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Abstract

Bone is not only a dynamic living tissue, but also a composite material with a complex
hierarchical structure, responsible for bone’s remarkable functionality. However, advanced age
leads to a decrease in bone mass and compromised material quality, which can result in
osteoporosis, the most prevalent skeletal disease. A promising nonpharmacological therapy
against age-related bone loss and fragility is physical exercise. Although exercise is known to
be beneficial to the body, the effect of mechanical loading on bone and how bone’s adaptive
response changes with age, in particular in terms of its material quality (which includes the
properties of mineral particles and collagen matrix) is largely unknown. The cells, essential in
bone adaptation to mechanical loading, are the osteocytes. These cells sense and transduce
mechanical stimuli, and are part of a largely interconnected lacuno-canalicular network (LCN).

The overall aim of this work was to investigate using a materials science approach how aging
influences bone mass, geometry and material quality after physiological and controlled in vivo
mechanical loading. An axial compressive loading model was used to apply additional loads to
the tibia of female young, adult and elderly mice. The first aim was to study the effect of
additional mechanical loading on cortical bone mass, geometry and material properties and how
age modulates the adaptive response of bone to additional loading. The results obtained
revealed that the effect of additional mechanical loading varied with animal age. In young mice
and to a lesser extent in adult mice, additional mechanical loading enhanced bone mass and
geometry, while in elderly mice additional in vivo loading only maintained bone mass. However,
the effect of loading on bone mineral and matrix properties was predominately observed in the
elderly mice, where an enhancement of collagen maturity and degree of mineralization was
detected. Interestingly, the new tissue formed with additional in vivo loading showed similar
mineral and matrix properties to new tissue formed with physiological loading. Furthermore, the
mineral and matrix properties of new bone tissue differed regionally, according to whether bone
was formed on the periosteal or endocortical surface of the bone, which corresponds to different
biological and mechanical environments. Pilot studies revealed that mechanical loading had an
impact on the topology of the osteocyte LCN, suggesting clues to possible mechanisms
responsible for age-related decreases in mechanoresponsiveness. The second aim of this work
was to analyze the effect of animal age and tissue age on cortical bone mass, geometry and
material properties during physiological loading. Mineral and matrix properties were shown to be
animal age and tissue age dependent during physiological loading. However, the changes in
bone mass and geometry with animal aging were more pronounced than the changes in mineral
and matrix properties. Finally, unexpected results showed that calcein fluorochrome labels
might not only bind to mineralizing surfaces, but also stunt bone’s mineral growth. Additionally,
the mineral particles in the proximity of blood vessels were shown to be thinner and less
aligned.

The obtained results provided a broader understanding of how bone adapts to mechanical
loading and how these changes are modulated by age. Interestingly, new tissue formed in
response to additional loading and physiological loading was shown to have similar bone
material properties and additional loading was shown to enhance bone material properties in



elderly mice. Therefore, despite some differences in skeletal aging between mice and humans,
these data suggest that physical activity is a promising noninvasive treatment to enhance bone
quality and maintain bone mass in individuals suffering from age-related bone loss.



Kurzfassung

Knochen bestehen nicht nur aus dynamischem, lebendem Gewebe, sie stellen auch ein
Verbundmaterial mit komplexer, hierarchischer Struktur dar, welches flir die erstaunliche
Funktionalitdt von Knochen verantwortlich ist. Dennoch fihrt hohes Alter zu reduzierter
Knochenmasse und verringerter Materialqualitat, und mindet haufig in Osteoporose, einer der
am weitesten verbreiteten Erkrankungen des Knochens. Korperliche Betatigung stellt eine
vielversprechende, nicht-pharmazeutische Vorbeugungsmalnahme gegen altersbedingten
Knochenabbau dar. Wahrend koérperliche Betatigung allgemein als vorteilhaft fir den Kérper
angesehen wird, ist der Effekt von mechanischer Belastung auf den Knochen und die
Veranderung der Anpassungsfahigkeit des Knochens im Alter, insbesondere im Hinblick auf die
Materialqualitat (welche sowohl die Mineral-Partikel, als auch Eigenschaften der organischen
Matrix beinhaltet), bisher wenig erforscht. Osteozyten, die Zellen, die im Knochen fiir die
Anpassung an mechanische Belastung verantwortlich sind, detektieren und Ubermitteln
mechanische Stimuli und sind Teil des lakuno-kanalikularen Netzwerks (LKN).

Das Ziel dieser Arbeit war es, unter Verwendung eines materialwissenschaftlichen Ansatzes die
Auswirkung des Alterungsprozesses auf Knochenmasse, Knochenstruktur und Materialqualitat
nach physiologischer und kontrollierter mechanischer in vivo Belastung zu erforschen. Dazu
kam ein axiales Druckbelastungsmodell zum Einsatz, um zusétzliche Belastung auf die Tibiae
von weiblichen, jeweils jungen, adulten und alten Mausen auszuliben. Das primare Ziel war es,
die Auswirkung von zusétzlicher mechanischer Belastung auf die kortikale Knochenmasse, die
Geometrie und die Materialeigenschaften zu untersuchen. Zusatzlich sollte erforscht werden,
wie sich das Alter auf die Fahigkeit des Knochens auswirkt, auf mechanische Belastung zu
reagieren. Die im Rahmen dieser Arbeit erlangten Ergebnisse zeigen, dass die Auswirkung von
zusatzlicher mechanischer Belastung abhangig vom Alter der Tiere variiert. Wahrend bei
jungen, und in geringerem MalRe bei erwachsenen Mausen ein positiver Effekt auf
Knochenmasse und -struktur zu verzeichnen war, trug die zusatzliche in vivo Belastung bei
alten Tieren lediglich dazu bei, die Knochenmasse zu erhalten. Andererseits zeigten sich bei
den Eigenschaften von Mineral- und Knochenmatrix in erster Linie bei alteren Tieren
Veranderungen, wo sowohl eine erhéhte Kollagenquervernetzung, als auch ein héherer Grad
an Mineralisierung zu verzeichnen waren. Interessant war, dass das neu geformte Gewebe,
welches unter zusatzlicher in vivo Belastung entstand, 3&hnliche Mineral- und
Matrixeigenschaften zeigten wie jenes, welches durch normale physiologische Belastung
entstand. Des Weiteren unterschieden sich die Materialeigenschaften des neu gebildeten
Knochengewebes regional, abhangig davon, ob sich das neue Gewebe an der periostalen oder
endocorticalen Oberflache des Knochens gebildet hat, welche unterschiedliche biologische und
mechanische Umgebungen darstellen. Pilotstudien haben ergeben, dass die mechanische
Belastung Auswirkungen auf die Topologie des Osteozyten LKN hat, was auf Mechanismen
hindeuten koénnte, die mit dem altersbedingten Verlust des Reaktionsvermdgens auf
mechanische Einwirkungen im Zusammenhang stehen. Das zweite Ziel dieser Arbeit war die
Analyse der Auswirkung von Tier- und Gewebealter auf die kortikale Knochenmasse, die
Geometrie und die Materialeigenschaften wahrend physiologischer Belastung. Bei den
physiologisch belasteten Tibiae fiihrte fortgeschrittenes Alter zu verringerter kortikaler Flache



und Dicke. Auch Mineral-, und Matrixeigenschaften stellten sich wahrend der physiologischen
Belastung als abhangig von Tier- und Gewebealter heraus, die Veradnderungen waren jedoch
weniger ausgepragt als jene der Knochenmasse und Geometrie. SchlieBlich zeigten
unerwartete Ergebnisse, dass sich Calcein-Fluoreszenzfarbstoffe mdglicherweise nicht nur mit
mineralisierenden Oberflachen verbinden, sondern sich auch hemmend auf das
Mineralwachstum des Knochens auswirken. Des Weiteren stellten sich Mineralpartikel in der
Nahe von Blutgefallen als diinner und weniger gleichmafig ausgerichtet dar.

Die im Rahmen dieser Arbeit erlangten Ergebnisse liefern ein tiefergehendes Verstandnis der
Anpassungsfahigkeit von Knochen an mechanische Belastung und darlber, inwieweit das Alter
damit im Zusammenhang steht. Interessanterweise zeigte sich, dass das neu entstandene
Knochengewebe sowohl bei zusatzlicher Belastung als auch bei physiologischer Belastung
ahnliche Materialeigenschaften aufweist, und dass sich zusatzliche mechanische Belastung
insbesondere bei alteren Mausen positiv auf die Materialeigenschaften auswirkt. Die Daten
weisen also darauf hin, dass, trotz gewisser Unterschiede bezlglich des Alterungsprozesses
von Knochen zwischen Menschen und Mausen, physische Aktivitat eine vielversprechende,
nicht-invasive Behandlungsmethode zur Verbesserung der Knochenqualitdt und zur Erhaltung
der Knochenmasse darstellt.
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1 Introduction

1.1 Motivation

Bone is a specialized connective tissue that forms the skeleton of all vertebrates. The specific
functions of bone depend on its location in the body, but they can be as varied as providing
mechanical stability to the body and allowing movement, protecting the body’s organs, supplying
the framework for bone marrow and maintaining mineral homeostasis, by serving as a reservoir
of ions, such as calcium, magnesium and phosphate. Bone is also a composite material with a
complex hierarchical structure, through which it achieves a robust mechanical performance [1-3].
However, bone changes with advanced age, not only through a significant reduction in its
quantity, but also through a series of qualitative alterations occurring from the whole bone level
down to its basic components, the inorganic mineral particles and the organic extracellular
collagen matrix. These alterations might compromise its mechanical competence and increase its
fragility and risk of fracture [4]. The quality of the bone tissue includes its microarchitecture,
microcrack number and frequency and its material properties determined by the mineral and
organic matrix content, arrangement, orientation and composition. The changes in bone quantity
have been extensively studied as a predictor of bone fracture risk, but in the last years it has
become clear that changes in bone material quality are equally important [5-7]. The alterations in
both bone quantity and quality with aging can result in osteoporosis, the most prevalent skeletal
disease. Understanding such changes could provide more clues to the causes and nature of age-
related bone loss and osteoporosis and possibly help in the development of more targeted
therapies.

It is known that the skeleton benefits from physical exercise, which has the potential to decrease
fracture risk by influencing bone at different levels of its hierarchy. However, while it is thought
that moderate strain levels induce increases in bone mass and that this effect is reduced with
aging [8, 9], less is known on how mechanical loading affects bone basic constituents: mineral
and collagen. Understanding the process of bone adaptation and how loading effects on bone
mass and bone quality differ between ages will help elucidating the reasons for the increased
fragility of the skeleton with aging and help improve therapies that include exercise or other
loading regimens to reduce bone loss in elderly populations.

The cells, thought to be crucial in the process of bone’s adaptation to mechanical loading, by
sensing and transducing mechanical stimuli, are the osteocytes. These cells are embedded
within the mineralized tissue [10] in a highly interconnected network: the osteocyte lacuno-
canalicular network (LCN). Assessment of the topology of this network and how it is impacted by
bone’s mechanical loading environment is essential, as this network is thought to influence bone
quality [11] and maintain bone’s integrity as a tissue. Additionally, a better understanding of the
material properties of the tissue surrounding the lacunae and canaliculi is necessary; as such
properties might have an impact on how osteocytes sense mechanical stimuli [12].
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1.2 Aims and structure of the thesis

1.2.1 Aims of the thesis

The overall aim of this thesis was to investigate using a materials science approach the
influence of age and mechanical loading on bone structure and material properties. To achieve
these aims, an in vivo loading model was used, with which well-controlled physiological axial
compressive loads were administered for two weeks to the left tibiae of mice, while the right tibia
was used as a control, which did not undergo additional loading (only weight-bearing from
ambulation of the mouse). The analysis was performed in postpubescent, young (10 weeks old),
adult (26 weeks old), and elderly (78 weeks old) female C57BL/6J mice.

The first aim was to investigate the effect of additional in vivo mechanical loading on cortical
bone mass, geometry, and material quality and determine how animal age modulates the
adaptive response to additional loading.

Cortical bone’s adaptive response was studied by comparing the in vivo loaded left tibiae with the
contralateral right tibia in 10, 26 and 78 week old animals. Within this aim, the properties of the
mineral particles and the collagen matrix, as well as the topology of the osteocyte
(mechanosensory cells) lacuno-canalicular network (LCN) of the newly formed tissue with
additional in vivo loading were investigated.

The second aim was to investigate the influence of animal age and tissue age on cortical bone
mass, geometry, and material quality during normal physiological loading.

The effect of animal age on cortical bone was studied by comparing the right tibia, which was
only under regular physiological loading, between 10, 26 and 78 week old animals. In addition,
the effect of tissue age on cortical bone was studied by comparing mature tissue with new tissue
across all animal ages.

