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Osteocytes are stellate cells which form a network within hard bone matrix and play a key role for
bone adaptation during development, ageing and bone diseases including osteoporosis. The
mechanisms by which osteocytes sense loading and transmit signals to regulate remodelling are
not well understood. Detailed knowledge of the three-dimensional (3D) structure of the osteocyte
network and the surrounding lacuno-canalicular network is essential to elucidate these
mechanisms. 3D imaging on cellular and sub-cellular scales will allow quantitative hallmarks of
health and disease to be derived and will lead to improved computational models of bone
mechanotransduction. Until now the location of the cells within calcified bone matrix and the sub-
micrometre dimensions of the networks have posed challenges for 3D imaging. Serial block-face
scanning electron microscopy (SBF SEM) is a novel imaging technique which produces high-
resolution 3D data of the osteocyte and lacuno-canalicular networks (ON&LCN) simultaneously.
The objective of this project is to develop a correlative X-ray and SBF SEM (CXEM) workflow for
mammalian bone tissue, providing quantitative data, which will enable realistic computational
modelling of bone mechanobiology. This project aims to develop protocols for SBF SEM sample
preparation and imaging and to combine SBF SEM with X-ray micro computed tomography in a
correlative workflow which allows derivation of established and novel quantitative measures of the
ON&LCN across length scales in relevant tissue volumes. CXEM imaging and image analysis
workflows are applied to juvenile and adult murine bone tissue and to bone tissue from
osteoporotic (OP) and osteoarthritic (OA) human donors.

CXEM applied to juvenile and adult mouse tibia has produced data on osteocyte density, porosity,
and cell measures including volume and number of processes. Pericellular space volume and width
were quantified in 3D for the first time. The results show that values for pericellular space volume
used in previous studies have been overestimated and that the width of the pericellular space is
more irregular than values derived from 2D imaging methods and used in computational models,
possibly leading to the underestimation of peak strain sensed by osteocytes.

Tissue from OP and OA donors was imaged and analysed using CXEM. Osteocyte number density is
37% of lacunar number density and osteocyte porosity is 30% of lacunar porosity in these samples.
These findings illustrate that using lacunar number density and porosity measures to represent
osteocyte measures in diseased human bone tissue is misleading. 93% of lacunae contained a cell
showing ultrastructural changes indicative of deteriorating health or cell death. This indicates that
the cell network, crucial for mechanobiology and bone homeostasis, is compromised in OA and OP
tissue, although not in significantly different ways.

CXEM enables imaging of the hard and soft components of bone simultaneously, at high resolution
and in 3D, producing unique quantitative measures. CXEM assessment of the ON&LCN in health



and disease paves the way for the study of mechanotransduction mechanisms by computational
models based on accurate geometries. This will lead to the identification of relevant features of
healthy and diseased bone at the cell level, which could serve as targets for the diagnosis and
treatment of bone-related diseases, impacting significantly on public health.



Table of Contents

Table of Contents

Table Of CONTENTS ...ccceuiiiiiiiirreccrrrc e rreee e s renas e s s esnesssseenasssssennssssssennssssssanssnanne i
Table Of TABIES ....ciiiiieeeeiiiiiiiinreernn s reessees s s s s s s s s essssssssssssssssssnsnssssssssssnns v
Table Of FIBUIES ...ttt nrrreece s renesessesa e s s eensssessenasssssesnssssssennssssssnnasnans vii
Research Thesis: Declaration of AUtROIShip......cccccceiieeeiiiieeeieiiteeereentenenreeeeeeneeeeeennneeeeens xi
AckNOWIEdZemENTS ..ottt e e s re e s e s e e s e e na s e s e e nas s s s ennanaans 13
Definitions and Abbreviations ..........ccveeeiiiiiiiiiiiiieceee e s e eees 14
Chapter 1 Introduction and Project SUmMmMmary.....ccccceeeeeeeecerenenceerennneereeenseseeennsecsseannes 16
O R - F- T €4 oYU T o [P UTTR RO 16
A S o T [=To Y 10 0 1 =1 RSN 20
Chapter 2  Literature REVIEW .....cceceieeeenerieeenneeiteenneeteensseeseensssessesnsseesssanssessesnsssssssnnnes 24
D R = To T o T IE B ol | PP PPPPPPPPRE 24
2.2 Femoral head @anatomy ......cooiiiie i s e e s aee e e 26
2.3 Functions of osteocytes — direct and indirect.......c.cccoueeeeviieeiieciee e, 30

2.4 Identification of microstructural phenotypes of bone at the cellular and sub-
CEIUIAN TRVEIS .t s s s bae e e s saaees 35

2.5 Identification of microstructural phenotypes of developing bone at the cellular and
SUD-CEIIUIAN VIS ...ttt ee e e s 43

2.6 Identification of microstructural phenotypes in ageing, disease and other bone

states at the cellular and sub-cellular [evel...........cccooviiiiiiiniiii e, 48
2.7  Imaging of the ON&LCN ........c.uiiiiiiee et e e e e e eaaaeeeeenes 61
2.8 3D quantitative MOrphomMetry ......ccceeei e 86
2.9 Computational MOAEIS.....cccei i e 91
2.10 CONCIUSION 1.ttt s e s s et e se e s ne e r e e s e e e nneenareenneens 99

Chapter 3 Development of correlative uCT and SBF SEM sample preparation and

IMAGING PrOtOCOIS.....ccieeeeieirteiieertenreetteeneerteenneereenaseesresnssessensssessesnssenees 103
2% R 1 4o o [ o1 4 [0 o DU P O PP PP O PPPPPTPPP 103
3.2  Optimisation of sample preparation.........ccccveeeirciee e 112
3.3 Optimisation Of IMAGING ...ccccvuiiiiiiiiie e s e 140



Table of Contents

Chapter 4 Processing, segmentation and quantification of CXEM images ................ 153
A1 INTFOAUCTION 1ottt ettt e et e et e s sab e e s bbeesnbeesenneenane 153
A | 4 =Y<L I oY o Yol cF1] [ o V= RS 154
4.3  IMage se8MENTATION ... 157
4.4 Quantification of CXEM image data......ccccceeeeeeccciiiiiieee e 163
4.5 CONCIUSION ..ttt 166

Chapter 5 3D imaging and quantitative analysis of osteocyte and lacuno-canalicular

networks across length scales in juvenile and adult mice using CXEM ..... 167
LT A [ o To [T o o IS PUPRRN 167
5.2 Materials and Methods..........ooociiiiiiiic e ee e e e e 174
LTS TR 01 U1 3 SUPRRN 183
o B 1 ol U 1YY o PR PPPPPPPPPPPPPPPPPPRE 199
Chapter 6 CXEM study of osteoporosis and osteoarthritis in human bone tissue..... 209
6.1 INtroduction @Nd rEVIEW ....cccci i i e e e e e e e e ennnes 209
6.2  Introduction t0 CXEM STUAY......ccccuriieiiiiiieiiireeeee et eeserrrreee e e e e eeeeaanes 213
6.3  Materials and Methods........cooo i e e e 214
R R T U] | PSRRI 220
LRSI B 1 1Yol U 11 o o 1PN 235
(S o T Tl [V [ o WU PUPRRNt 242
(0 =107 7T gl T o1 U T3 o o Ot 244
7.1 TRESIS SUMMAIY .uueiieeieiiieeeesiieee e sttt e e e st eeeesaaeeeesatreeessaseeeessssaeeessnssaeessnssseeesnnnns 244
7.2 Critical analysis of CXEM as a technique for imaging of the ON&LCN .................. 246

7.3 Animal study — critical analysis and implications of results for bone research,
pathology and treatmeENnts ..........oeevviii i 249

7.4 Human study — critical analysis and Implications of results for bone research,
Pathology and treatmMeENts .....cccuiii i 251
7.5  Limitations of this WOIK ........c..eeiiiiiiiie e e e 253
7.6 FULUIE PEISPECLIVES ...t e e e e e e e et se s e e e e e s e e aaaeeeeeeeeeenennn 255
7.7 Overall conclusions and Major iMPACt........ccceecuieeiriiiieeeiniiiee e srre e eree e 258
Appendix A Sample preparation protocols......cccccceeeiiiiiiiiniennniiiiiiiiiiinnn.. 261



Table of Contents

AL REAEENES ottt e et e e e e e et e e e e e e eeea e eaaaans 261
F N A Yo [ U TT o] o Y= | SRRt 262
A.3  Protocol for TEM sample preparation......ccccceeeccciiieeee e e ceccrireeee e eerreree e 263
A.4  Protocol for SBF SEM sample preparation........cccceeeeeeieeeeeccieeeeceieee e e e 265
Appendix B Workflows for image processing......ccccccceiieeiciiiimiiciiinniinieennienieneesessennenes 269
B.1 Image processing and segmentation workflow for X-ray uCT data.........cccueeeennne 269
B.2 Image processing and segmentation workflow for SBF SEM data ...........ccceeeennee 274
B.3 Quantification of data from CXEM images........cccevuveiiiriiiiee i sieee e 277
B.4 Quantification of data from SBF SEM images .......cccccvriiiieeeiiieiciiieeeeee e 280
Appendix C Macros for image ProCessing .......ccceeeeeiiiiiiiennnnsiiiiniiiieeessssiiieesssss 284
C.1  Bandpass filter MACIO......uvueiieiieiieiccireieeee et e e e e e eeetrreeeeeeeeeesesaraeeeeeeeeesennnnes 284
C.2  Z-axis NOrmMalisation MACIO .......eiiiiiiiiiee ettt e s s baee e 285
C.3  Alignment and QUadrant MACrO .......eueeeieeeiiiiciiriieeeee e e ceccrreeee e e e e eeseirreereeeeeeseennnns 287
C.4  WekaSegmentation IMACIO ....ccuuiiiieiiieeiiiiee e esttee st e st e e e sae e s saee e e s snaaeeeeas 293
APPENdIX D PUBIICAtIONS . .cccuuiiieeeeieiieenierteeenieertenneeereenseseeensseceesanseesessnssessesnssssssnnnnes 296
List Of REfEreNCES ....uuuveiiiiiiiiiriiiiiiiiiiiinrrrriieennnrrrssseesssss e sssssssssssesnnssnssssssssssssnnns 297






Table of Tables

Table of Tables

Table 1 Studies of developing bone, imaging techniques, species and age ranges.....45
Table 2 Changes in the osteocyte and the lacuno-canalicular networks with age....... 50
Table 3 Changes in the ON&LCN with osteoporosis/oestrogen deficiency................. 55
Table 4 Changes in the ON&LCN with osteoarthritis .......cccccoveeeeciieeeccieeeccee e, 57
Table 5 Light and electron microscopy based techniques used in ON&LCN studies...64
Table 6 X-ray and scanning probe imaging techniques used in ON&LCN studies........ 65
Table 7 Quantitative measures produced by CXEM.........cccccvveeevcireeeeiiiee e, 85
Table 8 Osteocyte network quantities for the human skeleton ..........ccccceeeeerinnnneen. 89
Table 9 Imaging capabilities of UCT and SBF SEM .........cooevciiiiiciiieeeceee e, 112
Table 10 Scoring scheme used to evaluate fixation quality .......ccccoecveeiivicieiinicienecee, 121
Table 11 Scan settings for bone tissue blockS .........cceeiieiiieiiciee e 133
Table 12 Table of preparation StEPS......ccvcieee i 135
Table 13 A summary of SBF SEM imaging conditions and their effects on output......148
Table 14 The effects of changes on file size, acquisition time and field of view. ........ 149
Table 15 Examples of quantitative measures obtainable from CXEM images listed on a
dECreasing SCAlB. ...cocuiiii i 165
Table 16 Quantitative measures obtained from UCT data......ccccceeecieeeeecieeecccieee e, 179
Table 17 Image acquisition settings for SBF SEM..........ccooviviiiiiieeeeeeiciiireeee e 180
Table 18 Quantitative measures derived from SBF SEM data. .......c.ccceeviveveenieeennnen. 182
Table 19 Dataset A_1 dimensions and VOIUMES.........ccccuveeiiiiiieeciiiee e 188
Table 20 Dataset A_2 dimensions and VOIUMES..........ccceeevciiiiiieeeeee e 192
Table 21 Overestimation of the volume of extracellular fluid in human bone............ 206
Table 22 Settings used fOr SBF SEM .......ccviiiiiiiiie ettt 219



Table of Tables

Table 23 Dimensions and volumes of tissue blocks imaged by SBF SEM .................... 220
Table 24 Percentage of healthy cells, unhealthy cells and cell debris in lacunae. ...... 226
Table 25 Measures, direct outputs and equations used to calculate indirect outputs.279

vi



Table of Figures

Table of Figures

Figure 1 Schematic view of the ON&LCN ........ceviiiiiiiieee e 17
Figure 2 BONE reMOAEIIING ...vveieiiiiee et e erae e 18
Figure 3 Anatomical structures of a typical long bone (humerus). ......ccccccovvevierenennee. 25
Figure 4 Structure of cortical (compact) bONE.......cccuvviieciiiiiciee e 26
Figure 5 Femoral head anatomy ........cccveeiiiiiiii i e e 27
Figure 6 The cell types found within bone tissSUe........ccccvviiieeeeiiiccc e, 30
Figure 7 A representation of the central role of osteocytes in bone remodelling........ 32
Figure 8 Direct and indirect relationships between osteocytes, bone cells and organs34
Figure 9 Osteocyte and typical cell machinery......cccccovciei e, 40
Figure 10 Structural model for an osteocyte cell process within a canaliculus .............. 41
Figure 11 Endochondral ossification across the lifecourse ........cocoveiivciieiiiciieeccciieeens 44
Figure 12 Development Of OStEOCYLES......ccciciiiiiiiiiiee ettt sbae e 47
Figure 13 Osteoarthritis v osteoprosis in human femoral head...........cccccvvveeeiirrnnnneen. 52
Figure 14 Light microscopy (LM) and confocal laser scanning microscopy (CLSM) ........ 70
Figure 15 Scanning electron MicroSCoPY (SEM) ...oeecvieeciiiiiiiecee e 73
Figure 16 Serial focused ion beam scanning electron microscopy (FIB SEM). ................ 75
Figure 17 Osteocytes from mouse tibia imaged by SBF SEM .......ccccoveeevviieeecciieeeennen, 76
Figure 18 Synchrotron radiation computed tomography images of human femur........ 78
Figure 19 Atomic force microscopy (AFM). ...ooooiciiie i e 80
Figure 20 Correlative LM-SEM imaging of sheep tibia implanted with a titanium screw.83
Figure 21 An illustration of the evolution of finite element models of bone cells.......... 96
Figure 22 Cycle of SBF SEM imaging in the prototype apparatus. ......ccccecvvveercireeennne. 105

Vii



Table of Figures

Figure 23

Figure 24

Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

Figure 35

Figure 36

Figure 37

Figure 38

Figure 39

Figure 40

Figure 41

Figure 42

Figure 43

Figure 44

Figure 45

Figure 46

viii

The SBFSEM system used in this project......ccccoveeeeiiiicccieec e, 107
The principle of SBF SEM .......uiiiiiiiieeciiee sttt e s s srre e s svae e 108
[ T aTeiT o] [T o) VT U EURUR 111
Workflow for SBF SEM sample preparation........ccccocceeeeecieeeeecieeececiee e 114
Preservation of cell ultrastructure .......cccccooveeeiiiiieiiiiiee e, 122
Analysis of quality scores and percentage shrinkage data. ..........ccccvvvveeee... 125
SBF SEM images of decalcified and mineralised murine bone tissue............ 126
RESIN COMPATISONS .. .uuueiiiu e nnas 126
Assessment of EM sample preparation quality and lacunar occupancy....... 131
Set UP fOr CT SCANNINEG. .cciiviiee ettt ettt e e s sre e e e 134
Reconstructed uCT data of human femoral head. ........cccceeevcviveevciieeecnee, 137
Results from uCT imaging of staining protocol comparisons............ccccuu..... 138
UCT data — identification of microstructure and segmentation.................... 140
LM images of decalcified and heavy metal stained bone tissue................... 142
IMOUNTING PNttt et e e e e e s st rre e e e e s s s s annnaeeas 142
Removal of frustum from resin block and mounting on pin for SBF SEM.....143
Beam-sample interactions during SBF SEM .......ccccooeviiviiieeencieee e, 146
DOSE CAlCUIALON ... 147

Effects of varying spot size and accelerating voltage on SBF SEM imaging..151

Image acquisition to outputs WOrkflow. ........ccccceeviieeeiiiiiciiiiieeee e, 155
Trainable Weka segmentation for pixel classification.........ccccccoeevveeiiinnnenns 160
OULPULS From CXEM. ...ooiiiiiiie ittt e s ae e e e 161
CXEM workflow applied to murine bone tissue.........ccooceeeeeeeeicciiieeeee e, 169
Schematic views of the ON&LCN ........cooeeiierienienieeeeeee e 171



Figure 47

Figure 48

Figure 49

Figure 50

Figure 51

Figure 52

Figure 53

Figure 54

Figure 55

Figure 56

Figure 57

Figure 58

Figure 59

Figure 60

Figure 61

Figure 62

Figure 63

Figure 64

Figure 65

Figure 66

Figure 67

Figure 68

Table of Figures

Comparing the ages and developmental stages of life in mice and humans.172

Human and mouse bone StruCtUre.......coccueevieeeiiienieeeiee et 173
Sample preparation of mouse tibia for CXEM. ........cccccvriivieeeiiciiiieeeee e, 175
X-ray UCT IMAGING. coieiiiiiiiiiiiiec e e e e e e e e e e 177
Regions of interest imaged using SBF SEM.........ccccoviviviiieeinciee e, 181
Effect of age on osteocyte network measured using uCT imaging. .............. 185

Effect of age on osteocyte network measures in anatomical quadrants......186

An SBF SEM image showing the features of well-fixed and stained tissue...187

SBF SEM imaging and osteocyte cell bodies segmented from the volume of

L= =1 AR PP P PP UTT R OPPP 189
Effect of age on osteocyte NEtWOrK......ccvvveieciiiiiiiiiie e 190
Effect of age on osteocyte cell MeaSUres ........ueeeecvveeeeciiee e, 191

Osteocyte cell bodies, cell processes and pericellular space volumes segmented

from murine bone tissue imaged using SBF SEM ........cccccoevvvveeeiicieeeccineeeens 193
Effect of age on 0StEOCYte MEASUIES ......vvvvveeeeiiiiiiiieee e 194
Effect of age on 0StEOCYTEe MEASUIES .......eeevviviie e 195

Slices from SBF SEM datasets showing enlarged PCS and occupied lacunae.196

Effect of age on osteocyte, lacunar and pericellular space measures from murine

bone tissue measured using SBF SEM. .......ccoiiiiiiiiiiineeee e 197

Effect of age on number of processes and process diameter from murine bone

tissue measured USiNg SBF SEM. .....ccocvieiiiiiiiiee ettt s 198
FE modelling of mechanical strain in mouse tibia.........cccccceecvieeeecieeecnnenn. 202
Risk factors for the osteoarthritis and osteoporosis. ........cccecvveeerciveeencnnenn. 212
Femoral head samples collected after hip arthroplasty.......ccccceeeevieeeenneen.. 215
Dissection of fixed femoral head tissUe.........ccccereiriiriiiiiiiieeeceeee, 215
) O - VA O I g - =41 o V- SRR 217



Table of Figures

Figure 69

Figure 70

Figure 71

Figure 72

Figure 73

Figure 74

Figure 75

Figure 76

Figure 77

Figure 78

Figure 79

Figure 80

Figure 81

Figure 82

Figure 83

Figure 84

Figure 85

Figure 86

Figure 87

Figure 88

Selection of samples for inclusion in project .........cccoceeeecieeeeciee e 218
X-ray LCT of human bone tiSSUE .....cccccvveiiiiiiiei e 221
UCT images from OA and OP boNe. .......c.cveeeeeieiiciieeee e 222

Correlative X-ray and SBFSEM images of an osteon in human bone tissue. 223

SBF SEM images from OA (A-C) and OP (D-F) tiSSUE. .....ccceevcureecreeerreeeieeenne 224
SBF SEM output and segmentation results......ccccccooeeciieeiee e 225
Effect of bone disease on cell health. .......ccccccooviiiiiiiiiiieee, 226

Varying states of cell health observed in human bone samples compared with

healthy cell UItrastructure. ....uevi i 228

Effect of disease condition on osteocyte and lacunar number density and

porosity for OA and OP bone samples imaged using SBF SEM. ................... 229
Effects of bone disease on osteocyte, lacunar and PCS volumes. ................ 230
Osteocytes and lacunae in OA bone tiSSUE. ....ceeveiiiiiciiiiieee e 232
Osteocytes and lacunae in OP bone tiSSUE. .....eevieeiiiiiiiieeeee e 234
Alignment of data using Moments of Inertia plug-in.........ccccceeeeeiicniinnnnn.n. 270
Bandpass fillter ...cooeeiie e e 271
Stages of image processing shown on murine bone........ccccceeeecciieeeeicinennns 273
Division of tibia into quadrants and selection of osteocytes. ........c.ccccuuu..ee.. 274
Trainable Weka segmentation results.........cocceveiveeiincieeiccciee e 276
Label analysis panel in AVIiZO .......ccooiiiiiiiiiieeii e 278
Obtaining process measures USiNG AVIZO .......ccccveeeeiieeeeeiieeeeecieeeeeciee e e 281
Pericellular space reconstruction and measurement of width..................... 283



Research Thesis: Declaration of Authorship

Research Thesis: Declaration of Authorship

Print name: PATRICIA GOGGIN

A Correlative X-ray and Electron Microscopy Framework for 3D
Title of thesis: Bone Imaging and its application to Bone Development and Disease

in Human and Animal Tissue

| declare that this thesis and the work presented in it are my own and has been generated by me

as the result of my own original research.
| confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at this
University;

2. Where any part of this thesis has previously been submitted for a degree or any other
qualification at this University or any other institution, this has been clearly stated;

3. Where | have consulted the published work of others, this is always clearly attributed;

4. Where | have quoted from the work of others, the source is always given. With the exception
of such quotations, this thesis is entirely my own work;

5. I have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, | have made clear
exactly what was done by others and what | have contributed myself;

7. Parts of this work have been published as:-

A Development of protocols for the first serial block-face scanning electron microscopy (SBF
SEM) studies of bone tissue
Goggin P, Ho ELM, Searle S, Gnaegi H, Oreffo ROC, Schneider P. Bone, 2020. Feb;131:115107
B High-resolution 3D imaging of osteocytes and computational modelling inmechanobiology:
Insights on bone development, ageing, health and disease

Goggin PM, Zygalakis KC, Oreffo ROC, Schneider P. Eur Cell Mater. 2016 May 22;31:264-95

Signature: Date:05/08/21

Xi






Chapter 1

Acknowledgements

This work was funded by the Institute for Life Sciences and the Faculty of Engineering and Physical
Sciences at the University of Southampton. | thank Dr Vitali Gorianov, Dr Jo McEwan, Prof Douglas
Dunlop, Dr Roxana Ramnarine Sanchez, the UHS trauma theatre team (Ren Bedonia and Alvin
Undecimo) and the Spire Hospital for assistance with acquiring human samples. | am grateful to
Matthew McGregor-Sharp for supplying murine tissue under Home Office Project License Number
30/3095. | would particularly like to acknowledge the anonymous donors who consented that their

bone tissue be used for research.

My colleagues in the Biomedical Imaging Unit have provided valuable discussions, technical support
and help with my work. Dr Orestis Katsamenis and Dr Rich Boardman (uVis Imaging) facilitated the
collection of X-ray CT data. Dr David Chatelet taught me the language of macros and Stuart Searle
(Gatan) gave me valuable advice on getting the most from the 3View® system and 3D printing. Dr
Marco Curto (University of Portsmouth) and grants from both FortisNet and the Public Engagement
with Research Unit at the University of Southampton allowed me to produce 3D models. Alan
Kuzirian provided advice and encouragement. | also acknowledge the use of the IRIDIS High
Performance Computing Facility, and associated support services at the University of Southampton,

in the completion of this work.

| would like to specially thank the reviewers and editors of the published work included in this thesis
for their comprehensive analysis and insightful comments. Dr Marcus Heller, Dr Peter Lackie and Dr

Anton Page provided constructive feedback and encouragement at my milestone assessments.

All work in this thesis was completed by me, with the exception of these instances. Here, help was

provided by colleagues or a project student supervised by me and acknowledged below.

e Elaine Ho carried out the imaging optimisation experiments in Chapter 3 as part of her
Independent Project.

e Helmut Gnaegi (Diatome) carried out the testing of diamond knives described in Chapter 3.

e Stuart Searle created the dose calculator used in Chapter 3

e Dr Karwan Moutasim (Cellular Pathology, UHS) provided clinical advice on bone pathology

for the samples used in Chapter 6.

My supervisors Dr Philipp Schneider and Prof Richard Oreffo have been extremely supportive,

reassuring and encouraging during this project. | could not have done this without them.

13



Chapter 1

Definitions and Abbreviations

2D 2-dimensional

3D 3-dimensional

AFM Atomic force microscopy

ATUM Automatic tape-collecting ultramicrotome
BLC Bone lining cells

BMD Bone mineral density

BSE Back scattered electron(s)

BV Bone volume

Cn Canaliculus/Canalicular

CLEM Correlative light and electron microscopy
CLSM Confocal laser scanning microscopy

CT Computed tomography

CXEM Correlative X-ray and electron microscopy
DM Digital Micrograph
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ECM Extracellular matrix

EM Electron microscopy
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ET Electron tomography
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FGF Fibroblast growth factor

FH Femoral head
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FIB SEM Focused ion beam scanning electron microscopy
FSI Fluid structure interaction

GA Glutaraldehyde
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Lc Lacuna/lacunar
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Chapter 1

Chapter1  Introduction and Project Summary

1.1 Background

Bone is a complex material, which provides protection, stability and locomotion for the
body. Bone is capable of these functions because it is light, stiff, strong and resistant to
fracture. At the same time, bone is elastic and flexible, able to absorb energy from
deformation and to change shape. The structure and composition of bone are an exquisite
design, which contributes to its success as a biomaterial. However if bone structure is
compromised, the performance of these functions may be limited, resulting in bone

diseases such as osteoporosis (OP) which can be devastating to quality of life.

OP affects the quality (structure, composition and mechanical properties) and quantity
(mass) of bone, leading to an increased risk of fracture, particularly in post-menopausal
women (WHO, 1994). In the European Union in 2010, 22 million women and 5.5 million
men had OP and 3.5 million fragility fractures occurred as a result (Hernlund et al., 2013).
The associated economic burden in the EU was estimated at €37 billion in 2010 and is
estimated to reach €46.25 billion by 2025 (Hernlund et al., 2013). Aside from the financial
cost, the impact on individuals is considerable with chronic pain, deformity and reduction

in mobility being typical (Melton IIl, 2003).

OP is a multifactorial condition affected by genetics, sex, age, inadequate consumption of
calcium, inadequate exposure to ultraviolet light coupled with inadequate consumption of
Vitamin D, lack of exercise, hormonal deficiency, smoking, alcohol and caffeine
consumption (Webster, 1994). It is generally recognised that material properties contribute
to changes in bone and the increase in fracture risk; however, the precise biomechanical

changes occurring during the disease remain unclear. Better understanding of the
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biological mechanisms underlying bone loss in OP and ageing is essential to reduce the

number of fractures and the associated financial and social burdens.

Bone is a dynamic tissue which adapts to changed mechanical loading patterns due to
development, growth, ageing, disease, disuse or exercise, by removing existing and adding
new bone tissue (Parfitt, 1994b). Osteocytes are the key cells which orchestrate bone
adaptation (Tatsumi et al., 2007). Osteocytes are ovoid cells approximately 10 um long,
with many cell processes approximately 100 nm in diameter, surrounded by a pericellular
matrix (PCM). Osteocytes and their processes form the osteocyte network (ON), which is
housed within the lacuno-canalicular network (LCN), a system of voids and channels in the

calcified bone matrix (Figure 1).

Osteocyte Canaliculi Processes

Osteocyte
Iacuni\x\{/z> / \ \

cell bodies

M
Lacuno- Embedded Osteocyte
canalicular osteocytes network
network (LCN)

Figure 1 Schematic view of the ON&LCN
The LCN is formed by osteocyte lacunae and interconnecting canaliculi, while the osteocyte
network, which resides within, is made up of cells connected to each other by cell processes.

Image from (Goggin et al., 2016) adapted from (Schneider et al., 2010).

The presence of osteocytes throughout the bone tissue and their interconnectedness
ensures osteocytes are ideally placed to sense changes in mechanical stimuli and to
communicate information through the ON. The osteocyte and the lacuno-canalicular

networks (ON&LCN) are thought to be a mechanosensitive organ for external mechanical

17



Chapter 1

stimuli, which are translated into biochemical signals that lead to bone resorption and
formation by osteoclasts and osteoblasts, respectively (Figure 2) (Bonewald, 2021). As
such, the ON&LCN are central in the bone remodelling process. Thus, changes in the local
bone microstructure, including the ON&LCN, can alter and disrupt mechanotransduction
and mechanosensory mechanisms, which are implicated in bone diseases such as OP,
osteomalacia/rickets and osteopetrosis (McCreadie et al., 2004, Neve et al., 2012). The
mechanisms of this mechanosensation and subsequent mechanotransduction are not fully

understood (Bonewald, 2021).

Bone lining cells Osteoclast

Ostaobiasts Bone lining cells .
Macrophages a ) o

A

.+ —— Osteoid
Osteocytes
New bone
— OId bone
Quiescence i
Resorption
Reversal .
Formation . ...
Mineralisation 2
Quiescence
Figure 2 Bone remodelling

Bone is constantly remodelled to maintain tissue integrity. During remodelling osteoclasts resorb
old bone, which is replaced with osteoid secreted by osteoblasts. The osteoid mineralises to
create new bone matrix. The complete remodelling process is controlled by osteocytes located

within the bone matrix. Used with permission of Biomedical Tissue Research, University of York.

Knowledge of the three-dimensional (3D) structure of the ON&LCN would inform
conclusions relating to the function and malfunction of osteocytes for different bone states
in development, ageing, disease, disuse or exercise. More specifically, enhanced
knowledge would improve the predictive power and accuracy of computational models,
which attempt to elucidate the mechanisms of mechanotransduction using 3D geometries

for the ON&LCN (Cardoso et al., 2013).
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Recent finite element (FE) and fluid-structure interaction (FSI) models have used relatively
low resolution image data and made a priori assumptions about the dimensions of the
ON&LCN, such as the pericellular space (PCS) between the ON&LCN (Vaughan et al., 2014,
Verbruggen et al., 2012, Verbruggen et al., 2014). One perspective on OP is that it is a failure
of bone’s adaptation to functional loading, that is, a failure of its mechanotransduction
and/or mechanosensation capacity (Ciani et al., 2014, Sharma et al.,, 2012). Two
mechanisms, direct response to matrix deformation and indirect response to fluid flow
alteration have been suggested as possible pathways for mechanotransduction. To
determine in detail how these mechanisms enable load transfer and signal transmission,
detailed 3D mapping of the ON&LCN is needed. The fine structural details of osteocytes
and their processes, the PCS and the connections between cells and the surrounding bone
matrix need to be resolved and quantified. However, structural data of the ON&LCN at
cellular and sub-cellular scales of adequate quality for realistic computational modelling
approaches, have not been provided up to now. This is due to the inaccessible location of

the osteocytes and to the sub-micrometre dimensions of the processes and canaliculi.

To date, images have been acquired using 2D methods, which have limited observation
depths and 3D imaging techniques, which have either limited spatial resolution or field of
view. Much data in the field has been obtained using X-ray computed tomography (uCT),
which is an excellent method for imaging the bone matrix and LCN however does not image
cellular material such as osteocytes. Electron microscopy (EM) can image cells and serial
block face SEM (SBF SEM) is an emerging volume EM (VEM) technology which facilitates
imaging of cells in high resolution and in 3D (Goggin et al., 2020). A correlative imaging
approach using X-ray uCT and SBF SEM combines the benefits of each method to produce
guantitative data on the ON&LCN which will go some way towards filling the unmet need

described above.
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1.2 Project Summary

This project aims to develop a correlative X-ray uCT and SBF SEM (CXEM) imaging
framework, appropriate image processing and quantification methods and to apply this to
characterisation of the ON&LCN in ageing and diseased bone tissue. A comprehensive
review of the state of the art in high resolution bone imaging has been carried out and
published (Goggin et al., 2016). SBF SEM, a novel vVEM technique, has been optimised and
applied to osteocytes in murine and human bone tissue (Goggin et al., 2020). SBF SEM has
been combined with uCT in a CXEM workflow to take advantage of the high resolution hard
and soft tissue imaging of the former and the large imaging volume of the latter. Relevant
guantitative measures have been defined and extracted from the data. The CXEM
workflow has been applied to murine tissue from juvenile and adult animals and to human

OP and osteoarthritic (OA) tissue.

WORKING HYPOTHESIS

The 3D ON&LCN structure controls bone mechanotransduction and this structure is

altered in disease.

RESEARCH GOAL

To develop a framework for correlative X-ray and electron microscopy (CXEM) imaging
which will characterise quantitatively, 3D osteocyte microarchitecture in normal and
diseased human bone (osteoarthritic and osteoporotic) as well as normal murine bone

across the life course.

This thesis consists of 8 chapters.

Following this introduction (Chapter 1), Chapter 2 contains an overview of bone anatomy
and physiology at the organ and cell scales, followed by a review of ultrastructural features.
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Bone pathology with relation to osteocytes is then reviewed. Imaging methods in use for
osteocytes are described and evaluated and contributions to osteocyte imaging to date
sunmmarised. Correlative imaging and its application to bone tissue are described. A
discussion of 3D quantitative measures is followed by a summary of the importance of high-
resolution 3D imaging to computational modelling of osteocyte mechanobiology. Chapter
3 and Chapter 4 outline the methods optimised during the project and applied in later
sections. In Chapter 3 the development and optimisation of sample preparation and image
acquisition for bone imaging by CXEM is described. The aim is to prepare bone tissue for
CXEM imaging fulfilling the requirements of both SBF SEM and uCT. Imaging methods are
optimised so that results show the ON&LCN and produce images that can be segmented to

produce informative volume renderings and analysed to produce quantitative data.

The objectives of Chapter 3 are:

e Optimisation of the stages of CXEM sample preparation for bone tissue namely,

fixation, staining, decalcification and sample mounting by assessment of images.

e Optimisation of uCT and SBF SEM imaging conditions for bone tissue by

analysis of signal to noise ratio, contrast to noise ratio and charging artefacts.

Chapter 4 outlines the image processing carried out on the raw CXEM data and the options
for segmentation, quantification and 3D reconstruction. The aim is to process, segment and
subsequently quantify 3D CXEM images to yield relevant quantitative data on the ON&LCN

in murine and human bone tissue. The objectives of Chapter 4 are:

e To develop image processing strategies for CXEM data.

e To develop appropriate segmentation routines for CXEM data.
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e To review existing standardised quantitative metrics for the ON&LCN and select

measures relevant for studies of ageing and disease.

e To define new measures necessary for description of the ON&LCN at an

ultrastructural level.

e To set out workflows for image processing, segmentation and quantification which

will be used in CXEM investigations of murine and human tissue.

These workflows along with those for sample preparation and imaging set out in Chapter 3
form the basis of the methods used in Chapter 5 and Chapter 6 to characterise in 3D at high
resolution (sufficient to visualise cell processes) and across length scales (from organ

through tissue to cell scales) the ON&LCN of murine and human bone.

Chapter 5 describes the application of CXEM to murine tissue from juvenile and adult
animals. Quantitative CXEM data on osteocyte measures across length scales are obtained
and compared. Volumes containing tens of thousands of osteocytes and their lacunae are
analysed using uCT and the cell density and porosity determined. Sub volumes of the
tissues are imaged using SBF SEM at high resolution and detail of the cells, pericellular

spaces and cell processes are characterised. This study objectives are:

e Produce and compare quantitative data on the 3D structure of the ON&LCN across
length scales from juvenile and adult murine tibia. The data will include osteocyte
number density, porosity, volume, shape, size, number of processes, process

diameter and pericellular space volume.

e Provide quantitative data which will enable improved computational modelling of

mechanobiological processes.
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e Demonstrate the efficacy and value of CXEM as an imaging method for the ON&LCN

across different length scales.

In Chapter 6, CXEM is applied to femoral head tissue from human donors with OP and OA,
yielding quantitative hallmark data across length scales. Comparing the ON&LCN in these
bone samples will improve understanding of bone disease and the mechanisms of change
in the bone tissue and will produce realistic data which can be used to create computational

models of mechanosensation and mechanotransduction. This study objectives are to:

e Produce quantitative data on the 3D structure of the ON&LCN in OP and OA bone.
The data will include osteocyte number density, porosity, volume, shape, size,
lacunar occupancy, number of processes, process diameter and pericellular space

volume.

e |dentify changes, if any, in the ON&LCN microstructure and ultrastructure in OP and

OA human femoral head tissue.

e Provide quantitative data which will enable improved computational modelling of

mechanobiological processes in human bone disease.

Chapter 7 discusses the main findings, sets them in context of the state of the art for bone

imaging, summarises conclusions and provides an outlook on future work.
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Chapter 2  Literature Review

Parts of this chapter have been published as High-resolution 3D imaging of osteocytes
and computational modelling in mechanobiology: Insights on bone development,
ageing, health and disease. European Cells and Materials, Vol. 31 2016 (pages 264-295).

P.M. Goggin, K.C. Zygalakis, R.0.C. Oreffo, P. Schneider.

This chapter contains an overview of bone anatomy and physiology at the organ and cell
scales, followed by a review of ultrastructural features. Bone pathology with relation to
osteocytes is then reviewed. The chapter describes and evaluates imaging methods in use
for osteocytes, their advantages and disadvantages, correlative imaging and its application
to bone tissue. A discussion of 3D quantitative measures is followed by a summary of the
importance of high-resolution 3D imaging to computational modelling of osteocyte

mechanobiology.

2.1 Bone structure

The roles of bone are manifold. The skeleton protects soft internal organs, gives shape to
and supports the weight of the body and along with its attached muscles, enables
locomotion. Bone tissue is a reservoir for minerals such as calcium and phosphate while
the bone marrow stores lipids. The bone marrow is a centre of formation for red and white
blood cells and platelets. Bone is capable of these functions because it is light weight, of
high stiffness, strong and fracture resistant. At the same time, bone is elastic and flexible,
able to absorb energy from deformation and to change shape. The structure and
composition of bone are an exquisite design which contribute to its success as perhaps the

ultimate biomaterial.
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211 Bone macrostructure
The gross anatomy of long bones can be divided into the diaphysis (tubular centre) and
epiphyses (proximal and distal ends). The walls of the diaphysis are composed of dense
cortical (compact) bone, with a hollow centre which houses bone marrow. The epiphyses
are coated with compact bone and are filled with trabecular (spongy or cancellous) bone
(Figure 3). Cortical bone has a lamellar structure, perforated by canals carrying blood
vessels while trabecular bone is a porous mesh of small beams or rods. The outer surface
of compact bone is covered by a cellular/fibrous layer called the periosteum while the

similar layer lining the interior and the surfaces of the trabeculae is the endosteum.

Articular
cartilagex

Proximal —
epiphysis

Epiphyseal
line
Periosteum

Compact bone

Medullary
cavity (lined
by endosteum)

Diaphysis —

A

Distal
epiphysis

Figure 3 Anatomical structures of a typical long bone (humerus).
A Anterior view of bone with longitudinal section cut away.
B Diagram of the epiphysis showing spongy (trabecular) bone, compact (cortical) bone,

cartilage (blue) and blood vessels (red). Adapted from (Marieb and Keller, 2017).
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In humans, most mammals and some bird, reptile, and amphibian species the
microstructural unit of bone is an osteon. Murine cortical bone does not have an osteonal
arrangement (Jilka, 2013). Osteons are cylindrical structures 0.25 — 0.35 mm in diameter
and from 1—10 mm in length, at the centre of which is a blood vessel surrounded by
concentric layers of bone matrix (Figure 4) (Parfitt, 1994a). In the studies presented in this

thesis murine tibial bone and human femoral head bone are used.
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Figure 4 Structure of cortical (compact) bone
Section of the diaphysis of a long bone showing osteons surrounding vasculature (red and blue).

Inset circle shows an osteocyte within a lacuna. (From Tortora, 2012)

2.2 Femoral head anatomy

To set the human CXEM study in context, the anatomy of the human femoral head is briefly
reviewed. The femur articulates with the pelvis to form the hip joint. The femoral head is
nearly spherical, has a smooth surface covered in articular cartilage and measures 40-54

mm in diameter (Affatato, 2014). Under the cartilage a layer of subchondral bone covers
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trabecular bone (Figure 5). Human bone microarchitecture is different from the murine
bone structure investigated using CXEM in Chapter 5 as it has an osteonal structure (Parfitt,

1994a, lilka, 2013).

Trabecular bone
Subchondral bone
\

Head of femur Inferomedial

Figure 5 Femoral head anatomy

A Femoral head and sub volume showing layers of cartilage, subchondral bone and trabecular
bone. Adapted from (Cardinali et al., 2019).

B  Fixed human femoral head tissue from the area indicated by red rectangle showing cartilage
(C), subchondral bone (SCB) and trabecular bone (TB). Scale bar = 1Imm

C Toluidine blue stained section of human femoral head (area indicated by red rectangle)
showing cartilage (C), subchondral bone (SCB) and trabecular bone (TB). Scale bar = 1mm

D uCTimage of human femoral head tissue (area indicated by red rectangle) showing cartilage
(C), subchondral bone (SCB) and trabecular bone (TB). Scale bar = 1mm

B-D Tissue prepared and imaged as described in Appendix B
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2.2.1 Bone cells

Bone modelling, in which bone is resorbed from one surface and deposited on another,
takes place during growth (Figure 2). Remodelling, in which bone is resorbed from areas of
aged or damaged tissue and replaced by new bone, occurs during adulthood, as a response
to injury and exercise. The cellular component of bone, responsible for these processes, is
small by volume but crucial for maintaining structural integrity. The 4 main types of bone

cell are illustrated in Figure 6 and described below.

2211 Osteoblasts

Osteoblasts are located in a layer on the surfaces of growing bone and form new bone
matrix. Osteoblasts secrete collagen which forms an extracellular matrix known as osteoid.
Osteoblasts then produce crystals including hydroxyapatite which are deposited in the
osteoid causing it to become mineralised (Capulli et al 2014). Osteoblasts which become

entombed in the mineralising matrix become osteocytes.

2.2.1.2 Osteoclasts

Osteoclasts are motile, multinucleate cells which are found in areas of old or injured bone
and are responsible for bone resorption (Arnett, 2013). Osteoclasts release acids and
proteolytic enzymes into an extracellular sealed zone. These secretions dissolve
hydroxyapatite crystals and degrade collagen fibres respectively, creating characteristic

scalloped pits (Arnett and Orriss, 2018).

2.2.13 Bone lining cells

Osteoblasts which do not differentiate to osteocytes and do not undergo apoptosis become
bone lining cells (BLC) which as suggested by their name, line bone surfaces. (Brown et al.,

2013). BLC are slender and flat, anchor hematopoietic stem cells, stop osteoclastic bone
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resorption occurring until required and play a crucial role in the transitions of bone

remodelling (Kollet et al., 2006).

2214 Osteogenic cells

Osteogenic (or osteoprogenitor) cells are multifunctional cells located on bone surfaces
which originate from sources including mesenchymal stromal cells, pericytes and
chondrocytes. Osteogenic cells can make bone, differentiate into osteoblasts, play crucial
roles in control of bone remodelling, act on other bone cells and regulate soft tissues (Marie

and Cohen-Solal, 2018).

2.2.15 Osteocytes

Osteocytes are stellate cells with numerous thin cell processes, housed within a system of
lacunae and canaliculi in the hard bone matrix. Osteocytes are arranged as a network,
making connections between other osteocytes, bone cells, bone marrow and the
vasculature. The space between the osteocyte and the bone matrix is filled with circulating
fluid, which carries solutes to and from the osteocyte. Osteocytes sense mechanical loading
and produce biochemical signals to coordinate the activity of osteoblasts and osteoclasts
(Bonewald, 2021). The ON&LCN will be described in more detail in later sections.
Orchestrated by osteocytes, bone cells balance their activity to form bone during
osteogenesis in the embryo, grow bone tissue during development, heal injury and fracture

and remodel bone during life (Figure 6 and 7).
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Osteocyte Osteoblast Osteogenic cell Osteoclast

Figure 6 The cell types found within bone tissue

Osteogenic cells in the periosteum develop into osteoblasts which can later become embedded in
the calcified matrix, change their structure and function and become stellate osteocytes.
Osteoclasts resorb bone material. Adapted from (Betts, 2013) Access for free at

https://openstax.org/books/anatomy-and-physiology/pages/1-introduction

2.3 Functions of osteocytes — direct and indirect

Osteocytes were once considered to be ‘passive placeholders in bone’ however, increasing
knowledge has disproven this statement and shown that osteocytes are multi-functional
(Robling and Bonewald, 2020). Osteocytes are at once communicators, mechanosensors,
orchestrators of bone modelling and remodelling as well as endocrine cells and regulators
of mineral homeostasis (Robling and Bonewald, 2020). The following section reviews the
known functions of osteocytes, including direct interactions with the local environment and

indirect regulation of other bone cells and distant organs (Figure 8).
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Chapter 2
2.3.1 Mechanosensation and mechanotransduction
When loading is applied to bone through exercise and activity, mechanical cues are sensed
by osteocytes which secrete signalling molecules to osteoblasts and osteoclasts enabling
the adaptation of bone in response. There is speculation around the signal reception
mechanism(s) and physical stimulus/i detected during osteocyte mechanosensation.
Candidates for signal reception include integrins (Geoghegan et al., 2019), primary cilia (Lee
et al., 2015), spectrin, (Wu et al., 2017) calcium channels and gap junctions (Uda et al.,
2017), discussed in Section 2.4.3. The stimulus producing a response to loading is also
unclear —see Section 2.9.1. Mechanisms of mechanotransduction may include intracellular
Ca?* and extracellular adenosine triphosphate (ATP), nitric oxide (NO), prostaglandins

(PGE2) and Wnt signalling molecules (Uda et al., 2017).

2.3.2 Matrix remodelling and calcium homeostasis

When physiological demand for calcium is increased, osteocytes can remove and replace
bone matrix adjacent to the cell body and processes by perilacunar modelling. Enlarged
lacunae observed during lactation and hibernation are attributed to this process which
releases calcium rapidly and reversibly (Qing et al., 2012, Wysolmerski, 2013) . The removal
of perilacunar matrix by osteocytes also occurs during diseases such as OP and rickets

(Tsourdi et al., 2018) (Lane et al., 2006).

2.3.3 Communication

The arrangement of embedded osteocytes in a network which links to other bone cells, the
bone marrow and the vasculature is essential for the functioning of bone as an organ.

Interstitial fluid between the cells and bone matrix transports nutrients and biochemical
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signals through the bone tissue, facilitating communication and helping to maintain cell

viability (Bonewald, 2007, Knothe Tate et al., 2004, Bonewald, 2006).

