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Abstract

The complex hierarchical structure of bone undergoes a lifelong remodeling process, where it
adapts to mechanical needs. Hereby, bone resorption by osteoclasts and bone formation by
osteoblasts have to be balanced to sustain a healthy and stable organ. Osteocytes orchestrate
this interplay by sensing mechanical strains and translating them into biochemical signals.
The osteocytes are located in lacunae and are connected to one another and other bone
cells through small channels, the canaliculi. Lacunae and canaliculi form a network (LCN)
that is able to transport ions and enables cell-to-cell communication. Osteocytes might
also contribute to mineral homeostasis by direct interactions with the surrounding matrix.
If the LCN is acting as a transport system, this should be reflected in the mineralization
pattern. The central hypothesis of this thesis is that osteocytes are actively changing their
material environment. Characterization methods of material science are used to achieve
the aim of detecting traces of this interaction between osteocytes and the extracellular
matrix. First, healthy murine bones were characterized. The properties analyzed were then
compared with three murine model systems: 1) a loading model; 2) a healing model; and
3) a disease model, where the Fbnl gene is dysfunctional causing defects in the formation
of the extracellular tissue.

The measurement strategy included routines that make it possible to analyze the orga-
nization of the LCN and the material components (i.e., the organic collagen matrix and
the mineral particles) in the same bone volumes and compare the spatial distribution of
different data sets. The three-dimensional network architecture of the LCN is visualized by
confocal laser scanning microscopy after rhodamine staining and is then quantified. The
calcium content is determined via quantitative backscattered electron imaging, while small-
and wide-angle X-ray scattering are employed to determine the thickness and length of
local mineral particles.

First, tibiae cortices of healthy mice were characterized to investigate how changes in LCN
architecture can be attributed to interactions of osteocytes with the surrounding bone
matrix. The tibial midshaft cross-sections showed two main regions, consisting of a band
with unordered LCN surrounded by a region with ordered LCN. The unordered region is
a remnant of early bone formation and exhibited short and thin mineral particles. The
surrounding, more aligned bone showed ordered and dense LCN as well as thicker and
longer mineral particles. The calcium content was unchanged between the two regions.

In the mouse loading model, the left tibia underwent two weeks of mechanical stimulation,
which results in increased bone formation and decreased resorption in skeletally mature
mice. Here the specific research question addressed was how do bone material characteristics
change at the new formed bone due to loading? The new bone formed in response to
mechanical stimulation showed similar properties in terms of the mineral particles, like the
ordered calcium region but lower calcium content. There was a clear, recognizable border
between mature and newly formed bone. Nevertheless, some canaliculi went through this
border connecting the LCN of mature and newly formed bone.

Additionally, the question should be answered whether the LCN topology and the bone
matrix material properties adapt to loading. Although, mechanically stimulated bones did
not show differences in calcium content compared to controls, different correlations were
found between the local LCN density and the local calcium content depending on whether
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the bone was loaded or not. These results suggest that the LCN may serve as a mineral
reservoir.

For the healing model, the femurs of mice underwent an osteotomy (a surgery in which
a fracture is created by a cut in the midshaft region) and were allowed to heal for 21
days. Thus, the spatial variations in the LCN topology and mineral properties within
different tissue types and their interfaces, namely calcified cartilage, bony callus and cortex,
could be simultaneously visualized and compared in this model. All tissue types showed
structural differences across multiple length scales. Calcium content increased and became
more homogeneous from calcified cartilage to bony callus to lamellar cortical bone. The
degree of LCN organization increased as well, while the lacunae became smaller, as did the
lacunar density between these different tissue types. In the calcified cartilage, the mineral
particles were short and thin. While most of the callus had a woven-like structure, it also
served as a scaffold for more lamellar tissue, which showed thinner mineral particles, but a
higher degree of alignment in both, mineral particles and the LCN. The cortex showed the
highest values for mineral length, thickness and degree of orientation. Although only a few
canaliculi connected callus and cortical region, this indicates that communication between
osteocytes of both tissues should be possible.

A mouse model for the disease Marfan syndrome, which includes a genetic defect in the
fibrillin-1 gene, was investigated. In humans, Marfan syndrome is characterized by a range
of clinical symptoms such as long bone overgrowth, loose joints, reduced bone mineral
density, compromised bone microarchitecture, and increased fracture rates. Thus, fibrillin-1
seems to play a role in the skeletal homeostasis. Therefore, the present work studied how
Marfan syndrome alters LCN architecture and the surrounding bone matrix. The mice
with Marfan syndrome showed longer tibiae than their healthy littermates from an age
of seven weeks onwards. In contrast, the cortical development appeared retarded, which
was observed across all measured characteristics, i. e. lower endocortical bone formation,
looser and less organized lacuno-canalicular network, less collagen orientation as well as a
trend to thinner and shorter mineral particles.

In each of the three model systems, this study found that changes in the LCN architecture
spatially correlated with bone matrix material parameters. While not knowing the exact
mechanism, these results provide indications that osteocytes can actively manipulate a
mineral reservoir located around the canaliculi to make a quickly accessible contribution to
mineral homeostasis. However, this interaction is most likely not one-sided, but could be
understood as an interplay between osteocytes and extra-cellular matrix, since the bone
matrix contains biochemical signaling molecules that can change osteocyte behavior. Bone
(re)modeling can therefore not only be understood as a method for removing defects or
adapting to external mechanical stimuli, but also for increasing the efficiency of possible
osteocyte-mineral interactions during bone homeostasis. With these findings, it seems
reasonable to consider osteocytes as a target for drug development related to bone diseases
that cause changes in bone composition and mechanical properties.
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Zusammenfassung

Knochen haben eine komplexe hierarchische Struktur, die einen lebenslangen Umbauprozess
durchlduft, bei dem der Knochen sich seinen mechanischen Anforderungen anpasst. Um ein
gesundes und stabiles Organ zu erhalten miissen Knochenresorption (durch Osteoklasten)
und Knochenbildung (durch Osteoblasten) ausgewogen sein. Osteozyten lenken dieses Wech-
selspiel, indem sie mechanische Belastungen wahrnehmen und sie in biochemische Signale
iibersetzen. Die Osteozyten sitzen in Lakunen und sind durch Kanélchen untereinander und
mit anderen Knochenzellen iiber ein Netzwerk (LCN) verbunden, das in der Lage ist, Ionen
zu transportieren und eine Kommunikation von Zelle zu Zelle zu ermdglichen. Auflerdem
vermutet man, dass Osteozyten auch durch direkte Wechselwirkungen mit der umgebenden
Matrix zur Mineralhomdostase beitragen konnten. Im Mittelpunkt dieser Arbeit steht
die Frage, ob Osteozyten ihre materielle Umgebung aktiv verdndern kénnen. Um Spuren
dieser Wechselwirkung zwischen Osteozyten und der extrazelluldren Matrix nachzuweisen,
werden materialwissenschaftliche Charakterisierungsmethoden eingesetzt. Zunéchst wurden
gesunde Méauseknochen charakterisiert. Die erworbenen Ergebnisse wurden dann mit drei
murinen Modellsystemen verglichen: 1) einem Belastungsmodell; 2) ein Heilungsmodell
und 3) ein Krankheitsmodell, bei dem das Fbnl-Gen dysfunktional ist und Defekte in der
Bildung des extrazelluldren Gewebes verursacht werden.

Die Messstrategie umfasste Routinen, die es erméglichen, die Organisation des LCN und
der Materialkomponenten (d.h. die organische Kollagenmatrix und die mineralischen
Partikel) in denselben Knochenvolumina zu analysieren und die rdumliche Verteilung der
verschiedenen Datensétze zu vergleichen. Die dreidimensionale Netzwerkarchitektur des
LCN wird durch konfokale Laser-Scanning-Mikroskopie nach Rhodamin-Farbung gemessen
und anschlieend quantifiziert. Der Kalziumgehalt wird mittels quantitativer Riickstreuelek-
tronenbildgebung bestimmt, wihrend Klein- und Weitwinkel-Rontgenstreuung verwendet
werden, um die Dicke und Lénge der Mineralpartikel zu bestimmen.

Zunichst wurden Querschnitte der Unterschenkel von gesunden Méusen charakterisiert,
um zu untersuchen, ob Verdnderungen in der LCN-Architektur auf Wechselwirkungen von
Osteozyten mit der umgebenden Knochenmatrix zuriickgefithrt werden konnen. Die Kortizes
zeigten zwei Hauptregionen, ein Band mit ungeordneter LCN-Architektur, umgeben von
einer Region mit geordneter LCN. Die ungeordnete Region ist ein Uberbleibsel der friithen
Knochenbildung und wies kurze und diinne Mineralpartikel auf. Der umgebende, stirker
ausgerichtete Knochen zeigte ein geordnetes und dichtes LCN, sowie dickere und ldngere
Mineralpartikel. Der Kalziumgehalt blieb bei beiden Regionen unverdndert.

Im Mausbelastungsmodell wurde das linke Schienbein zwei Wochen lang mechanisch
stimuliert, was zu einer erh6hten Knochenbildung fiihrt. Hier sollte die Forschungsfrage
beantwortet werden, wie sich Knochenmaterialeigenschaften an (Re-)Modellierungsstellen
aufgrund von Belastung &ndern. Der, als Reaktion auf die mechanische Stimulation,
gebildete neue Knochen zeigte dhnliche Eigenschaften in Bezug auf die Mineralpartikel,
wie die geordnete Kortexregion. Es gab eine klar erkennbare Grenze zwischen reifem und
neu gebildetem Knochen. Trotzdem gingen einige Kanélchen durch diese Grenze, die die
LCN aus reifem und neu gebildetem Knochen verband.

Fir das Heilungsmodell wurden die Oberschenkel von M&usen einer Osteotomie unterzogen
(einer Operation, bei der durch einen Schnitt in der Diaphyse ein Bruch erzeugt wird).



Danach konnte die Fraktur 21 Tage heilen. Dadurch konnten in diesem Modell gleichzeitig
verkalkter Knorpel, knécherner Kallus und Kortex untersucht werden. Dafiir wurde die
rdumliche Verteilung der LCN-Topologie sowie die Mineraleigenschaften der verschiedenen
Gewebetypen und ihrer Grenzflichen visualisiert und verglichen. Alle Gewebetypen zeigten
strukturelle Unterschiede iiber mehrere Léangenskalen hinweg. Der Kalziumgehalt nahm
von kalzifiziertem Knorpel zu knéchernem Kallus zu lamellarem kortikalem Knochen zu
und wurde homogener. Der Grad der LCN-Organisation nahm ebenfalls zu, wihrend die
Lakunen vom Kallus zum Kortexgewebe kleiner wurden, ebenso wie die Lakunendichte.
Im verkalkten Knorpel waren die Mineralpartikel kurz und diinn. Der grofite Teil des
Kallus wies eine Geflechtsknochenstruktur auf und diente als Geriist fir lamellares Gewebe,
das dinnere Mineralpartikel, aber einen héheren Grad an Ausrichtung sowohl in den
Mineralpartikeln als auch im LCN aufwies. Der Kortex zeigte die héchsten Werte fiir
Mineralldnge, Dicke und Orientierungsgrad. Obwohl nur wenige Kanélchen den Kallus und
kortikale Regionen verbinden, weist dies darauf hin, dass eine Kommunikation zwischen
Osteozyten beider Gewebe moglich sein sollte.

Es wurde auch ein Mausmodell fiir das Marfan-Syndrom untersucht, das einen Gen-
defekt im Fibrillin-1-Gen beinhaltet. Beim Menschen ist das Marfan-Syndrom durch
eine Reihe klinischer Symptome gekennzeichnet, wie z. B. iiberméfiiges Wachstum der
GliedmafBen, iiberstreckbare Gelenke, verringerte Knochenmineraldichte, beeintréachtigte
Knochenmikroarchitektur und erhéhte Frakturraten. Somit scheint Fibrillin-1 eine Rolle
in der Skeletthomdéostase zu spielen. Deswegen untersuchte die vorliegende Arbeit, ob
und wie das Marfan-Syndrom die LCN-Architektur und die umgebende Knochenmatrix
verdndert. Die M&use mit Marfan-Syndrom zeigten bereits ab einem Alter von sieben
Wochen léngere Schienbeine als ihre gesunden Wurfgeschwister. Im Gegensatz dazu erschien
die kortikale Entwicklung verzogert, was iiber alle gemessenen Merkmale hinweg beobachtet
wurde, d.h. niedrigere endokortikale Knochenbildung, lockereres und weniger organisiertes
LCN, geringerer Grad an Kollagenorientierung sowie ein Trend zu diinneren und kiirzeren
Mineralpartikel.

In jedem der drei Modellsysteme fand diese Studie, dass Anderungen in der LON-Architektur
rdumlich mit Parametern des Knochenmatrixmaterials korrelierten. Obwohl der genaue
Mechanismus nicht bekannt ist, liefern diese Ergebnisse Hinweise darauf, dass Osteozyten
ein Mineralreservoir aktiv manipulieren kénnen. Dieses Reservoir befindet sich um die
Kanélchen herum und dieser Prozess wiirde es ermoglichen, einen schnell zugénglichen
Beitrag zur Mineralhomdéostase zu leisten. Diese Interaktion ist jedoch hochstwahrscheinlich
nicht einseitig, sondern kénnte als Wechselspiel zwischen Osteozyten und extrazellularer
Matrix verstanden werden, da die Knochenmatrix biochemische Signalmolekiile enthélt,
die das Verhalten von Osteozyten verdndern kénnen. Knochen(re)modellierung kann daher
nicht nur als Methode zur Defektbeseitigung oder Anpassung an duflere mechanische Reize
verstanden werden, sondern auch zur Effizienzsteigerung moglicher Osteozyten-Mineral-
Interaktionen wahrend der Knochenhomoostase. Angesichts dieser Ergebnisse erscheint es
sinnvoll, Osteozyten als Ziel fiir die Arzneimittelentwicklung im Zusammenhang mit Knoch-
enerkrankungen in Betracht zu ziehen, die Verdnderungen der Knochenzusammensetzung
und deren mechanischen Eigenschaften verursachen.
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1. Introduction and scope of this thesis

Bone has a complex hierarchical structure, which is adapted at every level to per-
form its mechanical, metabolic and protective functions [Weinkamer and Fratzl, 2011,
Reznikov et al., 2014a]. At the nanoscale level, bone is a composite of a collagen ma-
trix, nano-sized mineral particles of carbonated hydroxyapatite (Cai0(PO4)s(OH )2) and
water [Fratzl et al., 2004, Weiner and Wagner, 1998]. Collagen and minerals form min-
eralized collagen fibrils — the building block of bone material. They self-assemble to
larger structures with different degrees of organization [Giraud-Guille et al., 2008]. This
extracellular matrix (ECM) undergoes a continuous remodeling, which is an effective
interplay between bone resorption by osteoclasts and bone formation by osteoblasts
[Fratzl and Weinkamer, 2007, Raggatt and Partridge, 2010]. During deposition of new
bone, some osteoblasts get embedded in the mineral matrix and become osteocytes
[Franz-Odendaal et al., 2006]. These cells build not only a cell-to-cell communication
system, but also a system of extracellular spaces where also bone tissue can be perfused—the
so-called lacuno-canalicular network (LCN). Osteocytes are cells known to orchestrate
the bone remodeling by sensing mechanical strains and translating them into biome-
chanical signals [Bonewald, 2011, Klein-Nulend et al., 2013], but osteocytes might also
contribute to mineral homeostasis by direct interactions with the surrounding matrix
[Kerschnitzki et al., 2011b, Bonucci, 2009].

The overarching aim of the research project behind this thesis is to test the hypothesis
that the osteocyte network acts as a mechanosensing system and as a transport system in
(de)mineralization processes. To test this hypothesis, emphasis is placed on the organiza-
tional characteristics of the cellular component (i.e. the structure of the LCN) and of the
material component (i.e., mineral particles and organic collagen substrates) within the same
bone samples and then to analyze the spatial correlations between them. Whereas both,
the structure and properties of the ECM as well as those of the LCN are still a subject
of intense investigations, this thesis aims to study their relation to each other. Hence, a
combination of several techniques has to be used to characterize the osteocyte network
organization together with the measurement of bone ultra-structural properties on the
submicron level within the same bone volume. This study should offer a way to better
understand the influence of cell-cell organization during bone formation and remodeling
as well as cell-matrix interactions, i.e. the impact of osteocyte network organization in
relation to the bone characteristics such as matrix orientation and mineralization. This
may help to clarify the role of osteocytes during homeostasis. Furthermore, these insights
could give advice whether these cells should be considered as a target for drug development
in the context of bone diseases which cause changes in the bone material and mechanical
properties.



1. Introduction and scope of this thesis

To fulfill this purpose, different models are studied in this thesis:

The different structures of healthy, cortical bone, namely lamellar and woven bone
[Bach-Gansmo et al., 2015], are compared to each other. These results are compared again
with bone regions of new bone formation and resorption after mechanical stimulation
with in-vivo loading experiments (chapter 5). Then, the properties of the different tissue
types in healing bone are studied as well as their transition zones (chapter 6). Finally, the
results of the investigations are matched to diseased bone with defects in the formation of
the extracellular tissue matrix, i.e. bones from mice with the Marfan syndrome (MFS)
(chapter 7).

To achieve the main objectives, the following approach is applied to all systems:

e quantify bone mineral characteristics and the topology of the LCN in the different
bone structures and

« elucidate, if and how the LCN topology and bone matrix parameters are correlated
to each other.

Special attention is put onto the bone mineral characteristics and the topology of the
LCN at transition zones between different tissue types. It is also investigated whether the
architecture of the LCN and matrix properties improve after new bone formation to test if
initially formed bone can act as an endogenous scaffold.

Therefore, all models undergo the following characterization steps:
o sample preparation (chapter 4.2),

o structural characterization of the LCN by rhodamine staining and confocal laser
scanning microscopy (CLSM) (chapter 4.3) as well as high resolution micro-computed
tomography (uCT) measurements on selected samples (chapter 4.3.2),

o characterization of the calcium content with quantitative backscattered electron
imaging (qBEI) (chapter 3.3.2),

e 2D mapping of the mineral nanostructure via high resolution small and wide angle
X-ray scattering (SAXS/WAXS) (chapter 3.4.3) and

o correlation analysis of the different 3D and 2D maps of the bone samples (chapter
4.6).

The data evaluation in this work goes beyond the usual evaluation of experimental data of
such kind. The 2D and 3D images from CLSM, ¢BEI and SAXS/WAXS are only one part
of the searched information. To achieve the specific objectives as formulated above, it is
necessary to investigate the combined information from all of these methods and align the
images in a common coordinate system. For this purpose, the sample preparation and the
experimental procedure that are used in this doctoral thesis have been developed in recent
years (especially at the Max Planck Institute of Colloids and Interfaces (MPIKG) and
cooperation partners). However, the size and resolution of the measured regions surpass the
ones of previous studies. For the first time, all measurements could be carried out on the
same sample volume, so that the images can be aligned in a common coordinate system with
the help of a developed Python script (see section 4.6). In addition to spatial correlations
within the images, this enables cross-correlations between the various parameters to be
examined. While earlier work developed the basic methods and fundamentally examined
the hypothesis of osteocytic osteolysis, this type of analysis is being applied for the first
time to very specific, larger bone studies and linked to clinical studies.
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Figure 2.1.: Hierarchical organization of a murine long bone. Long bones show
trabecular structure at the joints (metaphysis and epiphysis) and compact cortical in the
midshaft region (diaphysis). At the cell level, osteocyte lacunae are connected by canaliculi.
The bone matrix consists of collagen lamellas of assembled fiber bundles whereby each
fiber is built of mineralized single collagen fibrils. The figure of the mineralized fibrils is
taken from [Fratzl and Weinkamer, 2007] with permission of Elsevier.

2.1. Bone as a dynamic biomaterial

Bones form the skeletal system in all vertebrates. For example, the human skeleton consists
of around 200 (depending on the age [Neumann and Gest, 2020]) different bones, which
differ in shape, size and mechanical properties, depending on their anatomical location
and function. But all have in common that they are on the one hand constructed to resist
high forces without breaking, but on the other hand are light weight [Fratzl et al., 2004].
Additionally, bone cells act in a well-organized way in order to adjust bone shape due to
external stimuli [Duncan and Turner, 1995]. Thus, bone is not only a static material but
undergoes continuous remodeling over the whole lifetime [Currey and Shahar, 2013].

2.1.1. Multiscale structure of long bones

To reach maximum resistance to fracture and at the same time be as light as possible, bone is
built by using a hierarchical structure ranging from the molecular up to the macroscopic level
[Weiner and Wagner, 1998, Fratzl and Weinkamer, 2007], which is illustrated in Figure 2.1.

At the nanoscale, bone is made of 70% inorganic material and 30% organic matrix, of
which approximately 90 — 95% is collagen type I and the rest noncollageneous proteins and
lipids [Felsenberg, 2001]. In bone, collagen consists of polypeptide chains with an amino
acid sequence consisting of Glycine-X-Y repeats, which are coiled in a left-handed helix.
Three of these chains always assemble in a right-handed triple helix forming the collagen
type I molecule [Van der Rest and Garrone, 1991]. In collagen, about one third of the X
residues is proline, while one third of the Y residues is hydroxyproline. The presence of
hydroxyproline is essential to stabilize the triple helix. Typically, the molecules have a
length of 300 nm and a diameter of 1.5nm [Orgel et al., 2011].



2. Bone structure, remodeling and development

collagen
fibril
—{ l+— 1.23 nm
" collagen
1| molecules
hole zone 1k -
300 nm
_Eggi_i_ \
| l"40 nm
1|l 27 nm
protein
triple
bone mineral helix
crystal
50x25x3nm

Figure 2.2.: Sketch of mineralized collagen structure. Triple helical collagen type
I assembles to fibrils which in turn assemble into fibers including bone mineral crystals.
From [Rho et al., 1998] with permission of Elsevier.

Multiple collagen molecules are staggered along the axial direction periodically separated by
67 nm on each end. Together they form so-called collagen fibrils of around 100 nm diameter
with overlapping zones of approximately 32nm and gap zones of 35 nm (see Figure 2.2)
[Fratzl, 2008, Orgel et al., 2011]. Hydroxyapatite particles (Ca19(PO4)s(OH )2, HAP)
deposit in the collagen gap zones and grow into plate like structures which are supposed to
be mainly parallel to the longitudinal axis of the collagen fibril. Studies indicate that the
size of mineral particles depends on the tissue age [Lange et al., 2011, Hoerth et al., 2014].
While the thickness varies mainly between 1.5 nm and 4 nm, the length has a wider variety
from 14 nm to 30 nm [Fratzl, 1994, Lange et al., 2011].

Mineral particles generally contain various impurities or inclusions of other elements that
replace either the calcium ions, the phosphate or the hydroxyl groups in the lattice. The
most common substitute is carbonate whose amount in hydroxyapatite particles (HAP)
is also considered an indicator of tissue age [Akkus et al., 2004]. Aside from crystals
contained in fibrils, there is also extrafibrillar mineral, which appears to be more needle
like [Reznikov et al., 2018].

Collagen fibrils assemble in arrays on the next level, which are subsequently arranged
into bundles. Between these bundles are thin layers of disordered material in which
cellular processes are embedded [Reznikov et al., 2014a]. These cellular processes lie in
narrow canals, the so-called canaliculi, which connect osteocytes (lying in lacunae) via
the lacuno-canalicular network (LCN) (see chapter 2.1.2). In lamellar bone, the bundles
consist of unidirectional arrays and fanning arrays arranged in layers, with changing bundle
orientation in each layer [Weiner and Wagner, 1998].

Another bone type is circumferential lamellar bone, found, for example, in the cortex
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of murine long bones. Osteoblasts lay this circumferential lamellar bone radially on the
endosteal and periosteal bone surfaces. The core zone, which lies between the periosteal and
endosteal circumferential lamellar bone, comprises older and more disorganized bone tissue
[Bach-Gansmo et al., 2013]. In the so-called woven bone, the fibers are loosely packed and
poorly oriented. According to former studies, woven bone seems to act as a scaffold for the
later formation of more structured bone [Liu et al., 2010, Kerschnitzki et al., 2011a]. Hence
woven bone occurs during bone growth (see chapter 2.2.1) or early stages of bone healing (see
chapter 2.2.4) with a relatively high deposition rate greater than 4 pm per day [Currey, 2006].
In many vertebrates the remodeling process removes or replaces this woven bone scaffold
with lamellar bone [Kerschnitzki et al., 2011a]. But due to the stochastic character of the
remodeling process, leftovers from the bone formation procedure may remain in a central
band of the cortical bone in rat and mice [Sontag, 1986, Bach-Gansmo et al., 2015] (see
also 2.2.1).

At the next higher hierarchical level (left side of Figure 2.1), one distinguishes between
spongy trabecular and compact cortical bone [Rho et al., 1998]. In mature long bones,
the outer layer consists of dense cortical bone, whose low porosity of < 10% is mainly
caused by blood vessels and cellular spaces [Currey and Shahar, 2013]. In areas of high
compressive loading, such as the femoral head or vertebrae, the cortical bone shell is filled
with spongy trabecular bone with high porosity (> 80%). There are no blood vessels inside
the trabeculae, but between them, i.e. the nutrition is provided by the surrounding bone
marrow [Fratzl and Weinkamer, 2007]. On a micrometer scale, the lamellar bone structure
is a mix of organized and disordered regions and is quite similar to the lamellar structure
in compact bone. A significant proportion of the fibrils are aligned with each of the long
axes of connected trabeculae [Reznikov et al., 2015].