The developed work in this thesis was achieved through the usage of a multi-method approach,
with which bone material was analyzed at different hierarchical levels:

o Bone mass and geometry were initially assessed in the in vivo loaded and contralateral
tibia with in vivo micro-computed tomography (microCT) at days 0, 5, 10, and 15 of the
experiment. At day 15, bone formation indices were obtained with dynamic
histomorphometry, being the newly formed tissue identified with fluorochrome labels.

o Afterwards, bone material quality, in particular the properties of bone’s basic
constituents: the mineral particles and the collagen-rich organic matrix were
assessed in the in vivo loaded and contralateral tibia after two weeks of controlled in vivo
loading. This was accomplished by using high-resolution position-resolved methods,
such as synchrotron scanning small angle X-ray scattering (sSAXS), Fourier transform
infrared imaging (FTIRI) and backscattered electron (BSE) imaging.
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o Additionally, preliminary experiments were conducted towards understanding the impact
of loading on the topology of the LCN of bone’s mechanosensory cells, the
osteocytes using recently developed staining techniques and confocal laser scanning
microscopy (CLSM). Pilot studies were conducted to assess mechanical properties of the
tissue surrounding the osteocyte lacunae (perilacunar tissue) with nanoindentation, as
such material properties might have an impact on how the osteocyte senses mechanical
stimuli.

1.2.2 Structure of the thesis

This thesis starts with the introductory chapter explaining the motivation, aims and structure of
the thesis (chapter 1), followed by a chapter (chapter 2), which introduces relevant concepts and
provides an overview of the state of the art on bone’s hierarchical structure and the effect of age
and loading on the different hierarchical levels. In chapter 3, the experimental work developed is
described, providing detailed information on the materials and methods utilized. A theoretical
background on some of the techniques used to characterize the structure and material quality of
bone is provided. Chapter 4 presents the experimental findings of this work and is divided into
three main sub-chapters: the first reports all results concerning cortical bone mass and geometry,
the second includes the results related to cortical bone mineral and matrix properties and the final
sub-chapter contains osteocyte LCN related results. Chapter 5 consists on the detailed
discussion of these findings. The last sections of the thesis, Chapter 6 and 7, present
respectively the general conclusions extracted from this work, highlighting the potential
implications for the bone research community and suggestions regarding the future direction of
research on the topic.
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2 Background

2.1 Bone as a hierarchically structured material

Bone has a complex hierarchical structure that ranges from the nanometer scale: collagen
molecules and mineral particles, up to the macroscopic scale: the whole bone (Figure 1). Bone
achieves its stiffness and strength essentially through its mineral content, while its toughness is
derived mainly from its collagen matrix. At the lowest level of the hierarchy, bone is defined as a
composite material with an inorganic and an organic phase. Approximately 60% (in weight) of
bone tissue is inorganic matter, 8 to 10% is water and the rest is organic matter [13]. The
organic phase is mainly composed of collagen type | (85-90% of total protein) [3, 14], but also
by a variety of noncollageneous proteins and lipids. The inorganic phase consists of mineral
particles of a carbonated analogue to hydroxyapatite.

Mineralized collagen fibrils Fibril arrays Secondary osteons  Whole bone
diameter~100 nm diameter~5 pm diameter~200 ym ..
Collagen Haversian canals \ /
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Figure 1: Bone’s hierarchical structure from the whole bone level down to its basic components: the
mineral particles and the collagen molecules (adapted from [15]).

The type | collagen molecule consists of three polypeptide chains which take the form a triple
helix with a length of 300 nm and a thickness of 1.5 nm [1, 2] (Figure 2A). The collagen
molecules are staggered along the axial direction by a periodic distance of around 67 nm
(Figure 2B), forming collagen fibrils with diameters of approximately 100 nm. The fibrils form a
characteristic banded structure, with overlap zones of approximately 32 nm and gap zones of
around 35 nm, which are formed between the ends of each molecule [16-18] (Figure 2B).
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Figure 2: The arrangement of collagen molecules in bone. A) The collagen molecules are made of three
polypeptide chains and they are B) staggered by a periodic distance of 67 nm, with overlap zones of 32
nm and gap zones of 35 nm (adapted from [19] with permission from Prof. Banaszak Holl).

Nucleation of mineral particles is thought to start in the gap zones [20], but recently it was
suggested that nucleation starts in the overlap zones, as well [21]. Nevertheless, the mineral
particles deposit on the collagen array as thin plates [22] and mainly parallel to the axis of the
collagen fibrils, at regular intervals of approximately 67 nm, which correspond to the distances
between the collagen molecules [23]. The carbonated hydroxyapatite particles are small and
very thin, with thicknesses ranging from 1.5 to 4 nm [2, 24]. These particles can contain different
impurities or inclusions, which can be absorbed onto the crystal surface and/or substituted in
the lattice for constituent ions. Carbonate is the most common substitute [1, 25] but also
magnesium, acid phosphate, along with other elements can be present [26, 27]. Bone’s mineral
is therefore poorly crystalline [28], which has implications in its solubility and in the role it plays
in mineral homeostasis in the body. Apart from mineral particles embedded in the collagen
fibrils, the existence of extrafibrillar mineral, possibly coating the collagen fibrils was also
reported [29, 30].

The collagen-rich organic matrix and the small mineral particles constitute the basic and
universal building block of the bone, the mineralized collagen fibril [1, 25], which has a thickness
of 0.1 to 3 ym [3] (Figure 3).

67 nm

mineral particles collagen molecules

Figure 3: The mineralized collagen fibril (reproduced from [25] with permission of The Royal Society of
Chemistry).
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The mineralized fibrils assemble to form fibril arrays with diameters of 1 to 10 um [2] (Figure 1).
These fibril arrays can be organized into four different main patterns, classified by Wagner et al.
[1] as: arrays of parallel fibrils, woven fiber structure, plywood-like structures and radial fibrils
arrays (Figure 4). These patterns are characteristic, respectively, of different types of bone such
as woven bone, lamellar bone, parallel-fibered bone (also called fibrolamellar bone) and the
bulk of dentin [1].

Figure 4: Organization of the mineralized fibril arrays into distinct patterns: A) parallel fibrils arrays, B)
woven fiber structure, C) plywood-like structure, D) radial fibril arrays (adapted from [1]).

Woven bone is a collection of randomly oriented fibril arrays (Figure 4B) and is normally found
in rapidly formed bone, for example in fracture callus or in the embryonic or newborn skeleton.
Lamellar bone is formed more slowly and it results from the remodeling of woven bone or pre-
existing lamellar tissue. This type of bone is made of individual layers of fibril arrays (which can
also be called lamellae) often stacked in a rotated plywood fashion (Figure 4C). The rotated
plywood structure is characterized by an alternation of the orientation of the fibrils between the
individual layers around an axis perpendicular to the layers [1, 25, 31, 32]. However, it should
be pointed out that it is still debated how in detail the tissue is arranged in lamellar bone [32,
33]. Lamellar bone is often found in mammals concentrically arranged around a canal, which
contains blood vessels and nerves and which runs in the direction of the long axis of bone [34].
The unit of the central canal and the bone lamellae around is called osteon. Osteons can be
classified as primary osteons, when built up during new bone formation and secondary osteons
(or Haversian osteons), when formed during replacement of existing bone by new bone.
Osteons are typically present in cortical bone while in trabecular bone the lamellae are
organized not concentrically, but parallel along a common direction [35] (Figure 5B and C).

Cortical bone (also known as compact) and trabecular bone (also known as spongy or

cancellous) define bone at a higher hierarchical level (Figure 5). Cortical bone can be found at
the outer surface of bones and its thickness ranges from tenths of millimeters, at the vertebrae
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to several millimeters or centimeters at the midshaft of long bones [2], while trabecular bone
typically comprises the internal structures of bones, such as flat bones or the ends of long
bones. Trabecular bone has been described as a foam-like network of trabeculae with a
porosity of approximately 80%. Trabeculae have a thickness of 1 to 300 ym [2] and are
surrounded by bone marrow, which assures the nutrition of bone cells. Cortical bone, in
contrast, is fairly dense with a porosity of only approximately 6% [2], caused by blood vessels
and cellular spaces. The mineral particles in cortical bone are predominantly oriented parallel to
bone’s long axis [25] and parallel to the collagen fibrils [2, 36], while in trabecular bone the
orientation of mineral and collagen seems to follow the orientation of the trabeculae [35, 37, 38].
Approximately 80% of skeleton is cortical bone and 20% cancellous, but the relative proportions
of the two vary among different skeletal sites.
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Figure 5: Scheme of A) cortical and trabecular bone of a long bone, B) Cross-section of cortical bone, C)

Cross-section of trabecular bone. The main bone cells can be seen: the osteoblasts (bone forming cells),
osteocytes (mechanosensors) and osteoclasts (bone resorbing cells) (adapted from [39]).
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At the final level of the hierarchy bones can be divided, according to their shape, into long and
flat bones, but also short, irregular and sesamoid bones (Figure 6). Long bones, such as the
tibia, femur and radius are found in extremities and provide stability against bending and
buckling [2]. Flat bones, such as the cranium of the skull, pelvis, rib cage and scapula, are
typically found in locations where extensive protection or surface for muscular attachment is
required.
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Figure 6: Human skeleton with some of the composing bones identified. Bones can be classified
according to their shape as long bones (e.g. tibia), flat bones (e.g. bones of the skull), short bones (e.g.
carpus), irregular bones (e.g. vertebrae) and sesamoid bones (e.g. patella).

All the described structural levels of hierarchy have important effects on the mechanics of bone
[5, 15, 25] and they are all interrelated.

22



2.2 Aging effects on bone

Aging leads to a series of changes in bone tissue material quantity and quality, which might
result in osteoporosis, a skeletal disease that affects the lives of millions of people throughout
the world. Bone quality is a broad term, which includes microarchitecture (trabecular and cortical
porosity), microcrack number and frequency and material properties, determined by mineral and
organic matrix content, arrangement, orientation and composition.

In chapter 2.2.1 osteoporosis is introduced and a brief overview of diagnosis, prevention and
treatment of the disease is provided. The alterations in bone mass with aging are presented in
chapter 2.2.2 and in chapter 2.2.3 the state of the art of the changes occurring with aging in one
important aspect of bone material quality, the properties of bone mineral particles and collagen
matrix is described.

2.21 Osteoporosis (clinical motivation)

Overview of osteoporosis and scope of the clinical problem

Osteoporosis, which literally means porous bone, is associated with loss of bone mass and
bone quality (Figure 7) and a consequent increase in bone fragility and susceptibility to fracture.
Osteoporosis associated fractures (most common in the distal radius, the lumbar spine and the
proximal femur) are estimated to occur every 3 seconds and the risk of their occurrence is 1 in 3
women and 1 in 5 in men over 50 years of age, worldwide [40]. Fractures are responsible for
most of the morbidity and mortality resulting from osteoporosis.

Normal bone Osteoporotic bone

Figure 7: Scanning electron microscope (SEM) image of normal trabecular bone of a 30 year old woman
and of osteoporotic trabecular bone of a 71 year old woman (adapted from [41] with permission of Prof.
Timothy Arnett).

In 2003, the number of osteoporotic individuals in the world exceeded 100 million, 80% of which
were women [42]. In Germany, the number amounted to 7.8 million, from which 6.5 million were
women and 4.3% experienced at least one clinical fracture. More recent data (2010) estimated
that 22 million women and 5.5 million men have osteoporosis in the European Union [43]. The
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economic impact of osteoporosis-related fractures is enormous, with total costs reaching
approximately €37 billion per year in the European Union [43] and $17.9 billion per year in the
USA [44]. The aging of the population is increasing the prevalence of osteoporosis even further.
However, it is interesting to note that osteoporosis is not a disease of aging, but rather an age-
associated disease, with greater prevalence in older individuals.

Classifying osteoporosis into different types is not straightforward, as this is a complex disease,
with a variety of causes. Primary osteoporosis was, in the 80s [45], suggested to be divided into
two main different types: osteoporosis | or postmenopausal osteoporosis and osteoporosis |l or
senile osteoporosis. Osteoporosis type | is characterized by the loss mainly of trabecular bone
after menopause in females and it results directly from the lack of the endogenous hormone,
estrogen. Osteoporosis |l affects both females and males and it’s characterized by the loss of
trabecular and cortical bone. Other types of osteoporosis, which don’'t start as a skeletal
condition, but instead as a consequence of other diseases or of therapies used to treat other
diseases, such as long-term corticoid steroid usage, are classified as secondary osteoporosis.
The definition established for osteoporosis in 1994 by the World Health Organization (WHO)
[46] was based only on bone mass, which is clinically measured as grams of mineral per area:
areal bone mineral density (aBMD). The definition stated that if aBMD was 2.5 standard
deviations below the mean for healthy young adult women, the patient was considered
osteoporotic. In addition, it was proposed that if aBMD is only 1 to 2 standard deviations below,
the patient is considered osteopenic, in risk of developing osteoporosis in the future. A more
recent definition of osteoporosis states that it is “a disease characterized by low bone strength,
leading to enhanced bone fragility and a consequent increased risk of fracture” [47]. This
definition abandons the limited view of osteoporosis as purely based on bone mass, since bone
strength is determined not only by the quantity, but also by the quality of the bone tissue [5, 7].