2.3.4 Regulation of osteoblasts

Osteocytes can both stimulate and inhibit osteoblasts. Osteoblastogenesis promoting
factors produced by osteocytes include Wnt proteins, nitric oxide (NO) and adenosine
triphosphate (ATP). Osteocytes regulate bone formation by producing sclerostin, which

inhibits formation of bone by osteoblasts (Joeng et al., 2017) (Figure 8).

%

Figure 7 A representation of the central role of osteocytes in bone remodelling
Osteocytes sense mechanical load and produce signalling molecules which regulate the activity of
osteoclasts (OCL) and osteoblasts (OB), leading to adequate bone mass and architecture. From

(Klein-Nulend et al., 2013).

2.3.5 Regulation of osteoclasts

Osteocytes can influence bone resorption in both positive and negative directions (Figure

8). Production of receptor activator of NF-kB ligand (RANKL) by osteocytes is an activator
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of osteoclast formation and function leading to a reduction in bone mass (Nakashima et al.,
2011). Osteocytes produce osteoprotogerin (OPG) which inhibits osteoclastogenesis and
NO which can supress resorption resulting in an increase in bone mass (Kong et al., 1999).
Osteocyte death via apoptosis, in the presence of microdamage or bone fatigue may be a
recruiting signal to osteoclasts, increasing resorption and local bone remodelling to repair

damage (Verborgt et al., 2000).

2.3.6 Endocrine functions

In addition to affecting cells within bone, osteocyte secreted factors influence distant

organs such as kidney showing that the osteocyte acts as an endocrine cell (Figure 8).

2.3.7 Additional functions

In addition to the functions outlined above, osteocytes may control hemopoietic stem cell
mobilisation and lymphopoiesis (Divieti Pajevic and Krause, 2019) and have roles in cancer

metastasis (Atkinson and Delgado-Calle, 2019) and the immune system (Zhou et al., 2019).

In summary, osteocytes are multi-functional cells, crucial for normal skeletal function,
which integrate hormonal and mechanical signals to regulate bone mass. Osteocytes are
mechanosensors, have the capacity to remodel their environment, act as endocrine cells,
regulators of phosphate, bone resorbtion and bone formation. This is an extraordinary

range of functions attributed to a cell type long considered to be inactive.
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Figure 8
A

Direct and indirect relationships between osteocytes, bone cells and organs

Osteocytes (Ot) sense mechanical loading and either release or inhibit regulatory
molecules (SOST - gene coding for the protein sclerostin, DKK1 - Dickkopf gene
coding for an inhibitor of Wnt signaling, PGE2 - prostaglandin E2, ATP —adenosine
triphosphate, NO — nitric oxide, IGF-1 — insulin-like growth factor 1).

Osteoblasts (OB) create and osteoclasts (OCL) resorb bone to maintain bone
homeostasis in response to signalling molecules (RANKL, receptor activator of NF-kB
ligand, OPG, osteoprotegerin, M-CSF, macrophage colony stimulating factor).
Osteocytes act as endocrine cells regulating phosphate in the kidney and maintaining

muscle tissue.

From (Robling and Bonewald, 2020).
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24 Identification of microstructural phenotypes of bone at the cellular

and sub-cellular levels

This section reviews microstructural bone phenotypes and specifically, the structures of
the ON&LCN (Figure 1) in different bone conditions. The following nomenclature will be
adopted to describe different hierarchical levels of bone structure: internal bone structure
at cellular level, studied by light microscopy (LM), including osteocyte cell bodies and
osteocyte lacunae (in the um range), internal bone microstructure at a level accessible by
methods which overcome the diffraction limit of visible light, including osteocyte processes
and canaliculi (um-nm), and bone ultrastructure, including cell organelles, which can be

observed by EM (in the nm range).

2.4.1 Anatomy and physiology of the ON&LCN

The significance of osteocytes was underestimated until it was reported that intermittent
loading of tissue produces strain-related effects on the metabolism of both osteocytes and
periosteal cells (Skerry et al., 1989). Fundamental questions remain unanswered as to how
mechanical loading is sensed by osteocytes, how the signals are conveyed to other cells
and how the mechanical signals are translated into biochemical signals (Bonewald, 2021,
Klein-Nulend et al., 2013, Hemmatian et al., 2017a). For instance, one hypothesis is that
interstitial fluid flow between the ON&LCN, driven by both extravascular pressure and
cyclic mechanical loading, is the mechanism by which bone cells are informed of, and
activated by internal and external mechanical stimuli (Cowin et al., 1991, Weinbaum et al.,
19944, Fritton and Weinbaum, 2009, Verbruggen et al., 2014, Klein-Nulend et al., 2013,
Bonivtch et al., 2007, Gardinier et al., 2018). An alternative hypothesis involves direct
matrix-cell mechanotransduction, where mechanical signals are transmitted from the

whole-bone to the ON on a cellular and sub-cellular level (Nicolella et al., 2005, Wang et
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al., 2015a, Nicolella et al., 2006). These postulated mechanisms are discussed in more detail

in the context of computational modelling in Section 2.9.1 .

Variations in structure and connectivity of the ON&LCN have profound effects for both
these postulated mechanisms (Jacobs et al., 2010). As the movement of bone fluid over the
cell surface is significant, changes to the cell surface area and/or volume and fluid pressure
will affect sensation. Changes in volume of lacunae, cells and pericellular spaces (PCS)
would influence the magnitude of mechanical signals sensed by the osteocytes. The
number of cell processes, the surface area, tortuosity and branching may also be significant
in mechanosensation and thus need to be represented accurately in computational
models. As strain sensing mechanisms depend on topology and geometry, it is essential to
investigate these features (Sharma et al., 2007). The following sections will describe in
more detail the microstructure (Section 2.3.2) and ultrastructure (Section 2.3.3) of the
ON&LCN, changes in which may have implications for bone mechanobiology in health and

disease.

2.4.2 Microstructure of the ON&LCN and bone matrix

Lacunar number density is reported to range from 14,600 (Bach-Gansmo et al., 2016b) to
90,000 (Hannah et al., 2010) per mm? in healthy human bone tissue, with most studies
reporting values in the range 20,000 to 37,000 per mm?3 (Carter et al., 2013b, Gauthier et
al., 2018, Dong et al., 2014b) . Osteocyte number density is between and 40,000 and 60,000
per mm?3 in healthy murine bone tissue (Tiede-Lewis et al., 2017). To the knowledge of the
author, no comprehensive 3D studies of osteocyte density in human bone tissue have been

reported to date.

Osteocyte number density in remodelling bone is elevated compared with inactive tissue

in both healthy controls and in women with hip fracture, indicating that osteocytes may
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contribute to bone homeostasis (Power et al., 2002). Mice with targeted deletion of
osteocytes are resistant to bone loss induced by unloading (Tatsumi et al., 2007), and load-
related morphological and biochemical responses have been observed in osteocytes,

supporting the theory that osteocytes act as mechanosensors (Zhang et al., 2006).

Occupancy data, the proportion of osteocyte lacunae occupied by a cell, reflecting the loss
of some osteocytes and the survival of others, is an important consideration when using
lacunar density data as a representation of osteocyte data. The number of empty lacunae
increases with age (Qiu et al., 2002b, Tiede-Lewis et al., 2017, Piemontese et al., 2017). As
empty lacunae are the result of osteocyte cell death, changes in lacunar occupancy could
be indicative of changes in osteocyte cell death (Milovanovic and Busse, 2020). In a study
of female human femoral neck tissue (mean age 81 + 2.9) the mean percentage lacunar
occupancy was 48.2 + % (Power et al., 2001). With age, lacunar occupancy in the human
femoral head is known to decline from 88 + 7% (10-29 years) to 58 + 12% (70-89 years)

(Dunstan et al., 1990).

Each osteocyte lacuna in human bone tissue has 53-126 canaliculi (Varga et al., 2014). In
murine tissue the number of canaliculi per lacuna is 40 — 60 and the number of processes
per cell is 20-40 (Tiede-Lewis et al., 2017). Human osteocytes are estimated to have
between 18 — 106 processes (Beno et al., 2006). Moreover, the shape and size of the
osteocyte and the PCS reflect cell viability (Knothe Tate et al., 2004), while studies of rat
bone have found a relationship between age and the number of canaliculi (Okada et al.,
2002). At the same time, the number and orientation of osteocyte cell processes are
changed over the life course (Holmbeck et al., 2005), with increased numbers of processes
extending towards the vascularity than towards the mineralisation front when the cell is

fully developed and enclosed in the mineralised matrix (Knothe Tate et al., 2004). Time-
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lapse microscopy has shown that cultured osteocytes, observed during the mineralisation
process, can expand and contract within lacunae, and extend and retract their processes
(Veno P.A., 2007, Dallas and Bonewald, 2010, Dallas and Moore, 2020, Shiflett et al., 2019).
Thus, osteocytes could be considered as dynamic structures which may alter in response
to external stimuli (Dallas and Bonewald, 2010, Dallas et al., 2009). Finally, changes to the
shape, size and organisation of osteocytes have been observed in histological studies of
pathological bone conditions (Knothe Tate et al., 2004), which will be discussed in more

detail in (Section 2.6.2).

The amplification of strain in osteocyte lacunae is affected by the local bone tissue
properties with maximum strain relating inversely to the perilacunar tissue modulus
(Nicolella et al., 2006, Bonivtch et al., 2007). Therefore, changes in bone matrix properties
will affect osteocyte mechanosensation. Studies have revealed that the mass density of
bone matrix varies with distance from the LCN (Hesse et al., 2015, Nango et al., 2016,
Stachnik et al., 2020) with the matrix adjacent to the LCN porosity being most dense. This
observation supports the hypothesis that mineral exchange occurs at the interface of the

LCN in bone mineralisation and mineral homeostasis.

2.4.3 ON&LCN at the ultrastructural level

In addition to typical cell machinery (nucleus, mitochondria, endoplasmic reticulum, Golgi
apparatus, etc.) the ON exhibits other ultrastructural features important for
mechanobiology, which are discussed in the following and illustrated in Figure 9.

2431 Tethering elements

Interstitial fluid flow within the LCN is hypothesised to generate shear stress which may

stimulate the osteocyte and its processes (Weinbaum et al., 1994b, Wittkowske et al.,
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2016). A transmission electron microscopy (TEM) image-based model of strain
amplification (Han et al., 2004) introduced the concept of tethering elements, which are
protein links connecting osteocyte processes and the surrounding mineralised canaliculi.
The model predicts that fluid flow deforms the tethering elements, creating drag force that
imposes a hoop strain on actin bundles within the process. It has later been expanded to
include integrin attachments to conical projections on the canalicular wall, which can

amplify the mechanical strain (Figure 10) (Wang et al., 2007, Geoghegan et al., 2019).

2.4.3.2 Glycocalyx

The strain amplification model described for the tethering elements (Han et al., 2004, Wang
et al., 2007) suggests that only the osteocyte processes are sensitive to mechanical load,
and that the cell body is insensitive to strain. Although studies using cultured cells suggest
that both are mechanosensitive (Burra et al.,, 2010), the exclusive sensitivity of the
processes is supported by further studies (Thi et al., 2013, Adachi et al., 2009, Bonivtch et
al., 2007, Han et al., 2004). Furthermore, these studies indicate that the glycocalyx of the
osteocyte processes (but not of the cell body) plays an essential role for bone
mechanotransduction (Burra et al., 2010). In particular, the glycocalyx of the osteocyte
processes was found to be required for the formation of integrin attachments, which may
be important mechanotransducers conveying mechanical signals to the osteocyte (Burra et
al., 2010, Han et al., 2004). It has also been shown that an intact glycocalyx is necessary for
certain biochemical signals to be released in response to fluid flow (Reilly et al., 2003). The
ECM projections where integrins are located have been found to have the highest
sensitivity and are likely to produce a mechanobiological response in vitro (Verbruggen et

al., 2014).
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Figure 9 Osteocyte and typical cell machinery

A TEM image of an osteocyte in murine tibia.

B Diagram of the osteocyte in A and the typical cell machinery. Abbreviations: actin
filaments (AF), endoplasmic reticulum (ER), extracellular matrix (ECM), gap junction
(G)), Golgi apparatus (GA), mitochondria (M), nucleus (N), primary cilium (PC),
pericellular space (PCS), tethering elements (TE).

C Higher magnification of cell process in longitudinal section.

D Higher magnification of cell process in transverse section. From (Goggin et al., 2016)
2433 Cytoskeleton

The cytoskeleton consists of a network of filaments in the cytoplasm which give the cell
shape and stability. Actin filaments are present in the cell body and form the core of
osteocyte processes. The cytoskeleton is crucial for the maintenance of cell shape,

membrane tension and cell-cell connections (Tanaka-Kamioka et al., 1998). Connections

40



Chapter 2

between actin filaments in the cell processes and the PCM may be important in mechanical

strain transduction and amplification (You et al., 2001, You et al., 2004, Han et al., 2004).

Pericellular Canalicular
Matrix Wall
Transverse
Tethering
Fimbrin Element
»l Cell Process
Actin | »? Membrane
Filament
Integrin Transmembrane
Intracellular Molecule
Anchoring
Protein
Cross
Canalicular Filament
Projection Integrin

Figure 10  Structural model for an osteocyte cell process within a canaliculus

Transverse cross-section of an idealised structural model for a cell process in a canaliculus
attached to a focal attachment complex and tethered by the PCM. The sketch (not to scale) shows
the osteocyte process and its attachment to the canalicular wall, including the structure of the

central actin filament bundle and the tethering elements. Image from (Wang et al., 2007)

2.4.3.4 Gap junctions

Cells communicate through gap junctions aligned with those on neighbouring cells (Figure
9). Gap junctions are found between osteocytes and between osteocytes and osteoblasts
(Doty, 1981, Palumbo et al., 2004), raising the possibility that gap junctions can transmit
information from signals, sensed by embedded osteocytes, to cells at the bone surface.
Fluid flow has been shown to result in opening of gap junctions in osteocyte-like cells in

culture (Cheng et al., 2001).

41



Chapter 2

2435 Primary cilia

Primary cilia act as flow sensors in the embryo and are linked to mechanotransduction in
polycystic kidney disease (Ong and Wheatley, 2003). Accordingly, it has been suggested
that osteocyte primary cilia may play a role in bone mechanotransduction and
mechanosensation by acting as flow or strain sensors (Whitfield, 2004, Temiyasathit and
Jacobs, 2010, Malone et al., 2007). This hypothesis is supported by studies in mice, which
show that deletion or disruption of ciliary genes leads to a disruption of skeletal
mechanosensing (Xiao et al., 2011) or reduced bone formation (Qiu et al., 2012). However,
cilia are only present on a small fraction of osteocytes and it is also suggested that cilia act
as chemical or hydrostatic pressure sensors rather than fluid flow sensors (Coughlin et al.,
2015, Bell, 2008). These results conflict with studies carried out in rat tibiae, where 94% of
osteocytes expressed primary cilia (Uzbekov et al., 2012), leaving the involvement of

primary cilia in mechanotransduction open to debate.

2436 Integrins

Integrins are receptors and transducers that connect the cytoskeleton and the ECM (Figure
10). It has been proposed that integrins play a role in bone mechanotransduction and
mechanosensation (Salter et al., 1997, Haugh et al., 2015, Thi et al., 2013). The transfer of
force across adherins allows stress applied to the cell membrane to influence organelles
including the nucleus and mitochondria (Aarden et al., 1994, Ozcivici et al., 2010, Ross et

al., 2013, Geoghegan et al., 2019).
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2.5 Identification of microstructural phenotypes of developing bone at

the cellular and sub-cellular levels

2.5.1 Changes in bone during development

The involvement of osteocytes in bone development has been little explored to date.
During embryonic development, hyaline cartilage, formed by chondroblasts, acts as a
matrix template. Osteoblasts start the ossification process by replacing the cartilage with
osteoid, a soft collagenous matrix, into which is deposited hard hydroxyapatite-based
mineral. This first primary bone has an irregular arrangement of collagen fibres, a relatively
low mineral content and is replaced by stronger, more organised, secondary or lamellar
bone during foetal development. After ossification, cartilage remains only at the joint
surface and the epiphyseal plate. Blood vessels invade the tissue and bones continue to
grow in length due to activity at the epiphyseal plate and in diameter through modelling at
the periosteum until early adulthood, at a rate controlled by hormones (see Figure 11).
During development, bone shape and competence are affected by mechanical load,

hormones, growth factors and genetics (Gkiatas et al., 2015).

Rapid growth in young animals, including humans, is characterised by increases in bone
size, mineral mass and mechanical properties (Ferguson et al., 2003). Lamellar bone
displays increased mechanical resistance and bone quality (characterised by higher bone
volume fraction, better microscale organisation and higher bone mineralisation) compared

to woven bone (Zimmermann et al., 2019).
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Figure 11  Endochondral ossification across the lifecourse

Stages of long bone formation in an embryo, foetus and child. During development the hyaline

cartilage model (blue) is vascularised and replaced by bone (yellow). From (Marieb, 2019).

Previous imaging studies of bone development are outlined in Table 1. Interestingly, the
minimum and maximum ages used to represent stages of development vary considerably.
Definitions of terms like embryonic, foetal, infantile, young, juvenile, mature and old are
open to interpretation. The species under investigation include rat, mouse, chick, rabbit
and human. Several studies comparing the ON&LCN in different species found that there
were no correlations in osteocyte shape, size, distribution and number density with the
species (Ferretti et al., 1999, Remaggi et al., 1998, Palumbo et al., 2004, Sugawara et al.,
2011). However, the variation in species, anatomical location and ages chosen to represent
stages of development make direct comparisons between results of these studies of bone

development difficult to interpret.
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Table 1 Studies of developing bone, imaging techniques, species and age ranges

Reference Species Bone Imaging Age minimum Age maximum

technique

(Okada et al., 2002) |Rat Mandible SEM 3 weeks 80 weeks

(Ferguson et al.,|Mouse Femur LM 4 weeks 104 weeks

2003)

(Zimmermann et al., |Human Femur LM, SR X-ray|Foetal (22 weeks |14 years

2019) diffraction gestation)

(Wangetal., 2016) | Chick Calvaria LM 19-21-day 19-21-day
embryo (young|embryo
osteocyte) (mature

osteocyte)

(Hirose et al., 2007) |Mouse Femur LM 3 days 12 weeks

(Sugawara et al., |Mouse Femur CLSM Embryonic (19| 6 weeks

2013) day)

(Holmbeck et al.,|Mouse Femur, tibia LM and TEM |20 days 70 days

2005)

(Jandl et al., 2020) Human Iliac crest MCT, LM, SEM | Infant (0-6 | Young adult
months) (18-25 years)

(Glatt et al., 2007) Mouse Femur, tibia, | uCT, LM 1 month 20 months

vertebra

(Brodt et al., 1999) |Mouse Femur, tibia LM 4 weeks 24 weeks

(Buie et al., 2008) Mouse Vertebra, tibia | uCT (in vivo) |6 weeks 48 weeks

(Kamioka et al.,|Chick Calvaria UHVTEM 16 day embryo |16 day embryo

2009) (parietal  and parietal site orbital ridge

orbital ridge)

site

SEM — scanning electron microscopy, LM — light microscopy, SR — synchrotron radiation, CLSM —

confocal laser scanning microscopy, TEM — transmission electron microscopy, UCT — micro

computed tomography, UHVTEM — ultra high voltage TEM.

Publications on the involvement of osteocytes in bone development include a study of the

development of bone in zebrafish (Jemielita et al., 2013) and a study of the expression of

sclerostin in the developing zebrafish (McNulty et al., 2012) both using light microscopy. X-

ray micro-computed tomography (UCT) and histology have been used to study skeletal

mineralisation in mice (Hafez et al., 2015). A study of rats at different ages, using acid-
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etched resin casting and scanning electron microscopy (SEM) to investigate the LCN,
showed a developing canalicular system fusing with neighbouring canaliculi and round
osteocyte lacunae with short and thick canaliculi (Okada et al., 2002). Investigation and
imaging of developing bone phenotypes is an area which requires further exploration in
order to clarify the functional role of osteocytes. Chapter 5 of this thesis contains a further
discussion of bone development and an investigation of the ON&LCN of juvenile and adult

murine bone.

2.5.2 Changes in the ON&LCN during development

Following examination of the changes during bone development, at a macro level, this
section will consider the changes in the ON&LCN which occur from foetus through juvenile
to adult such that the changes can later be related to changes in quantitative hallmarks
derived in the current CXEM study. This section will consider the changes in the ON&LCN
which occur from foetus through juvenile to adult such that the changes can later be
related to changes in quantitative hallmarks derived in the CXEM study of murine bone in

Chapter 5.

Osteocytes develop during embryonic and juvenile bone formation when osteoblasts
become embedded within osteoid and differentiate to a stellate shape (Figure 12). This
transition is accompanied by a reduction in cell volume and cell organelle content and the
formation and elongation of thin cytoplasmic processes extending from the cell body
(Knothe Tate et al., 2004, Palumbo et al., 2004, Hirose et al., 2007) firstly towards the
mineralised matrix, and later towards the vascular space (Palumbo, 1986, Barragan-

Adjemian et al., 2006).

Between 3 and 14 days after birth an increased number of osteocytes is observed in mouse

bone, followed by a subsequent decrease (Bortel et al., 2015). In rodent studies, 32-week-
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old mice displayed 8.1% lower number density than 15-week-old animals (Lai et al., 2015).
A SR CT study of mouse tibia revealed no significant difference in lacunar number density

between 15-week-old and 10-month-old animals (Nufiez et al., 2018).

[osteoblast precursors

Figure 12  Development of osteocytes

A TEM image of a pre-osteocyte during the embedding process almost completely
surrounded by mineral crystals (M). Note the long slender processes extending from the
cell (Palumbo, 1986). This micrograph was originally published without a scale bar.

B Diagram showing the stages of osteocyte development from osteoblast precursor cells,

through osteoblasts to embedded osteocytes. Scale bar = 10 um. (Peckham, 2003).

Osteocyte lacunar number density based on lacunar area measurements was observed to
be higher in foetal to 1-year-old woven human bone tissue compared with 2 to 14-year-old
lamellar human bone tissue (Zimmermann et al., 2019). Lacunar density is significantly
increased in infants (0-6 months) and children (2-8 years) compared to young adults (8-25
years) based on area measurements (Jandl et al., 2020). Lacunar number density decreases

with age in humans by as much as 39% (30-91 years) (Mullender et al., 1996b).
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Osteocyte processes become interconnected as the processes become embedded and
develop into a 3D network. Previous studies, conducted using 2D imaging methods,
reported that in mice and in humans, the osteocyte network becomes progressively more
regular during bone growth (Sugawara et al., 2013, Hirose et al., 2007, Zimmermann et al.,
2019, Holmbeck et al., 2005). A study in chick bone found that the length of the processes

between osteocytes increased (non-significantly) during development (Wang et al., 2016).

Young osteocytes and lacunae in rat and chick bone are spherical and become ellipsoid
during development (Okada et al., 2002, Kamioka et al., 2009, Wang et al., 2016). Osteocyte
and lacunar size decrease with growth in humans (Jandl et al., 2020, Zimmermann et al.,
2019) and (by 22%) in chick (Wang et al., 2016). Lacunae from adult rat bone have more

canaliculi and the canaliculi have more branches than juvenile rat bone (Okada 2002).

In summary, during development, osteocytes and lacunae become more elongated in
shape, smaller in volume, have more canaliculi and are arranged more regularly. After an

initial increase in density, osteocyte and lacunar number density decrease with age.

2.6 Identification of microstructural phenotypes in ageing, disease and

other bone states at the cellular and sub-cellular level
Various studies have compared ON&LCN morphology, behaviour and changes in terms of
age (summarised in Table 2). It is notable that the inconsistency in species studied, choice

of anatomical area, imaging methods used and the variation in reporting measures can

make direct comparisons between studies challenging.

2.6.1 Ageing

With age, bone mineral density and cortical bone thickness decrease and there is an

increase in bone porosity (Seeman, 2013). Lacunar number density decreases with age, by
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as much as 39% (Mullender et al., 1996b, Qiu et al., 2002a, Busse et al., 2010, Ashique et
al., 2017). It has also been observed that there is no significant change in lacunar density
with age (Carter et al., 2013a, Hemmatian et al., 2018). The number of empty lacunae
increases with age (Qiu et al., 2002b, Tiede-Lewis et al., 2017, Piemontese et al., 2017). A
study using human bone tissue provided evidence that the decline in lacunar density is
associated with the accumulation of microcracks (Vashishth et al., 2000). In the same study,
it was noted that ageing bone tissue is characterised by increased heterogeneity in the
spatial organisation of osteocytes. A study of rat bone at different ages using resin casting
of the LCN, SEM and CLSM demonstrated that the LCN changes with age. Animals of
advanced age had slender, flat lacunae with fewer, smaller canaliculi. (Okada et al., 2002).
Smaller, rounder lacunae have been observed in aged humans (Carter et al., 2013a) and in
aged mice (Heveran et al., 2018, Hemmatian et al., 2018). A sex difference was observed in
one study where all subjects showed a reduction in cell volume with age but only males

showed a corresponding reduction in lacunar volume (Tiede-Lewis et al., 2017).

Studies have found a relationship between age and both the number and orientation of
osteocyte processes and canaliculi. A roughly 30% reduction in the number of canaliculi has
been observed in elderly humans (Milovanovic et al., 2013). A similar result was found in
aged mice (Kobayashi et al., 2015). It has been shown that canalicular occupancy by
processes also decreases with age (Tiede-Lewis et al., 2017) Conversely, it has been
reported that the number density of canaliculiin mouse bone is unaffected by age, but that
the dimensions of the PCS (in cortical but not in trabecular bone) increase due to an

expansion of the canalicular wall (Lai et al., 2015).

In summary, with increasing age, osteocyte lacunar density (and presumably osteocyte

density) decrease, the number of empty lacunae increases, cells become smaller and
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rounder, cell connectivity decreases and there is a consequent decrease in osteocyte

response to loading (Table 2).

Table 2 Changes in the osteocyte and the lacuno-canalicular networks with age
Measure Osteocyte /Lacuna Species/sex Reference
Number =Lacunae Human F (Carter et al., 2013a)
density =Lacunae Mouse F (Hemmatian et al., 2018)
J Lacunae Human M+F (Vashishth et al., 2000)
J Lacunae (-8.1%) Mouse (Lai et al., 2015)
J Lacunae Human M+F (Busse et al., 2010)
J Lacunae (-21.4%) Human F (Ashique et al., 2017)
J Lacunae -24% Human F (Qiu et al., 2002a)
{ Lacunae -33% Mouse M (Heveran et al., 2018)
J Lacunae -39% Human M+F (Mullender et al., 1996a)
J Osteocytes Human M+F (Qiu et al., 2002a)
Occupancy J Lacunae Human M+F (Qiu et al., 2002a)
J Lacunae Mouse (Tiede-Lewis et al., 2017)
J Lacunae Mouse (Piemontese et al., 2017)
J Canaliculi Mouse (Tiede-Lewis et al., 2017)
{ Canaliculi 77-97% Human F (Qiu et al., 2006)
Volume J Osteocyte Mouse M+F (McCreadie et al., 2004)
J Lacunae Mouse M (Tiede-Lewis et al., 2017)
Shape Slender flat Human F (Okada et al., 2002)
Smaller rounder Human F (Carter et al., 2013b)
Smaller rounder more oblate | Mouse M (Heveran et al., 2018)
Smaller rounder more oblate | Mouse M (Hemmatian et al., 2018)
Processes and | I Number canaliculi Rat M (Okada et al., 2002)
canaliculi A Branching canaliculi Rat M (Okada et al., 2002)
{4 Number canaliculi -30% Human (Milovanovic et al., 2013)
J' Organisation canaliculi Mouse (Kobayashi et al., 2015)
J Canalicular area Human F (Ashique et al., 2017)
= Number canaliculi Mouse M (Lai et al., 2015)
Spatial { Spatial organisation Human M+F (Vashishth et al., 2000)
organisation | |, Spatial organisation Mouse M (Heveran et al., 2018)

Note: species, sex, ages and anatomical areas vary in these studies.
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2.6.2 Pathology
This section will consider the changes to the ON&LCN observed in bone diseases, starting

with osteoporosis (OP) and osteoarthritis (OA), followed by less prevalent pathologies.

2.6.2.1 Osteoporosis and osteoarthritis

OP is a widespread systemic skeletal disease characterised by low bone mineral density
(BMD), micro-architectural disruption of bone tissue, increased bone fragility and an
elevated risk of low-impact fractures, most commonly of the hip, spine or wrist (Figure
13). According to WHO criteria, patients with OP have a BMD or ‘T-score’ less than 2.5
standard deviations below the mean of the young adult population (Kanis et al., 1994,

WHO, 1994).

OP is associated with a decrease in oestrogen levels and mainly occurs 10-15 years after
menopause in women and at about 75-80 years old in men (Ji and Yu, 2015). OP is
characterised by an imbalance in bone formation and breakdown, both processes

coordinated by osteocytes (Ji and Yu, 2015).

OA, by contrast, is characterised by damage to articular cartilage caused by a complex
interaction of genetic, metabolic, biochemical, and mechanical factors with secondary
components of inflammation (Chen et al., 2017) (Figure 13). OA is known to affect all tissues
of a joint, and typically also involves muscle, ligament and synovium. Around a third of the
UK population aged 45 years and over, a total of 8.5 million people, have OA (Versus-

Arthritis, 2019).

Both OA and OP are associated with altered bone mass and a disordered balance between
bone formation and bone resorption. Elucidating the possible changes in ON&LCN

structure and function is crucial to the understanding of these pathologies. Analysis of OP
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and OA bone tissue, in particular the ON&LCN, using CXEM will produce quantitative data,
which can contribute to the understanding of structure and will provide data for

computational models to facilitate study of mechanisms of osteocyte mechanosensation

and mechanotransduction as discussed in Section 2.9.

Cartilage
damage

Healthy joint Osteoarthritis
jou— Pelvis—
Reduced BMD and
- _increased porosity

Figure 13  Osteoarthritis v osteoprosis in human femoral head.
Top Osteoarthritis involves deterioration of cartilage (blue), leading to pain and stiffness in
the joint.

Bottom  Osteoporosis is characterised by a reduction in bone density and quality, which may
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2.6.2.2 Oestrogen deficiency and OP

For a summary of the changes to the ON&LCN found in OP see Table 3.

Oestrogen is essential for maintenance of the skeleton as it suppresses bone turnover and
balances the formation and resorption of bone tissue, preventing bone loss (Cummings and
Melton, 2002). Ovariectomy increases bone turnover and induces bone loss (Wronski et al.,
1985, Frost and Jee, 1992). Therefore, ovariectomised mice act as a model for OP, which
mimics the reduction in oestrogen after the menopause, leading to an OP-like bone
phenotype and related changes in bone structure and material properties, which are
detrimental for bone mechanics (Frost and Jee, 1992). Studies have shown that
ovariectomised rats have differences in bone matrix collagen arrangement, possibly
changing the permeability of the matrix and affecting interstitial fluid flow (Sharma et al.,
2012). Oestrogen deficiency induces apoptosis, which could alter osteocyte
communication and interconnectedness (Brennan et al.,, 2014a, Brennan et al., 2014b,
Tomkinson et al., 1997). Any or all of these changes could affect bone mechanics by
modifying mechanotransduction pathways and with that, signals perceived by osteocytes
from strain or fluid flow, eventually triggering osteocyte biochemical outputs. A study
demonstrated higher lacunar and osteocyte number densities in OP individuals and
significantly reduced lacunar area in OP individuals (Mullender et al., 1996b). Another study
using human biopsies confirmed that osteocyte number density declines with age, where
this decline occurs only in older bone and significantly in both pre- and post-menopausal
women (Qiu et al., 2002a). Bone cells derived from patients with OP show an impaired
osteocyte response to mechanical loading (Sterck et al., 1998). OP patients have 34 % fewer
osteocytes than healthy controls (Qiu et al., 2003). Overall, patients whose bone houses

fewer osteocytes are more likely to sustain fracture, demonstrating their crucial role in
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bone maintenance (Qiu et al., 2003). To date, and to the best knowledge of the authors, it
is not known if the lower osteocyte number is a cause or rather a consequence of OP. The
proportion of occupied lacunae was found to be the same in healthy and diseased patients,
indicating that the change is not the result of premature osteocyte death, but a
consequence of reduced osteocyte formation (Qiu et al., 2003). Using a sheep model for
OP, reduced osteocyte number density, reduced bone volume, osteoid surface area and
bone formation rate were observed, while the number density of empty lacunae increased,
when compared to controls (Zarrinkalam et al., 2012). Another study found that osteocyte
density was lower in OP females compared to healthy females (Mullender et al., 2005).
Almost all studies of the ON&LCN in OP bone to date have been carried out using LM
methods. These studies have produced conflicting results on lacunar and osteocyte number
densities which are either increased (Jordan et al., 2003, Mullender et al., 1996a),
unchanged (Tomkinson et al., 1997) or most often, decreased compared to controls (Qiu
et al.,, 2003, Mullender et al., 2005, Zarrinkalam et al., 2012). Lacunar occupancy is
unchanged between controls and OP (Jordan et al., 2003, Qiu et al., 2003, Power et al.,
2001). It has been found that lacunar area is decreased (Mullender et al.,, 1996) or
unchanged (Mullender et al., 2005, McCreadie et al., 2004) and that neither lacunar volume

nor shape is changed in human OP patients (McCreadie et al., 2004).

A decrease in connectivity between osteocytes is shown in OP bone compared to healthy
bone (Knothe Tate et al., 2004). An increase in osteocyte death via apoptosis, is observed
after the induction of cell death by oestrogen deficiency in ‘osteocyte-like’ cells (Brennan
et al., 2014b) and in hypo-oestrogenic human bone (Tomkinson et al., 1997). Osteocyte
cell death and a reduction in cell process connectivity presumably lead to impaired cell

communication. In summary, many of the changes in OP are similar to those observed in
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aging, namely a decrease in osteocyte and lacunar number density and a decrease in

connectivity.

Table 3 Changes in the ON&LCN with osteoporosis/oestrogen deficiency
Measure Osteocyte /Lacuna Species Reference
Number M Lacunae 32% mm? Human M+F (Mullender et al., 1996b)
density M Lacunae 20% mm? Human M+F (Jordan et al., 2003)
NOsteocytes 27% mm? Human M+F (Mullender et al., 1996b)
=Lacunae Rat (Sharma et al., 2012)
=Lacunae Sheep iliac crest (zarrinkalam et al., 2012)
=Lacunae Human F (deficiency) |(Tomkinson et al., 1997)
{ Lacunae -35% Human F (Qiu et al., 2003)
{ Lacunae -21% Sheep lumbar spine | (Zarrinkalam et al., 2012)
{ Osteocytes 14% Sheep iliac crest (zarrinkalam et al., 2012)
{ Osteocytes Human M+F (Mullender et al., 2005)
J Osteocytes-35% Human F (Qiu et al., 2003)
Occupancy = approx. 50% Human M+F (Jordan et al., 2003)
=12.4-99.2% Human F (Power et al., 2001)
=90 % Human F (Qiu et al., 2003)
Area = Lacunae Human (Mullender et al., 2005)
= Lacunae Human F (McCreadie et al., 2004)
J Lacunae 39.1-44.1 pm? Human M+F (Mullender et al., 1996b)
Volume = Human F (McCreadie et al., 2004)
Shape = Human F (McCreadie et al., 2004)
Number of J Fewer, more tortuous and |Human (Knothe Tate et al., 2004)
processes slack osteocyte processes
canaliculi
Orientation { Osteocytes less oriented Human (Knothe Tate et al., 2004)
with respect to each other and
to the vasculature
Apoptosis M between 170 % (lumbar Sheep (zarrinkalam et al., 2012)
spine) and 210 % (iliac crest)
™ Human F (Tomkinson et al., 1997)
2.6.2.3 Osteoarthritis

For a summary of the changes to the ON&LCN found in OA see Table 4.
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As in OP, there are conflicting results from studies of the changes in osteocyte and lacunar
number density in human bone during OA. Both increased number density (Rabelo et al.,
2020, Jaiprakash et al., 2012) and decreased number density (Knothe Tate et al., 2004,
Power et al., 2010, Jordan et al., 2003) have been reported. Lacunar and osteocyte area
and volume decrease in OA (van Hove et al., 2009, Mazur et al., 2019). Results based on
acid-etched resin casting have shown that osteocyte lacunar morphology is rougher and
rounder in OA compared to control samples, (Jaiprakash et al., 2012). Osteocytes in OA
human bone are elongated compared with those from osteopenic and osteopetrotic bone
(van Hove et al., 2009). A histological investigation showed an increase in osteocyte death
in OA patients compared to controls (Wong et al., 1987). OA bone exhibited a decrease in
connectivity of the ON&LCN compared to healthy bone, while the orientation of osteocyte
processes to each other and to the blood supply was preserved (Knothe Tate et al., 2002).
Perilacunar and canalicular remodelling are suppressed and the canalicular network is
diminished in OA. A study has demonstrated that various functional and morphological
properties of osteocytes appear to be hampered in patients with OA, indicating that these
cells could play an important pathological role in subchondral bone sclerosis (Prasadam et
al., 2013) and it is suggested that there is an increase in microdamage in tissue from OA

patients (Fazzalari et al., 1998).
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Table 4 Changes in the ON&LCN with osteoarthritis
Measure Osteocyte /Lacuna Species Reference
Number “MOsteocytes Human osteophytes |(Rabelo et al., 2020)
density .
“MLacunae Human (Jaiprakash et al., 2012)
J Osteocytes Human (Knothe Tate et al., 2004)
J Osteocytes 18% Human (Power et al., 2010)
J Llacunae 24% mm? Human (Jordan et al., 2003)
Occupancy No studies
Area J Surface area Human (van Hove et al., 2009)
J Total OLNC 38-46% Human (Mazur et al., 2019)
Volume J Lacunae Human (van Hove et al., 2009)
Shape Elongated Human (van Hove et al., 2009)
Rounder Human (Jaiprakash et al., 2012)
Number of J Osteocyte processes Human (Knothe Tate et al., 2004)
processes J Osteocyte processes Human (Jaiprakash et al., 2012)
canaliculi J Fewer and shorter 51-54%  |Human (Mazur et al., 2019)
Orientation = No change Human (Knothe Tate et al., 2004)
More oriented to the loading |Human (van Hove et al., 2009)
direction than osteopetrotic
Apoptosis “Mncreased Human (Wong et al., 1987)
Microcracks ‘N More microdamage Human (Fazzalari et al., 1998)

2.6.2.4

As discussed in Section 2.3.2, consideration of lacunar occupancy,

Lacunar occupancy in age, OA and OP

osteocyte viability and

cell death are important for understanding the function and dysfunction of the ON&LCN.

As osteocytes are agents of mechanotransduction, osteocyte number density is more

biologically significant than lacunar number density and thus lacunar occupancy is a critical

measure, the quantification of which will help to understand changes in the ON&LCN

during OA and OP. This section will review changes in lacunar occupancy observed in age,

OA and OP.
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In a study of female human femoral neck tissue (mean age 81 + 2.9) the mean percentage
lacunar occupancy was 48.2% (Power et al., 2001). Many other studies of human bone
tissue report a decrease in occupancy with age (Wong et al., 1987, Wong et al., 1985, Frost,
1960, Rolvien et al., 2018, Zhang et al., 2019, Dunstan et al., 1990) although no change has

also been reported (Mullender et al., 1996a).

Investigations of lacunar occupancy in subjects with fractured bone (Power et al., 2001),
and OP (Mullender et al., 19964, Qiu et al., 2003) found no significant differences to control
tissue. Lacunar occupancy has been shown to be significantly lower in glucocorticoid
induced rodent OP bone compared to control tissue (Ciani et al., 2018, Achiou et al., 2015)
and in a study of sheep OP (Zarrinkalam et al., 2012). A complete absence of osteocytes
was noted in samples of human OP tissue using TEM (Shen et al., 2009). In summary,
lacunar occupancy decreases with age in human bone tissue, is found to decrease or remain

unchanged in OP and has not been investigated in human OA tissue.

2.6.2.5 Sclerostin-related bone diseases

Sclerostin is produced by osteocytes, encoded by the SOST gene. Studies of sclerosteosis
and van Buchem disease, both rare high-bone mass diseases, have led to the identification
of sclerostin as a key negative regulator of bone mass (Balemans et al., 2001; Staehling-
Hampton et al., 2002). Sclerostin binds to LRP5/6 co-receptors and inhibits the intracellular
Whnt signalling pathway, leading to decreased bone formation by osteoblasts, reviewed in
(Bonewald and Johnson, 2008; Klein-Nulend et al., 2013). It is suggested that sclerostin
plays a role in the regulation of perilacunar mineralisation by osteocytes, enabling
extraction of calcium from the perilacunar area when needed, followed by mineral
restoration when the demand has been met (Atkins and Findlay, 2012; Kogawa et al., 2013).

Studies in rats found that treatment of OP animals with sclerostin antibody produced
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marked increases in bone formation, reversing the changes induced by ovariectomy (Li et
al., 2009, Ominsky et al., 2014). In contrast to most other therapeutic treatments, which
involve anti-resorptive agents to prevent or decelerate further bone loss, sclerostin has the
potential to restore lost bone mass and strength. Phase Il studies have shown the efficacy
of romosozumab, an anti-sclerostin antibody in fracture prevention in postmenopausal

women (Padhi et al., 2011, Fabre et al., 2020).

2.6.3 Changes to the ON&LCN with sex, site and loading
2.6.3.1 Sex

Several studies suggest that there are no differences of the ON&LCN related to sex in the
non-OP population (Vashishth et al., 2000; Qiu et al., 2002; Jordan et al., 2003; Miszkiewicz,
2016). However, it has also been reported that osteocyte number density is 15 % higher in
healthy females compared to healthy males (Mullender et al., 2005). A sex difference was
also observed a CLSM study where all subjects showed a reduction in cell volume but only
males showed a corresponding reduction in lacunar volume with age (Tiede-Lewis et al.,

2017).

2.6.3.2 Site and loading

Variations in the ON between bones from different sites are assumed to be due to the
influence of loading direction and intensity and they are discussed here together. Increased
loading triggers the addition of new bone while unloading or disuse results in bone
resorption. Various biochemical responses including sclerostin have been shown to be
affected by loading of different frequency, timing and intensity, reviewed in (Bonewald,
2013). Osteocyte populations are 4-8 times higher in faster growing woven bone than
more organised and slowly formed lamellar bone (Parfitt, 1983), supporting the theory that

osteocyte density is linked to bone formation (Bromage et al., 2009).
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Fibular osteocytes are elongated and aligned with each other, parallel to the loading
direction. On the other hand, calvarial osteocytes are more spherical and not aligned in any
particular direction, with the more loaded fibular osteocyte lacunae being larger (Vatsa et
al., 2008). Prolonged unloading in rats reduces lacunar density and lacunar volume (Britz et
al., 2012a). A study of women aged from 20-86 years, where a reduction in loading with
increasing age has been assumed, found that lacunae became smaller and more spherical
(Carter et al., 2013a). In a synchrotron radiation-based CT (SR CT) study, lacunar number
density of healthy human femora varied significantly within individuals, with the anterior
region having a lower density than both medial and posterior regions (Carter et al., 2014).
These variations are postulated to be related to loading and bending of the femoral shaft,

but the reasons are unclear (Carter et al., 2014).

2.6.4 Summary

Studies to date suggest that lacunar number density decreases and lacunar area increases
with age, but conflicting evidence exists regarding change in the numbers of canaliculi.
Loaded bone has more and larger osteocyte lacunae than unloaded bone. With age, cell
shape changes from round to slender, the size of the PCS increases and the level of
osteocyte organisation decreases. Studies on the influence of sex provide contradictory
results, where most studies did not identify significant differences between males and
females. Finally, osteocytes have been reported to align in the direction of loading and they

are smaller when loading is reduced.

Many of these findings are drawn from data from 2D imaging techniques, and most
measure only the LCN, not the ON residing within. High resolution 3D imaging of both the
ON and the surrounding LCN would improve the knowledge of cell and lacunar morphology

and the overall connectivity.
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2.7 Imaging of the ON&LCN

This section will firstly consider the ‘ideal imaging method’ and how it might be achieved
considering real world limitations, then review imaging methods used to investigate the
ON&LCN before discussing correlative imaging, quantitative 3D morphology and

computational models.

2.7.1 The ideal imaging method

2D images provide only a small part of the complete context of any cell. Accurate
morphology including cell shape, size or location cannot be derived reliably from 2D
images. Furthermore, the relationship between structures — both within and without a cell
— are often invisible in 2D. Viewing and analysing structures in a 3D context avoids
misinterpretation. It is however a challenge to obtain 3D data, especially at high spatial
resolutions. Novel (high-resolution) 3D imaging techniques are currently being developed
as discussed in Section 0 and at the end of this chapter in the section on the future role of

high-resolution 3D imaging in osteocyte anatomy and pathology.

In addition to providing 3D data, the ideal technique for imaging bone cells and their ECM
at cellular and sub-cellular scales would be a high-resolution, non-destructive method,
capable of imaging large volumes in situ and in vivo and offering concurrent hard and soft
tissue image contrast. Furthermore, the imaging modality would be widely available at a
reasonable cost and produce quantitative hallmarks of healthy and diseased tissue, which

are easy to interpret and analyse.

To meet all of these criteria compromises have to be made in practice. The ON&LCN extend
throughout the bone matrix. To reveal the true degree of connectedness between

contiguous osteocytes the ideal imaging method should be able to visualise a volume

61



Chapter 2

containing many cells. However, in the real world, imaging techniques depend on various
sample preparation protocols and there exists a broad range of experimental limitations
during imaging. Most imaging techniques require tissue to be excised from the body, many
require mechanical sectioning to some degree, and some of the techniques need harsh
chemical treatment to render tissue suitable for imaging, which can change the state of the
native biological sample and thus, complicate interpretation of the gathered image data

(Weston et al., 2010).

Many imaging modalities have been used in high-resolution studies of the ON&LCN, each
presenting advantages and disadvantages. For comprehensive comparisons of these
techniques see Table 5 and Table 6, (Goggin et al., 2016, Schneider et al., 2011) and the
following sections. In brief, LM, including CLSM, allows functional imaging of cells but is
limited in spatial resolution by the diffraction limit of visible light (~ 200 nm). EM provides
high-resolution images of cell ultrastructure, including the organelles, cytoskeletal
components and membranes, but requires complex sample preparation. In addition,
standard EM is an inherently two-dimensional (2D) technique. In contrast, X-ray CT has
enabled timely imaging of large volumes of bone tissue in 3D without the need for complex
sample preparation. Standard X-ray imaging techniques however lack sufficient resolution
for substantial sub-micrometre imaging and do not provide enough imaging contrast for
weakly X-ray absorbing soft tissues such as the ON. This limitation for soft tissues means
that using standard (i.e., absorption- based) X-ray imaging, only the hard mineralised bone
matrix —the negative imprint of the ON — can be assessed at sufficiently high contrast levels,
but not the weakly X-ray absorbing soft cells within the LCN. This weak vision for soft tissues
reduces the informative value of such results when used for instance in computational
modelling studies aimed at understanding mechanotransduction processes using cell

geometries based on experimental data. It is often assumed that every lacuna imaged
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contains an osteocyte, without considering osteocyte loss through cell death. Cell density
is arguably more significant than lacunar density since cells are the active mechonsensors.