2.1.2. Osteocytes and their role in bone mineralization

Bone is a dynamic living tissue that can constantly adapt to changing external biophysical
stimuli in its environment in order to improve its functionality [Hart et al., 2017]. Even
without external stimuli, dynamic self-repair mechanisms ensure continuous damage repair
and thus strengthen the bone material, as it (i) increases the blood supply, (ii) removes dead
bones, (iii) removes microcracks and (iv) contributes to the mineral homeostasis of the body
[Currey, 2006]. The whole remodeling process is a result of the interaction of bone cells and
schematically shown in Figure 2.3. Osteoclasts resorb bone and leave small cavities behind.
Those cavities are then filled by osteoblasts with osteoid (non-mineralized bone matrix),
which comprises collagen, proteoglycans (PG) and glycosaminoglycans (GAG). As the new
osteoid builds up (formation phase, Figure 2.3), the mineralization of the osteoid begins.
Some osteoblasts are incorporated into the bone matrix and differentiate into osteocytes
[Franz-Odendaal et al., 2006]. The remaining osteoblasts differentiate into lining cells or
die as a result of apoptosis. As the mineralization process progresses, the bone surface
returns to its original resting state. However, the process of osteoblast incorporation and
differentiation into osteocytes occurs not only during bone remodeling, but also during
bone formation.

Osteocytes are the most abundant cells in bone (90% to 95% of all bone cells in adult bone
[Bonewald, 2011]). They are located within the bone in so-called lacunae and interact with
neighboring cells via their dendrites, the canaliculi. Together, the cell-bodies and dendrites
form a functional network connecting cells, bone surface, bone marrow and blood vessels:
the LCN. In addition, the surface area is 100 times larger than the area that osteoclasts
and osteoblasts encounter on the bone surface [Marotti et al., 1995, Buenzli, 2015].
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Figure 2.3.: Scheme of the bone remodeling process. The remodeling cycle consists
of six consecutive phases: quiescence, activation, resorption, reversal, formation, and
termination. During the resorption phase, osteoblasts respond to signals generated by
osteocytes. Therefore, the phase is limited in time depending on the level of stimuli
responsible for the differentiation and activity of the osteoclasts. It follows the reversal
phase characterized by creating a cement line to connect the old and new bones. Osteopro-
genitor cells (precursors of osteoblasts) appear along the cavities, proliferate and undergo
mitosis. Finally, they differentiate into osteoblasts. The osteoblasts then deposit bone
matrix called osteoid in the cavity. Signals for completion of bone remodeling includes
terminal osteoblast differentiation. The resting state of the bone surface persists until
the next cycle of remodeling begins. Image from [Siddiqui and Partridge, 2016] with
permission of The American Physiological Society.

Osteocytes have a variety of functions concerning a lot of bone life processes, but are not
yet fully understood. For example, osteocytes control bone remodeling in response to
environmental influences such as mechanical stress or hormonal changes by coordinating
osteoclasts and osteoblasts [Bonewald, 2011]. It is suggested that programmed cell death
(apoptosis) of osteocytes directs neighboring viable osteocytes to synthesize cytokines, which
then recruit osteoclasts to remove dead cells and initiate remodeling of the surrounding
matrix [Jilka et al., 2012, Verborgt et al., 2000]. Furthermore, osteocytes release sclerostin,
which inhibits a process that is responsible for the apoptosis of osteoblasts (WNT / g-
catenin signaling pathways) [Winkler et al., 2003]. At the same time, they control also
bone loss through the release of receptor activator of nuclear factor x — B ligand (RANKL),
which is involved in osteoclastogenisis [O’Brien et al., 2013].

Bones store a large amount of ions, especially calcium and phosphate. In particu-
lar, the LCN has very good access to the bone mineral due to its large surface area,
which offers the possibility of getting on the calcium and the organism’s phosphate
metabolism. Osteocytes express fibroblast growth factor 23 (FGF23); a hormone that
promotes the excretion of phosphate in the urine and is therefore part of the phos-
phate regulation mechanism [Feng et al., 2013]. They are also involved in the calcium
metabolism [Marenzana et al., 2005]. Various studies have shown that osteocytes have
the ability to remove minerals from their perilacunar tissue [Teti and Zallone, 2009,
Qing and Bonewald, 2009]. This is called "osteocytic osteolysis" [Bélanger et al., 1967]. It
has also been observed that lacunae significantly enlarge during calcium deficiency, such as
during breastfeeding where the calcium level in the bone changes [Qing et al., 2012]. Os-
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teocytes can also change their direct microenvironment when environmental factors change.
Jagodovskii et al. found, for example, a connection between "osteocytic osteolysis" and
microgravity by finding "broad osteocyte lacunae that could be associated with perilacunar
osteolysis" after sending rats into space for a 22-day space flight [lagodovskii et al., 1977].
Since the canalicular surface is much larger than the lacunar surface and has direct
access to the mineralized bone tissue, it is also possible that the canaliculi partici-
pate in the breakdown and replacement of bone minerals, as various studies suggest
[Kerschnitzki et al., 2013, Qing and Bonewald, 2009, Qing et al., 2012, Hesse et al., 2015].
However, due to the small dimensions of the canaliculi, the number of studies on this topic
is more limited.

Summarizing, the ability of osteocytes to remove and add minerals from the tissue around
the lacunae and canaliculi thus has important effects on mineral metabolism, but also on the
local mechanical tension field of the lacunae, which influences the osteocyte and its reaction
to mechanical loads. It is therefore not surprising that the group at the Max Planck Institute
of Colloids and Interfaces (MPIKG) found local bone mineral properties that correlate with
the topology of the osteocyte network [Kerschnitzki et al., 2013, Roschger et al., 2019].

2.2. Bone as a living tissue

2.2.1. Bone growth
Longitudinal growth

At the ends of long bones, entrapped between epiphyseal and metaphyseal bone, there is the
so-called growth plate. The growth plate can be divided into horizontal zones, which differ
in the different stages of differentiation of chondrocytes (see Figure 2.4). At the epiphyseal
end of the growth plate is the reserve zone with resting chondrocytes, which are also known
as stem cells. These cells are important for the orientation of the underlying chondrocyte
columns and thus for unidirectional bone growth [Abad et al., 2002]. When they enter the
zone of proliferation, they divide, arrange themselves in a columnar fashion, and synthesize
large amounts of extracellular matrix proteins. At some point, proliferating chondrocytes
lose their ability to divide. They begin to differentiate, become pre-hypertrophic, and
enlarge. Fully differentiated hypertrophic chondrocytes are round in appearance but still
produce matrix proteins. At the same time, the intracellular calcium concentration increases
and at some point they begin to mineralize the longitudinal septa in the surrounding matrix
(zone of temporary calcification) [Sawae et al., 2003]. The chondrocytes in this mineralized
zone then eventually die.

Blood vessels invade this area and pave the way for osteoclast precursors [Gerber et al., 1999].
Eighty percent of the longitudinal septum of the growing cartilage is rapidly restored in the
metaphyseal region immediately following the invasive vessels [Fazzalari et al., 1997]. The
remaining longitudinal septa serve as supports on which osteoblasts deposit bone matrix.
This is how the first trabeculae are formed. With increasing distance from the growth
plate, the metaphyseal trabeculae in the center of the bone, become thinner and eventually
reabsorb completely, at least as long as further length growth is maintained. Therefore,
hardly any trabeculae can be found in the diaphysis. That means, the central metaphyseal
trabeculae of the long bones are temporary structures during skeletal development that
undergo a lifecycle of transformation and destruction [Rauch, 2005]. The trabeculae at the
periphery of the metaphysis had a markedly different fate. It is the trabeculae that transmit
the load from the growth plate to the cerebral cortex. They become thicker and thicker
until they are finally fused and integrated into the metaphyseal cortex [Cadet et al., 2003].
As they grow, many of these peripheral metaphyseal trabeculae eventually end up in the
diaphyseal cortex. In summary, it can be said that bone gains additional length when
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Figure 2.4.: Microscope image of the growth plate. The image is indicating the
position of the reserve zone, as well as the proliferative and hypertrophic zones where
chondrocytes proliferate and subsequently undergo hypertrophy. The figure is taken from
[Villemure and Stokes, 2009] with permission of Elsevier.

new material (both extracellular and intracellular) is squeezed between the reserve of the
growth plate and the temporary calcification region. This is the only place where the
actual length is added. I.e. events in the growth plate and metaphysis do not add anything
to the total length of the bone [Rauch, 2005].

Cortical development

"It is clear that if bones just grew in length without increasing in width, they would
become unstable and break at some point."'[Rauch, 2005], because the bending strength
of an elongated structure like the long bone diaphysis is related to the third power of its
diameter. Therefore, bone growth in width is one of the most important determinants of
bone strength [Seeman, 2003]. In aging mice, the mechanical properties of the bones are
preserved by maintenance of cross-sectional moment of inertia. Similarly to humans, the
cortical area shrinks while the periosteal radius increases [Stein et al., 1998]. The cortical
structure development is affected by three main processes: consolidation of the trabeculae
(i.e., corticalisation), remodeling of the cortical structure from woven to lamellar bone, and
periosteal apposition. Additonally, there are also different pattern of bone formation and
resorption at the periosteal and endosteal surface (see Figure 2.5 and Figure 2.6):

The young long bones initially consist of loosely connected mineral struts that seem to
almost float in the soft tissue [Sharir et al., 2013, Lange et al., 2011]. The cortex is formed
by fusing trabeculae, which derive from the growth plate [Enlow, 1962, Cadet et al., 2003].
At the junction between the growth plate and the cortical bone is the groove of Ranvier,
which supplies chondrocytes to the developing growth plate and osteoblasts to the growing
cortex. As the cortex coagulates, it shows rough, irregular and unorganized woven bone
(see Figure 2.5) [Enlow, 1962]. As the entire bone expands, especially in the longitudinal
direction, the circumference also increases and the struts restructure.
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Figure 2.5.: Sketch of bone development. ((A) shows the longitudinal growth, while
(B) shows the development of the cross-section. First, mesenchymal stem cells condense
and differentiate into a cartilage scaffold. Later chondrocytes become hypertrophic,
releasing minerals that accumulate in the cartilage; At the same time, new bone is
deposited on the perichondrium by osteoblasts and forms a porous bone collar. This
pre-bone structure is gradually remodeled through bone resorption and bone formation.
Remnants of cartilage bone and woven bone are gradually replaced with lamellar bone.

The figure is taken from [Isojima and Sims, 2021] with permission of Springer.
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Figure 2.6.: Development of cortical surfaces in a rat femur. The growing and
resorption of the endosteal and periosteal surface of a rat femur have been measured as a
function of age and are shown with "+" and regression lines, respectively. The dotted area
shows only extrapolated from morphological parameters. Reprinted from [Sontag, 1986]
page 60 with permission of Elsevier.

In the next step, until an age of around 14 days, the porous cortex is transformed into
a dense hollow cylinder with firmer bone material that meets the increasing mechanical
requirements induced by crawling and increasing body weight [Bortel et al., 2015]. This
bone is gradually replaced by lamellar bone during asymmetrical growth. New lamellar bone
is deposited on both the inner (endocortical) and outer (periosteal) surface of the cortex
in response to mechanical forces. At the same time, enchondral bone and mineralized
cartilage are resorbed by osteoclasts, leaving a central core of bone and cartilage (see
Figure 2.5). These leftovers from the bone formation procedure (see [Danielsen et al., 1993,
Bach-Gansmo et al., 2013] are present at least until an age of 104 weeks, but it decrease
in porosity with advancing age [Ferguson et al., 2003]. This asymmetric process, known as
modeling drift, is involved in both, bone enlargement and changes in bone shape during
growth [Shipov et al., 2013, Maggiano et al., 2015] and for age-related changes in bone
shape [Ferguson et al., 2003]. There may be several control mechanisms for this, including
the responses of mechanically sensitive osteocytes, which send specific signals in different
directions to induce formation and regeneration [Isojima and Sims, 2021].

This phase is followed by a high increase of bone and marrow volume, bone surface areas
and the diameter, while the appositional rate decreases [Sontag, 1986]. The young adult
phase defines a transitional state, as the drift of the entire midshaft decreases while
the diameter increases, so that the proportion of growing surface area decreases at the
endosteum and increases at the periosteum [Sontag, 1986]. The periosteal circumference of
the femur continued to increase over 104 weeks. In aged mice, however, a shift in the normal
mechanisms that regulate bone shape and position can be observed [Ferguson et al., 2003]
The transverse drift becomes less important and, averaged over the entire cortical-enosteal
area, there is a continuous net bone loss (see Figure 2.6). In doing so, the middle diaphysis
of the femur develops from a concentric elliptical shape at maturity to one that is more
amorphous in aged mice. These observations may be due to increased bone resorption
with age and in part to slow and discontinuous periosteal formation. This agrees with the
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results that in aged mice osteoblast precursors are less able to proliferate and differentiate
[Silbermann et al., 1987] and osteoclast precursors increase in number [Perkins et al., 1994].
Furthermore, fluorescent markings showed that in old mice, disorganized bone formation,
which indicates remodeling, apparently counteracted endosteal resorption.

2.2.2. Bone adaptation after mechanical stimulation

Julius Wolff reported in 1867 that the organization of trabeculae inside the human femoral
neck follows stress trajectories and therefore reflects tension and compression curves
[Wolff, 1867]. In particular, he states that the form of bone is determined by its loading
circumstances, which is now called Wolff’s law. Thus, it has been recognized since a long
time that bone is a dynamic tissue that optimizes its structure in size, shape, mechanical
and physical properties in response to environmental signals such as stress.

In the 1980s, Harold Frost described in his mechanostat theory, that bone mass and
architecture are controlled locally by bone cells that respond to the difference between real
mechanical stress and a target stress [Frost, 1987]. He defined a "lazy" or "dead zone" of
strain, where no change will happen, as well as the minimum effective strain above and
below this equilibrium range that must be exceeded in order to trigger a response. In other
words, bone is formed when the actual load exceeds a certain threshold and reabsorbed
when the actual load falls below another threshold.

There is broad consensus that osteocytes are involved in mechanosensitivity and mechan-
otransduction [Tatsumi et al., 2007, Bonewald et al., 2013], as mechanical strain is sensed
by cellular processes of osteocytes followed by changes in gene expression such as energy
metabolism, gene activation and the production of growth factors and other proteins
[Skerry et al., 1989, Dodds et al., 1993]. However, it is still not clear how the osteocyte per-
ceives mechanical stress, but several mechanisms have been suggested. The most common
theories are osteocyte apoptosis, direct stress and fluid flow.

Osteocyte aptosis: One hypothesis is, that local stress can produce micro-cracks in the
extracellular matrix (ECM) disrupting the canalicular network and cell dendrites. This
may lead to osteocyte apoptosis [Verborgt et al., 2000, Dooley et al., 2012], which in turn
initiates a remodeling process by recruiting osteoclasts [Jilka et al., 2012].

Direct stress: Another possibility is, that the osteocytes sense the local substrate strain
directly. This theory has been under debate, because the loads measured in-vivo on
the bone surface (in the range of 0.04 to 0.03% and rarely more than 0.01% of the
physiological load [Yang et al., 2011] are far lower than the strain threshold at which
osteocytes reacted in in-vitro experiments (0.4 Pa to 2 Pa [Klein-Nulend et al., 1995]), but
Varga et al. have demonstrated with synchrotron X-ray phase nano-tomography and finite
element modeling (FEM), that the global strain may be amplified up to 70 times in the
LCN, which would fit to the results of the in-vitro experiments [Varga et al., 2014].

Fluid flow: The mechanical stress induces an extracellular fluid flow [Knothe Tate, 2003,
Verbruggen et al., 2014], which leads to shear stresses on the osteocyte’s plasma membrane
[Weinbaum et al., 1994, You et al., 2001] or dendrite deformations [Wang et al., 2007],
which leads to an activation of intracellular signal transmission. The hypothesis that fluid
flow is the main mechanosensing mechanism is supported by in-vitro experiments which
showed the greater mechanosensitivity of osteocytes to fluid flow compared to osteoblasts
and fibroblasts [Owan et al., 1997]. In addition, osteocytes seem to react stronger to shear
stresses induced by fluid flow than to other forms of mechanical stress (e.g. stretching of
the substrate). A. van Tol has shown, that the fluid flow calculated with the LCN and
Kirchoff 's law is a better predictor for bone formation and resorption and than strain
calculations of with FEM [Van Tol et al., 2020]. However, this does not seem to explain
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the whole process. Presumably, the osteocytes can react to mechanical stimuli by a variety
of sensors and signal mechanisms.

2.2.3. Mechanical loading and its effect on bone

For a better understanding of the effects of loading, several animal models have been
developed [Main et al., 2020], which can be devided into four main groups:

e non-invasive models using voluntary or non-voluntary exercises,
o intrinsic invasive (osteotomy),

o extrinsic invasive (implantation of pins to apply force) and

e extrinsic non-invasive (external mechanical actuator) models

This work concentrates on a extrinsic invasive model, which allows to control the applied
load to the bones. Namely the tibial axial compression model. Here, the load is applied
only on one tibia. Hence, the contralateral non-loaded limb serves as an internal control,
which reduces number of animals for the study [Sugiyama et al., 2010].

In this model, the knee and foot of the mouse are fixed with plastic or metal fasten-
ers (see Figure 2.7). By collapsing the machine, compressive loads are applied along
the length of the tibia. The advantage of this setup is that it utilizes the natural
curvature of the tibia proximal to the tibia-fibular junction to induce tensile loads
on the anterior-medial surface and compressive loads on the posterior-lateral surface
of the diaphysis. While the bone stresses needed to induce bone formation (1200 pe
in C57BL/6 mice [Lynch et al., 2010, Sugiyama et al., 2008]) are about two to three
times the load that occurs on the tibia mid-shaft during normal gait for the mouse
[De Souza et al., 2005, Sugiyama et al., 2012], the stress distribution (shown in Figure 2.8)
is fairly physiological and consistent with locomotor stress distributions measured in vivo
[De Souza et al., 2005] or modeled via finite element (FE) simulations [Prasad et al., 2010].

Figure 2.7.: Sketch of the tibial axial compression model.The hindlimb of the
mouse is positioned in the loading device, which is used to load the mice tibia. The arrow
indicates the direction of loading. The figure is reprinted from [Willie et al., 2020] with
permission of Elsevier.

12



2.2. Bone as a living tissue

€ (1/s)
0.0020
0.0015
0.0010
0.0005
5 0.0000
‘0
b -0.0005
S
3 -0.0010
o
(@] -0.0015
-0.0020

Figure 2.8.: FE model showing tensile strains on anterior-medial and com-
pressive on posterior-lateral side.

It has been shown, that mechanical loading results in increased endocortical and pe-
riosteal bone formation and decreased endocortical resorption, with endocortical mechano-
responsiveness being better preserved with age than the periosteal formation response
[Birkhold et al., 2016]. The functional adaptation of the bone composition is also site-
specific and thus presumably mechanically driven [Buckley et al., 2014]. Studies in space
have shown changes in the composition of the organic matrix and/or the bone mineralization
in the absence of gravity and thus no load, which leads to a deterioration in the material
properties of the bone in rodents [Lafage-Proust et al., 1998|. Exercise studies in humans
show that exercise can lead to increased volumetric bone mineral density as well as increased
bone mineral content [Hartley et al., 2020, Kesavan et al., 2005]. It is assumed that me-
chanical stress leads to increased collagen synthesis [Tidswell et al., 2008] and to altered
tension properties of the collagen network [Isaksson et al., 2009a, Isaksson et al., 2009b].

Do Aido et al. found no difference in bone composition between newly formed tissue due to
mechanical loading and existing tissue. According to them, however, the age of the animal
has an influence on the changes in bone composition due to stress [do Aido et al., 2015].
Kohn et. al. have shown that the exercise program they used (daily treadmill) do not
result in any morphological adaptation in postpubertal C57BL/6 mice, but in changes
in structural and mechanical properties at the tissue level, namely improved mineraliza-
tion (increased mineral-to-matrix ratio) and an altered mineral composition (decreased
carbonate-to-mineral ratio) in pre-existing bone tissue [Kohn et al., 2008]. A possible
mechanism to explain these changes could be the perilacunar remodeling by the osteocytes
[Qing and Bonewald, 2009]. Bergstrom et. al. reported that mechanically loaded bone
showed reduced mineralization and crystallinity, and collagen content in the proximal part
of the loaded bone became more heterogeneous [Bergstrom et al., 2017].
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2. Bone structure, remodeling and development
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Figure 2.9.: Consecutive phases of bone healing Secondary bone healing starts
with inflammatory phase forming a hematoma between the fracture ends. During the
reperative phase soft (cartilage) and hard (woven bone) callus are formed. Followed by a
replacement of the woven bone by lamellar bone and slow remodeling to the pre-injury
shape and mechanical function of the bone. Figure from [Schmidt-Bleek et al., 2014].

2.2.4. Bone healing after fracture

Bone is not only able to adapt to the mechanical needs, but regenerates from a fracture
almost scar free to its initial state [Einhorn, 1998]. This regeneration process is very similar
to the bone development process and includes bone formation, modeling and remodeling.

Depending on the geometry of the fracture, one distinguishs between primary (direct)
healing and secondary (indirect) healing. If the fracture ends have direct contact without
a fracture gap but rigid fixation, the bone heals directly via bone remodeling - without
callus formation [Marsell and Einhorn, 2012, Einhorn, 1998]. This happens only rarely
in comparison to the more usual secondary healing [Sfeir et al., 2005], in which the two
ends of the fracture are stabilized under less rigidly fixed conditions. This process is a
combination of intramembranous and enchondral ossification.

The phases of secondary healing are illustrated in Figure 2.9. After the fracture, dead
material is removed from the affected zone and a hematoma is formed (inflammatory
phase). Then the reparative phase takes place, where a callus gets formed for mechanical
stabilization of the fracture ends. This callus initially consists of fibrous connective tissue
and is replaced by cartilage [Dimitriou et al., 2005], which is then resorbed by osteoclasts.
Followed by osteoblasts forming woven bone, to replace the mineralized soft callus by a hard
callus [Al-Aql et al., 2008, Marsell and Einhorn, 2012]. At the same time intramembranous
ossification starts at the fracture ends forming a hard callus either. This mineralized tissue
has a rather disordered structure and its mechanical properties do not reach those of the
pre-fractured cortical bone. Nevertheless, this structure serves as a scaffold on which ordered
lamellar bone can be formed [Currey, 2006, Shapiro, 2008]. In the final remodeling phase,
the braided bone is successively replaced by lamellar bone, which leads to the restoration
of the shape and function of the pre-fractured bone structure [Schmidt-Bleek et al., 2014].
The spatio-temporal sequence of tissue formation, replacement and remodeling during
secondary healing is similar in most mammals and leads to complex tissue patterns in
which different tissues are in contact with each another.
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2.3. Skeletal features of Marfan syndrome

2.3. Skeletal features of Marfan syndrome

Marfan syndrome (MFS) is a multisystem disorder caused by mutations in the fibrillin-
1 (Fbnl) gene affecting all connective tissues. Therefore, clinical symptoms are observable
in the skeletal, cardiovascular and ocular systems. MFS is a rare disease with a prevalence
of approximately 1:5.000 to 1:10.000, while the most accurate number with a full evaluation
is coming from Denmark with 6.5:100.000 cases [Groth et al., 2015]. The most serious
complications involve the heart and aorta, with an increased risk of mitral valve prolapse
and aortic aneurysm [Cook and Ramirez, 2014].

Typical symptoms in the skeleton are for example long bone overgrowth, arachnodactyly
(spider fingers), joint hyperextensibility, which leads the typical image of very tall peo-
ple with long arms and fingers. Additionally, Marfan patients show low bone mass
and low bone mineral density (osteopenia) [Carter et al., 2000, Kohlmeier et al., 1995,
Moura et al., 2006]. Studies also find a higher risk of peripheral traumatic fracture in chil-
dren [Kohlmeier et al., 1995] and a higher fracture risk in general [Folkestad et al., 2021].

There are, among others, two established mouse models of MFS: F bnm9lt/mal and

Fbnl1C1039G/+  which display phenotypic features in the skeleton and the aorta simi-
lar to those of patients with classic MFS [Walji et al., 2016]. The Fbn1¢1039G/+ mice
mimic the human heterozygous MFS mutation in Fbnl. The observed characteristics of
MFS are skeletal deformaties and deterioration of the aortic wall [Judge et al., 2004]. The
Fbn™9B/m9E mice are more severely affected with a life expectancy of only three to four
month, due to aortic aneurysms. They develop severe kyphosis, overgrowth of the ribs
and of other long bones [Pereira et al., 1999] as well as osteopenia associated with normal
osteoblast differentiation [Nistala et al., 2010a).

Studies of these mice find that fibrillins distinct alterations of the growth factors transforming
growth factor beta (TGF ) and bone morphogenetic proteins (BMP) bioavailability without
affecting the number of osteoblasts and osteoclasts but influencing their differentiation and
activity [Nistala et al., 2010c, Nistala et al., 2010a, Tiedemann et al., 2013]. This implies
that Fbnl may contribute to the regulation of skeletal homeostasis.