The causes of osteoporosis are very diverse. Factors that lead to a decreased peak bone mass
during childhood and adolescence or to an increase in bone’s loss during menopause and aging
are important contributors to osteoporosis development. Bone loss is influenced during life by a
variety of factors, such as nutrition (calcium intake, vitamin D status), hormones (estrogen
levels, growth hormone levels), lifestyle (smoking, inactivity, loss of muscle mass) and even
illnesses and medication [48]. However other factors than reduced bone mass, contribute to
osteoporosis associated fractures. In fact, it was shown that fracture risk increases
independently of bone mass [49-51]. The quality of the bone tissue, which includes the material
properties of bone’s mineral and matrix, is thought to be an important contributor to osteoporotic
fracture risk [6].

Diagnosis and treatment of osteoporosis

In the past, the diagnosis of osteoporosis was very difficult, since in radiographs this condition
was only possible to detect at a very advanced stage. A big step occurred with the introduction
of a non-invasive bone mass measurement technique, dual-energy X-ray absorptiometry (DXA),
with which aBMD is obtained. This parameter became the most common indicator of
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osteoporosis and fracture risk, as the reduction in aBMD was shown to be inversely related to
fracture risk in patients with osteoporosis [52-54]. However, assessing aBMD is not sufficient to
totally understand the causes and nature of osteoporosis. Relying only on aBMD and the WHO
definition presents several limitations, such as the fact that aBMD varies a lot according to the
skeletal site (diagnosis based only on one skeletal site might be misleading) and the fact that
the reference aBMD values were established only for Caucasian populations. In addition, many
osteoporosis-associated fractures occur in individuals with bone mass in the normal to
osteopenic range [55, 56]. Different qualitative features of the bone are only partially reflected or
totally excluded from aBMD measurements. As an example, aBMD doesn’t allow a distinction
between thicker bones (greater quantity) and bones with higher mineralization (altered quality)
[57]. However nowadays some aspects of bone quality, such as its microarchitecture can be
assessed with techniques such as high resolution peripheral quantitative computed tomography
(pPQCT), high resolution magnetic resonance imaging (MRI) and microCT. Nevertheless, a
series of other bone’s qualitative features are still excluded from current diagnosis.

Different pharmacological approaches were developed with the aim to reduce further bone loss
and even reverse bone loss in osteoporotic patients. Currently, the most common therapy to
prevent and treat osteoporosis is hormone (estrogen) replacement therapy. However, there are
various antiresorptive or antiremodelling drugs in use, such as calcitonin, bisphosphonates, and
selective estrogen receptor modulators [58]. In addition, osteoporosis can be treated by
intermittent parathyroid hormone administration [59], which promotes bone formation. Other
anabolic agents such as sclerostin neutralizing antibody (inhibitor of sclerostin) are currently
being investigated and showing promising results [60, 61].

2.2.2 Age-related changes in bone mass

The phenomenon of age-related bone loss is universal. It affects not only every person, but also
every bone, although at different rates and amounts. Bone mass is known to increase during
growth, until it reaches a peak value at around 20 to 30 years old [62]. Peak bone mass is
followed by a plateau during young adulthood. After this plateau, bone mass starts to decrease.
This onset of bone-loss in young adulthood has been demonstrated in men and women using
densitometry and computed tomography [63-65]. Riggs et al. [64] have shown that before 50
years old, women have already experienced 37% and men 42% of their lifetime trabecular bone
loss and 6% and 15% of their total lifetime cortical bone loss. For women, in their early
postmenopausal years there is a great loss of trabecular bone (particularly at the vertebrae)
[66]. This stage is followed by a more gradual bone loss at both cortical and trabecular bone
sites, characteristic not only of women but also men [67]. An interesting fact is that at the age of
70, less than 70% of young adult mass can remain. In the eighth and ninth decades of life, the
rate of bone loss is comparable to that occurring in the peri and postmenopausal stages for
some women [68, 69].

Bone loss in cortical bone seems to occur mainly at the endocortical surface and to a smaller
degree due to enlargement of Harversian canals [70]. The result is the thinning of the cortex, as
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well as the expansion of the marrow cavity. There is however a small gain of bone mass at the
periosteal surface [71, 72], which leads to an increased diameter of the bone [70, 73]. Bone loss
at trabecular bone sites results from increased resorption depths and perforation or even loss of
trabeculae, which translates into decreased trabecular interconnectivity [74-76].

2.2.3 Age-related changes in bone mineral and collagen

Changes in bone mass alone do not explain the increased fragility and fracture risk of elderly
individuals. It has become apparent that also the quality of bone material, which includes the
micro and nanoscopic properties of the mineral particles and the collagen organic matrix,
contributes to the increased fragility of bone with advanced age [77]. The diversity of techniques
used, as well as the difference in bones and species analyzed, contributes to the lack of
agreement on how certain properties, such as mineral particle size and perfection, degree of
mineral alignment or collagen maturity, change with animal age or tissue age.

Age-related changes in bone mineral

Degree of mineralization

The degree of mineralization of bone has a large impact on its mechanical properties. An
increase in degree of mineralization confers bone tissue with higher stiffness and strength, but
mineralization above an optimal level can lead to excessive brittleness [78-80].

In general, bone’s degree of mineralization seems to increase sharply during the first years of
growth and to reach a plateau at an adult age. The sharp increase was seen by Miller et al. [81],
who reported that during the first 40 days of life, tissue mineral density (TMD) and
mineral:matrix ratio in murine tibia increased and reached 62% and 80%, respectively of the
values of the 450 day old mice (defined as adult mice in the study). In addition, an increase in
mineral:matrix ratio was shown to occur until adult age in mice calvariae [82] and in femora of
baboons [83, 84]. While the increase in the degree of mineralization up to adulthood seems to
be consistent in the literature, the same doesn’t hold true for the changes occurring after this
stage. Studies on the femora of baboons showed either no relationship between mineral:matrix
ratio and animal age [84] or a decrease of this ratio after adulthood [83]. In contrast, it was
shown that there was still an increase in mineral:matrix ratio in elderly mice, when compared
with young and middle-aged animals [85] and also in humans, aged between 52 to 85 years old
[86]. An interesting finding was that the variations about the mean mineral:matrix ratio became
tighter with individual's age and shifted towards higher mineralization values [87].

The increase in degree of mineralization with bone’s tissue age seems to be consensual in the
literature. Already in the 60s, BSE imaging studies revealed a gradient of mineral density
around osteons, with younger bone close to the blood vessels having the lowest degree of
mineralization [88, 89]. Similar findings were obtained when measuring the parameter
mineral:matrix ratio in studies with rat femora [90] and tibiae [91], baboon femora [83] and both
trabecular and cortical human bone [92].
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Carbonate and acid phosphate in the mineral particles

Carbonate is the most common constituent impurity of bone mineral, which substitutes
hydroxide (OH") and phosphate (PO43') and also adsorbs on the surface of the mineral particles.
Acid phosphate is also usually present. Both play a relevant role in the chemical and physical
interaction properties of the mineral particles and therefore also in their mechanical functions. It
was shown that the substitution of carbonate for phosphate ions can alter the mineral shape,
deteriorate the symmetry of the crystal lattice and create lattice vacancies, which can have
relevant mechanical impact, as the strain environment local to mineral particles changes [93,
94].

Carbonate substitution was shown to increase slightly with individual’s age in homogenized
bone of iliac crest biopsies of individuals aged 0 to 90 years [95]. A series of Raman and FTIR
spectroscopic studies, in which different bones and different animals were analyzed, also
showed an increase in the parameter carbonate:mineral ratio with animal age [82, 83, 85, 86,
96, 97]. Distinct trends of alteration in carbonate content of mineral particles were shown to
occur in baboon femora, where carbonate:mineral ratio increased only up to sexual maturity
(remaining independent of animal age after this stage) [84] and mice tibia, where no significant
change on carbonate content occurred with aging [81]. As with mineral:matrix ratio, the
variations in carbonate content seem to be become smaller with age [87].

Studies that analyzed the carbonate content as a function of tissue age revealed conflicting
results. Donnelly et al. [90] reported an increase in the parameter carbonate:mineral ratio with
tissue aging in young rat femora and Burket et al. [84] reported only a trend of increase of this
parameter in the femora of young and mature baboons. In contrast, a decrease in
carbonate:mineral ratio with tissue aging was observed in the femora of young and middle-aged
rats [85] and also in individual human osteons [92] and human trabeculae [97]. In synthetically
formed crystals (similar to bone apatite), the earliest formed crystals were shown to have low
concentration of carbonate [98].

The number of studies analyzing the alterations of acid phosphate content in the mineral
particles with animal aging is limited, however a decrease in acid phosphate content was
observed in mice up to 6 months old [99] and also in homogeneized bone biopsies of humans
aged 0 to 90 years old [95]. Acid phophate content also decreases with tissue aging. Increased
acid phosphate content was reported in areas of new bone formation and in early formed
synthetic crystals [99-101].

Mineral particles size and perfection

Mineral crystallinity reflects the size and/or how well the atoms and ions of the mineral particles
are ordered. Although the increase in mineral particles dimensions is known to induce residual
stresses in their vicinity, the relation between mineral crystallinity and bone’s tissue mechanical
properties is not yet known. Theoretical mechanical models predicted that an increase in the
mineral particles length/width ratio and in the spacing between particles led to an increase in
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bone’s tissue elastic modulus [102] and an experimental study showed partial correlation
between mineral crystallinity and bone’s elastic and post-yield mechanical properties [86].

Studies analyzing bone mineral crystallinity either show an increase in this parameter in early
stages of growth [81] and up to sexual maturity [103], an increase even in elderly animals [84,
85, 96] or no relation between crystallinity and age [97]. Miller et al. [81] showed that at 1 day
old, the mineral in the tibiae of BALB mice already reached 87% of their adult crystallinity value.
Boskey [103] showed that bone’s mineral crystallinity increased in mice during adolescence,
reaching a plateau at sexual maturity. However, mineral crystallinity was reported to increase in
elderly 19 month old C57BL/6 mice, when compared to 4 and 5 months old (grouped together)
mice [96] and similar results were reported for the femora of female rats [85] and female
baboons [84]. A different study on the baboon femora showed, in contrast, no correlation
between animal age and mineral crystallinity [83] and the same was detected in human
trabecular bone [97].

Most of the existing studies reported increased mineral crystallinity with increased tissue age. In
the femora of baboons, there was an increase of crystallinity from the center of the osteon to
approximately half its radius and a plateau afterwards, independent of animal age [83]. In a
different study also with baboon femora, the increase was dependent on animal age (greater in
young than in mature animals) [84]. In both trabecular and cortical human bone, crystallinity was
higher in more mature tissue [92, 104].

The length of bone mineral particles in the human femora was shown to increase only up to 20
years of age and in human iliac crest up to 30 years of age (85-90 years old was the maximum
age studied) [95, 105]. However, Chatterji et al. [106] showed, using X-ray diffraction (XRD),
that the percentage of large mineral particles in human femora increased after 40 years old,
while the percentage of small particles increased up to this age.

The smallest dimension of bone, its thickness, has also been investigated with techniques such
as SAXS. Bone’s mean mineral thickness was shown to negative correlate with bone’s stiffness
in human dentine [107]. Bone’s mean mineral thickness increases in early years of skeletal
growth [108] and afterwards this increase is thought to slow down, possibly reaching a plateau
at an adult age, as reported by Fratzl et al. [109, 110]. Similarly, Grabner et al. [111] reported a
significant increase in bone mean mineral thickness in the femora and tibiae of mice, but only
up to 2 to 3 months of age (6 to 8 month old was the maximum age studied). Roschger et al.
[38] in a study of vertebrae from 15 week old up to 97 years old individuals, showed a rapid
increase in mineral thickness up to the age of four years old, followed by only subtle increases
in thickness after this age. Bone mean mineral thickness also remained substantially the same
in femora of humans between 13 and 97 years old [106].