Lacunar density is thus not a reliable indicator of osteocyte density (lwamoto et al., 2010,

Britz et al., 2012a).
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Table 5

Light and electron microscopy based techniques used in ON&LCN studies

A summary of light and electron based imaging modalities which have been used in studies of the

ON&LCN, their advantages, disadvantages and relevant references. Adapted from (Goggin et al.,

2016)
Technique 2D/3D Max Advantages Disadvantages Reference
resolution
LIGHT MICROSCOPY
e Functional imaging e Inherently 2D .
. . Marotti et al.
Light microsco i ( ’
g Py 2D 300 nm through fluorescent e Low resolution 1995)
labelling.
o Soft tissue contrast.
e Large FOV e Low resolution (Mohun and
High- luti i i
|{; res',o uffnon 3D 1um e Destructive Weninger,
episcopic microscopy 2012)
e Large FOV (1 cm?) e Low resolution (Weber et al.,
Light sheet 3D 10 um o Live cell imaging e Requires optical 2014)
microscopy clearing
e Functional imaging e Limited range of depth .
Confocal laser 3D 300 nm through fluorescent (~100-150 pm) (ZK(?OT')Oka etal,
scanning microscopy labelling e Low resolution (> 100
(CLsm) e Soft tissue contrast nm)
ELECTRON MICROSCOPY
o High resolution o Inherently 2D
Scanning electron (Okada et al.,
microscopy (SEM) 2D <2nm 2002)
Serial section SEM 2nm (/) ) rl-:r:ie VOItL'm;e? (2:o%6 ) C(r)mp:'ei's?ﬁmple
3 | and60-90 | 7 sectio t? " preparatio (Tapiaetal.,
e Re-examination possible
(ATUM SEM) nm (2) 2012)
o High resolution e Limited FOV
Transmission electron 2D <1lnm e Inherently 2D (You et al.,
microscopy (TEM) 2004)
e High resolution e Limited VOI (depth 3-5
TEM tomograph
grapiy 3D 2nm . rm) isition ti (Kamioka et
o.ng.acqum ion times al,, 2009)
o Missing wedge problem
<1lnm | e High resolution e Technically difficult
Serial section TEM 3D (x/y) and o Time- consuming (Palumbo et
60 nm (2) al., 1990)
4 nm (x/y) | e High resolution o Not commercially
GridTape TEM 3D and 40 nm | e Relatively large volume available (Graham et
z (64 million pm3) e Complex sample prep al., 2019)
e High resolution (20 nm in e Destructive (not
Serial focused ion ) completely) (Schneider et
beam SEM 3D <10 nm e Slow al., 2011,
e Small FOV (as small as Hasegawa et
20 um?) al., 2018)
e High resolution (x/y) e Destructive
Serial block face SEM o Extensive sample (Peddie and
(SBF SEM) preparation Collinson,
3D <10nm 2014, Smith

o Non-isotropic data

and Starborg,
2019)

Abbreviations: Field of view (FOV), volume of interest (VOI)
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X-ray and scanning probe imaging techniques used in ON&LCN studies

Chapter 2

A summary of X-ray based and scanning probe imaging modalities used in studies of the ON&LCN,

their advantages, disadvantages and relevant references. Adapted from (Goggin et al., 2016)

Technique 2D/3D Max Advantages Disadvantages Reference
resolution
X-RAY TECHNIQUES
e Non-destructive e Limited VOI
X-ray absorption CT o Simple sample e Low resolution (Schneider et
(desktop pCT and SR 3D <1pm preparation e High radiation dose al., 2007)
CT) e Relative sub-pum mineral
density quantification
Ptychographic CT e Non-destructive e Limited VOI (Dierolf et
3D <100nm | ° High resolution . o High radiation dose al., 2010)
o Absolute sub-pum mineral
density quantification
Transmission X-ray e Non-destructive o Limited VOI (Andrews et
microscopy CT 3D <50nm e High ‘resolution . o High radiation dose al., 2010)
o Relative sub-pm mineral
density quantification
X-ray phase e Non-destructive e Requires access to (Langer et
tomography e Simple sample synchrotron radiation al., 2012)
120-150 X .
(holotomography)/X- 3D am preparation facility
ray phase
nanotomography
SCANNING PROBE MICROSCOPY
Atomic force e Can image in aqueous e Small FOV (150x150 (Reilly et al.,
microscopy (AFM) medium um?) 2001)
2D 20-50 nm o High resolution

o Information on

mechanical properties

Abbreviations: Field of view (FOV), synchrotron radiation-based computed tomography (SR CT), volume of interest (VOI)

Factors to consider when choosing an imaging method include:

e 3D visualisation

e Sample preparation to reflect the native state

e Adequate spatial resolution of microstructural and ultrastructural detail

e Adequate volume to visualise cell networks and tissue matrix

2.7.11

Sample preparation and method validation

Imaging tissue in its native state is an often elusive ideal. Chemical interventions to

preserve tissue and/or enhance image quality, such as heavy metal staining or

decalcification, can have unwanted effects such as tissue shrinkage (Buytaert et al., 2014).
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Where artefacts are introduced the microscopist must be aware of theirimpact and be able
to compensate for them experimentally or post hoc during data processing. Nanophosphor
particles delivered by bioballistic particle delivery systems can be used to monitor
morphological changes in tissue during processing (Bushong et al., 2015). As bone is a
composite material made up of a hard mineralised and a soft collagenous phase, the task
of measuring artefactual change and of identifying and applying validating techniques, in
order to ensure that the native tissue state is preserved and assessed, is more challenging
than in homogenous tissues. Novel fixation techniques have been applied to osteocytes to
optimise preservation. Acrolein, a small molecule which penetrates the tissue rapidly, has
been used as fixative to improve the cell membrane preservation and reduce shrinkage
(McNamara et al., 2009). Ruthenium based fixatives and stains enhance the preservation
of cell and matrix proteoglycans (You et al., 2004; Shah et al., 2015b). Validation of sample
preparation and imaging techniques, to ensure that results accurately reflect the tissues
and cells being examined, is important. Using more than one technique on the same sample
and comparing the results can increase confidence in a novel method (Smith et al., 2006).
Comparisons between the same tissues prepared for ‘standard’ EM and using cryo methods
provide insight into changes which occur during sample preparation. Statistical methods
have been used to overcome limitations of some EM data (Russo and Passmore, 2014).
Beyond that, the issue of validating new 3D EM techniques has been reviewed by a task
force set up to provide recommendations in 2012 (Henderson et al., 2012). It resulted in
the creation of a unified data resource called EMDataBank (http://www.emdatabank.org),

with the aim to develop validation reports and establish validation standards for 3D EM.
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2.7.1.2 Adequate spatial resolution of microstructural and ultrastructural detail
Imaging techniques are needed that can resolve the detail of the cell processes (diameters
in the order of ~ 100 nm) and ultrastructural cell details described above which may be

relevant for mechanobiology (You et al., 2004).

2.7.13 Adequate volume to visualise cell networks and tissue matrix

For most imaging techniques there exists an inverse relationship between spatial resolution
and maximum possible sample volume to be assessed, due to experimental limitations.
These limitations can be found on the side of image acquisition, such as the dimension of
the detector or the time available to record images at a sufficient signal-to-noise ratio.
Consequently, sampling smaller volumes allows working at higher spatial resolutions, while
mitigating to some extent the problem of the limited penetration depth of the light and
electrons used for imaging. However, small volume analysis introduces sampling errors and
reduces the validity of results as the smaller number of cells examined cannot be
considered to be representative (anymore) of the tissue. Due to the high tissue penetration
depth of hard X-rays (energies typically > 10 KeV), X-ray CT offers the largest volumes of
interest of all the imaging techniques under consideration here, with whole-bone scanning
being common. The volume of tissue which may be analysed using other techniques can
also be limited by physical conditions such as the technical challenges of producing serial
TEM sections, the restriction of the field of view in serial FIB SEM to sometimes less than
100 pm? (Knott and Genoud, 2013; Peddie and Collinson, 2014) and the loss of the ‘missing

wedge’ in electron tomography (Ercius et al., 2015).

2714 3D visualisation

Elucidation of the mechanisms of mechanotransduction will require images and

guantitative measures of the ON&LCN in 3D at different levels (cellular, sub-cellular,
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ultrastructural). LM and CT techniques produce 3D data at low (~ 300 nm) and high (< 100
nm) spatial resolutions. While traditional EM techniques are 2D, the relatively new
techniques of serial FIB SEM and serial block-face SEM (SBF SEM), produce 3D data sets by
repeatedly imaging a resin block-face, as ultra-thin tissue sections are removed from the
surface, either by an ion beam (serial FIB SEM) or by a remotely controlled ultramicrotome

inside an SEM (SBF SEM) (Peddie and Collinson, 2014).

2.7.2 Imaging techniques used for ON&LCN investigations

For a more complete review of imaging techniques applied to bone tissue see (Goggin et

al, 2016).

2.7.2.1 Light Microscopy

Since Hooke first observed and coined the term ‘cell’ in 1665, light microscopy (LM) has
elucidated details of the structure of bone tissue. Much work has been carried out using
LM on stained histological bone sections, fundamentally a 2D observation method (Gaytan
et al., 2020, Hirose et al., 2007, Ferretti et al., 1999, Remaggi et al., 1998, Marotti et al.,
1995) (Figure 14). Improved optics and the advent of digital imaging have enhanced the
capabilities of LM, but as with all light-based microscopy methods, the spatial resolution of

most LM methods is restricted by the diffraction limit of visible light to around 200 nm.

In confocal laser scanning microscopy (CLSM) a point source laser excites tissue which is
either auto fluorescent or has been stained with fluorescent dyes specific for cell
components (Kamel-ElSayed et al., 2015). Tissue is imaged at sequential focal planes using
a pinhole detector to exclude light outside of the focal plane. A stack of 2D optical sections
is acquired, which enables production of 3D representations of bone microstructure (Figure

14). CLSM images have a spatial resolution of at best 200 nm in-plane and slightly worse
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(up to 450 nm) out-of-plane, dependent on the objective lens. Limitations of CLSM, when
imaging in dense mineralised tissue, include the limited working distance (90-300 um) of
high-quality, high-numerical aperture objectives and the decrease in signal with depth. The
practically achievable penetration depth of CLSM in mineralised tissue is 100-150 um
(Jones et al.,, 2005). CLSM has been successfully used to characterise the spatial
organisation, orientation and morphology of the ON&LCN (Kamioka et al., 2001; Vatsa et
al., 2008; Sugawara et al., 2011; Cardoso et al., 2013; KamelEISayed et al., 2015). It is
notable that some CLSM studies which measure osteocytes also stain the PCS and thus

overestimate cell size measures (Verbruggen et al., 2012, Verbruggen et al., 2014).

Time-lapse LM is used to observe and capture cellular dynamics by imaging live cells at
predetermined time intervals. Live cell imaging has shown that the osteocyte embedding
process in living bone tissue is highly dynamic and that the cells can extend and retract their
processes (Dallas et al., 2009; Dallas and Bonewald, 2010). Tracer injections have been used

to demonstrate the connection between the blood and canalicular fluid (Wang et al., 2004).

In light sheet microscopy (LSM) a sheet of laser light is used in place of the point source to
illuminate and image tissue in slices (Weber et al.,, 2014). LSM provides images of
intermediate spatial resolution (~ 10 pm) from samples up to 1 cm? in size. LSM has so far
not been used extensively for bone imaging. Studies to date include the development of
bone in zebrafish embryos (Jemielita et al., 2013) and simultaneous imaging of the soft and
hard tissue of mouse cochlea (Buytaert et al., 2013). The reduced amount of photodamage
and the ability to image larger volumes than for CLSM are advantages of LSM, which could

lead to wider use in future osteocyte studies.
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Figure 14  Light microscopy (LM) and confocal laser scanning microscopy (CLSM)

A-C Trichrome staining of compact bone. Osteocytes (Os) are arranged concentrically (A,B)
around vascular channels (VC), showing abundant processes/canaliculi. In (C), the dense
process/canalicular system (d/c) can be appreciated at higher magnification. Scale bars = 30 um
and 10 um. From (Gaytan et al., 2020)

D A fluorescence image of a chick calvarial fragment reconstructed from 40 CLSM images.
Cells labelled in green are osteocytes, and cells in red are osteoblasts on the surface of the bone.
The staining clearly delineates the osteocyte processes. Scale bar = 20 um. Adapted from Kamioka

et al., 2001
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In recent years LM has moved beyond the aforementioned diffraction limit of light by the
development of ‘super resolution’” microscopy techniques. Structured illumination super
resolution microscopy (SIM) and stochastic optical resonance microscopy (STORM)
(Cabahug-Zuckerman et al., 2018) have been used to investigate integrin sites at near EM
resolution. In time, these approaches may provide valuable insights to osteocyte structure

and mechanobiology either alone or in a correlative framework.

2722 Electron Microscopy

EM takes advantage of the shorter wavelength of electrons compared to visible light to
extend resolving power. EM uses a beam of accelerated electrons to improve the
theoretical spatial resolution to the atomic range with aberration corrected instruments
(Pennycook et al.,, 2015). In practice, the best spatial resolution with a lab-based TEM

system for biological tissue is approximately 2 nm.

2.7.2.21 Transmission electron microscopy (TEM)

In TEM a beam of electrons is transmitted through an ultrathin (< 100 nm) section of fixed,
stained, dehydrated and resin-embedded tissue. Some electrons pass through the tissue
and others are scattered to form an image (Figure 9). This has been the favoured technique
for high-resolution imaging of cell ultrastructure since its development in the 1930s.
Preparation of ultrathin sections capable of withstanding high vacuum and bombardment
by high energy electrons requires complex sample processing that can introduce artefacts
such as shrinkage. Bone presents the further challenge of a hard, mineralised matrix
requiring an additional step of decalcification to facilitate sectioning (An and Martin, 2003).
Cryofixation preserves tissue in a more life-like state but has the disadvantage that only

small (~ 200 um deep) volumes of tissue can be preserved.
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The first published record of TEM bone studies dates back to 1950 (Barbour, 1950). More
recently it has been used to investigate tethering fibres between osteocytes and the PCM
(You et al., 2004; McNamara et al., 2009) and the changes in osteocytes and surrounding
collagen fibres during osteocytic osteolysis (Hongo et al., 2020). The 2D nature of TEM
imaging has been somewhat overcome by serial section TEM, TEM tomography, automated
grid tape TEM and ultra-high voltage EM (UHVEM). Serial section TEM is technically difficult
and time-consuming but provides high-resolution results (White et al., 1986; Harris et al.,
2006) such as those used to elucidate the 3D shape of osteocytes (Palumbo et al., 1990).
Grid tape TEM is a novel technique combining automated serial sectioning and automated
high throughput TEM imaging (Graham et al., 2019). TEM tomography involves imaging a
section repeatedly while it is incrementally tilted around its axis producing a series of
projections from which a 3D image is reconstructed (Bonetta, 2005; Mcintosh et al., 2005).
UHVEM is not widely available but studies have produced 3D images of osteocytes from 3
pum sections at 16 nm per pixel resolution (Kamioka et al., 2009), discussed further in

Section 2.8.

2.7.2.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) employs a beam of electrons raster-scanned over a
sample, usually fixed, dehydrated, dried and made conductive with a metal coating. The
beam interacts with the sample producing secondary electrons, backscattered electrons
and X-rays that are collected to form images. SEM resolution depends on the accelerating
voltage, spot size, scan speed and vacuum level. SEM has been used to evaluate the number
density of canaliculi in human bone (Marotti et al., 1995). Resin-casted and acid-etched
samples have been examined using SEM, showing the distribution, size and surface details

of osteocyte lacunae and the vasculature (Figure 15) (Feng et al., 2006; Kawakami et al.,
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2009; Kubek et al., 2010). Although SEM images have a characteristic depth of field and

convey a 3D impression, the technique is essentially 2D.

Figure 15  Scanning electron microscopy (SEM)
SEM image of an acid etched plastic embedded section of mouse femur showing osteocyte

lacunae and canalicular processes. From Kubek et al., 2010

2.7.2.2.3 Volume EM (VEM)

The VEM techniques considered here are array tomography (AT), serial focussed ion beam
SEM (FIB SEM) and serial block face SEM (SBF SEM). In AT multiple ribbons of serial tissue
sections are collected on a conductive substrate and subsequently viewed by SEM (Wacker
and Schroeder, 2013). AT is suitable for examining large volumes at high x-y-resolution (z-
resolution is limited by the section thickness). The sections can be re-examined many times

(Tapia et al., 2012).
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Both serial FIB SEM and SBF SEM produce high-resolution 3D data using automated
sectioning techniques. The x/y-resolution is comparable to TEM (< 5 nm), whereas the z-
resolution is limited by the sectioning technique, typically 10 nm for serial FIB SEM and 30-

100 nm for SBF SEM.

In serial FIB SEM a focused ion source mills the surface of the resin-embedded tissue. The
block-face is imaged using SEM and the process repeated until the volume of interest has
(partly) been milled away. A proof-of-concept study for serial FIB SEM on bone tissue
successfully imaged parts of two adjacent osteocyte lacunae (Figure 16) (Schneider et al.,
2011) and a later study imaged osteoblasts and osteocytes from a 20 x 20 x 25 um volume

(Hasegawa et al., 2018).

In SBF SEM, a remotely controlled ultramicrotome within an SEM removes ultrathin layers
from the tissue block, which is consecutively assessed by a back-scattered electron detector
to extract morphologies from 3D stacks with spatial resolutions comparable to TEM. SBF
SEM can cover large volumes of interest (up to 0.5 x 0.5 x 1 mm) and provides simultaneous
imaging contrast for soft and hard tissues such as the ON&LCN respectively. During this
project sample preparation protocols for SBF SEM of bone tissue have been developed
(Chapter 3) and first results reported (Figure 17) (Goggin et al., 2020, Goggin et al., 2016).

These methods will be applied to murine and animal tissue in later chapters of this thesis.
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Figure 16  Serial focused ion beam scanning electron microscopy (FIB SEM).

A 3D representation of the LCN from a murine femur produced by serial FIB SEM showing
osteocyte lacunae (yellow) and canaliculi (green).

B,C The junction of an osteocyte lacuna and a canaliculus. The interface between lacuna and

canaliculus is shown in red. From (Schneider et al., 2011)
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E —

Figure 17  Osteocytes from mouse tibia imaged by SBF SEM

A-C Individual images of section numbers 0, 40 and 80 from an SBF SEM stack.

D 3D volume reconstruction of 150 SEM sections of an osteocyte from mouse bone

E Osteocyte ultrastructure reconstructed from SBF SEM data. The cell body is shown in pale
yellow, processes in green, the nucleus in blue and mitochondria in orange. Scale bars A-D =

2 um, E= 5 um. From (Goggin et al., 2016 and Goggin et al, 2020)
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2.7.2.3 X-ray imaging
2.7.23.1 Conventional X-ray computed tomography (CT)

Unlike light, X-rays penetrate bone easily. Attenuation of X-rays by bone tissue provides
image contrast for (2D) X-ray projections at different angular positions, which are used to
reconstruct the 3D map of the specimen. Sample preparation requirements are minimal,
the technique is non-destructive and once set up, operator involvement is low. Bone can
be imaged and analysed at different levels (organ, tissue, cellular) using micro-computed
tomography (uUCT) at isotropic resolutions < 1 um (Mduller, 2009). It is notable that CT
studies do not generally provide soft tissue contrast; reconstructions depict the LCN only,

which is the negative imprint of the mineralised bone tissue surrounding the ON.

Lab-based X-ray uCT systems are commonly used to investigate bone microstructure
(Miiller, 2009; Draenert et al., 2012; Peyrin et al., 2014). A range of spatial resolutions from
about 100 um to below 1 um can be reached, comparable to the resolution obtained using
LM, but not reaching the resolution of EM. Thus, UCT allows visualisation of lacunae, but
not the fine detail of canaliculi. Commercially available uCT systems with improved spatial
resolution are available, some of which claim voxel sizes in the order of 100 nm at volumes
of 1 mm3. Studies using this equipment have investigated differences in morphology of
lacunae from different sites in the mouse (Vatsa et al., 2008) and compared morphology of
lacunae in humans with different bone diseases (Vatsa et al., 2008; van Hove et al., 2009).
A disadvantage of uCT at voxel sizes below the micrometre range is the long acquisition
time of many hours that are required for a signal-to-noise ratio sufficient to resolve

individual osteocyte lacunae.
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Figure 18  Synchrotron radiation computed tomography images of human femur.

A CT slice showing osteons, osteocyte lacunae and canaliculi. Voxel size = 300 nm

B 3D rendering of the LCN from the top osteon in A (lacunae = yellow, canaliculi = blue)

C A segmented 3D data set of five lacunae and their canaliculi. Voxel size = 300 nm

D High-resolution phase nano-CT slice with lacunae and canaliculi in black. (Voxel size =
60 nm)

E 3D rendering of the apparent texture of the collagen fibres from D.

F Detailed rendering of one lacuna and its canaliculi from D.

Adapted from (Peyrin et al., 2014)

Synchrotron sources, operated as large-scale electron accelerators at a small number of
sites worldwide (http://www.lightsources.org/regions), offer quasi-monochromatic X-rays
and much higher photon fluxes with small X-ray source spot sizes, thereby providing spatial
resolutions sufficient to resolve trabecular and internal bone microstructures on a sub-um
scale (Salome et al., 1999). SR CT has been used to investigate trabecular architecture and
osteocyte lacunae (Figure 18) (Peyrin et al., 1998; Schneider et al., 2007). In addition to X-

ray absorption based CT, coherent synchrotron light also provides phase contrast imaging
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capability, where the induced phase shift by the sample is exploited in comparison to the
use of X-ray absorption only, generally involving a phase retrieval step before actual CT
reconstruction. Phase contrast-based CT imaging yields images with improved contrast,
particularly useful for weakly X-ray absorbing portions of the sample such as collagen.
Experimental SR-based imaging techniques include transmission X-ray microscopy (TXM)
(Andrews et al., 2010), ptychographic X-ray CT (Dierolf et al., 2010) and X-ray phase
tomography (holotomography)/X-ray phase nanotomography (Langer et al., 2012). For a

more complete review see (Goggin et al., 2016).

In summary, SR CT has been used to image and quantify the LCN, including image-based
modelling approaches of bone mechanotransduction on sub-micrometre scales.
Nonetheless, these newer X-ray CT imaging methods all operate for the moment at
resolutions close to the dimensions of the relevant internal bone microstructures (e.g.
osteocyte cell processes and canaliculi), and thus, care must be taken when interpreting X-

ray CT image data with respect to bone mechanobiology.

2724 Scanning probe microscopy

Atomic force microscopy (AFM) is a high-resolution scanning probe technique, which
generates images of surface topography and information on mechanical properties
(hardness, roughness) of tissues and materials. The ability to image in aqueous media is an
important advantage of AFM, enabling closer to native-state imaging than other
techniques. Compared to SEM, AFM offers a small field of view (in the order of 100 um?)
and the scan times are longer. AFM studies have imaged the LCN and the collagen structure
of the matrix (Figure 19) (Reilly et al., 2001; Lin and Xu, 2011; Katsamenis et al., 2013).In a
study on rat femora AFM has been used to analyse the mineral phase of rat bone over the

lifecourse for comparison with SEM, uCT and chemical analysis (Zhang et al., 2015). In
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addition, AFM has been used to investigate the crystal structure of the bone matrix (Tong

et al., 2003; Kwon et al., 2009).

Figure 19  Atomic force microscopy (AFM).
An AFM image of demineralised osteon in bovine femur revealing microstructural and
ultrastructural features such as osteocyte lacunae (Lc), the canalicular network (CN) and lamellar

interfaces (LI). Scale bar 10 um. Adapted from (Katsamenis et al., 2013)

2.7.25 Novel imaging methods

Dual-purpose fluorescent and electron-dense labels for EM (SOG, miniSOG, APEX2) are
genetically encoded tags for correlative light and electron microscopy (Shu et al., 2011; Lam
et al., 2015), which could be applied to the ON&LCN. Through-focus scanning optical
microscopy (Attota et al., 2013), confocal soft X-ray scanning transmission microscopy
(Spath et al., 2015) and intravital microscopy (subcellular imaging in living animals)
(Masedunskas et al., 2012; Alexander et al., 2013) are techniques which may add to the

repertoire for osteocyte investigation.

In this project SBF SEM has been adopted to retrieve 3D data from the ON and the LCN

simultaneously. SBF SEM facilitates the collection of quantitative 3D information by
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visualising the cell morphology and internal ultrastructure, the association with the PCM

and ECM and in CXEM, the distribution of osteocytes within the bone matrix.

2.7.3 Correlative imaging

2.7.3.1 Correlative imaging approaches in biology

Correlative imaging merges complementary microscopy methods used on the same sample
to overcome the limitations of individual techniques by producing composite images and
enhancing the quality and quantity of information produced by either technique used alone
(Muller-Reichert, 2012, Braet and Geerts, 2009, Caplan et al., 2011). The advantages of
correlative microscopy have been neatly expressed as ‘1+1 = 3’ (Verkade, 2013). The most
widely used correlative technique is correlative light and electron microscopy (CLEM),
which uses fluorescent LM imaging to capture structural or dynamic information, followed
by fixation, processing, TEM imaging and subsequent overlay of the images (Peddie et al.,
2014). 3D CLEM studies using VEM include (Markert et al., 2017, Collman et al., 2015), using
AT, (Lucas et al., 2014, Lucas et al., 2017, Armer et al., 2009, Schieber et al., 2017, Bushby

et al., 2012) using FIB SEM and (Russell et al., 2016, Lees et al., 2017) using SBF SEM.

Correlative studies using fluorescence LM and soft x-ray tomography have been carried out
using synchrotron radiation (Carzaniga et al., 2014, Duke et al., 2014, Kapishnikov et al.,
2017). Correlative micro-computed tomography and fluorescence LM are being used in
studies of fixed human lung tissue (Scott et al., 2015, Jones et al., 2016). The development
of super resolution LM has paved the way for super-resolution CLEM, which provides more

accurate correlation of proteins to cellular structures (Peddie et al., 2017).
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X-ray uCT imaging, LM and TEM have been combined in studies of adipose tissue in mouse
limbs (Sengle et al., 2013), a molluscan excretory system (Handschuh et al., 2013) and

cultured cells (Keene et al., 2014).

X-ray UCT has been used to pre-screen both resin embedded blocks of tissue infected with
parasites and rare events in neuronal tissue (Starborg, 2017) (Karreman et al., 2017). Here,
X-ray UCT is used to produce reference images as a guide for trimming, then the SBF SEM

block-face image is compared to the uCT data to confirm the location.

The switch from photons to electrons as an imaging source can require complex
manipulation of the sample. However, it is imperative that consecutive steps of sample
processing preserve chemical and physical properties of structures to fit the requirements
of the each imaging modality. Transfer and processing of samples between microscopy
modalities require additional care to retain regions of interest, preserve ultrastructure and
prevent artefacts and contaminants. Recent developments include correlative Raman and
FIB SEM imaging (Timmermans et al., 2016), correlative LM and AFM (CLAFEM) (Janel et al.,

2017) and correlative super-resolution LM and AFM (Fantner and Lafont, 2019).

2.7.3.2 Correlative studies of bone tissue

Much correlative work to date has been carried out on cell cultures, often using cryo
methods such as high-pressure freezing. Challenges arise in the application to bulk tissue
samples, including bone, which are not well suited to such preservation methods. In 1979
SEM and TEM were used correlatively to investigate bone healing (Sela and Bab, 1979).
Methods for correlative LM and backscattered SEM of bone have been described (Goldman
et al., 2000, Goldman et al., 1999). Bone sections examined by LM can be subsequently
processed for SEM and TEM to evaluate bone morphology at a bone/implant interface

(Figure 20) (Triré et al., 2010). CLSM images of the LCN and bone mineral data quantified
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using synchrotron small-angle X-ray scattering are correlated in a study of ovine bone
(Kerschnitzki et al., 2013). A correlative approach to image cellular dynamics and surface
modifications of osteoclasts used LM, SEM and AFM (Shemesh et al., 2016). Correlative
examinations of bone can also involve merging results of imaging and mechanical
measurements such as mechanical strain mapping (Jang et al., 2016) and dual energy X-ray
absorptiometry (Guenoun et al., 2017). Correlative microscopy techniques have much to
offer the bone biology and imaging community. Using CLEM techniques may allow
molecular events to be observed and investigated while the combination of SEM with

analytical methods such as failure testing and energy dispersive X-ray microanalysis has

potential to reveal details of bone microstructure and behaviour (Shah et al., 2019).

Figure 20  Correlative LM-SEM imaging of sheep tibia implanted with a titanium screw.

A LM image of bone section and implant (I) showing medullary spaces (MS), newly
formed bone (*) and old bone (OB).

B The same section after removal of embedding medium and SEM processing.
Osteocytes (0) are visible within lacunae and vascular tissue within the medullary
spaces. The implant (I) has been removed to reveal the bone implant surface

(arrows). Scale bar = 200 um From (Trire et al., 2010)
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2733 CXEM

Given that mechanotransduction mechanisms act across length scales, from the whole
bone to the cell ultrastructure, bone tissue must be assessed at different hierarchical levels
(Lucas et al., 2012). No imaging technique exists that can cover so many different scales at
the same time, due to physical limitations. Even to image the different features of the
ON&LCN in a restricted field of view, several length scales must be covered, from the
osteocytes and the lacunae (~ 10 um) down to the canaliculi (< 1 um) and the cell processes
and PCS (< 100 nm). As discussed, an ideal imaging method is one which can achieve this
range of resolutions in vivo, in 3D, and over large volumes. In the absence of this ‘holy grail’

correlative microscopy offers an incremental improvement in imaging.

The correlative imaging approach developed in this project combines X-ray and electron
microscopy modalities (CXEM) and will bridge some gaps between the individual methods
(Table 7). Relatively large volumes will be analysed to quantify measures of many
thousands of cells (X-ray uCT) and high-resolution quantitative information (SBF SEM) will
be obtained concurrently from both the cellular and matrix components across tens of cells

from within the original image volume.

This section has reviewed the history and the state of the art in techniques and tools
applied to describe and quantify the microstructure and ultrastructure of the ON&LCN.
Much has been learnt about the morphology of cells and processes, lacunae and canaliculi,
the organisation of the networks and the changes which occur in aging and disease.
However, there is a lack of information on the details of the relationships between the cells
and the matrix as often they are imaged separately and the context is lost. 3D high
resolution imaging of whole cells in relation to each other and to the matrix is also

desirable. As geometry of the ON&LCN can impact strain sensation, those mechanisms
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have been and are investigated by simulation to determine local matrix strains around cells
(Wang et al., 2018) and to study wall shear stresses at the cell fluid interface (Anderson et
al., 2005). However, it has been shown that idealised geometries are not appropriate to
calculate local strain and cause underestimation of forces felt by cells (Anderson and
Knothe Tate, 2008). So, more refined models are required based on 3D data (number of
processes, process diameter, tortuosity) to enable more realistic in silico simulations. Our
data will provide 3D measures of cell, lacunar and PCS volumes along with process and

canalicular measures and variations in those measures across many cells.

Table 7 Quantitative measures produced by CXEM.
Quantitative data obtainable using uCT and quantitative data obtainable with SBF SEM are shown.

Using CXEM expands the range of measures.

Osteocyte/Lacunar number and volume densities

Osteocyte/Lacunar distribution

Lacunar occupancy (%)

Osteocyte/Lacunar volume

Mean osteocyte/lacunar volume

Osteocyte/Lacunar dimensions

Osteocyte/Lacunar anisotropy

Osteocyte/Lacunar orientation

Pericellular space volume and dimensions

Number of processes/canaliculi

Orientation of processes/canaliculi

Process/canaliculi dimensions

Process/canaliculi tortuosity

Ultrastructural details (e.g. nuclear contents, cell health)
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Section 2.8 of this chapter will discuss in greater detail the development of computational

models for ON&LCN mechanobiology.

2.8 3D quantitative morphometry

In this section, the importance of standardised quantitative measures of the ON&LCN, the
historical perspective on standardisation, and the identification of further measures
required across length scales are reviewed and discussed. As outlined in the previous
sections, gaining an understanding of the role of osteocytes in mechanobiology is
important to bone health. As osteocyte function can be affected by cell and network
morphology and the surrounding matrix environment, the spatial relationships between

the ON and LCN are crucial to measure and later to model.

Reliable quantitative characterisation of both the ON and the LCN based on advanced 3D
imaging across different length scales will inform computational models of bone
mechanotransduction and will allow realistic predictions of ON&LCN activity during health
and disease (Buenzli and Sims, 2015). As highlighted in previous sections, many imaging
techniques have been used and in these studies many reporting methods have been used.
This, in combination with the use of different species and anatomical areas can make
comparisons between studies extremely difficult. Standardisation of measures can go some

way towards making results more comparable.

Standardised quantitative morphometry of ON&LCN structures demands a consistent and
well-defined set of descriptive quantitative 3D measures, independent of imaging
technique and experimental conditions. Quantification of the ON&LCN structures should

ideally be user-independent and automated to ensure consistency and efficiency.
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This section will outline how standardised terminology for ON&LCN morphology was first

introduced and how it has evolved with the introduction of new imaging methods.

In 1987 a report by the American Society for Bone and Mineral Research histomorphometry
nomenclature committee was published (Parfitt et al., 1987). It aimed to create a unified
system of standardised terminology by merging existing systems of nomenclature (when
up to nine different terms were in use for a single measure) into a single system. These
guidelines were adopted and subsequently reviewed and updated (Dempster et al., 2013).
The guidelines include standardised nomenclature, symbols and units for reporting bone
histomorphometry. 3D measurements are limited to surface, volume and thickness and all
3D measures are derived from 2D data. The guidelines are based on data from LM methods
and thus while they do include sub-cellular measures including nuclear volume and
cytoplasmic volume they do not extend to microstructural detail such as osteocyte

processes or canaliculi.

With the advent and more widespread use of imaging techniques with improved resolution
including uCT, the need for clearly defined and robust 3D measures was again highlighted.
Measures of vascular canal connectivity were introduced (Cooper et al., 2003) and a
committee was set up to address the need for consistent reporting of both image
acquisition parameters and microstructural measures of bone tissue (Bouxsein et al., 2010).
The guidelines produced define and describe 3D measures for trabecular and cortical bone
morphology. As these standards are aimed at researchers producing data using lab based
and SR pCT they do not extend to ultrastructural details of bone tissue and do not include

measures for osteocytes.

A study using SR uCT and nano-CT introduced tissue level vascular canal indices and cellular

level lacunar indices including number of lacunae (N.Lc), lacuna number density
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(N.Lc/Ct.TV), lacuna volume (Lc.V) and lacuna volume density (Lc.V/Ct.TV) (Schneider et al.,
2007). Canalicular indices for bone were introduced in a FIB SEM study of the LCN
(Schneider et al., 2011). Measures defined include canalicular volume (Cn.V), canalicular

volume density (Cn.V/Ct.TV) and canalicular thickness (Cn.Th).

It should be noted that the standard definition allocated to the abbreviation Ca is
canal(icula)(r) (Dempster et al., 2013). As this does not distinguish between vascular canals
and lacunar canaliculi, researchers have used Ca for both vascular canals (Schneider et al.,
2013) and canaliculi (Buenzli and Sims, 2015). The abbreviation Cn is allocated to the term
cancellous in (Dempster et al., 2013). Thus, care is needed in interpretation and comparison

of quantitative measures.

Other studies carried out on the ON&LCN which have produced descriptive measures of
shape, orientation, number densities, and occupancy ratios include (Britz et al., 2012b,
Carter et al., 2013b, Schneider et al., 2007, Sugawara et al., 2005, van Hove et al., 2009,
Ascenzi et al., 2008, Kerschnitzki et al., 2011, Schneider et al., 2011). A further framework
was proposed for the 3D quantitative characterisation of osteocyte lacunae and their 3D
spatial relationships across length scales from global to cellular levels (Mader et al., 2013).
This framework includes shape, orientation, number density, spatial distribution and
alignment and has been used to quantify lacunar properties in bone (Bach-Gansmo et al.,
2015, Mader et al., 2015, Heveran et al., 2018, Wittig et al., 2016). In a study of the ON,
measures related to connectivity and spatial distribution including canalicular connectivity

between nodes, links and cells were compared (Kerschnitzki et al., 2013).

Dong and colleagues used automated quantification to extract 3D shape descriptors from
SR CT data including number of lacunae (N.Lc), lacunar number density (N.Lc/BV), number

of canaliculi (N.Cn) and canalicular branches (Dong et al.,, 2014b). The lacunar shape
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descriptors degree of equancy (Lc.Eq), degree of elongation (Lc.El) and degree of flatness
(Lc.Fl) have been introduced (Carter et al., 2013a). The total number of osteocytes,
osteocyte connections and the size of the LCN in the human skeleton have been derived

from quantitative data from 3D images of the LCN (Table 8)(Buenzli and Sims, 2015).

Table 8 Osteocyte network quantities for the human skeleton

ON measures used in calculations in (Buenzli and Sims, 2015). (Human unless stated otherwise).

Description (abbreviation) Formula Value
Osteocyte density (N.Ot/BV) (N. Ot/N. Lc) x (N. Lc/BV) 19,000-28,500 mm—*
Total number of osteocytes (Tt.N.Ot) (N. Ot/BV) x BV 41.6 x 10° (~42 billion)
Total number of lacunae (Tt.N.Lc) (N. Lc/BV) x BV 43.8 x 10° (~44 billion)
Total number of osteocyte dendritic processes (Tt.N.DP) Tt. N. Ot x (N. DP/Ot) 3.7 x 10" (3.7 trillion)
Total number of osteocyte connections (Tt.N.OL.Cx) (N. Cx/DP) x (N. DP/Ot) x Tt. N. Ot/2 23.4 x 10" (~23 trillion)
Number of terminal connections per osteocyte (N.Cx/Ot) (N. Cx/DP) x (N. DP/Ot) 1128
Number of terminal connections per dendritic process (N.Cx/DP) 1 _ 1) (TLDPL/DP) 12.7

wt (] m) 0
Total cumulated length of osteocyte dendritic processes (Tt.DP.L) (Tt. DP. L/BV) x BV 175,000 km
Cumulated length of osteocyte processes per osteocyte (Tt.DP.L/Ot) 11(""‘0;%3\]/) 4.2 mm
Cumulated length of a single osteocyte process (Tt.DP.L/DP) . ‘}k?ihﬁﬂlﬂ:,m) 47 um
Total lacuno-canalicular system surface area (Tt.LCN.S) Le.Sx Tt.N.Lc+ 2mx Ca.Rd x Tt. DP. L 215 m?
Total lacuno-canalicular volume (Tt.LCN.V) Lc.V x Tt. N. Lc + m x Ca. Rd® x Tt. DP. L 35.8 am®
Lacuno-canalicular porosity T '-B(;’N v 2.05%
Total extracellular lacuno-canalicular volume (Tt.ECLCN.V) Lc. S x g x Tt. N. Lc + m(Ca. Rd? — DP. Rd?) x Tt. DP. L 24.2 cm®
Number of osteocytes replaced per unit time Rem. R x (N. Lc/BV) 3.33 x 10° cells/year

9.1 x 10° cells/day

A study of human bone tissue using CLSM described quantitatively the canalicular density
(Ca.Dn) and its variation within osteons (Repp et al., 2017). Canalicular network metrics
using topological descriptors derived from complex network theory have also been

developed (Kollmannsberger et al., 2017).

Bone J (Doube et al., 2010) is an Imagel (Schindelin et al., 2012) plug-in designed specifically
to provide standard measures for bone image analysis in an easily accessible and open-
source approach. Bonel has provided a significant contribution to the field. It allows
calculation of several whole-bone, trabecular, and osteocyte lacunar measures including
surface area, volume, and orientation but lacks the flexibility to perform a number of
different analyses, necessary for large-scale studies and detailed analysis of distribution,
alignment, and other osteocyte lacunar measures. Bonel requires that data be isotropic for

many functions and as the SBF SEM data produced here is anisotropic and re-sampling to
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produce isotropy would remove much of the x-y detail which is crucial to this project the

application of Bonel was limited in this project.

Combining the measures in the existing guidelines while adding measures for osteocytes
and ultrastructural detail would lead to a more comprehensive standard data set. In
summary, a quantitative framework should include, although not be limited to, detail such
as; osteocyte number density, spatial distribution and alignment, microstructural
information including cell, pericellular space and lacunar shape and volume as well as

ultrastructural detail such as process and canaliculus dimensions and tortuosity.

Here the historic and current situations have been reviewed and it is concluded that
systematic quantitative characterisation of the ON&LCN based on 3D imaging across length
scales is required. The contribution of quantitative measures to the field is illustrated by
the use of anatomical data of osteocyte processes from TEM images which allowed the
fluid flow strain amplification model to be tested and refined (You et al., 2001, You et al.,
2004). TEM provided high-resolution measures of process diameter, PCS and canalicular
structure as well as evidence for the presence of and spacing between the tethering
elements which form a crucial part of the model. The model did not explain the molecular
mechanism of sensation so has been further expanded to include integrins, identified using
LM and immunohistochemical staining (Wang et al., 2007, McNamara, 2006, McNamara,
2009). As continually improving imaging data has provided critical input for theoretical
models, allowing and improving realistic quantitative predictions, so it is hoped that CXEM
imaging of bone will also provide data for future models and valuable insights into how
structural changes affect mechanobiology. For example, data on canalicular occupancy and
the number of cells which make connections with vascular and other structures, would

improve accuracy when calculating the number of connections between osteocytes and
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related cell networks. Modelling different cellular connectivity states may help to show

how communication and mechanobiology are affected at different length scales.

As quantitative data is obtained in 3D over larger volumes and in greater detail the
existence and use of a standard framework becomes more important, as does the
automation of data acquisition and subsequent data handling. A standard set of measures
for 3D quantitative characterisation of the ON&LCN has been created but is as yet
incomplete, when high resolution and direct osteocyte imaging are considered. Further

measures defined for inclusion are outlined in Chapter 4.

2.9 Computational models

Strains applied to whole bone are much lower than strain levels required to cause
intracellular signalling, so must be amplified to elicit a biochemical response (You et al.,
2000). To investigate and explain this phenomenon, pathways in bone mechanobiology
must be understood. As direct experimental measurement in bone is challenging, in silico
models have been widely used. In this section, proposed mechanisms for strain
amplification and mechanotransduction and the importance of high-resolution 3D imaging

to this computational modelling are reviewed.

2.9.1 Proposed mechanisms for strain amplification

Candidates for the mechanosensory system in bone were initially reviewed in the early
1990s, and included changes in whole tissue strain, hydrostatic pressure and streaming
potentials generated by fluid flow through pores in a charged matrix (Cowin et al., 1991).
More recently, theoretical and experimental studies have provided evidence in favour of
interstitial fluid flow, driven by extravascular pressure and loading and also of direct matrix

strain, where mechanical signals are transmitted from the whole bone to the ON. A further
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possibility is the sensation of microdamage which stimulates removal and/or repair of

damaged bone.

29.1.1 Interstitial fluid flow

Mechanical loading-induced fluid flow facilitates cell nutrition and waste removal (Piekarski
and Munro, 1977). Early mathematical models of LCN fluid flow assumed simple cells
without processes (Kufahl and Saha, 1990). More refined models, which took into account
both the PCM and the osteocyte processes showed that fluid flow is driven to the centre
of osteons and that a molecular sieve is present in the PCS (Zeng et al., 1994), later
confirmed when tracer studies delineated the interstitial fluid space (Wang et al., 2004). In
the mid-1990s attention was focused on interstitial fluid flow as the key mechanism for
bone mechanotransduction (Weinbaum et al., 1994b, Cowin et al., 1995, Klein-Nulend et
al.,, 1995). A model for strain amplification by fluid flow and mechanical stimulation of
osteocyte processes was developed (Cowin and Weinbaum, 1998, You et al., 2001). It was
hypothesised that the cell process was attached to the bone matrix by tethering fibres and
that during loading the fluid passing through the PCS creates a drag on the bone matrix,
which in turn creates tension on the tethering fibres and leads to strain experienced by the
osteocyte process membrane. This model predicted strain amplifications from tenfold to
hundredfold and confirmed earlier predictions (Weinbaum et al., 1994b) with the
difference that the activating signal was the fluid flow-induced drag on the tethering fibres,
and not the fluid shear stress. TEM subsequently revealed organised actin filament bundles
within processes, less organised actin within the cell body, tethering elements and matrix
material within the PCS (Tanaka-Kamioka et al., 1998, You et al., 2004) leading to a more
refined model (Han et al., 2004). This model demonstrated that mechanical strains applied

to the whole bone can be amplified enough to elicit cell signalling (You et al., 2004).
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Immunohistochemical analysis revealed aVB3 integrins on conical structures protruding
from the ECM, connected to the membrane of the osteocyte process and tethering fibres
(Wang et al., 2007, McNamara et al., 2009). A model introducing the concept of integrin-
based initiation of intracellular signalling was developed (Wang et al., 2007) (Figure 10).
This model exhibits rigid integrin attachments at the tip of the conical structures, tethering
complexes at the osteocyte process membrane linked to the central actin bundle, and actin
filaments that slide relative to each other. This model leads to greatly amplified axial strains
in the membrane near the integrin attachments, which are sufficient to initiate electrical
signalling. The role of aVB3 integrin attachments has been further investigated using
cultured cells showing that blocking integrin function changes osteocyte morphology and
disrupts the release of biochemical responses to shear stress (Haugh et al., 2015). Analytical
models indicate that the viscosity of the interstitial fluid and the permeability of the PCM
significantly affect flow in the LCN (Sansalone et al.,, 2013). Models based on UHVEM
predict that the geometry of the PCS affects the velocity of fluid flow (Kamioka et al., 2012).
Fluid structure interaction (FSI) studies take into account the elasticity and potential
deformation of the cell membrane in response to fluid flow. CLSM data has been used with
FSI modelling to predict the mechanical environment of osteocytes during loading and
showed that stimulation is greater in the cell processes than the cell body (Verbruggen et

al., 2014).