Because of the manifolds of symptoms, the treatment of Marfan syndrome has to be
interdisciplinary. Thereby, the first aim is avoiding cardiovascular complications. Current
therapies are [-blocker medications to reduce blood pressure and cardio thoracic surgery to
avoid aortic dilatation. With these therapies patients with Marfan syndrome have almost
normal life expectancy [Shores et al., 1994, Groth et al., 2015]. Consistent with the involve-
ment of the TGFb pathway in MFS symptoms, treatment with losartan, an angiotensin
IT receptor 1 (AT1R) blocker (ARB) that reduces TGFb signaling [Lavoie et al., 2005],
produces alterations of the aortic wall structure and relieves root dilation of the aorta in
children with severe MFS [Brooke et al., 2008], too. However, some MFS patients do not
respond to losartan and this treatment does not show improvement of other pathological
symptoms of MFS for example in the skeleton [Nistala et al., 2010a].
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3. Physical characterization techniques for
bone tissue

3.1. Confocal laser scanning microscopy

One of the easiest ways to investigate small objects and structures is light microscopy.
One or more lenses produce an enlarged image of a sample placed in the focal plane. At
the same time, the light scattered from objects above or below this plane reduces the
contrast. Therefore, the image quality depends on the thickness of the sample. To reduce
the dependency on sample thickness and improve image quality, confocal microscopes use an
additional lens, collecting the scattered light from the sample. This objective lens is followed
by a small pinhole aperture where only light from one focal point in the sample passes
through [Minsky, 1987] (see Figure 3.1). Therefore, imaging samples in three dimensions
in the millimeter range is done by sequential scanning in x, y and z direction.

Fluorescence imaging

In contrast to conventional microscopes, confocal laser scanning microscopy (CLSM) uses
lasers of different wavelengths as light sources which leads to the possibility of fluorescence
imaging. Therefore, auto fluorescent materials as well as those that are specially colored
with fluorescent molecules (fluorochromes) can be measured in reflection mode. These
materials absorb light of a defined wavelength, which leads to an electronic transition
into an excited state (S0 — S1(3), see Figure 3.2a). After a short delay time of a few
picoseconds with transitions down to the lowest vibrational energy level of the excited
electronic state (S1(3) — S1(0)), the molecule relaxes into the ground state (S1(0) — S0)
accompanied by the emission of a fluorescence photon as shown in the Jablonksi diagram
in Figure 3.2a. Due to non-emissive transitions between the electronic states the emitted
photons have a lower energy in comparison to the incoming photons. Therefore, the energy
of the fluorescent radiation is below the excitation energy and accordingly, the wavelength
increases, which is shown in Figure 3.2b.

This so-called Stokes shift is used to improve the contrast of confocal images by filtering the
incoming light from the emitted light. Additionally, fluorochromes can be used to highlight
special features by seperating their signal from the (unspecific) autofluorescence signal. In
bone research, common dyes are Tetracycline (for humans) and Calcein or Alizarin (for
animals). Furthermore, researchers at the MPIKG have developed a staining method with
Rhodamine6G to visualize the LCN [Roschger, 2015, Kerschnitzki, 2012]. Rhodamine6G
solution stains non-mineralized tissue as well as osteoid. Due to its small molecular size,
Rhodamine6G stains all inner surfaces of the porosities in the mineralized tissue including
osteocyte lacunae and canaliculi [Kerschnitzki et al., 2013, Kerschnitzki et al., 2011a] (see
also chapter 4.3).
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Figure 3.1.: Illustration of the beam path in a confocal laser scanning micro-
scope. The optical path of the confocal beam is shown by a solid line. The light focuses
on the entrance pinhole (a). This pinhole provides then a bright and focused light source.
The light from this point source is collected by a condenser lens and focuses on point (b)
in the sample. The light emitted from the focusing spot in the sample is collected by
the objective lens and the second (exit) pinhole (c) filters again only light from the focal
point. The beam path of the light scattered from out-of-focus layer is shown as dashed
line . Picture from [Price and Jerome, 2018] with permission of Springer Nature.
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Figure 3.2.: Sketch of the fluorescence process. 3.2a Jablonski diagram: After
an electron has absorbed a high-energy photon, the system is excited into an higher
electronically state. The system relaxes first in vibration states and finally emits a photon
at a longer wavelength compared to the incoming one. 3.2b Normalized absorption and
emission spectra of Rhodamine6G. Here, the emitted photon has less energy than the
absorbed photon, which is called Stokes shift and makes it easier to filter the emitted
light.



3.2. Multiphoton second harmonic generation imaging
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Figure 3.3.: Illustration of second harmonic imaging. (a) Sketch of the second
harmonic generation process at energy levels. (b) Example image of second harmonic
generation microscopy measurement of collagen in a murine bone. The contrast of the
SHG image is changing from dark to bright when collagen fibrils are orthogonal to the
incident light. The scale bar is equal to 200 pm.

3.2. Multiphoton second harmonic generation imaging

When two photons of the same frequency interact with a material, they can generate a
new photon with twice the frequency or half the wavelength of each initial photon (see
Figure 3.3a). This non-linear process is a special case of harmonic generation and is
called second harmonic generation (SHG) [Franken et al., 1961]. Whether a material is
able to cause SHG depends on its second-order nonlinear, electronical susceptibility and its
symmetry. As an even-order nonlinear optical phenomen, SHG does not occur in media
with inversion or centro-symmetry [Gauderon et al., 2001].

Using a short-pulse laser, appropriate filters can easily seperate the excitation from the
emitted, frequency-doubled SHG signal. This allows a very high resolution comparable
to confocal microscopy without the need of pinholes. Therefore, biological science uses
this effect for example to visualize collagen fibers, which are due to their helical structure
not centrosymmetrical [Cox et al., 2003]. Here, the intensity of the signal depends on the
collagen concentration, degree of order, orientation of the collagen [Freund et al., 1986] if
the collagen fibril is parallel to the incident light no second harmonic is generated), the
diameter of the fibrils [LaComb et al., 2008] and the amount of cross linking of the collagen
[Lutz et al., 2012]. An example can be seen in Figure 3.3b.

3.3. Electron microscopy
3.3.1. Electron interactions

To reach higher resolution for visualization and characterization of materials than by light
microscopy, one can use a focused electron beam for scanning electron microscopy (SEM).
When the primary electron hits the sample there are different interactions possible (see
Figure 3.4) depending on the energy of the electron, the surface structure and material of
the sample: emission of secondary electrons by inelastic scattering (Figure 3.4a), elastic
scattering (Figure 3.4b) or the emission of electromagnetic radiation (Figure 3.4c and d)
[Goldstein et al., 1981].

When the electrons of the incoming beam strike the sample surface, part of their kinetic
energy transfers to the electrons of the sample, which can now conquer the surface barrier
and emit [Seiler, 1983]. These secondary electrons (SE) have very low energies of ~ 50 €V.
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This leads to a limit of their mean free path in solid matter to a few nanometers of the
surface of the sample. This highly localized reaction, leads to information of the sample
surface with a pixel size below 1nm [Goldstein et al., 1981].

Backscattered electrons are beam electrons that are scattered back during elastic collisions
with the atom nuclei of the sample. The backscattered electrons have a much higher energy
than SE corresponding to a larger mean free path. Therefore backscattered electrons (BSE)
emerge from comparably deeper locations within the specimen and the resolution of
BSE images is lower than the one of SE images. The number of BSE is related to the
atomic number Z of the elements in the measured samples. Therefore, images of the
BSE signal provide information about the distribution of different elements in the sample
[Skedros et al., 1993].

If the electron beam removes an inner shell electron from the sample material, an electron
with a higher energy level fills this hole and emits an electronic-magnetic wave with a
specific energy difference. The energy or wavelength of these waves can be measured by
energy- or wavelength dispersive X-ray spectroscopy to map the distribution of different
elements in the sample [Goldstein et al., 1981].

3.3.2. Quantitative backscattered electron imaging

Due to the high amount in bone, Calcium dominates the BSE signal of bone with its
relatively high atomic number (Z = 20). Therefore, backscattered electron imaging is
used to measure the local calcium concentration, respectively the degree of mineralization
[Boyde and Jones, 1983]. P. Roschger et al. introduced the method of quantitative
backscattered electron imaging (qBEI) [Roschger et al., 1998] to calculate the calcium
concentration (wt%Ca) based on the measurement of the average Z displayed as certain
grey value (GV) with the formula given in Eq. (3.1).

wt%Ca = 0.1733 - GV — 4.332 (3.1)

Based on this, gBEI images can be used to obtain the bone mineralization density distribu-
tion (BMDD) correlating each calcium concentration with its frequency of appearance in the
analyzed image [Roschger et al., 1998]. As result of the constant incorporation of mineral
in the bone modeling process (see chapter 2.1.2), ¢BEI shows the history of the bone, be-
cause older (lamellar) tissue appears brighter than newly formed bone [Ruffoni et al., 2007].
Thus, the image can be used for characterize of the BMDD and for comparison between
regions, samples and individuals. The BMDD histogram is characterized by the following
five parameters [Roschger et al., 1998] :

o (Capegr: most frequently measured calcium concentration

o Capfeqn: weighted mean of calcium concentration

o Caw;qn: full width at half height of the distribution

e Capew: percentage of bone area which is less mineralized than the 5% percentile

o Capign: percentage of bone area which is higher mineralized than the 95% percentile
Since Caw;qin, becomes smaller the more homogenous the mineralization pattern is, it

could be seen as a measurement of the heterogeneity of mineralization, while Cape,; and
Capfean carry information on the degree of mineralization.
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a) secondary electron b) backscattered electron ¢) Auger electron d) Photon

Figure 3.4.: Sketch of electron interactions with material. After a primary electron
hits the surface of a material, different mechanisms can occur. b) Some of the primary
beam electrons are able to escape the sample surface, after elastic scattering, still carrying
energy just below that of the incoming beam. a) The primary electron can cause the
ejection of an inner-shell electron. Subsequent decay of this excited state results in the
emission of ¢) Auger electrons or d) characteristic x-rays.

3.4. X-ray characterization techniques

3.4.1. Synchrotron radiation

Accelerated particles emit electro-magnetic waves - the so-called "Bremsstrahlung". This is
also true for high-energy particles forced into a circular path, i.e. tangential acceleration.
Here, most of the radiation follows the tangential direction. Due to its discovery at a syn-
chrotron accelerator [Elder et al., 1947], this special type of radiation is called synchrotron
radiation (SR). First seen as unwanted but unavoidable loss of energy, synchrotron radiation
is used as a brilliant light source for research since 1956 [Tomboulian and Hartman, 1956].
At first, people have used those rings originally built for high-energy physics research.
Second-generation rings were then built directly as light sources [Balerna and Mobilio, 2015].
But since 1992, there are third-generation rings with straight sections for insertion de-
vices (undulators and wigglers) for higher brilliances and lower electron-beam emittance
[Winick, 1998].

The broad spectrum, covering wavelengths from microwaves to hard X-rays, allows scientists
to realize various experiments. The high-intensity photon beam leads to rapid experiments
while the high brilliance and high stability of the beam allows sub-micron measurements
[Winick, 1998, Margaritondo, 2015].

3.4.2. Interaction of X-rays with materials

X-rays are electro-magnetic waves with wavelengths ranging from 10 pm to 10 nm corre-
sponding to energies in the range 124 eV to 124keV. If X-rays hit matter, they will be
absorbed and transformed into other types of energy (heat, fluorescence radiation, ...) or
interact with the atoms by elastic or inelastic scattering. Here, the interaction depends
on the energy of the X-rays and the elemental composition of the material, but less on its
chemical properties, since the X-rays photon energy is much higher than chemical binding
energies [Snyder, 1999].

Absorption

The probability of absorption of photons per unit mass is approximately proportional
to Z3/E3, where Z is the atomic number and E is the energy of the incident photon
[Bushberg et al., 2012]. However, there are abrupt changes in interaction probability close
to inner shell electron binding energies, i.e. the absorption edges. The high amount of
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incident radiation

K

Figure 3.5.: Schematic view of X-ray scattering. The incident beam vector k
is transmitted through the sample and the scattered vector £’ hits the detector. The
scattering vector is described as ¢.

calcium (Z = 20) in bones, together with their high density, leads to high absorption of
X-rays and that is why bone can clearly be seen on (medical) radiographs.

When a photon is absorbed, it transfers all of its energy to an electron that is emitted from
the atom. In doing so, a photoelectron is generated, which in turn could ionize other atoms
along its emission path. An outer electron fills the vacant position and produces either
characteristic X-ray or an Auger electron. These effects can be used for element detection
by X-ray spectroscopy or Auger electron spectroscopy.

Inelastic scattering

When a photon hits a free or loosely bound electron, this electron can take over part
of the photon energy while a photon of the remaining energy is emitted in a different
direction from the original, conserving the overall momentum of the system. This reaction
was discovered by Compton [Compton, 1923] and is called Compton scattering. Here the
scattering has a random manner and the scattered radiation has no phase relationship
with the incident radiation. Therefore, one can not observe any interference pattern to get
structure information. If anything, the resulting radiation is part of the background.

Elastic scattering

When photons collide with strongly bound electrons, like it is shown in Figure 3.5, the
electric field of the incident wave (photon) accelerates the electron, causing it to emit
radiation at the same frequency as the incident wave. Thus, every electron emits spherical
waves (with the electron in the respective center) producing interference patterns depending
on the observation angle 26 and characteristic to the internal structure of the material, i.e.
the orientation and distances of the atoms relative to each other. The resulting scattering
pattern is described by the scattering vector ¢, which is defined as difference between
wave vector of the incident beam (k) and the wave vector of the scattered beam (k) (see
Eq. (3.4)).

T=k—FK (3.2)
- - 2

]k( = ¥ =5 (3.3)
ymzz\k‘ sinf = — - sinf (3.4)
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3.4.3. Small and wide angle X-ray scattering

Depending on the scattering angle 6 and therefore the origins of the scattering signal,
one differentiates between small angle X-ray scattering (SAXS) and wide angle X-ray
scattering (WAXS). Thereby, every scattering process is characterized by the reciprocity
law, which results in an inverse relationship between particle size and scattering angle
[Glatter and Kratky, 1982]. Small distances between scattering centers influence the scat-
tering behavior in the area of large angles (WAXS), while large distances influence the
scattering behavior in the area of small angles (SAXS).

If the scattering angle 6 is less than 5°, one speaks about SAXS. The SAXS signal arises
from the contrast due to two discrete phases of different electron densities with sharp
interfaces [Kratky et al., 1951, Porod, 1951]. In bone, these two phases are represented
by the mineral particles with high electron density and collagen and all other organic
components with low electron density. The scattering intensity distribution I(g,1)) of the
SAXS signal Eq. (3.5) (with azimuthal angle v, sample volume V' and the instrumental
constant K) leads to information on size, orientation and shape of submicron mineral
particles.

2

I1(Q) = % ’ /V p(7) - e d3r (3.5)

Periodic structures in the nanometer range within the sample material, such as atoms
of a (crystalline) material, which form imaginary planes, the distances between these
planes being called d-spacing. These reflections are also called Bragg peaks and appear in
two-dimensional photon detectors as circular diffraction patterns (Debye-Scherrer rings)
for ideal powders. If the crystalline structures are not perfectly ordered, the intensity of
the Bragg peaks decreases while the width of the peaks increases [Olszta et al., 2007]. The
peak position is defined by the crystal lattice of the structure. These reflections can only
occur at scattering angles at which Bragg’s law (Eq. (3.6)) applies .

nA = 2d -sin 6, (3.6)

with an arbitrary integer n, A the wavelength of the incoming beam, d the distance between
the lattice planes in the crystal structure and 6 is half the scattering angle, called the Bragg
angle.

Particle thickness (T parameter)

According to Porod [Porod, 1951], the scattering intensity in a two-phase system with sharp
interfaces decreases with ¢ for large ¢ values Eq. (3.8). This can be used to determine
the T parameter, which is the mineral particle thickness of HAP platelets in bone, by the
decay of the scattering signal [Fratzl et al., 1991, Fratzl, 1994, Rinnerthaler et al., 1999].
Accordingly the T parameter is calculated as Eq. (3.11), where ® describes the volume
fraction and o describes the total surface area of all particles per unit volume. Comparing
this with Eq. (3.13), the T parameter is only a direct measure of the mineral particle
thickness, if & = 0.5.

23



3. Physical characterization techniques for bone tissue
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From SAXS, the T parameter can be determined with Eq. (3.12), assuming N mineral
particles in a volume V' with side length a,b and ¢ with a volume fraction ® = N - abe/V'.
As described in chapter 2.2, HAP particles could be assumed to be thin mineral platelets
[Fratzl et al., 2004] with the mineral platelet thickness a as shortest dimension, i.e. a <
b < c¢. Therefore the T parameter could be simplified to Eq. (3.13) showing the correlation
of the T parameter to the mineral particle thickness.

abc
T=2(1- @)m (3.12)
~2(1—P)a (3.13)
with & = 0.5 in bone
—T=a (3.14)

Degree of orientation (p parameter)

The average orientation of the mineral crystals is related to the shape of the SAXS pattern
[Fratzl et al., 1996b]. If all crystals are oriented in one direction, the scattering image
shows a thin stripe. If there are crystals oriented also in other directions, their SAXS
patterns are rotated correspondingly. This implies that for randomly oriented crystals
the SAXS pattern is circular. Therefore, plotting the azimuthal profile of the intensity
distribution I(¢) in radial direction for oriented particles shows two peaks (see Figure
3.6), while less oriented particles flatten the curve. Integrating leads to the so-called p
parameter, the degree of mineral particle orientation [Rinnerthaler et al., 1999]. A uniform
orientation of all particles within the observed sample volume is described by a value of
p = 1. p = 0 describes a sample volume without predominant, rather random, mineral
orientation. Finally, the p parameter can be simplified to Eq. (3.15), where the denominator
(B + Ay + Az) describes the total area under the curve (1) and A; + Ag the area under
the curve (1) excluding the constant background.

Mineralyigned

P = :
Mlneralaligned + Mlneralunaligned

AL+ Ay
= 7 3.15
B+ A+ Ay ( )

In addition, the ratio of the intensity of the two Gaussian curves and the total scattering
intensity can be used to determine the projected degree of orientation (PDO) of structures
within the examined sample volume. [Hauge Biinger et al., 2006]
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Figure 3.6.: Azimuthal plot I(¢) of the scattering intensity. The two peaks are
180° separated and fitted with Gaussian functions. A; and As correspond to the fraction
of aligned mineral particles and B represents the fraction of unaligned mineral particles.

Particle length (L parameter) and d-spacing

WAXS includes diffraction intensities at a scattering angle of 26 greater than 5°. Thus,
it contains information in the sub-nanometer length scale. When X-rays are transmitted
through the sample, they are diffracted in predictable patterns based on the internal
structure of the sample (Bragg’s law). Bone generally gives distinctive X-ray diffraction
patterns that contain numerous well-defined wide-angle rings. Analyzing the WAXS
signal of bone samples obtains information about the crystallographic planes from the
HAP [Finean and Engstrom, 1953]. Due to the perpendicular angle between sample and
incident beam, the assumed structure of the bone material and the hexagonal structure
of HAP(see 2.2), the strongest peak in the WAXS signal is the 002-reflection. Informa-
tion about the d-spacing in c-direction is encoded in the position of the reflection ring
[Handschin and Stern, 1995], while the width of the peak depends on the mineral crystal
size, i.e. the length (in c-direction).

This crystal length L can be calculated with Scherrer’s equation Eq. (3.16), where A
is defined as the incident wavelength, 6 as the Bragg angle of the peak, B is the full
width at half maximum (FWHM) of the 002-peak and k the so called Scherrer constant
[Pabisch et al., 2013]. Here, k is a measure for the crystal shape and has typically values
between 0.87 and 1.0 [Scherrer, 1912]. The width of the peak (B) is not only caused by
the finite size of the crystals, but also by the perfection of the mineral crystal,the so-called
crystallinity [Bonar et al., 1983]. In this respect, the measured particle size could be larger,
but with many defects. For the experimental evaluation also the instrumental broadening
(Br ) has to taken into account. [Danilchenko et al., 2002]. Therefore, it is needed to
measure a reference material where the line broadening is only caused by the instrumental
set up and not by the crystal size. However, using a Voigt function the broadining can be
neglected for the diffraction line profile of biological apatite [Danilchenko et al., 2002] and
is therefore used for the evaluation.

k-

L=——
B -cosf

(3.16)
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3.4.4. Micro-computed tomography

X-ray computed tomography (CT) is a commonly used technique for non-destructively
imaging of objects. The mechanism is based on the transmission of X-ray beams through a
sample interacting with its atoms as mentioned above. In bone, the photoelectric effect is
the main interaction mechanism and this depends on the atomic number of the object “s
materials, i.e. the larger the nuclear number of elements in the region considered, the less
radiation passes through. The X-rays passing through the object are captured by a detector
resulting in a 2D X-ray projection of the object - projection radiography. Rotating either
the X-ray source and detector or the object produces a set of 2D projections. Therefore,
all points within the object are imaged from different directions. These information are
then used to reconstruct a three-dimensional image.

Since bone and its surrounding soft tissue have a big difference in their atomar composition,
X-ray imaging delivers a high absorption contrast between both [Bouxsein et al., 2010].
Additionally, CT can be used for a large range of resolutions, which allows hierarchical
imaging from whole bodies down to the tissue level [Stauber and Miiller, 2008]. Using SR
for micro-computed tomography (uCT), including its monochromatic beam for stronger
contrast differences [Nuzzo et al., 2002] and its high brilliance for better resolutions, it
is possible to reach resolutions below 1pum [Schneider et al., 2007]. Thus, even three-
dimensional ultrastructural features like osteocyte lacunae can be investigated (see chapter
6).

In contrast to most of the other methods presented here, uCT can be used also with living
animals. For example, in-vivo uCT is used to track the development of bone geometry (bone
formation and resorption) over weeks by combining it with image registration techniques
[Bouxsein et al., 2010, Willie et al., 2013, Webster et al., 2012, Birkhold et al., 2014].
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4.1. Animal handling
4.1.1. Femoral osteotomy protocol

For performing an osteotomy, i.e. an operation to fracture the bone, the mice are anes-
thetized with a 2% isoflurane oxygen mixture. The left femur is shaved on the lateral side
and opened with a scalpel. The operateur drills four holes into the femur and mounts an ex-
ternal unilateral fixator in the cranio-lateral direction onto the femur with four Mini-Schanz
screws (pins) (0.45 mm, RISystem, Davos, Switzerland). Using a 0.44 mm Gigli wire saw
(RISystem AG, Davos, Switzerland), a 0.5 mm osteotomy between the inner screws is
created. Postoperative analgesia is provided for three days after operation by administering
25mg Tramadol hydrocholoride (Tramal®, Griinenthal GmbH, Aachen, Germany) per ml
in the drinking water. Three weeks after the osteotomy the mice are sacrificed and the
femora dissected, the fixator is taken out and the bones are put quickly in 70% ethanol.
The animal experiments are completed according to the policies and procedures approved
by the local legal research animal welfare representative (Shriners FACC 2016-7821).

4.1.2. In-vivo mechanical loading

Non-invasive loading of bones in living animals allows to study the mechanoresponse of
bones. In our project the loading process is done analog to the long experienced protocol
of Willie [Willie et al., 2013, Birkhold et al., 2014]:

An in-vivo loading device (Testbench ElectroForce LM1, TA Instruments, New Castle, USA)
applies cyclic compressive loading to the left tibiae of about four months old C57BL/6J
mice. Meanwhile, the right tibia serves as an internal control. The mouse’s left knee is
situated into a curved cup while the foot lays on a plate, joined to the loading device,
through which a preload of —1N is applied (see Figure 4.1a). Previous to our study, the
controlled dynamic loading experiment has been calibrated experimentally in similar mice
(26 weeks old female C57Bl/6), using strain gauges in-vivo on the anterior-medial surface
of the tibial midshaft. Based on this calibration, a cyclic load with a peak force of 11 N
is applied to the left tibia reaching a peak strain of +1200ue [Willie et al., 2013] with a
constant strain rate. The loading cycle is shown in Figure 4.1c. It includes a 0.1s rest
phase with the preload of —1N between two loads and a 5s rest every four cycles. 216
cycles are applied day by day at 4 Hz to the left tibiae 5 days/week for two weeks. Between
the loading sessions, the mice have no restriction on their cage activity, to have normal
background loading. During the loading period the mice are anesthetized using isoflurane
inhalation (2% in 11/min O3). On pCT scanning days (starting day, day 5, day 10 and day
15, see Figure 4.1b), mice are anesthetized using an anesthetic/analgesic cocktail (60 mg/kg
ketamine and 0.3 mg/kg medetomidine). The first in-vivo uCT scan before loading serves
also as baseline image to assure, that the studied animals show no handedness and therefore
no significant difference in bone density, morphology, and microstructure between later
loaded and non-loaded limbs [Main et al., 2020]. These animal experiments are carried
out according to the policies and procedures approved by the local legal representative
(LAGeSo Berlin, G0168/13) .
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Figure 4.1.: Sketch of the experimental set-up of in-vivo loading to study the
mechanoresponse of bone. a) The loading device is used to load the hind limbs of
the mice (tibiae) five times per week for two weeks, as indicated in the schedule (b). In
vivo uCT scans are taken on imaging days, indicated with kg to k3. The loading cycles
consists of 4 peak loads of 11 N with a frequency of 4 Hz followed by rest of 5s (c). This
cycle is repeated 216 times. Figure a and b are adapted from [Willie et al., 2020] with
permission from Elsevier.