With tissue aging, bone’s mean mineral thickness seems to increase. Lower mineral thickness
was detected in younger tissue adjacent to the endocortical bone surface in rat femora
(compared to intracortical tissue) [112] and also in young tissue close to the center of osteons in
human femora, when compared to tissue further away from the center [113].
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Mineral particles degree of alignment

The mineral particles degree of alignment increases in early phases of skeletal growth [36, 108],
but after this stage it is not clear how this parameter relates with age. Mineral particles degree
of alignment was shown to increase with age in vertebrae of humans aged between 15 week
and 97 years old [38]. However, no correlation between the degree of mineral alignment and
age was seen in the human femora after 10 years of age (97 years old was the maximum age
studied) [106] and also in mice aged between 1 and 8 month old [111]. Chatterji et al. [106, 114]
point out that there is only a correlation between degree of mineral alignment in human femora
and age in the first years of life, since at this stage the degree of preferred alignment results
from the alternate stressing and relaxation of bone during limb’s usage and after these early
years, no changes are expected as the limb is in full usage (fully weight bearing in locomotion).
The degree of mineral alignment seems to increase with tissue age. In tissue close to the center
of osteons of human femora, the degree of mineral alignment is smaller than in tissue further
away from the center [113]. In addition, smaller degree of mineral alignment was measured in
tissue close to the trabeculae surface (compared to older tissue in the middle of the trabeculae)
[115].

Age-related changes in bone’s collagen

Collagen plays an essential role in bone’s mechanical features, contributing majorly to its
toughness and ultimate strength [116-119]. Alterations in collagen properties seem to relate to
the reduced mechanical properties of bone with advancing age and disease [25, 120, 121]. It is
known that the content of collagen, in terms of % of tissue weight, gradually decreases with
aging, after reaching a peak in adolescence [122] and that its stability also decreases. The
orientation of collagen fibrils seems to also depend on age, at least, on tissue age. It was shown
that collagen fibril orientation increases with tissue age in baboon osteonal bone [123].

One of collagen’s most distinct features is its cross-linking chemistry. Whether and how the
different bone’s collagen cross-links—enzymatic (mature and immature cross-links) and non-
enzymatic (advanced glycation end products (AGEs))—change with age and how they impact
bone’s mechanical properties is still a matter of discussion. Nevertheless, it seems that impaired
enzymatic cross-linking and/or an increase in non-enzymatic cross-links play an important role
in the decline of bone’s mechanical properties with aging and osteoporosis [122]. An increase in
the rate of AGEs with age was reported [124] and this was related to decreased bone’s strength
and toughness [125]. In addition, recent data suggests that the accumulation of AGEs cross-
links within the bone tissue can only be removed by bone resorption, which leads to an
increased activity of osteoclasts and decreased bone formation by osteoblasts [126]. Enzymatic
mature cross-links were shown to correlate positively with ultimate stress [127] and a reduction
in immature cross-links was associated with a decrease in femoral strength [128].

Age-related changes in enzymatic cross-links can be studied with FTIRI. The intensity ratio of
amide | sub-bands, 1660 and 1690 cm™, the so-called collagen maturity, correlates with the
ratio of nonreducible (mature)/reducible (immature) collagen enzymatic cross-links in bone, in
specific with the ratio of pyrdinoline (PYD) and dehydro-dihydroxylysinonorleucine (deH-DHLNL)
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[129]. For different animal species, collagen maturity was show to increase from birth up to a
young age and to remain constant in adult life [84, 91, 96, 130]. In contrast, Miller et al. [81]
showed no change in collagen maturity in mice between 1 and 450 days old and Paschalis et al.
[129] reported increased collagen maturity between 4 month old and 2 years old bovine
demineralized femora.

With tissue aging, most studies showed an increase in bone’s collagen maturity [83, 129, 131,
132].

2.3 Mechanical loading effects on bone

Bone adapts to its mechanical environment during skeletal growth and development in order to
attain an optimized structure in terms of size, shape and/or mineral and matrix properties, which
assures its mechanical competence and resistance to fracture during normal activities.
However, bone’s adaptive response is modulated by an individual’s age.

Bone adaptation can occur through processes of bone modeling and/or remodeling, commonly
referred to as bone (re)modeling. Bone modeling corresponds to the deposition or removal of
bone from periosteal, endocortical or trabecular surfaces and it doesn’t require the coordinated
action of bone cells. Bone remodeling can affect all bone surfaces, including vascular cavities
and it requires the action of the bone multicellular unit (BMU), which involves the coordinated
action of osteoclasts, the cells that initially resorb bone and osteoblasts, the cells that form
bone, which replaces the resorbed bone. Bone (re)modeling occurs at approximately 1 to 2
million microscopic sites in the adult skeleton [2]. For bone’s adaptation to occur there has to be
a pathway of cellular events, which connect the local mechanical strains to bone (re)modeling
and the osteocyte LCN is thought to play an essential role in this process.

In chapter 2.3.1, the basic principles of bone adaptation to mechanical loading and some classic
studies on the topic are presented, followed by a description of the animal pre-clinical loading
models used to study bone adaptation. In chapter 2.3.2 the process of mechanotransduction in
bone and in particular the role of the osteocyte LCN is described. Chapter 2.3.3 focuses on the
changes in bone mineral and matrix properties, after mechanical loading, an aspect which has
received less attention, since mostly changes in bone mass and geometry have been studied.
Finally, the age-related changes in bone’s adaptive response are described in chapter 2.3.4.

2.3.1 Bone adaptation to mechanical loading

Basic principles/ Classic experiments

A classic experiment which can be used to introduce the topic of bone adaption to mechanical
loading included the transplantation of a cartilage model of a femur [133] from a fetal mouse into
the spleen (not subjected to mechanical loads). The bone that developed from the cartilage had
a similar shape to a normal femur, but at the same time presented very distinct features, such
as thinner cortices, less organized trabeculae and a short and wide femoral neck, which
corresponded to weaker bones that couldn’t withstand normal loads without having risk of
damage. The differences were probably a reflex of the lack of the usual mechanical stimuli,
which didn’t allow the organ to develop into the normal functional femur. While the gross

30



features of the bone seemed to be genetically determined, the attributes essential to structural
competence were likely dependent on the mechanical environment. In fact, the general shape
of bones already suggests that the mechanical loads that act upon them lead to structural
adaptation. In the 17" century, Galileo related the shape and internal structure of bone with the
mechanical loading during normal functionality. Later, at the end of the 18" century, Julius Wolff
studied the structure of trabecular bone in the proximal femur. He and Wilhem Roux are still
remembered for “Wolff's law” or “Wolff-Roux law” [134, 135]. According to this law, the
arrangement of the trabeculae in the proximal femur is in alignment with the principal stress
directions subjected to the tissue during normal skeletal function. The law states that bone is
deposited wherever it's needed and resorbed where there is no mechanical need, defining this
way that bone (re)modeling is not random, but rather mechanically driven.

Frost further developed the idea that bone (re)modeling is mechanically driven, proposing that
the principal determinant of bone adaptation was local mechanical strain. In 1987, he suggested
that bone adaptation was regulated by a mechanically controlled feedback loop, which he called
the mechanostat [136, 137] (Figure 8). The analogy with a thermostat, that switches heating on
and off according to set points, helps understanding how the mechanostat functions (it's only on
in response to “errors” and off if there are no “errors”). When there is mechanical overloading or
increased strain-related stimulation due to high strains, high strain rates and unusual strain
distributions, the mechanostat will evoke bone deposition and/or apparently increased strain-
resistant architecture, which will occur until regular strains in the region are reestablished. The
same principle is applied if there is decreased strain-related stimulation associated with
mechanical disuse or a persistent underload. The mechanostat will signal for bone resorption
and bone mass will diminish to a level corresponding to the lower load. For both cases, the goal
seems to be to locally alter the bone in a way that the same applied forces result in different and
more adequate strains in bone. The set points are defined as a range of strain values where no
response occurs. This set points can however be altered by nonmechanical factors, such as
drugs and hormones, which can make the mechanostat either more or less robust.

31



Increased mass
Improved architecture

Decreased Increased
strain-related stimulus strain-related stimulus

Systemic influence
Systemic influence

Decreased Increased

strain-related stimulus strain-related stimulus

Decreased mass
Increased resorption

Figure 8: Scheme of the mechanostat mechanism described by Frost in which bone (re)modeling is
activated due to differences between actual and target strains (adapted by permission from Macmillan
Publishers Ltd: [IBMS BoneKEy] [138])

The general response of the skeleton to increased or decreased activity has been well
characterized in a series of studies. Withdrawal or reduction of load bearing in bones, such as
during bed rest [139] or weightlessness, such as in space flight [140, 141] were shown to result
in a decrease in bone mass and growth rate of bone, which translated into a reduction in its
stiffness, strength and energy absorbing ability [142]. The opposite effect, local increase in bone
mass, occurred in bones that were intensively or unusually highly loaded. The classic example
is the increased bone density and diameter of the playing arm of tennis players, when
compared to the contralateral arm [143-145]. Also, ballerinas were shown to have more bone
mass in their legs [146], middle-aged runners to have more bone mineral than sedentary people
[147] and soccer players to have higher mineral density in their lower limbs, compared to control
individuals [148].

Finally, the ability of a loading regimen to result in adaptive changes in bone is determined by
how different the strain environment is to the habitual strain distributions to which the bone is
usually exposed. It was shown that activities like jumping, tennis, weight lifting are more
osteogenic than activities such as swimming and cycling, since these activities result in rapid
accelerations and decelerations and unusual loading configurations [149-151].
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Animal pre-clinical loading models

Animal loading models, with which the response of bone to enhanced loading environments
could be studied, contributed to a significant progress in the understanding of bone adaptation
to mechanical loading. In vivo loading models can be divided into four main categories,
according to the origin of the loading and according to whether surgical intervention was used or
not: intrinsic non-invasive (exercise), intrinsic invasive (osteotomy), extrinsic invasive (surgical)
and extrinsic non-invasive models (external mechanical actuator) [152] (Figure 9).

Intrinsic non-invasive loading models include exercise regimes such as treadmill running [153]
or jumping [154], where loading is determined by the animal’'s own activity. These models are
limited by the lack of controlled loading parameters. Intrinsic invasive models—surgical
procedures where a bone or part of a bone is removed in order to increase the mechanical
loading of the bone nearby—are also limited by the noncontrolled loading conditions, as well as
by the potential surgery-induced inflammation and consequent production of woven bone [155,
156]. Using a dog ulnar osteotomy model, Takano et al. [157] showed that collagen orientation
in the new secondary osteons of the canine radius was determined by the new strain fields.

From one of the earliest extrinsic invasive models—rabbit tibia with surgically inserted wires—
we learned that only dynamic, rather than static loading stimulates bone formation [158]. This
finding was confirmed by Lanyon’s group [159] using the ulnar osteotomy loading model, where
pins were surgically inserted through the ends of the ulna of mature turkeys. Other extrinsic
invasive loading models were developed in order to the study the trabecular bone’s mechanical
response to loading, such as the rat [160] and the mouse [161, 162] tail vertebral model. The
major limitation of extrinsic invasive models is the potentially confounding effects of trauma
associated with the surgery.

Non-invasive extrinsic loading models overcame most of the limitations of the other types of
models, allowing the exact mechanical loads applied to bone to be controlled, not requiring any
surgical procedure. For the rat, an axial compressive loading of the ulna model [163] and a tibial
four point bending model [164] (Figure 9A) were developed in 1994 and 1991, respectively and
later these models were adapted to the mouse [165, 166] (Figure 9B). The ulnar compression
model creates physiological strains distributions within the bone similar to those occurring
during locomotion [167], but this is not the case for the tibial four point bending model. Both
loading models have contributed to the knowledge of the loading conditions that elicit bone
formation. Turner et al. [168, 169] showed that increased strain rate led to increased bone
formation in the rat tibia. Furthermore, the loading effect was reported to saturate with
increasing number of loading cycles [170], with a short duration mechanical loading being
sufficient to initiate an adaptive response. Dividing up the daily loading into a series of short
bouts was also more effective in eliciting bone formation than the same stimulus applied in one
burst on one day [171]. The positive effects of division of the loading cycles might be related to
a loss of bone’s cell sensitivity to repeated mechanical loading. In fact, not only the recovery
between bouts increased the effects of loading, but also the recovery between each individual
cycle [172, 173]. The insertion of a 10 second pause between cycles increased periosteal bone
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formation in the in vivo loaded ulna of turkey [172] and similar results were obtained using the
four point rat tibial loading model [173]. The benefits of insertion of pauses between cycles is
not clearly understood, but it might be related to intracellular calcium signal mechanisms [174].
More recently, an axial compressive mouse tibial loading model was developed [175, 176]
(Figure 9C), which uses in vivo strains within a physiological range and allows the study of both
trabecular and cortical bone adaptation. Studies with the tibial loading model showed that a
strain of 1200 pe elicited an osteogenic response in the mouse tibia [177, 178]. This value
corresponds to approximately two to three times the strain engendered on the medial tibiae of
mice during normal walking [176, 179]. Strain gauging is commonly used to calibrate the in vivo
loading experimental setup, by obtaining the relation between the applied loads and the strain
engendered at the strain gauge location [176, 179]. Even if the strain values obtained
correspond only to a specific site in bone (where the strain gauges are surgically implanted),
finite element models allow the extrapolation of strains for other sites in bone [177, 180].