2.9.1.2 Direct matrix-cell deformation

An alternative mechanism to interstitial fluid flow is direct matrix-cell deformation
(Nicolella et al., 2005) the effects of which have been studied by in vivo strain
measurements during physical activity, (Hoshaw et al., 1997, Milgrom et al., 2004). These

studies do not account for microstructural inhomogeneity and variations in local tissue/cell
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strains (Nicolella et al., 2006), therefore, FE models have been used to quantify local tissue
deformation and response to changes in the local environment (Bonivtch et al., 2007,
Deligianni and Apostolopoulos, 2008). It has been proposed that the osteocyte lacuna acts
as a strain amplifier and that the amplification factor is related to the properties of the
surrounding bone matrix (Nicolella et al., 2006, Bonivtch et al., 2007). FE modelling found
that changes in the material properties of the surrounding bone matrix had significant
effects on strain levels with maximum strains resulting from decreased tissue modulus
(Bonivtch et al., 2007). A simplified 3D FE model of the ON&LCN has been used to explore
the relationship between strain amplification and loading (Wang et al., 2015b). This study
suggests that the strain amplification factor increases with loading frequency and increased
strain. A multilevel FE approach, using idealised LCN geometry, related loads applied to
whole bone with strains at a single lacuna and canaliculi (Deligianni and Apostolopoulos,
2008). This study revealed that osteocytes may experience much larger strains than those
measured in vivo, which may be sufficient to elicit cell responses, suggesting that loads
directly mediated through the mineralised bone matrix may produce a reaction similar to

fluid flow.

29.13 Microcrack theory

Disruption or deformation of osteocytes by microcracks in the bone matrix caused by
loading and fatigue has been shown to trigger firstly localised apoptosis and subsequently,
targeted bone remodelling (Martin, 2000, Martin, 2002, Noble et al., 2003, Heino et al.,
2009, Cardoso et al., 2009). Microcracks are also likely to affect the fluid flow within bone
and consequently, bone mechanobiology. In a study measuring microstructural strain in
cortical bone, it was found that the presence of a microcrack caused increased strain

amplification (Nicolella et al., 2005). In an FE modelling study for a simplified Haversian
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system, where strain-induced interstitial fluid velocities in osteons were evaluated, it was
shown that the presence of a microcrack reduced fluid velocity, modifying the cellular
environment and thus mechanobiological mechanisms (Nguyen et al., 2011). It is also
suggested that microcracks do not cause a reduction in local signal sensation but a
reduction in transduction (Ridha et al., 2015). A computational study incorporating both
mechanical strain and microdamage suggested that there is a damage threshold below
which osteocyte processes can sense changes in strain and fluid flow and above which
osteocyte signalling is disrupted and apoptosis occurs (McNamara and Prendergast, 2007).
In line with that, an FE model based on ruptured osteocyte connections suggests that
microcracks inhibit transmission of signals through the osteocyte network (Ridha et al.,

2015).

29.14 Proposed mechanotransduction mechanisms

Mechanotransduction is the conversion of a mechanical signal into a biochemical response,
transmitted to an effector cell, resulting in a coordinated response causing appropriate
architectural changes. Osteocytes detect load via a mechanical signal, likely perceived by
one or more of the mechanisms discussed above. Osteocytes respond by releasing a range
of biomolecules such as intracellular calcium, NO, prostaglandins, Wnt proteins, bone
morphogenetic proteins and sclerostin (Figure 8) (reviewed in (Klein-Nulend et al., 2013).
These signalling molecules modulate the recruitment and activity of osteoblasts and
osteoclasts. This process is suspected to depend largely on the network topology,
architecture and connectivity of the ON&LCN. The following section will discuss the
contribution that improved high resolution 3D imaging can make to the success of future

computational models.
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Figure 21  Anillustration of the evolution of finite element models of bone cells
A An FE model based on an idealized lacuna (Bonivtch et al., 2007)
B An FE model based on realistic cell geometry from X-ray nano-tomography .

Adapted from (Giorgi et al., 2016)

2.9.2 The importance of high-resolution 3D imaging to computational modelling in bone

mechanobiology

Computational modelling studies on bone mechanotransduction can be limited by the use
of idealised ON&LCN geometries, which have been shown to be inappropriate when
investigating local mechanical strains (e.g. simplifying the lacuna as an ellipsoid) (Figure 21)
(McCreadie et al., 2004). Comparing the use of actual and idealised pericellular and
canalicular geometries in computational fluid dynamics shows the influence of
physiological geometry on force magnitudes imparted to cells through load-induced fluid
flow. Idealisation resulted in underestimation of flow and shear stresses imparted by fluid
drag on osteocytes (Anderson and Knothe Tate, 2008). A numerical study of murine
osteocytes highlighted large differences between the results derived from idealised and
from more realistic models for the ON&LCN, the PCM and ECM (Verbruggen et al., 2012).

However, LCN geometry in this study was approximated based on CLSM images, which does
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not offer spatial resolution sufficient to capture the fine details of the canaliculi. In an FSI
study CLSM was used on rat bone sections to create a realistic ON&LCN model, which was
further informed by earlier TEM data in terms of the conical ECM projections (Verbruggen
et al., 2014). This study predicted that the cell process is the most mechanically active and
mechanosensitive region of the osteocyte, confirming the results from an earlier study
using an idealised model (Anderson et al., 2005). Some limitations of this study are the
spatial resolution (~ 100 nm) not being adequate to detect the narrower processes, and
the use of 2D TEM data to create a 3D model. Furthermore, assumptions were made about
material properties of the cell and the bone matrix, the PCM was excluded and the
anisotropy of the cell and the influence of the actin cytoskeleton were not reflected in the
model. This does not undermine the value of this study, but rather underlines the
complexity of modelling mechanotransduction processes at cellular and sub-cellular scales.
As the reliability of FE analyses is largely determined by the accuracy of the input, accurate
spatial description and quantification of the ON&LCN geometry is an essential prerequisite
for more realistic models. In line with this, FE modelling of the LCN using high-resolution
imaging techniques (ptychographic X-ray CT) data of mouse bone has been carried out
(Dierolf et al., 2010, Schneider et al., 2012b) and provided evidence that high strain
magnifications are limited to pericanicular regions and that FE modelling based on
experimentally derived images of the LCN leads to higher strain magnification in

comparison with idealised models.

A fluid dynamics modelling approach employed ultra-high voltage EM tomography to
reconstruct a small section of a canaliculus in 3D (ignoring tethering elements and
proteoglycans in the PCM) (Kamioka et al., 2012). Contrary to previous work (Wang et al.,
2007, McNamara et al., 2009) no conical projections from the matrix wall were found

(based on a single sample). In addition, the study showed that variations in the roughness
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of the canalicular wall influenced the loading-induced flow of the interstitial fluid. One
conclusion of this study was that fluid flow simulations based on 2D data may lead to

inaccurate findings about mechanotransduction mechanisms.

In an FE study, human bone was imaged using synchrotron X-ray phase nanotomography
at a voxel size of 50 nm (Varga et al., 2014). The LCN morphology was quantified and the
osteocyte and processes artificially reconstructed using a priori assumptions from TEM and
CLSM studies to approximate cell shape, canalicular occupancy and PCM and osteocyte
process dimensions. FE models were generated and subjected to uniaxial compression
confirming the existence of strain magnification through direct matrix-cell
mechanotransduction. Furthermore, it was reported in the same study that cell
deformations were localised at the cell-process junctions. These results confirm findings of
previous investigations (Bonivtch et al., 2007, Deligianni and Apostolopoulos, 2008). A

limitation of this study was the lack of original imaging data describing the cell shape.

In summary, the contribution of in silico models to the understanding of bone
mechanobiology is undeniable. Recent improvements in computing power have allowed
modelling to become a more important tool to test theories and develop new hypotheses.
Modelling cell mechanobiology is challenging because of the small scales involved and the
limitations of imaging to date. The discipline has progressed from 2D models to more
complex 3D models, incorporating increasing levels of micro-architectural and
physiological detail, which include actin fibres, focal attachments and more realistic

geometries.

As the central question of bone mechanobiology asks how loading is transferred from the
macroscopic organ level to the microscopic cellular level, computational approaches

should integrate models across organ, tissue and cell scales, to allow realistic predictions
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(Webster and Muller, 2011, Giorgi et al., 2016). Multiphysics modelling methods which
combine the effects of several physical phenomena reflecting more realistically the in vivo
environment should also be adopted (Giorgi et al., 2016). Further improvements in
computational power and techniques along with reliable quantitative characterisation of
both the ON&LCN based on advanced 3D imaging across different length scales will
enhance both the predictive and descriptive ability of computational models and
consequently enable the development of novel hypotheses and experimental studies
(Buenzli and Sims, 2015). For example, data on canalicular occupancy and connectivity
between cells and vasculature, would improve accuracy when calculating the number of

connections between osteocytes and related cell networks.

In general, many computational models take a reductive approach, using simplified
structures, such as models of individual cells used to represent a complex system. In future,
expanded, more holistic, multiscale, multiphysics methods will be within reach and data

from CXEM studies may contribute to this.

2.10 Conclusion

The ON&LCN are crucial for normal physiological functions of bone and other tissues,
including homeostasis, repair and endocrine functions. The structure of the ON&LCN are
changed across scales from the organ level — (distribution and density) to the cell level
(number of processes, cell death) in development, ageing, oestrogen loss and diseases
including OP. As changes in the structure of the ON&LCN affect mechanobiology,
understanding these changes and their causes may help to clarify the pathophysiology of
bone and eventually help identify therapeutic or preventative targets for diseases including

OP.
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In order to achieve this imaging is required. Ideally that imaging would be in vivo, large
volume, high resolution and functional. However that possibility does not exist today and
as a compromise a method for high resolution 3D imaging across length scales achieved

using correlative uCT and EM (CXEM) is proposed.

In this spirit of furthering understanding of ON&LCN characteristics and the effects of both
on mechanobiology, this project aims to develop a framework for CXEM imaging to
characterise quantitatively, across length scales, 3D osteocyte and lacunar
microarchitecture in diseased human bone as well as of bone tissue across the animal life

course.

The review process in this chapter has highlighted particular measures which are not
systematically characterised to date. Data produced using CXEM will quantify both the ON
and LCN and provide 3D measures of PCS, lacunar occupancy, cell process and canalicular

dimensions, all lacking as described above.

Computational models have developed, improved and produced useful and relevant results
as computing power has increased and as experimental data to ‘feed’ the models has

improved. CXEM data can contribute to this continuing improvement.

In this chapter, the hierarchical structure of bone and the ON&LCN were described from
the organ, through microstructural and ultrastructural scales. Bone cells were described,
functions of osteocytes outlined and the changes observed to date in ON&LCN structure
during ageing and pathology outlined. The properties of the ideal imaging method, imaging
methods in use for ON&LCN imaging today and the advantages of correlative imaging have
been discussed. Finally, a review of existing 3D quantitative morphometry used for

characterisation, and identification of new measures required was followed by a discussion
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of the progress of computational modelling in mechanobiology and the relevance of high

resolution, 3D imaging to computational modelling.

In the following chapters, the development of methods for CXEM are outlined, followed by

the application of these techniques to human and animal bone in health and disease.
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Chapter3  Development of correlative uCT and SBF

SEM sample preparation and imaging protocols

Parts of the work presented in this chapter are also contained in the paper Development
of protocols for the first serial block-face scanning electron microscopy (SBF SEM) studies

of bone tissue. Bone 2020 Feb;131:115107

Patricia Goggin, Elaine M.L. Ho, Helmut Gnaegi, Stuart Searle, Richard O.C. Oreffo, Philipp

Schneider

3.1 Introduction

As established in Chapter 2, there is a need for a high-resolution 3D imaging technique that
can simultaneously image the soft and hard tissue components of bone over a volume
containing a substantial network of cells. Correlative X-ray and electron microscopy
(CXEM), designed to meet this need, combines SBF SEM and tomography uCT in a
correlative technique. CXEM will allow imaging and analysis of quantitative hallmarks of
bone structure in 3D, at high resolution and across length scales. In order to apply CXEM to
bone tissue, optimisation of the sample preparation and subsequent image processing and

analysis protocols is essential.

The aim of the optimisation process described in this chapter is to prepare bone tissue for
CXEM imaging and to refine the imaging processes. This necessitates fulfiiment of the
requirements of both SBF SEM and pCT, which will be discussed below. Imaging methods
are optimised so that results show the ON&LCN and produce images that can be

subsequently segmented to produce quantitative data and informative volume renderings.
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SBF SEM can visualise both osteocyte ultrastructure and the surrounding bone matrix in 3D
and segmented images provide a source of quantitative information. Bone tissue
decalcified and prepared for SBF SEM will also be imaged using uCT, allowing imaging of

osteocytes and vascular tissue..

The objectives of this chapter are:

e Optimisation of the stages of CXEM sample preparation for bone tissue namely,

fixation, staining, decalcification and sample mounting.

e Optimisation of CXEM imaging conditions for bone tissue by analysis of signal to

noise ratio, contrast to noise ratio and charging artefacts.

In this chapter, SBF SEM and uCT are introduced and the development of protocols for bone
tissue preparation outlined. Complete protocols are set out in Appendix A. Image
processing and analysis methods for the data are set out in Chapter 4 and Appendix B. The
application of CXEM to bone tissue will facilitate qualitative and quantitative 3D studies of
tissue microstructure and ultrastructure in bone development, ageing and pathologies such

as OP and OA, to be described in Chapters 5 and 6.

3.1.1 Introduction to SBF SEM

3.1.1.1 Historical perspective on SBF SEM

Leighton and Kuzirian developed a promising technique for 3D imaging in the 1980’s known
as serial block-face imaging (SBFI) (Leighton, 1981, Leighton and Kuzirian, 1987) (Figure 22).
In an SEM chamber, sections were cut from a resin block using a tungsten-coated glass

knife, then the block-face was etched with oxygen plasma, which etches away resin faster

than tissue, thus providing relief on the block-face and improving visualisation of tissue and
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cellular components. The block-face was sputter-coated with gold to render it conductive
and allow imaging free of charging artefacts, before a secondary electron image was
recorded and the cycle repeated. The quickest cycle time for sectioning, etching, coating

and imaging was 10 minutes.

Serial Block Face Imaging
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Figure 22  Cycle of SBF SEM imaging in the prototype apparatus.

In a high-vacuum SEM chamber sections were cut from a resin block using a tungsten-coated glass
knife, then the block-face was etched with oxygen plasma improving visualisation of tissue and
cellular components. The block-face was sputter-coated with gold to render it conductive and
allow charge-free imaging before a secondary electron image was recorded and the cycle begun
again. The best cycle time for sectioning, etching, coating and imaging was 10 minutes.

Reproduced with the permission of Alan Kuzirian.
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Due to limited funding, the contemporaneous development of confocal microscopy,
subsequently adopted by many researchers, and due to the limitations of the existing
vacuum and imaging technology, such as the restriction to high-vacuum imaging and the
collection of data on film or video, SBFI was neglected for a certain time (personal
communication, Alan Kuzirian). A meeting between Leighton, Kuzirian and the German
physicist Winfried Denk led to further research and development in the early 2000’s (Denk
and Horstmann, 2004) and the launch of a commercial SBF SEM system through Gatan, Inc.
(Abingdon, UK), known as the 3View® system. Alternative platforms such as the Teneo
VolumeScope™ SEM (Thermo Fisher Scientific) (Korkmaz, 2016), and the Katana Microtome

(ConnectomX, Oxford, UK) have also been launched.

3.1.1.2 Modern SBF SEM

Modern SBF SEM produces high-resolution 3D data using automated sectioning
techniques. Lateral (x-y) resolution is comparable to TEM (< 5 nm), whereas the z-
resolution is limited by section thickness (typically 30-70 nm). Using a remotely controlled
ultramicrotome within an SEM, nanoscopic layers are removed from the tissue block, which
is consecutively assessed by a back-scattered electron (BSE) detector to extract
morphologies from 3D datasets with spatial resolutions comparable to TEM (Figure 23 and
Figure 24). SBF SEM can cover large volumes of interest (~ 0.5 mm?3) and in principle,
provides imaging contrast for soft and hard tissues at the same time, such as the ON&LCN,

respectively.
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Figure 23  The SBFSEM system used in this project.

A

Gatan 3View®2XP system fitted in an FEI Quanta 250 field emission gun SEM. The original
door supplied with the microscope is replaced by the 3View® system.

User mounting block into the 3View® system fitted to the SEM chamber door.

Detail of sample block mounted on a pin (arrow) and diamond knife in situ. The double-
headed white arrow shows the travel of the knife and the arrowhead the movement of the
block. During operation the knife moves over the specimen which stays fixed in place in the
x-y plane but moves upwards a pre-determined increment in the z-plane (arrowhead),
allowing the removal of a section when the knife returns to its original position. The block-

face is imaged while the knife is retracted as above. From (Goggin et al., 2020)
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Figure 24  The principle of SBF SEM
A The block face is scanned
B A 50 nm slice is taken using a diamond knife

C The freshly exposed block-face is scanned again (Images adapted from www.gatan.com)
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3.1.1.3 Application of SBF SEM to hard tissues
CLSM, uCT and EM have made significant contributions to the understanding of bone and
osteocyte structure and mechanobiology as outlined in Chapter 2. Serial FIB SEM has been
used (Schneider et al., 2011, Tanoue et al., 2018) to image the ON&LCN covering 2-5
osteocyte lacunae at high spatial resolution. SBF SEM, which can image simultaneously the
soft and hard tissue components of bone over a volume containing a network of up to 100
cells or more has received scant attention to date in the analysis of mineralised tissues. This
is partly due to the availability of the technique. There are hundreds of uCT systems in the
UK compared to < 15 SBF SEM systems (personal communication, Paul Spellward, Gatan
UK). The lack of uptake to date is also due to the perceived difficulty of ultramicrotomy of
harder materials including the risks of section, block and knife damage, and so the

prevalent research focus on the mineralised hard bone matrix using X-ray based methods.

3.1.2 Introduction to uCT

3.1.2.1 Historical perspective

X-rays were discovered by Rontgen in 1895 and were used for imaging both in 2D and 3D.
The mathematical basis for CT image reconstruction was set out some time before the first
system was developed, reviewed in (Landis and Keane, 2010). The technique was in use as
a clinical tool before the first X-ray uCT system, incorporating a revolving stage and with
pixel size about 50 um, was designed and built in the early 1980s (Elliott and Dover, 1982).
Later, the first uCT scanner to evaluate the 3D micro-structure of trabecular bone was built
(Feldkamp et al., 1989). In the 1990s, with the launch of commercial bone uCT
scanners (Rliegsegger et al., 1996) this technique started to become a standard method in

bone research.
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3.1.2.2 Modern pCT

In modern uCT, the specimen is placed in the path of an X-ray beam so that a projection
image is formed on a scintillator or other X-ray-sensitive detector array. The specimen is
rotated and repeatedly imaged at different angles and the series of images is "back-
projected" to reconstruct the x-ray absorption at each point within the specimen (Figure
25). As discussed in Chapter 2, lab-based X-ray puCT systems are widely available and
commonly used to investigate bone microstructure (Muller, 2009, Draenert et al., 2012,
Peyrin et al.,, 2014), while less widely available SR facilities provide higher resolution

capabilities (Obata et al., 2020).

3.1.23 Application of puCT to hard tissues

Attenuation of X-rays by bone tissue provides image contrast for (2D) uCT. The technique
is non-destructive and allows imaging of bone at isotropic resolutions ranging from about
100 um to below 1 um thus providing imaging at organ, tissue and cellular levels (Miiller,
2009). uCT reaches similar resolution to LM, but does not achieve the resolution of EM.
Thus, uCT of mineralised bone allows visualisation of lacunae, but not the fine detail of

canaliculi.

3.1.3 Correlative X-ray and Electron Microscopy

As outlined in Section 2.7.3, combining uCT and SBF SEM in CXEM (Table 9) allows
information to be obtained from an increased volume over SBF SEM alone and gives the
ability to choose regions of interest for SBF SEM. SBF SEM provides high-resolution data
from the cells and surrounding matrix. This is advantageous because as discussed in
Chapter 2 understanding ON&LCN structure across scales and at high resolution is required

to investigate mechanobiology of normal and pathological conditions in bone.
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Figure 25  Principle of uCT

A Interior of an Xradia Versa 510 uCT system

B Schematic illustration of A showing the main components: X-ray source, revolving sample
stage, objective lenses and scintillation screens which together form the detector and
charge coupled device (CCD) for image capture.

Adapted from (Shearer et al., 2016)
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Table 9 Imaging capabilities of uCT and SBF SEM

uCT SBFSEM
Typical volume >10° um3 10° pm?
3D Yes Yes
Destructive No Yes
Resolution <1pm <10 nm (x/y)
Cell and matrix imaging No Yes

The following details the optimisation of sample preparation, followed by the image
collection settings. Chapter 4 will outline the image processing and analysis steps, which

have been developed to extract the aforementioned quantitative data.

3.2 Optimisation of sample preparation

The aphorism ‘Rubbish in, Rubbish out’ is as relevant to microscopy as any other field
(Peddie, 2019). How the samples are treated prior to imaging has a huge effect on the final
results and can lead to the production of misleading data if not carefully considered and

controlled. !

It is imperative that sample processing for correlative imaging preserves structural integrity
and fits the requirements of the each modality used, although not always simultaneously.
In addition to the demands of each imaging technique, the transfer of samples and

processing steps required between microscopy modalities must be carried out with care to

1 On two occasions | have been asked, "Pray, Mr. Babbage, if you put into the machine
wrong figures, will the right answers come out?”... | am not able rightly to apprehend
the kind of confusion of ideas that could provoke such a question.

— Charles Babbage, Passages from the Life of a Philosopher!
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retain orientation and regions of interest and to prevent the introduction of artefacts and

contaminants.

Sample preparation required for uCT imaging of mineralised tissue is minimal, while
imaging of non-mineralised tissues requires the addition of contrast agents such as iodine,
osmium, silver or phosphotungstic acid (Metscher, 2009). During decalcification, which can
improve sectioning in SBF SEM, the contrast provided by minerals is removed, however

when heavy metals stains are introduced, contrast (now negative) is restored.

In order to produce good quality SBF SEM images, tissue to be examined must be rendered
electron dense to produce contrast in the images and made conductive to prevent charging
artefacts that distort the images. The stages of processing are similar to those used in
preparation for TEM imaging (Figure 26). In this section, the optimisation of each
processing stage will be considered in turn and in the following section the uCT and SBF

SEM imaging conditions.

321 Optimisation of sample preparation for SBF SEM

TEM processing involves fixation to preserve the size and structure of the cell components,
staining with heavy metals to introduce electron density, dehydration and infiltration with
resin followed by embedding and polymerisation to create a block of uniform hardness.
Subsequent on-section staining with more heavy metal further enhances contrast. As bone
tissue is mineralised, a decalcification step may be included to render the tissue more
suitable for microtomy (Figure 26). These steps preserve the native shape and organisation
of the cells, render the tissue able to withstand the electron beam and the vacuum
environment without shrinking or tearing, produce contrast between the tissue structures

and make the block of sufficient and uniform hardness to be sectioned easily (Hayat, 1989).
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It is important to recognise however that each of these processes takes the tissue away
from its hydrated in vivo condition and that this must be must considered when
interpreting results. The principles of TEM specimen preparation apply equally to SBF SEM
with the added demands that the tissue should be as conductive as possible in order to
allow scanning of the block-face without charging and should have enhanced electron
density to allow a high-contrast BSE signal to be produced. Staining and imaging facilitate
segmentation of 2D images, 3D volume rendering and quantitative analysis. Sample
preparation steps were optimised using murine and in human tissue and determined

approaches optimised for imaging of the ON&LCN.

FIXATION
3.2.1.1.1

DECALCIFATION

3.2.1.1.2 —— -Ca? —
'\-\.__a_-r' ;___@___.a
STAINING —— +0s UPb
3.2.1.1.2 —
0

RESIN EMBEDDING
3.2.1.1.4

Figure 26 Workflow for SBF SEM sample preparation
Workflow diagram showing the sequence of processing stages in SBF SEM and CXEM preparation.
The curved arrow shows where decalcification may be omitted. The relevant sections in the text

that cover these individual steps are indicated. Adapted from (Goggin et al., 2020).
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This section will describe the stages of sample preparation (fixation, decalcification,
staining and resin embedding) and the optimisation work carried out. The recommended

sample preparation protocol for CXEM imaging of bone tissue is set out in Appendix A.

3.2.1.1 Introduction to sample preparation steps

3.2.1.1.1 Fixation

Observation of bone structures at a cellular level and in a close-to-native state is
challenging since most imaging techniques require tissue processing and/or sectioning,
which entail a plethora of chemical and physical changes (Hayat, 1989, Mollenhauer, 1993).

The criteria for ‘good’ preservation were summarised by Dr Audrey Glauert as:

‘Obvious structural damage should be absent, membranes should be continuous; the
perinuclear space should not be swollen and empty; there should be no empty spaces in the
ground substance or within organelles. Loss of material and dimensional changes should

be kept to a minimum.’ (Glauert, 1975).

Fixation should result in images that reflect the native state of live cells, without artefacts
such as shrinkage, which can lead to misinterpretation. Chemical fixation for EM most often
uses aldehydes, which form crosslinks (covalent bonds) between tissue proteins, arresting
the movement of proteins and adding rigidity to the tissue. Perfusion of chemical fixatives
is ideal because the cells are fixed immediately at the moment of death. However, for
ethical and practical reasons, as the entire organism must be sacrificed and large volumes
of fixative are required, for example when samples of mammalian origin are used,
immersion fixation is preferred. Tissue should be fixed immediately after excision, not
allowed to dry out, thus avoiding artefacts of cell collapse, and dissected into blocks < 2

mm? (to ensure complete penetration of all processing solutions) while submerged in
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fixative solution. Mineralised tissue is a challenging material for precise and immediate
dissection into such small blocks due to the hardness of the tissue. Diamond saws, sharp
single-edged razor blades and bone trephines may be used to facilitate production of

suitably sized tissue blocks.

The most commonly used EM fixatives are 1-4% glutaraldehyde (GA) (CsHsOz) and 2-4 %
formaldehyde (FA) (CH;0). FA penetrates tissue quickly and although the rate of diffusion
of GA is slower it forms stronger links within tissue (Hayat, 1989). Additions to aldehyde
fixatives can improve aspects of bone cell preservation. Acrolein is a small molecule which
has been used for its rapid penetration qualities (McNamara et al., 2009) and Ruthenium

[l hexamine trichloride (RHT) improves fixation of proteoglycans (You et al., 2004).

3.2.1.1.2 Decalcification

Undecalcified bone tissue can be sawn into wafers, then treated with abrasive to form
‘ground’ sections (~ 10 um), with or without resin embedding (An and Martin, 2003). FIB
milling (Bakhsh, 2016, Bakhsh et al., 2015), cryo FIB milling (Bakhsh et al., 2015) and argon
ion beam thinning (Palamara et al., 1981) can be used to produce thin sections of
mineralised bone for TEM by using a focussed ion beam to erode the specimen to a thin
layer. Sections can also be produced using a heavy duty microtome with a tungsten carbide
blade or a diamond knife although this can cause artefacts such as scratching, section
splitting or loss of sample by pulling the mineralised material across the surface of the
block. Knife damage is also a possibility. As ion beam milling is a specialised technique and
it is difficult to produce non-damaged sections of even thickness by microtomy of
mineralised tissue, in most cases the bone tissue is decalcified (inorganic salts extracted)

before processing for EM. Optimal decalcification of bone for SBF SEM should result in
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images which show no signs of scoring, tearing or sample loss and should remove minerals

from tissue without changing the cell structure, introducing artefacts affecting staining.

Tissue should be fixed before decalcification begins, although combined fixative and
decalcifying solutions are commercially available (An and Martin, 2003). During
decalcification strong mineral acids (nitric, hydrochloric), weak organic acids (formic, picric)
or chelating agents (EDTA) remove Ca* ions (An and Martin, 2003). Strong acids decalcify
rapidly but can affect the stainability of tissue (Callis and Sterchi, 1998, Sangeetha et al.,
2013, Sanjai et al., 2012). EDTA affects only the bone mineral thus has less potential to
cause cellular damage but it decalcifies more slowly than acids. A study using bone
decalcified by both EDTA and hydrochloric acid found that the lacuno-canalicular network
was preserved after demineralisation (Lin and Xu, 2011). The decalcification process can
take days or weeks depending on the block size, concentration of decalcifying agent,
agitation and temperature. Microwaves can be used to accelerate the decalcification
process in bone and teeth and it is also suggested that a more even staining results
(Sangeetha et al., 2013, Pitol et al., 2007) although this process is not widely used in routine
bone microscopy. Post embedding block decalcification is possible but would not be
suitable for use with SBF SEM (Shah et al., 2015). SBF SEM imaging of mineralised and

decalcified bone tissue were compared.

3.2.1.13 Staining

Contrast in EM depends on the interaction of the electron beam with structures of differing
electron density. Soft tissue structures do not have inherent electron density so stains must
be attached to the organic molecules. The effectiveness of a stain is related to atomic

weight so the most widely used are heavy metals. Staining for TEM can be carried out en
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bloc during sample preparation and/or on grid-mounted sections before imaging. However,
for SBF SEM all stains must be in the block before imaging. In addition to enhancing
contrast, heavy metals make tissue more conductive, reduce charging and thus improve

sectioning and imaging quality.

Osmium has long been used as a TEM fixative and stain (Palade, 1952). While sufficient to
provide contrast in TEM, tissue stained with osmium alone does not have enough contrast
for SBF SEM where low (2-5 kV) accelerating voltages and a BSE detector are used. Thus,
protocols have been developed to increase the impregnation of heavy metals including the
osmium-thiocarbohydrazide-osmium (OTO) method where thiocarbohydrazide acts as a
bridging reagent allowing more osmium to bind to tissue (Seligman et al., 1966, Malick and
Wilson, 1975) and the ferrocyanide-reduced osmium tetroxide methods (R-OTO)
(Willingham and Rutherford, 1984, Karnovsky, 1971). More recent protocols combine these
methods with prolonged uranyl acetate and en bloc lead aspartate staining (Deerinck,
2010), tannic acid treatment (Starborg et al., 2013) and uranyl acetate, lead aspartate,
copper sulphate and lead citrate (Tapia et al., 2012) to increase the yield of BSE. Large
volume staining for whole mouse brains is also possible (Mikula and Denk, 2015, Hua et al.,
2015). ‘Tried and tested’ stains originally developed for TEM imaging, for example zinc
iodide, are being trialled and found effective as SBF SEM stains potentially allowing imaging
of precious and unique archive material prepared using these stains many years in the past

(Kittelmann et al., 2016, Boulogne et al., 2020).

3.2.1.14 Resin embedding

Biological samples for SBF SEM need to be embedded in resin, which supports the tissue,

creates block of uniform hardness and allows the block to remain stable, resist shrinkage
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and maintain integrity in the electron beam. Assessment of radiation damage with TEM
and AFM topographical analysis have shown that HardPlus and a Durcupan/Epon mixture
are suitable resins for FIB SEM, maintaining stability and dimensional integrity during
imaging and processing (Kizilyaprak et al., 2015). To date no comprehensive comparison of
resins for SBF SEM has been carried out. One group comparing CY212, TAAB LV and Agar100
Hard resins favoured Agar100 Hard (Starborg et al., 2013). Resins used in SBF SEM studies
have included Spurr resin (Kremer et al., 2015, Hondow et al., 2016), Epon (Kremer et al.,
2015), Agar 100 (Hughes et al., 2013), Araldite (Arkill et al., 2014) and Durcupan (Armer et
al., 2009, Russell et al., 2016, Deerinck et al., 2010). All commercially available resins are
non-conductive. However, recent developments have suggested that the addition of
carbon-based material such as carbon nanotubes or Ketjen black can produce a conductive
resin which reduces charging artefacts and improves resolution (Nguyen et al., 2016,
Ellisman, 2015). SBF SEM data produced from bone tissue embedded in three resins were

compared to determine the most suitable.

3.2.1.2 Optimisation of sample preparation steps
3.2.1.2.1 Comparison of fixatives for SBF SEM of bone tissue

The effects of fixatives on human osteocytes were examined, using measurement of cell
process shrinkage and a novel scoring system to evaluate the results in TEM images.
Assignment of scores to aspects of EM images is an established quantitative technique
(Baandrup et al., 1981, Grab et al., 1993, van den Bergh Weerman MA, 2008, Kuhn et al.,

1975, Shami et al., 2014).

The four fixatives used were:
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A: 1.5% GA, 1.5% FA, 1.5% acrolein in 0.1M piperazine-N,N’-bis(2-ethanesulfonic acid)

(PIPES) buffer

B: 3% GA, 4% FA in 0.1M PIPES buffer

C: 3% GA, 4% FA, 0.7% RHT in 0.1M PIPES buffer

D: 3% GA in 0.1M sodium cacodylate buffer

Five human femoral heads (male 63 y/o, 72 y/o, 50 y/o and female 61 y/o, 50 y/o) were
obtained from patients undergoing hip replacement surgery, with approval from the
Southampton Hospital Ethics Committee (LREC 194/99) and appropriate patient consent.
The femoral heads were immersed in fixative B within 2-20 min of excision. B is the most
acceptable fixative to use in the clinic setting as the contents, while harmful are non-toxic.
Blocks (< 2 mm3) from the femoral head (FH) were cut using a fine toothed saw with
hardened double blades, set at 2 mm distance (JLC, Czech Rep). Blocks were immersed in
fixatives A-D for 6 h, rinsed in the appropriate buffer and placed in 2% aqueous osmium
tetroxide (TAAB, Aldermaston, UK) for 1 h, all at room temperature on a rotator. Samples

were decalcified and processed for TEM according to the protocol in Appendix A.
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Scoring scheme used to evaluate fixation quality
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SCORE

Cell membrane

Regular, continuous, intact and

clearly distinct.

Changes to regularity,
less well defined,

membrane protrusions.

Disrupted, broken,
discontinuous, irregular,

indistinct, blebbing.

distinguishable with chromatin
masses adjacent to membrane,

no chromatin aggregates.

Change in
nuclear:cytoplasmic

ratio.

Lamina Well-defined, continuous, Discontinuous, not well|Not visible, indistinct.
electron dense. defined.
Limitans
Fine granular homogenous Condensation of Spaces/gaps/vacuolation,
Cytoplasm Jappearance, no cytoplasmic material. [irregular staining.
gaps/extraction, even staining.
Double membrane intact and |Separation of Disrupted, irregular
Nuclear
regular. membranes, widened
membrane
perinuclear cisternae.
Regular shape, euchromatin Condensation of Signs of apoptosis,
and heterochromatin nuclear material, membrane disruption.
homogenous and spaces in nucleus.
Nucleus

Mitochondria

No swelling or shrinkage, no
dilation of intracristal space, no
distortion in morphology
membranes outer double
membrane and cristae intact,

dense matrix.

Some swelling or
shrinkage, distortion of

cristae.

Swelling, shrinkage,

'blown', distended or

peripherally located cristae,

spaces.

Separation

artefact

None

Small (< 250 nm)

Large (>250 nm)

121




Chapter 3

The scoring system evaluates the morphology of the cell membrane, lamina limitans,
cytoplasm, nucleus, nuclear membrane and mitochondria (Table 10 and Figure 27). The
appearance of these features was assessed in each cell observed with perfect preservation
scoring 2, compromised preservation 1, and very poor preservation 0, giving a maximum
quality score of 14. Percentage shrinkage of cell processes was calculated using the
methods set out in (Shah et al., 2015). Briefly, the diameter of the process in relation to the

canalicular width was measured and the percentage area calculated.

Figure 27  Preservation of cell ultrastructure

A A TEM image of an osteocyte showing good preservation, cell (CM) and nuclear
membranes (NM) are intact, the separation artefact is small*, mitochondria (m) (inset)
have intact cristae and no swelling is observed.

B A TEM image of an osteocyte showing poor preservation, cell (CM) and nuclear
membranes (NM) are broken, nuclear material is clumped, there are spaces in the
cytoplasm, a large separation artefact is present *, however the lamina limitans (L) is well
defined.

Scale bars =2 um
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In order to determine which fixative, if any, produces the highest fixation quality scores,
the inter-patient variation and any sex differences, quality scores for fixatives and patients
and were compared to determine the effect on the quality and thus suitability for future
work. Percentage process shrinkage was similarly compared. Results were plotted and

analysed using one-way ANOVA tests in GraphPad Prism.

3.2.1.2.2 Comparing mineralised and decalcified bone tissue for SBF SEM

A 10-week-old C57BL/6 mouse (Home Office Project Licence Number 30/3095) was
perfused with 4% FA, 3% GA, in 0.1M PIPES buffer, pH7.2, the tibiae removed and blocks
approximately 2mm?3 cut with a single edged razor blade from the mid-tibial shaft without
allowing the tissue to dry out. 4 blocks were decalcified using a 7% EDTA solution with
continuous rotation for one week while the remaining blocks were stored in buffer. The
EDTA was changed daily. Blocks were processed for SBF SEM as described in Appendix A
and imaged using the 3View® XP2 (Gatan, Abingdon, UK) in a Quanta 250 FEG SEM (FEl,

Eindhoven, Netherlands) at 3.5 kV, spot 3.5, 40 Pa, 8192 x 8192 pixels at 6.5 nm pixel size.

3.2.1.23 Staining for SBF SEM imaging

A slightly adapted version of the ‘Ellisman’ protocol (Deerinck, 2010) has been used on

murine and human tissue and is included in the sample preparation protocol (A.4).

3.2.1.24 Comparing resins for SBF SEM imaging

Murine tissue blocks prepared for SBF SEM as described 3.2.1.2.2 above were embedded
in Agar low viscosity (ALV) (Agar Scientific, Stanstead, UK) (a Spurr resin replacement),
Durcupan (TAAB, Aldermaston, UK) and TAAB (TAAB, Aldermaston, UK ) resins, imaged in

the SBF SEM and the resulting image stacks compared by eye.
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3.2.13 Results of sample preparation optimisation

3.2.1.3.1 Comparison of fixatives for SBF SEM of human bone tissue

Comparing male and female patients, no significant difference in either preservation
quality or shrinkage was observed. Comparing patients, a significant difference (p=0.0436)
was seen in the quality scores. No significant difference inter-individual difference was
observed in shrinkage. There was no significant difference in either quality or shrinkage

with the various fixatives (Figure 28).

3.2.1.3.2 Comparing mineralised and decalcified bone tissue for SBF SEM

The SBF SEM data from mineralised tissue can be produced in a shorter time and have more
widespread electron density as the calcified matrix produces a high BSE signal. No block-
face damage from cutting was seen on either dataset — discussed later in section 3.2.2.1.

The images of decalcified bone show much greater detail within the osteocytes (Figure 29).
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Figure 28  Analysis of quality scores and percentage shrinkage data.

Quality scores and shrinkage data compared for sex, patients and fixatives. There were no
significant differences in scores between males and females. There was a significant inter-
individual difference (p< 0.05) in quality scores but not in percentage shrinkage. There was no

significant difference in scores for different fixatives. n = 3 males, n = 2 females.
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3.2.1.33 Comparing resins for SBF SEM imaging

TAAB resin shows surface damage at a lower electron dose than either Durcupan or ALV

(Figure 30).

Figure 29  SBF SEM images of decalcified and mineralised murine bone tissue
A Mouse bone decalcified using 7% EDTA for 1 week, changing solution every day.

B Undecalcified tissue imaged with SBF SEM. Scale bars = 10 um

Figure 30  Resin comparisons

A TAAB resin-embedded murine bone tissue showing an osteocyte (Ot) and surface
resin damage (RD)

B ALV resin-embedded murine bone tissue showing an osteocyte (O) and debris (D) on

the surface. Scale bars =5 um
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3.2.14 Discussion of sample preparation for SBF SEM
All four fixatives appear to produce similar quality scores; there is no significant difference
between the sexes. There is a significant difference observed in the patient v quality score.
It must be noted that all patients have some disease and the ideal would be to compare
healthy controls to these samples. The ethics in place for sample collection do not provide
us with clinical information to allow severity of disease to be taken into account.
Considering that results of fixation are equal, hazards associated with fixatives are taken
into consideration. Acrolein is volatile, flammable, corrosive, a danger to the environment
and toxic, sodium cacodylate buffer contains arsenic and is toxic and RHT is corrosive. In
order to reduce exposure to hazards during the project Fixative B is judged a suitable choice

for the sample preparation protocol (A.4).

The SBF SEM data from mineralised tissue is closer to the native state than the decalcified
tissue. The datasets can also be produced in a shorter time. No block-face damage from
cutting was seen on either dataset — discussed later in section 3.2.2.1. The images of
decalcified tissue have less contrast between the cell and matrix but show much greater
detail within the osteocytes allowing the ultrastructure to be segmented and thus
quantified more easily (Figure 29). SBF SEM of undecalcified tissue, while not directly
applicable to this project has been applied in other fields such as dentine tubule imaging

(Mahmoodi et al., 2020).

Variations of the so-called ‘Ellisman’ protocol (Deerinck, 2010) have gained wide
acceptance among the SBF SEM community as reliable staining protocols resulting in

maximum contrast and conductivity and minimising charging artefacts (Kremer et al., 2015,
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Peddie and Collinson, 2014). In Section 3.2.2 staining methods developed for SBF SEM are

compared to determine their effect on uCT imaging.

Durcupan is a viscous resin, which can be difficult to use. Spurr resin has been used
previously for the preparation of mineralised bone for light microscopy (Xipell and Gladwin,
1972) and it is found that ALV resin, which now replaces Spurr for safety reasons, is a
suitable choice for this project. Its hardness allows a higher electron dose to be used before
cutting artefacts start to appear (Starborg et al., 2013), its low viscosity makes it easy to
use and it provides rapid and excellent infiltration, however the hardness can cause the
sections removed to shatter. The addition of a small amount of contact adhesive (Pattex
Kontaktleim, Henkel AG &Co., Germany) to one edge of the block adheres the slices of
tissue to the knife edge and reduces the risk of problems caused by ‘free floating’ resin
sections which might include masking detail on the block, obscuring apertures or

contaminating the detector.

Traditionally tissue blocks for electron microscopy are cut into thin sections for later
observation in TEM. To enable this, tissue blocks are usually embedded in plastic capsules,
surrounding the block with resin. The minimal resin embedding method originally
introduced for targeted FIB-SEM milling (Schieber et al., 2017) to reduce the amount of
surrounding resin and thus the volume of the block is adopted in this project. After uCT
scanning, the minimally embedded blocks can be re-embedded in capsules with

surrounding resin for the trimming step of SBF SEM, which follows.
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3.2.1.5 Comparison of TEM and SBF SEM images
Finally, to determine whether SBF SEM provides images of sufficient resolution to visualise
cell ultrastructure, TEM and SBF SEM imaging of osteocytes are compared. Murine and
human bone tissue blocks were processed and imaged for TEM and SBF SEM using the

methods in Appendix A.

Figure 31 shows SBF SEM and TEM images of murine and human osteocytes in decalcified
tissue. The images exhibit sufficient spatial resolution and image contrast for visualisation
of cell ultrastructure and, critically, illustrate the features of cells that have been well fixed.
The cell membrane and nuclear membrane remain intact and regular, the mitochondria
show neither swelling nor shrinkage and there is no cell shrinkage evident. Using SBF SEM
images it is also possible to determine whether lacunae are occupied by an osteocyte and

similarly, whether canaliculi house a cell process or not.
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TEM SBF SEM

MURINE

HUMAN
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Figure 31  Assessment of EM sample preparation quality and lacunar occupancy.

A TEM image of a murine osteocyte in perfusion-fixed, decalcified bone showing sufficient
spatial resolution and image contrast for visualisation of cell ultrastructure. The cell
membrane (CM) and nuclear membrane (NM) are intact and regular, the mitochondria (m)
show neither swelling nor shrinkage and there is no cell shrinkage evident. Inset shows
mitochondria (m) and rough endoplasmic reticulum from a different osteocyte.

B  SBF SEM image of a murine osteocyte in perfusion-fixed, decalcified bone showing sufficient
spatial resolution and image contrast for visualisation of cell ultrastructure. The cell
membrane (CM) and nuclear membrane (NM) are intact and regular, the mitochondria (m)
show neither swelling nor shrinkage and there is no cell shrinkage evident.

C Detail of nucleus (N), nuclear membrane (NM, dashed line), cytoplasm (Cy) and
mitochondrion (m, dotted line) from an SBF SEM image of a murine osteocyte.

D TEM image of a human osteocyte in immersion-fixed, decalcified tissue showing intact cell
membrane (CM) and nuclear membrane (NM). The pericellular space (*) is enlarged,
probably due to cell shrinkage.

E, F SBF SEM image of immersion-fixed, decalcified human bone tissue showing occupied (Lc.O)
and unoccupied (Lc.U) osteocyte lacunae and occupied (Ca.0) and unoccupied (Ca.U)
osteocyte canaliculi.

Scale bars A,Band D=2 um, C=200 nm, E and F = 5um From (Goggin et al., 2020)

32.2 Optimisation of sample preparation for uCT

Correlative imaging must accommodate the requirements of different techniques by
specific sample preparation while achieving well-fixed and stained tissue. As uCT is already
an established technique, fewer optimisation steps are required. uCT is usually applied to
mineralised bone. Studies have been carried out on stained non-mineralised tissues
(Metscher, 2009), however the approach of scanning decalcified and stained bone tissue is
novel. Correlative approaches can involve additional sample preparation steps between
modalities but as preparation for SBF SEM, especially fixation, is crucial and must be carried
out immediately the tissue is excised it was considered best to prioritise the demands of

SBF SEM.
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3.2.2.1 Introduction to uCT sample preparation steps
3.2.2.1.1 Fixation

As SBF SEM fixation was considered the priority in this work and the spatial resolution of
UCT does not allow visualisation of cellular ultrastructure, no fixation comparisons were

carried out specifically for uCT.

3.2.2.1.2 Decalcification

To determine how the presence of mineral in bone affects the results of uCT scanning resin

embedded bone samples with and without decalcification were imaged.

3.2.2.13 Staining

To determine how staining affects the results of X-ray uCT scanning resin embedded bone
samples with and without heavy metal staining were imaged. To further optimise image
quality, the images resulting from SBF SEM staining methods were compared. Several
staining methods have been developed for SBF SEM and some are particularly designed for
large tissue samples (Section 3.2.2.2.2). To identify whether one of these will provide even
staining with sufficient contrast for uCT imaging of osteocytes in bone tissue bone tissue
blocks were stained and scanned using these protocols. The brain-wide reduced-osmium
staining with pyrogallol-mediated amplification (BROPA) technique was not included as the
protocol duration of 2-3 months was thought impractical (Mikula and Denk, 2015). The
aim is to produce evenly stained blocks, which allow the cellular components of the bone

tissue to be visualised and segmented for quantification.
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3.2.2.1.4 Resin
As cutting for SBF SEM was considered the priority in this work and the type of resin was
considered unlikely to affect uCT imaging results, no resin comparison steps were carried

out specifically for uCT imaging.

3.2.2.2 Materials and Methods
3.2.2.2.1 Decalcification

Tissue from human femoral head was prepared as described in Appendix A. The
decalcification step was omitted on some blocks. Samples were scanned using the set-up
shown in Figure 32 and settings in Table 11. The blocks were imaged using an Xradia Versa
510 (Zeiss X-ray Microscopy Inc., Pleasanton, California, USA) scanner. Following
acquisition, the data were reconstructed using commercial reconstruction software
(XMreconstructor, Zeiss X-ray Microscopy Inc, Pleasanton, California), which uses a filtered
back-projection algorithm and reconstructed slices were exported as 16-bit tiff files. These

settings were chosen based on the previous experience of the operator.