4.1.3. In-vivo micro-computed tomography and time lapse image registra-
tion

To evaluate the bone formation and resorption as response to the in-vivo loading, the
mid diaphysis of the tibiae undergoes in-vivo uCT scans with an isotropic voxel size of
10.5um covering 5% of the tibia length on day 0 and 15 (VivaCT 40; Scanco). To prevent
motion artifacts, the mice are anesthetized via isofluoran and kept in a fixed position using
a custom-made mouse bed during the scans (similar to Figure 4.2).

Later, the yCT images of the same bone but different point in time, are aligned in a
common coordinate system using a registration algorithm used in several other studies
[Birkhold et al., 2014, Razi et al., 2015]. Following this protocol, the imaged voxels in the
fused dataset can then be classified as newly formed, resorbed, or quiescent bone to create
a time-lapse of the bone (re)modeling process.

4.1.4. Static microCT analysis

Due to the high resolution and 3D representation, uCT measurements are used to study bone
morphology. For analysing the very same, the software CT-Analyser® (CTAn) provided by
SkyScan is used. A global threshold determined by Otsu’s method [Otsu, 1979] seperates
the cortical and trabecular bone from background (nonmineralized tissue and water).
Following the recommentations of Bouxsein et al. [Bouxsein et al., 2010], the outcome
parameters in the cortical region are: total volume (TV), bone volume (BV), bone volume
fraction (BV/TV), cortical area (Ct.Ar), total area (Tt.Ar), cortical thickness (Ct.Th) and
principal moments of inertia (Imaz, Lmin)-
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4.2. Ex-vivo sample preparation

After sacrificing and dissection of the hind limbs, the bones are fixed in 70 % ethanol. The
following preparation steps are done based on the established protocol of the biomaterials
department at the MPIKG [Kerschnitzki et al., 2011b] and include:

1. A graded dehydration series with increasing ethanol solutions (80%, 90%, 95%, 100%)
and 24h per step to avoid crack formation.

. Cutting the edges with a diamond saw to improve the following infusions. Therefore,
the sample is glued on a PMMA block with dentistry glue. See Figure 4.3a.

. Storing the sample two days in Rhodamine6G solution (0.02 %wt in 100 % ethanol)
stains the LCN and low-mineralized tissue.

. Replacing the staining solution by methyl methacrylate (MMA) infiltration solution.

. Putting the bone samples in cylindrical acrylic sample holders filled with fluid MMA,
which is then polymerized under high temperature over three days (Figure 4.3b).

. Trimming the polymethyl methacrylate (PMMA) blocks with a low-speed diamond
saw (Buehler IsoMet, Lake Bluff, Illinois) to the region of interest with parallel
surfaces and polishing the surface of interest with diamond powder.

. Confocal laser scanning microscopy
. Quantitative backscattered electron imaging

. Cutting slices of 5um to 6 pm thickness and mount them on SiN-Windows for high
resolution scanning SAXS and WAXS measurements at the synchrotron.

All samples in this work undergo the last three steps. Since this order of measurement
methods allows to apply the different methods in the same volumes of interest (see Figure
4.3c), direct comparisons of bone material properties and the architecture of the LCN are
possible. All experimental procedures used in this work to characterize certain sample
features are explained below.

Figure 4.2.: Photograph of a mgr/mgr mouse in a custom made bed for in-vivo
uCT. Here, the mouse is positioned into the bed (white plastic). Especially, the feet are
taped to a foot bank, which is then repositioned (and fixed with the red tape) stretching
the legs for clear and straight CT images, which makes the segmentation much easier.
The tail is taped slightly to the fur for the same reason. The mouse is also attached to a
tube infusing isoflurane for anaesthesia during the imaging time.
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Figure 4.3.: Sample preparation (a) cutting the edges of dehydrated samples to enable
better infusion, (b) staining and hot embedding in PMMA, followed by (¢) measuring the
bone properties with different methods in comparable volumes.

4.3. Measurements of osteocyte lacuno-canalicular network properties

4.3.1. Visualization and quantification of the lacuno-canalicular network
by confocal laser scanning microscopy

Within the last years, the group at the MPIKG improved the procedure to gain in-
formation on the LCN architecture by staining all bone surfaces with Rhodamine6G
[Kerschnitzki et al., 2013, Kerschnitzki et al., 2011b], imaging the LCN with CLSM and
analysing the resulting images [Van Tol et al., 2020, Roschger et al., 2020].

Therefore, a Leica TCS SP8 DLS (Digital LightSheet) confocal laser scanning microscope
(Wetzlar, Germany) equipped with a 40x oil-immersion lens with a numerical aperture NA
= 1.3 (Leica, HC PL APO CS2 40x/1.30 OIL) is used. The excitation wavelength of the
Argon laser is set to 514 nm, while the emission is measured in a range from 550 nm to
650 nm with a pinhole size of 68 pm. An immersion liquid from Leica between lens and
cover slide as well as between cover slide and sample limits the differences of the refractive
index in the optical pathway and thus aberrations.

The image resolution is set to a pixel size of 0.38 pm and the image size is 1024 x 1024 px.
Due to the limiting factors such as opaqueness of the mineralized bone, the image stacks
are measured until a penetration depth up to 60 pm with a spatial z-resolution of 0.34 pm.
However, this resolution is not fine enough to resolve the morphology of single canaliculi
(with diameter around 200 nm to 300 nm [Varga et al., 2014]), but can assess the network
topology of full cross-sections of murine tibiae (cross-sectional area around 1200 pm?) with
16 images in a 4x4 grid and a measurement time of approximately two hours. Due to
the use of the immersion liquid, the sample drifts slightly in x and y direction during the
measurement time. Therefore, an overlap of 10% does not only simplify the later stitching
but also counteracts the drifting. Additionally, extra images were taken above and below
the sample, allowing positioning errors in z direction.

As first step of image processing, the measured stacks need to be stitched. For the
following analyzis, it is important to connect canaliculi between the overlapping images
and avoid their doubling. To facilitate the stitching, BigStitcher in ImageJ provided by
[Horl et al., 2019] is used. These cross-sectional stacks are then evaluated and quantified
by the custom-made python software package by Repp (updated and improved by van
Tol) called tool for interactive network analysis (TINA) [Repp et al., 2017]. This software
includes a standardized adaptive threshold through binarization followed by skeletonization,
network analyzis (for example density, knot distribution, orientation, ...) including cell
recognition and evaluation (density, shape, orientation,...). Using these results, ImageJ is
used to generate maps of the canaliculi density ([Can.Dn.]= pum/um?), which is the total
length of all canaliculi per unit volume (7.4 x 7.4 x 7.4pm?).
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4.3.2. Quantification of the lacunar morphology by micro-computed
tomography

pCT gives more accurate information on the distribution, shape and orientation of lacunae
in bone than CLSM. Due to its high brilliance, which allows the achievement of finer
resolutions [Stampanoni et al., 2002] and the use of a monochromatic beam for accurate
density representations, synchrotron-based phase contrast pCT enhances the visibility of
edges of lacunae and pores again and simplifies the segmentation process. It even makes it
possible to image whole murine bones with sub-micron resolution in a short period of time.

In this work, synchrotron-based phase contrast pCT at the beamline ID19 at the ESRF
is used for the comparison of lacunae in callus and cortex of the healing femur after
osteotomy. Since the results are already published, the following section is based on
[Schemenz et al., 2020]. The pixel size of the detector at ID19 is 650 x 650 nm? with a
field of view of 1.4 x 1.4mm?. The best contrast performance for the following analyzes is
achieved with a sample-to-detector distance of 25 nm. With a counting time of only 80 ms,
each sample can be scanned in 10.5 min, 4200 to 4600 projection images are recorded.

The measured images are analyzed in cooperation with F. Chamasemani and R. Brunner
at the Materials Center Leoben Forschung GmbH (MCL), using Python 3.6 for image
analysis and Avizo® (version 2019.1) for visualization. Welch’s t-test is used to evaluate
the effects of the tissue type. Here, the aim is a) to compare the lacunae properties for the
cortical region and the bony callus in general, b) understand how these properties behave
at the interface between those regions.

For the first evaluation, a volume of interest (VOI) of 1723 x 1560 x 13pm? is divided
into 70 cubic subvolumes (65 x 65 x 65 um®) within both, the cortical region and the bony
callus. Due to the heterogeneous structure of rodent long bones (lamellar bone, woven
bone and no regular border to the callus), the selection is done by hand avoiding the bone
surface and interface regions, (see Figure 4.4a and Figure C.1). Hereby, the cubes are large
enough for sufficient statistics, but at the same time small enough to be able to investigate
a spatial heterogeneity of the lacunar density. The segmentation is validated by checking
layer by layer, that the selected cubes only contain cortical or bony callus.

The grey values of the cortical and callus regions differ from each other. This is exploited
for the second evaluation approach in a second VOI of 739 x 747 x 65 pm and it is set
manually points at the interface between the regions, which are then connected to a spline
interpolation (see Figure 4.4b). Here, the distance between lacuna and interface is defined
as the shortest distance between the center of mass of each special lacuna to the defined
interface. The segmented pores off the callus and cortical region are shown in blue in
Figure 4.4c.

However, for both approaches, the lacunar analyzing is made according to former studies
[Dong et al., 2014, Mader et al., 2013]. As the pixel size equals the layer thickness, the
number of voxels in the pore times the vooxel size defines Lacunar volume (Lc.V). For the
lacunar density, Lc.N/TV, only those lacunae are considered, whose center of mass lay
within the cubic subvolume. The shape of the lacunae is characterized with help of the
inertia matrices of each lacuna with reference to its center of mass and their eigenvalues
A1—3 with Ay < A2 < A3. To differentiate the lacunae morphology, one considers firstly, the
lacunar stretch Le.St = (A3 — A1)/A3, where the extrema indicate either a perfect sphere
(Lc.St = 0) or an infinitely stretched object (Le.St.= 1). If Le.St # 0, the lacunar oblateness
Lc.Ob = 2:\\3%% — 1 characterizes whether the the lacuna is more prolate, (Lc.Ob ~ —1) or
oblate, when A is closer to A3 than to A; (Lc.Ob ~ 1) [Mader et al., 2013].
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Figure 4.4.: Evaluation of the synchrotron-based micro-computed tomography
measurements. 3D reconstruction of a part of the studied bone with callus and cortical
bones (a). For example, cubes with a side length of 65 um are also shown, which are used
to determine the lacunar density and reference values for the lacunar parameters in the
respective region. In order to analyze the behavior at the transition between the regions,
one is manually defined a dividing line between the contrasting bone types, cortical tissue
and callus. The VOI for this approach is displayed as a phase contrast image (b) and
segmented volume with a defined interface between the bony callus and the cortical tissue

(c).
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4.4. Measurements of bone matrix properties

4.4.1. Quantification of the Calcium content in bone by quantitative
backscattered electron imaging

As already described in 3.3.2, the intensity of backscattered electrons correlates with
the degree of mineralization [Roschger et al., 1998]. Therefore, ¢BEI became a method
for quantification of the calcium concentration in bone samples. The measurements for
this work were done at the Ludwig Boltzmann Institute for Osteology (LBIO) in Vienna,
either with the Zeiss Supr40 field emission cathode scanning electron microscope (FESEM)
(chapter 6 and 5.6) or Zeiss DSM962 (chapter 7). Comparisons of the two instruments can be
found in [Hartmann et al., 2021] and [Roschger, 2015], concluding that gBEI measurements
can only be compared quantitatively, from the same device and the same measurement
conditions [Hartmann et al., 2021]. Since the models in this work are quite different, there
will be no comparison of these measurements anyway.

However, the measurement procedure is the same for both machines and described precisely
in the named studies. Before the qBEI experiments, the sample surfaces are coated with
carbon by vacuum evaporation (Ager Scientific, SEM carbon coater, Essex, UK) to achieve
a conducting surface and prevent charging by using SEM. At the same time, a high-purity
aluminum sample (99.9999%, MAC Consultants UK) is also coated with carbon in order
to quantify the influence of carbon deposition on the gBEI measurement.

The backscattered signal of the SEM is calibrated using a high-purity two-element reference
sample with aluminum (Z = 13) in the center, surrounded by carbon (Z = 6). In the
calibration routine the brightness and contrast of the detector are adjusted to give a grey
level of 25 + 1 for carbon and 225 + 1 for aluminum. In the following, 10 mm sample-
detector-distance, 130x nominal magnification, 20 kV acceleration voltage and a probe
current between 270 pA to 320 pA are used. The pixel size was 0.88 pm in both directions.
To calculate the BMDD and mentioned qBEI parameters, the images are segmented to the
regions of interest and only grey levels above 25 are considered for further calculations.

4.4.2. Quantification of mineral properties by small and wide angle X-ray
scattering

Data acquisition

Shape, size and arrangement of the mineral particles and the mineral density distri-
bution have a great influence on the mechanical properties of bone [Stock et al., 2011,
Akkus et al., 2004, Whalen et al., 1988, Roschger et al., 2008]. Assuming bone mineral
particles as thin platelets, SAXS provides information about the thickness and alignment
of the particles, while WAXS is used to calculate the length L. and the inner crystal lattice
spacing in c-direction. Furthermore, scanning SAXS/WAXS measurements can provide
information in the micrometer range by scanning an area, but obtain also information in
the nanometer range by analyzing the patterns at distinct positions in the area.

To determine thickness and orientation of the mineral particles within some defined areas
of the bone slices, synchrotron SAXS mapping measurements were carried out at the
microfocus beamline (ID13) at the European Synchrotron Radiation Facility (ESRF). The
mapping experiments were performed with a nominal beam size of approximately 1.5 x 2 pm
and 2 pm step size. All scattering images are averaging the signals from all particles in the
pathway of the beam and to avoid contributions from too many particles, it is established
to have a sample thickness in the range of the beam diameter. Here, the slices have a
thickness of just a few pm. The transversal cross section of murine long bones consists of a
relatively thin ring attached to the PMMA. During cutting this set-up produces high forces

33



4. Material and Methods

(b) (©

Figure 4.5.: Mounting procedure of bone samples (a) A cut sample with slices in
the PMMA, grey bone cortex and soft tissue in pink. (b) dipping the sample into the
gelatine and fishing it with the SiN window. (c¢) Mounting the SiN windows on aluminium
frames. For the synchrotron measurements several of these aluminium frames are then
put on an aluminium bar to simplify sample changes during beam times.

to the bone, which is why the samples are relatively likely to be stretched and compressed
followed by tearing during the cutting process (exemplarily seen in Figure 4.5a). After
cutting, the thin slices are mounted to 1 pm thick nitride windows with 500 pm thick silicon
frames (Norcada Inc., Edmonton, Canada) by dipping into gelatine, examplarily shown in
Figure 4.5b. Afterwards, they are glued to aluminium frames to mount them later on the
sample holder of the beamline (see Figure 4.5¢).

Experimental setup at ESRF

The sample holder is mounted with a magnetic mechanism on a xyz translation stage,
which can be moved relatively to the incident beam. The scattering patterns themselves are
then measured with an Eiger X 4M detector (Dectris AG, Baden Déttwil, Schweiz) with an
image size of 2070 x 2167 px and a pixel size of 75 x 75um?. To achieve a q-range covering
0.1nm~! to 20nm~!, i.e. regions for SAXS and WAXS analyzes, the detector is positioned
approximately 225 mm away from the sample. All measurements are done with a wavelength
of 0.95A (photon energy of 13 keV). The exposure time per measuring point is optimized
for each project, but lays in the range of 0.04s to 0.1s. Parallel to scattering measurements,
the calcium fluorescence signal is measured with an X-ray fluorescence (XRF) detector
approximately 20 mm apart from the sample.

Depending on the individual sample, the number of measuring points varies between
30400 and 500000. To evaluate such high amount of data, the group at MPIKG has
developed together with cooperation partners from Deutsche Elektronen-Synchrotron
(DESY) and ESRF a software for fast reduction and analysis of large X-ray data sets
[Benecke et al., 2014] called Directly Programmable Data Analysis Kit (DPDAK). Hereby,
the evaluation can be parallelized on several kernels, which reduces the calculation time to
a fractional amount. The evaluation for this work is done with DPDAK v.1.2 and 1.4 using
integration and calibration algorithms from the pyFAI package [Kieffer and Wright, 2013].
The calibration of beam center position, detector tilt and exact sample-to-detector distance
is done with the help of an AlsO3 standard sample.

After calculation and filtering for values within the bone material, the results of SAXS-
and WAXS measurements are plotted with Origin as 3D scatter plots with a decent color
scale depending on their values but as similar as possible across all projects.
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Figure 4.6.: Experimental setup for SAXS measurements at the beamline
ID13 at the ESRF. a) The prepared and precharacterized samples are mounted on an
aluminium plate, then on a magnetic sample holder. b) This is positioned on a motorized
stage and can be moved in x and y direction, perpendicular to the beam path, so that
large areas of the sample are scanned. The scattering pattern is recorded by the detector,
while the beam stop shields the direct beam. Using the microscope, the exact region of
interest is determined.

Evaluation of small angle X-ray scattering measurements

The acquired 2D SAXS patterns are integrated azimuthal and radial, leading to the intensity
functions I(g) and I(X) of the scattering length q and azimuthal angle X, respectively.

p parameter As described in chapter 3.4.3, the p parameter is defined as degree of orien-
tation and is calculated by the intensity profile I(X). The measured intensity (I eqsured)
is corrected by subtracting the background intensity (intensity without the sample, but
silicon nitride windows, Ip,).

T parameter The T parameter is obtained from (g) using Porod "s law lim I(q) = /¢'+B
q—00

with the Porod constant P and the background constant B. Both P and B should be
determinable from a fit of the linear region of the so-called Porod plot showing I - ¢* versus
7 (see Figure 4.7c). More precisely, the Porod constant is equal to the intercept of the
fitted linear graph of the curve with the y-axis.

As described in chapter 4.4.2, the T parameter can be calculated with

=5 / q)dgwith I = Iezp(q) — B, (4.1)

whereby the integral can be solved by determining the area I under the curve of the Kratky
plot (Figure 4.7d), showing I¢?(q). But due to the beam stop, there are no values for small
q. Also values for large g have to be determined by extrapolation. Therefore, the function
is divided into three part Io, I 1 I with :

i:f0+1~1+1~2 (42)

min
oo

N / " g + / " PI)dg + / ¢*1(q)dg (4.3)

. min
min qp
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Figure 4.7.: Graphical results of T parameter evaluation by the software
DPDAK. Data obtained from radially integrated SAXS patterns in (a) a linear plot, (b)
log-log plot, (¢) Porod plot and (d) Kratky plot.

Estimating the function I, to be linear in the area Iy , one could consider the area from
I(0) to I,,,,, as a triangle with the area

~ dmin
Iy = /0 1(q)dg ~ 1, * Gmin - /2. (4.4)

For ¢ > qP", I.2p(q) ~ B + P/q*, where B is the Laue constant, describing the background
of the scattering, caused by anything different than the mineral crystals, and P is again
the Porod constant. That means, the slope of the logarithmic plot should be around —4
(see Figure 4.7b). This leads to eq Eq. (4.7).

I= /mm ¢*1(q)dg (4.5)
dp
~ [ Pl (16)
q;;LZTL
= Plap™ (4.7)

Lastly, I} = [ qqf: ¢*I(q)dq can be calculated directly from the measured data.

According to these assumptions, DPDAK calculates the T parameter for every measured
point. The resulting T parameter are filtered within Excel afterwards, so that only those
values are coming into account, which match all the presumptions. Thereby, the slope of
the linear regression in the log-log plot is expected to be between —4.1 nm to —3.9 nm.

4.5. Evaluation and angle dependence of the L parameter

The crystal length L along the c-axis was determined from the full width at the half
maximum of the (002) peak intensity in the WAXS signal using Scherrer s equation given
in Eq. (3.16) with the full width at the half maximum B of the peak in radians (see also
chapter 3.4.3).
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It was shown, that the crystal orientation correlates with the intensity distribution of the
Debye Scherrer rings of the WAXS signal. If the Debye Scherrer rings show an uniform inten-
sity, the crystals are randomly oriented. If a ring shows pronounced increases of intensities
in certain directions, the crystals have a preferred orientation [Wenk and Heidelbach, 1999].

First evaluations of the L parameter maps from the whole cortices have shown patches of
high L values in irregular occurrences, but disrupting the general pattern in the cortex.
This is exemplified in Figure 4.8(a) by grey patches. Comparing these maps with the
microscopic images (Figure 4.8(a) and (b) one could observe similarities between the named
patches and the topography of the sample slices. In the given example, many of the patches
in Figure 4.8(a) seem to correspond to darker regions in Figure 4.8b. The topography
function of the Keyence digital microscope VHX-550E produces indeed a wavy structure
like it can be seen in Figure 4.8(c) and (e) for the small regions (Figure B.1 and B.2 show
the topography for the whole sample). This is probably caused by compression during the
cutting process.

Rotating the sample around one axis along a line where the material of the sample is
compressed and therefore an increase can be observed, makes it possible to measure how
the L parameter changes with the incident angle to the sample. Therefore, additional ex-
periments were done at the puSpot beamline at Berliner Elektronenspeicherring-Gesellschaft
fiir Synchrotronstrahlung m. b. H. (English: Berlin Electron Storage Ring Society for Syn-
chrotron Radiation) (BESSY) belonging to the Helmholtz Zentrum Berlin fiir Materialien
und Energie, Berlin, Germany. The results are presented in Figure 4.8 (d) and (f) and
show an angular dependence of the L parameter. As already mentioned in chapter 3.4.3,
the best result should be in a perpendicular angle between c-axis of the mineral particle
and incident beam [Finean and Engstrom, 1953].

The sample rotation is an artificial change of angle between incident beam and mineral
particles. But increasing and decreasing heights of the sample (waviness in beam direction)
like the could been observed in Figure 4.8 introduce changing angles as well. That means,
the resulting L parameter depends on the measuring position of the wave, which explains
why WAXS maps of bone cross sections like it is described in 3.4.3 show an irregular,
"wavy" behavior of the L parameter (shown in Figure 4.8(a).

Lattice constant in c-direction and d-spacing

The position of the 002 peak refers directly to the d-spacing in the corresponding crystallo-
graphic direction, i.e. the inter-atomic space in c-direction. Therefore, it can be converted
to the c-lattice constant with Eq. (4.11) [Handschin and Stern, 1995].

1 h2+k2+hk§ 12

= — 4.8

dz,, ( a? )3 + c? (4.8)
1

a2, = 4.9

hkl (h2+§§+hk)% + (l:% ( )
2 ¢

d002 — ﬁ — § (410)

Cc :dQOQ -2 (4.11)
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Figure 4.8.: Angle dependence of the L parameter. a) L parameter map of a
murine cortex from a non loaded tibia (2R). The grey areas are added manually at regions
with very high L values. b) corresponding microscope image of the sample slice mounted
on a SiN window. For further analyzes, (c) and (e) show the topographical analyzes
of regions at the top of the sample (c) and the bottom (e). Using a Keyence digital
microscope, the turquoise line is drawn in the middle of the cortex - hitting the rectangles
of (a) and (b) - to analyse the surface roughness which is shown in the corresponding plots
with the red line. At the uSpot beamline at BESSY additional WAXS measurements have
been done. There, the sample was rotated around a vertical axis, marked with rectangles
in (a) and (b). The results are shown in (d) and (f), where the L parameter is plotted
as a function of the z position and the angle. The black points are equal to very low L
values below 8 nm.
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4.6. Development of routines for image registration

4.6. Development of routines for image registration

Especially in the case of a biological material such as bone with its hierarchical structure,
an analysis of this material on different length scales is preferable for receiving information
about the local homogeneities and inhomogeneities on the micro- and nanometer level
[Rinnerthaler et al., 1999, Gourrier et al., 2007]. Different methods are used to gain this
aim, giving information mainly only for one parameter in one hierarchical level. To get
a full image, all information have to be measured at the same VOI and superimposed
afterwards.

Image registration of the qBEI images and CLSM z-projections makes it possible to visualize
the LCN architecture within its mineralized surrounding by using the the standard deviation
(STD) projection type of ImageJ v.1.51n [Schneider et al., 2012] for the z-stacks of approxi-
mately 2 pm of the LCN (information depth of ¢BEI measurements [Goldstein et al., 2012]).
A fixed threshold with the graphics software Adobe Photoshop (CS5 v.12.0.4) is used to
extract the LCN from the z-projections for visualization. As osteocyte lacunae at the
block surface are clearly visible in both data sets, these features allowed accurate image
registration for qualitative comparisons.