A B "'

Figure 9: Extrinsic non-invasive loading models. A) rat tibial four point bending model [164] (reproduced
with permission of the Journal of Experimental Biology from [173]), B) mouse ulna loading model [163], C)
mouse tibial loading model [176, 179] ([181] - reproduced by permission of The Royal Society of
Chemistry). Arrows represent the loading direction.

2.3.2 Mechanotransduction and the osteocyte lacuno-canalicular network (LCN)

The process of sensing the external mechanical stimuli and converting them into biochemical
signals (mechanotransduction) of bone resorption or formation is still a matter of debate.
However, it is generally accepted that osteocytes, with their dense distribution throughout the
bone matrix and their lacuno-canalicular interconnectivity, are the cells that orchestrate this
process [182]. Osteocytes, reside within lacunae and are connected to each other, to cells on
the bone surface and also to the bone marrow through long dendritic processes that reside in
and travel through canals in the bone tissue called canaliculi (100-550 nm diameter) [183, 184]
(Figure 10). The osteocytes and their lacunae seem to align in the principal mechanical loading
direction, as such the osteocyte and osteocyte lacuna morphology and orientation were shown
to be different for flat and long bones in 3 to 6 month old adult C57BL/6 mice [185]. Namely,
fibular osteocytes show an elongated morphology with the long axes of the lacunae in alignment
with the principal mechanical loading direction, whereas osteocytes in calvariae are spherical
and without any particular lacunar alignment (calvariae are loaded in different directions and at
lower amplitudes). In addition, it seems that the osteocytes develop a well-organized LCN
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during normal bone (re)modeling. It was shown that osteocyte lacunae in murine femoral bone
of 3 week old animals have a round shape and no perceptible alignment, with their canaliculi
extending in arbitrary directions, while older animals show spindle-shaped lacunae organized
parallel to the longitudinal axis of the bone, with canaliculi extended perpendicularly to the bone
surface [186].
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Figure 10: A) Osteocyte LCN associated with a blood vessel; BV = blood vessel (adapted from [10] with
permission of John Willey and Sons), B) Scheme of an osteocyte located inside its lacunae and its
connections with the surrounding space (adapted with permission of Endocrine Society from [187];
permission conveyed through Copyright Clearance Center, Inc.).

Different studies have suggested the involvement of osteocytes in mechanosensation and
mechanotransduction, by demonstrating that mechanical loading activates cellular processes in
osteocytes such as energy metabolism, gene activation and growth factor production [188, 189].
Direct demonstration of the involvement of the osteocytes in mechanosensation and
mechanotransduction was shown by Tatsumi et al. [190], who reported that osteocyte-ablated
mice were resistant to unloading-induced bone loss and moreover presented osteoporotic-type
bone. It is, however, not yet clear how the mechanical loading is sensed by the osteocyte, but
different mechanisms have been proposed. Mechanical loading has been suggested to induce
extracellular fluid flow [191, 192], which results in shear strains on the osteocyte plasma
membrane [193-195] or in deformation of the dendrites [196, 197], leading to the activation of
intracellular signaling pathways. The fluid flow theory has been supported by in vitro
experiments, which reveal the larger mechanosensitivity of osteocytes to fluid flow, when
compared to osteoblasts and fibroblasts [198]. In addition, osteocytes seem to be more
responsive to fluid flow shear stress than to other forms of mechanical strain (like substrate
stretching). Alternatively or at the same time, osteocytes are thought to directly sense the local
substrate strains. The direct strain sensation theory was initially contradicted by studies in which
strain levels correspondent to the strains measured in vivo on the bone surface (physiological
loading causes strains in the whole bone in the range of 0.04-0.03% and seldom exceed 0.01%
[199, 200]), did not stimulate osteoblasts [198, 201]. However, these values represented the
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average strain that would act on thousands of osteocytes and provided no information about
variations in the local strain field, which are likely to happen due to microstructural
inhomogeneities in the bone, such as lacunae and canaliculi. The strain amplification effects at
these sites were suggested to occur by different in vitro and numerical studies [12, 202, 203].
Recently, a finite element model based on synchrotron X-ray phase nano-tomography showed
that the strain applied globally was amplified up to factors of 10 and 70 in the extracellular
matrix and in the osteocytes, respectively [203]. In addition, the authors reported that the cell
body-dendrite junction was the location of major cell deformations (magnitudes similar to the in
vitro stimulatory threshold for osteocytes) [204]. A different theory suggests that the recruitment
of osteoclasts and initiation of (re)modeling in bone occurs after microdamage of the
extracellular matrix and consequent disruption of the canalicular network and osteocyte death
[205, 206].

Not only are the mechanical signals that reach the osteocytes not clearly identified, but also
how intracellular signaling cascades are initiated and how the mechanical signals are converted
into cellular events. It is however, thought that the adhesion proteins integrins, gap junctions
and/or stress induced ion channels mediate strain of extracellular matrix to intracellular
signaling pathways and that primary cilium might also play a role by sensing fluid flow [207].
Important intracellular mediators of mechanical loading include intracellular calcium signaling,
nitric oxide and prostaglandins [207]. It is likely that the osteocytes are able to respond to
mechanical stimuli through a variety of sensor and signaling mechanisms.

The perilacunar tissue of the osteocyte

The total lacunar and canalicular surface area in adults is two orders of magnitude greater than
the surface directly remodeled by osteoblasts and osteoclasts [208]. The bone tissue, which
directly surrounds the osteocyte, the perilacunar tissue, forms a unique environment. The
removal of only a few angstroms of mineral per osteocyte would possible lead to significant
effects on the levels of circulating ions and also on bone’s mechanical properties [182].

Different studies have suggested the osteocyte has the ability to remove mineral from its
perilacunar tissue [209]. In 1962, Baud [210] showed by electron transmission microscopy that
the lacunar walls of osteocytes had irregular borders, result of osteolytic activity. In 1967, the
concept of “osteocytic osteolysis” was introduced by Belanger [211] in association with the
finding that the perilacunar mineral surrounding the osteocyte has a greater solubility. Some
contemporary studies have also shown that the osteocyte can modify its microenvironment in
response to environmental factors. Breeding female snakes during the period of embryo
development and hibernating snakes showed significantly enlarged lacunae and a perilacunar
area of decreased mineral density, thought to be reminiscent of mineral resorbing activity [212].
This enlargement and removal of mineral from the perilacunar space was also observed in male
glucocorticoid-treated and female ovariectomized mice [213]. More recently, Qing et al. [214]
suggested the occurrence of the same phenomenon in both the tissue surrounding lacunae and
canaliculi in lactating mice. Blaber et al. [215] reported that osteocyte osteolysis occurred in the
pelvis of C57BL/6J mice after 15 days of space flight. A small number of studies have
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suggested that osteocytes have also mineral apposition abilities. Osteocyte lacunae were
shown to uptake tetracycline, indicating the ability to calcify or form bone [216]. Laying hens in
calcium repletion after a depletion period, showed increased mineralization, as well as
enrichment in collagen fibrils in the lacunae [217].

The osteocyte dendrites might also be involved in removal and replacement of bone mineral, as
different studies suggest [11, 208, 214, 218]. The fact that the canalicular surface area is much
larger than the lacunar surface area, with more direct access to the mineralized bone tissue,
supports this idea. However, due to the small dimensions of the canaliculi the numbers of
studies assessing this topic are more limited.

The capacity of osteocytes to remove and add mineral from the tissue surrounding the lacunae
and canaliculi might have important implications in mineral metabolism, but also in the local
lacuna strain field influencing the osteocyte and its responsiveness to mechanical loading. In
fact, it was shown that the amplification of the macroscopic strain applied to a whole bone by
the osteocyte lacuna is a function of perilacunar tissue material properties [12]. A decrease in
the perilacunar tissue modulus might amplify the perilacunar tissue strain and also canaliculi
deformation, while an increase in the modulus might have the opposite effect. Furthermore,
aging seems to be accompanied by lacunar hypermineralization [219], which might reduce the
strain signal acting on the osteocytes under normal loading conditions and contribute to the
progression of osteoporosis.

2.3.3 Mechanical loading effects on bone mineral and matrix properties

Numerous studies have assessed changes in bone mass and/or geometry after exercise and
mechanical loading. However, the impact of mechanical loading on bone might not be restricted
to changes in mass and geometry, but also to alterations in material quality. In particular, the
effect of mechanical loading on the properties of bone’s basic constituents, the mineral particles
and the collagen matrix is largely unknown.

Pre-clinical and human exercise studies suggest that exercise might lead to an increase in
volumetric bone mineral density (assessed with pQCT) [220, 221]. In postmenopausal women,
exercise was shown to lead to a reduction in bone loss, possibly by maintenance of trabecular
and cortical volumetric bone mineral density [222]. Mechanical loading has been also suggested
to impact the collagen matrix through increased collagen synthesis [223] or altered tensional
properties of the collagen network [224, 225]. In addition, a series of studies have shown that
microgravity might alter bone mineralization and and/or organic matrix composition, leading to
deterioration of bone material properties in young rodents [226-229].

Most of the studies analyzing the impact of mechanical loading on bone’s mineral and matrix
properties did not differentiate between material quality changes in newly formed and pre-
existing tissue. However, one study by Kohn et al. [230] used a short-term exercise regime (30
minutes/day of treadmill running for 21 days) in 16 week old C57BL/6 male mice which did not
increase bone formation, assessed by histomorphometry. The authors showed loading
increased structural and tissue level mechanical properties by altering bone quality of pre-
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existing tissue via enhanced mineralization (increased mineral:matrix ratio) and altered mineral
composition (decreased carbonate:mineral ratio). One possible mechanism behind the changes
in the quality of pre-existing tissue might be the perilacunar and pericanalicular remodeling [208,
209], described in chapter 2.3.2.

The quality of new bone tissue formed with additional mechanical loading has not been yet
characterized. Since extra mechanical loading often leads to enhanced mineral apposition rate,
the new tissue formed in such conditions could have altered mineral and matrix properties. This
is the case in bone tissue formed rapidly via intramembranous ossification during healing [231,
232]. In 1981, Woo et al. [233] analyzed the quantity and quality of femoral bone in immature
pigs, which trotted 40 km a week for 12 months. The authors suggested that the new bone
tissue formed when bone mass was increased after exercise had similar quality to the original
bone. However, the authors could not analyze separately the quality of the new tissue formed
with exercise and the pre-existing tissue.

2.3.4 Age-related changes in bone’s adaptive response

Different human exercise [145, 234-242] and pre-clinical studies [176, 177, 243-250] indicate
that age modulates the adaptive response to mechanical loading.

In general, exercise seems to lead to an increase in bone mass in young individuals [234, 236,
240, 241], while in older individuals it only induces small increases in bone mass or prevents
bone loss [237-239, 251, 252]. High impact and high velocity exercise led to an increase in
trabecular bone mass in prepubescent girls and premenopausal women [234-236], but only to a
marginal increase and a maintenance of bone mass in postmenopausal women [237-239]. Pre-
clinical studies showed that loading regimens which were osteogenic in young animals, lost
their potential in senescent animals [246] or that the strain magnitude required to engender
bone formation in elderly animals was much higher than the one needed in young animals
[244]. Adult mice responded anabolically to mechanical loading, but their adaptive response
was reduced relative to young mice [249]. The mechanisms behind the reduction in bone’s
adaptive response to its mechanical environment with aging has been attributed to a reduced
capacity of aged individuals to form new bone [67], but also to a non-perception of the stimulus
required for bone formation. It is known that with aging different phenomena occur which might
contribute to the reduction of bone’s mechanoresponsiveness [244, 246, 253, 254], such as a
decrease in the populations of osteoblasts, lining cells [255-257], alteration of the levels of
circulating hormones and a reduction of basal cell function [258-265]. Additionally, changes in
the osteocyte network and in the material properties of the perilacunar tissue could impair the
ability of osteocytes to sense and translate mechanical stimuli [219, 266-268], but this is still
matter of discussion.

There are, however, some pre-clinical studies which oppose the theory of reduced adaptive
bone response with aging and suggest that bone’s responsiveness to mechanical loading is not
decreased in elderly animals [220, 245, 250, 269-271]. Brodt et al. [270] have reported that the
adaptive response in the endocortical surface of the bone was higher in aged than in middle-
aged mice, but similar between the two ages in the periosteal surface. A recent study compared
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trabecular and cortical bone’s adaptive response in 5, 12 and 22 month old C57BL/6 mice and
concluded that the response was higher in the young than in the adult and elderly animals, but
comparable between adult and elderly mice [272].