Table 11 Scan settings for bone tissue blocks

. Voxel size L Voltage/ | Number of X Objective | Exposure | Scan time
Preparation Binning Filter
(um) projections lens (s) (h)
Power
Stained
15 1 80/7 2001 LE1 x4 7 6
Mineralised
Stained
15 1 80/7 2001 LE1 x4 7 6
Decalcified
Unstained
15 1 80/7 2001 LE1 x4 7 6
Decalcified
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B =

Figure 32 Set up for CT scanning.

f
\

A Stained bone samples mounted within a plastic straw for scanning.
B Schematic representation of A.
C Image taken inside the Xradia Versa 510 uCT scanner showing the straw containing samples

(S), X-ray source (X) and detector (D).

3.2.2.2.2 Optimisation of staining for uCT imaging

Tissue from human femoral head was prepared as described in Appendix A, omitting the
staining steps on some blocks and scanned as described above. Tissue blocks were also
stained as set out in Table 12 to compare results of staining protocols. Staining followed
the ‘Ellisman’ protocol, the same protocol with decalcification carried out afterwards
(Deerinck, 2010), the Hua protocol (Hua et al., 2015), the fast BROPA protocol (Genoud et
al., 2018) (based on (Mikula and Denk, 2015)) carried out with and without lead aspartate
and a high osmium inclusion protocol (Knott and Genoud — personal communication, EMBL

workshop, 2018). Scanning was carried out at the settings in Table 11.
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Table of preparation steps.
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The table shows the staining protocols tested and the steps in each. BROPA - brain-wide reduced-osmium staining with pyrogallol-mediated amplification, fBROPA — fast

brain-wide reduced-osmium staining with pyrogallol-mediated amplification, fBROPA — fast brain-wide reduced-osmium staining with pyrogallol-mediated amplification.

LA = lead aspartate, TCH = thiocarbohydrazide, UA = uranyl acetate, DEHY = dehydrate

Wash

Wash

KFeCN

Wash

Wash

PROTOCOL

Ellisman FIX Wash
pre-decal

Ellisman FIX Wash
Hua FIX | Wash
fBROPA FIX Wash
fBROPA+LA | Fix | Wash
High Os | FIX Wash
inclusion

Wash

Wash

Wash | ya Wash Wash |decal | DEHY  |RESIN
Wash | ya Wash Wash DEHY RESIN
Wash | ya Wash Wash DEHY RESIN
Wash DEHY RESIN
Wash Wash DEHY RESIN

UA DEHY RESIN

References: Ellisman - (Deerinck, 2010), fBROPA - (Genoud et al., 2018), High Osmium inclusion - (Knott and Genoud — personal communication, EMBL workshop, 2018),

Hua - (Hua et al., 2015)
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3.2.2.3 Results
3.2.24 Decalcification

UCT images of mineralised human femoral head tissue stained using heavy metals have
sufficient contrast to show the cartilage and bone layers (Figure 33 A and D). Chondrocytes
within the cartilage, osteocyte lacunae in the bone and vasculature are visible. Decalcified
and stained tissue also has sufficient contrast to distinguish cartilage and bone,
chondrocytes, osteocytes and vasculature (Figure 33 B and E). Tissue which was decalcified

and unstained showed little contrast and no microstructural detail (Figure 33 C and F).

3.2.25 Optimisation of staining for CT imaging

UCT images of mineralised and decalcified human femoral head tissue which has been
stained using heavy metals has sufficient contrast to show the cartilage and bone layers
(Figure 33 A and D, B and E). Chondrocytes within the cartilage, osteocyte lacunae in the
bone and vasculature are visible. Tissue which was decalcified and unstained showed little
contrast and no microstructural detail (Figure 33 C and F). Stained tissue blocks displayed
a notable bright layer at the edge of the block (Figure 35 D and E). The blocks with notable
brightness around the edge (Figure 34 B) would be difficult to segment automatically. The
smallest staining gradient was found to be from the ‘Ellisman’ protocol without a pre-Os
step (Figure 34 A). Tissue stained with this method had visible soft tissue components
(osteocytes and blood vessels) and could be segmented using methods to be outlined in

Chapter 4 and Appendix B (Figure 35).
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Figure 33  Reconstructed uCT data of human femoral head.

Longitudinal slices through cartilage and bone tissue (top) and transverse slices through bone

tissue (bottom) showing bone surface (S), cartilage (C) and bone (B) layers. Scale bars = 400 um

A D Mineralised tissue, heavy metal stained

B, E Decalcified tissue, heavy metal stained

CF Decalcified tissue, no stain

G Diagram showing sampling location. Adapted from (Cardinali et al., 2019)
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Figure 34  Results from uCT imaging of staining protocol comparisons.

Scale bars =200 pm

A ‘Ellisman’ without first osmium D ‘Ellisman’

B ‘Ellisman’ pre-decalcification E fBROPA with lead aspartate
C fBROPA without lead aspartate F High osmium inclusion
3.2.2.6 Discussion of sample preparation for CXEM

Each aspect of CXEM sample preparation has been examined and options explored. It has
been found that the fixative chosen does not significantly affect the preservation of
osteocyte ultrastructure, that there are no marked differences in preservation quality
between the sexes. A significant inter-individual variation was observed. Full clinical history
of these patients is not available so it is difficult to interpret this finding. For human femoral
head and murine tibia bone tissue it is preferable to use decalcification, a modified
‘Ellisman’ staining protocol (Deerinck, 2010) and ALV resin to produce consistent SBF SEM
results (Goggin et al., 2020). The same sample preparation protocol produces X-ray uCT
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images from which osteocyte cell bodies and vascular tissue can be segmented. These
images will allow reconstruction of the ON&LCN and quantification of hallmark properties

thereof during growth and in disease, which will be detailed in Chapters 5 and 6.

The effect of time to fixation on preservation quality has not been investigated. Studying
this would give us an indication of the minimum possible time allowable between excision
and fixation of human tissue before cell changes occur. At present, that time is kept to a
minimum while observing ethical and practical guidelines imposed by theatre staff. The
options of cryofixation and preparation (Mahamid et al., 2011) have not been trialled as
the resources required (high pressure freezing, cryosubstitution, cryo-ultramicrotomy) are

not available within the scope of this project.

A complete investigation of all possible options for staining and embedding, including the
use of microwaves or resin additives to improve conductivity and image quality has not
been carried out here (Nguyen et al., 2016). A comprehensive study of all possibilities is
beyond the scope of this project. The chosen methods provide images of sufficient quality
for segmentation, qualitative and quantitative analysis and those quantitative results
reflect well those obtained by other imaging methods. Again, it is important to state that
each step in this process takes the tissue away from its native hydrated state and thus

interpretation must consider this.

All human tissue used in these studies is from patients undergoing hip replacement surgery
and results may reflect pathology present in the tissue, which can resemble fixation
artefacts. Checking light microscopy sections can identify areas of obvious pathology and

these can be excluded. Chapter 6 will review the comorbidity of bone diseases.
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Figure 35  uCT data — identification of microstructure and segmentation

A CT image of decalcified and heavy metal stained human bone tissue showing cartilage
layer (C), underlying bone (B) and bone marrow (BM). Scale bar = 500 um

B Slice from reconstructed pUCT stack of murine bone tissue stained with the ‘Ellisman’
protocol. Scale bar = 200 um

C Volume rendering of a segmented sub volume of scanned bone tissue showing osteocytes

(yellow) and blood vessels (red). Scale bar = 50 um

3.3 Optimisation of imaging

331 Optimisation of uCT imaging of decalcified, heavy metal stained bone tissue

3.3.1.1 Introduction

In this section, the optimisation of X-ray uCT scanning of fixed, decalcified and heavy metal
stained bone tissue, which is in a state suitable for subsequent SBF SEM imaging is
described. uCT imaging should yield images suitable for segmentation in a timely, non-
destructive manner to produce quantitative data on the distribution and size of osteocyte
cell bodies. Additionally it should allow selection of volumes of interest for high-resolution
imaging using SBF SEM. As discussed, uCT is a much used technique in the field of bone
imaging — although the CXEM approach is different, established settings for biological

samples are known and adopted here. Little optimisation work was required.

Bone tissue, stained with heavy metals, whether decalcified or mineralised, has image

contrast in images produced by uCT. Decalcified and unstained tissue has no image contrast
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(Figure 33). It is possible to distinguish areas of bone and cartilage in uCT images of
decalcified and heavy metal stained bone tissue, thus allowing targeted trimming for SBF
SEM. X-ray uCT imaging of heavy metal stained blocks shows an uneven intensity in some
blocks which may be caused by stain build up at the block surface. Line intensity profiles of
the evenly stained blocks show no gradient through the centre of the block, suggesting
even stain diffusion. Cellular components of bone tissue, vasculature and osteocytes, are

distinguishable within the matrix and can be segmented for later quantification (Figure 35).

3.3.2 Optimisation of SBF SEM imaging

As SBF SEM had not been applied to bone tissue previously more optimisation was

required.

3.3.21 Selection of area of interest, trimming and mounting

Semithin (0.5-1 um) and/or ultrathin (~90 nm) sections may be taken from resin embedded
blocks and examined by LM and/or TEM before proceeding to SBF SEM to confirm
orientation, allow selection of the area of interest and confirm fixation, tissue quality and

orientation (Figure 36).

The block-face is trimmed with a single edged razor blade or glass knife to a surface area <
500 um? with the region of interest near the centre and removed from the resin block using
a sharp single edged razor blade (Figure 38). A piece of laboratory film placed over the
surface during removal protects against loss of the region of interest. Conductive glue
(CW2400, Chemtronix, Kennesaw, GA, USA) which is used to attach the block to an
aluminium pin enhances conductivity and thus reduces the build-up of negative surface

charge and its adverse effects such as blurring and deformation of the image (Figure 37 and
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Figure 37). Mounted samples can be sputter-coated with a layer of metal (Au, Pt or Pd) to

further increase conductivity and reduce charging.

Figure 36 LM images of decalcified and heavy metal stained bone tissue.

A Semi-thin section of murine tibia stained with toluidine blue showing osteocytes (Ot) and
vasculature (V).

B Semi-thin section of human femoral head stained with toluidine blue showing trabecular
bone (B), bone marrow (BM) and osteocytes (Ot).

Figure 37  Mounting pin
Resin embedded bone tissue sample (B) mounted on aluminium pin (AP) surrounded by

conductive glue (CG). Scale bar =3 mm
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Figure 38  Removal of frustum from resin block and mounting on pin for SBF SEM.

A-C The volume of interest (star) is trimmed proud of the main resin block (*) and is cut using
a single edged razor blade (RB) in the direction shown by the arrow.

D Conductive glue (CG) (CW2400, Chemtronix, Kennesaw, GA, USA) is placed on an

aluminium pin (AP) using a domestic cocktail stick (CS).

E The frustum (F) is placed on the conductive glue.
F After hardening of the glue the pin is ready for SBF SEM. Adapted from (Russell et al.,
2016)
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3.3.2.2 Microtomy

The diamond knife, invented in 1955 (Patent No. US3190047A) (Fernandez-Moran, 1965),
was made of the hardest known material at the time of development and is commonly used
to produce ultrathin tissue sections (~100 nm) of tissue for examination by TEM. Diamond
knives are sharp and long-lasting, but also delicate, expensive and costly to re-sharpen. The
optimum combination of knife angle, sharpness, oscillation and cutting speed is essential
for minimising damage to the block-face and consequently avoiding artefacts in the images
(Hashimoto et al., 2016). The knife can introduce artefacts to both the section removed
from the block and to the block-face, including but not limited to chatter (an artefact of
vibration evidenced by regular stripes perpendicular to the direction of cutting), tissue
compression/shearing, knife marks on the block-face and the removal of hard particles
embedded in the tissue. Damage caused by sectioning may not always be visible as SBF
SEM images the block-face rather than the removed sections, and because it uses BSE,
which originate from a deeper interaction volume and are less affected by surface

topography Figure 39).

A 3View® knife (Diatome Ltd, Nidau, Switzerland) was tested on mineralised bone tissue
prepared as described in Appendix A. After cutting 4,000 sections, no evidence of damage
was visible on the block-face nor the knife-edge. The knife-edge was subsequently assessed
by sectioning a blank epoxy resin block and examining the block-face using incident light by
a Nomarski DIC microscope. This technique shows up even the smallest imperfections in
the block-face as ‘tramlines’. Areas of the knife showed more wear after use on mineralised

bone than on decalcified bone, but still enabled good quality cutting and imaging.

144



Chapter 3
3.3.23 Image Acquisition
During SBF SEM imaging, the operator must find a balance between image quality, data
volume, acquisition speed and sample damage (Table 13 and Table 14). The BSE detector
images the block-face controlled by specialised custom software with minimal user
interaction. Automatic focus and stigmator checks are used to maintain image quality on
long runs (up to 4 weeks - personal communications Dr T. Starborg, University of
Manchester, and Dr L. Collinson, Francis Crick Institute, London). Imaging quality has a large
impact on the results and the ease of subsequent segmentation, so must be carefully
optimised for each sample type, magnification setting and desired resolution. Working
distance is usually a consideration in SEM imaging but in the 3View® system, it is not in the
power of the operator to vary this. To optimise imaging and to avoid tissue damage it is
essential to limit the electron dose, as above a certain dose, resin embedded samples break

down, become damaged and image quality is compromised.

Dose, the number of incident beam electrons hitting the surface per unit area, can be

calculated using the following equation:

Electron dose (e/nm?) = beam current (amperes) x (6:24151x10"*® (coulombs/electron)) x pixel dwell time (s)/pixel size? (nm)

Increased electron dose results in better image quality (higher signal-to-noise ratio (SNR))
but above a certain threshold can cause breakdown of the resin and charging leading to
image distortion and non-uniform cutting thickness. Ideally, the slice thickness should
measure less than the depth of beam electron penetration and interaction. This ensures
that the newly exposed block-face is undamaged and when scanned will produce an
artefact free image. A dose calculator has been created (by Stuart Searle, Gatan) to predict
best settings and assess the effects of changing settings (Goggin et al., 2020) (Figure 40).

The maximum dose varies with tissue type, sample preparation, slice thickness and
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instrumentation. It has been suggested that a maximum of 20 electrons/nm? is the limit for
successful SBF SEM imaging of brain tissue embedded in Durcupan resin (Kubota, 2015). It
is a useful exercise to establish the maximum dose for samples prepared by a particular
protocol to guide image optimisation. The maximum dose can be established by setting up
at recommended ‘starting points’ (for the FEI Quanta 250: 2kV, spot size 3, 1k x 1k image
size, dwell time 4 um and slice thickness 50 nm) and visually assessing damage using both
SE and BSE. If damage is seen, the dwell time should be reduced and imaging re-started
until no damage is seen. Calculations indicate that the maximum dose for decalcified heavy
metal stained bone tissue samples and the imaging setup used in this project is 15.6 e//nm?

at 50 nm thickness.

Figure 39  Beam-sample interactions during SBF SEM

A The incident electron beam (black arrow) scans the block-face and BSE (blue arrows) are
produced and detected. The diamond knife (red arrow) cuts a thin section after which
the block is moved upwards (green arrow) and the process re-starts.

B Increasing the accelerating voltage of the beam leads to deeper penetration of incident
electrons. If electrons penetrate deeper than the slice depth, surface damage is likely to

be observed. (Goggin et al., 2020)
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Green = editable cells

Yellow = Key figures

Value

\Value expressed in SI

[Common units  |units
o Dwell time (us) 20 0.00002
i)
£ FOV (um) 12 0.000012
©
=
o [HT (kV) 3 3000
)
o
i Probe current (nA) 907 0.000000907|
®
3 fframe width (pixels) 2048 2048
>
ICut thickness 100| 0.0000001
frame time 83.88608 5.859375
pixel size 5.85938E-09
lelectrons per second in probe 5660587000
lelectrons per pixel 113211.74
w pixel area (nm?) 34.33227539 3.43323E-17
[}
@
E electrons per nm? (DOSE) 3297.53 3.29753E-06,
=
B [Fraction of electrons exceeding cut thickness 2.7673E-08
&
Tl? Fraction of electrons stopping per nm (in Z direction depth) at cut thickness 7.56985E-09
o
lelectrons per nm? at cut thickness 2.49618E-05 2.49618E+22

electrons per nm? below cut thickness

3.635645908

3.63565E+27

lenergy density entering surface (kJ/m?)

1582.814846

1.582814846

lenergy density deposited directly at cut depth (kJ/m?3)

1.19817E-05

1.19817E-08

power density (kW/m?)

18.86862333

0.018868623

Figure 40  Dose calculator

imaging conditions. From (Goggin et al., 2020).

The dose calculator shows the impact on final electron dose of changing imaging and microscope
parameters. Green cells can be edited to input imaging and microscope settings. The output

values in yellow fields are the key figures which should be considered when deciding on optimum
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Table 13 A summary of SBF SEM imaging conditions and their effects on output.
Green cells indicate desirable outcomes. From (Goggin et al., 2020)
Parameter | Action | Charging | Contrast | Resolution SNR

Accelerating

+

+

+

voltage ‘
Chamber f
pressure ‘ _ + + + N/A
f N/A N/A N/A
Magnification
‘ - N/A N/A N/A =
' [
Spot Size
L A + -
' Eme
Dwell time ‘ ] o Possible _
decrease
Number of L- N/A +
pixels ¥ | - VA | eerense -
f - N/A N/A -
Slice thickness ‘ Possible Possible
increase N/A z+ AL increase

SNR = signal-to-noise ratio
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Table 14  The effects of changes on file size, acquisition time and field of view.

From (Goggin et al., 2020)

Action File size Time Field of View

Magnification N/A N/A Decrease
N/A N/A Increase

Increase dwell time N/A Increased N/A

Increase frame size/pixel no |Increased file size Increased N/A

Increase slice thickness Decreased file size | Decreased N/A
(because fewer | (because fewer
slices/volume) slices)

Number of slices Increased Increased N/A

3.3.24 Validation of imaging conditions

This validation work was carried out with the collaboration of Elaine Ho and formed part of

her final year Independent Project.

A series of image analysis experiments was carried out to objectively validate the choice of
SBF SEM settings. Ideally, SBF SEM would produce high resolution, noise-free images
where significant features are (ideally automatically) segmentable. Noise is unavoidable
but is minimised by careful setting of conditions (Table 11). Across a range of accelerating
voltages, spot sizes, vacuum levels and slice thicknesses using both decalcified and
mineralised tissue SNR, contrast to noise ratio (CNR) and sharpness were compared. SNR
and CNR are non-dimensional measures which are used to quantify image quality while

sharpness is related to the edge definition of an object.

3.3.2.4.1 Materials and Methods

A block of decalcified murine bone tissue obtained and prepared for SBF SEM as described

in Appendix A.4 was imaged at spot size 3, vacuum 60 Pa, 4096 x 4096 pixels at 4 nm at a
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dwell time of 4 us. An area of interest containing one osteocyte cell body and surrounding
extracellular matrix (Figure 41) was imaged while increasing the accelerating voltage in 0.5
kV increments from 2.0 - 5.5 kV and keeping other conditions constant. Imaging was
repeated on freshly exposed block-faces while varying beam current (spot size 2.5 - 4.0 at
0.5 intervals), chamber pressure (30 - 90 Pa at 10 Pa intervals) and slice thickness (100 - 20
nm at 10 nm intervals). These ranges encompass the extremes of feasible imaging
conditions. To facilitate SNR and CNR calculations, images of blank resin were taken at the
same settings. SNR and CNR were calculated for the region of interest at each setting using
Matlab (Mathworks, 2016). To measure sharpness an ROl was defined at a transition
between cell and matrix. The edge response assessed in the direction perpendicular to the

transition was taken as a measure of sharpness.

3.3.2.4.2 Results

Optimum SNR was observed at an accelerating voltage of 3.5 kV and spot size 2.5-3, while
vacuum pressure had no significant effect on SNR. Optimum CNR was observed at an
accelerating voltage of 4 kV and spot size 3.5, while vacuum pressure had no significant
effect. Sharpness was highest at an accelerating voltage range from 3-5.5 kV, spot size 3,

while lower vacuum pressure yielded sharper images.

3.3.2.4.3 Discussion

Blocks prepared for CXEM by decalcification and heavy metal staining have been imaged
using X-ray uCT and subsequently a sub-volume of the same tissue block imaged using SBF
SEM. No differences in cutting properties were observed between resin blocks which had
been scanned and those which had not. The resulting data spans length scales of bone
structure. CXEM as a correlative technique can provide a larger volume of interest (here

approx. 3 mm3) than it is possible to image using SBF SEM alone, and high
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Accelerating Voltage (kV)

2

2.5 3.0 4.0
Spot Size

v

Figure 41  Effects of varying spot size and accelerating voltage on SBF SEM imaging
Images of an osteocyte taken using SBF SEM at pixel size 3.8 nm, 4096 x 4096 pixels, dwell time 4
us, chamber pressure 60 Pa. Low accelerating voltage and small spot size reduce image contrast,

increasing spot size leads to block-face damage. From (Goggin et al., 2020)
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spatial resolution in the sub volume scanned with SBF SEM. Uniquely, SBF SEM facilitates
concurrent high-resolution 3D imaging of bone matrix and of osteocytes embedded within,
including the cell and cell process ultrastructure over a volume including many tens of cells.
Tissue changes induced by sample preparation, including shrinkage, must be considered
during interpretation of the resulting images. While uCT imaging produces isotropic data,
SBF SEM produces typically non-isotropic datasets (different nominal in-plane and out-of-

plane resolution), and is inherently destructive to the tissue block.

Sample preparation for CXEM, as with all imaging techniques is extremely important
(Peddie, 2019). Immediate tissue fixation is crucial, stopping metabolism and autolytic
changes and fixing molecules in their locations. CXEM datasets can be investigated
qualitatively by visualisation and quantitatively through retrieving morphometric

measures, which will be discussed further in Chapter 4.

The optimised bone tissue preparation and imaging protocols presented in Appendix A will
be applied to address relevant questions in bone research. Methods for deriving
guantitative 3D ultrastructural data from CXEM imaging of the ON&LCN, including but not
limited to the association with the pericellular space and the extracellular matrix, and the
distribution of osteocytes within the bone matrix will be outlined in Chapter 4. These data
will add to the understanding of bone mechanobiology and changes in the ON&LCN during
growth, ageing and pathology. As discussed in Chapter 2, CXEM imaging of the ON&LCN
microstructure and ultrastructure will also contribute to efforts in computational modelling

of bone mechanosensation and mechanotransduction.
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Chapter4  Processing, segmentation and

quantification of CXEM images

4.1 Introduction

In Chapter 3 the development of sample preparation and image acquisition methods for
imaging of bone using CXEM were described. The methods in this chapter enable
production of standardised measures relevant for bone health from 3D CXEM datasets. The
next steps in the process are image processing and segmentation. Segmentation defines
the boundaries of an object in order to divide images into regions containing voxels with
the same characteristics relating to structures of interest (Tsai et al., 2014). Segmentation
is followed by the extraction of quantitative data. Specifically, this chapter first outlines the
image processing carried out on the raw uCT and SBF SEM data, the options for
segmentation and the rationale for the choices made. A review of existing quantitative
measures for bone microstructure, their definition and derivation is included and new
measures, necessary for description of ON&LCN ultrastructure are defined. Finally,
workflows for obtaining quantitative data from segmentation results are included. These
workflows along with those for sample preparation and imaging set out in Chapter 3 form
the basis of the methods used in Chapters 5 and 6 to investigate the ON&LCN of healthy

murine and pathological human bone tissue.

4.1.1 Aim

The aim of this work is to process, segment and subsequently quantify images produced by
3D CXEM to yield relevant quantitative data on the ON&LCN in murine and human bone

tissue.
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41.2 Objectives

e To develop image processing strategies for CXEM data.

e To develop appropriate segmentation routines for CXEM data.

e To review existing quantitative metrics for the ON&LCN and select measures

relevant for studies of ageing and disease.

e To define new metrics for description of the ON&LCN at an ultrastructural level.

e To set out workflows for image processing, segmentation and quantification which
will be used in CXEM investigations of murine and human tissue, described in

Chapters 5 and 6.

4.2 Image processing

421 Introduction to image processing

One important advantage of both X-ray uCT and SBF SEM is the automated nature of data
collection. The time taken for data collection is short compared to the total time required
to prepare, collect and analyse information. The conversion of raw data to useful
information however, is a considerable challenge as while valuable insights can be gleaned
from scrolling through the images and examining 3D reconstructions, meaningful

quantitative data can only be obtained by segmentation (Tsai et al., 2014).

Raw CXEM data must always be collected with a specific research question in mind in order
to ensure resolution and volume are adequate and that relevant structures have sufficient
contrast. Appropriate and effective sample preparation, staining, data collection and pre-
processing are crucial for efficient segmentation and accurate quantification. The

recommendations in Chapter 3 and (Goggin et al., 2020) should be followed during sample

154



Chapter 4

preparation and image acquisition to produce results suitable for quantification. Artefact
free, high SNR and CNR raw data is the ideal but most data will need some processing
before segmentation to optimise. Figure 42 shows an image processing workflow

describing the processes which transform raw data to qualitative and quantitative outputs.

Data acquisition ‘

!

File conversion, alignment, filtering, binning,
subvolume sampling

3D volume rendering

{

Manual or semi-automatic segmentation
to create labels—thresholding, region growth,

Data processing machine learning classification
Data visualisation l
Data analysis 3D reconstruction of labels

‘L |

Figure, image, video, animation, 3D model

}

Quantitative output - number, volume, area, density, shape

Figure 42  Image acquisition to outputs workflow.
Flowchart showing the main steps applied to CXEM data from image acquisition through processing

and segmentation to quantitative and qualitative outputs.

422 Choice of software - general

Important considerations in the design of image processing strategies are the software
packages, data processing and storage capabilities and human hours available. Commercial
software packages used for image processing, visualisation and analysis include Matlab
(Mathworks,Cambridge, UK), Digital Micrograph (Gatan, UK), Avizo/Amira (ThermoFisher

Scientific, Cambridge, UK), Volocity (Quorum Technologies, Ontario, Canada) and Imaris
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(Oxford Instruments, Oxford, UK). Many of these commercially available packages are easy
to use and provide excellent 3D visualisation facilities. Some, however, require

considerable financial outlay.

Open access software packages for image processing, visualisation and analysis include FlJI
(Schindelin et al., 2012), the associated plugins TrakEM2 (Cardona et al., 2012) and Bonel
(Doube et al., 2010), ITK-SNAP (Yushkevich et al., 2006), IMOD (Kremer et al., 1996), ilastik
(Kreshuk et al., 2011), Microscopy Image Browser (Belevich et al., 2016), Reconstruct (Fiala,
2005), Knossos (Helmstaedter et al., 2011), eC-CLEM (Heiligenstein et al., 2017, Paul-
Gilloteaux et al., 2017), EM3D (Ress et al., 2004), Blender (Blender Institute, Amsterdam)
and Dragonfly (Object Research Systems, Quebec, Canada (not open source, but free for
non-commercial research use)). For reviews see (Borrett and Hughes, 2016, Cocks et al.,
2018). These open-source packages have transparent algorithm details, support in the

form of forums and no ongoing cost implications.

Manual segmentation involves tracing contours directly onto images and is costly in terms
of human hours. More desirable is to automate or semi-automate the segmentation
process, as this is more objective, faster, cheaper and repeatable. Image processing of large
stacks is computationally demanding and simple operations are often beyond the capability
of desktop computers. For this reason, the data visualisation service of the Iridis Compute
Cluster, the University of Southampton’s high performance computing cluster has been

used for much of the image processing and segmentation in this project.

4.2.3 Choice of software for CXEM of bone tissue

The software packages used in this project for image processing are the commercial
softwares Digital Micrograph (Gatan, UK) and Avizo (ThermoFisher Scientific, Cambridge,

UK) and the freeware Fiji (Schindelin et al., 2012).
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Digital Micrograph is the software used by 3View® to control the hardware and collect
image data. It also offers limited image processing features. Fiji is an open source
distribution of Imagel (Schneider et al., 2012a) which includes a range of organised
libraries, plugins, scripting languages, tutorials and documentation to facilitate image
analysis. Segmentation plugins such as TrakEM2 and the Trainable Weka Segmentation
provide solutions for management, registration, segmentation and annotation of large
image data sets. Fiji is easy to install and update and as it is widely used, an active and
supportive community of users exists. Avizo is a powerful platform for visualisation and
manipulation of data from several imaging modalities. Its ability to handle and segment

both EM and uCT data and its interactive visualisation tools are very advantageous.

4.3 Image segmentation

431 Preparation for segmentation

Reconstructed X-ray uCT data (from the Xradia Versa 510) are exported as 16-bit tiff stacks
for visualisation and analysis. To facilitate segmentation, images may be modified by
removing noise, smoothing, sharpening, enhancing edges, trying to emphasise features of

interest or remove non-relevant ones.

SBF SEM images are collected using Digital Micrograph (Gatan, Abingdon, UK) software as
a series of .dm3 files, the proprietary image format used by Gatan. As .dm3 files cannot be
opened by many image analysis programmes, the images are converted to .tiff format

before processing further.

While SBF SEM produces well aligned data, some post imaging re-alignment may be
required. This involves the cross correlation of slices in XY to compensate for drift during

acquisition. Pieces of debris and charging may result in occasional slices of different (usually
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lower) contrast. Normalisation can be applied to change the range of pixel intensity values
to match a slice of ‘good’ contrast, increasing the dynamic range to achieve consistency in
a dataset. Down-sampling reduces file size for ease of handling, storage and computation.
Image quality is reduced with down-sampling unless the data has been over-sampled

compared to the resolution.

Reslicing of data stacks from uCT and SBF SEM in ortho planes allows viewing and tracking
of structures within the volume. Contrast and brightness adjustment enhances the
appearance of features of interest. EM images are degraded by noise and blur due to
electromagnetic interference and lens systems (Roels, 2018). Image processing tools
restore image quality and facilitate segmentation. Filters modify or enhance images by
noise removal, smoothing, sharpening, edge enhancement, emphasis or removal of

particular features. See detailed descriptions in Appendix B.

4.3.2 Segmentation

Segmentation can be manual, semi-automatic or fully automatic. The disadvantages of
manual segmentation are the financial and time costs of human labour and the possibility
for variation of interpretation. Some research groups using SBF SEM find volunteers via the
Zooniverse, a platform which hosts projects and recruits ‘citizen scientists’ (Trouille et al.,
2019, Spiers et al., 2020). Quanti.us is a platform which employs a crowdsourced workforce
to manually annotate images (Jones and Spiers, 2018) and Eyewire is a ‘game to map the
brain’ which combines the manual segmentation efforts of 250,000 participants with
artificial intelligence to reconstruct complete retinal neurons (Bae et al., 2018). A number
of programmes and algorithms are in development for automatic segmentation of SBF SEM
data (Liu et al., 2020, Zerovnik Meku¢ et al., 2020), however none is in wide use at present.

Challenges in the development of automated segmentation for EM images are the small
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size of objects (eg. osteocyte processes) and the low signal-to-noise ratio in SBF SEM images
(Jurrus et al., 2009). To date, segmentation algorithms have not been accurate enough nor
have they provided a black-box software solution. Many advances have been specific to
particular segmentation problems and have not been successfully applied to other tissue
types (Guay et al.,, 2018). Fully automatic segmentation, when developed, will be

reproducible, objective, allow analysis of large datasets, be faster and more cost efficient.

While fully automatic segmentation is awaited, semi-automatic methods where user input
is combined with computer predictions to classify voxels are the preferred choice. Such
tools include interpolation (using segmented data from separated slices to calculate the
‘missing data’), intensity threshold filtering (selecting pixels/voxels of defined values and
allocating them to materials), region growing (expanding a seed to similar adjacent voxels
until an edge is reached), watershed (considering image as a topological landscape which

is ‘flooded’ to separate hills and valleys) or machine learning.

The Trainable Weka Segmentation (Arganda-Carreras et al., 2017), a machine learning tool
distributed as part of Fiji (Schindelin et al., 2012), can be trained to identify segmentation
classes from user input to produce a classifier which is then applied to perform the same
task on unseen data. It uses a collection of machine learning algorithms and a set of
selected image features to allocate pixel based segmentations to pre-defined classes
(Figure 43). Detailed workflows for image processing, segmentation and quantitative

analysis of CXEM data are included in Appendix B.
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—  Classifier —»

' Input
labeling

\_ Trainable Weka Segmentation W,

Training set G Segmentation

Figure 43  Trainable Weka segmentation for pixel classification.

TOP Image features are extracted from an input image. A set of pixel samples is defined.
The Weka is trained on these samples and applied to the remaining image data.

BOTTOM Interactive user feedback improves results by correcting annotation or adding labels.

From (Arganda-Carreras et al., 2017).

433 Reconstruction

3D volume reconstruction can be carried out before or after segmentation and allows
observation from different orientations. Resliced, cropped and clipped volumes can help
to illustrate aspects of the structure under investigation. Quantitative outputs such as 3D
prints and videos can be produced from reconstructions (Figure 44). Additionally,
augmented and virtual reality content can be generated and usefully employed in public

engagement activities (Figure 44 D).
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Outputs from CXEM.

Video of the reconstructed ON&LCN of mouse tibia with cells in yellow and
connecting processes in green. View on the BIU YouTube channel
https://www.youtube.com/channel/UCTERYdnSV_bTQqbHt02612Q

3D prints of osteocytes and processes.

Poster with augmented reality features and instructions to activate.
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This poster has augmented reality
features. To activate them:
1.Scan the QR code to download the
app (or search for Zappar).
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4.4 Quantification of CXEM image data

In this section, the importance of standardised quantitative measures of the ON&LCN is
discussed, the historical perspective of standardisation is reviewed, the measures to be
used in the CXEM studies in later chapters outlined and the derivation of new measures

described.

441 Existing quantitative measures for the ON&LCN

Studies of network characteristics in the brain have related modifications in organisation
to Alzheimer’s disease and schizophrenia (Bullmore and Sporns, 2009). A similar view of
the osteocyte ‘connectome’ may provide a useful model to better understand bone
anatomy, physiology and pathology (Weinkamer et al., 2019). As discussed in Chapter 2
structural changes in the ON&LCN can affect mechanobiology of bone and overall bone
health. As in principle, it may be possible to relate changes in the properties of the ON&LCN
to bone pathology, it is crucial how 3D spatial characteristics are quantified. Reliable
guantitative characterisation of both the ON and the LCN based on advanced 3D imaging
across different length scales will inform computational models of bone
mechanotransduction, replacing assumptions, and will allow realistic predictions of the
function of this system (Buenzli and Sims, 2015). For example, data on canalicular
occupancy and the number of cells which make connections with vascular and other
structures, will improve accuracy when calculating the number of connections between

osteocytes and related cell networks (Weinkamer et al., 2019).

To describe ON&LCN structure, a consistent and well-defined set of quantitative 3D
measures is needed, which should be independent of imaging methods and experimental

conditions. Additionally, quantification should be user-independent and automated to
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ensure consistency and efficiency, although some human interpretation and intervention

will presumably remain necessary.

Combining measures in the existing guidelines with ultrastructural details would lead to a
more comprehensive standard data set. In summary, a quantitative framework should
include, although not be limited to, detail such as: osteocyte number density, spatial
distribution and alignment, microstructural information including cell, pericellular space
and lacunar shape and volume as well as ultrastructural detail such as process and

canaliculus dimensions and tortuosity.

44.2 Derivation and introduction of additional quantitative measures for the ON&LCN

It is necessary and important to define osteocyte measures since most measurements to
date have been on the LCN. Previous frameworks, while comprehensive with respect to the
LCN, have not considered the ON sepatarely (Mader et al., 2013). Lacunar indices have been
introduced analogous to standard morphometry, including number of lacunae (N.Lc),
lacuna number density (N.Lc/Ct.TV), lacunar volume (Lc.V), and lacunar volume density
(Lc.V/Ct.TV) (Schneider et al., 2007). In this project the corresponding osteocyte measures
are adopted: number of osteocytes (N.Ot), osteocyte number density (N.Ot/BV), osteocyte
volume (Ot.V) and osteocyte porosity (volume density) (Ot.V/BV). Similarly, measures
derived for canaliculi require a corresponding ‘process’ equivalent. Process diameter

(Pr.Dm) and number of processes (N.Pr) are adopted.

Osteocyte surface area (Ot.A), length (Ot.Le), width (Ot.Wi) and breadth (Ot.B) are directly
measured while osteocyte anisotropy (Ot.An), flatness (Ot.Fl) and sphericity (Ot.Sph) are

calculated (detailed equations in Table 25Table 25, Appendix B.3.2).
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The volume of the PCS around the osteocyte is denoted by PCS.V, the thickness of the PCS
around the osteocyte by PCS.Th and the maximum width of the PCS around the osteocyte

by PCS.Wi. The measures and abbreviations used in this project are listed in Table 15

Table 15 Examples of quantitative measures obtainable from CXEM images listed on a

decreasing scale.

Category Measures and abbreviations

Organ e Total tissue volume (TV)
e Bone Volume (BV)

Tissue - ON e Number of osteocytes (N.Ot)

e Osteocyte number density (N.Ot/BV)

e Osteocyte volume (0t.V)

e Osteocyte porosity (T.Ot.V/BV)

e Mean osteocyte volume (<Ot.V> = T.0t.V/N.Ot)
e Osteocyte surface area (Ot.A)

Tissue - LCN e Number of lacunae (N.Lc)

e Lacuna number density (N.Lc/BV)

e Lacunavolume (Lc.V)

e Lacuna porosity (T.Lc.V/BV)

e Mean lacuna volume (<Lc.V>=T.Lc.V/N.Lc)
e Lacuna surface area (Lc.A)

Lacunar occupancy e N.Ot/N.Lc *100
Cell - Osteocytes e Osteocyte length (Ot.Le) e Osteocyte anisotropy (Ot.An)
e Osteocyte width (Ot.Wi) e Osteocyte flatness (Ot.Fl)

e Osteocyte breadth (Ot.B)

Cell - Lacunae e lacunar length (Lc.Le) e Lacunar anisotropy (Lc.An)
e lLacunar width (Lc.Wi) e Lacunar flatness (Lc.Fl)
e lacunar breadth (Lc.B)

Pericellular space e PCS volume around osteocyte (PCS.V)

e PCS porosity ((T.PCS.Ot.V + T.PCS.Pr.V)/BV)

e  PCS thickness (PCS.Th) — (averaged around cell body)
e PCS width (PCS.Wimax)

Processes and e Number of processes per cell (N.Pr)

e Process diameter (Pr.Dm)

e  Process thickness (Pr.Th) — (averaged over length)
e Process tortuosity (Pr.To)

canaliculi
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4.5 Conclusion

In this chapter image processing, segmentation and quantification of images of the
ON&LCN produced by CXEM are discussed. It is possible to extract quantitative measures
relevant for bone health and disease from decalcified heavy metal stained bone tissue
imaged by CXEM. Both the ON and the surrounding LCN are imaged simultaneously,

meeting a need previously expressed by the research community (Buenzli and Sims, 2015).

Automated image segmentation of CXEM images is not possible at the present time, so
methods using semi-automated machine learning are employed. Protocols which will be

used in subsequent investigations are established and detailed in Appendix B.2.2.

As CXEM produces images and data on the ON as well as the LCN, new quantitative
measures have been introduced. Chapters 5 and 6 will detail how the image processing and
analysis protocols, along with the sample preparation and imaging methods in Chapter 3
have been applied to murine tissue to investigate changes with age (Chapter 5), and to

human tissue to investigate changes in OP and OA (Chapter 6).

Image data produced by CXEM imaging can be processed, segmented and subsequently
quantified to yield relevant quantitative data on the ON&LCN in murine and human bone

tissue.
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Chapter 5 3D imaging and quantitative analysis of
osteocyte and lacuno-canalicular networks across
length scales in juvenile and adult mice using

CXEM

5.1 Introduction

In this chapter the CXEM methods described in Chapters 3 and 4 are applied to juvenile (4-
week-old) and adult (38-week-old) murine tibia to obtain quantitative data on the ON&LCN
across different length scales. Osteocyte density and porosity are determined from uCT
images of murine tibia containing tens of thousands of osteocytes. The tibia is subdivided
into posterior, anterior, medial and lateral quadrants to compare osteocyte number
density, osteocyte porosity and cell measures. Sub-volumes of the same tissues are imaged
using correlative SBF SEM. The SBF SEM results for osteocyte number density, porosity, cell
volume and dimensions, PCS volume and dimensions, number of cell processes per cell and
diameter of cell processes are compared. The work showed that CXEM produces unique
quantitative data, that there are no significant differences between the ON&LCN in juvenile
and adult animals and that using some of the novel findings changes results obtained in

previous work on quantifying the human skeleton.

The aim of the work described in this chapter is to use the CXEM workflow illustrated in
Figure 45 to demonstrate that relevant data on the ON&LCN across length scales can be
produced from decalcified heavy metal stained bone tissue. Secondly, the work aims to
determine whether there are significant differences in ON&LCN microstructure and
ultrastructure between the tibiae of juvenile and adult mice which may shed light on

changes occurring in the ON&LCN during bone development. As discussed in Chapter 2,
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suggested means of strain sensation include direct and indirect mechanisms (Han et al.,
2004, Vatsa et al., 2008, Fritton and Weinbaum, 2009) which will both be affected by
changes in ON&LCN geometry (Uda et al., 2017). Importantly, CXEM allows this geometry
to be investigated in 3D, at high resolution and over a larger volume than many other

methods such as ET, FIB SEM or SBF SEM alone.

HYPOTHESES

e ON&LCN microstructure and ultrastructure are unchanged across the life course in

murine tibia.

e ON&LCN microstructure is unchanged with anatomical area in murine tibia.

This study will:

e Produce and compare quantitative data on the 3D structure of the ON&LCN across
length scales from juvenile and adult murine tibia. Data will include osteocyte
number density, porosity, volume, shape, size, number of processes, process

diameter and pericellular space volume.

e Provide quantitative data which will enable improved computational modelling of

osteocyte mechanobiological processes.

e Demonstrate the efficacy and value of CXEM as an imaging method for the ON&LCN

across length scales.

The structure and function of bone as an organ and the structure and function of the
ON&LCN, described in Sections 2.1 and 2.4 are briefly re-capped and the use of a mouse

model is discussed.

168



——eeee

—

—

I uCT | | SBF SEM

Figure 45 CXEM workflow applied to murine bone tissue.

Examples of 3D images obtained using uCT and SBF SEM, illustrating the range of volume and spatial resolution.

A — Murine tibia showing tibiofibular junction, which is the volume of interest used in this study (rectangle). Scale bar =1 mm
B — Results from uCT scanning of tibia. Osteocytes are shown in yellow and vasculature in red. Scale bar = 0.5 mm

C — SBF SEM output from a sub-volume of B. Osteocytes are shown in yellow and the cell processes in green. Scale bar = 20 um
D — Image reconstructed from SBF SEM data of a single osteocyte. The cell body is shown in yellow, cell processes in green,

nucleus in blue and mitochondria in red. Scale bar = 10 um

Chapter 5
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5.1.1 Bone structure and function

As discussed in Chapter 2, bone has a multitude of mechanical, homeostatic, locomotor
and protective roles (Robling and Bonewald, 2020). Osteoblasts and osteoclasts
coordinated by osteocytes respond to mechanical signals caused by loading re-model the
mineralised matrix controlling the mechanical and architectural properties of bone
(Schaffler et al., 2014). Osteocytes, the most abundant cells in bone play crucial roles in the
many functions of bone. Osteocytes comprise an elongated cell body (10-25 pum), with
numerous processes extending from the cell body that connect to osteoblasts, osteoclasts,
other osteocytes, bone marrow and the vasculature. The extensive ON is located within a

network of voids and channels in the calcified matrix known as the LCN (Figure 46).

5.1.2 Changes in bone and the ON&LCN during development

This chapter of the thesis describes a CXEM study which compares the 3D structure of the
ON&LCN in adult and juvenile mouse tibia across different length scales. Results and
insights into changes of ON&LCN during development determined using light, X-ray and
electron imaging techniques described in Section 2.5.22.5.2, will be compared to the results
from the current CXEM study. Development from the embryo through the juvenile stage to
adulthood, before changes related to ageing take place is considered here. This stage in
human is equivalent to the embryo to adulthood (> 10 weeks) in mice (Figure 47) (Dutta

and Sengupta, 2016).
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Figure 46  Schematic views of the ON&LCN
A and B The osteocytes and their processes are housed within the mineralised bone matrix in a
void system formed of (osteocyte) lacunae and interconnecting canaliculi. Adapted from

(Goggin et al., 2020).
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Figure 47 Comparing the ages and developmental stages of life in mice and humans.

From (Dutta and Sengupta, 2016).

5.1.3 Use of a mouse model

Animal models provide more uniform experimental material than humans (Turner, 2001).
The mouse (Mus musculus) is widely used for studies of human physiology and pathology
as it has similarities to the human, a short gestation period and a high reproductive capacity
(Jilka, 2013). Similarities to the human include the conservation of 99% of genes, similar
patterns of pathogenesis and physiology (Demetrius, 2006). Comparisons between mouse
and human skeletal physiology conclude that studies of bone in mice should be applicable
to humans when inherent limitations are recognised (Almeida and O'Brien, 2013, Jilka,
2013). The most obvious structural difference between the human and murine skeleton is
that human bone has an osteonal structure where osteocytes are arranged in concentric
rings round a blood vessel (Parfitt 1994). Thus, in humans, but not mice, cortical bone

remodelling by osteoclasts and osteoblasts occurs around a blood vessel (Figure 48).
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Figure 48  Human and mouse bone structure

A SEM image of an osteon in human bone showing an osteon (purple), and osteocyte
lacunae (white arrows) Adapted from (Brelje, 2019)
B SEM image bone showing methacrylate casts of osteocyte lacunae (white arrows) and

vascular canals (black arrows). Adapted from (Rubinacci et al., 2002)

Skeletal maturity is reached at around 4 months with peak bone mass achieved at 4-6
months in mice. The animals used in the CXEM study described in this chapter are chosen
to represent juvenile (4 weeks) and early adult (38 weeks) stages of development. Figure
47 illustrates the relationship between human and mouse developmental stages (Dutta

and Sengupta, 2016).

5.1.3.1 CXEM study of changes in bone during development

Reliable quantitative characterisation of both the ON and the LCN in juvenile and adult
animals, based on advanced 3D imaging, can be related to the changes described section
2.5.2. Additionally, these data will inform computational models of bone

mechanotransduction and will allow more realistic predictions of the complex and dynamic
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processes involved in the mechanobiology of the ON&LCN (Buenzli and Sims, 2015,

Anderson and Knothe Tate, 2008, Verbruggen et al., 2012).

CXEM extends the range of quantitative measures which can be obtained from each bone
sample beyond the range of single techniques used in isolation (Table 9). CXEM provides

data from a larger volume than SBF SEM alone and higher resolution data than uCT alone.

The study described in this chapter compares the ON&LCN in juvenile and adult animals.
As discussed in Section 2.6 there is an unmet need for 3D high-resolution imaging and
analysis of bone tissue during development across different length scales. It is proposed
that the present CXEM study comparing juvenile and adult bone can contribute
quantitative results on accepted hallmarks of bone structure (Table 15), insights to changes
in bone structure during development and data which will contribute to improvements and

refinements of computational models of bone mechanobiology.