For quantitative comparisons, a python script for manual image registration is used, which
is attached in appendix A. This script loads the results of the precedent measurement
as 8-bit images or tables and creates (in line 60-77 or 4.6) a table where all values are
related to the same coordinates (origin in the middle) with the same resolution (line 4 in
the snippet). Which resolution to choose, depends on the data. In general, it seems better
to average several points of a map by choosing the minimal resolution. Otherwise, one
produces a pseudo-accuracy with values for points, which are not measured. Therefore, all
comparisons including the canalicular density will have a resolution of 8 pm and those with
SAXS and WAXS measurements comparing to calcium content will have a resolution of
2um (step size of the measurements).

def join_data(imgs):

by_type = list(zip(*imgs))

scales = np.array(by_typel[1])
scales /= 8

scaled_offsets = [s * np.array(offset) for s, offset in zip(scales,
by_type [2])]
ymin = [int(so[0]) for so in scaled_offsets]

ymax = [int (img.shape[0] * s + so[0]) for img, so, s in zip(by_type[0],
scaled_offsets, scales)]
xmin = [int(so[1]) for so, s in zip(scaled_offsets, scales)]
xmax = [int (img.shape[1] * s + so[1]) for img, so, s in zip(by_type[0],
scaled_offsets, scales)]
w, h = max(xmax) - min(xmin), max(ymax) - min(ymin)
canvas = np.zeros((h, w, len(imgs)), dtype=np.float64)
as_np = np.stack(scaled_offsets, axis=0)
offset_shift = -np.amin(as_np, axis=0).astype (int)
for i, img in enumerate (imgs):
scaled_img = cv2.resize(img[0], (xmax[i] - xmin[i], ymax[i] - ymin[
il1))
canvas [ymin[i] + offset_shift [0]:ymax[i] + offset_shift[0], xmin[i]
+ offset_shift[0]:xmax[i] + offset_shift[1],
i] = scaled_img
return canvas

Figure 4.9.: Snippet of the python script for image registration, creating the
unified table for all data in one coordinate system.
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To use the script, one has to create a folder with the images or tables including their
resolution in pm as suffix, i.e. "name_resolution". In the given example 4.9, grey values from
gBEI measurements, the calculated network density, a map of the identified cell lacunae
after skeletonization with the software TINA as well as the corresponding network are
loaded. But also the resulting maps of SAXS and WAXS measurements are included. These
data are included by smaller parts (lateral, posterior, medial and anterior) to counteract
the general deformation of the thin slices after cutting (4.9 line 3-5). The particular offset
coordinates in pixel for each map as well as the rotation angle are added in brackets.

1 if __name__ == "__main__":
2 offsets = { "A4L9BEI_0.88": (0,0, O0) ,"CLSM_1114L-fluor_0.395":
(430,850,-5) ,"B4L_network_density_40um_0.36": (480,950, -5) , "cells_O

.395":(430,850,-5),
"Danterior-T_2.2":(50,300,33), "lateral-T_1.95":(20,150,27)
,"medial-T_1.95":(40,220,20), "posterior-T_1.9":(90,115,22),
4 "Danterior-L_2.2":(50,300,33), "lateral-L_1.95":(20,150,27)
,"medial-L_1.95":(40,220,20), "posterior-L_1.9":(90,115,22),
5 "Danterior-c_2.2":(50,300,33), "lateral-c_1.95":(20,150,27)
,"medial-c_1.95":(40,220,20), "posterior-c_1.9":(90,115,22)}

Figure 4.10.: Snippet of the python script for image registration with loaded
data and their relative offset coordinates.

To create the table, the script has to be executed in the shell with the suffix -d by calling
the folder of the saved data and naming the table .

I python example.py foldername -d "tablename.csv"

Figure 4.11.: Shell commando to perform the script and creating a table.
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4.7. Correlation between calcium content and canalicular density

Extraction of colormap coordinates with ImageJ

ImageJ (Fiji) is used to select an arbitrary region on the color maps. Hereby, it is important
to adjust the image size. Then, one can select any region of interest, for example the cortex
with the freehand tool and save the XY Coordinates as text file. Since ImageJ always has
the origin in the upper left corner, one may have to recalculate the coordinates in order to
filter the data from the parameter table.

4.7. Correlation between calcium content and canalicular density

Due to the small diameter of the canaliculi (Can.Dm ~290nm to 440nm
[Varga et al., 2014]), they can not be resolved in the gBEI images (pixelsize = 881.4 nm).
That means, that the qBEI signal CaContpsatriz contains not only the calcium content of
the measured region, but also contains the canaliculi without any calcium.

Can.Dn = Can.Length/unit volume (4.12)

Can.V = m - (Can.Dm/2)? - Can.Length (4.13)

CaContprairiz = CaCont + Contegnaticuli (4.14)

CaCont = CaContyrairiz — Conteanaliculi (415)
.Dm)\?

= CaContpatric - (1 — T <C’cm2m> . Can.Dn) (4.16)

(4.17)

That means, there is a linear relation between CaCont and Can.Dn with a y-intercept equal
to the CaContpratriz, and the SLOPE equal to

C’an.Dm)2
—s ) -

Assuming canaliculi with a fixed diameter laying in a homogenous bone matrix, one
would expect, that an increase of the canalicular density, i.e. increasing porosity, leads
to lower calcium content. However, Roschger et al. [Roschger et al., 2019] have studied
the SLOPE of human osteons by plotting the Can.Dn versus calcium content. Most of
the evaluated osteons have shown a positive correlation. That is, dense network regions
show an accumulation of minerals. They suspect that this accumulation takes place in
the immediate vicinity of canaliculi, which form mineral reservoirs that can be used by
osteocytes. Significant differences between individuals indicate that the extent of the mineral
load on the reservoir zone could be an important parameter for mineral homeostasis.

SLOPE = CaContratriz - T - ( (4.18)
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5. Characterization of osteocyte
lacuno-canalicular network and material
properties in healthy bone with and
without mechanical stimulation

5.1. Objectives

The cortical bone of mice has been the subject of many studies, thereby differ-
ent bone types in the mouse have been observed: ordered lamellar bone and a
more unordered intracortical band including cartilage islands and woven bone
[Bach-Gansmo et al., 2013, Shipov et al., 2013]. This chapter characterizes potential spa-
tial correlations of the LCN and the bone material characteristics of both regions (ordered
and unordered) to improve the understanding how LCN and bone mineral particles interact.

The left tibiae of the studied mice have experienced in-vivo mechanical loading providing
bone formation and resorption (see chapter2.2.3 and 4.1.2). The newly formed bone will
be characterized and compared to the older bone regions. Additionally, the structural
characteristics of loaded and non-loaded bones will be compared to each other. Are there
differences between left, loaded and right, non-loaded bones of the same individual? This
special model is expected to provide hints whether the mechanical strain correlates with
the architecture of the LCN and the mineral matrix properties.

5.2. Measurement procedure

The left tibiae of six female, skeletal mature (26 weeks) C57BL/6J mice (Jackson
Laboratory, Bar Harbor, Maine, USA) underwent in-vivo loading for two weeks (described
in 4.1.2 ). Because of the high resolution (voxelsize = 10.5pm) in the longitudinal
micro-computed tomography (uCT) measurements and to reduce radiation exposure
as well as the time the animals are under anesthesia, only part of the tibiae could be
imaged with the VivaCT 40 of Scanco. This leads to a certain variability in the animal
placement (repositioning error) and therefore differences in the resulting images. The
region of interest for time lapse image registration, is cut to 5% of the total tibial length,
where all scans of the different time points overlap [Van Tol, 2020]. The samples are cut
with a 50 pm thick diamond wire in a precision cutting machine. The whole preparation
was done by A. van Tol and a description can be read in his PhD thesis [Van Tol, 2020].
It remains to be noted, that the following experiments are done on cross sections. Due
to former observations of our group [Aido et al., 2014], no calcein was injected to avoid
possible influences on the bone material properties. The qBEI measurements have been
done at the Ludwig Boltzmann Institute for Osteology (LBIO) using the field emission
cathode scanning electron microscope (FESEM).

The study started with six mice (numbered as 1, 2, 3, 4, 5 and 6), whose left tibiae (marked
with L) have experienced in-vivo loading for two weeks and the right (R) tibiae serve as
non-loaded control bones. Not all of the samples could be measured with all methods.
Additionally, some problems occured after measurements, which again diminished the
number of evaluated samples. Mouse 3 had to be removed from the project because of
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Figure 5.1.: Example of microcracks in the lacuno-canalicular network of a
murine cortex. Figure (a) is the sum of the z-projections of the lacunoc-canalicular
network imaged with CLSM. The brighter the color in a point, the more images in the stack
showed a fluorescence signal. Marked with white contours are some example microcracks,
observable as longer yellow lines — meaning, that they are observable throughout several
layers. These microcracks are seen in some of the samples and may be caused by
dehydration during the preparation process. Perpendicular to these big lines a lot of
small cracks are observable leading to high values in the Can.Dn (b).



5.2. Measurement procedure

severe bone damage after the in-vivo experiments. The reason could not be clarified yet.

Three of the non-loaded tibiae show plane like structures in the 3D CLSM images, which
are referred to as microcracks (see for example Figure 5.1a). They are characterized
by long lines quite parallel to the cross section, which are observable over several z
projections, with many small connections between these lines. These patterns are mainly
seen at endosteal surfaces of non-loaded / right bones. Similar effects can be seen in
[Kerschnitzki et al., 2011b] and [Kerschnitzki, 2012] but are not explained in these studies.
Due to the high amount of small lines radial to the long lines, the areas of microcracks
show high canalicular densities after calculations with the TINA software (see for example
Figure 5.1 b). They might be caused by dehydration during the preparation process, for
example during the cutting with the diamond saw, which takes several minutes without
any solution. In future experiments, all steps outside of the solution before embedding
have been shortened up to decrease the possibility of microcracks.Since these patterns do
not seem to mirror natural behavior, but originate from sample preparation, the samples
1R, 2R and 6R are taken out from this part of the evaluation. Due to this, it is only
possible to compare right and left cortices of two samples - mouse 4 and 5. Thus, further
studies are needed to evaluate this behavior.

The sample 2L is taken out because its images seem to be deformed during repeated
confocal laser scanning microscopy (CLSM) measurement. Due to the difficulties in
cutting ultra-thin cross sections of bones and limited measurement time at synchrotrons
for high-resolution SAXS and WAXS, it is also not possible to scan the whole cross section
of all samples completely with this methods. Rather, only parts of some samples are
measured. Exemplary, only one sample for the left, loaded bone will be shown as well as one
representing the right, non-loaded bones. Additional maps can be found in the appendix (B).

The bone regions are distinguished only by organisational features of the lacuno-canalicular
network (LCN). According to the description of Kerschnitzki et al. the cortices of the
murine long bones are divided into ordered and less organized regions (see Figure 5.2
for brief description of method) [Kerschnitzki et al., 2011a]. In the ordered region the
osteocytic network is highly aligned; the long axes of the elongated, ellipsoid-shaped
lacunae run mainly parallel to the bone cross section, while the canaliculi run mainly
perpendicular to the short axes of the lacunae and therefore also to the bone cross section.
The less organized or disordered bone shows neither osteocyte lacunae nor canaliculi of
a predominant direction with respect to bone geometry. All regions of uncertainty are
excluded. This manual method is quite subjective, but serves as a base for more objective
criteria for future studies. For example the classification can be done by the difference of
the main orientation of neighbouring lacunae.

The comparison of left and right bone as well as the comparison of the different bone regions

are done with paired t-test. All statistical analyses are performed with Origin 2021b on a
personal computer. Differences were considered statistically significant when p < 0.05.
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Figure 5.2.: Selection of ordered (red) and unordered (blue) regions. Comparing
the properties of the LCN in the cortex of the murine tibia, two different regions can be
observed. A band with no preferred orientation of lacunae and canaliculi, surrounded by
more ordered regions. For an intensive investigation, the regions were classified manually
on a CLSM area that is closest to the SAXS and WAXS measurements. This was also
used for image registration in the following. For this purpose, each area was enlarged to
the maximum and thus showed more details than can be shown here. If the lacunae have
a clear alignment and the canaliculi are aligned perpendicular to their longitudinal axes,
the sub-region is counted as an ordered region (red). If the canaliculi and lacunae do not
show a dominant orientation, this is an unordered region (blue). All regions that are not
clearly ordered or unordered are removed from the classification and shown here in gray.
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5.3. The effect of mechanical stimulation on bone geometry

To better assess the changes of bone geometry caused by the mechanical stimulation, the
status quo of the mouse bones must first be ascertained. Therefore, first in-vivo uCT
measurements are done before the in-vivo loading experiments. The results are shown in
Table 5.1 and partially illustrated in Figure 5.3. The evaluated bone parameters show values
which are in a similar range in comparison to previous observations [Willie et al., 2013].
While the right tibiae of mice 4, 5 and 6 show higher values in cortical area (Figure 5.3a),
cortical thickness (Figure 5.3b) and volume fraction (Figure 5.3c), the difference are very
small. From this it can be concluded that there is no influence on these bone parameters
due to handedness. In contrast, mouse 1 shows higher values in the left bone with bigger
differences to the right bone than its littermates, for example 7% difference in the bone
volume fraction (see Figure 5.3c). This may be a hint, that mouse 1 has prefered limb.

The time lapse image registration of the in-vivo yCT measurements provided information
about where on the inner endosteal and outer periosteal surface has been formed or resorbed
during the two weeks of mechanical stimulation as well as the partial amount. In contrast to
former observations on adult mice [Birkhold et al., 2016], Figure 5.4 shows that less bone
is formed endosteal than periosteal. Most bone formation occurs posterior and anterior.
Little amount of new bone is formed along the medial and lateral axes, but more bone is
resorbed.

Table 5.1.: Static morphometric parameters at the endosteal cortical bone
surface at day O of the loading experiment after [Bouxsein et al., 2010].bone
volume (BV), total volume (TV), cortical thickness (Ct.Th), total area (Tt.Ar), cortical
area (Ct.Ar , Marrow area (marrow area (Ma.Ar)), periosteal perimeter (Ps.Pm), endosteal
perimeter (Ec.Pm) are calculated with CTan (see also chapter 4.1.4).

6R

bone units 1L 1R 2L 2R 41, 4R 5L 5R 6L

BV mm? 1.00 097 083 0.82 068 057 044 046 0.88
TV mm? 1.46 1.54 1.23 1.18 1.09 0.88 0.69 0.69 1.34
BV/TV 068 063 0.67 069 062 0.64 065 067 0.65

Ct.Th mm 0.25 024 025 026 023 024 023 024 0.25
Tt.Ar mm? 093 096 099 096 095 099 092 0.92 1.00
Ct.Ar mm? 0.63 0.61 0.67 066 059 063 059 0.61 0.65
Ma.Ar  mm? 020 024 023 020 026 027 024 022 023
Ps.Pm pm 10.24 1030 9.53 932 9.04 841 772 T2 975
EcPm pm 6.56 6.46 573 563 521 479 374 372 576

0.62
0.91
0.68
0.25
1.01
0.69
0.23
8.52
4.76
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Figure 5.3.: Visualization of the static bone morphometry parameters. Cortical
area, cortical thickness and volume fraction are shown for all six mice of this study. Each
mouse is shown not only by its own box defined by the values for left (blue) and right
(orange) tibia, but also by its own color.
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Figure 5.4.: Result of the time lapse image registration showing where bone
was formed or resorbed in response to mechanical loading. Newly formed bone is
colored blue, resorbed bone red and quiescent bone yellow. The figure is adapted from
[Van Tol et al., 2020] with permission from PNAS.

5.4. The lacuno-canalicular-network in healthy and mechanically stimu-
lated bones

In this section, the structural properties of the LCN in the different bone regions will be
presented and discussed.

Images of the stained LCN using CLSM are shown in Figure 5.5. All cortices exhibit
the same pattern like described before [Kerschnitzki et al., 2011b, Kerschnitzki, 2012]. In
the unordered region, the lacunae are more roundish with lower number of connecting
canaliculi, which do not show any preferred orientation. In contrast the ordered region
shows a network which is aligned parallel to the short axis of the elliptical lacunae and
radially with respect to the bone cross section.

The LCN of the newly formed bone can not be characterized due to over-staining of
the low mineralized region. The non-loaded (right) cross sections (Figure 5.5b, d, f, h
and j) are surrounded only by a thin layer of a red line and have relative even edges.
In contrast, the loaded (left) bones (see Figure 5.5 a, ¢, e, g and i) show broad seams
with outstanding intense and diffuse fluorescence signals (red areas) (see Figure 5.6a).
These seams correspond to newly formed bone after mechanical stimulation (see also
Figure 5.4) which are non-mineralized or not very mineralized yet (see Figure 5.6b).
Here, the mineral content (and thus the matrix density) is too low to prevent the
ethanol/Rhodamine mixture from penetrating the interfibrillar matrix, resulting in the
described blurred diffuse signal. This is in line with other observations in human samples
where broad Rhodamine staining patches are found at mineralization defective sites
[Roschger, 2015]. That means, there is a threshold value of mineralization (larger than
zero) below which the tissue is completely stained and above which Rhodamine can not enter.
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5.4. The lacuno-canalicular-network in healthy and mechanically stimulated bones
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Figure 5.5.: Visualization of the lacuno-canalicular network in cortices of
loaded tibiae (a, c, e, g, i) and the non-loaded bones (b, d, f, h, j) of the same
mice. The LCN is colored red to mirror its staining with Rhodamine. Osteocyte lacunae

and vascular channels appear red or are surrounded by a red line depending on their size.

(d) and (j) exhibit a big vascular channel (V). All shown cross sections originate from
approximately the same height of the tibia midshaft. The scale bars are equal to 200
um While the non-loaded bones show a quite even and thin edge line, the loaded bones
exhibit a broad red seam at the outer edges, which represents the newly formed bone.
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50 pm

Figure 5.6.: Rhodamine staining of lowly mineralized bone. (a) Rhodamine 6G
stains soft tissue and the lacuno-canalicular network and is shown here in red. The newly
formed bone shows a uniformly colored area, where no canaliculi can be identified. (b)
Goldner staining shows in the same part of the sample early stages of mineralization as
reddish spots inside the greenish matrix as well as a reddish seam at the edge.

The canalicular density (Can.Dn) is determined from the CLSM images to quantitatively
describe the LCN in different regions. Figure 5.7 shows the maps of Can.Dn for the whole
cross sections of all measured tibiae. The values are distributed between 0.02 and 0.7
#m/um® . The highest values can be observed posterior periosteal and anterior endosteal.
Comparing these maps with FEM models as shown in Figure 5.8, they are positioned at
areas of higher tension or compression. Since the in-vivo loading experiments mimic the
normal locomotor strain measured in-vivo [De Souza et al., 2005], these areas have also
high load in normal behavior.

The Can.Dn is lower in the right/non-loaded bone Can. Dngign: = 0.34 & 0.04 wm/pum?
compared to the left/loaded bone Can.Dnjepy = 0.29 £ 0.04 #m/um? (see Table 5.2
and Figure 5.9). The higher Can.Dn in the loaded bone could be observed in the
ordered bone, but hardly in the unordered regions (see Figure 5.10). Furthermore the
unordered regions show significantly lower values of Can.Dn than the ordered regions
(Can. Dngrdgereda = 0.31 £ 0.04 #m/um3 > Can. Dnypordered = 0.19 £ 0.05). There, the
unordered region is readily identifiable by less canaliculi. Several areas do not even show
stained canaliculi at all. The unordered region is known to be rapidly formed while the
ordered region uses the very bone as a scaffold for slower but highly organized growth (see
chapter 2.2.1 and [Kerschnitzki et al., 2011a]). The surface of the unordered bone may
guides the cells in bone formation. This organization then in turn also serves as a template
for the osteocyte network. Hence, the newer bone has a denser and better organized network.

Table 5.2.: Quantitative comparison of canalicular density of different bone

regions.

bone region Can. Dnpean  Can. Dnpgedian  Can. Dnpgyw
(1m/pm?) (Hm/um? ) (Hm/pm? )

ordered bone 0.29 +0.02 0.31 +£0.04 0.25 +0.04

unordered bone 0.20 +0.03 0.194+0.05 0.26 & 0.05

whole bone 0.25 £ 0.02 0.25 £ 0.02 0.28 £0.03

left bone 0.27 £0.01 0.29 £0.04

right bone 0.24 £0.01 0.34 £0.04
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Figure 5.7.: Visualization of the canalicular density (Can.Dn) of the lacuno-
canalicular network in cortices of loaded tibiae (left) and the non-loaded bones
(right) of the same mice. Can.Dn is calculated by the software tool for interactive
network analysis (TINA). The scale is chosen to seperate lower and higher densities
splitted by a Can.Dn = 0.38 #m/um? . The calculation of 2L is not shown because of the
strong deformation of the CLSM image and therefore missleading data. The CLSM image
of 1R, 2R and 6R show a lot of microcracks. Because of that, their Can.Dn are not shown.
Mostly, the higher Can.Dn can be observed posterior close to the periosteal and anterior
close to the endosteal surface. The bones of mouse 3 show larger defects after transport
and have broken apart. Hence, these bones are not part of this study.
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Figure 5.8.: Spatial distribution of the strain induced by the in-vivo loading
experiment calculated using FE modeling. The spatial tensile (red) and compressive
(blue) strain magnitude and distribution within the bones are calculated by finite element
modeling (FEM) [Razi et al., 2015] with Data from day 0. The green area shows the new
formed bone after two weeks of mechanical loading.

The differences in the Can.Dn between left and right bones (see Figure 5.9) could be an
effect of different loading because of (i) handedness or (ii) the additional in-vivo loading.
The denser network in the left bones could be caused by

1. increasing canaliculi because of osteocytic osteolysis in diameter, leading to stained
canaliculi, which would have been hardly accessible to Rhodamine before,

2. secondary network structures in the bone, that can be activated if necessary,
3. really newly formed canaliculi because of the mechanical stimulation or

4. more canaliculi because of higher loads of the more used limb.
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Figure 5.9.: Exemplary histograms of the Can.Dn in tibia cross sections. For a
more quantitative comparison than in Figure 5.7 the frequency of all Can.Dn is counted
and plotted as histograms for the bones of mouse 4 (a and b) and mouse 5 (¢ and d).
In all cross sections, the unordered region (orange bars) shows lower Can.Dn than the

ordered region (blue).
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5. Healthy bone with and without mechanical stimulation

(a) 4 ordered (b) 4 unordered

(c) 5 ordered (d) 5 unordered

Figure 5.10.: Comparison of the Can.Dn of left and right bones in the different
regions. The Can.Dn shows a similar behavior in both mice (4 and 5). The left/loaded
bone (blue) shows higher Can.Dn in the ordered region than the right/non-loaded bone
(a and c). The unordered regions show hardly any differences (b and d). In conclusion,
the Can.Dn is slightly higher in the left /loaded bone than in the right /non-loaded bone
(comparison of the whole bone).
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5.5. Mineral and matrix properties in healthy and mechanically stimulated bones

5.5. Mineral and matrix properties in healthy and mechanically stimulated
bones

The Calcium content in healthy and mechanically stimulated bones

The different regions of murine cortical bone can be identified in quantitative backscattered
electron imaging (qBEI) images. Figure 5.11b shows a cross-section of the right tibia and
and Figure 5.11a from the left tibia, which has experienced two weeks of loading. The grey
value distribution in the right bone seems quite even. There is a darker band surrounded
by lighter bands endosteal and periosteal. This observation fits to what other studies have
observed [Shipov et al., 2013, Bach-Gansmo et al., 2013]. Furthermore, the inner band
shows some very bright spots, which might be cartilage islands with high calcium content
like they are observed by Bach-Gansmo et al. [Bach-Gansmo et al., 2013]. The right bone
shows also a quite even surface, endosteal as well as periosteal, while the periosteal surface
of the left bone seems more jagged - especially in medial and posterior direction. Here, a
seam of low Calcium content can be observed. It is the newly formed bone. That this area
of young bone has a low calcium content goes together with the observation of increasing
calcium content with age [Roschger et al., 2001, Grabner et al., 2001].

There are no significant differences in the bone mineralization density distribution (BMDD)
of right and left bones (see Figure 5.11c), when the newly formed bone is taken into
account. The newly formed bone is young bone leading to a Gauss distribution of lower
calcium content. Together with the distribution of the old left bone (blue line), this results
in the broader, green curve for the whole bone.

Comparing the BMDD of ordered and unordered bone, there is also no statistical dif-
ference observable (Figure 5.12a). The difference between the observation in the maps
and the quantitave analyzation could be explained by the stronger contrast of the black
background, respectively the bright seam, to the ordered region than in the inner re-
gion. Another explanation might be, highly mineralized cartilage islands in the woven
band [Bach-Gansmo et al., 2013] with a surrounding blending in to the rest of the band.
Nonetheless, it remains to be said that the BMDD is very stable as long as bone of the
same tissue age is compared.
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Figure 5.11.: Quantitative backscattered electron imaging (qBEI) of loaded
and non-loaded bone. (a) Representative cross section of a cortex in the mid-shaft of a
loaded sample imaged with SEM in BE-mode (single images were merged to one image).
Each grey level represents a corresponding mineral content. The newly formed bone
shows a lower grey value, which goes along with lower calcium content. (b) Representative
cross section of a cortex in the mid-shaft of a loaded sample imaged with SEM in BE-
mode (single images were merged to one image). Additional maps can be found in the
appendix in Figure B.4. (¢) The lines show the average of the bone mineralization density
distributions (BMDD) of the cortical left bones with newly formed bone (light blue),
without newly formed bone (blue) and the right bones (green). Asterisks indicate a

significant difference between the linked groups (p < 0.05).
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Figure 5.12.: Quantitative backscattered electron imaging (¢BEI) of ordered
and unordered bone regions. (a) The lines show the average of the bone mineralization
density distributions (BMDD) of the ordered bone region (blue) and the unordered region
(orange). Asterisks indicate a significant difference between the linked groups (p < 0.05).
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5. Healthy bone with and without mechanical stimulation

Table 5.3.: Quantitative comparison of mineral parameters in loaded and
non-loaded cortices. Both, L. parameter and T parameter values of the ordered and
unordered bone regions show significant differences.

bone region Tmean Tmedian TFHMW Lmean Lmedian LFHMW
(nm) (nm) (nm) (nm) (nm) (nm)

ordered bone 2.68£0.60 270£008 08+0.1 200+10 21.0£1.0 5.0=£1.0
unordered bone 2.404+0.10 2.404+0.10 1.0£0.2 19.0£1.0 20.0%+1.0 5.7%+0.8
whole bone 263£006 263£008 1.0£01 2024+08 200£10 6.2+0.8

Mineral parameter properties in healthy and mechanically stimulated
bones

High resolution scanning synchrotron SAXS and WAXS are used to determine the
nanostructural patterns of mineral particle properties in the murine cortices. Figure 5.13 a
and b show exemplary maps of the T parameter distribution in the tibia cross sections.
Due to the difficult sample preparation and limited beam time, not all of the cross
sections could be measured with SAXS and WAXS. In fact, only two almost full
cross sections are measured, for the rest of samples only parts could be used, i.e. 1L
and 2R stand exemplary for left and right bones, respectively (all maps are shown in
B.5, B.6, B.7 and B.8). Both cross sections show a (blue) band of low T parameter
which coincides more or less with the area of the unordered bone. The quantitative
evaluations in Figure 5.13c and d, Figure 5.14a and b as well as Table 5.3 mirror this
observation and show that the median of the T parameter is significantly lower in the
unordered region (Tiedian, unordered = (2.4 £ 0.1)nm) compared to the ordered region
(Trmedian, ordered = (2.70£0.08) nm). The values of the L parameter show a similar behavior
(Lmedian, unordered = (19 £ 1)nm < Liedian, ordered = (20 £ 1)nm), but with a lower
difference.