The number of studies investigating how age affects the impact of loading on bone mineral and
matrix properties is limited. The effect of loading on bone’s collagen organic matrix was
assessed in decalcified humeri from 2, 4, 6 and 18 month old C57BL/6 male mice, after
voluntary exercise (continuous access to a running wheel beginning at age 1 month old) in two
separate studies [224, 225]. No difference was measured between running mice and sedentary
controls in the collagen content or cross-links (measured via high-performance liquid
chromatography). However, exercise led to improved tensional properties of the collagen
network in young and growing mice (2 and 4 month old), but not in adult mice (6 month old).
The authors attributed the exercise-related improved mechanical properties in the young mice
to increased remodeling of the bone, along with increase in the rate of alignment of the collagen
fibrils in the longitudinal direction. In 18 month old mice exercise lead to reduced collagen
tensile properties, reduced diaphyseal cortical bone mineral density, but increased diaphyseal
cortical bone stiffness. Nevertheless, the authors could not establish a direct comparison on
how age (2, 4, 6 and 18 month old mice) influenced the effect of exercise on bone composition,
as the duration of exercise for each group was different (1, 3, 5, and 17 months of voluntary
exercise, respectively). Some additional studies have speculated on the age-modulated effects
of mechanical loading on bone mineral and matrix properties, after analyzing changes in bone’s
mechanical properties with exercise. Huang et al. [273] showed that endurance running lead to
an increase in femur’s ultimate toughness and post-yield toughness in old rats, but not in
growing rats. They have associated the changes detected in old rats with alterations in bone’s
collagen orientation with loading. Raab et al. [271] also compared the effect of exercise on
young and old rats and detected higher ultimate femoral stress only in the old rats, when
compared to sedentary controls.

The majority of the studies assessing changes in adaptive response of bone to loading with
aging used models such as voluntary exercise which may have included varied levels of
physical activity between animals and did not allow for controlled loading conditions, such as
strain or load-matched comparisons between age groups. However, the number of studies
analyzing bone’s adaptive response by using controlled non-invasive extrinsic animal loading
models (described in chapter 2.3.1), has been increasing in recent years [247, 249, 270, 272].
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3 Materials and methods

3.1 Animal handling

Female young postpubescent 10 week old, adult 26 week old and elderly 78 week old
C57BL/6J mice were received and acclimatized at the Institute’s animal core facility during the
course of the experimental procedure. The animals were group-housed in cages with ad libitum
access to water and a maintenance diet in a 12:12 hour light/dark cycle. Body weight was
measured every day, except during the weekends. All animal experiments were carried out
according to the policies and procedures approved by the local legal research animal welfare
representative (LAGeSo - Landesamt fir Gesundheit und Soziales Berlin, G0333/09).

3.2 Invivo loading

3.2.1 Invivo load-strain calibration (strain gauging)

The relationship between applied compression and bone tissue deformation for the right and left
tibiae of 10, 26 and 78 week old female C57BL/6J mice (n = 7/age) was determined. The aim
was to obtain the applied load, which elicited a strain of 1200 pe (osteogenic) at the medial
midshaft of the tibia. Single element strain gauges (EA-06-015LA-120, Micromeasurements,
Wendell, USA) were prepared and attached to the medial surface of the tibial midshaft in
alignment with the bone’s long axes [274] (Figure 11). A range of dynamic compressive loads,
with peak loads varying from -2 to -12 N, were applied to the mice under anaesthesia (ketamine
60 mg/kg and medetomidine 0.3 mg/kg) using an in vivo loading device (Testbench
ElectroForce LM1, Bose, Framingham, USA), with simultaneous load and strain recording
(WinTest software). After measurement, the slopes of the strain-load regressions were
calculated.

Figure 11: Photograph of a strain gauge positioned at the medial surface of the tibial midshaft of a 10
week old C57BL/6J mouse (left) and an isolated strain gauge (right).
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3.2.2 Invivo loading protocol

Cyclic compressive loading was applied on the intact left tibia of 10, 26 and 78 week old mice,
using an in vivo loading device (Testbench ElectroForce LM1, Bose, Framingham, USA). The
right tibia of the mice was used as an internal control. The loading device includes an
electromagnetic linear displacement actuator controlled by WinTest software, which applies
loads to the tibia at the foot, and it incorporates a feedback loop to keep consistent load
magnitudes. The applied loads were measured by a load cell, which is in series with the tibia
and the actuator.

The mouse’s left flexed knee and ankle were placed into the concave cups of the loading device
(Figure 12, Figure 9C) and the tibia was held in place by applying a continuous static pre-load of
-1.0 N, immediately before the dynamic loading. Loading parameters included: 216 cycles
applied daily at 4 Hz, 5 days/week (Monday - Friday), for 2 weeks, delivering -9 N (78 week old
mice) or -11 N (10 and 26 week old mice) peak loads. The triangle waveform applied consisted
of 0.15 seconds of symmetric active loading/unloading with 0.1 seconds rest insertion (at -1 N)
between load cycles and a 5 seconds pause between every four cycles. During the loading
period, mice were anesthetized with isofluorane inhalation (2.5% in 1L/min O,), except mice
scanned with in vivo microCT, who were injected at days 0, 5 and 10 of the experiment with an
anesthetic/analgesic cocktail of 60 mg/kg ketamine and 0.3 mg/kg medetomidine. Between the
loading sessions, mice were allowed unrestricted cage activity. At day 15, 3 days after the last
loading session, mice were sacrificed under anesthesia (ketamine 60 mg/kg and medetomidine
0.3 mg/kg) through an overdose of potassium chloride. After sacrifice, both the left and right
tibiae of the animals were dissected from the surrounding soft tissues.

Figure 12: Photograph of a 10 week old C57BL/6J mouse undergoing in vivo loading of the left tibia.

3.3 Measures of bone mass and geometry

MicroCT is a non-destructive imaging technique with which high-resolution 3D images of
internal structures of an object can be obtained. Its basic principle relies on the interaction of X-
rays with matter, which during a microCT scan is dominated by the photoelectric effect. This
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effect causes the attenuation of X-rays while passing through matter and this attenuation is
dependent on the atomic number of the specimen in study [275]. The sum of all local
attenuations along the X-ray beam results in a 2D X-ray projection of the specimen. By either
rotating the specimen or the X-ray source, a set of 2D projections from multiple viewing angles
are acquired and a final 3D image is obtained. MicroCT is extensively used in the study of bone,
since there is an excellent contrast between mineralized bone and the surrounding soft tissues
(due to the difference in their atomic numbers). In vivo microCT, in particular, is used to
longitudinally study and track the changes occurring in bone, for example, in the time scale of
weeks [276]. In this work, by scanning the same animal at different time points, the longitudinal
effect of aging and of in vivo loading on cortical bone mass and geometry was studied. Dynamic
histomorphometry provided us with complementary information on bone’s remodeling rates,
data that is not possible to obtain, at least directly with microCT. Both in vivo microCT and
dynamic histomorphometry were performed together with the other group members.

3.3.1  In vivo micro-computed tomography (microCT)

Longitudinal in vivo microCT (vivaCT 40, Scanco Medical, Bruttisellen, Switzerland) was
performed at day 0, 5, 10 and 15 of the experiment to assess cortical bone in 10, 26 and 78
week old mice. MicroCT scans were performed on the left (loaded) and right (control) tibiae of
the mice (n = 7 mice/age) (Figure 13). Additional mice were loaded (n = 4 mice/age) for two
weeks and imaged only at day 15. Scans were run at 55 KVp, 145 pA and 600 ms integration
time, with an isotropic voxel size of 10.5 uym.

Figure 13: A) Photograph of a C57BL/6J mouse inside the in vivo microCT, B) Photograph a C57BL/6J
mouse placed in a costume-made “microCT mouse bed”.

The microCT volume of interest selected to study cortical bone was centered at the tibial
midshaft and extended along the bone’s long axis 2.5% of the tibia length (Figure 14). Cortical
bone was segmented with a global threshold of 4446 HU (813 mg HA/cc). The outcome
parameters were obtained using Scanco software and included: principal moments of inertia
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(Imax, Imin), cortical bone area = cortical volume/(number of slices x slice thickness) (Ct.Ar),
total cross-sectional area inside the periosteal envelope (Tt.Ar), cortical area fraction
(Ct.Ar/Tt.Ar), cortical thickness (Ct.Th) and cortical volumetric tissue mineral density (Ct.vTMD),
as recommended [276].

Figure 14: Cortical bone analyzed with microCT at the tibial midshaft of a C57BL/6J mouse. The length of
the tibia is approximately 17 mm.

3.3.2 Dynamic histomorphometry

At day 3 and 12 (3 days before the sacrifice of the animals) of the in vivo loading experiment,
each mouse was administered, via intraperitoneal injection, with the fluorochrome label calcein
at a dose of 30 ug/g. At day 15, their tibiae were collected, fixed in 100% ethanol, cleared in
xylene, infiltrated and embedded in polymethyl methacrylate (PMMA). Transverse sections with
a final thickness of approximately 20 um were prepared to analyse the calcein labels at the
cortical bone at the midshaft (n = 5-10/age). These sections were imaged and analysed with a
fluorescent microscope (Leica DMRB, Munich, Germany and AxioCam MRc, Zeiss,
Oberkochen, Germany) at a magnification of 200x (Figure 15). Outcome parameters were:
single- and double-labeled surface per bone surface (sLS/BS, dLS/BS), mineralizing surface
(MS/BS), mineral apposition rate (MAR) and bone formation rate (BFR/BS), which were
analyzed as recommended [277]. MAR (um/day) was obtained by dividing the distance between
midpoints of the consecutive labels by 9, the number of days between the two calcein injections.
MS/BS, the extent of actively mineralizing surface per bone surface at the time of calcein label
administration, was calculated as the length of the double-labeled perimeter plus one half the
length of the single-labeled perimeter (0.5 x sLS + dLS). BFR/BS was calculated as the product
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of MAR and MS/BS. For cortical bone, the entire endocortical (Ec.) and periosteal (Ps.) surfaces
were measured.

Double periosteal calcein label
- new bone formation

Cortical bone

Double endocortical calcein label
new bone formation

Figure 15: Fluorescence microscopic image of a tibial cross-section of a C57BL/6J mouse. Calcein labels
which allow tracking new bone formation can be seen in green color.

3.4 Measures of bone mineral and matrix properties

3.41 Scanning small angle X-ray scattering (sSAXS)

SAXS is one of the possible results of interaction between X-rays and matter. It is characterized
by diffuse elastic scattering of a primary X-ray beam at scattering angles of up to 5% SAXS
occurs when the exposed sample is composed of phases with different electron densities with
sharp interfaces between each other, where the sub-volumes are in the range of 1 nm up to 1
pm [278]. This is the case in bone, which is considered as a two phase system with a high
electron density phase, the mineral particles and a low electron density phase, the collagen-rich
organic matrix. Information on bone’s mean mineral thickness (T parameter) and degree of
mineral alignment (p parameter) can be derived from the resulting scattering patterns, in
particular from the scattering intensity distribution in function of the length of the scattering
vector g or the azimuthal angle x. The scattering vector is defined as:
T=k-k
where & is the wave vector of the incident beam and k' the wave vector of the scattered beam

(Figure 16), with

Tk = T = 27
el = Tk ==

for elastic scattering. The length of the scattering vector is related to the scattered angle and
defined by the formula:

. 4n
|g] = 2k.sin® = T.Sine
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o4
Incoming radiation

Figure 16: Scheme of the SAXS principle: the incident beam with wave vector Kis transmitted through the
sample and scattered with wave vector k' . The scattering vector is represented as q’.

The T parameter, bone’s mean mineral thickness can be defined as:
40 (1 - @)
=—
where @ is the volume of mineral per tissue volume and ¢ the surface area of mineral per tissue
volume [37]. For thin platelet mineral crystals where the volume fraction of the mineral phase is
0.5, T is a measure of the particles smallest dimension, the mineral thickness (Figure 17A). The
p parameter corresponds to the degree of alignment of the mineral particles within the plane
perpendicular to the primary X-ray beam (Figure 17B). The detailed description of the p

parameter is provided later in this chapter.
T [m] ||}‘|||
/[—

Figure 17: A) T parameter corresponds to mean mineral thickness, B) p parameter varies between 1
(perfectly aligned mineral particles) and 0 (randomly oriented mineral particles).

A

In scanning SAXS (sSAXS), a specimen is moved stepwise in directions perpendicular to the X-
ray beam and in each step the scattering patterns are recorded. This allows detection of local
changes in bone’s mineral properties, which can vary on the micrometer length scale [37].
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sSAXS with synchrotron radiation was used in this work to study bone’s nanoscale mineral
properties in a position-resolved way.