5.2 Materials and Methods

This section outlines the sample preparation, image acquisition, image processing and
image analysis steps for CXEM. For a more detailed description see Chapter 3, Chapter 4,

Appendix A and Appendix B.

5.2.1 Sample preparation

Animals were handled according to the guidelines of the Animals (Scientific Procedures)
Act, 1986. Murine bones were obtained in compliance with the EU Directive 2010/63/EU
and the approval of the Animal Welfare and Ethical Review Board of the University of
Southampton under Home Office licence P12102B2A. 4-week-old (n=3) and 38-week-old
(n=3) C57BL/6 male mice were transcardially perfused with 3% glutaraldehyde, 4%
formaldehyde in 0.1M piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) buffer. The right
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tibiae were harvested, cleaned of soft tissue and fixed in 3% glutaraldehyde, 4%
formaldehyde in 0.1M PIPES buffer overnight. Bones were decalcified for 5 days in 7%
EDTA, which was changed daily and constantly rotated. Blocks of tissue 2-5 mm long were
cut from the tibiofibular junction (TFJ) (Figure 49). The TFJ was selected as the region of
interest as it contains only cortical bone, provides a clear landmark allowing for consistent

and reproducible imaging, and has been previously well characterised (Section 5.4.3).

Fixed and decalcified tissue blocks were stained as outlined in Appendix A and (Goggin et
al., 2020). A minimal resin embedding technique (Schieber et al., 2017) was employed.
Briefly, after resin infiltration the bone samples were placed on absorbent paper and gently
moved around until excess resin had been absorbed. Resin in the medullary cavity was

removed with a small piece of twisted tissue paper before polymerisation.

R18/0267

Figure 49  Sample preparation of mouse tibia for CXEM.

A Mouse tibia after fixation and dissection, rectangle shows volume including tibiofibular
junction selected for processing.

B Adult (left) and juvenile (right) mouse tibiae after decalcification, staining and minimal

resin-embedding.
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52.2 MCT imaging

UCT imaging of the whole sample produces images of a large volume of interest compared
to SBF SEM imaging and quantitative data on the distribution, size and shape of osteocytes.

KCT imaging also facilitates choice of a sub-volume for subsequent SBF SEM imaging. uCT

image acquisition, image processing and image analysis are described in this section.

5.2.2.1 Image acquisition

Bone samples were mounted in a plastic straw and imaged by uCT using a Zeiss/Xradia
Versa 510 scanner (Figure 50), which uses an 160 kVp source and a 2048 x 2048 pixel flat
panel detector. Imaging settings were as follows: peak voltage 110 kVp, power 9.5
W, binning x 2 leading to a virtual 1024 x 1024 pixel detector, x 4 objective lens, filter 0.34
mm of SiO,, exposure time 5 s and sampling 2401 projections. Source-to-detector and
source-to-object distances were set to 83.56 mm and 18.65 mm, respectively, which along
with the selected 4x objective resulted into a radiograph pixel size of 1.5 pm? and a field of
view of 1.5 mm?. Following image acquisition, the raw data (X-ray projections) were
reconstructed using a standard filtered back-projection (Zeiss reconstruction software),
and an isotropic voxel size of 1.5 um. The reconstructed data were exported as 16-bit tiff

stacks for visualisation and analysis. Data is available from DOI: 10.5258/SOTON/D2118
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VS,

Figure 50  X-ray uCT imaging.

A — Plastic tube containing samples for imaging.

B — Diagram showing sample arrangement inside tube.

C—Tube mounted in Versa scanner X — X-ray source, S = samples, D = detector.

D — Radiography image from Versa showing bone sample in tube and tibiofibular junction (*).

E — Reconstructed CT slice of stained bone tissue showing blood vessels (BV) and osteocytes (Ot).

Scale bars =500 um
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5.2.2.2 Image processing

Image processing of the uCT data was carried out using Fiji (Schindelin et al., 2012) and
Avizo (version 2019.4) (ThermoFisher Scientific), as outlined in Appendix 269B.1. Briefly,
bone tissue was separated from the background and bone marrow, the heavy metal stained
elements comprising the osteocytes and the vascular tissue were extracted, separated

from each other using a volume filter and the osteocytes quantified.

The uCT image data stack was aligned and separated into anatomical quadrants (anterior,
posterior, medial and lateral) (detailed method in B.1.1). The data was filtered to enhance
edges, reduce gradients and variations in intensity normalised. Cortical bone tissue was
segmented semi-automatically from the background and the bone marrow to produce a
binary label. This label was separated into posterior, anterior, medial and lateral quadrants
for subsequent image segmentation. Segmentation was carried out. Briefly, the heavy
metal stained tissue was selected by thresholding, converted to a binary label and the
osteocytes and vasculature separated by volume. The quadrant labels were used as masks

to select the osteocytes in each quadrant from the complete osteocyte binary label.

5.2.2.3 Quantification

The measures listed in Table 16 were retrieved from the whole bone and from each
quadrant using the Avizo label analysis function and calculations outlined in Table 25. The
measures listed are standard measures defined by (Bouxsein et al., 2010, Dempster et al.,

2013, Parfitt et al., 1987) and newly introduced measures outlined in Section 4.4.2.
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Table 16 Quantitative measures obtained from uCT data.

Category Measure and abbreviation
Organ e Bone Volume (BV)
Tissue - ON e Number of osteocytes (N.Ot)

e Osteocyte number density (N.Ot/BV)

e Osteocyte volume (Ot.V)

e QOsteocyte porosity (T.0t.V/BV)

e Mean osteocyte volume (<Ot.V>=T.0Ot.V/N.Ot)
e Osteocyte surface area (Ot.A)

e Osteocyte sphericity (Ot.Sph)

Cell - Osteocytes e Osteocyte length (Ot.Le)

e Osteocyte width (Ot.Wi)

e Osteocyte breadth (Ot.B)

e Osteocyte anisotropy (Ot.An)
e Osteocyte flatness (Ot.Fl)

523 SBF SEM

The anterior quadrant was chosen as the volume of interest for SBF SEM imaging. The sub-

sample was prepared, imaged and analysed as described here.

5.23.1 SBF SEM imaging

For each bone sample a frustum with face approximately 500 um? was trimmed from the
anterior section of the tibia. This sub-volume of interest was removed from the resin block
and mounted on an aluminium pin using conductive glue (Figure 38). 2 data sets were
collected using a 3ViewXP2® system (Gatan Inc., Abingdon, UK) in a Quanta 250 FEGSEM
(ThermoFisher, Netherlands) as described in A.4.6 and in (Goggin et al., 2020). Two SBF
SEM datasets were collected for each juvenile and adult murine tibia sample, A_1,
encompassing the width of the bone from endosteum to periosteum and A_2, a dataset
with smaller pixel size including 20-30 cells and their processes (Table 17 and Figure 51).

Data is available from DOI: 10.5258/SOTON/D2118
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Table 17 Image acquisition settings for SBF SEM.
Experimental settings Dataset A_1 | Dataset A_2
Accelerating voltage 3 kv 3 kv
Spot size 3 3
Slice thickness 50 nm 50 nm
Dwell time 0.5 ps 2 us
Vacuum 60 Pa 60 Pa
Number of pixels in x-y plane | 8192 — 15000 | 8182
Pixel size 20 nm 10 nm
Number of slices 900-1660 877-1467

5.2.3.2 Image processing

The osteocyte cell bodies, processes and the PCS space were segmented and visualised as
described in Appendix B.2. SBF SEM images were collected using Digital Micrograph (Gatan,
Abingdon, UK) as a series of .dm3 files. The images were aligned and normalised using the
automated alignment and normalisation features in Digital Micrograph before being
converted to 16-bit .tiff files. As described in Appendix B.2.2, the Trainable Weka
Segmentation 3D (Arganda-Carreras et al., 2017) plug-in was used to separate the bone

matrix, PCS and cellular components of the image stacks into binary labels.

5.2.3.3 Quantification

The measures in Table 18 were derived from SBF SEM data using the methods outlined in
B.3. and Table 25. The measures are either defined by (Bouxsein et al., 2010, Dempster et

al., 2013, Parfitt et al., 1987) or newly introduced and defined in Section 4.4.2.
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Figure 51  Regions of interest imaged using SBF SEM

A

KCT reconstruction of murine tibia sample showing osteocytes in yellow and the region of
interest selected for SBF SEM (rectangle). Scale bar = 200 um

Overview of SBF SEM block showing the region of interest imaged in dataset A_1 (rectangle)
conductive glue (CG), resin (R), periosteum (P) and endosteum (E). Scale bar = 200 um
Single image from SBF SEM dataset A 1 showing the region selected for dataset A-2
(square) periosteum (P), endosteum (E) and osteocytes (*). Scale bar = 50 um

Single image from SBF SEM dataset A_2, showing osteocytes (*), osteocyte processes (black

arrows) and pericellular spaces (white arrows). Scale bar = 20 um
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Table 18 Quantitative measures derived from SBF SEM data.

Category Measures and abbreviations
Organ Bone Volume (BV)
Tissue - ON Number of osteocytes (N.Ot)

Osteocyte number density (N.Ot/BV)
Osteocyte volume (Ot.V)

Osteocyte porosity (T.0t.V/BV)

Mean osteocyte volume (<Ot.V> = T.0t.V/N.Ot)
Osteocyte surface area (Ot.A)

Osteocyte sphericity (Ot.Sph)

Cell - Osteocytes

Osteocyte length (Ot.Le)
Osteocyte width (Ot.Wi)
Osteocyte breadth (Ot.B)
Osteocyte anisotropy (Ot.An)
Osteocyte flatness (Ot.Fl)

Pericellular space

Pericellular space volume (PCS.V)
Pericellular space porosity ((T.PCS.V)/BV)
Pericellular space thickness (PCS.Th)
Maximum pericellular space width (PCS.Wi)

Processes Number of processes per cell (N.Pr)
Process diameter (Pr.Dm)
Process thickness (Pr.Th)
5.2.4 Statistics

Statistical analyses were performed using R (version 3.5.1) in R Studio (version 1.1.456)
(RStudio Team, 2016). The null hypotheses state that ON&LCN microstructure and
ultrastructure are unchanged across the life course and unchanged with anatomical area
in murine tibia. ON&LCN measures from the whole bone cross section in adult and juvenile
animals were compared to test these hypotheses. The same measures from the posterior,
anterior, medical and lateral quadrants were also compared. Data were first tested for
normal distribution using a Kolmogorov-Smirnov test or a Shapiro-Wilks test depending on
how many data points were present (>35 K-S, <35 S-W). Where data was normally
distributed or where data was not normally distributed and more than 30 data points were

present an unpaired Student’s t-test or one way ANOVA was performed. When data were
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not normally distributed or fewer than 30 data points were present a Mann Whitney U test

or Kruskal-Wallis teat was used. p-values were considered significant at p < 0.05.

5.3 Results

Using CXEM, the ON&LCN in juvenile and adult murine tibia were visualised and quantified
using existing quantitative measures and newly defined measures for processes and the
PCS. Using SBF SEM, the ON&LCN were made visible concurrently at high resolution in 3D
over a relatively large volume (containing up to 170 osteocytes) for the first time. This
section firstly presents the results of the uCT imaging, followed by the SBF SEM imaging

and finally compares both sets of results.

5.3.1 uCT

UCT imaging of decalcified, heavy metal stained, resin embedded murine tissue enabled
visualisation and quantification of osteocyte cell bodies. It was not possible to image the

cell processes as their diameter (~ 100 nm) is beyond the resolution limit of the technique.

53.1.1 Total bone volume - osteocyte number density, porosity and cell volume

Mean osteocyte number density (<N.Ot/BV>) is lower in adult animals (57,680 + 8,874
/mm?3), than in juvenile animals (76,697 + 10,864 /mm?3), although the difference is non-
significant (p = 0.13). Mean osteocyte porosity (<T.Ot.V/BV>) in adult animals (0.98 +
0.25%) is not significantly different from <T.0t.V/BV> in juvenile animals (1.19 + 0.33%)
(Figure 52). No significant differences were observed in osteocyte shape and size measures

between adult and juvenile animals (Figure 52).

183



Chapter 5

5.3.1.2 Regional diversity by quadrant
5.3.1.2.1 Osteocyte number density, porosity and volume

The quadrant with highest osteocyte number density (N.Ot/BV) varies. Averaging
<N.Ot/BV> over the age groups shows that density is highest in the posterior quadrants of
both adult and juvenile groups. Osteocyte porosity is broadly similar across all quadrants
in both age groups. <Ot.V> is not significantly different between quadrants (Figure 53)
although there is a greater range of Ot.V observed in adult animals. Osteocyte number
density values are smaller in separate quadrants than in whole bone because during
separation, cells on the dividing lines are split into smaller volumes and removed as noise

during image processing.
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Figure 52  Effect of age on osteocyte network measured using uCT imaging.

Mean osteocyte number density (N.Ot/BV), porosity (T.Ot.V/BV), volume (Ot.V), length (Ot.L),
width (Ot.W), breadth (Ot.B), anisotropyt (Ot.An) and sphericity* (Ot.Sph) in adult and juvenile
tibia. No significant differences were observed. Values are mean * SE, n=3 in each group.
tdeviation of shape from a sphere, sphere An = 0 *how closely shape resembles a sphere, for a

perfect sphere Sph = 1.
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Figure 53  Effect of age on osteocyte network measures in anatomical quadrants

Comparison of osteocyte number density (N.Ot/BV), porosity (T.Ot.V/BV) and osteocyte volume
(Ot.V) in anatomical areas and age groups obtained using uCT. No significant differences were
found. Values are mean % SE, n=3 in each group. Ant = anterior, LAT = lateral, MED = medial, POST

= posterior
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53.2 SBF SEM
Decalcified, heavy metal stained, resin embedded bone tissue yielded SBF SEM images
suitable for segmentation and quantification. SBF SEM images showed well fixed, well
contrasted osteocytes within the bone matrix (Figure 54). Fixation quality was judged on
the following criteria: the cells have intact cell and nuclear membranes, small separation
artefact, mitochondria have intact cristae and no swelling was observed. See section

3.2.1.2.1 for full explanation and scoring system criteria.

Figure 54  An SBF SEM image showing the features of well-fixed and stained tissue.
An osteocyte embedded in the bone matrix. The image has sufficient resolution and contrast to
identify the nucleus (N), nuclear membrane (NM), cell membrane (CM), mitochondria (m),

pericellular space (PCS) and cell processes (Pr) within canaliculi (Ca). Scale bar =2 um
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53.2.1 A_1 dataset

SBF SEM dataset A_1 contained a field of view from the endosteum to the periosteum and
included up to 170 osteocytes or parts thereof per sample and the associated vasculature

(Figure 55). <BV> imaged in this dataset is 1.53 x 10® um?3 (Table 19).

Table 19 Dataset A_1 dimensions and volumes

No.of | No.of | Pixelsize [Number of dsgi'::h Tissue vol | gone volume
pixels x | pixelsy (nm) slices z (nm) (um3) (um?3)
Adult | 15000 15000 20 1000 50 1.61E+06 1.52E+06
Adult | 10500 12000 20 900 50 2.27E+06 1.94E+06
Adult | 10000 12000 20 1660 50 2.24E+06 1.93E+06
Juvenile | 10500 | 10500 20 1000 50 1 56E+06 1.30E+06
Juvenile | 13000 15000 20 1089 50 1.38E+06 1.26E+06
Juvenile | 8192 8192 20 1130 50 1.52E+06 1.20E+06
5.3.2.1.1 Osteocyte number density, porosity and volume

There is no significant difference in osteocyte number density (N.Ot/BV), osteocyte
porosity (T.Ot.V/BV) or mean osteocyte volume (<Ot.V>) between adult and juvenile
animals (Figure 56). The most frequently occurring value for Ot.V is 160 pm? in adult and
110 um?3 in juvenile animals. <Ot.V> is 140 + 31 um?3 in adult animals and 131 + 39 um3in

juvenile animals.

5.3.2.1.2 Osteocyte measures

No significant differences were observed in any of Ot.Le, Ot.W, Ot.B, Ot.An, Ot.Fl or Ot.Sph

(Figure 57).
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Figure 55  SBF SEM imaging and osteocyte cell bodies segmented from the volume of interest.

A SBF SEM image of resin block face and region of data collection for dataset A_1 (rectangle)
extending from tibial periosteum (P) to endosteum (E). Conductive glue (CG), resin R). Scale
bar =100 um

B Region of A_1 dataset including osteocytes (Ot), vasculature (V), conductive glue (CG), resin

(R). Scale bar =50 um

C Segmented osteocytes in x-y view.
D Segmented osteocytes in x-z view.
E Segmented osteocytes in y-z view.
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Figure 56 Effect of age on osteocyte network

Mean osteocyte number density, osteocyte porosity and osteocyte volume in adult and juvenile

tibia measured using SBF SEM. No significant differences were observed. Values are mean % SE,

n=3 in each group.
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Figure 57 Effect of age on osteocyte cell measures

Mean osteocyte length, width, breadth, anisotropy and sphericity in adult and juvenile tibia
measured using SBF SEM. No significant differences were observed. Values are mean * SE, n=3 in

each group.
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5.3.2.2 A_2 Dataset A_2

Dataset A_2 uses a smaller pixel size (10 nm) than dataset A_1 to achieve better lateral
resolution. The mean bone volume imaged is 3.35 x 10° um3 (Table 20). This volume
enabled imaging of up to 53 cells or parts thereof in each tissue block. Raw data can be

viewed at (https://www.youtube.com/channel/UCTERYdnSV bTQgbHt0Z261ZQ) Osteocyte

cell bodies, processes and pericellular spaces were extracted from the data using the

methods outlined in Appendix B.2 (Figure 58).

5.3.2.2.1 Osteocyte number density, porosity and volume

Mean osteocyte number density in adult animals was 53,700 + 16,200 / mm?2 and in juvenile
animals was 57,600 + 14,600 / mm3. Mean osteocyte porosity in adult animals was 0.64 +
0.15% and in juvenile animals was 0.65 t 0.18%. Mean osteocyte volume <Ot.V> in adult
animals was 118.97 + 23.41 pum?3 and in juvenile animals 112.80 + 19.55 pm3. The most
frequent value for Ot.V was 100 pm? in adults and 120 um?3 in juvenile animals. Osteocyte
number density, porosity and <Ot.V> were not significantly different in adult and juvenile

animals (Figure 59).

Table 20 Dataset A_2 dimensions and volumes

No pixels|No :ii::l No slices Slice thickness|Bone volume

X pixels y (nm) (nm) (um3)
Adult 8192 8192 10 954 50 3.20E+05
Adult 8192 8192 10 877 50 3.11E+05
Adult 8192 8192 10 878 50 2.93E+05
Juvenile| 8192 8192 10 999 50 3.31E+05
Juvenile| 8192 8192 10 960 50 3.22E+05
Juvenile| 8192 8192 10 1464 50 4.34E+05
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Figure 58  Osteocyte cell bodies, cell processes and pericellular space volumes segmented from
murine bone tissue imaged using SBF SEM
A slice from SBF SEM with segmented osteocyte cell bodies.

Segmented osteocyte cell bodies in x-y view.

Segmented osteocyte cell bodies in x-z view.

A

B

C Segmented osteocyte cell bodies in y-z view.

D

E Segmented osteocyte cell bodies and connecting cell processes. Scale bar =5 um
F

A reconstructed osteocyte and processes (green) surrounded by pericellular space (blue)

Scale bar =5 um
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Figure 59  Effect of age on osteocyte measures
Mean osteocyte number density, porosity, osteocyte volume and distribution of osteocyte
volumes in adult and juvenile murine tibia measured using SBF SEM imaging. No significant

differences were observed. Values are mean + SE, n=3 in each group.
5.3.2.2.2 Osteocyte measures

There are no significant differences in osteocyte cell measures (Figure 60).
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Figure 60  Effect of age on osteocyte measures
Mean osteocyte length, width, breadth and anisotropy in adult and juvenile tibia from murine
bone tissue measured using SBF SEM. No significant differences were observed. Values are mean

+ SE, n=3 in each group.
5.3.2.2.3 Pericellular space

On visual inspection of the SBFSEM data the pericellular space (PCS) around osteocytes
appears larger in juvenile animals (Figure 61). <Lc.V> in adult animals is 131.69 + 22.61 um?
and in juvenile animals is 144.95 + 39.83 um3. Neither Ot.V nor Lc.V were significantly
different, however PCS.V, PCS.Th and % Lc.V occupied by an osteocyte were significantly
different (p<0.05). Mean PCS thickness (<PCS.Th>) was 0.41 + 0.36 um in adult animals and
0.89 £ 0.78 um in juvenile animals (Figure 62). Mean max PCS.Wi is 1.44 + 0.66 um in adult

animals and 2.04 £ 0.73 um in juvenile animals (p = 0.000123).
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Figure 61  Slices from SBF SEM datasets showing enlarged PCS and occupied lacunae.

A-C SBF SEM images of adult murine tibia. Scale bars =20 um

D-F SBF SEM images of juvenile murine bone. Scale bars = 20 um

G Osteocytes in adult murine tibia. Scale bar = 10 um

H Osteocytes in juvenile murine tibia showing the visible pericellular space (*)

surrounding the osteocytes. Scale bar = 10 um
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Figure 62 Effect of age on osteocyte, lacunar and pericellular space measures from murine

bone tissue measured using SBF SEM.

Mean osteocyte volume, pericellular space volume and lacunar volume in adult and juvenile tibia.
Values are mean * SE, n=3 in each group. Mean proportion of lacuna occupied by osteocyte

(Ot.V/Lc.V). Mean PCS.Th and mean maximum PCS.Wi in adult and juvenile animals. ** p<0.01,

*** p<0.001
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5.3.2.2.4 Osteocyte processes
The mean number of processes (<N.Pr>) per osteocyte in adult animals is 70 + 22 and in
juvenile animals is 76 £ 17. The mean process diameter in adult osteocyes is 53 £ 28 um

and in juvenile animals is 46 + 22 um (Figure 63).
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Figure 63 Effect of age on number of processes and process diameter from murine bone

tissue measured using SBF SEM.

Mean number of processes and process diameter per osteocyte in adult and juvenile tibia. Values

are mean % SE, n=3 in each group.

533 Occupancy

There were no unoccupied lacunae observed in either adult and juvenile tibia during this

CXEM study (Figure 61).

53.4 Comparison of uCT and SBF SEM results

Comparison between uCT and SBF SEM derived distribution, porosity and osteocyte
volume showed good agreement between the two techniques. Osteocyte number density
is 57,700/mm?3 in adult animals and 76,700/mm?3 in juvenile animals using pCT and ranges
from 53,700 to 57,700/mm?3 in adult and 55,700 to 57,500/mm?3 in juvenile animals using

SBF SEM. Average osteocyte porosity measured using uCT is 0.98% in juvenile and 1.19% in
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adult animals. Using SBFSEM the mean porosity is 0.64 - 1.2% in adult and 0.71 - 0.98% in
juvenile animals. Mean osteocyte volume in adult animals is 168 um? and 153 pum?3 in
juvenile animals using uCT and ranged from 121-141 pm?3 in adult and 112-134 pm?3 in

juvenile animals using SBF SEM.

5.4 Discussion

One of the objectives of this project was to quantify directly, at high spatial resolutions and
in 3D, the detail of the ON in juvenile and adult mouse tibia using the CXEM workflows
developed and outlined in Chapters 3 and 4. Bone tissue, which has been decalcified and
stained with heavy metals, provides good image contrast for both uCT and SBF SEM. This
allows collection of images and quantitative data on the ON, from a volume containing tens
of thousands of cells. Subsequently, high-resolution 3D data on both the ON&LCN, from a
targeted sub-volume containing a significant number of cells (47 — 119), was obtained. New
measures for osteocyte cell processes and the pericellular space have been defined. This
section discusses the implications of the tissue used, the CXEM method, the results
obtained, the possible effects on future computational models, limitations of the study and

finally the opportunities for future work.

5.4.1 Mouse model

As outlined in section 5.1.3, murine bone, unlike that of larger mammals including humans,
does not have osteons and does not undergo intracortical remodelling. In the mouse,
cortical bone is formed during growth and is subsequently unchanged whereas human
bone is extensively remodelled over time (Jilka, 2013, Parfitt, 1994a). Many previous
studies of bone have used mouse models and have shown that insight gained into structure

can contribute to understanding of biological function and mechanical behaviour (Flurkey,
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2007, Jilka, 2013). Mouse models reflect the characteristics and timing of age-related bone
loss in humans, including loss of BMD (Almeida et al., 2007, Yuan et al., 2009) and exhibit
age-related decrease in cortical thickness and increase in cortical porosity (Ferguson et al.,
2003) which may be informative for the situation in aged humans (Jilka, 2013). Healthy
murine bone is well characterised and the results from this study are consistent with
existing data (see below), confirming that CXEM produces consistent results for osteocyte
distribution measures. Adult and juvenile animals were compared and no significant
differences in the measures set out in Table 16 and Table 18 were found. As discussed in
section 5.2.1 and shown in Table 1, previous studies of bone development use a range of
ages, species and anatomical areas so information is inconsistent. The data from this study
will add to the knowledge of the ON&LCN during development of healthy murine tibia

between 4-38 weeks of age.

5.4.2 Assessment of CXEM

CXEM (i) exploits the advantages of uCT (large volume, 3D, non-destructive) and SBF SEM
(high resolution, 3D, concurrent ON&LCN imaging), (ii) yields data across different length
scales, (iii) sets the SBF SEM data in a larger context and (iv) facilitates choice of the sub-
volume of interest by providing prior knowledge of 3D microstructure. CXEM facilitates
imaging of both the ON and the LCN rather than the LCN alone, which has often been used
as a proxy for the cell network (Vatsa et al., 2008, van Hove et al., 2009). 3D microstructural
detail unobtainable by other imaging techniques such as PCS and cell process measures can
be retrieved. CXEM also allows determination of lacunar occupancy, which is found to be
high in healthy tissue (Nufiez et al., 2018), but changes in which may be an interesting factor
in ageing and in pathological conditions (Power et al., 2001) reflecting occurrence of

osteocyte cell death, which is implicated in bone disease (Ruand Wang, 2020). The minimal
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embedding technique used in this study (Schieber et al., 2017) was developed for FIB SEM

imaging but is equally appropriate for SBF SEM and CXEM.

5.4.3 Anatomical area

The TFJ was selected as the region of interest in this study as it contains only cortical bone,
provides a clear landmark allowing for consistent and reproducible imaging, while the size
facilitates uCT imaging of the entire cross-section in a single field of view. Other researchers
have studied the TFJ and comparable data for lacunar number density (but not osteocyte
number density) exist. Values reported for lacunar density at the murine TFJ include 62,000
— 64,000 /mm?3 (15-week to 10-month-old) (Nufiez et al., 2018); 64,000 (16-week-old)
(Goring et al., 2019); and 45,000 - 63,000 (12-week-old) (Mosey et al., 2017). In the present
study, the osteocyte number density (N.Ot/BV) ranges from 53,700 to 76,700 /mm?3, which
compares well with previous results. As results for the ON in this study are consistent with
those obtained for the LCN in previous research, high levels of lacunar occupancy in the
murine samples can be assumed. This was confirmed by correlative SBF SEM imaging where

no empty lacunae were observed (Figure 61).

The tibia adapts to mechanical loading. The mechanical strain environment of the tibia
arises primarily due to bending. Inhomogeneity of strain has been demonstrated using FE
modelling of axial compression of the tibia, although different peak strain locations have
been reported. Studies have shown that peak compressive and tensile strains are
experienced in the lateral and medial regions (Torcasio et al., 2012), posterior and anterior
regions (Prasad et al., 2010), postero-lateral and antero-medial regions (Patel et al., 2014)

and medial and lateral regions (Nufez et al., 2018) (Figure 64).
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Figure 64  FE modelling of mechanical strain in mouse tibia
FE modelling results in 15 week old mouse tibia showing inhomogeneity of mechanical strain.
Peak compressive strain is in the medial region and peak tensile strain in the lateral region. The

anterior and posterior regions have lower compressive strain levels. (NUfiez et al., 2018)

In the present study, osteocyte number density, porosity and volume in the posterior,
anterior, lateral and medial volumes were compared in adult and juvenile animals to
determine whether the differences which have been observed in mechanical strain in
regions of the tibia are reflected in the structural properties of the ON. As the ON is
mechanosensitive, changes in the structure may be related to the strain experienced in the
region. No significant differences were found in ON measures between regions in this
study, confirming previous results (Nufiez et al., 2018). A study of rat bone investigated
regional diversity from the endosteum, through the intra-cortical region to the periosteum
(Tommasini et al., 2012). Future analysis of CXEM data, including the data produced in this
study, in this way may be useful to investigate differences in cells and tissue formed at

different times.

In summary, there are no significant differences in the ON measures analysed in the

posterior, anterior, medial and lateral quadrants of the murine tibia and there are no
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differences between the same measures in juvenile and adult bone tissue. It has been
established that there are differences in the vascular network in regions of the tibia
(Nufnez et al., 2018). However, the inhomogeneous nature of compressive and tensile

strain distribution are not reflected in the structure of the ON in the murine tibia.

5.4.4 Discussion of results

The results obtained in this study for osteocyte number density and porosity are
comparable to the values obtained by other researchers for the respective lacunar
measures produced using UCT and SR CT (Tiede-Lewis et al., 2017, Schneider et al., 2007,
Tommasini et al., 2012, Hemmatian et al., 2017b). This, along with the observation from
SBF SEM that lacunar occupancy in murine tibia bone tissue is high, confirms that LCN
measures of healthy murine tissue reflect well the ON residing within it and adds
confidence and validity to the use of LCN measures as a proxy for the ON in healthy murine

tissue.

As discussed in section 2.5, in both human and murine bone, after an initial increase,
osteocyte and lacunar number densities decrease with age (Bortel et al.,, 2015,
Zimmermann et al., 2019). The animals studied (4-week-old and 38-week-old) represent
juvenile and adult stages of development (Figure 47) (Dutta and Sengupta, 2016), and show
neither the increase in osteocyte number density associated with early growth nor the
decrease in osteocyte number density associated with ageing. The results of the present

study suggest that osteocyte number density and porosity remain stable during this period.

There was no significant difference in <Ot.V> observed between adult and juvenile animals
in this study. However, there was a decrease in the measured value of <Ot.V> as the voxel
size of the imaging technique decreased (i.e., for higher spatial resolutions). <Ot.V> derived

from pCT data acquired at 1.5 pm?3 voxel size was 163 + 95 um3, using SBF SEM at 20 x 20
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x 50 nm?3 voxel size was 136 + 35 um? and using SBF SEM at 10 x 10 x 50 nm? voxel size was
116 + 22 um3. Studies of bone architecture using different voxel sizes have previously
illustrated the effects of resolution on structural parameters (Peyrin et al., 1998, Ritman,
2011, Jorgensen et al., 2008). A recent study carried out on idealised test data representing
lacunae found that volume measurements are sensitive to voxel size, with smaller voxel
sizes producing results closer to the ground truth (volume of idealised data) (Williams et
al.,, 2020). This is because a small number of large voxels represents an object less
accurately and the decrease in accuracy due to partial volume effects leads to errors in
thresholding and segmentation (Williams et al., 2020). This illustrates the value of using
SBF SEM when high-resolution 3D measures are required to address research questions,
such as understanding mechanobiology in the ON&LCN. It is important to note at the same
time that if data from large volumes or numbers of cells is required the high spatial

resolution and reduced volume imaged by SBF SEM may be a detriment.

The results obtained in this study for osteocyte dimensions (Ot.Le, Ot.Wi, Ot.Br and Ot.V)
compare well to osteocyte measures obtained by ssTEM (Palumbo, 1986) and CLSM
(Sharma et al., 2012, Sugawara et al., 2005, Vatsa et al., 2008) and lacunar measures
obtained using SR CT (Hannah et al., 2010) and AFM (Lin and Xu, 2011). There is extra value
in CXEM over uCT or SR CT because simultaneous 3D imaging of the ON and LCN produces
data unobtainable by uCT or SR CT such as volume and dimensions of the PCS. It is crucial
to quantify the spatial relationship between the cellular ON and the mineralised LCN in 3D
as changes in this relationship will affect interstitial fluid flow and direct matrix-cell
deformation, both proposed mechanisms for strain amplification in bone (Section 2.9.1).
The PCS volume data produced by SBF SEM in this study are unique and can play a valuable

role in understanding osteocyte mechanosensation. (Discussed later).
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2D SEM studies found that infantile human bone has larger osteocyte lacunae than more
developed bone (Jandl et al., 2020, Zimmermann et al., 2019). It is unclear from these
studies whether this is reflective of an enlarged PCS or larger cells within the lacunae, or
both. SBF SEM in the present work found that juvenile animals have a larger PCS than
adults, suggesting that an increased PCS volume contributes to the lacunar enlargement.
Larger PCS in infantile bone may be associated with less mineralised and less organised
perilacunar bone (Nicolella et al., 2008), however, as bone tissue is decalcified in this study

it is not possible to determine changes in bone matrix mineralisation.

A notable finding of this study is that PCS.V is smaller than has been previously determined.
SBF SEM in the present study found that the mean lacunar volume occupied by an
osteocyte is 87 £ 11%. A mathematical study which used TEM determined values for PCS.Wi
(0.6 um) (McNamara et al., 2009, Kerschnitzki et al., 2013) and SR CT derived values for
lacunar surface area (336.2 um?) (Dong et al., 2014a) determined that the mean lacunar
volume occupied by an osteocyte is 50% (Buenzli and Sims, 2015). If these calculations used
the directly measured percentage occupancy data from CXEM, the total volume of fluid
within the network calculated using the same equations would be reduced to a quarter of
the estimated value (Table 21). Indeed this paper mentions the need for experimental

studies such as the current study which can measure and compare Lc.V, Ot.V and PCS.V.
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Table 21 Overestimation of the volume of extracellular fluid in human bone.
Column A shows calculations using the occupancy data in (Buenzli and Sims, 2015). Column B

using the % occupancy determined by the current CXEM study.

Values and equations A B

<% Lc.V occupied by osteocyte>

<Ot.V/Lc.V x 100> 50% 87%

Total volume of extracellular fluid in ON&LCN

Lc.Ar xgxTt.N.Lc + (Ca.Rd? - Pr.Rd?)xTt.Pr.Le 24,207 mm3 6,294 mm?3

Lc.Ar = lacunar surface area, g = gap, Tt.N.Lc = total number lacunae, Ca.Rd = canalicular radius, Pr.Rd = process radius,

Tt.Pr.Le = total process length

The implications of changes in PCS.V and associated fluid volumes can be explored using
the Hagen-Poiseuille formula, which describes the relationships between pressure,
viscosity and flow rate. In a moving flow regime the point of greatest resistance is the point
of maximum shear stress, which in the osteocyte would be the point of maximum
mechanosensation. Making several simplifying assumptions: a uniform rigid hollow
cylinder, Newtonian fluid behaviour, non-pulsatile flow and the presence of Poiseuille flow,
the formula is used to calculate applied wall shear stress (WSS). The magnitude of WSS is
proportional to the velocity gradient near the tube wall, thus low WSS values are associated

with low local velocities and, thus, long residence times of fluid in the near-wall region.

Hagen-Poiseuille Formula ~ WSS = 4uQ/m R”3

Where p = dynamic fluid viscosity, Q = volumetric flow rate and R = cylinder radius
(PCS.Wi/2). WSS is inversely proportional to the ‘radius’ (PCS.Wi/2) of the PCS and directly
proportional to the flow rate. Thus, variation in PCS.Wi has substantial effects on the

magnitude of shear stress at the osteocyte cell membrane. However, in a non-uniform
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shape such as the osteocyte PCS, the situation is more complicated, shear stress is not
simply inversely proportional to volume and large inhomogenous variations in shear stress

are predicted.

In FE and FSI studies of idealised and realistic models, the simulated PCS is always of
uniform width around the cell and values range from 0.05 to 0.75 um (Verbruggen et al.,
2016, Verbruggen et al., 2012, Vaughan et al., 2013, Vaughan et al., 2014, Wanget al., 2018,
You et al., 2001). These values are determined from TEM images (You et al., 2004,
McNamara et al., 2009), which as discussed in Chapter 2, provide 2D data from a small area
of tissue. It is interesting to note from the SBF SEM results in the present study that PCS
width varies considerably due to irregularities in both the cell shape and the lacunar wall
from 0 um where the cell is in contact with the lacunar wall to a maximum width of 4.45
pum. The inclusion of ECM projections in idealised osteocyte model resulted in an increase
of 152% in shear stress stimulus to the cell (Verbruggen et al., 2014), so including realistic
variations in minimum and maximum PCS.Wi would similarly increase shear stress
predictions. Permeability scales with the porosity, PCS.Wi and the number of canaliculi

(Fritton and Weinbaum, 2009) and this would also be affected by changing PCS values.

Studies have shown that maximum principal strains in realistic models are higher than in
idealised models of the cell, lacuna and PCS (Verbruggen et al., 2012) and that progressive
idealisation causes underestimation of flow magnitude and maximal shear stress and
eliminates spikes in shear stress along the cell surface (Anderson and Knothe Tate, 2008).
SBF SEM overcomes the experimental challenges mentioned in (Verbruggen et al., 2012)
and obtains the precise size of the PCS gap, the use of which in future studies may serve to
determine the significance of the PCM and projections of both cell and matrix in mechanical

stimulation. According to the realistic cell and lacunar results, PCS is narrower in certain
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regions and at these focal locations strain transfer to the osteocytes would be increased,
as demonstrated by the increased levels of strain around idealised matrix projections

(Verbruggen et al., 2012).

A recent study also highlights that changes in microstructural detail of the PCS affect
mechanobiology (Lai et al., 2021). That study using idealised osteocyte and lacunar shapes
showed that variations in lacunar dimensions during lactation affect behaviour of fluid flow
and osteocyte sensation. Lacunar porosity and PCM density are major determinants of fluid
flow in bone. Using 3D CXEM data in studies such as this would allow interrogation of the

effects of ultrastructural changes in PCS dimensions.

In summary, quantitative hallmarks of bone tissue at the cell level in developing healthy
murine tibia have been derived during this investigation. uCT imaging of decalcified and
stained tissue produces osteocyte density and porosity data reflective of the data produced
from analysis of lacunae in calcified bone tissue. Osteocyte number density, osteocyte
porosity and osteocyte cell measures in juvenile and adult animals have been compared.
No significant differences in osteocyte density and porosity were found between the
anterior, posterior, medial and lateral regions of the tibia. No major significant differences
in the ON&LCN measures were found between juvenile and adult animals in this study
indicating that the period studied is not a time of microstructural change in tibial bone in
male mice. Novel findings include the first 3D measurement of PCS dimensions and the
number of osteocyte processes per cell determined over a number of cells by direct
measurement. These geometries may contribute to the design of computational models

for bone mechanobiology.
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Chapter 6 CXEM study of osteoporosis and

osteoarthritis in human bone tissue

6.1 Introduction and review

The optimised CXEM sample preparation, imaging, image processing and quantification
techniques outlined in Chapters 3 and 4 are in this chapter applied to femoral head tissue
from OP and osteoarthritic OA patients. Qualitative and quantitative results are compared
to describe the ON&LCN in OP and OA and to discover features of disease which are

relevant for changes in bone mechanobiology.

In this introductory section, the epidemiology of OP and OA are briefly recapped, their
comorbidity discussed. A CXEM study of the ON&LCN in OP and OA in human femoral head

tissue is presented.

6.1.1 Osteoporosis and osteoarthritis

Musculoskeletal disease is a major health burden both in the UK (Versus-Arthritis, 2019)
and worldwide (WHO, 2019). Musculoskeletal conditions account for the third largest
area of UK National Health Service (NHS) programme spending at £4.7 billion (Leal et al.,
2016). OP and OA are two of the most common conditions implicated in the economic
burden of musculoskeletal disease (WHO, 2019). Thus, there is an urgent need to

understand more completely the processes underlying these bone pathologies.

6.1.2 Changes in bone with OP and OA

In Table 3 and Table 4 the changes observed in the ON&LCN of bone tissue during OP and
OA are summarised. It is notable that no comprehensive 3D studies of the ON&LCN in OP

bone have been carried out to date. Some of the changes in OP are similar to those
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observed in ageing, namely a decrease in osteocyte and lacunar number densities and a
decrease in connectivity. Lacunar occupancy decreases with age in human bone tissue, is
found to decrease or remain unchanged in OP and has not been investigated in human OA
tissue. Ageing is accompanied by both an increase in the number of empty lacunae and a
change in lacunar shape, neither of which are observed in OP bone tissue. In OA,
connectivity between osteocytes is also decreased (Knothe Tate et al., 2004) (Mazur et al.,
2019) and apoptosis is increased in both OA and OP (Wong et al., 1987, Tomkinson et al.,
1997). Any or all of these changes could affect signals perceived by osteocytes from strain

or fluid flow which eventually trigger osteocyte biochemical outputs.

In summary, while differences in bone structure on the organ level in OA and OP have been
shown, much evidence of the changes in the ON&LCN at cellular level in OA and OP is
contradictory or missing (See Table 3 and Table 4). The CXEM study described in this
chapter will attempt to increase the knowledge of the 3D structure of the ON&LCN in OA

and OP.

6.1.3 Comorbidity

An inverse relationship between OA and OP had been accepted based on observations that
fractured femoral heads showed a general absence of OA and that hip and spine fractures
were rare in OA cases (Hart et al., 1994, Dequeker, 1999). It is suggested that alteration in
bone tissue during OA, notably the increase in subchondral bone stiffness, predisposes
individuals to cartilage loss but protects against OP (Dequeker et al., 2003). An SEM and
TEM study of OA and OP bone supported this theory, finding significant differences in bone,
collagen fibres, lacunae and osteoblasts (Shen et al., 2009). Interestingly, no osteocytes

were seen in that study. Studies have shown that patients with OP suffer a deterioration in
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trabecular bone architecture not seen in patients with OA (Blain et al., 2008, Boutroy et al.,

2011, Tamimi et al., 2020, Zhang et al., 2010).

Studies of the sequence of changes occurring in the development of OA, however, suggest
that the concept of an inverse relationship may be an overly simplistic approach (Baker-
LePain and Lane, 2012, Hayami et al., 2004). Clinical experience shows that OP and OA may
coexist (Rizou et al., 2018) and a cross-sectional analysis found that 20% of OP patients also
suffered from OA (Puth et al., 2018). Osteoporotic OA (OP-OA) has been proposed as a
defined phenotype of OA characterised by a significant decrease in subchondral bone
density accompanied by other features (Bellido et al., 2010, Herrero-Beaumont and
Roman-Blas, 2013). A review of the literature concluded that OA and OP are inversely
related when studied cross-sectionally and systematically, however longitudinal studies
report a more complex and circumstantial relationship, with individual variation (Im and

Kim, 2014).

Risk factors for OA and OP and their relationships are illustrated in Figure 65. Several factors
including age, sex and genetics contribute to the pathogenesis of both disorders.
Inflammation and ‘unfavourable body composition’ are contributing factors to both — with
low weight a risk for OP and obesity a risk for OA. Obesity contributes to mechanical
overloading of joints, leading to the development of OA while reduction in loading through
immobility is a factor in OP development (Bultink and Lems, 2013). As the osteocyte is a
multifunctional cell that plays a key role in maintenance of bone mass through regulation
of both osteoblast and osteoclast activity, it is likely to be a therapeutic target for the

treatment of both OA and OP.

Ideally, the comparisons in this study would be between diseased and age- and sex-

matched healthy human tissue. Cadaveric control material has been used in bone studies
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(Jenkins et al., 2017), however preservation of cells is compromised by freezing and by
delay in fixation. There are precedents for using OA and OP tissues in studies without
healthy control tissue (Cinar et al., 2016, Zhang et al., 2009, Shen et al., 2009). In the
current study, as fresh healthy human bone tissue is not available, bone samples from OP
and OA patients are compared to each other. It is recognised that this is not a ‘gold
standard’ comparison however, pragmatically, it is considered a reasonable compromise
and results will be interpreted carefully considering the knowledge of co-morbidity

outlined above.

Osteoarthritis Osteoporosis
Age
Gender
Occupation Smoking
Genetics
Trauma < x
Inflammation/chronic
| inflammatory diseases Alcohol
Intense sport ‘
activities Medication
Obesity Unfavourat?lta Doy —_~ >lLow BMI/ low body weight, :
composition ) v
Mechanical overloading < Exercise [ Immobility

Figure 65  Risk factors for the osteoarthritis and osteoporosis.

BMI - body mass index. From (Bultink and Lems, 2013).

6.1.4 Summary

Changes occur in bone microstructure in OA and OP (Section 2.6.2). CXEM can contribute
to elucidating and understanding these changes by providing images and quantitative data
on both osteocyte and lacunar measures, lacunar occupancy and degrees of cell health.
Thus the remaining sections of the chapter present a study of OA and OP human femoral
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head bone studied by CXEM with the intention of deriving quantitative hallmarks of both

diseases.

6.2 Introduction to CXEM study

There is a dearth of comprehensive 3D imaging studies of changes in OP and OA at a cellular
level. Also missing from previous studies are lacunar occupancy data, information about
cell health and cell death, and a more detailed understanding of relationships between the
osteocytes, lacunae and pericellular space. As the ON&LCN is involved with bone health
and disease (Chapter 2), a fuller understanding of structure in diseased tissue will inform
modelling approaches to bone mechanobiology and future therapeutic targets. CXEM can
contribute by producing quantitative data on the ON&LCN and on lacunar occupancy.
CXEM has the advantages of discovering the ultrastructural phenotype of cells, shedding

light on cell health and thus the ability of the ON to function effectively.

In this chapter, CXEM is applied to femoral head tissue from human donors with

osteoporosis (OP) and osteoarthritis (OA). This study aims to:

e Produce quantitative data on the 3D structure of the ON&LCN in OP and OA bone.
The data will include osteocyte number density, porosity, volume, shape, lacunar

occupancy, number of processes, process diameter and PCS volume.

¢ |dentify differences if any, in the ON&LCN microstructure and ultrastructure in OP
and OA human femoral head tissue. The results will shine a light on the mechanisms

of mechanobiology and how they are affected during these conditions.

e Provide quantitative data which will enable improved computational modelling of

mechanobiological processes in human bone diseases.
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6.3 Materials and Methods

This section outlines the collection and sample preparation methods used to fix, stain and
resin embed human femoral head tissue for CXEM. The imaging and quantification steps
used to derive hallmark data on the ON&LCN are described. Fully detailed descriptions of

the methods are included in Appendix A, Appendix B and (Goggin et al., 2020).

