o ~
FoAFEr 8 2a, C4z§ 20_8_283340 %3 16 @ ge 3é+ 45
31-n & p b % ° 15 ° C “o 5 °

e 7 : C :

where r is the probe radius and his the sample thickness. The coefficients,a,and b,,

are given by

1.2876- 1.4678 + 1.344%
1-n

_0.6387- 1.0277 +1.5164
1-n

b

0
PT 1T Ul waawbUwUI 1T wUEOxOI w/ 6PUUOOZzZ UWUEUDOBS w
To order to investigate the potential influence of finite sample thickness on our
measurements ofthe microscale properties of porcine articular cartilage, ECM and PCM
regions in porcine cartilage sections were mapped quantitatively using the protocol
outlined in Chapter 2 with a force trigger of 300 nN at an indentation velocity of 15

5 0xU
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As expected, when the finite thickn ess correction was applied, calculated moduli
were reduced (p < 0.05; repeated measures ANOVA; Figure A1) with equivalent effects
on ECM and PCM moduli. Corrected moduli fell within the site -to-site variability both
within a single testing region, variability among porcine cartilage specimensand within
the expected error associated with contact point estimation in soft samples (Dimitriadis
et al. 2003. Since force triggers for all experiments were carefully selected from a tested
range in order to limit indentation depths for each group of samples, finite thickness
effects were indistinguishable from the other errors associated with our testing

modality.

m Hertz Model OFinite Thickness Correction

160 1

Elastic Modulus (kPa)
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ECM PCM

Figure A -1: Effect of finite sample thickness on calculated micromechanical
properties of articular cartilage. Force-indentation curves collected in the ECM and
PCM of porcine cartilage were evaluated using the Hertz model (black) and finite

thickness correction (white). Calculated ECM and PCM elastic moduli decreased with
finite thickness correction ( p < 0.05). Moduli presented as mean + standard deviation
(N = 4 pigs, n = 16 regions).
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Appendix B. Low Force Stiffness Mapping of Articular
Cartilage

A version of this appendix was published as supplemental material to the following:
Darling, E.M.*, Wilusz, R.E.*, Bolognesi, M.P., Zauscher, S., Guilak, F. SpatiaMapping
of the Biomechanical Properties of the Pericellular Matrix of Articular Cartilage
Measured in situ via Atomic Force Microscopy. Biophysical JournabP8(12):28486, 2010.
Elastic moduli of articular cartilage PCM and ECM were mapped quantitatively
using the protocol described in Chapter 2 with a force trigger of 50 nN (N = 6 cartilage

UEOx Ol UOwOwa whk wuUOUEOQWUI 1 POOUwWxT UwUx1 EPT UKB w31
indentation depths and reduced contact radii. With this low threshold, measured e lastic
moduli were approximately two - to five -fold lower than those observed using a force
trigger of 750 nN (Figure B-1, Table B-1). ECM elastic moduli were greater than PCM
elastic moduli for human, porcine, and murine cartilage ( p < 0.001). Murine cartiage
exhibited the highest ECM and PCM moduli ( p < 0.001), while porcine and human
cartilage possessed similar values for both ECM and PCM properties (p > 0.05).
Depth-dependent (Schinagl et al. 1997 Chen et al. 200) and strain-dependent
(Wang et al. 2003 behavior of articular cartilage under compression has been observed
previously at the macroscale. A similar phenomenon was recently reporte d in

microscale indentation of b ovine articular cartilage. Park and colleagues observed a non

linear increase in elastic moduli for indentation depths up to 600 nm (Park et al. 2009.
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As in the current study, there was an order of magnitude difference between microscale
and macroscale modulus values.

This strain-dependent behavior suggests that larger indentations are required to
obtain microscale mechanical properties that are more representative of measurements
recorded at the macroscale. Since cartilage is inhomogeneous, local variability intype Il
collagen content (Rieppo et al. 2009 and proteoglycan concentration (Samosky et al.
2005 likely affect the modulus measured via AFM indentation. Larger forces and
indentation depths probe beyond microscale tissue swelling and allow for averaging of
the mechanical contributions of the cartilage matrix components in a manner that is
similar to that observed at the macroscale (Stolz et al. 2004. No consistent threshold
indentation depth neededto achieve macroscale propertiesexisted across tested
UEOxOI UB w%uOUwl REOXxOI OwUOO!I wUEOxOI Uwl BT PEPUI EwU
indentations whereas other samples exhibited dramatically different moduli for the two
depths. Prior to mapping, cartilage samples were probed with a range of indentations to
determine a suitable depth for evaluating either the low -force or bulk mechanical

properties of the tissue.
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Table B-1: Elastic moduli of ECM and PCM regions from human, porcine, and

murine articular cartilage using low force stiffness mapping.