Sample preparation for sSAXS

The right (control) and left (loaded) tibia of six 10, 26 and 78 week old mice (n = 2 mice/age)
were studied with synchrotron sSAXS. A region at the midshaft of the tibiae (125-300 ym x 30-
77.5 um) was examined and three regions of interest within the midshaft were studied:
periosteal, endocortical, and intracortical regions (Figure 18). Based on the calcein labeling of
the mice studied and the high resolution of the method, the periosteal and endocortical regions
were defined as regions with a width of approximately 10 um starting from the respective
borders of the bone. Intracortical region included all the bone tissue starting 40 ym away from
the bone borders, to assure a separation from the endocortical and periosteal regions.

Newly formed tissue Newly formed tissue
(periosteal region) (endocortical region)

Intracortical region

Figure 18: Region at the tibial midshaft (inside red box) measured with sSAXS (left) and the three studied
regions of interest: intracortical, endocortical and periosteal (right).

After the in vivo loading experiment, the tibiae were fixed in 100% ethanol, cleared in xylene,
infilirated and embedded in PMMA. Ten micron thick sections were cut in a direction parallel to
the longitudinal axis of the long bones with a microtome (Leica SM2500S; knife: Leica VMH
400, Nussloch, Germany). All the sample preparation was performed under water-free
conditions, which is thought to be effective in preserving bone mineral [279]. The common water
based solutions used to moisture the blade or to straighten the cut samples during microtome
cutting were not used. Instead, a filtered solution of double distilled water saturated with calcium
phosphate powder was used. Due to its saturation, the prepared solution avoided the mineral
dissolution of exposed surfaces.
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Before the sSAXS measurement, the tibial sections were framed with a lead tape and placed on
a magnetic sample holder. The sections were sequentially imaged with fluorescence
microscopy, measured with sSAXS and finally imaged with BSE imaging.

sSAXS data acquisition

The sSAXS measurements were performed at the Nanofocus beamline (ID 13) at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) (Figure 19). A monochromatic high
energy (15 keV) X-ray beam with a wavelength of 0.0812 nm and a diameter of 1 ym was
incident to the tibial sample, which was placed at approximately 540 mm from the detector. The
sample was attached to a sample holder magnetically mounted onto the sample stage, which
was translated in the yz direction, perpendicular to the incident beam. Through the use of a
long-distance optical microscope, sample scan locations were defined. The sSAXS patterns
were acquired with an ESRF FReLoN detector with an active area of 2048 x 2048 pixels and a
pixel size of 51.7 x 51.5 pmz. A detector binning of 4 was used, which corresponded to a pixel
size of 206.9 x 206.2 pmz. The exposure time was set between 0.6 and 0.8 seconds and the
scans were performed with a step size of 1 ym between the measured points, resulting in the
collection of a maximum of 20000 sSAXS intensity patterns per sample. For the position
calibration of the X-ray beam at the sample position, a silver behenate (AgBh) standard was
used.
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Figure 19: Experimental setup for synchrotron sSAXS measurements at the ESRF.
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sSAXS data correction

The beam center position and the exact sample-to-detector distance were calculated from the
diffraction patterns of the standard silver behenate (AgBh) with the software Fit2d [280] and
Autofit (custom-made software, C. Li, Max Planck Institute of Colloids and Interfaces, Potsdam-
Golm, Germany).

All the 2D sSAXS patterns were corrected for dark current (charged-couple device (CCD)
readout noise) and rescaled for beam intensity fluctuations during measurements. In addition,
absorption effects in the sample and the consequent need to rescale the measured scattering
intensities were considered by determining the transmission coefficients at each measuring
point, for one of the samples. The ratio between transmitted intensity of the sample and the
intensity of the direct beam without the sample (empty beam), both measured with a
photodiode, was calculated. Since the coefficient of transmission was close to 1 (mean value =
0.987+0.014) for all the points (including points at border regions), its value was set to 1 for all
the measured samples. Finally, to minimize the background scattering, the intensity of the
empty beam measured with the detector was subtracted to the rescaled scattering intensity for
each sample. The final corrected scattering intensity at each measuring point was calculated
automatically with Autofit, following the formula:

Isample
Icorrected = — Ilempty beam

where t is the correction factor for absorption effects and beam intensity fluctuations during
measurements.

sSAXS data analysis

The obtained 2D sSAXS patterns were radially and azimuthally integrated to a function I(q) and
I(x), respectively, being | the scattering intensity, q the scattering length and x the azimuthal
angle. The radial intensity profiles were obtained by binning all pixel values from the detector
with the same radial distance to the beam center, while the azimuthal intensity profiles were
obtained by binning all pixels at the same azimuthal degree with respect to the zero direction.
These calculations were performed with Autofit.

The T parameter, mean mineral particle thickness in the scattering volume, was derived from
the resulting sSAXS intensity function I(q). The calculation was performed with Autofit, based on
Porod’s law (valid for two phase-like systems such as bone), which states that the scattering
intensity decreases with q'4. T is defined as:

T—4f21()d
T R
0

where P is the Porod constant, which can be obtained from the Iq4(q4) curve, the Porod plot
(Figure 20A) as the intercept of the fit of the linear region with the y-axis. The integral is solved
by determining the area under the function qu(q), the so-called Krakty plot (Figure 20B).
However, this calculation requires some approximations for small and large g values, for which
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scattering intensity can’t be obtained directly from the measurement. The first approximation
consists in considering the Krakty plot linear for small g values and the second approximation
considers the scattering intensity proportional to q'4 for large q values. The area under the
Krakty plot can now be calculated by the sum of the three different areas depicted in the plot
(Figure 20B):

© gKrakty,min qPorod,min )

fqzl(q)dq = f q*1(q)dq + f q’1(q)dq + f q*1(q)dq

0 0 gKrakty,min qPorod,min
where Qgraky,min IS the smallest accessible q value and Qporoamin the starting value for the

approximation I(q) proportional to q'4. The formula can be reduced to:
© qPorod,min
5 qKrakty, min . )
f q°1(q)dq = — I(qKrakty, min) + f q°1(q)dq +
0

qKrakty,min

qPorod, min

where the first term corresponds to A;, the second to A, and the third to A; in Figure 20B. This
way and by defining the different parameters (for the studied bone samples)—qxraky,min Was set
to 0.3 nm™, Gporamin Was defined as 2 nm™ and Qporoamax @ 3 Nm '—the total area was
calculated and finally the T parameter too.
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Figure 20: A) Porod and B) Krakty plot obtained from radially integrated sSAXS patterns. A; is obtained
from real data, while A and Az are obtained through approximations; P is the Porod constant.

The p parameter, the degree of alignment of the mineral particles was obtained with Autofit. The
calculation was based on the azimuthal plot I(x) which has two peaks separated by 180°, which
were fitted into two Gaussian functions. The p parameter was defined as:

Al + A2

P= A1+ 42+ 40

where A is the total sSAXS intensity caused by randomly oriented particles and A; and A, the
sSAXS intensity caused by particles aligned parallel to a certain direction (Figure 21).
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Figure 21: Azimuthal plot I(x) of the scattering intensity. The real data points are in red and the blue line
represents the fitting Gaussian function. A1 and A, correspond to the fraction of aligned mineral particles
and Ao represents the fraction of randomly aligned mineral particles.

For a perfect alignment of minerals crystals p = 1 and the sSAXS pattern was a narrow line
perpendicular to the long axis of the mineral particles. For randomly oriented minerals, p = 0
and the sSAXS pattern was circular (Figure 17B). All other mineral particles configurations
resulted in elliptical sSSAXS patterns. The detailed calculation of the T and p parameters has
been previously described [37, 110, 281]. Using the software OriginPro 9.0 (OriginLab,
Massachusetts, USA) two-dimensional contour maps were obtained for the T and p parameters,
in order to visualize their spatial distribution in a region within the tibial midshaft (Figure 22).

Figure 22: Two-dimensional contour map of the T parameter at the tibial midshaft of one C57BL/6J mouse
(plotted with OriginPro 9.0).

3.4.2 Backscattered electron (BSE) imaging

In scanning electron microscopy, a focused beam of electrons scans across the surface of a
specimen. These electrons can interact with the electrons and nuclei of the specimen in two
different ways: inelastic and elastic scattering of the primary electrons. BSE electrons result
from elastic scattering and their detection gives us information on the atomic composition of the
scanned area. The gray levels in the BSE images are based on the atomic number of the
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elements present in the scanned area. For bone tissue, the BSE signal is dominated by calcium
atoms. In the BSE images of bone tissue, regions of high mineral content appear more light
grey and regions of low mineral content appear more dark grey [25]. In this work, BSE imaging
was used to obtain a qualitative overview of the mineral content and to pre-characterize entire
bone specimens, before measuring the bone tissue in more localized regions with other
techniques.

Sample preparation for BSE

After performing sSAXS, the right (control) and left (loaded) tibia of six loaded 10, 26 and 78
week old mice (n = 2 mice/age) were imaged with the scanning electron microscope (SEM) in
BSE mode.

In addition, the loaded tibia of one 26 week old mouse was collected after the in vivo loading
experiment, fixed in 100% ethanol, cleared in xylene, infiltrated and embedded in PMMA. The
embedded sample was initially ground in a polishing wheel (PM5, Logitech, Glasgow, Scotland)
with abrasive silicon carbide papers of decreasing particle size and after polished with a
diamond suspension also of decreasing particle size (3, 1, 0.25 ym). The tibia was imaged with
the SEM in BSE mode. Following SEM analysis the tibia was analysed with nanoindentation.

Measurement and analysis

The tibial samples were imaged with an environmental SEM (FEI FEG-ESEM Quanta 600, FEI
Company, Hilsboro, OR, USA) in BSE mode, under low vacuum (0.8 Torr). An operating voltage
of 12.5 kV was used and the working distance was set to 10 mm.

3.4.3 Correlation of images

As previously described, the loaded and control tibiae of the mice subjected to in vivo loading,
were imaged before the sSAXS measurement, with fluorescence and after with BSE
microscopy. The overview images of the entire tibia obtained with fluorescence and BSE
microscopy were overlaid, after adequate rescaling. The same was done for the magnified
fluorescence and BSE images of the regions at the tibial midshaft (Figure 23) which were
measured with sSAXS. The images collected using the multiple methods were overlaid onto
each other to correlate the degree of mineralization and calcein label location with sSSAXS maps
of mean mineral thickness and degree of mineral alignment from the same regions. This way, T
and p parameter’s values were related to areas of formation of new bone tissue and to specific
patterns in the bone, such as blood vessels.
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Figure 23: Merged BSE and fluorescence image at the tibial midshaft of a C57BL/6J mouse.

3.4.4 Multiphoton confocal microscopy

Multiphoton microscopy is a microscopy technique, which uses nonlinear light-matter
interactions (less sensitive to scattering), involving multiple photons, to generate signal contrast
[282]. It includes second harmonic generation imaging, in which an intense laser light passes
through a material with a noncentrosymmetric molecular structure. Collagen can produce
second harmonic generation signals [283]. In this work, second harmonic generation by
multiphoton microscopy was used to obtain a qualitative overview of the collagen structure at
the tibial midshaft of young mice.

Measurement

The loaded tibial samples of the 10 week old mice which were measured with sSAXS (the left-
over PMMA blocks from the prepared sections for sSSAXS measurements), were imaged with
the confocal microscope Leica TCS SP5 Il (Leica Microsystems, Wetzlar, Germany), which is
equipped with a Mai Tai HP multiphoton laser and a 25x water immersion objective. The emitted
light from the sample was detected with an internal photomultiplier detector. Second harmonic
generation excitation wavelength was set at 910 nm and detection wavelength at 455 nm.

3.4.5 Fourier transform infrared imaging (FTIRI)

FTIRI is an imaging technique based on vibrational spectroscopy, which gives a “molecular
fingerprint” of a sample. It is a well-established method in the bone field, where it is used to
characterize the chemical composition of bone tissue [284]. Chemical bonds undergo vibration,
which includes different types of motions of the atomic groupings within a molecular framework.
If when illuminated with infrared (IR), a certain motion is accompanied by a change in dipole
moment, it will absorb a specific IR frequency. FTIR absorption spectra are rich in information
on bone’s IR active components: phosphate, carbonate, protein and sugars. In fact, bone’s
mineral and collagen produce intense IR absorption bands that are characteristic of specific
types of chemical bonds within the tissue (Figure 24). FTIRI relies on the usage of a FTIR
microscope in combination with an IR focal plane array detector. With this imaging technique,
2D images are obtained, where the x and y axis are the spatial coordinates of the bone tissue
section and the z axis the parameter directly measured (intensities or areas) or calculated (area
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or intensity ratios). The first application of FTIRI to bone was in 1998 [285] and since then
different parameters have been derived from the obtained spectra. These parameters were
validated and correlated with bone’s mechanical properties and fracture risk [28, 286-288]. For
example, mineral:matrix ratio correlates with ash weight, collagen maturity relates to variations
in collagen cross-linking and crystallinity varies with the size and perfection of mineral as
determined by X-ray diffraction line broadening.