Lower T and L parameter in the central, unordered bone compared to the outer, ordered
bone regions have also been observed in rat bones by [Turunen et al., 2016]. With
increasing age of the bones during bone development, both thickness and length of the
mineral particles are increasing. As bone ages during bone development and remodeling,
both the thickness and length of the mineral particles increase [Lange et al., 2011]. In the
current study, the plate like mineral particles reach T parameter values up to 3.5nm and
L parameter values close to 25 nm in mature bone. In general, length and thickness are
correlated, i.e. the longer minerals are, the thicker they are. That means, the mineral
particles are thin and short in the unordered bone region, which is a remnant bone from
rapid enchondral ossification. As a result of the slower and more ordered bone growth and
maturation, the minerals in the periosteal and endosteal areas are thicker and longer.

The edges of (old) bone show lines of lower T parameter in comparison to the inner region.
This leads to a clear border between old and new bone in the left, loaded bones. The lines
may be comparable to cement lines in human osteons seperating them from interstitial
bone. The reason for the characteristic difference to the surrounding bone can not be
answered with the used methods. It probably plays a role, however, that this layer of bone
was built up last and that it is the boundary layer to the outside. Lining cells, osteopontin
or interactions with the environment of the bone could be named as the cause of the thin
mineral particles. In contrast, in the resorption areas the edge appears blurred (see the
dotted ellipses in Figure 5.13a).
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Figure 5.13.: Comparison of mineral parameter properties of a loaded and
non-loaded bone. (a) and (b) show maps of the T parameter in the respective cross
sections. The dotted ellipses indicate regions of bone resorption. The black rectangle
shows a region with a fold in the sample. Below the T (¢, d) and L parameter (e, f) of
the ordered (pinkish) and unordered (blueish) region are compared quantitatively. The
lines smooth the observed data with a Gaussian kernel and produce a continuous density
estimate, instead of using discrete bins. Both, T and L parameter show lower values for
the unordered region than for the ordered region.
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Figure 5.14.: Quantitative comparison of L and T parameter in ordered and
unordered bone region. Both, L and T parameter show lower values (a, c) but broader
distribution (b, d) in the unordered region than in the ordered one. Both, T and L
parameter show significant differences (indicate with asterisks). Note: Differences between
unordered and ordered regions were assessed using a paired T-test, p value less than 0.05
was considered significant.

All samples show also double (red) lines of high T parameters at the lateral side (at the edge
of old bone) as it can be seen in Figure 5.15b. These special features could be caused by the
special mechanical needs on this side [Statnik et al., 2020]. Comparing to Figure 5.8 as well
as [Razi et al., 2015, Main et al., 2020] the bending pattern is changing from compression
on one side and tension on the other side due to bone curvature. Former studies have
also observed bigger particle sizes in the cranial cortex of horses and explained this by
lower remodeling of the bone in this area and therefore higher maturity of the minerals
[Fratzl et al., 1996a].
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Figure 5.15.: Comparison of calcium content (top image), LCN (middle image),
and T parameter (lowest image) of (a) medial and (b) lateral bone region.
The medial side (a) shows several features, including ordered and unordered bone region,
newly formed bone (endosteal and periosteal) and also a region of resorption on the left
endosteal corner. The lateral side (b) exhibits red double lines in the T parameter (lowest
image), which are also mirrored in the other maps.

5.6. Relationship between mineral properties and topology of the lacuno-
canalicular network

Most of the properties described in the last chapters are linked to one another. In order to
compare the different bone properties with each other, it is important that all parameters
use the same coordinations. For this purpose, the resulting maps of all measurements have
been superimposed to each other (see chapter 4.6) and are evaluated with a resolution of
8 nm, if not mentioned differently. Regions like the fold in Figure 5.13b are taken out of
the evaluation.

The unordered bone region is known as quickly grown bone, where the collagen bundles do
not show long range orientation but are rather interwoven [Weiner and Wagner, 1998]. As
mentioned before, the region is easy to identify in the CLSM image because of its lack of
organization compared to the ordered region with a well aligned network (see for example
Figure 5.15a). There is also a reduced number of canaliculi and lower values of the T
parameter compared to the environment (blue and violet pixels compared to yellow and red
ones in the ordered region). That is, because the unordered region serves as a scaffold for
the later bone formation [Kerschnitzki et al., 2011a]. At the same time, the distribution of
the cell processes is based on the topographical information of the surrounding matrix
[Dunn and Heath, 1976] and guides again the orientation of later deposited extracellular ma-
trix fibers [Wang et al., 2003, Lamers et al., 2010]. This consistent feedback between cells
and their environment leads to better coordinated structures [Kollmannsberger et al., 2017].
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5. Healthy bone with and without mechanical stimulation

Cartilage islands in the unordered region are shown as areas without stained canaliculi and
high grey values in qBEI images. In contrast to the observations of [Turunen et al., 2016]
in rats, no general trend of the L and T parameter at the cartilage islands could be identified.

The newly formed bone in the loaded bone has a lower calcium content, but T (and L)
parameter values are similar to the average values in the ordered regions. This means,
the new bone formation occurs without a phase of woven bone [Checa et al., 2015],
probably because of a regulation of the homeostasis by the osteocytes and their network
[Krempien et al., 1976, Blaber et al., 2013]. While most of the LCN is over-stained in the
newly formed bone after Rhodamine staining, because of low mineralization, there are some
canaliculi connecting old and new bone. However, former investigations have observed a
dense network [do Aido, 2015]). Therefore, it could be assumed as efficient for transporting
ions and other substances, which again could be responsible for the fact that the newly
formed tissue has a similar quality to the normally formed tissue, even if it was formed faster.

The red double lines of the T parameter (see Figure 5.13 and 5.15b), can be observed by
changing grey values, i.e. changing calcium content at the same area in the qBEI images.
The region is characterized by an ordered network. Additionally, the areas exhibit high
Can.Dn (see Figure 5.7), increasing high flow velocity [Van Tol et al., 2020] and changing
bending pattern from compression to tension (see Figure 5.8 and [Main et al., 2020]).
As mentioned in chapter 5.6, load-induced fluid flow has been proposed to provide
the mechanism for mechano-sensing [Klein-Nulend et al., 1995]. This may explain the
increased remodeling activity and bone adaptations not only the new bone formation in
this area but also growth of the mineral crystals [Turunen et al., 2016].

To evaluate the correlation of the calcium content and the canaliculi density, Roschger et
al. have introduced the so-called SLOPE, which is equal a parameter equal to the slope of
the linear regression of a calcium content vs Can.Dn plot [Roschger et al., 2019] (see also
chapter 4.7). Exemplary plots of a left and a right bone of the same mouse can be seen in
Figure 5.16 (the other diagrams can be found in Figure B.9 and B.10). In contrast to
the former observations in human osteonal bone, the observed values of the SLOPE are
rather small and in the unordered region slightly negative, but definitely higher than the
theoretical estimation due to the porosity of the LCN and the estimated reduction of the
calcium content [Roschger et al., 2019].

In the ordered region the SLOPE changes to higher, positive values. Additionally, mice
4 and 5 show lower SLOPES in the right than in the left limbs(SLOPEg;dered, loaded=
0.74 wt%Ca/(ppm/pm?), SLOPEogrdered, non-loaded=0.74 wt%Ca/(um/um?)). That indi-
cates, that in loaded tibiae more mineral is put into interim storage in the LCN of the
ordered region. Here, more bones have to be evaluated to explain the reasons. Positive
SLOPEs could be caused by an improved transport due to the denser network and
better access to the mineral reservoir [Roschger et al., 2019]. Another possibility is
that the porosity of the LCN is compensated by the locally increased calcium content
[Roschger et al., 2019]. In summary, the networks are not only structurally different
(arranged / disordered) but may also function differently.

Reznikov et al. observed that canaliculi in humans are mainly localized in narrow regions
of loose, disordered collagen packs [Reznikov et al., 2014a, Reznikov et al., 2014b]. Such a
disordered arrangement of collagen fibrils could explain local hypermineralization. This fits
with the hypothesis that regions around canaliculi (zone of influence) may have stored
more or less minerals. This finding of a systemic storage of calcium in relation to the
LCN thus complements the work of Hesse et al. who used a high-resolution method

64



5.6. Relationship between mineral properties and topology of the lacuno-canalicular network

5L

5R

whole bone ordered region unordered region
30 -
— —_ ~28
o o o
Q 7 S
o = b
S z 3%
€ € €
@ @ [
; 3 € €24
Q Q Q
o o o
3 S 3
22
20
0.0 0.2 04 06 0.0 0.2 0.4 06 0.0 0.2 04 0.6
Canalicular Density (um/um?3) Canalicular Density (um/um?) Canalicular Density (um/um?)
) ) T
Q (8] Q
* = B
Z E 2
= € e
2 2 2
c c c
8 8 8
] o o
o o o

0.0 0.2 04 06 0.0 02 0.4 06 0.0 0.2 04 06
Canalicular Density (um/um3) Canalicular Density (urn/um3) Canalicular Density (um/um3)

Figure 5.16.: Evaluation of the correlation between canalicular density and
calcium content within the cortices of one mouse. Each data point corresponds to
a CSLM and qBEI measurement on the same subvolume of edge size 7.37 pm, where the
subvolumes cover the whole cross-sectional area of the cortex (left), regions of ordered
network (middle) and unordered network (right) (see Fig. 5.2). The white lines display
linear regression of the data.

Figure 5.17.: Boxplots of the SLOPES (wt%Ca/pm/pm?) for the different bone
regions. The line corresponds to the median, while the boxes show the range between
25% to 75% percentile and the whiskers the whole data range) of the SLOPES for the
different bone regions (whole cortex, regions of ordered network and unordered network).
The data are based on the evaluation of four left and two right cortices following the
evaluation procedure shown in 5.16.
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5. Healthy bone with and without mechanical stimulation

to image the immediate vicinity of the canaliculi in the osteonal and interstitial bones
[Hesse et al., 2015]. They found a spatial dependence of the mineral content on the distance
to the canaliculus with the highest mineral content in the vicinity of the canaliculus. By
combining these two studies, which characterize mineral heterogeneities in bone on two
different length scales, and the measured results of this work, suggest that the proximity
of the canaliculi could be used by the osteocytes as an easily accessible mineral source.
Osteocytes would then change the pericanalicular matrix by depositing or resorbing mineral,
depending on the homeostatic mineral requirement, and the additional calcium loading
of the network could be interpreted as the filling amount of a mineral reservoir. The re-
sults obtained seem to be characteristic of the individual systemic conditions of the organism.

The comparison of Can.Dn vs. calcium content has shown interesting results. Therefore,
one of the objectives of this work was to look for correlations of other parameters. Because
of very individual behavior of the different bone properties from mouse to mouse and
different amounts of measured samples and points, density plots comparing the measured
parameters are difficult to compare directly. Instead, the median values of each measured
parameter of the individuals are compared with Pearson’s correlation coefficient (see
Figure 5.18). The range of correlation coefficients is -1 to 1. If the absolute value is exactly
1, the linear equation describes the relationship between X and Y perfectly, meaning that
all data points are on a single line. The correlation sign is determined by the regression
gradient. A value of +1 means that all data points are on the line where Y increases with
increasing X, and vice versa for 1. A value of 0 means that there are no linear dependencies
between the variables.

Several studies have shown already, that the organization of the osteocyte network
reflects the matrix organization and, to some extent, even the mineral properties in
the submicron range [Kerschnitzki, 2012, Roschger et al., 2020, Turunen et al., 2016].
Figure 5.18 shows even more, that the bone properties of different hierarchical levels
correlate quite strongly. The correlation of Can.Dn and L parameter is particularly
noticeable, meaning the higher the median of Can.Dn is, the lower is the expected L
parameter. Though hardly any differences in the BMDD of the different bone regions are
observable, Caedian is correlated with the morphological bone parameters (Figure 5.18b).
Since the periosteal perimeter and the bone volume might have a strong relation to the
stiffness of the bone itself, it is not very surprising, that these values also show high
interactions to the different parameters. Taken these results into account, it should be possi-
ble in the future to predict bone properties based on small numbers of simple measurements.

Although the overarching goal of this work is to better understand the processes in the
bone, it is only possible to observe the coincidence of different properties and whether
these show a dependency or correlation with one another. A phenomenon that has been
observed several times gives reason to assume that there could be a connection between
these events. However, the temporal and spatial coincidence of two events does not
establish a causal relationship. Whether there is a connection between the two, and if so,
which of the two events is the cause and which is the effect, or whether events are jointly
the result of a third event, cannot be deduced from this. Finally, correlation alone cannot
be used as evidence of a cause-and-effect relationship between a treatment and benefit.
To draw more detailed conclusions on specific mechanisms in bone, further studies and
analyzes beyond correlations must be performed. Nevertheless, assumptions can be made
and existing hypotheses can be confirmed.
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Figure 5.18.: Pearson s correlation coefficient for comparison of bone prop-
erties. The range of correlation coefficients is -1 (blue) to 1 (green), whereby the sign
indicates the regression gradient. For better visualization a temperature scale has been
choosen. Thereby, a darker color goes together with higher value of the coefficient and
therefore stronger correlation.
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5. Healthy bone with and without mechanical stimulation

This chapter raised questions regarding the differences between bone regions with different
degrees of organization, which can be answered in short by: An unordered LCN goes
together with lower T and L parameter, while the ordered bone regions exhibit increased
mineral parameters. Across the transition zone of the bone regions, there is continuous
transition of mineral length and thickness. Qualitative observations also show a continuous
increase in canaliculi density and degree of orientation of the LCN in general.

The LCN of newly formed bone after mechanical stimulation is only connected to the
older bone by a few channels. While the calcium content in the newly formed bone is
significantly lower than in the older bone, the L and T parameters are very similar in both
regions. Although, a line of lower T parameter values separates both regions and precludes
a smooth transition.

The approach of correlating several parameters describing various structural characteristics
has been applied successfully to identify the following most relevant insights: (i) the
calcium content depends more on the age of the tissue and the form of the bone,
than on other micro-structural characteristics, (ii) the T parameter relates to the or-
ganization of the network, while (iii) the L parameter has a strong correlation to the Can.Dn.

This study calls for the hypothesis that there is a mineral reservoir around the canaliculi
that can be actively manipulated by osteocytes in order to make a quickly accessible
contribution to mineral homeostasis.

The hypothesis that loading influences bone properties has to be confirmed with more
samples. Nevertheless, the regions of high load go together with higher Can.Dn as well
as higher L and T parameter. Higher SLOPES and higher Can.Dn indicate a difference
between left and right bone or loaded and non-loaded bone.
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6. Heterogeneity of bone tissue types in
healing bone

The results presented in this chapter are already published in [Schemenz et al., 2020] and
figures and parts of the text are taken from there.

6.1. Objectives

During the healing process after a fracture, a large amount of bone is formed via multiple
steps including formation of mineralized cartilage and bony callus (see chapter 2.2.4).
Hence, there are two special bone-bone interfaces developing. The first interface evolves
between the fractured cortex and the newly built callus. The second interface appears
within the callus, where the tissue organization changes from a less ordered arrangement to
a more ordered one, which may arise from differences in the strains sensed by the osteocytes.
To identify mechanisms that guide the formation of different tissue types, mineral particle
properties are characterized depending on their proximity to different density or orientation
characteristics of the LCN. The objectives of this chapter are investigating (i) the structural
characteristics of the main tissue types in healing bone: cortical bone, bony callus, calcified
cartilage, (ii) the behavior of these characteristics when passing one of these interfaces, (iii)
the spatial correlations between the lacuno-canalicular network (LCN) and the mineral
nanostructure of the bone matrix to study the role of osteocytes in the mineralization
processes.

6.2. Measurement procedure

Six female, skeletally mature (26 weeks) C57BL/6J mice (Jackson Laboratory, Bar Harbor,
Maine, USA) have undergone an osteotomy at the mid-diaphysis of the left femur like
it is described in chapter 4.1.1. One littermate without operation served as control. 21
days after the osteotomy, the mice are euthanized, the femora are dissected and the
external fixator is removed. Then, the bones are put directly in 70 % ethanol solution. The
animal experiments are carried out according to the policies and procedures approved
by the local legal research animal welfare representative (Shriners FACC 2016-7821).
Afterwards, the femora are dehydrated, stained and embedded in PMMA as described in
chapter 4.2. Here, the obtained PMMA blocks are cut in longitudinal direction into two
halves. Therefore, it is possible to study cortical bone regions and different states of the
callus at once. As shown in Figure 6.1, one half of the blocks are polished, imaged by
CLSM to examine the architecture of the LCN. Later, the same blocks are measured with
gBEI. Furthermore, this block is imaged with synchrotron-based phase contrast enhanced
micro-computed tomography (uCT) at the beamline ID19 at the European Synchrotron
Radiation Facility (ESRF). The other halves are cut into slices along their longitudinal
axis with a microtome (Leica SM2500S and Leica VMH 400 knife, Nussloch, Germany)
and polished (PM5 Logitech, Glasgow, UK). These 5 pm thin slices are used for SAXS and
WAXS experiments.

Since not all of the examined bones have formed a callus or even a bridging, the following
chapter concentrates on those three samples which did. In the following they will be
called mouse femur (MF)1, 2 and 3. The healing process could be influenced by surgery
and debris from the Gigli saw, leading to increased inflammation [Wataha et al., 2001].
The heterogeneity of healing may also be influenced due to interfragmentary movement,
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Figure 6.1.: Sketch of preparation of healing bone samples. After embedding
in PMMA, the osteotomized samples are cut longitudinal into two halves. One half
is polished and used for confocal laser scanning microscopy (CLSM) and quantitative
backscattered electron imaging (qBEI) measurements, while the other half is cut into
slices. The first slices are measured with small angle X-ray scattering (SAXS) and wide
angle X-ray scattering (WAXS). The following slices are stained and analyzed histological.
The figure is taken from [Gjardy, 2017, p. 22] with permission from André Gjardy.

which is affected by the stress on the operated limb from gravity, muscular forces and the
fixation stiffness. The activity of the mice have not been measured, but within the study
all factors should have been similar. Nonetheless, other studies with better healing results,
i.e. bridging of the osteotomy, show comparable features to the samples in this study
[Hoerth et al., 2018, Kruck et al., 2018, Rontgen et al., 2010]. It is therefore assumed that
the structural features discussed are representative of the respective tissue types. Future
studies with the same osteotomy model in skeletal mice have been performed with an
extended healing time of an additional week, i.e. 28 days instead of 21.

6.3. The heterogeneous lacuno-canalicular network in healing bone

Figure 6.2 shows an overlay of qBEI measurements with results of the CLSM from the
LCN for different regions. MF1 [i] shows a large area of the osteotomy gap. A large part of
the cartilage area appears completely colored here. This can have various causes: On one
hand, rhodamine not only stains soft tissue and bone surfaces, but also weakly mineralized
tissue. On the other hand, the strong straining could also be explained by a the cartilage
canals in the connective tissue containing blood vessels. Blood vessels transport fibroblasts
and chondroclasts and are therefore important for the development, growth and resorption
of cartilage [Hall, 2015, Shipov et al., 2013]. However, regions without any staining can
also be found in MF1 [i]. By comparing them with ¢BEI measurements, these regions are
identified as cortex fragments (marked with CF in Figure 6.2) that have been separated
from the cortex throughout the osteotomy. The lack of a stained network may be caused
by a surface sealed with osteopontin secreted by macrophages and osteoclasts to inhibit
extracellular bone resorption or phagocytosis [Dodds et al., 2009, McKee et al., 2011].
Similar areas without staining can also be identified in the bony callus, which have a
particularly high calcium content (indicated by black asterisks), whereby the surrounding
area of these mineralized islands is less stained than the rest of the bone.
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6.3. The heterogeneous lacuno-canalicular network in healing bone

Figure 6.2.: Visualization of the lacuno-canalicular network and the surround-
ing matrix in healing bone. On the left side, there are two overview images showing
qBEI measurements of two osteotomized femora after three weeks of healing. In qBEI the
grey level indicates the calcium content (lighter grey means more calcium). The other
images show the LCN measured via CLSM in selected regions, which are indicated in
the overview pictures. The LCN is stained red to mirror its staining with rhodamine.
Osteocyte lacunae (yellow asterisks) and vascular channels (V) appear red or are sur-
rounded by a red line depending on their size. For better interpretation, gBEI and CLSM
z-projections are stacked. MF3 I depicts an interface zone between the cortical and
endosteal callus regions. While MF1][i] demonstrates several kinds of mineralized tissue,
including cortical region (Co), bony callus, calcified cartilage and cortex fragments (CF).
MF1 [ii] is showing a callus structure region including mineralized islands (black asterisks).
Figure from [Schemenz et al., 2020] with permission from Elsevier.

The architecture of the LCN in the cortical region differs from that in the callus (see
Figure 6.2 MF3 [i]). The lacunae of the cortical region appear as elongated ellipsoids, whose
longest axis is aligned with the long axis of the femur. The canaliculi are mainly aligned
perpendicular to it and appear to be thinner than in the callus. In contrast, the LCN in the
callus (Figure 6.2 MF1 [ii] and MF3 [i]) appears to be arranged rather randomly. The callus
also seem to have more lacunae than the cortex, but a lower number of connecting canaliculi.
Whereby the canaliculi run mainly radially from the vascular canals (marked with V) or from
the lacunae (yellow asterisks) connecting other lacunae, without any preferential orientation.

At the interface between the cortical and callus regions there are vascular canals and areas
with a high calcium content. Some canaliculi actually connect the cortical region with the
callus region (see Figure 6.2 MF3 [i]). They may mediate between the injured bone matrix
and the lamellar bone during ossification [Kusuzaki et al., 2000].
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Figure 6.3.: Lacunae number density vs. average lacunar volume from pCT
data using the evaluation approach with cubic subvolumes. Analysis of individual
subvolumes distributed throughout the imaged bone volume (cortex and callus). The
orange crosses correspond to average lacunar properties from cubes in the callus and the
blue circles from cubes in the cortex, respectively. The dashed lines indicate the mean value
of the respective bone type. Figure and description are taken from [Schemenz et al., 2020]
with permission from Elsevier.

6.4. The morphology of lacunae in different tissue types of healing bone

The average lacunar density of the callus (Le.N/TV = 100 10°/mm) is 34 % higher than in
the cortex (= (73 £ 15) - 103 mm~3 (Figure 6.3). The value for the cortex is higher than
older reported values for bones in rodents [Mader et al., 2013, Voide et al., 2011]. The
lacunar properties in callus tissue have not been further studied, but Hernandez et al. also
have found the higher lacunar density in callus tissue areas compared to rat cortical bone
with two-dimensional data from CLSM measurements [Hernandez et al., 2004].

The change in lacunar density could be due to increased osteoblast activity in the early
stages of the bone healing process compared to the intramembranous growth process of the
cortex [Hernandez et al., 2004]. Therefore, high lacunar density, i.e. high osteocyte density,
as found in woven callus bone, has the potential to promote tissue removal and replacement
with lamellar bone with lower cell density [Vashishth et al., 2002]. The number of osteo-
cytes can be an indicator of the rate of bone turnover [Cane et al., 1982, Qiu et al., 2002]
and may explain the transient nature of callus. Moreover, a greater number of osteocytes
may be associated with the functional adaptation required by stress stimuli, what is
also in line with the hypothetical contribution of osteocytes to bone matrix maintenance
[Barros et al., 2009].