Stiffness mapping of

sectioned cartilage samples showed clear differences between ECM and PCM regions
for each species (p < 0.0001). Moduli shown as mean * standard deviation.

Sample ECME ECM Erange PCM E PCM Erange
P (kPa) (kPa) (kPa) (kPa)
Human (N = 6)
n =35, ECM 58+ 20 éfi ;3:3) 17+ 14 ( 4837+6 7sies)
n =34, PCM
Porcine (N = 6)
n =20, ECM S3%25 (;515; sli?els) 16+4 (2;;; szi?es)
n =20, PCM
Murine (N = 6)
n =26, ECM 78+ 30 (i;;: ;fegs) 40+ 20 3 9406; iies)
n =29, PCM
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Figure B-1: Effect of indentation force on me asured micromechanical
properties of articular cartilage. ECM and PCM elastic moduli were measured using a
force threshold of 750 nN (black) and 50 nN (white) for (A) human, (B) porcine, and
(C) murine articular cartilage. *: p < 0.005 for 750 nN force threshold as compared to 50
nN force threshold. Moduli presented as mean + standard deviation (N = 6 knees,

n 15 regions).
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Appendix C. Effect of Indentation Velocity on the
Microscale Properties of Articular Cartilage

A version of this appendix was published as supplemental material to the following:
Wilusz, R.E., DeFrate, L.E. Guilak, F. ImmunofluorescenceGuided Atomic Force
Microscopy to Measure the Micromechanical Properties of the Pericellular Matrix of
Porcine Articular Cartilage, Journal of the Royal Society InterfaBé76):29973007, 2012
In order to investigate the potential influence of indentation rate on the
microscale properties of articular cartilage, ECM regions were evaluated in the
middle/deep zone (2004 KY Y w4 OQwi UOOwUT 1 wEUUPEUOEUWUUUI EET Au
sections (N = 3 pigs, n = 15 total regions). Indentations were applied with a force trigger
of 300 nN at indentationvi OOEDPUDT Uwdl whiws Oxy UOwk ws Ovy UOwhy wy O
0vU6 w3l 1 wUPUUUI whPEUWEOOOPT EwOOwWUT EOYI Uwi OUwhuw
ECM elastic moduli increased with indentation rate over the tested range (p <
0.05, repeated measures ANOVA; Figure GhuA 6 w, OEUOPWOEUI UYI EwE UwE whit
YI OOEPUawbkbl Ul wl KGwOOPI UwUT EOQwUT OUIT wOl EVUUUI EwEU
presented work). Moduli collected at velocities ranging from5 ¢ 1 k ws Oy Uwpkl &1 whpbbUT |
12% of the values observed at k w4 Oy UG w31 1 wOEUI UYI Ewl I 11 EQwOIi whb
within the expected error associated with AFM indentation of soft substrates due to
contact point estimation (Dimitriadis et al. 2002) and is small relative to the site-to-site

variability observed both within and among ECM scan grids, where standard deviations

were 15¢ 30% of the mean.
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Figure C-1: Effect of indentation velocity on ECM micromechanical properties.
ECM elastic moduli increased with indentation rate over the tested range ( p <0.05
repeated measures ANOVA ). Moduli presented as mean =+ standard error (N = 3 pigs,
n = 15 regions).

Loading rate-dependent behavior of articular cartilage under compressive
loading has been observed previously at the macroscale(Li et al. 2003 Silver et al. 2009.
A similar phenomenon was recently reported in microscale indentation of juvenile
bovine cartilage (Han et al. 2011 where elastic moduli increased with z -piezo
displacement rates of 0.1 105 Oy U8 w UwWOEUI UYI EwPOwUT 1 wEUUUI OU0u
Ol EV0UI EwEUwhY ws OxyUwbOE]I OUEUDPOOwWYI OOEPUawPkI Ul u
OEUI UYI E wBdd etlaiureld Slhae interstitial fluid pressurization in response to

AFM nano- and microindentation is minimal (Park et al. 2009 Bonnevie et al. 2013, the
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