6.3.1 Sample collection

Collection of bone tissue was approved under the Southampton and South West Hampshire
Local Research Ethics Committee (LREC 194/99). Human femoral head samples were
collected from female OP (n=3, ages = 76, 51, 67 years) and OA (n=3, ages = 92, 95, 95
years) patients (Figure 66). OP samples were collected from patients undergoing hip
arthroplasty at University Hospital Southampton NHS Foundation Trust. The indication for
surgery in this group was intracapsular fracture of the femoral neck following a low trauma
fall. This assumes that individuals suffering a fragility fracture of the femoral neck must be
osteoporotic, however this does not incorporate fall risk or other factors related to fragility
fractures. Patients in the OA group (collected from the Spire Hospital, Southampton) were
undergoing elective total hip replacement (THR) for OA of the femoral head. Samples were
collected and immersed in fixative (3% glutaraldehyde (GA), 4% formaldehyde (FA) in 0.1

M PIPES buffer) immediately after surgery.

6.3.2 Sample Preparation

Sub-volumes of bone with at least one dimension measuring less than 2 mm from the
proximal surface of the femoral head were dissected while immersed in fixative (Figure 67).

The sub-volumes were stored overnight in fixative at 4°C. Sample preparation for CXEM
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including decalcification, staining and minimal resin embedding was carried out following

the protocol set out in Appendix A.

Figure 66  Femoral head samples collected after hip arthroplasty.

Top - OA samples, Bottom - OP samples

Figure 67  Dissection of fixed femoral head tissue

Wedges of fixed bone tissue removed from the femoral head and cut into blocks (centre) for

further processing.
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6.3.3 uCT

The first step of CXEM is uCT imaging of the entire stained tissue block. This produces
images of the bone sample and quantitative data on the distribution, size and shape of
osteocytes. UCT imaging facilitates choice of a sub-volume for subsequent SBF SEM
imaging. UCT image acquisition, image processing and image analysis are described in this

section.

Bone tissue blocks fixed, decalcified, stained and minimally embedded as described in
Appendix A were mounted in a plastic straw and imaged by uCT using a Zeiss/Xradia Versa
510 scanner (Figure 68), which uses an 160 kVp source and a 2048 x 2048 pixel flat panel
detector. Imaging settings were as follows: peak voltage 110 kVp, power 9.5 W, binning x
2, 1024 x 1024 pixel detector, x 4 objective lens, filter 0.34 mm of SiO,, exposure time 5 s
and sampling 4501 projections. Source-to-detector and source-to-object distances were
set to 64.81 mm and -18.66 mm respectively, which along with the selected 4x objective
resulted in a radiograph pixel size of 1.5 um x 1.5 um and a field of view of 1.5 mm x 1.5

mm.

The raw data (X-ray projections) were reconstructed using a standard filtered back
projection (Zeiss reconstruction software), and an isotropic voxel with an edge size of 1.5
um. The reconstructed data were exported as 16-bit tiff stacks for visualisation and
analysis. Images from UCT scanning were reviewed by a consultant pathologist and rejected
if they showed evidence of being a fracture site or other pathological features. For example,
a sample which showed fibrous connective tissue reactive changes (Figure 69) was not used

in this study. Data is available from DOI: 10.5258/SOTON/D2118
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Figure 68  X-ray uCT imaging

A
B
C

Plastic tube containing samples for imaging.

Diagram showing the arrangement of samples inside the tube.

Tube mounted in Versa uCT scanner showing samples mounted in tube (S), detector (D)
and X-ray source (X).

Radiograph showing the bone sample within the tube. C= cartilage, SCB = subchondral
bone, TB = trabecular bone. Scale bar = 1200 um

Image from scan showing cartilage (C), subchondral bone (SCB) and trabecular bone (TB).

Scale bar =400 pm
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Figure 69  Selection of samples for inclusion in project
A UCT image of a suitable bone tissue sample showing cartilage (C) and bone (B) layers.
B KCT image of an unsuitable bone tissue sample showing fibrous connective tissue

reactive changes. Scale bar =300 um

6.3.4 Image processing and analysis

Image processing of the WCT data was carried out using Avizo (version2019.4)
(ThermoFisher Scientific), and Fiji (Schindelin et al., 2012) as outlined in Appendix B.1.
Briefly, bone tissue was segmented, heavy metal stained elements comprising the
osteocytes and the vascular tissue were extracted, separated using a volume filter and the

osteocytes quantified as outlined in Appendix B.3.

6.3.5 SBFSEM

A single osteon was chosen from each tissue block as the volume of interest for SBF SEM

imaging. The sub-volume was prepared, imaged and analysed as described in A.4.6.

6.3.6 SBF SEM imaging

In each bone sample a frustum with face approximately 500 pum? centred on an osteon was

created by trimming the resin block. This sub-volume of interest was removed from the
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block and mounted on an aluminium pin using conductive glue (Figure 38). Imaging was
carried out using a 3ViewXP2 system (Gatan Inc., Abingdon, UK) in a Quanta 250 FEGSEM
(ThermoFisher, Netherlands) as described in Appendix A.4.6 and set out in (Table 22).
Toluidine blue sections taken from the block at intervals were used to assist in area
selection and determining location within the block by comparison with the uCT images.

Data is available from DOI: 10.5258/SOTON/D2118

Table 22 Settings used for SBF SEM

Parameter Value
kv 3kV
Spot 3
Slice thickness 50 nm
Dwell time 4 us
Vacuum 45 Pa

Number of pixels in x-y | 8192 — 9000

Pixel size 20 nm
Number of slices 1101 - 1448
6.3.7 Image processing and quantification

The osteocyte cell bodies, processes and the PCS were segmented, visualised and
quantified using Imagel (Schneider et al., 2012a), the Fiji plug-in Trainable Weka
Segmentation 3D (Arganda-Carreras et al., 2017) and Avizo (ThermoFisher) as described in
Appendix B.2. Weka segmentation is based on image features and as the cell contents and
condition vary so much in the human samples the Weka segmentation tool was less reliable

and some manual segmentation was performed to refine the results.

219



Chapter 6

Table 23 Dimensions and volumes of tissue blocks imaged by SBF SEM

Patient | Condition | Number of Number of Pixel size Number of Slice thickness | Volume (mm?®)
pixels x pixels y (nm) slices z (nm)
F76 OA 8192 8192 20 1356 50 0.910
F51 OA 8192 8192 20 1416 50 0.950
F67 OA 8192 8192 20 1101 50 0.739
F92 opP 9000 9000 20 1448 50 1.173
F95A opP 8192 8192 20 1218 50 0.817
F95B opP 8192 8192 20 1107 50 0.743

6.4 Results

CXEM has been applied to OA and OP human bone tissue to visualise and to quantify the
ON&LCN using existing quantitative measures and newly defined measures for processes
and the PCS. Automatic segmentation was not as successful in the human samples as it was
in the healthy murine bone samples (see below) because of the variations in cell contents
and condition. Using SBF SEM, however, the ON&LCN were made visible concurrently at
high resolution in 3D over a relatively large volume (Table 23) for the first time. This section

firstly presents the results of the uCT imaging, followed by the SBF SEM imaging.

6.4.1 uCT

UCT imaging of decalcified, heavy metal stained, resin embedded human OA and OP tissue
enabled visualisation of bone, bone marrow and cartilage (Figure 70 and Figure 68).
Vascular components of the tissue were also stained and visualised. It was not possible to
automatically visualise and quantify osteocyte cell bodies and osteocyte lacunae using the
methods described in Chapter 3 as neither the cells nor lacunae showed sufficient contrast
for segmentation using thresholding. Osteocytes and lacunae were identified in the images
and could be manually segmented from the data stacks. The time required for manual

segmentation prohibits its use over these volumes. Quantification of osteocyte and lacunar
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density, porosity and distribution in the uCT images was not possible using the CXEM

methods developed.

Figure 70  X-ray puCT of human bone tissue
An image of uCT scanned tissue (after application of a bandpass filter) showing bone tissue (B),
bone marrow (BM), vascular tissue (V), osteocytes (Ot) and lacunae (Lc). Note that the osteonal

structure is not seen because the tissue has been decalcified. Scale bar = 500 um
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Figure 71  pCT images from OA and OP bone.

A-C OA samples showing cartilage (C) and subchondral bone (SCB). Scale bars = 500 um
D-F OP samples showing cartilage (C) and subchondral bone (SCB). Scale bars = 500 um
Note: B was scanned in a different position to minimise the volume of cartilage imaged and

maximise bone tissue imaged.
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6.4.2 SBF SEM
Figure 72 shows the same osteon imaged with uCT and with SBFSEM. The improved
resolution of SBFSEM is evident as detail of the tissue can be seen. It is possible to identify

lacunae and cell structures. In the uCT image the same structures are discernible without

the detail.

Figure 72  Correlative X-ray and SBFSEM images of an osteon in human bone tissue.

A X-ray UCT image of an osteon

B The same osteon imaged using SBF SEM.
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Heavy metal stains taken up by cell components produced contrast in the SBF SEM images

allowing visualisation of bone tissue, vascular canals, osteocytes and lacunae (Figure 73).

Figure 73  SBF SEM images from OA (A-C) and OP (D-F) tissue.

Images show vascular canals (V), osteocytes (Ot) and osteocyte lacunae (Lc). Scale bars = 50 um

Osteocytes and lacunae were segmented using the Trainable Weka Segmentation plug-in

as described in Appendix B2 (Figure 74).
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Figure 74  SBF SEM output and segmentation results
A A single slice from an SBF SEM dataset showing lacunae occupied by osteocytes (Ot),
apparently unoccupied lacunae (Lc) and a vascular canal (V).

B Single slice showing reconstructions of the vascular tissue (V) at the centre of the osteon

and osteocytes in the surrounding matrix (Ot).
C,D  Segmentation result of 1008 slices showing reconstructions of lacunae (blue) and cellular

material (purple). Scale bars = 50 um

SBF SEM images show that some lacunae are empty, some are occupied by healthy
osteocytes, some by unhealthy cells and some by cell debris (Figure 76). Unhealthy cells
show many of the same features as poorly fixed cells as both have started to undergo cell
death. Thus, to quantify the numbers of healthy cells and the extent of ‘ill health’ or
deterioration the cell descriptions in Table 10 are used. Varying states of cell health are
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defined based on the state of ultrastructural preservation. Briefly, the morphology of the
cell membrane, lamina limitans, cytoplasm, nucleus and nuclear membrane are evaluated.
At the imaging conditions used here mitochondrial structure is not discernible and so the
mitochondrial criteria are not used (Table 24 Percentage of healthy cells, unhealthy cells

and cell debris in lacunae.Table 24 and Figure 75).

Table 24 Percentage of healthy cells, unhealthy cells and cell debris in lacunae.

Condition % Healthy | % Unhealthy % Debris
OA 0 21 79
OA 0 96 4
OA 6 9 85
opP 0 44 56
opP 0 100 0
opP 0 8 92

PERCENTAGE OF CELLS

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
OA OA OA op opP opP

B % Healthy m % Unhealthy B % Debris

Figure 75  Effect of bone disease on cell health.

Graph showing the proportion of healthy cells, unhealthy cells and cell debris in lacunae from OA

and OP bone tissue.

Values for lacunar density in OA and OP bone samples range from 11,849 to 23,136 /mm?3
(Figure 77). Osteocyte density values calculated using cellular material, including cell

debris, are considerably lower, ranging from 1,505 to 22,634/mm3. Mean osteocyte density
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is 45 % of mean lacunar density in OA patients, 51 % of mean lacunar density in OP patients

and 48% of mean lacunar density across all samples.

Values for lacunar porosity range from 0.3 to 0.5 % (Figure 77). Osteocyte porosity values
calculated using Ot.V results, and excluding cell debris, are lower, ranging from 0.02 to
0.26 %. Mean osteocyte porosity is 30% of mean lacunar porosity in OA patients, 26% of

lacunar porosity in OP patients and 28% of mean lacunar porosity across all samples.

Mean Ot.V (cellular material) is 107 pum3 in OA, 102 um3 in OP and in 105 um?3 across all
samples. Mean Lc.V is 262 um?3 in OA and 282 um?3 in OP. Mean PCS.V is 155 pm3in OA and
180 um?3in OP. % lacunar volume occupied by cellular material ranged from 0- 100%. The
mean % volume of the lacuna occupied by cellular material is 49% in OA and 44% in OP

(Figure 78).
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Figure 76  Varying states of cell health observed in human bone samples compared with healthy

cell ultrastructure.

A Osteocyte (murine bone, TEM ) showing no obvious structural damage; continuous
cell membrane (CM); pericellular space neither swollen nor empty (PCS); no empty
spaces in the cytoplasm (C) or within organelles and no obvious cell shrinkage.

B Osteocyte (human, SBFSEM) showing some changes including reduced cytoplasm
volume, spaces in cytoplasm (S) and some shrinkage leading to an enlarged
pericellular space (PCS).

C Unhealthy osteocyte (human, SBFSEM) showing lipid droplets (LD).
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D Osteocyte lacuna (human, SBFSEM) containing unstructured material or debris (D).
E Apparently empty lacuna (human, SBFSEM)
F Endothelial cells of a vascular canal in human bone tissue (SBF SEM) showing good
preservation of cells.
Scale bars A-E = 2 um, scale bar F =5 um
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Figure 77  Effect of disease condition on osteocyte and lacunar number density and porosity for
OA and OP bone samples imaged using SBF SEM.
TOP Mean osteocyte number density and lacunar number density in OA and OP tissue. No
significant differences were observed. Values are mean + SE, n=3 each group.
BOTTOM Mean osteocyte porosity and lacunar porosity in OA and OP human tissue. No

significant differences were observed. Values are mean + SE, n=3 each group.
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Figure 78  Effects of bone disease on osteocyte, lacunar and PCS volumes.
Mean osteocyte volume, lacunar volume, PCS volume and percentage lacunar volume occupied
by cellular material. Includes all lacunae, whether they contain a healthy cell, unhealthy cell or cell

debris. No significant differences were observed. Values are mean + SE, n=3 each group.
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6.4.3 OA Samples (Figure 79)
Cell ultrastructure and thus health, viability and ability to carry out physiological functions
varies in OA samples. Individucal cell measures such as Ot.V cannot be interpreted without
considering the associated cell ultrastructure. Thus, in addition to reporting quantitative
cell measures in these samples, cell health, pertinent ultrastructural features and

observations on distribution in individual samples are described in the following section.

R19 528 F51 : 79% of lacunae in this sample contain debris where no nucleus or organised
ultrastructure is visible. The remaining 21% of lacunae contain unhealthy cells. No cell
processes were observed on the cells. Most have large nuclei, little visible differentiation
between euchromatin and heterochromatin and little surrounding cytoplasm. It appears
that the cytoplasm has shrunk, increasing the PCS.V. Mean Ot.V/Lc.V is 37%. The remaining
condensed cytoplasm contains multiple vesicles. The lamina limitans is well defined in all
lacunae. These features indicate apoptosis apart from the nuclear appearance which in

apoptosis features condensed chromatin.

R19_599 F67 : 96% of lacunae in this sample contain unhealthy cells while 4% contain cell
debris. No cell processes were observed on the cells.The nuclei of most cells appear normal
with euchromatin and heterochromatin visible. There are vesicles in the cytoplasm, some
lipid droplets, cytoplasm with less structure and density than expected in a healthy cell and
little apparent shrinkage. Mean Ot.V/Lc.V is 65%. Occasional cells have intact nuclei but

partly or completely empty cytoplasm. Mean % lacunar volume occupied by a cell is 65 %.

R19 530 F76 : A small proportion of lacunae (15%) located close to the vasculature have
no obvious PCS and contain cellular material including lipid droplets and cytoplasmic
vesicles. Further away from the vascular canal lacunae 85% of lacunae contain debris which

occupies 43% of the lacunar volume on average.
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F51 OA

F67 OA

F76 OA

Figure 79

E
F

Osteocytes and lacunae in OA bone tissue.

Lacuna containing an osteocyte. The nucleus (N) has evenly dense chromatin, the
cytoplasm (C) is condensed and shrunk, increasing the size of the PCS.

A lacuna containing debris (D).

A lacuna containing an osteocyte. The nucleus (N) is intact and contains euchromatin
and heterochromatin. The cytoplasm has lost much of its structure and density and
contains a lipid droplet (L).

A lacuna containing an osteocyte. The nucleus (N) is intact and contains euchromatin
and heterochromatin. The cytoplasm has lost much of its structure and density and
contains vesicles (V).

A lacuna containing an osteocyte with no visible PCS. A lipid droplet is present

A lacuna containing debris (D).

Scale bars =5 um

232



Chapter 6
6.4.4 OP samples (Figure 80)
R19 531 F92 : In this sample 44% of lacunae are occupied by unhealthy osteocytes. No
healthy osteocytes were seen. The cells show shrinkage and an increase in the volume of
the PCS. The mean Ot.V/Lc.V is 43%. The cytoplasm contains vesicles and appears
condensed. The cell nuclei contain undifferentiated chromatin without definition of
euchromatin and heterochromatin. The cells had no cell processes. The remaining lacunae

(56%) contain cell debris.

R19 532 F95 : In this OP sample 100% of the lacunae are occupied by cells. All cells have
lipid droplets in the cytoplasm including the endothelial cells in the vasculature. Nuclei are
large and contain undifferentiated chromatin. The cells are flattened, especially those
located near the vascular canal, and some evidence of shrinkage is observed. The cells had
a reduced number of cell processes. The mean Ot.V/Lc.V is 47%. No cells are classified as

unhealthy and no lacunae contain cell debris.

R19_533 F95 : 13% of the lacunae in the volume contain cellular material. The remaining
87% contain unstructured cell debris. Nuclei are large and contain undifferentiated
chromatin. The cell cytoplasm is condensed. Electron dense droplets, likely lipid, are
observed within some cells and the cell debris. No cell processes were observed in these

cells. The mean percentage space occupied in the lacunae is 50 %.
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Figure 80  Osteocytes and lacunae in OP bone tissue.

A Lacuna containing an osteocyte (Ot). The nucleus has evenly dense chromatin, the
cytoplasm contains vesicles (V). Some cell shrinkage is seen.

B A lacuna containing debris (D).

C A lacuna containing an osteocyte. The cytoplasm has lost much of its structure and
density and contains a lipid droplet (L).

D A lacuna containing an osteocyte. The cytoplasm has lost much of its structure and
density and contains lipid droplets (L).

E A lacuna containing an osteocyte (Ot) with no visible PCS. The nucleus has evenly
dense chromatin, the cytoplasm is dense and the cell appears to have shrunk,
increasing the PCS volume.

F A lacuna containing debris (D) and lipid droplets (L). Scale bars =5 um
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6.5 Discussion

CXEM was applied to OA and OP human femoral head bone tissue with the intention of
imaging and quantifying the ON&LCN within. As discussed in Chapter 2 there is a need to
more fully understand the microstructural and ultrastructural changes occuring in bone
disease in order to identify possible therapeutic targets. It is proposed that CXEM is a useful
technique to investigate these structural changes and provide data which can feed into

computational models of mechanobiology (Section 2.9.2).

This section will discuss:

e The suitability of CXEM as a technique for imaging and production of quantitative
data on the 3D microstructure and ultrastructure of the ON&LCN in OP and OA

bone.

e The implications of the CXEM results on knowledge of bone disease. In particular,
how changes in the ON&LCN in OP and OA human femoral head tissue may affect
mechanisms of mechanobiology. Additionally, how these results may be

incorporated into computational modelling of mechanobiology in bone disease.

e How ultrastructure reflects cell health and how cell health may affect

mechanobiology.

e Limitations of the work and possible improvements.

6.5.1 The suitability of CXEM as a technique for imaging diseased bone tissue.

SBF SEM imaging allows 3D visualisation of osteons, osteocytes, cell processes and empty
lacunae. To the best knowledge of the author, all studies to date, where percentage lacunar

occupancy has been estimated in human bone tissue, were performed in 2D using LM or
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SEM. 2D imaging techniques can lead to osteocyte lacunae appearing empty when a cell is
present deeper in the tissue block. An oblique view can be misinterpreted if the plane of
section misses the cell within the lacuna and false negatives can be caused by cell shrinkage
(Jilka et al., 2013). Therefore the application of 3D imaging techniques to the ON&LCN in

bone tissue will provide accurate occupancy and cell volume data.

One of the advantages of using CXEM to investigate the ON&LCN is the direct visualisation
of osteocytes and particularly the cell ultrastructure. As discussed in Chapter 3, perfusion
fixation gives improved results over immersion fixation and is the ideal method for
preservation of ultrastructure. As this is not possible, control of tissue before fixation is
important so collection directly from theatre, avoiding refrigeration and immediate fixation

ensures the best possible preservation.

Osteocyte phenotypes observed in this study could be reflective of either poor fixation or
deteriorating cell health. The state of preservation and health of the endothelial cells in
these samples demonstrates that the fixation is of good quality so changes in the cell

appearance and thus health can be attributed to the bone pathology.

Using CXEM, the entire cross section of murine tibia could be imaged, however, in human
femoral head only a small subsample can be imaged (Figure 5). Studies of large bones such
as femur would benefit from a correlative technique incorporating an imaging method
which covered a larger volume at as high a resolution as possible. Clinical imaging
techniques such as quantitative CT (QCT), multidetector CT (MDCT) do not presently
provide data at high enough resolution to image the ON&LCN but do provide data on
structural measures such as bone fraction and trabecular number which would guide the

application of further uCT and SBF SEM.
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Using UCT can confirm the presence of cellular or mineral material within an osteocyte
lacuna, but uCT data is not sufficient to distinguish between a healthy, fully functioning cell,
an unhealthy or dying cell, a dead cell or cell debris. This distinction is relevant for the
functioning of the ON&LCN as apoptotic or dead cells can neither contribute to
communication within the network nor sense and transduce loading signals. EM or LM are
required to distinguish this. Lactate dehydrogenase (LDH) staining in LM can demonstrate
cell viability (Xia et al., 2010) and EM can provide evidence of cell health via the

ultrastructural phenotype.

6.5.2 Implications of the CXEM results on knowledge of bone structure and bone disease

CXEM results from this study have produced data on osteocyte number density, osteocyte
porosity and osteocyte volume from human OA and OP tissue in 3D for the first time. The
results also show that in both OA and OP tissue lacunar occupancy is less than 50% and that

cell health is compromised.

Results for human lacunar number density in the literature vary from 14,900 /mm?3 (Bach-
Gansmo et al., 2016a) to 40,000 - 90,000 /mm?3 (Hannah et al., 2010). The variation may be
dependent on some or all of the anatomical site, the disease state, the age of the individual
and the species. Lacunar density values of 19,000 — 28,450/mm? based on (Dong et al.,
2014a, Bromage et al., 2009, Carter et al., 2013b) were used as typical osteocyte density
for human bone in a study which quantified the ON in the human skeleton (Buenzli and
Sims, 2015). To the knowledge of the author, no comprehensive 3D studies of osteocyte
number density in human bone tissue have been reported to date. The density of

osteocytes is more significant than that of lacunae since cells are the active mechonsensors.

Lacunar density results in this study range from 13,329 to 27,160 /mm3. Osteocyte density

values are considerably lower ranging from 1,504 to 19,112/mm?3 (Figure 77). Mean
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osteocyte density is 40% of mean lacunar density in OA patients and 35% of lacunar density
in OP patients. Mean osteocyte porosity is 33% of lacunar porosity in OA and 26% of lacunar
porosity in OP. These findings illustrate why using lacunar density and porosity measures
to represent osteocyte measures in diseased human bone tissue can lead to inaccurate
results. Most of the cells in the OP and OA samples lack cell processes, presumably lost as

a consequence of declining cell health. Their loss has an impact on ON connectivity.

Osteocyte death is dependent on both patient age and tissue age, but can be caused by
oestrogen deficiency, steroid excess and/or excessive strain (Milovanovic and Busse, 2020).
Osteocyte death and subsequent lacunar mineralisation affect the functions of the ON,
including intercellular communication, and thus, mechanosensation, targeted bone
remodelling and repair, leading to damaged bone and accumulation of microcracks,

ultimately decreasing bone quality.

Many of the changes in cell ultrastructure observed are indicative of deterioration in cell
health and many cells show some, but not all the features of apoptosis. The nuclei of
apoptotic cells are characterised by focally condensed chromatin and nuclear shrinkage,
features which were not seen in this study. This suggests that other forms of cell death

including necrosis, necroptosis or autophagy may be taking place.

Cell death and its inhibitors including necrostatin (Stolberg-Stolberg et al., 2020, Gilbert et
al., 2009, Cui et al., 2016) and rapamycin (Yin et al., 2017), are under consideration as
potential therapeutic agents for OP and OA. It is not possible to determine exactly which
methods of cell death are taking place using EM. Combining CXEM with light microscopy
stains for viability such as LDH or apoptotic labelling methods such as transferase mediated

DNA nick end labelling (TUNEL) would enhance data in future studies.
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Computer simulations which modelled osteocyte apoptosis and its effect on osteoblasts
and osteoclasts, showed that only a 3% decrease in osteocyte number was needed to have
a significant reduction in signalling to those cells (Jahani et al., 2012). This study sheds light
on the importance of the interlinked, network between osteocytes, osteoclasts and
osteoblasts and the effects which disruption of the network can have. Further studies using
the data shown here will lead to more understanding of the consequences of cell death on
overall bone function and pathology and perhaps determine where the critical levels of
lacunar occupancy and cell health for bone lie, beyond which the tissue becomes non-

viable.

No clear differences between the structure of the ON&LCN in OA and OP tissue were
observed. A study investigating age and disease with reference to fracture toughness
found that age but not disease led to compromise in the femoral neck and that neither OA
nor OP further influence fracture toughness beyond natural ageing (Jenkins et al., 2017).
No clear patterns are observed in the ON&LCN data from patients in this study when

considered by age either. This may be due to the relatively small sample number.

Computational modelling which compares mechanobiology of the ON&LCN based on
lacunar and canalicular data and ranges of osteocyte and process data (changing ON
connectivity) would produce useful information on how lacunar and canalicular occupancy
affect bone function. It would be interesting to compare these data in healthy bone tissue

and tissue from different developmental stage of OA and OP.

While not the primary focus of this work, SBF SEM of decalcified tissue provides insights
into the underlying organic structure of cement lines and interlamellar seams. The cement
lines at the osteon boundary and the interlamellar seams within the osteons are not

evident on CT but are visible in SBF SEM images (Figure 73 and Figure 74). The nature of
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cement line composition is important for understanding crack growth and fracture
resistance. It has been suggested that cement lines are hypermineralised, deficient in

collagen, or both (Skedros et al., 2005, Milovanovic et al., 2018) .

In SBF SEM images the location of the cement lines is visible as a stained layer, indicating
the presence of more dense organic material including collagen and non-collagenous
material. The interlamellar seam lines however, are visible as electron lucent spaces,
indicating a reduction in the density of organic material. The question of whether collagen

fibres traverse the cement lines could be further investigated using SBF SEM data.

6.5.3 Limitations of the work

As heavy metal staining is used to contrast cellular content (osteocytes and vasculature) in
these samples, where lacunae are less fully occupied there is less contrast. As the tissue
has been decalcified and the spaces infiltrated with resin, the contrast generation method
relied on in in conventional X-ray imaging is lost, the ‘empty’ lacunae have less contrast in
UCT and are therefore more difficult to segment. Similarly, where cell shrinkage has
occurred the number of stained voxels is lower and therefore more difficult to identify and
thus segment. In the murine samples, as occupancy was high this difficulty was not
encountered. Manual segmentation is possible in these cases but prohibitive for large scale

studies considering the time involved.

Weka segmentation (Arganda-Carreras et al., 2017) is based on image features and as the
cell contents and condition vary so much in the human samples the tool is less reliable and
some manual segmentation has been required. Thus, in future, changes to the protocol
such as carrying out uCT imaging before decalcification enabling segmentation of lacunae

should be considered.
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In this study OA and OP bone are compared to each other. There are few studies that
directly compare OA or OP bone to non-diseased control tissue. Such studies have
investigated properties including; bone hardness (Dall'Ara et al., 2011) , energy absorption
(Dickenson et al., 1981), stiffness (Li and Aspden, 1997), microscopic appearance (LI et al.,
1999) and reference point indentation properties (Jenkins et al., 2016). While not the ideal,
the OPVOA comparison is considered the ‘least worst’ option and is a pragmatic approach
considering the limited availability of freshly excised human tissue and controlled EM

fixation. In the future biobanking may help with the supply of human tissue for research.

It is important to note that these findings may only be valid for the human femoral head.
Bone is heterogeneous and strain is experienced differently in anatomical areas. Further
investigation is required to determine if these results are representative of the entire femur

and of other human bones.

In this study the age of the OA patients is significantly lower than the OP patients. OA (51,
67, 76, Average = 64.6), OP (92, 95, 95, Average = 94) (p= 0.016). As the structure of bone
changes with ageing (Table 2) age could be a factor in the changes observed. There are
confounding factors between the two groups as individuals who fracture are generally
older with a somewhat reduced quality of life whereas patients undergoing elective hip

arthroplasty are typically healthier and younger.

Information available on donor patients is limited by the ethics agreements in place. More
detailed clinical histories would give access to data including BMD measurements, previous
fractures, information on medication intake, history of smoking and alcohol consumption,
general health status and the presence of other bone disease (osteomalacia, Paget’s

disease, primary bone tumours or bone metastasis), improving the robustness of results.
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6.5.4 Lacunar mineralisation

The number of mineralized osteocyte lacunae per bone area is an indicator of former
osteocyte death. It can be used to distinguish between healthy, aged, untreated
osteoporotic and bisphosphonate-treated osteoporotic patients and is suggested as a
marker of impaired bone quality (Milovanovic and Busse, 2020). CXEM as applied in this
study cannot recognise mineralised lacunae as all mineral is removed during
decalcification. Mineralised lacunae do not contain a collagen matrix like normal bone
tissue (Milovanovic et al., 2017). It is possible that some of the lacunae which contain small
amounts of debris have undergone micropetrosis and the decalcification process has re-
opened them. CXEM cannot distinguish lacunae in this state. It would be interesting to CT
scan bone tissue sample before subsequent decalcification and SBFSEM. This would allow

measurement in 3D of micropetrosis, to date only carried out using 2D SEM.

6.6 Conclusion

In conclusion, 3D quantification of the ON&LCN number density, porosity and cell
morphology from OA and OP human tissue has been achieved for the first time. SBF SEM
allows determination of lacunar occupancy and additionally, allows the state of health of
those osteocytes to be determined. Both OA and OP tissue show reduced lacunar
occupancy compared to healthy bone tissue in other studies and healthy murine tissue
studies in this project. CXEM imaging has limitations in diseased human bone tissue as less

cellular material is present in the tissue, resulting in reduced contrast in uCT data.

Osteocyte number density is 40% of lacunar number density in OA patients and 35% of
lacunar number density in OP patients. Osteocyte porosity is 33% of lacunar porosity in OA

and 26% of lacunar porosity in OP. These findings illustrate why using lacunar number
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density and porosity measures to represent osteocyte measures in diseased human bone

tissue can lead to inaccurate results.

93% of osteocytes showed ultrastructural changes indicative of deteriorating health or cell
death. This observation leads to the conclusion the cell network, crucial for
mechanobiology, is compromised in OA and OP, although not in significantly different
ways. It is hoped these insights will directly contribute to future computational modelling
approaches by providing accurate geometries, occupancy data and features of diseased
bone. The ON&LCN morphology and organisation can later be correlated with predictions
from computational models in terms of disease-related differences in

mechanotransduction.
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Chapter 7  Discussion

7.1 Thesis summary

Mechanical loading is experienced at an organ level and induces stimuli which are
transmitted through tissue architecture to individual osteocytes which respond by
coordinating bone remodelling by osteoblasts and osteoclasts (Figure 2). Quantification of
changes in hierarchical spatial organisation and the effects on cellular responses to loading
is required. Computational models created using experimental data produced by imaging
can help to unravel this transfer of loads from organ to cells and vice versa in health and in

disease.

The goal of this thesis is to describe the development and application of a framework for
correlative X-ray and electron microscopy (CXEM) which can characterise quantitatively 3D
osteocyte microarchitecture in bone tissue. CXEM is a novel technique combining uCT and
vEM which can, uniquely, image both the ON and the surrounding LCN in bone tissue at
high spatial resolutions in 3D. As described in Chapter 2, high resolution 3D data is required
to investigate mechanisms of bone mechanobiology, in particular the proposed

mechanisms of sensation of loading by osteocytes (Section 2.9.1).

The completeness of study of osteocyte physiology and pathology in 3D has been restricted
due to the location of the cells within the mineralised bone matrix. External force (loading)
applied to the whole bone is sensed by individual osteocytes and the network arrangement
of cells allow transmission of signals throughout the organ covering several length scales.
Thus it is important both to observe the structural properties of the osteocyte networks
within bone as well as the morphology of individual cells and the relationship of the cells

to the matrix in 3D. Many studies investigating ON&LCN structure have been 2D in nature
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and many have been carried out using X-ray based methods, which depict the bone matrix
(LCN), without considering the cells residing within (ON). A crucial underlying assumption
based on previous work ((Nicolella et al., 2006, Bonivtch et al., 2007, Ma et al,,
2008)reviewed in (Hemmatian et al., 2017a)) is that the 3D ON&LCN structure controls

bone mechanotransduction and that this structure is altered in disease.

This project proposes that CXEM is a useful technique to fill the knowledge gap existing
around the ON&LCN structure in health and disease. The development of CXEM and the
data produced on the ON&LCN in this work have provided new insights into healthy and
diseased bone tissue. In this discussion chapter, the key findings of the work and the
potential implications for bone imaging, bone mechanobiology and the wider field of
biomedical imaging are summarised. The findings are set in context of the state of the art

for bone imaging, conclusions summarised and an outlook provided on future work.

Optimisation of sample preparation and image acquisition for CXEM. Chapter 3 outlined
the optimisation of sample preparation for CXEM. The individual requirements of uCT and
SBFSEM are met and the advantages of both techniques exploited to provide 3D data on

the ON&LCN across length scales.

Quantitative bone morphometric measures for the ON&LCN. Chapter 4 detailed
workflows which allow meaningful and relevant quantification of CXEM data. Image
processing and analysis frameworks used to semi-automatically reconstruct and quantify
the ON&LCN according to existing metrics were described and novel metrics defined.
Quantitative measures include osteocyte number density, porosity, volume, shape,

number and diameter of processes and PCS dimensions.

Derivation of quantitative hallmarks of bone tissue at the cell level in health. The
investigation of developing murine tibia outlined in Chapter 5 compared the ON&LCN in
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juvenile and adult animals. Novel findings include the first 3D measurement of PCS
dimensions and the number of osteocyte processes per cell determined over a number of
cells by direct measurement. These geometries may contribute to the design of

computational models for bone mechanobiology.

Derivation of quantitative hallmarks of bone tissue at the cell level in disease. The
application of CXEM to bone from OA and OP patients, as described in Chapter 6, yielded
quantitative data although there were challenges to using the semi-automatic workflow.
Insights into lacunar occupancy, cell health and cell ultrastructure were gleaned. These
observations have implications for the assumptions often made that relate LCN data to the

ON residing within.

In summary, CXEM was successfully developed, protocols established (Goggin et al., 2020)

and meaningful data produced.

7.2 Critical analysis of CXEM as a technique for imaging of the ON&LCN

CXEM considers the osteocyte network in 3D firstly using uCT, over large volumes
compared to CLSM and TEM and secondly, using SBF SEM, produces high-resolution 3D
correlative imaging of cells and matrix over relatively large volumes compared to TEM and
FIB-SEM. This project has shown that uCT imaging of decalcified and stained tissue can
produce osteocyte density and porosity data reflective of the data produced from analysis
of lacunae in calcified bone tissue. Significantly, the 3D osteocyte data is produced by direct

measurement of the cell network rather than the negative imprint, the LCN.

As direct observation of fluid flow around cells and processes in the ON&LCN is not
technically feasible, computational studies are employed to predict behaviours. In these

studies pericellular geometries are often idealised by ignoring irregularities of both the
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osteocyte and lacunar surfaces, geometries are simplified to a few smooth straight
channels and simplifying assumptions are made (Figure 21) (Anderson et al., 2005, Han et
al., 2004, Weinbaum et al., 1994b, Knothe Tate et al., 1998). In reality, the ON&LCN is
complex, coarse, tortuous and branched (Figure 44). Idealisation affects the magnitude and
range of imparted forces predicted to occur at a subcellular level. Increasing numbers of
canaliculi in a model increase the range of pressures and shear stress increases (Anderson
et al., 2005), that increased canalicular tortuosity increases osteogenic strain stimulation
(Verbruggen et al., 2016) and increasing complexity predicts greater strain amplification
(Verbruggen et al., 2012). CXEM data produced in this and future studies can be used in
models with more realistic geometry leading to improved outcomes. Further work
continuing that in (Anderson et al., 2005) and (Verbruggen et al., 2016) comparing
simplified models with increasingly complex geometry, assessing variation of results in
pressure, stress and strain should be carried out. For example, increasing the number of
processes and canaliculi in an osteocyte model from the typical 2-10 to a realistic value
would increase the resulting range of pressures and shear stresses. Using a realistically
varied instead of a uniform pericellular space width would show more variations in the level
of focal shear stress experienced by the osteocyte. Determining how much idealisation is
appropriate and compromising with the size, time and cost of computation will be

important considerations.

CXEM in healthy murine tissue was more successful than in diseased human tissue as the
uptake of heavy metal stains by cellular material (osteocytes and vasculature) provides
contrast. In healthy tissue, where a high proportion of lacunae are occupied, stained cells
produced contrast in both X-ray and EM imaging facilitating semi-automated
segmentation. In diseased tissue, a larger proportion of lacunae are unoccupied and some

contain very small remnants of cells. This reduction in cellular material to take up the heavy
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metal stains led to a reduction in detectable X-ray signal. SBF SEM imaging was not affected
as the difference in resolution allows detection of the cellular material. Reduced signal and
contrast made semi-automatic segmentation of the cells and lacunae impossible. The blood
vessels, larger structures which were well stained and detectable were used as landmark
features for registration, realignment and volume location. Adaptation of the workflow

could improve results, producing density, porosity and lacunar occupancy data from ucCT.

Imaging decalcified and stained bone tissue in uCT is novel and there are opportunities to
develop and improve this part of the technique and apply it more widely. It is recognised
that there is a need for 3D histology in studies of tissue anatomy and pathology (Roberts
etal., 2012, Pichat et al., 2018). Some work has been done using X-ray specific cellular stains
for uCT which stain either the nucleus (Mller et al., 2018, Metscher, 2020) or cytoplasm
(Busse et al., 2018), but not both. X-ray histology (XRH) for unstained tissue is also in
development (Katsamenis et al., 2019). CXEM has the advantage of providing contrast for
UCT and also contrast and conductivity for EM. The tissue has further uses after large
volume scanning. If CXEM is to be applied more widely for ON imaging it needs further
improvement to make segmentation easier. This would enable automatic analysis of

distribution of occupied and unoccupied lacunae across large volumes.

To apply CXEM to diseased tissue in future the protocol might be adapted to use a smaller
UCT voxel size, to include SR CT imaging or to carry out a uCT scan before decalcification
and staining take place. XRH may enable imaging of the ON&LCN and may be incorporated
into future CXEM workflows. Correlation with LM would allow labelling and co-localisation
of proteins, cytoskeletal components and indicators of cell health and cell death. Combined
with immunogold labelling or quantum dots, LM could provide much more information

about integrins and tethering elements, which require further investigation.
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Thus, the present CXEM workflows produce 3D data on the ON&LCN across length scales

but can be further optimised to image a wider range of tissue states.

7.3 Animal study - critical analysis and implications of results for bone

research, pathology and treatments

Using animal tissue allowed CXEM to be optimised before application to human tissue. In
order to build up a more complete picture of bone development, identification of the
normal variation of features in healthy bone tissue conditions (sex, age, tissue age,
anatomical site, loading condition, etc.) is required, although this is beyond the scope of

this thesis.

As previous standardisations of bone measures (Dempster et al., 2013, Parfitt et al., 1987,
Bouxsein et al., 2010) were based on histology and uCT both ultrastructural and cellular
measures are currently lacking from these frameworks. In this thesis, new measures for
cells, cell processes and the PCS have been defined. As imaging methods further improve

the range of measures should be increased in a process of constant review and update.

Other studies have used uCT and EM to investigate the structure of the ON&LCN but this is
the first to combine both methods in a correlative 3D approach. The CXEM results agree
broadly with findings from these other studies (UCT (Tiede-Lewis et al., 2017, Hemmatian

et al., 2017b), EM (Palumbo, 1986)).

No significant differences in osteocyte density and porosity were found between the
anterior, posterior, medial and lateral regions of the tibia. No major significant differences
in the ON&LCN measures were found between juvenile and adult animals in this study
indicating that the period studied is not a time of microstructural change in tibial bone in

male mice. Ageing is known to induce changes in the ON&LCN (Section 2.6.1) and it is likely
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that the age of onset of these changes is later than the age of the animals studied here.
Future studies of a wider age range would help to determine the onset of these age-related

changes.

PCS.V was larger in juvenile animals. This result is also found in cortical bone of 15 weeks
compared to 32 week mice (2D TEM measurements) (Lai et al., 2015). Larger lacunae (no
related osteocyte data), have been observed in >2 year old compared to 2-14 year old
humans, a period of rapid bone growth (Zimmermann et al., 2019). The juvenile mice in
this study are analogous to the juvenile human (Figure 47). The 3D PCS data is robust as it
has been obtained by 3D measurement and considers both the osteocyte and lacuna.
Differences in PCS and fluid volume around osteocytes could lead to changed patterns of
permeability, fluid flow, shear stress, mechanosensation and osteolytic activity by
osteocytes. Data from more extreme ages would be interesting to obtain and compare in
the future. Dimensions of the PCS around processes are not reported here but are
interesting and relevant for intercellular communication between cells and fluid flow in
bone’s response to mechanical forces. To the author’s knowledge no modelling of different
pericellular space volumes and thicknesses has been carried out. Modelling the changes to

shear stress caused by changes in PCS.V would be an important investigation.

This project has succeeded in imaging and quantifying unique data such as 3D osteocyte
density and porosity, osteocyte PCS dimensions in 3D and the number and thickness of cell

processes obtained from a relevant number of cells.

In summary, the study described in Chapter 5 shows few changes in the developing male
mouse tibial ON&LCN. However, the application of CXEM to the tissue has successfully
enabled imaging and quantification of features of the healthy developing murine ON&LCN,

providing data that can be used in computational models of bone mechanobiology.
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7.4 Human study - critical analysis and Implications of results for bone

research, pathology and treatments

In this thesis, the first 3D CXEM and SBF SEM studies of human bone are presented. Asin
the animal study, CXEM has allowed measurement of the osteocytes and their relationship
to the lacunae in which they reside. Additionally, and relevant in the case of bone disease,
it is possible to observe cell ultrastructure and thus infer cell health and viability. Many
lacunae in OP and OA tissue did not contain a healthy and assumedly functioning osteocyte.
Many lacunae contained an unhealthy osteocyte and more still, material assumed to be
the remnants of a cell which has undergone cell death. Complete removal of cells was not
always observed, likely due to the difficulty of transporting cell debris through the LCN.
Cells observed in diseased human tissue (OA and OP) vary in appearance and ranged from
normal through stages of unhealthiness. These changes in cell condition are not observable

using UCT alone, and may not be observable by many light microscopy techniques.

In tissue where lacunae contain very small remnants of cells, staining and thus detectable
X-ray signal are reduced. CXEM of diseased human tissue does not produce uCT data with
sufficient contrast for semiautomatic segmentation using the protocols set out in this
thesis. Therefore, the production of measures derived directly from uCT data has not been
possible. SBF SEM imaging of the same tissue however, provided image data which have
been semi-automatically segmented and quantified, producing unique and accurate

measures which have not been possible to date.

Lacunar number density is reported to be between 20,000 and 37,000 /mm?3 in healthy
human bone tissue (Carter et al., 2013b, Dong et al., 2014b). Values for lacunar density in
OA and OP bone samples in this study are lower than these results, ranging from 11,849 to

23,136 /mm?3. Osteocyte number density is lower still, ranging from 1,505 to 22,634/mm3.
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Reduced osteocyte and lacunar number density in diseased tissue agree with previous
studies of OP (Zarrinkalam et al., 2012, Mullender et al., 2005, Qju et al., 2003) and OA
(Knothe Tate et al., 2004) and disagree with (Mullender et al., 1996b, Power et al., 2002),
which found higher lacunar and osteocyte densities in OP than in controls. All the previous
studies are based on 2D histology extrapolated to 3D. To the knowledge of the author this
is the first study which directly images and quantifies the ON in human tissue in 3D.

Notably, no significant differences between density in OA and OP were found.

Mean osteocyte number density is 40% of mean lacunar number density in OA and 35% of
lacunar density in OP patients. Mean osteocyte porosity is 33% of lacunar porosity in OA
and 26% of lacunar porosity in OP. These findings show that using lacunar density and
porosity measures to represent osteocyte measures, particularly in diseased tissue is

inaccurate.

Histological studies of OP and control human tissue found occupancy rates vary
significantly between subjects and region examined , but not between OP and control
tissue (Power et al.,, 2001, Power et al.,, 2002). The studies do not distinguish between
healthy and unhealthy osteocytes. This CXEM study produces a similar result and also
shows that many of the osteocytes occupying lacunae are unhealthy or dead in OP and OA
tissue (Figure 75 and Figure 76). Studies of lacunar occupancy and ageing have produced
conflicting results. (Tomkinson et al., 1997) report that the percentage of dead osteocytes
increases with age to 75% while (Mullender et al., 1996b) found no significant correlation
between empty lacunae and age. Thus, it would be interesting to use CXEM to investigate
lacunar occupancy and cell health in healthy human bone tissue across the lifecourse

before further investigation of the changes in disease.
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It has not been possible to determine the type of cell death undergone by osteocytes using
CXEM in this study. As apoptosis regulates osteoclast activity (Verborgt et al., 2000) using
RIPK3 and caspase in future work to show whether apoptosis, necrosis or nectroptosis is
occurring could lead to possible therapeutic investigations (reviewed in (An et al., 2020).
There remains an open question of a method to better evaluate occupancy and cell health
in 3D over a large volume. The option of a cell viability marker used with CLSM or indeed,
SBF SEM used at lower pixel size and greater number of pixels to increase the volume

should be explored.

It is important to note that age may have impacted on results in this study. The OP group
are older than the OA group and it is not possible to separate features of aged tissue from
features of disease. It would be ideal to be able to investigate healthy and age matched
human tissue; this is not possible under the tissue collection ethics agreements in place for

this study, which also limits the clinical details obtainable.

7.5 Limitations of this work

There are some limitations to the work presented in this thesis. It would be ideal to be able
to investigate healthy and age-matched human tissue; this is not possible under the ethics
agreements in place. Cadaveric tissue is not used as it is not fixed in a manner suitable for

EM and if frozen for storage will exhibit ice crystal artefacts (Tagi et al., 2018).

The sample preparation needed for CXEM is complex and moves the tissue away from its
native state. As discussed in Section 2.7.1, the ideal imaging method does not exist and
compromises must be made and accounted for. There is a lack of complete control over
time to human tissue fixation, which has been minimised as much as possible. The necessity

of fixation rules out the acquisition of dynamic and temporal data including fluid flow or
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solute transport rates. As discussed in Section 2.7.2 AFM and time lapse LM could be used

to obtain this data.