The average lacunar volume in the cortex (<Lc.V> =151pum?) tends to be lower
[Mader et al., 2013, Voide et al., 2011] or in a similar range [Tiede-Lewis et al., 2017] as
previously reported values. Several studies show a decrease in the lacunar volume of
osteocytes with increasing age, which can be combined with an age-related decrease in
lacuna size [Tiede-Lewis and Dallas, 2019]. It has also been reported that the lacunar
volume in rat bone [Hemmatian et al., 2018] and in human bone [Milovanovic et al., 2017]
decreases with age. Although the mice in this study are older (26 weeks) than the mice
in the mentioned studies (~ 16 weeks), the effects of aging are insufficient to explain the
systematic difference in lacuna size.
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Figure 6.4.: Visualization of the lacuna parameters after the measurement
by synchrotron-based phase contrast yCT. The oblateness of the lacunae (Lc.Ob)

in relation to the lacunar volume (Lc.V) in the cortical area (a) and for the callus (b).

Lacunar stretch (Lc.St) plotted against oblateness in the cortical region (e) and for the
callus (f). The corresponding plots for the transition zone between cortical and callus
regions are shown in (c), (d) and (g), (h), respectively. These results are compared with
the lacunar properties for the cortical (c,g) and callus regions (d, h) near the interface
between the two tissue types (see Figure 4.4). The dashed line denotes Lc.Ob equal to
zero. Each white dot in the diagrams corresponds to one lacuna. For better understanding,
the scatterplots are underlaid with a density diagram, where lighter colors mean a higher
density of the measured points. The resulting surfaces highlight possible dependencies
of the various parameters. Additionally, the drawn ellipsoids illustrate the stretched or
roundish shape of lacunae (a, e). The The figure is taken from [Schemenz et al., 2020]
with the permission from Elsevier.
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Table 6.1.: Lacunar properties in cortex and callus. Mean value and standard
deviations of the lacunar volume (Lc.V), the lacunar stretch (Lc.St), lacunar oblateness
(Lc.Ob) and lacunar density (Lc.N/TV) are reported. Entries marked with a, b, ¢ and d
are significantly different . Hereby, (a) means the values are significantly different between
cortex and callus within the tissue, (b) between cortex and callus at the interface, (c)
between the cortex within the tissue and at the interface, (d) between the callus within
the tissue and at the interface. The significant difference is tested by Welch's-tests for
all. Here, all comparisons show either p<0.001 or no significance at all. In total, 4007
lacunae have been analyzed.

Within tissue At the interface
Cortex Callus Cortex Callus
Le.N(#) 1152 1544 496 815
Le.V (pm)g,p,c.d 151 £ 55 291 £ 177 197 £ 93 327 £ 187
Lc.Obg ~0.16+£0.37 —0.25+0.40 —0.224+0.39 —0.26 & 0.41
Le.Stape 0.80+0.06 0.7240.11 0.76+0.09 0.7140.11
Le.N/TV (10°/mm) g 73+15 100419

The lacunae in the callus (<Lc.Vegus>= 290 um?) are 40 % larger than in the cortex
(see Figure 6.3 as well as Figure 6.5a and b). Lacunae larger than 400 pm are found
almost exclusively in bony callus. In addition, the analysis shows that lacunae of
the cortex near the transition zone are larger than the reference values (197 pm? (see
Table 6.1 and Figure 6.4c in comparison to Figure 6.4a). The same applies to the
lacunae volume in the callus near the interface (<Lc.V>=327 pm3 ) (see Figure 6.4b and h).

It has been suggested that osteocyte size and associated voids correlate with the size of
osteoblasts before they differentiate into osteocytes, see [Boyde, 1980], as well as their
deposition rate [Buenzli, 2015]. This would explain the bigger lacunae in the fast deposited
callus. Furthermore, it has been reported that callus stiffness is only 60 — 70 % of cortical
stiffness [Hoerth et al., 2018, Manjubala et al., 2009]. At the same time, the present data
show a 34% higher lacuna number density and 40% larger lacunae in the cortical region
compared to the cortical region. It can therefore be assumed that the density and volume
of the lacunae have an influence on the respective mechanical properties, as Yeni et al.
[Yeni et al., 2001] showed earlier.

In the cortex the lacunae tend to have a rod-like shape (< Lc.Ob > opter = —0.16 £ 0.37).
Lacunar volume (Lc.V) (Figure 6.4a) and the lacunar stretch (Figure 6.4e)
(<Le.St>corter = 0.80 £+ 0.06) show low variability. In contrast to the observa-
tions by Bach-Gansmo et al. in rats, there are no significant differences in the
lacunar parameter between the central, unordered bone and the outer lamellar band
[Bach-Gansmo et al., 2015]. Lacunae in the callus seem to show more variety in sizes and
shapes, i.e. the data spread much more in Figure 6.4b and f compared to a and e. More
specific, the lacunae of the callus are more roundish (<Lc.St>qius = 0.72 £ 0.11) (Figure
6.4f compared to the cortex 6.4e) and more prolate (<Lc.Ob> qus = —0.25 £0.40) (Figure
6.4f) compared to the cortex. The interface between cortex and callus cannot be identified
without the information on the x-axis of the diagram, for the oblateness(Figure 6.5 b).
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Figure 6.5.: Behaviour of lacunar volume (a) and lacunae oblateness (b) at the
cortex-callus interface. The location of the interface is indicated by a black dashed line.
To the left of this line (negative distances) is the cortex, to the right (positive distances)
is the bony callus. The blue dashed lines mark the respective reference values for Lc.V
and Lc.Ob. Each point corresponds to an evaluated lacuna and the scale represents the
density of those points. The denser the points, the brighter the region is represented.
The comparison of the lacunae parameters, shows that the lacunae in the transition zone
between the cortical region and callus (VOI of Figure 4.4b, c) differ from the reference
values, which indicates an interaction of the two different tissues.

There is evidence that the lacunar shape reflects the shape of osteocytes [Vatsa et al., 2008]
and that more rounded osteocytes could be more mechanosensitive [Bacabac et al., 2008].
Finite element models show that the perilacunar environment is directly related to
stress in osteocytes and that reduced lacunar size leads to decreased mechanoreaction
[Kola et al., 2020]. These observations fit to the presented results of different shapes in
cortex and callus and the differences of their mechanical properties found in other studies
[Hoerth et al., 2018, Manjubala et al., 2009).

6.5. Development of mineral particle properties

The nanostructural properties of the mineral particles are characterized using high-
resolution synchrotron SAXS and WAXS. With the measurements from the beamline ID13
at the ESRF, color maps can be created that show the thickness and length (T and L
parameters) and the degree of their orientation (p parameters) and the c-lattice parameters
over the different tissue types in the healing bones spatially resolved. Figure 6.6 and
Figure 6.7 show the measurement results for sample MF1 as an example, but the following
observations apply to all three samples examined. Comparing these maps (see Figure 6.6)
with the previous measurements shows that the different tissue types also have different
nanostructure properties.

In the cortical tissue, the mineral particles are long (<Lcopter>= 24.36 &+ 2.93 nm), thick
(<Tecortex > = 2.86 £0.26 nm), relatively strongly oriented (<pcortez>= 0.5) and have a
high lattice parameter ( <ccortez>= 6.822£0.006 A). It should be noted, however, that the
crystal length (L-parameter) measured here with WAXS has lower values (~ 15-25 nm) than
with electron microscopic determination [Ascenzi et al., 1965, Boyde and Jones, 1998] .

Compared to the cortical tissue, the mineral particles in the regions of the bony

callus mass are thinner (<Ti,uus>=~ 2.50nm) and shorter. They also show a lower
degree of orientation (<peayus> = 0.37), which is often observed in woven bones
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Figure 6.6.: Overview maps of synchrotron small and wide angle X-ray
scattering (SAXS/WAXS) measurements in healing bone. All images are from
the same sample MF1 shown in the light microscopic image (a). The combined SAXS and
WAXS measurements were taken at the marked position between the fracture ends so
that all tissue types are imaged. The mean mineral particle thickness (T parameter) (b),
degree of orientation (p parameter), c-lattice parameter (¢) and the length L of the crystals
(e) are color-coded for each measuring point. This is shown in (d). The measurement
points that do not contain enough mineral to provide a sufficient X-ray scatter signal are
shown in grey. The cortex of the original bone is marked in the upper left corner from
Each map. Underneath is mineralized cartilage, part of which is marked by the white line.
From the callus, the regions in the white circle are considered, as features such as tissue
and lamellar bone can be observed here. The figure is taken from [Schemenz et al., 2020]
with permission from Elsevier.

[Hoerth et al., 2018, Kerschnitzki et al., 2011a, Kerschnitzki et al., 2011b]. These woven
areas form relatively quickly at an early stage of mineralization and presumably serve as a
scaffold for the deposition of more ordered, lamellar bone [Kerschnitzki et al., 2011b].

The enveloping lamellar areas in the callus bone show a higher degree of orientation
but thinner mineral particles (7" < 2.4nm), which is consistent with the observations of
Hoerth et al. [Hoerth et al., 2018]. The regions around the lacunae, on the other hand,
already show thicker minerals (T greater than 2.9 nm) (see also Figure 6.8). This change
in shape could contribute to the stiffening of the mineralized tissue as healing progresses
[Hoerth et al., 2018, Manjubala et al., 2009].

In the calcified cartilage, the mineral particles are poorly oriented <pcartitage™>= 0.22) and
thin (<Tiartitage>~ 2.17nm. However, the thickness and mineral length increase in the
transition zone to the bony callus 18.70 nm.

In the transition zone from callus (young bone) to older cortical tissue, the mineral

particle dimensions increase (Figure 6.7). This fits with previous observations that the
length and thickness of the mineral particles in mice increases with the age of the animals

76



6.5. Development of mineral particle properties

a) b)
£ E
E E
3 8
@ @
E E c-lattice
i o
@ © parameter (A)
(=% o
B A 6.838
6.833
6.828
15 20 25 30 35 4.0 ; g 25 30 L
T-parameter (nm) T-parameter (nm) 6.819
c) d)
3 E
& e
g &
@ ©
E E
o @
m )
R 2
= | - |
1.5 20 25 3.0 35 4.0
T-parameter (nm) T-parameter (nm)

Figure 6.7.: Correlations of mineral particle properties measured with wide
and small angle X-ray scattering (WAXS and SAXS) in different bone types.
The different types of bone (the entire area (a), cortical tissue (b), calcified cartilage (c),
bony callus (d)) in the healing bone can be identified using the crystal properties (L:
crystal length; c-lattice parameters: crystal lattice spacing; T: particle thickness) clearly
differentiate from each other. The areas correspond to those drawn in figure 6.6 of MF1.
The number from Evaluated points (n) and the average values of the crystal properties are
displayed in the top left of the respective diagrams. Figure from [Schemenz et al., 2020]
with permission from Elsevier

[Lange et al., 2011]. While the T parameter and the c-lattice constant increase from
calcified cartilage to bony callus, the length of the mineral crystals remains predominantly
in a small range around 19nm, which corresponds to the crystal size of fetal bone
[Lange et al., 2011] corresponds. This may indicate that the mineral particles first become
thicker and later longer [Hoerth et al., 2018].

In the transition zone from the callus to the cortex, a continuous increase in the c-lattice
constant can be observed. A similar observation is also identified at the mineralization front
of osteonal remodeling in human bone. There the lattice constant at the mineralization
front is smaller than in the volume tissue [Roschger et al., 2020]. In human teeth, too, the
decrease in the c-lattice parameter from the outer (cementum) to the inner (pulp) regions
was observed. At the same time, a decrease in the apatite-carbonate content was found,
which is interpreted as a function of root maturation [Forien et al., 2015]. Transferred to
the present healing fracture specimens in this study, younger callus and cartilage regions
have lower carbonate content compared to the older cortical bone regions. In addition,
changes in lattice constants can also be caused by inclusions of trace elements and hydration.
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Figure 6.8.: Comparison between T parameter (a), calcium content, super-
imposed with z-projection of LCN (b) and p parameter (c). The color maps (a)
and (c) show the same position in the MF1 sample. (b) is from the same sample, but a
slightly different sample volume. The black arrows indicate the presumed location of the
osteocyte void.

6.6. Correlation of LCN architecture and surrounding bone matrix

The fracture healing model examined here features different tissue types within a relatively
small sample volume. This not only allows the characterization of cortex, bony and soft
callus, but also their interfaces and transition zones between tissues (as shown in Table 6.2).
This makes it possible to discuss mechanisms of how the different tissue types develop and
how they are structurally related.

Cortical bone areas show comparable features to earlier studies, namely high min-
eral particle thickness and degree of orientation together with an organized LCN
[Kerschnitzki et al., 2011b, Hoerth et al., 2018]. In the callus, the mean lacunar density
(<Le.N/ TV> ~ 100 - 103mm 2 and the mean lacunar volume (Lc.V = 290 pm?) are both
significantly higher than in the cortical region, while the mineral particles are smaller and
poorly oriented.

The volumes of the lacunae (Lc.V) approach each other within the transition zone from
cortex to callus, but there is no clear transition (cortical region near interface: 197 493 pm?;
callus near interface: 327 + 187 pm?) (Figure 6.5a). In contrast, the oblateness of the
lacunae shows a continuous decrease across the interface (Figure 6.5b). The particle
thickness and the calcium content also decrease towards the cortical edges, which Liu et al.
also observe [Liu et al., 2010]. One reason for this could be that osteocytes remodel, more
specifically dissolve, parts of the cortex around them to provide calcium and phosphate for
mineralization of the newly formed callus. A similar effect is observed during lactation
in mice [Qing et al., 2012]. In addition, several studies have also found a decrease in
stiffness with decreasing distance from the osteotomy [Hoerth et al., 2014] and the callus
[Preininger et al., 2011].

The calcified cartilage islands within the bony callus(see Figure 6.2, MF1 [ii]) and exhibit
a positive correlation between T and p parameter as well as a relatively high calcium
content. Lacunae located around these islands connect only to a few canaliculi.

Calcified cartilage plays an important role as an interface between two materials of very
different stiffness, bone and unmineralized cartilage. The cartilage serves as the initial
stabilization of the fracture. Later, the cartilage transforms into bone through endochondral
mechanisms. In the examined tissue, the calcified cartilage shows a very heterogeneous
calcium content, and the mineral particles are small and rather randomly arranged compared
to the other tissue types. These characteristics indicate that the mechanical competence of
this region differs from that of other mineralized regions.
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Table 6.2.: The main structural features of the different bone types in healing
bone as shown by the corresponding techniques.

Tissue Cortex Transition Zone Bony Callus Mineralized
(cortex to callus)  woven-like lamellar Cartilage
Method
heterogenous
Ca-content,
high
mineralized lower
high, decreasin islands Ca-content stronel
qBEI homogeneous & Ca-content than in gy
Ca-content . heterogeneous
Ca-content (very low woven like
up to region
highest
detected
Ca-values)
elongated
lacunae
more (arranged)
along . randomly S
. tilted lacunae, canaliculi at ..
bone axis, . arranged LCN, red staining
CLSM A few connecting edges and .
canaliculi run . low number of across tissue
. canaliculi L around vascular
mainly canaliculi channels
perpendicular
to bone axis
very well harmonization
CT defined of lacunar broad distribution of lacunar
1 lacunar properties of properties
properties cortex + callus
lower lacunae in eeneral:
density and L senerat . .
LeV increasing Lc.V, higher density and Lc.V
corh ared to but random compared to callus
calhfs value distribution
more
oblate decrease of more
lactnae oblateness prolate lacunae
edges:
low T,
relatively high  higher p and L
SAXS / high lower T, p, L T.’ l.ow P L compared low T, p and L
WAXS T, p, L, d similar to to woven
cartilage

around lacunae:

high T, high p
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7. The effect of the Marfan syndrome on
murine long bones

7.1. Objectives

Mutations in the fibrillin-1 (Fbnl) gene cause several disorders in the connective tissue.
Typical skeletal symptoms are long bone overgrowth, arachnodactyly, loose joints
and more generally spoken a low bone mass, a low bone mineral density (osteopenia)
[Kohlmeier et al., 1995, Carter et al., 2000, Moura et al., 2006] and increased fracture
risks [Folkestad et al., 2021]. A recent study also showed that individuals with Marfan
syndrome (MFS) also have inferior bone microstructure and lower volumetric BMD
compared to healthy control individuals, assessed using high-resolution peripheral
quantitative computed tomography [Folkestad et al., 2020] (see chapter 2.3 for more
background information).

Together these data suggest that Fbnl plays a major role in regulating skeletal
homeostasis.  Especially the osteopenia could be explained by an imbalance in
the coordinated interplay of resorbing osteoclasts and bone forming osteoblasts.
However, the origin of this imbalance could not be clarified yet. While the
roles of osteoclasts [Tiedemann et al., 2013, Nistala et al., 2010b] and osteoblasts
[Nistala et al., 2010b, Nistala et al., 2010c] in MFS has been topic of different investiga-
tions, the role of osteocytes is not known yet. Therefore, this chapter is characterizing the
correlations of the bone material properties and architecture of the LCN in the severly
affected Fbn1™97/™9" mice compared to healthy littermates.

Different symptoms seem to be linked in Marfan syndrome, so there is a positive and
significant correlation between body growth in infancy and adolescence and aortic dilation
[Vetter et al., 1990]. The tall stature and rapid, early growth as well as long bone growth
have also been associated with the etiology of idiopathic scoliosis [Nissinen et al., 1993]
[Erkula et al., 2002]. Therefore, this study is also investigating the long bone overgrowth.
Does the overgrowth of long bones in mice with Marfan syndrome results from differences
in longitudinal growth rates or also temporal differences in growth patterns?

7.2. Measurement procedure

Fibrillin-1 hypomorphic mice (Fbnl™9"/™97) are used to study the effect of Marfan
syndrome by comparing the measurements with their wt littermates (Fbnlt/*). The
mouse model, where the Fbnl gene is dysfunctional, is referred as mgr/mgr or mice with
MFS and wt to simplify terminology throughout the text. They are genetically modified
C57BL/6 mice by inserting a neomycin cassette between exons 18 and 19 of the Fbnl gene
[Pereira et al., 1999]. That means, that the wt mice should be comparable to C57BL/6
mice of the same age. The mgr/mgr mice are known to show severe symptoms of MFS,
like overgrowth of the limbs and short life expectancy of 3 to 4 month because of aortic
aneurysms [Pereira et al., 1999].

To study the bone growth and developement of mice with MFS, the tibiae of a group of
mgr/mgr mice (n=4) and their littermates (n=>5) are imaged using time-lapsed in-vivo
uCT (SkyScan 1276 uCT, Bruker, Kontich, Belgium; 70kV, 57 1A, 0.3 ms integration time,
no frame averaging, 180° rotation). The scanning schedule is shown in Figure 7.1 and
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Figure 7.1.: Scheme of ;CT schedule for studying bone growth in mice with
Marfan syndrome. The tibiae of 5 mgr/mgr mice and 4 wild-type (wt) littermates
are imaged every week in micro-computed tomography (uCT) - starting with an age of
7 weeks up to 12 weeks. Additionally, a radiation control group of 10 mgr/mgrand 7
wtmice are imaged with an age of 12 weeks. In the figure, each star represents a scanning
session of in-vivo puCT.

contains in-vivo uCT measurements every seven days for 5 weeks starting with week 7 to
determine changes in bone length, mass, mineral density and microstructure. The nominal
isotropic image resolution of the resulting images is 8um (compare with Figure 7.1). To
prevent motion artifacts, mice were anesthetized via isofluran and kept in a fixed position
using a custom-made mouse bed during the scans (see Figure 4.2). Calcein was injected 12
and 3 days before euthanasia. Additionally, tibiae of 10 mgr/mgr mice and 7 litter mates
are imaged with pCT serving as radiation control group. The experiments are carried
out according to the policies and procedures approved by the local legal research animal
welfare representative (Shriners FACC 2016-7821).

After sacrificing, the left tibiae of these mice are fixed with 70% ethanol and un-
dergo the described process of ex-vivo sample preparation of chapter 4.2 including
second harmonic generation microscopy and bone growth rate assessment by dynamic
histomorphometry. QBEI measurements are performed at the Ludwig Boltzmann
Institute for Osteology (LBIO) in Vienna using the Zeiss DSM962 (Oberkochen,
Germany). Thereby, the samples are cut transversal in the midshaft to assess the corti-
cal cross section and the proximal part is also cut longitudinal for studying the growth plate.

7.3. The effect of Marfan syndrome on murine long bone growth

The body mass of both mice strains, mgr/mgrand wtincreases from an age of 7 weeks to 11
weeks (see Figure 7.2). The body mass is not significantly different between mgr/mgr
and wt. Also in Marfan patients, the body mass is comparable to the normal population
[Erkula et al., 2002]. This may lead to the tall and slender appearance of the marfanoid
habitus.

The longitudinal growth of the tibiae from mgr/mgr and wt mice measured with in-vivo
puCT is shown in Figure 7.3. Neither the wt nor the mgr/mgr mice show any significant
handedness. Nevertheless, only the right tibiae show significant differences in size from
week 8 onward. The left tibiae do not show any significant difference. This might be a
false negative, type Il error because of the small sample size and it should be checked
by measurements of additional mice, whether the tibiae of the mgr/mgr mice are longer
than those of their littermates over the whole observation time. It has been shown mainly
on C57BL/6J mice, that growth is fastest during the postnatal period and slows down
at puberty (= 4 — 5 weeks)[Richman et al., 2001]. Growth patterns after puberty are not
consistent even within a given mouse genotype [Buie et al., 2008, Glatt et al., 2007]. This
is reflected in the calculation of the growth pattern of the measured data as well. Comparing
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Figure 7.2.: Temporal change in body mass in mgr/mgr and wt mice. The
mice are weighed right after the in-vivo uCT. Two way repeated measurement ANOVA
does not show significant differences in the body mass for age and genotype.
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Figure 7.3.: Temporal change of tibiae length in mgr/mgr and wt mice. The
lighter bars show the tibia length of the wild-type control mice, while the darker ones
represent the tibia length of the mgr/mgr mice, respectively. The particular limb length
for each side of both genotypes are plotted. Every point represents one measurement and
asterisks indicate a significant difference between the linked groups (p < 0.05).
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7. The effect of the Marfan syndrome on murine long bones

the growth of the limbs from each mouse shows different developments resulting in big
standard deviations. However, the growth rates are quite similar to each other between
the genotypes and decrease with age. Probably, an increased sample size would lead to a
clearer picture here. Nevertheless, further studies including younger animals are needed
(and already in progress).

7.4. The effect of Marfan syndrome on murine long bone morphometry

The static bone morphometry is done according to chapter 4.1.4. The volume of
interest (VOI) in the diaphyseal region was centered at the midpoint of the tibia and
extended 5 % of total tibial length. To test the effects in genotype, age and handedness
an oneway ANOVA tests are performed. If a factor is significant, the difference between
mouse genotypes at a given age is analyzed using two sample t-test. The comparison of left
and right bone is done with paired Welch-test. All statistical analyses were performed with
Origin 2021b on a personal computer. Differences were considered statistically significant
when p < 0.05. The results are shown in Figure 7.4.

The bone content (bone volume over total volume; BV/TV) is lower in mgr/mgr mice
compared with the wild-type counterparts (Figure 7.4c), but no significant differences in the
indivudal components (bone volume (BV) and total volume (TV)). In contrast, the cortical
thickness of mgr/mgr mice is significantly smaller than in wt mice starting from week 7 on
(Figure 7.4g). This is mainly caused by a larger endosteal perimeter (Ec.Pm) which goes
together with a larger marrow area (Ma.Ar). At the same time the outer radius (periosteal
perimeter (Ps.Pm)) hardly shows any changes. Similar observation have been made before
[Nistala et al., 2010a, Arteaga-Solis et al., 2011] concluding, that the endocortical should
have only minimal effects on bone stiffness. [Arteaga-Solis et al., 2011]
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Figure 7.4.: Development of the static morphometric bone parameters for
mgr/mgr and wt mice at the cortical bone over 5 weeks. The individual values
are plotted for each mouse by points. The grey boxes show the mean values + standard
deviation for mgr/mgr mice and white for their wt littermates. Two-way repeated measures
ANOVA shows no significant difference for and significant difference for the genotype in:
TV, BV/TV, Tt, Ar, Ma.Ar, Ct.Th, Ec.Pm, I,,,, (Significance for all tests was set at
p < 0.05). If a factor is significant, the difference between mouse genotypes at a given age
is analyzed using Welch-test. The results of the Welch-test are indicated with asterisks
with : 1.00e — 02 < p <= 5.00e — 02,: 1.00e — 03 < p <= 1.00e — 02.
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7. The effect of the Marfan syndrome on murine long bones

7.5. The effect of the Marfan syndrome to the lacuno-canalicular network

(b)

Figure 7.5.: Representative maps of the lacuno-canalicular network in the
cortex of a mice with Marfan syndrome and a wt littermate. The LCN is stained
with Rhodamine6G and measured with CLSM. The resulting stacks have a depth of
~ 60 pm. The images above are the sum of the z-projections. The brighter the color, the
more images in the stack showed a fluorescence signal. The scale bar in both images is
equal to 200 um but cannot be used to read distances between objects as the images are
z-projections.
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Figure 7.6.: Magnification of the LCN at posterior side from wt (left) and
mgr/mgr (right) mice. Qualitative analyzing implies that the LCN of the wt mouse is
more ordered and denser than its littermate with Marfan syndrome.

Cortices of murine limbs show remnants of early bone formation in the form of a unordered
woven-like band which is surrounded by more ordered bone [Bach-Gansmo et al., 2013]
(see also chapter 2.2.1 and 5). This behavior can also be observed in the cross sections of
the tibiae from mgr/mgr mice (see Figure 7.5b and Figure 7.6). However, the cross sections
of the tibiae from wt mice show only parts of this band. Although quantitative analyzes
still need to verify it, qualitative assessment showed a much denser network in these wt
mice (see Figure 7.5a and Figure 7.6 right). Additionally, Figure 7.5a reveals more blood
vessels. All these observations lead to the assumption, that the remodeling of the mgr/mgr
bones is decelerated in contrast to the wt bone.