The number of samples in both the human and animal studies is n=3 in each group.
Increasing the numbers would ensure better representation of the population. However,
the numbers of osteocytes and lacunae studied were high (mean n= 35,350 per sample).
In order to build up a complete picture of the ON&LCN in bone tissue, identification of the
normal variation of features in the healthy condition (sex, age, tissue age, anatomical site,

loading condition, etc.) is required, although that is beyond the scope of this project.

Poor contrast and compromised semi-automatic segmentation are features of uCT imaging
of diseased human tissue samples, which relies on attenuation of the beam by heavy metal
staining. This is a major limitation and needs to be solved before CXEM can be applied to
larger numbers of pathological samples. The workflow could be improved by adding a step
of an additional uCT scan before the tissue is decalcified. The use of SRCT with smaller voxel

sizes will also be considered for future studies.

Sample preparation including fixation, decalcification and staining remove the potential for
imaging, measuring and understanding better the properties of the organic-inorganic
interface. Mineral information is removed along with the possibility of determining changes
in hardness and other mechanical properties of the cell, PCM and ECM, which can affect
magnitude and distribution of mechanical signals perceived by the cells. PCM density
influences fluid flow and osteocyte mechanosensation (Lai et al., 2021). The stiffness of
chondrocyte PCM decreases in OA cartilage (Alexopoulos et al.,, 2003) and osteocyte
morphology changes according to the stiffness of the substrate (Zhang et al., 2018). These
findings show the importance of obtaining experimental data on the material properties of

the ON, PCM and ECM and including them in computational models with geometries
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obtained from CXEM. AFM or time lapse LM (Section 2.7.2) could be used to acquire this

data.

Decalcification also excludes the consideration of micropetrosis, or filling of empty lacunae
with mineral by CXEM (Busse et al., 2010). After decalcification and staining,
micropetrosed lacuna appear empty using EM and using uCT the lacuna will not be visible.
In undecalcified tissue, uCT will not detect the occupied lacuna. A technique to study this
in 3D along with the remaining cells is needed. It is possible to use SBF SEM on mineralised
tissue (Section 3.2.1.2.2). SBF SEM is not as widely available as uCT, although recent moves
toward establishing UK centres of excellence to make vVEM resources more widely available

are underway (https://www.volumeem.org/).

7.6 Future perspectives

7.6.1 Multiscale models

Computational models of mechanobiological processes in bone tissue range from studies
of cell networks using idealised geometry (Vaughan et al., 2013) to detailed geometrically
accurate models of a length of a canaliculus (Kamioka et al., 2012). The study of Vaughan
et al. indicates that strain is felt inhomogenously throughout the network depending on
location and only a subset of osteocytes may be sufficiently stimulated to act as
mechanoreceptors. The second study also predicts inhomogeneity, but this time in the
microscopic surface roughness of the canalicular wall. While both approaches have
produced valuable insights, there remains a need for multiscale modelling approaches
which combine more than one level of structural hierarchy and integrate levels of bone
structure (Giorgi et al., 2016, Paul et al., 2018). CXEM is ideally placed to provide images

and data to enable creation of these models, helping to understand better the relationships
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between global organ loading and local cellular signalling. Indeed, improvements to CXEM
by inclusion of further levels of imaging using larger volume/lower resolution clinical
imaging scans and/or smaller volume/higher resolution electron tomography, would allow

construction of multiscale models over organ, tissue, cell and molecular levels.

A multiscale study considering distribution of osteocytes, osteoblasts and osteoclasts
includes lacunae but ignores canaliculi (Pastrama et al., 2018). CXEM data could enable the
inclusion of the processes and canaliculi, expanding the model to another scale. A recent
multiscale model spanning organ, tissue and cellular levels highlights the need for
experimental data on the dimensions and density of the PCS, detail which SBF SEM can
contribute (Lai et al., 2021). A recent study using CLSM images of human osteons provides
a useful framework on which future studies could be based (van Tol et al., 2020). The study
of healthy human bone uses image data from CLSM, existing values for the LCN, a
description of bone based on poroelasticity and circuit theory based on Kirchoff’s laws to
calculate the fluid velocity in individual canaliculi. The study is limited by the imaging depth
of CLSM and would be enhanced by the use of 3D high-resolution CXEM data on the ON

and processes.

7.6.2 Characterisation frameworks

A framework has been proposed for the quantitative characterisation of osteocyte lacunae
and their 3D spatial relationships (Mader et al., 2013), which included shape, orientation,
number density, spatial distribution, and alignment. This thesis has expanded this valuable
framework to encompass cell measures and finer cell detail such as cell processes. In a
study, where the ON has been related to the surrounding bone mineral quality, measures
related to connectivity and spatial distribution were compared for the ON, including

canalicular details (Kerschnitzki et al., 2013). Dong and colleagues used automated
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quantification to extract 3D shape descriptors from SR CT data (Dong et al.,, 2014).
Combining the measures in these studies with CXEM data from this study and including

ultrastructural detail would lead to a more comprehensive standard data set.

7.6.3 Improvements in imaging

Developments in BSE detector technology, correlative microscopy (Brama et al., 2016,
Starborg et al., 2019), immuno-labelling (Vihinen, 2012), integration of EDX systems
(Zankel, 2011) beam deceleration (Bouwer et al., 2017) in-chamber coating (Titze and Denk,
2013), software capabilities (Titze et al., 2018), focal gas injection (Deerinck et al., 2018)
and multibeam SEM imaging (Tate et al., 2016) continue to improve the capabilities of SBF
SEM. The development of conductive resins (Ellisman, 2015, Nguyen et al., 2016) will
improve image quality and reduce the amount of heavy metal staining required. Workflows
for automated segmentation and machine learning are being developed and improved
leading to a more streamlined workflow (Perez et al., 2014, Wernitznig et al., 2016, Liu et
al., 2014, Hussain et al., 2018, Hennies et al., 2020). These approaches will require sufficient

reliable annotated ground truth datasets.

The overall impact of these technological improvements will be less costly and faster
imaging, improved resolution, automated segmentation and a reduction in the amount of
heavy metal stain required to provide tissue contrast. This will allow further expansion of
the qualitative and quantitative CXEM data to the finer details of cell processes and
mitochondria. Data presented in this thesis can be further investigated using new

techniques, for example, characterisation based on geometry (Callens et al., 2020).

257



Chapter 7

7.6.4 Applications

Other bone diseases and conditions such as vitamin D deficiency or Paget’s disease can be
investigated using CXEM. The changes known to occur in the LCN during lactation also could

be usefully investigated using CXEM.

The sample preparation, imaging and analysis methods developed for bone tissue in this
project have been adapted and applied to dentine (Mahmoodi et al.,, 2020) and are
currently being used to image odontoblast tubules (personal communication R.Cook).
Other fields where a correlative workflow for hard tissue may be exploited in the future
include studies of biomineralised tissues such as enamel, mineralised mollusc radula,
plants, calcified pathological inclusions in tissue, nacre/shell, radiolarians, diatoms,

fossilised material and mixed materials such as scaffolds and cells.

7.7 Overall conclusions and major impact

CXEM has provided novel 3D data on the ON&LCN in murine and human tissue. The PCS
dimensions, number and diameter of cell processes and direct osteocyte measures have
been obtained for the first time in murine and human bone tissue over a relatively large
number of cells. Defined measures of ON&LCN structure were found to be unchanged in
the anatomical quadrants of the murine tibia. PCS.V is significantly smaller in juvenile
animals compared to adults. Other measures of the ON&LCN were unchanged from

juvenile and adult animals.

CXEM was unable to provide osteocyte and lacunar number density and porosity measures
from puCT imaging. SBF SEM produced quantitative data on osteocyte, lacunar and PCS
measures, lacunar occupancy and cell health. No significant changes were observed

between OP and OA tissue.
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As discussed, idealization affects the results and predictions of computational models. With
the CXEM data produced in this and future studies, more realistic geometry and measures

can be fed into models leading to improved outcomes.

These results confirm that using lacunar number density and porosity as indicators of the
respective osteocyte measures is accurate in healthy tissue but may not be reliable in
diseased tissue. Using more realistic data in computational models will likely increase the
predicted shear stresses and increase the heterogeneity of those stresses on the cell

surface.

7.7.1 Questions and challenges which remain to be addressed

The challenge of imaging successfully the ON&LCN in diseased human tissue at the CT level
needs to be further addressed. The data need to be incorporated into models. This study
leads on to further exploration of ON&LCN structure in a wider range of ages in mice, more
bone diseases and conditions. Expansion of the CXEM workflow to include more imaging

techniques and length scales will be explored.

7.7.2 The future role of high-resolution 3D imaging in osteocyte anatomy and pathology

It is necessary to clarify the role of structural, microstructural and ultrastructural
differences between the cell process and the cell body of osteocytes, between healthy,
ageing and diseased tissue in sensation of mechanical stimuli and in the initiation of cell

signalling.

Improvements will help to validate theoretical and computational models for strain
magnification as well as quantifying bone interstitial fluid movement in response to

mechanical loading. Questions still to be addressed include:

i) What is the 3D structure of the ON&LCN at different sites of an entire bone sample?
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ii) How are the ON and the LCN and thus, the interstitial fluid flow altered in disease?

To answer these questions, existing 3D imaging techniques including CXEM need

refinement and further development, and wider application in the field of bone research.

CXEM assessment of the ON&LCN in health and disease paves the way for the study of
mechanotransduction mechanisms by computational models based on accurate
geometries. This will lead to the identification of relevant features of healthy and diseased
bone at the cell level, which could serve as targets for the diagnosis and treatment of bone-

related diseases, impacting significantly on public health.
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Appendix A Sample preparation protocols

The protocols for TEM and CXEM sample preparation used in this project are set out in this
section along with reagent and equipment requirements. Parts of the work presented here
are also contained in the paper Development of protocols for the first serial block-face
scanning electron microscopy (SBF SEM) studies of bone tissue. Bone 2020

Feb;131:115107

A.1 Reagents

REAGENT VOLUME

3% glutaraldehyde (GA) (TAAB Laboratories Equipment Ltd., Aldermaston, UK), 4%
formaldehyde (FA) (Fisher Scientific, Loughborough, UK) in 0.1M piperazinediethane
sulfonic acid (PIPES) buffer (Fisher Scientific, Loughborough, UK) pH7.2

0.1M PIPES buffer pH7.2

2% aqueous osmium tetroxide (Oxkem, Reading, UK)

7% aqueous EDTA (Fisher Scientific, Loughborough, UK)

Osmium/ferrocyanide (reduced osmium):

e Reagents:
3% potassium ferrocyanide (VWR, Lutterworth, UK) in 0.2M PIPES buffer pH7.2
4% osmium tetroxide

e Method: 5ml
Mix the two components together just before use to produce 1.5% potassium
ferrocyanide plus 2% osmium tetroxide in 0.1M PIPES buffer pH7.2

5ml

Distilled water

Thiocarbohydrazide solution:

e Reagents:
Thiocarbohydrazide (Acros Organics, ThermoFisher Scientific, Geel, Belgium)
Distilled water

e Method: 10 ml
Mix the two components together and place in an oven at 60°C for 1 h (agitate by
swirling every 10 min). Filter through 0.22 um Millipore filter before use.

0.1¢g

2% aqueous uranyl acetate (Agar Scientific, Stansted, UK)

Walton’s lead aspartate solution:
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e Reagents:
Lead nitrate (Agar Scientific, Stansted, UK)
0.03 M aspartic acid (Acros Organics, ThermoFisher Scientific, Geel, Belgium)
e Method: 10 ml
Mix the two components together and adjust to pH 5.5 with 1 M KOH. Place in oven
for 30 min (no precipitate should form).

0.066 g

Ethanol series 30%, 50%, 70%, 95%, absolute (Fisher Scientific, Loughborough, UK)

Acetonitrile (Fisher Scientific, Loughborough, UK)

Agar low viscosity resin (Spurr replacement) (Agar Scientific, Stansted, UK)

Toluidine blue (Agar Scientific, Stansted, UK)

Conductive glue (CircuitWorks Conductive Expoxy CW2400; ITW Chemtronics, GA, USA)

Contact adhesive/glue (Pattex; Henkel, Dusseldorf, Germany)

A.2 Equipment

Single-edged razor blades (Fisher Scientific, Loughborough, UK)

Fine toothed double bladed ‘razor’ saw (JLC, Czech Republic)

Fine forceps ( No preferred supplier)

Glass knives (Agar, Scientific, Stansted, UK)

Cocktail sticks or fine paintbrush (No preferred supplier)

Glass vials (Fisher Scientific, Loughborough, UK)

EM grids(EM Resolutions, Sheffield, UK)

Glass slides (No preferred supplier)

Ultramicrotome (No preferred supplier)

Light microscope (No preferred supplier)

Rotator (No preferred supplier)

pH meter (No preferred supplier)

Plastic pipettes (Fisher Scientific, Loughborough, UK)

Oven at 60°C (No preferred supplier)

Embedding capsules (TAAB Laboratories Equipment Ltd., Aldermaston, UK)

Sputter coater (Quorum Technologies, Laughton, UK)

Aluminium pins (EM Resolutions, Sheffield, UK)
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A.3 Protocol for TEM sample preparation

A.3.1 Bone tissue samples

This protocol has been developed for the preparation and imaging of murine and human bone.
Collect tissue samples in accordance with the relevant local ethics regulations and legal guidelines.
Fixation must be carried out as quickly as possible after excision, to preserve the ultrastructure and
to arrest avoid autolytic changes in the osteocytes. Many of the reagents used in this protocol are
hazardous. Appropriate risk assessments should be carried out and mitigation measures put in

place.

A.3.2 Fixation

It is important that the tissue is never allowed to dry during this protocol. Unless otherwise

indicated all stages are carried out at room temperature and solutions are rotated on a laboratory

rotator during each stage.

1. Fix tissue by perfusion with 3% GA, 4% FA, in 0.1MPIPES buffer or if this is not possible,
immerse in fixative immediately after excision.

2. Cut blocks of tissue < 2 x 2 x 2 mm with a single-edged razor blade, diamond saw or fine-
toothed, double-blade razor saw from the selected area(s) without allowing the tissue to dry
out. Immerse blocks in 3% GA, 4% FA, in 0.1M PIPES for at least 6 h. Tissue can be stored at 4°C
for up to a week at this point. Rinse in 0.1M PIPES buffer (2 x 10 min) and place in 2% aqueous

osmium tetroxide for 1 h.

A.3.3 Decalcification

Decalcify tissue blocks by immersing in 7% EDTA for 1 week, changing the solution daily.

A.3.4 Staining and resin embedding

Immerse tissue in each fluid as indicated below in a glass vial. Up to 6 pieces of tissue can be

processed in each vial.
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Solution Temperature Time
Main fixative RT 6h

Buffer rinse RT 2 x 10 min
1% osmium tetroxide RT 1h

Buffer rinse RT 2 x 10 min
2% uranyl acetate RT 20 min
30% ethanol RT 10 min
50% ethanol RT 10 min
70% ethanol RT 10 min
95% ethanol RT 10 min
Absolute ethanol RT 20 min
Absolute ethanol RT 20 min
Acetonitrile RT 20 min
50:50 Acetonitrile:ALV resin RT overnight
ALV resin RT 6h
Embed in capsules in fresh ALV resin |60 °C 20-24 h

A.3.5 Microtomy

Semi-thin (0.5-1 um) sections may be taken, stained with toluidine blue and examined using a light
microscope. Ultrathin (~¥90 nm) sections are taken, mounted on grids, stained with lead citrate for

5 minutes and examined using a TEM.
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A.4 Protocol for SBF SEM sample preparation

A.4.1 Bone tissue samples

This protocol has been developed for the preparation and imaging of murine and human bone.
Collect tissue samples in accordance with the relevant local ethics regulations and legal guidelines.
Fixation must be carried out as quickly as possible after excision, to preserve the ultrastructure and
to arrest avoid autolytic changes in the osteocytes. Many of the reagents used in this protocol are
hazardous. Appropriate risk assessments should be carried out and mitigation measures put in

place.

A.4.2 Fixation

It is important that the tissue is never allowed to dry during this protocol. Unless otherwise

indicated all stages are carried out at room temperature and solutions are rotated on a laboratory

rotator during each stage.

1. Fix tissue by perfusion with 3% GA, 4% FA, in 0.1MPIPES buffer or if this is not possible,

immerse in fixative immediately after excision.

2 Cut blocks of tissue < 2 x 2 x 2 mm with a single-edged razor blade, diamond saw or fine-
toothed, double-blade razor saw from the selected area(s) without allowing the tissue to dry
out. Immerse blocks in 3% GA, 4% FA, in 0.1M PIPES for at least 6 h. Tissue can be stored at
4°C for up to a week at this point. Rinse in 0.1M PIPES buffer (2 x 10 min) and place in 2%

aqueous osmium tetroxide for 1 h.

A.4.3 Decalcification

Decalcify tissue blocks by immersing in 7% EDTA for 1 week, changing the solution daily.
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A.4.4 Staining and resin embedding

Immerse tissue in each fluid as indicated below in a glass vial. Up to 6 pieces of tissue can
be processed in each vial. Blocks may be embedded in plastic capsules or minimally
embedded. For minimal resin embedding, after resin infiltration place samples on
absorbent paper and gently move around until excess resin is absorbed. Resin in the

medullary cavity can be removed with a small piece of twisted tissue paper before resin

polymerisation at 60 °C.

Solution Temperature Time
Osmium/ferrocyanide Oniice 1h
Rinse in distilled water RT 5x3 min
Thiocarbohydrazide solution RT 20 min
Distilled water rinse RT 5x 3 min
2% osmium tetroxide RT 30 min
Distilled water rinse RT 5x 3 min
2% uranyl acetate 4°C 1h
Distilled water rinse RT 5x 3 min
Walton’s lead aspartate solution 60 °C 30 min
Distilled water rinse RT 5x3 min
30% ethanol RT 10 min
50% ethanol RT 10 min
70% ethanol RT 10 min
95% ethanol RT 10 min
Absolute ethanol RT 20 min
Absolute ethanol RT 20 min
Acetonitrile RT 20 min
50:50 Acetonitrile:ALV resin RT overnight
ALV resin RT 6h
Embed in capsules in fresh ALV resin |RT

ALV resin 60 °C overnight
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A.4.5 Light microscopy

Semi-thin (0.5-1 um) sections may be taken, stained with toluidine blue and examined using a light

microscope (Figure 36). Ultrathin (~90 nm) sections may be taken and examined using a TEM before

proceeding to SBF SEM block preparation in order to confirm sample orientation, allow selection of

an area of interest and confirm fixation quality.

A.4.6 Sample trimming, mounting and SBF SEM imaging (Figure 37 and Figure 38)

1.

10.

Trim the block-face with a single-edged razor blade or glass knife to a surface area of < 800
um? with the region of interest (ROI) near the centre and remove it from the resin block
using a sharp, single-edged razor blade. A piece of laboratory film, placed over the surface
during removal, can protect against loss of the tissue sub-volume.

Attach the block to an aluminium pin using conductive adhesive to enhance conductivity and
reduce the build-up of negative surface charge and its adverse effects, such as blurring and
distortion of the image.

Trim the surface to produce a flat block-face using a glass knife or a diamond trimming knife.
Sputter-coat the mounted samples with a layer of metal (Au, Pt or Pd) to further reduce the
build-up of surface charge.

Apply a thin layer of contact adhesive to the edge of the block which will be cut first by the
diamond knife.

Place the pin in the SBF SEM system.

Adjust the height while observing the knife edge and block-face. Ensure the ‘stroke-up’
control is activated. This raises the sample by approx. 10 microns for cutting (so that it can
drop again when the knife retracts, avoiding contact between knife and block)

Set the initial settings to 100 nm slice thickness, 100 slices.

Start approach and watch until the complete block-face is exposed.

Move the knife to the ‘clear’ position and clean debris from the block-face and knife edge

using an air duster. Close door and pump down chamber.
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11. Suggested settings for 3View® 2XP on a FEl Quanta 250 FEGSEM : accelerating voltage of 3
kV, spot size 3.5, chamber pressure 60 Pa, 4k x 4k image size at 5-50 nm pixel size (varies
with desired field of view and time available).

12. Optimise focus and stigmator settings.

13. Set slice thickness, number of slices and autofocus.

14. Start data collection.
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Appendix B Workflows for image processing

B.1 Image processing and segmentation workflow for X-ray pCT data

Briefly: Bone tissue is prepared and imaged according to the protocols in Appendix A.
Images are prepared for image processing and cortical bone is separated from the
background and bone marrow. The heavy metal stained elements comprising the
osteocytes and the vascular tissue are extracted, separated from each other using a volume

filter and the osteocytes are quantified using measures defined in Section 4.4.

B.1.1 Preparation for image segmentation

Following image acquisition, raw data (X-ray projections) are reconstructed using standard
filtered back-projection (Zeiss reconstruction software) and exported as a 16-bit tiff stacks

for visualisation and analysis.

During scanning the bone tissue samples are held in a plastic tube. It is not always possible
to orient the samples vertically resulting in some bones not being aligned with the image
z-axis. Murine bone samples need to be aligned before separation into quadrant volumes.
The Moments of inertia feature in the Bonel plugin (Doube et al., 2010) in Fiji (Schindelin
et al., 2012) is used to realign the bone with the z-axis of the stack (Appendix C.3). This
plugin calculates the three principal orthogonal axes and moments of inertia around these
axes before creating a new stack with the image centred and rotated so that the principal

axes are parallel to the image stack's x, y and z axes (Figure 81). The new stack is saved.

Using the same macro, the aligned stack is split into 4 quadrants (posterior, anterior, medial
and lateral) along the bone z-axis. These 4 quadrants are saved as individual stacks and

analysed separately later in the workflow.
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B C

Figure 81  Alignment of data using Moments of Inertia plug-in

A Radiographs taken of a bone sample during acquisition set-up with 90 degree
rotation showing that the sample is not vertical during scanning.

B Reconstructed data stack before realignment.

C The same data after realignment with the imaging z-axis using Moments of Inertia

plugin in Bonel.

An intensity gradient from the periosteum to the endosteum was observed in the
reconstructed stack (likely a stain penetration gradient). A custom bandpass filter
(Appendix C.1) is used to enhance the edges and reduce the gradient's influence on the
subsequent segmentation (Figure 82). Bandpass filters remove noise and bring edges (high
frequency components) forward. Gradients are considered low frequency in the Fourier
space and thus are excluded. Variation in the overall intensity per slice introduced by the

bandpass filter is normalised using Fiji (Appendix C.2).
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Figure 82  Bandpass filter

A Raw data from Versa 510 uCT scanner showing decalcified and heavy metal stained tissue
from murine tibia. Note the bone marrow (BM) remaining within the cortical bone.

B Image after application of a band pass filter used to remove the gradient.

B.1.2 Bone segmentation

Cortical bone tissue is segmented semi-automatically from the background and the bone
marrow cavity using the ‘blow’ segmentation tool in Avizo. The blow tool allows the semi-
automatic selection of areas with homogenous grey values and defined edges. Because
some of the samples may have amounts of marrow remaining in the cavity (Figure 82), the
blow tool may select the marrow as part of the tissue, thus producing an inaccurate result
along the endosteal edge. To correct this, the brush tool in Avizo is used to modify the area
defined with the blow tool by manually removing the marrow. The result of this
segmentation is a binary label with two intensity values, 0 (black) for the background and
the bone marrow cavity, and 1 (white) for the cortical bone (Figure 83). This binary label is
then eroded (reduced in size) by three pixels and used as a mask on the greyscale images
to select only the bone matrix excluding the bone marrow and the background. Using an
eroded label ensures that the final masked image is entirely within the cortical bone

volume.
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B.1.3 Osteocyte and vascular tissue segmentation

The brightness value of the bone tissue was increased to enhance visualisation of the heavy
metal stained soft tissue (osteocytes and vasculature) by adding an offset to the pixel
values. The ‘interactive threshold’ feature in Avizo was used to select only the heavy metal
stained tissue including osteocytes and vasculature (blood vessels), and convert that
selection into a 3D binary label output (Figure 83). Interactive thresholding sorts greyscale
pixels by changing them to black if they are within a certain greyscale range (threshold) and
white if they are outside that range. As the heavy metal stain used during sample
preparation is preferably taken up by soft tissue components in the bone (osteocytes and
vasculature), they produce a stronger X-ray signal and thus appear brighter in the images.
Interactive thresholding separates the cellular part of bone from the background matrix

which is not as strongly stained.

B.1.4 Separation of osteocytes from vascular tissue

The ‘Label analysis’ feature, which computes pre-defined measures on each component of
a binary image was used to measure the volume of all objects in the binary label. Based on
knowledge of osteocyte dimensions from previous TEM and SBF SEM studies (Goggin et al.,
2020, Goggin et al., 2016) using 50 and 400 um?3 as upper and lower limits, the labels were
sieved by volume to remove noise (< 50 um?3) and vascular components (> 400 um3) of the

bone, leaving the osteocytes.

The quadrant stacks (see Preparation for image segmentation above) were converted to
binary labels and used as masks to select the osteocytes in each quadrant from the

complete osteocyte binary label (Figure 84).
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A

B
C
D

Stages of image processing shown on murine bone

Data which has been prepared for segmentation

Binary label of bone matrix

Stained cells and tissue selected from volume

Osteocytes (yellow) and vascular tissue (red) separated by volume and sieve

analyses.
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Figure 84 Division of tibia into quadrants and selection of osteocytes.
A Binary label of total bone volume
B Binary label divided into anterior (A), medial (M), posterior (P) and lateral (L)
quadrants.
C Osteocytes (yellow) located in posterior anatomical volume.
D Osteocytes (yellow) located in medial, anterior and lateral volumes.

Scale bars =200 um

B.2 Image processing and segmentation workflow for SBF SEM data

Briefly: After selection and trimming of a sub-volume of interest the bone tissue is re-
imaged using SBF SEM according to the protocol in Appendix A.4.6. After preparation for
image processing, the osteocytes, pericellular space and bone matrix are segmented and

separated ready for quantification.
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B.2.1 Preparation for image segmentation

SBF SEM images of the ON&LCN are acquired as .dm3 files using Digital Micrograph (DM)
(Gatan, UK) software as described in Appendix A.4.6. The automated image alignment
feature in DM is used to eliminate sample drift or ‘jumps’ which can be caused by charge
build up on the sample during image collection. During this process lateral shift in an image
stack is measured and removed, creating a newly aligned stack of images. Pieces of resin
debris which have been removed from the block may result in occasional z slices having
different (usually lower) image contrast. The Normalize Z Planes feature in DM analyses the
grey levels and changes the range of pixel intensity values to match a defined calibration
image, increasing the dynamic range to achieve consistency in the dataset. Images are then

converted to .tiff format using the DM Batch Convert command.

B.2.2 Segmentation using Trainable Weka Segmentation

The osteocyte cell bodies, processes and the PCS space are segmented and visualised using
the Trainable Weka Segmentation 3D plug-in (Arganda-Carreras et al., 2017) (Figure 43 and

Figure 85) as described.

=

Open 20 consecutive slices from the stack as a representative ‘training’ dataset.

2. Inthe settings menu, select mean and variance as training features, minimum sigma

=1, maximum sigma = 8.

3. Create 3 classes and label them matrix, cell and pericellular space.

4. Trace lines on typical areas of each class over several slices and add to class.

5. Train classifier.

6. Assess classification result; retrain if needed by tracing more examples, save

classifier.
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7. Apply classifier to complete data stack using macro in Appendix C.4.

The result of the Weka segmentation is a series of labels, one per class, with separate grey
values, making them easy to separate into the various compartments (cell, PCS, matrix)

(Figure 85).

Figure 85 Trainable Weka segmentation results
A Slice from SBF SEM stack
B Result of Weka segmentation of slice in A, green — matrix, red - osteocyte, purple —

pericellular space.

C Weka segmentation result

D,EF Separation of C produces binary labels (blue) of the osteocyte (D), bone matrix (E),
and PCS (F).

B.2.3 Separation of osteocytes, PCS and matrix

After segmentation, the data stack is opened in Avizo and the cell, matrix and PCS classes

separated using thresholding. Osteocyte cell bodies and processes are separated into

276



Appendix
individual labels by performing an opening operation (erosion followed by dilation) on the

cell binary label.

B.3  Quantification of data from CXEM images

This section describes the outputs obtained and calculations used to determine the

guantitative measures of the ON&LCN from CXEM data.

B.3.1 Quantification of osteocyte density and porosity from puCT data

Bone volume (BV) is obtained from a label analysis of the bone label in Avizo. The total
number of osteocytes and the volume of each osteocyte are obtained from the osteocyte
label using the label analysis module in Avizo and a custom measure group (Figure 86).
Some measures correspond to direct quantitative outputs while others allow output

measures such as density and porosity to be calculated. Calculations are listed in Table 25.

B.3.2 Quantification of osteocyte measures by anatomical area.

Division of tibial bone into anterior, posterior, medial and lateral quadrants for separate
analysis is carried out in Avizo. Quantification is carried out using the label analysis module

and the pre-defined set of measures.
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Mean osteocyte m

Individual osteocyte m

Figure 86

Label analysis panel in Avizo

| Tables & x|
avis2 filtered4.Label-Ana 8 x a R18_265_fiteredZavis2 fitereds Label-Analysis-11 & X [[4 1
Bt [+ il (O
355 res Breadth3d Length3d Width3d  Area3d OrientationPhi OrientationTheta VYolume3d Shape VA3d Anisotropy  Flatness index
Mean r9.2106 13.7325 | 7.32013 201117 | 38.6327 -7.58551 186.703 22007 0.81231 0493523' 322095
Min 404345 649636 239101 614372 0303809 -178.947 50.625 0.800041 0.206325 0.0 10 N.Ot
Max 20,5325 341868 13.7806  539.0 90.0 179.985 396.25 872978 1.0 099076 { 6441 6\\
Median  9.20238 13.5351 7.39183 194903 342224 -10.0698 175.814 2.06569 0832074 0488147 32210
Variance | 5.08934 MATI5 254742 750654 558.853 10196.2 9306.36  0.642006 0.00995488 0.0343879 3.45721e+06
Kurtosis  -0.202929 042212 -0.440526 -0.705332 -0.878887 -1.09085 -0.943256  3.05215 1.64443 -0.521587 -1.19966
Skewness 0.235098  0.49381 -0.0251059 0.35026  0.455846 011824 0.379286  1.25734 -1.111%6 0234285  -0.000208447
Breadthdd Length3d Widthdd  Areadd OrientationPhi OrientationTheta Volumedd Shape VA3d Anisotropy Flatness index (]
1 11.6926 16,423 930936 314469 146233 -12.7073 320625 267478 0772641 0563198 1
2 6.16376 9.79589  6.23959 116.307 | 30.3799 179.379 108.0 1.19265 0.782679 0852014 2
Eqsurﬁ%.ﬁlﬂ? 113963 671005 17612 43.2807 65.5642 1485 21504 0781263  0.387797| 3
4 135164 256380 830174 346941 42468 -85.7833 300375 4.09248 0960036 0243832 4
5 9.02313 117847 7.29927 193.065  18.4332 -86.1021 185.6-2?\ 1.84666 0.83637 0327 5
& 10,1345 17.546 8.65516  261.891 9.56211 17056 OtV 2365 2.84354 0.832827 0707897 &
7 9.43698 115643 7361 175375 | 88.6499 -106.222 165375 1.74386 0724935 0333981 7
2 104241 12,9780 | 7.10048 211.866  78.0833 109.656 189.0 2354 0.828431 0303824 38
9 11.2973 18.266 835730 286.028  10.4045 -105.431 286.875 253793 0.84931 0725424 9

Label analysis panel shows individual osteocyte measures, mean osteocyte measures, osteocyte

volume (Ot.V) and total number of osteocytes (N.Ot).
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Table 25 Measures, direct outputs and equations used to calculate indirect outputs.
Measure Abbreviation | Avizo output | Equation

Bone volume BV Volume3d

Number of osteocytes N.Ot Max index

Osteocyte number density (N.Ot/BV) (N.Ot/BV)

Osteocyte breadth Ot.B Breadth 3d

Osteocyte length Ot.Le Length 3d

Osteocyte width Ot.Wi Width 3d

Osteocyte surface area Ot.A Area 3d

Osteocyte volume otV Volume 3d

Total osteocyte volume Tt.Ot.V sum of Ot.V

Mean osteocyte volume <0t.v> Tt.Ot.V/N.Ot

Osteocyte porosity (Tt.Ot.V/BV) (Tt.Ot.V/BV)

Shape factor Shape_VA3d Area3d?

36 wVol3d3

Osteocyte anisotropy Ot.An* Anisotropy*

Osteocyte flatness Ot.FI* Flatness*

Osteocyte sphericity Ot.Sph* ( 1 )1/

ShapeVA3d

Pericellular space volume PCS.V Volume 3d

PCS width PCS.Wi Distance map

PCS thickness PCS.Th PCS.Th=0t.V/(4 *m * Ot.r?)
Lacunar volume Le.V Ot.V + PCS.V

Process diameter Pr.Dm* (sqrt(area/m) x 2
Process thickness Pr.Th* Distance map

*Not standard measures in (Dempster et al., 2013, Bouxsein et al., 2010)
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B.4 Quantification of data from SBF SEM images

The measures set out in Table 25 are obtained for SBF SEM data in a similar way to the
guantification of uCT data using the label analysis feature in Avizo and the equations

shown. Additionally, process and pericellular space data is obtained as follows.

B.4.1 Process measures

The number of cell processes per cell and the process diameter are determined using Avizo
(Figure 87). An ellipsoid is fitted around each cell body using the Volume Edit feature. A
new binary label consisting only of the voxels that are coincident with the ellipsoid is
created. The number of these coincidences, determined using the Label Analysis feature
gives the number of processes while the area of each coincidence is used to calculate the
process diameter (Pr.Dm) at the point of coincidence using the equation in Table 25 which
assumes that each process has a circular profile. A visual check is carried out to identify
outliers, where the process crosses the ellipsoid far from perpendicular producing a large

result, and these are removed.
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0

B.4.2

kr) 0

Obtaining process measures using Avizo
3D volume rendering of an osteocyte and processes

3D volume rendering of an osteocyte and processes with fitted ellipsoid

o

37.98

Fitted ellipsoid enclosing osteocyte cell body with external processes removed

Coincidence of processes and ellipsoid from which process diameter (Pr

measure is calculated.

Pericellular space

.Dm)

PCS.V is obtained from Volume3d results of the PCS label in the same way as the osteocyte

label (Figure 88). The pericellular space is not a uniform thickness around the cell (Figure

88). At some points the cell is in contact with the lacunar wall indicating a PCS.Wi = 0 and

at other points it is at a distance. To determine the PCS width around the cell, firstly Lc.V is

281



Appendix

calculated by adding together Ot.V and PCS.V labels. A binary mesh one voxel thick defining
the outline of the outer edge of the lacuna is created. A distance map is created from the
edge of Ot.V outwards using the Distance Map feature (Figure 88 D). Multiplying that

distance map by the binary outline produces PCS.Wi.

Pericellular space thickness is defined as the thickness of the PCS.V evened out around the
cell assuming that both cell and lacuna are spheres. The volume of a spherical shell is the
difference between the enclosed volume of the outer sphere and the enclosed volume of

the inner sphere:

Where ris the radius of the inner sphere (osteocyte) and R is the radius of the outer sphere
(lacuna). An approximation for the volume of a thin spherical shell is the surface area of the
inner sphere multiplied by the thickness t of the shell: t V /4 rtr 2when t is very small

compared to r (PCS.T = Ot.V /(4w Ot.r?)
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Figure 88  Pericellular space reconstruction and measurement of width

A SBF SEM data showing an osteocyte and surrounding PCS
B SBF SEM data showing 3D reconstruction of osteocyte cell body (blue)
C SBF SEM data showing 3D reconstructions of osteocyte cell body (blue) and

pericellular space (purple).
D The width of the PCS surrounding the cell (purple) is calculated using a distance map.

The widest PCS is shown in red. Scale bar =5 um
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Appendix CMacros for image processing

C.1 Bandpass filter macro

dir = getDirectory("select image sequence folder");
files = getFileList(dir);
Array.sort(files);
setBatchMode(true);
for(i = 0;i<files.length;i++){
open(filesli]);
titlelmage = getTitle();
run("Duplicate...", "duplicate");
rename("filter");
// fiter params ___

//run("Bandpass Filter...", "filter_large=15 filter_small=2 suppress=None tolerance=5 autoscale

saturate display process");

run("Bandpass Filter...", "filter_large=10 filter_small=2 suppress=None tolerance=5 autoscale

saturate");
resetMinAndMax();
selectWindow("filter");
run("32-bit");
resetMinAndMax();
run("Divide...", "value=65535 stack");
setMinAndMax(0, 1);
selectWindow("filter");
saveAs("TIFF", dir + titlelmage + "_BPF.tif");

run("Close All");
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exit("MACRO FINISHED");

C.2  Z-axis normalisation macro
*/
dir = getDirectory("Select the folder contaning the sequence of image");
list = getFileList(dir);
run("Image Sequence...", "open=["+dir+list[1]+"] sort");
titlelmage = getTitle();
setTool("rectangle");
waitForUser("draw a rectangle in the background, then click OK");
run("Duplicate...", "title=background duplicate");
selectWindow(titlelmage);
run("Select None");
rename("volume");
run("Clear Results"); run("Set Measurements...", "mean min redirect=None decimal=3");
negativeBckValueFlag =0; negativeBckValue =0;
selectWindow("background"); //run("32-bit");
greyBckCore = newArray(nSlices);
for (i=1;i<=nSlices;i++) {
setSlice(i);
run("Select All");
run("Measure");

greyBckCore[i-1] =getResult("Mean",i-1);

// linear shift to positive values (in case of 32bit datasets)

Appendix
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if (greyBckCore[i-1]<negativeBckValue){

print ("negative Grey value fount!");

negativeBckValueFlag =1;

negativeBckValue =greyBckCore[i-1];

selectWindow("volume"); run("32-bit");

//print(negativeBckValueFlag);

if (negativeBckValueFlag==1) {

print ("Flag =1; Shifting to positive valuers");

for (i=1;i<=nSlices;i++) {

setSlice(i);

corValueTemp = greyBckCorel[i-1]-negativeBckValue;

run("Subtract...", "value=corValueTemp slice");

}
}
else {
for (i=1;i<=nSlices;i++) {
setSlice(i);
greyBckCoreTemp=greyBckCoreli-1];
run("Subtract...", "value=greyBckCoreTemp slice");
}
}

resetMinAndMax();
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run("16-bit");

run("32-bit");

run("Divide...", "value=65535.000 stack");
setMinAndMax(0,1);

saveAs("TIFF", dir + titlelmage + "_filteredZaxis.tif");
close();

selectWindow("Results");

run("Close");

selectWindow("background");

close();

exit("MACRO FINISHED");

C.3 Alignment and Quadrant Macro

Fiji Macro using IJ1Macro language

/*This macro splits the bone into quadrants (anterior, posterior, lateral

* and medial) using the Moments of inertia function from the Bonel plugin.

* Inputs are tif image sequence of bone uCT and tif image sequence of bone

* |label, each in their own folder.

* Output will be results from the bonel plugin and tif image sequence of

* the different quandrants.

*/

// Asking the user the locations of the different datasets

dirl = getDirectory("Select the folder contaning the sequence of images");

dir2 = getDirectory("Select the folder contaning the sequence of image labels");

dir3 = getDirectory("Select the folder to save results");
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// Opening the uCT and label datasets

listl = getFileList(dirl);

run("Image Sequence...", "open=["+dirl+list1[1]+"] sort");
titlelmage = getTitle();

imageName = File.nameWithoutExtension;

list2 = getFileList(dir2);

run("Image Sequence...", "open=["+dir2+list2[1]+"] sort");
titleLabel = getTitle();

//Smoothing the label dataset with a median filter
selectWindow(titleLabel);

run("Median...", "radius=2 stack");
imageCalculator("Multiply create stack", titlelmage,titleLabel);
titleResult = getTitle();

selectWindowf(titleLabel);

close();

selectWindow(titlelmage);

close();

// Calculate moments of inertia (bonelJ plugin)
selectWindow(titleResult);

Stack.getDimensions(width, height, channels, slices, frames);
Stack.getStatistics(voxelCount, mean, min, max, stdDev);
//call("ij3d.Image)3DViewer.setCoordinateSystem", "false");

//run("Moments of Inertia", "start=1 end="+slices+" bone_min="+min+1+" bone_max="+max+

slope=0.0000 y_intercept=1.8000 align show show_0");
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run("Moments of Inertia", "start=1 end="+slices+" bone_min="+min+1+" bone_max="+max+"

slope=0.0000 y_intercept=1.8000 align");
selectWindow("Log");

saveAs("Text", dir3+imageName+"_Mol_Log.txt");
run("Close");

selectWindow("Results");

saveAs("Results", dir3+imageName+"_Mol_Results.csv");
run("Close");

selectWindow(titleResult);

close();

selectWindow("Aligned_"+titleResult);

run("8-bit");

run("Reslice [/]...", "output=1.000 start=Top avoid");
titleReslice = getTitle();
selectWindow("Aligned_"+titleResult);

close();

selectWindow(titleReslice);

run("Rotate... ", "angle=180 grid=1 interpolation=Bicubic stack");

Stack.getDimensions(width, height, channels, slices, frames);

if (width>height){

run("Canvas Size...", "width="+width+" height="+width+" position=Center");

else {

run("Canvas Size...", "width="+height+" height="+height+" position=Center");
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run("Rotate... ", "angle=-45 grid=1 interpolation=Bicubic stack");
run("Flip Horizontally", "stack");
Stack.getDimensions(width, height, channels, slices, frames);
setBatchMode(true);
run("Duplicate...", "title=temp duplicate");
run("Specify...", "width="+width/2+" height="+height/2+" x=0 y=0 slice="+slices);
run("Make Inverse");
run("Colors...", "foreground=black background=black selection=yellow");
run("Fill", "stack");
run("Select None");
stackName=imageName+"_ALLAB_M";
for(i=1; i<=slices; i++){

print("Saving ALLAB_M - image "+i+" / "+slices);

setSlice(i);

run("Duplicate...", "title=image");

saveAs("tif", dir3+stackName+"-"+pad(i-1));

close();

close();

selectWindowf(titleReslice);

run("Duplicate...", "title=temp duplicate");

run("Specify...", "width="+width/2+" height="+height/2+" x=0 y="+height/2+" slice="+slices);

run("Make Inverse");
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run("Fill", "stack");
run("Select None");
stackName=imageName+"_ALLAB_A";
for(i=1; i<=slices; i++){

print("Saving ALLAB_A - image "+i+" / "+slices);

setSlice(i);

run("Duplicate...", "title=image");

saveAs("tif", dir3+stackName+"-"+pad(i-1));

close();

close();
selectWindow(titleReslice);

run("Duplicate...", "title=temp duplicate");

run("Specify...", "width="+width/2+" height="+height/2+" x="+height/2+" y="+height/2+"

slice="+slices);
run("Make Inverse");
run("Fill", "stack");
run("Select None");
stackName=imageName+"_ALLAB_L";
for(i=1; i<=slices; i++){
print("Saving ALLAB_L - image "+i+" / "+slices);
setSlice(i);
run("Duplicate...", "title=image");

saveAs("tif", dir3+stackName+"-"+pad(i-1));

close();
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}
close();
selectWindowf(titleReslice);
run("Specify...", "width="+width/2+" height="+height/2+" x="+height/2+" y=0 slice="+slices);
run("Make Inverse");
run("Fill", "stack");
run("Select None");
stackName=imageName+" ALLAB_P";
for(i=1; i<=slices; i++){
print("Saving ALLAB_P - image "+i+" / "+slices);
setSlice(i);
run("Duplicate...", "title=zimage");
saveAs("tif", dir3+stackName+"-"+pad(i-1));

close();

close();
exit("END OF MACRQO");
function pad(n) {
str = toString(n);
while (lengthOf(str)<5)
str="0" + str;

return str;
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C.4 WekaSegmentation Macro

Fiji Macro using IJ1Macro language

// @File(label="Input directory", description="Select the directory with input images",

style="directory") inputDir

// @File(label="Output directory", description="Select the output directory", style="directory")

outputDir

// @File(label="Weka model", description="Select the Weka model to apply") modelPath

// @String(label="Result mode",choices={"Labels" , "Probabilities"}) resultMode

// @Integer(label="Number of tiles in X:", description="Number of image subdivisions in the X

direction", value=3) xTiles

// @Integer(label="Number of tiles in Y:", description="Number of image subdivisions in the Y

direction", value=3) yTiles

// @Integer(label="Number of tiles in Z (set to O for 2D processing):", description="Number of

image subdivisions in the Z direction (ignored when using 2D images)", value=3) zTiles

import trainableSegmentation.WekaSegmentation;

import trainableSegmentation.utils. Utils;

import ij.io.FileSaver;

import ij.lJ;

import ij.ImagePlus;

// starting time

startTime = System.currentTimeMillis();

// caculate probabilities?

getProbs = resultMode.equals( "Probabilities" );

// create segmentator

segmentator = new WekaSegmentation( zTiles > 0 );

// load classifier
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segmentator.loadClassifier( modelPath.getCanonicalPath() );

// get list of input images
listOfFiles = inputDir.listFiles();

for (i=0; i< listOfFiles.length; i++ )

// process only files (do not go into sub-folders)

if( listOfFiles[ i ].isFile() )

// try to read file as image
image = lJ.openlmage( listOfFiles[i].getCanonicalPath() );

if( image !=null)

tilesPerDim = new int[ 2 ];

if( image.getNSlices() > 1)

tilesPerDim = new int[ 3 ];

tilesPerDim[ 2 ] = zTiles;

tilesPerDim[ 0 ] = xTiles;

tilesPerDim[ 1] = yTiles

// apply classifier and get results (0 indicates number of threads is auto-detected)
result = segmentator.applyClassifier( image, tilesPerDim, 0, getProbs );

if( !getProbs )

// assign same LUT as in GUI
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result.setLut( Utils.getGoldenAngleLUT() );

// save result as TIFF in output folder

outputFileName = listOfFiles[ i ].getName().replaceFirst("[.][*.]+S", "") + ".tif";

new FileSaver( result ).saveAsTiff( outputDir.getPath() + File.separator + outputFileName );
// force garbage collection (important for large images)

result = null;

image = null;

System.gc();

// print elapsed time
estimatedTime = System.currentTimeMillis() - startTime;
1J.log( "** Finished processing folder in " + estimatedTime + " ms **");

System.gc();
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Appendix D  Publications

High-resolution 3D imaging of osteocytes and computational modelling in
mechanobiology: Insights on bone development, ageing, health and disease.

European Cells and Materials, Vol. 31 2016 (pages 264-295)

P.M. Goggin, K.C. Zygalakis, R.O.C. Oreffo, P. Schneider.

Development of protocols for the first serial block-face scanning electron microscopy (SBF

SEM) studies of bone tissue.
Bone 2020 Feb;131:115107. doi: 10.1016/j.bone.2019.11510

Patricia Goggin, Elaine M.L. Ho, Helmut Gnaegi, Stuart Searle, Richard O.C. Oreffo, Philipp

Schneider
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