7.6. The effect of the Marfan syndrome on mineral and matrix properties

Characterization of the collagen orientation in mgr/mgrmice

Several studies in the nineteen eighties hypothesize, that changes in the arrangement of
collagen I cause the symptoms of MFS [Nogami et al., 1979, Byers et al., 1981]. Newer
studies do not find any differences in the structure of collagen itself [Harley et al., 1990],
but differences in the alignment [Nistala et al., 2010a]. qualitative assessment of Figure 7.7
shows more aligned regions of collagen in the control mice than in mgr/mgr mice. This can
be seen especially at the endosteal surface, where several lines run parallel to each other
and to the cross section. In contrast, the mgr/mgr show more unorganized regions and
batches with short collagen fibrils similar to observation of [Cui et al., 2014].
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88

(b)

Figure 7.7.: Collagen orientation in the tibia cross section of a wt (a) and a
mgr/mgr mice (b). The the cross-sections were divided into small squares and the major
orientation of the collagen orientation shown in green (measured with SHG) determined.
This major alignment is indicated by the white lines. No main alignment could be found
in the red or pink regions, mostly due to missing signals or low contrast differences. The
wt mouse shows more coherent collagen orientation than the mgr/mgr mouse.



7.6. The effect of the Marfan syndrome on mineral and matrix properties

(b) mgr/maqr

Figure 7.8.: Representative maps of the Calcium content in the cortex of a
mice with Marfan syndrome and a wt littermate. The maps are measured with
gBEI at LBIO in Vienna. The grey values correspond with certain calcium content,
whereby a lighter grey value indicates more calcium.

Characterization of the calcium content properties in mgr/mgr mice

The gBEI measurements (shown in Figure ??7 and Figure 7.9 as well as in Ta-
ble 7.1) hardly show any differences in calcium content and bone mineralization den-
sity distribution (BMDD). This is in contrast to studies in human Marfan patients
[Whitworth et al., 2006, Folkestad et al., 2020] and former observations of a lower BMD
in mgr/mgr mice [Nistala et al., 2010a]. However, the indirect methods to determine the
BMD by DEXA or puCT deliver varying results in different studies and stay under discus-
sion [Giampietro et al., 2003]. Quantitative backscattered electron imaging relies on direct
interactions with the bone surface and its elements (see chapter 3.3.2), thus assessing the
calcium content. As already mentioned, the calcium content does change with age, but it
seems to be quite stable under similar circumstances like it is shown in chapter 5).

Table 7.1.: BMDD characterizing parameters of the tibiae of 8 mgr/mgr and 6 wt mice.

genotype Capean  Capeak  Cawiatn  Carow C(aHigh
wt 25.99 26.39 3.32 2.43 5.21
mgr/mgr 25.82 26.25 3.36 2.70 5.66
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Figure 7.9.: Results of qBEI analyses of tibiae cross section from mice with
Marfan syndrome and their wild-type littermates. a) Averaged BMDD of mgr/mgr
(blue) and wt (orange) tibiae with 95% confidence interval. b-c) Statistical analysis of
the BMDD curves. No significant difference could be observed in the calcium content

between genotypes.
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7.6. The effect of the Marfan syndrome on mineral and matrix properties

100 pm

100 pm

(¢) mgr/mgr (d) wt

Figure 7.10.: Mineral particle properties in the cortex of a mice with Marfan
syndrome and a wt littermate. Color maps of the T parameter in a mgr/mgr mouse
and a wt mouse (a,b). Corresponding L parameter (¢, d). Both parameters show lower
values in the mouse with Marfan syndrome (a, ¢) than in the healthy littermate (b, d).
Furthermore, the woven band is more prevalent in the mgr/mgr mouse (blue band in a).

Characterization of the mineral particle properties in mgr/mgr mice
Assessing the properties of mineral particles using small angle X-ray scattering (SAXS)
and wide angle X-ray scattering (WAXS), the mgr/mgr mice show lower values for the
T parameter (particle thickness) than their littermates (Figure 7.10b vs. Figure 7.10a).
Furthermore, in Figure 7.10b there is a blue band going around almost the whole cortex,
while such low values for the T parameter can be seen only partially in Figure 7.10a. In
Figure 7.11 there is a trend of lower T parameter in mgr/mgr than in wt mice. This
might be a false negative, type Il error because of the small sample size and should be
checked by measurements of additional cross sections. The L parameter shows a similar
behavior, i.e. a clear band and smaller values in the mgr/mgr mice in contrast to the
wt mice (see Figure 7.10d and Figure 7.10c). However, the differences are even even
smaller. It has been shown, that T and L parameter values are higher with increasing
tissue age [Roschger et al., 2001, Lange, 2011, Hoerth et al., 2018, Schemenz et al., 2020]
and therefore it could also serve as an indicator of bone remodeling. Future studies focusing
on different age groups could elucidate whether the bone mineral particle develop slower or
are smaller in general.

91



7. The effect of the Marfan syndrome on murine long bones

0.12 7
0.10
o
c 0.08
]
=] mouse
8' 1751wt
= 0.06 1752wt
1750mgr
s 1760mgr
0.04
0.02
0.00

2.00 225 250 275 3.00 3.25 3.50 375 4.00
T parameter (nm)

(a)

(b) (c)

(d)

Figure 7.11.: Quantitative comparison of mineral properties in wt and mgr/mgr
mice. (a) Histogram of exemplary T parameter distributions in mgr/mgr mice (green) and
wildtype littermates (blue). The mean (b), median (c¢) and full width at half maximum
(d) are compared below. T-tests showed that no significant difference of the T parameter
between the two strains. This might be a false negative, type II error because of the small
sample size and it should be checked by measurements of additional mice. Nevertheless,
there is a trend of lower T parameters (Tmean, Tmedian) i Mgr/mgr mice combined with
a lower variation of the values compared to wt mice(d).
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7.7. Relationship between the topology of the lacuno-canalicular network
and its surrounding bone matrix

The right tibiae of the mgr/mgr mice are longer than those of their littermates from
week 8 onwards with similar growth rates. This leads to the question: When does the
overgrowth start? Therefore, also the tibiae of younger mice should be compared. This
longer observation should also lead to a complete image of the growing pattern, because the
growth follows an exponential function and is fastest during postnatal period. Nevertheless,
also the sample size should be increased.

Differences in the diaphyseal cortical bone structure are observed in the 12 weeks old
mgr/megr mice and their littermates. The cortical thickness is much smaller in mgr/mgr
mice accompanied by a larger endosteal perimeter (Fig. 7.4 ¢, g). The LCN (Figure 7.5)
and collagen orientation (Figure 7.7) show less alignment in the mice with Marfan syndrome
than in wt mice as well as a clear band of unordered network and collagen fibers. This band
is also visible in the maps of the mineral parameters after SAXS and WAXS measurements
(see Figure 5.13). Additionally, mineral particles are thinner and shorter in the mgr/mgr
than in their healthy littermates. All these properties could be explained by a retarded bone
remodeling in the cortex. To verify this hypothesis, younger bones should be studied as well.

However, the negative impact of the reduced structural properties could be compensated
for the overall increase in bone size resulting in similar bone strength, like it is observed in
human Marfan patients [Whitworth et al., 2006].

In general, the measured properties fit to those of the healthy bone cortex (see chapter 5);
the lower degree of LCN organisation goes together with smaller mineral particles. To get a
better idea, whether the interplay of the LCN with the surrounding mineral bone matrix is
different in MF'S than in healthy bones, the properties of the LCN have to be quantified and
put into relation to the mineral properties. This will be done in the near future using the
methods, which have been developed in this work (see for example chapter 4.6). Thereby,
ordered and unordered region should be evaluated seperately, since it is shown in chapter 5
that the two regions have different properties and probably also functions.
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8. Conclusion and Qutlook

This work examines and quantifies the structural organization of the cellular component of
bone as well as the material component within the same volume of bone samples and then
analyzes the spatial correlations between them. This is intended to provide information
whether osteocytes and their network can act directly on the surrounding bone material
through deposition and resorption of minerals and thus directly control the properties
of their environment. Therefore, characterization methods of material science are used
to achieve the aim of detecting traces of this interaction between osteocytes and the
extracellular matrix. First, healthy murine tibiae are characterized. Their properties are
then compared with three different mouse models: 1) mouse tibiae, which underwent
mechanical stimulation via in-vivo loading, 2) a healing mouse femur after osteotomy,
which recapitulates parts of the developmental process and including substantial formation
of new bone, 3) a mouse model, where the Fbnl gene is dysfunctional causing defects in
the formation of the extracellular tissue similar to the Marfan syndrome, which causes
long bone overgrowth, loose joints, scoliosis and osteopenia.

The measurement techniques to characterize the topology of the lacuno-canalicular
network (LCN), calcium content and mineral properties are applied not only to the
same bone sample, but also the same volume of interest. Hence, direct comparisons
of different parameters are possible.  While only qualitative comparisons of the
measurement results have been possible through manual image registration, a script
has been developed in the course of this work that also enables quantitative compar-
isons at the same measurement points. A summary of the main results is shown in Table 8.1.

The healthy murine cortex contains two main regions. A band with unordered LCN is a rem-
nant of early bone formation being described in earlier studies as a scaffold for the formation
of more aligned bone with more ordered LCN. The unordered region is enveloped by a more
ordered region, which has an average 31% higher canalicular density (Can.Dn), 10% thicker
and 5% longer mineral particles. In contrast, the bone mineral density distribution (BMDD)
does not show significant differences between these regions. Not the entire cortex can be
divided into these two regions, rather there is also a transition zone connecting the different
regions via some canaliculi (more than in the unordered, but less than in the ordered region).

The newly formed bone after mechanical stimulation shows similar properties of the mineral
particles like the ordered region, but a lower calcium content. Between old and new bone,
there is a clear border recognizable (especially in the particle thickness). Nevertheless,
some canaliculi go through this border connecting old and new bone. Rhodamine also
stains regions with low mineralization and therefore, the LCN could not be characterized
due to the overstaining of such areas.

The comparison of mechanically stimulated bones with their controls does not show any
differences in the calcium content. Differences become observable by taking the newly
formed bone into account, which broadens the BMDD curves due its low mineralization.
The evaluations have shown higher Can.Dn in mechanically stimulated bones compared
to their controls. Comparing the ratio between calcium content and canalicular density
(the so-called SLOPE) the ordered regions show only positive SLOPES with an 8% higher
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mean value compared to the control bones. This leads to the suggestion that the LCN
may serve as a mineral reservoir. Due to a small sample number, more investigations are
needed here to draw conclusions that are more robust.

The healing bone model shows 21 days after osteotomy different tissue types representing
the different steps of bone formation; namely calcified cartilage, bony callus and healthy
cortex. During this evolution of tissue types, the mineral particles develop from short
and thick to on average long and thin. The calcium content increases and becomes more
homogeneous. The LCN becomes more and more organized. Furthermore, the bony callus
exhibits a 34% higher lacunae number density and 40% larger lacunar volume compared
to cortical bone. The bony callus plays a special role, because different phases of bone
tissue can be observed here at the same time. While the majority of the callus is more
woven-like, the edges reveal lower calcium content and thinner mineral particles, which is a
sign for younger bone and therefore a hint, that another remodeling process takes place.
The woven-like callus may serve as a scaffold for more aligned structures. In the transition
zone between the cortical region and callus, continuous convergence of the calcium
content, the mineral parameters and lacunae shape can be observed but discontinuities
in the lacunae volume and LCN connectivity (only some canaliculi connect the tissue types).

The mice with Fbnl mutation, to investigate the Marfan syndrome, show longer tibiae
than their healthy littermates from an age of 7 weeks already. In contrast, the cortical
development seems retarded, which is observable across all measured characteristics. The
cortical thickness of the mutated mice is smaller than their littermates from week 8 on. This
is mainly caused by a larger endosteal perimeter (Ec.Pm), but similar periosteal perimeter
(Ps.Pm). The diseased mice show larger unordered bone regions than the wild-type
mice, which is reflected in larger areas of looser and less organized lacuno-canalicular
networks—especially at the endosteal side. This study showed also a lower degree of collagen
orientation via second harmonic generation (SHG). Additionally, the mineral particles
tend to be thinner and also shorter in the tibiae of the mice with the Fbnl mutation. Only
the calcium content is similar in both genotypes.

In summary, several correlations between the osteocyte network organization and the
mineral matrix could be shown even down to the submicron mineral properties, which
can be displayed in particular via the ratio between calcium content and canalicular
density. Regions with dense and ordered network have thicker and longer mineral particles.
How the osteocytes can control the mineral properties in their surroundings remains
unclear. Most likely, the interaction is not only one-way since the extracellular matrix
provides both a changing mechanical environment and contains biochemical signaling
molecules that can alter osteocyte behavior. However, it seems that in highly organized
bones, the LCN is so dense that its short distances to the mineral particles enable to
better control their properties. Therefore, remodeling cannot only be understood as a
method to resolve defects, or to adapt to external mechanical stimuli, but also to increase
the efficiency of possible osteocyte mineral interactions during bone homeostasis. From
a bone tissue engineering perspective, it seems helpful to employ scaffolds that mimic
the primary bone architecture to promote bone regeneration and bone quality improvement .

In view of the results of this work, it seems reasonable to include the properties of
osteocytes and their network in the treatment of bone diseases that cause changes in bone
composition and mechanical properties. It will most likely require the combined effort of
materials scientists, cell biologists and molecular biologists to gain a deeper understanding
of how bone cells respond to their material environment.
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Table 8.1.: Comparison of the main structural features of the different studied
bone types. The main techniques analyzing all bones types are quantitative backscat-
tered electron imaging (¢BEI) to measure the calcium content, confocal laser scanning
microscopy (CLSM) imaging the LCN architecture as well as small and wide angle X-ray
scattering (SAXS and WAXS) to measure the mineral properties.
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elongated
lacunae ||
ordejred Gaussian to bone axes high high T high T,
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|| canaliculi
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This study left open some questions and lead to possible directions for future research:

In the chapter 6.4 it is shown that an extended quantification of the lacunae could reveal
information about the effect and functions of osteocytes. This is possible due to the high
resolution of the synchrotron-based micro-computed tomography and should be carried
out on a higher number of samples. To investigate the influence of the osteocytes to their
surrounding, future studies may not only measure the properties of the LCN, but also of
the osteocytes like it is done by Tiede-Lewis et al. [Tiede-Lewis et al., 2017]. Additionally,
the load-induced fluid flow that can be sensed by the cells should be examined to judge
effects on mechanosensing amongst osteocytes in enlarged lacunae.

One aim was to find out whether in-vivo loading influences the bone characteristics or
not. But due to problems in the sample preparation, no reliable results could be achieved.
However, further investigations are needed to prove the difference of Can.Dn and SLOPE
between loaded and non-loaded bones. It must be noted that mice, like humans, have
a certain handedness. Due to this, they could put more weight on one leg than the
other. Therefore, it should first be examined whether there are already different bone
properties due to handedness and clearly differentiate these from the effects of in-vivo
loading experiments.

Extending the study of the mouse model of Marfan syndrome to higher numbers and
younger ages in both, the in-vivo micro-computed tomography (uCT) imaging and the
bone characteristic, should also give clearer explanations of the bone development in
bones with Marfan syndrome and related questions are as follows. Does the overgrowth
of the murine long bones starts from birth or even in the fetus state? Is the cortical
development only retarded or does fibrilin-1 directly influence the LCN and bone mineral
matrix properties?
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Acronyms

BESSY Berliner Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung m. b. H.
(English: Berlin Electron Storage Ring Society for Synchrotron Radiation)

BMDD bone mineralization density distribution
BMP bone morphogenetic proteins

BSE backscattered electrons

BV bone volume

CLSM confocal laser scanning microscopy

CT computed tomography
CTAn CT-Analyser®
Ct.Ar cortical area

Ct.Th cortical thickness

DESY Deutsche Elektronen-Synchrotron
DPDAK Directly Programmable Data Analysis Kit
Ec.Pm  endosteal perimeter

ECM extracellular matrix

ESRF European Synchrotron Radiation Facility
Fbnl fibrillin-1

FEM finite element modeling

FESEM field emission cathode scanning electron microscope
FWHM full width at half maximum

GAG glycosaminoglycans

GV grey value

HAP hydroxyapatite particles

LBIO Ludwig Boltzmann Institute for Osteology
LCN lacuno-canalicular network

Le.V Lacunar volume

Ma.Ar  marrow area

MCL Materials Center Leoben Forschung GmbH
pwCT micro-computed tomography

MF mouse femur

MFS Marfan syndrome

MPIKG Max Planck Institute of Colloids and Interfaces
PG proteoglycans

PMMA polymethyl methacrylate

Ps.Pm periosteal perimeter
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qBEI quantitative backscattered electron imaging
RANKL receptor activator of nuclear factor kK — B ligand
SAXS small angle X-ray scattering

SE secondary electrons

SEM scanning electron microscopy
SHG second harmonic generation
SR synchrotron radiation

TGFj transforming growth factor beta

TINA tool for interactive network analysis
Tt.Ar total area

™V total volume

VOI volume of interest

WAXS  wide angle X-ray scattering
wt wild-type
XRF X-ray fluorescence
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A. Python script for image

#!/usr/bin/env python3

Created on Fri 12.02.2021

@author: schemenz

nun

import cv2
import
import
import
import
from PIL import Image

numpy as np
argparse

os

csv

registration

:2]

CSV_ENDING = ".csv"
def table_to_img(table, inv_res, dtype=np.float64):
table[:, 0:2] *= inv_res
table[:, 0:2] -= np.amin(table, axis=0) [0
idxs = table[:, 0:2].astype(int).tolist ()
print (table[:, 0:2].astype(int))
rows, cols = zip(*idxs)
vals = tablel[:, 2].tolist ()
sz = (np.unique(table[:, 0]).size,

{}x{}".format (sz[0],

np.empty(sz, dtype)

np . NaN
cols]

print ("Size: sz [1]1))
res
res[:]
res [rows,

return res

vals

def read_data(dir, offsets):

files = [f for f in os.listdir(dir) if os
£))1
imgs = []
for £ in files:
splits = os.path.splitext(f) [0].split

if len(splits) < 2:
raise ValueError ("File name "
resolution behind the last ")
resolution float (splits[-1])
offset offsets[os.path.splitext (£f) [

+ £

np.unique (table[:,1]) .size)

.path.isfile(os.path. join(dir,

(n_n)

+ " needs to have the

011

if os.path.splitext(f)[1] == CSV_ENDING:
arr = np.genfromtxt (os.path.join(dir, f), delimiter=’,’)
arr = table_to_img(arr, 1000 / resolution) # Annahme: Angaben

in micro meter
# vermutlich musst du das noch fl

ippen, siehe https://numpy.org

/doc/stable/reference/generated/numpy.flip.html

else:
img_path os.path. join(dir, f£
if Image.open(img_path) .mode =
color cv2.imread (img_path,
else:
color
arr cv2.cvtColor (color,
#perform rotation

)

cv2.imread (img_path)
cv2.COL

nEn .

cv2.IMREAD_ANYDEPTH)

OR_BGR2GRAY)
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Python script for image registration

rows, cols = arr.shape

# cols-1 and rows-1 are the coordinate limits.

M = cv2.getRotationMatrix2D (((cols - 1) / 2.0, (rows - 1) / 2.0),
offset [2], 1)

arr = cv2.warpAffine(arr, M, (cols, rows), borderMode=cv2.
BORDER_CONSTANT, borderValue=np.NaN)

imgs.append ((arr, resolution, offset))
return imgs

join_data (imgs):

by_type = list(zip(*ximgs))
scales = np.array(by_typel[1])
scales /= np.amax(scales)

scaled_offsets = [s * np.array(offset) for s, offset in zip(scales,
by_type [2])]
ymin = [int(so[0]) for so in scaled_offsets]

ymax = [int (img.shape[0] * s + so[0]) for img, so, s in zip(by_typel[0],
scaled_offsets, scales)]
xmin = [int(so[1]) for so, s in zip(scaled_offsets, scales)]
xmax = [int (img.shape[1] * s + so[1]) for img, so, s in zip(by_typel[0],
scaled_offsets, scales)]
w, h = max(xmax) - min(xmin), max(ymax) - min(ymin)
canvas = np.zeros((h, w, len(imgs)), dtype=np.float64)
as_np = np.stack(scaled_offsets, axis=0)
offset_shift = -np.amin(as_np, axis=0).astype(int)
for i, img in enumerate(imgs):
scaled_img = cv2.resize(img[0], (xmax[i] - xmin[il], ymax[i] - ymin[
il1))
canvas [ymin[i] + offset_shift [0]:ymax[i] + offset_shift[0], xmin[i]
+ offset_shift [0]:xmax[i] + offset_shift[1],
i] = scaled_img
return canvas

viz (canvas):
weight = 1. / canvas.shape [2]
blended = np.zeros_like(canvas[:, :, 0])
for i in range (canvas.shape[2]):
blended += (weight * canvas[:, :, i]).astype(np.float64).astype(np.
uint8)
cv2.namedWindow (’overlay’, cv2.WINDOW_NORMAL)
cv2.resizeWindow(’overlay’, 600, 600)
cv2.imshow ("overlay", blended)
cv2.waitKey (0)
cv2.destroyAllWindows ()

write_table (canvas, outfile, center_axes=False):

dy = -int(canvas.shape[0] / 2) if center_axes else 0
dx = -int(canvas.shape[1] / 2) if center_axes else 0
with open(outfile, ’w’, newline=’’) as csvfile:
fieldnames = [’x’, ’y’] + ["z_m" + str(i + 1) for i in range(canvas
.shape [2])]
writer = csv.DictWriter (csvfile, fieldnames=fieldnames)

writer .writeheader ()
for y in range (canvas.shape[0]):
for x in range(canvas.shape[1]):
mydict = {x*x{"x": x + dx, "y": y + dy},**xdict(
zip(["z_m" + str(i + 1) for i in range (canvas.shape[2])
1, canvas([y, x, :].tolist()))}
writer .writerow (mydict)
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if

__name__ == "_ _main__":
offsets = { "B4L_network_density_40um_0.62": (450,900, 0), "A4LqBEI_1.4
": (0,0, 0), "cells_0.62":(450,900,0), "CLSM_1114L-fluor_0.62":
(450,900,0),
"Danterior-T_3.2":(60,350,33), "lateral-T_3.0":(0,200,25),"

medial-T_2.95":(65,260,20), "posterior-T_3.2":(72,103,22)}
# offsets = { "B5L_network_density_8.0": (0,0,0), "AVM8tot_0.8841":
(0,0, 0) }# in px of unscaled image and degree (third value). Change if

given in metric units!"1LT_2.15": (250, 280, -34), )

parser = argparse.ArgumentParser ("Align")

parser.add_argument ("img_dir", type=str, help="Folder with images or
CSV tables")

parser.add_argument ("-d", "--show-debug", action="store_true")
parser.add_argument ("-n", "--no-center", action="store_false", help="
don’t center axes")

parser.add_argument ("-o", "--out", type=str)

args = parser.parse_args ()

data = read_data(args.img_dir, offsets)

joined = join_data(data)

if args.out:

write_table(joined, args.out, args.no_center)
if (args.show_debug):

viz(joined)

Figure A.1l.: Python script for image registration.
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Figure B.1.: Result of surface roughness measurement with Keyence digital
microscope VHX-50E map. Slice plane of a 5um thick slice from a cortex of a murine
tibia.
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Figure B.2.: Result of surface roughness measurement with Keyence digital
microscope VHX-50E map over a whole cortical cross section. A 5um thick slice
from a cortex of a murine tibia shows a wavy surface which is evaluated here by a line
across the cross section. The top picture shows the microscopic image of the cortical
cross section where the relative height is indicated by different scale and the line whose
topogrophical course is shown in the lower image.
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Figure B.4.: Quantitative backscattered electron image of murine bones. Each
grey value corresponds with a descent amount of calcium content. Here, the cortices of
5 mice are shown. The left bones were loaded, while the right bone serves as a control.

The scale bars are equal to 100 pm
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Figure B.5.: T parameter maps of loaded murine tibiae.
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Figure B.6.: T parameter maps of non-loaded murine tibiae.
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Figure B.7.: L parameter maps of loaded murine tibiae.
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Figure B.8.: L parameter maps of non-loaded murine tibiae.
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Figure B.9.: Evaluation of the correlation between canalicular density and
Ca content in right murine tibia cortices. Each data point corresponds to CSLM
and qBEI measurements on the same point after image registration with an resolution of
8um. The colors indicate the frequency of points in this area. The brighter the color,
the more points are in this area. The white line is the linear regression of the data. The
resulting SLOPEs are written down in table
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Figure B.10.: Evaluation of the correlation between canalicular density and
Ca content in right murine tibia cortices. Each data point corresponds to CSLM
and gBEI measurements on the same point after image registration with an resolution of
8um. The colors indicate the frequency of points in this area. The brighter the color,
the more points are in this area. The white line is the linear regression of the data. The
resulting SLOPEs are written down in table
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Figure C.1.: Selected cubes in cortex and callus in two slices and representative VOI
with 1723 x 1560 x 1300 m?®.
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