In this work, FTIRI was used as a tool to research into the compositional changes of bone in
response to mechanical loading, as well as age related changes in bone’s composition.
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Figure 24: Typical FTIRI spectrum of cortical bone.

Sample preparation for FTIRI

FTIRI was performed on the right (control) and left (loaded) tibia of fifteen 10, 26 and 78 week
old mice (n = 5 mice/age), which were a subset from the larger group of loaded mice subjected
to in vivo microCT and dynamic histomorphometry. Three regions of cortical bone—periosteal,
endocortical, and intracortical—at the posterior side of the midshaft of the tibia were analyzed.
The posterior side was chosen based on a finite element model study indicating higher
compressive strains in this region [289]. Based on the histomorphometry data and the resolution
of FTIRI, periosteal and endocortical regions were defined as having a width of approximately
20 um starting from the respective borders of the bone. The intracortical region included all the
bone tissue within a 50 ym region, centered within approximately the middle of the bone.

Thin cross sections of the tibial midshaft were obtained from the embedded PMMA blocks left
over after the sample preparation for dynamic histomorphometry. Sections with 2.5 um
thickness were microtomed (Leica SM2500S; knife: Leica VMH 400, Nussloch, Germany),
placed between two Kisol-foils and stabilized between two glass slides. They were finally
transferred and mounted on barium fluoride infrared windows for FTIRI. Before the
measurement, each sample had been imaged with bright field and fluorescence microscopy.

Measurement and analysis

Our collaborators, the research group of Dr. Adele Boskey, who pioneered the techniques’ use
in studying bone, performed the FTIRI measurements at the Hospital of Special Surgery in New
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York. The three defined regions of interest (periosteal, endocortical, and intracortical regions) at
the tibial midshaft were analyzed with a Spectrum Spotlight 300 Imaging System (Perkin Elmer
Instruments, Shelton, CT, USA) in transmittance mode at a spectral resolution of 4 cm™ and a
spatial resolution of 6.25 uym. The spectra obtained were base-lined and the contribution of
PMMA was subtracted with ISYS software (Spectral Dimensions, Olney MD). By calculating
non-dimensional ratios, different spectroscopic parameters were quantified. Mineral:matrix ratio,
which relates with the amount of mineral present, was calculated by integrating the area under
the apatite phosphate peak (916-1180 cm'1) and normalizing this relative to the collagen (amide
1) peak (1590-1712 cm'1). Carbonate:mineral ratio, which reflects the level of carbonate
substitution in the mineral particles, was obtained by integrating the area of the carbonate peak
(852-890 cm'1) and normalizing it to the phosphate band (916-1180 cm'1). Crystallinity, which
relates with the size and perfection of the mineral particles, was calculated as the peak intensity
ratio of the subbands 1020 and 1030 cm™, within the broad phosphate contour. Collagen
maturity was estimated by the intensity ratio of amide | subbands 1660 and 1690 cm™. Acid
phosphate content, the level of acid phosphate substitution in the mineral particles, was
calculated as the peak height ratio of the subbands 1096 cm™ and 1128 cm™. Data was
summarized as the parameters means and standard deviations. Apart from single spectra, a
colour-coded image of the distribution of each FTIRI spectroscopic measurement was obtained.

3.5 Osteocyte lacuno-canalicular network (LCN) topology and associated
perilacunar material properties

3.5.1 Confocal laser scanning microscopy (CLSM)

Visualization and quantification of the osteocyte LCN in bone samples can be achieved by
staining the network with the fluorescent dye rhodamine and by scanning the samples with
confocal laser scanning microscopy (CLSM) [290]. Rhodamine diffuses throughout the
osteocyte LCN, as well as through blood vessels, binding to cell membranes and mineral
edges, allowing visualization of even the smallest structures of the network, the canaliculi with
diameters as small as 100 nm. In this work, rhodamine staining and CLSM were used to study
the topology of the osteocyte LCN in the newly formed of the loaded and control tibiae of young
10 week old mice.

Sample preparation

Both the left (loaded) and right (control) tibiae of 10 week old mice (n = 3 mice/age) were
stained with rhodamine and imaged with CLSM. The tibiae were initially fixed in 100% ethanol.
To allow rhodamine diffusion through the entire bone sample, the tibiae were cut longitudinally
into two halves (Figure 25B) prior to staining. This was achieved by fixing the samples on
sample holders with dental glue and cutting them with a diamond saw (IsoMet Low Speed Saw,
Buehler, lllinois, USA). The resulting two halves of the tibiae, in contrast with the bulkier entire
tibiae, allow the penetration of the rhodamine. After cutting the tibia into two halves and xylene
clearing, the staining took place at the same time as the embedding procedure, to avoid the
blocking of the voids such as blood vessels and the osteocyte LCN with PMMA before the
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staining. The procedure was based on the one previously developed [290], but adapted to the
commercially available PMMA (Technovit 9100, Heraues Kulzer, Wehreim, Germany).
Rhodamine 6G (Sigma-Aldrich, Missouri, USA) was dissolved (0.002% wt.) in pre-infiltration and
infiltration solutions, which were prepared according to the manufacturer’s instructions. The
tibiae were placed inside the prepared pre-infiltration solution for one day and inside two
infiltration solutions for 7 days (Figure 25C). Finally, PMMA embedding medium was poured into
plastic containers where the tibial samples were placed in and these were kept at +4 °C for 24
hours to achieve hardening (Figure 25D). The embedded samples were finally ground and
polished, following the procedure described in chapter 3.4.2.

A B Cc D

Figure 25: Photographs of the tibia of a C57BL/6J mouse after different steps of the sample preparation
for imaging of the osteocyte LCN with CLSM: A) Intact tibia, B) One half of the tibia after being cut into two
halves with a diamond saw, C) Tibia after being in pre-infiltration and infiltration medium with rhodamine
dissolved, D) Tibia after being in embedding solution for 24 hours at +4 °C. The length of the tibia is
approximately 17 mm.

Measurement and analysis

The stained and embedded tibial samples were imaged with a Leica TCS SP5 Il (Leica
Microsystems, Wetzlar, Germany) equipped with a 25x water immersion objective and a Leica
TCS SP5 (Leica Microsystems, Wetzlar, Germany) equipped with a 100x oil immersion
objective. Initially, with the 25x magnification objective, overviews of the entire tibiae were
obtained and afterwards with the 100x magnification objective, images of the midshaft of the
tibiae were acquired, which were used to study the osteocyte LCN. To measure the rhodamine
signal, the excitation laser wavelength was set to 543 nm and the emission was measured in
the range from 550 to 650 nm. To localize the fluorochrome label calcein, the excitation laser
wavelength used was 488 nm and the measured emission was between 495 and 525 nm. A
series of images (z-stacks), achieving a penetration depth of up to 30 um, were obtained.

Our collaborators at the Max Planck Institute of Colloids and Interfaces in Potsdam-Golm have
performed the quantification of the osteocyte LCN, extending a methodology developed at their
Institute [11]. The osteocyte LCN was characterized in the newly formed tissue (tissue between
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calcein labels) of both the loaded and control tibiae of the 10 week old mice. The quantification
involved an adaptive thresholding of the images to distinguish between osteocyte LCN and
matrix and a skeletonization of the binary data with a customized MATLAB routine to obtain the
topology of the osteocyte LCN. The outcome parameters were: canalicular density, canalicular
length distribution and node degree distribution. Nodes were defined as sites in the network,
where two or more canaliculi meet and the node degree corresponded to the number of
canaliculi meeting at one node.

3.5.2 Nanoindentation

Nanoindentation is a technology that uses a very fine and hard tip with known mechanical and
geometry properties to indent a sample, such as bone, whose mechanical properties are
unknown. A specific load function is applied to the indenter and a real-time load-displacement
curve is obtained, from which bone elastic modulus and hardness can be extracted [291]. The
load function starts with a loading period, in which the tip penetrates into the bone sample, until
a defined maximum load is achieved. At this point, there is a holding period, used to dissipate
the viscoelastic response of bone and to reduce the contribution of bone’s plasticity. Finally, the
indenter is withdrawn and the sample is unloaded. At this stage, only elastic deformation is
recovered and therefore the unloading portion of the load function is used to calculate bone’s
elastic response. During indentation, the load and the depth of penetration in the sample are
being recorded and since the geometry of the indenter tip is known, it is possible to obtain the
contact area of the indents and calculate both bone’s hardness and elastic modulus [291, 292].
In this work, nanoindentation was used to test the existence of gradients in the mechanical
properties within the vicinity of the osteocyte lacunae, the perilacunar tissue.

Measurement and analysis

The osteocyte lacunae vicinity was studied at the intracortical region of the loaded tibial
midshaft of a 26 week old mouse. Five osteocyte lacunae were chosen (based on previously
obtained BSE images) and indents were performed in their vicinity with a spacing of 3 ym
between each other. Nanoindentation was performed using a Scanning Nanoindenter (Hysitron
Inc., Minneapolis, USA) with a Berkovich diamond indenter tip and a high-resolution microscope
attached to the scanner, which allowed positioning the tip on the region of interest. The sample
was mounted on a motorized table that allowed movement in the plane normal to the axial
motion of the tip and automated area scans of indents were performed. The Nanoindenter was
used in nanoindentation mode, which applies a specific load function and returns the resulting
load-displacement curve. The load function used was characterized by a maximum of 700 yN
and a holding time of 60 seconds.

The outcomes of the measurement, bone hardness and indentation modulus, were derived from
the parameters of indenter force and indentation displacement with the Triboscan 7.0 software.
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4 Results
4.1 Cortical bone - mass and geometry

411 Invivo strain gauging

The load that elicited 1200 ue at the tibial midshaft of 10, 26 and 78 week old mice was
determined by performing in vivo strain gauging. The load-strain regression curves obtained
showed that the load required to attain 1200 pe was approximately 11 N for 10 and 26 week old
mice, while for 78 week old mice the load was lower, 9 N (Figure 26).

1600+
1200+ v veeerraenii e A ,..,.z.’..
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Figure 26: Strain-load regression curves for 10, 26 and 78 week old C57BL/6J mice.

4.1.2 The effect of animal age on cortical bone mass and geometry

The effect of animal age on the microCT parameters: cortical bone area (Ct.Ar), total cross-
sectional area inside the periosteal envelope (Tt.Ar), cortical area fraction (Ct.Ar/Tt.Ar), cortical
thickness (Ct.Th), maximum principal moment of inertia (Imax), minimum principal moment of
inertia (Imin) and cortical volumetric tissue mineral density (Ct.wvTMD) was assessed by
comparing the control tibial midshaft of young, adult and elderly animals. Animal age had a
significant effect on all the studied parameters (analysis of variance (ANOVA), p<0.05) (Table
1). At all the measurement days (day 0, 5, 10 and 15), adult mice had significantly higher Ct.Ar,
Tt.Ar, Ct.Ar/Tt.Ar, Ct. Th, Imax, Imin and Ct.vTMD (p<0.02, except Ct.Ar/Tt.Ar at day 15: p =
0.07) than young mice. In contrast, between adult and elderly mice, there was a decrease in
Ct.Ar, Ct.Ar/Tt.Ar and Ct.Th, as well as a decrease in Imax and Imin (only within the first 5 days
of the experiment) (Figure 27, Figure 28). CtvTMD did not change between adult and elderly
mice.
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10 wk old 26 wk old 78 wk old

Figure 27: MicroCT images of the cross-section of cortical bone at the midshaft of 10, 26 and 78 week old
C57BL/6J mice.

Different histomorphometric parameters, which characterize the amount of new tissue formed
during the 15 days of the experiment, were compared between young and adult and between
adult and elderly mice, at both the endocortical and periosteal regions of the control tibiae
(Figure 29, Table 2). All the studied histomorphometric parameters at the endocortical region,
except single-labeled surface per bone surface (sLS/BS), decreased between young and adult
animals (marginally significant decrease for mineral apposition rate (MAR)), while at the
periosteal region only MAR marginally significantly decreased. The statistical comparison of the
different histomorphometric parameters between adult and elderly mice was limited due to the
difference in the number of mice with double calcein labeling between the ages. At the
periosteal region, only one elderly animal had double calcein labeling.

4.1.3 The effect of in vivo loading on cortical bone mass and geometry

Loading had a significant effect on Ct.Ar, Ct.Ar/Tt.Ar, Ct.Th and Ct.vTMD (ANOVA, p<0.05), at
day 15 of the experiment. For young mice, the effect of loading was detected at day 10 and 15
of the experiment, with an increase in Ct.Ar, Ct.Ar/Tt.Ar and Ct.Th in the loaded limbs, when
compared to the control limbs. The same was observed in adult animals, except that Ct.Ar
increased only at day 15. Even if for young mice the Ct.Th in the loaded limbs was higher than
in the control limbs already at day 0, the difference between the two was greater at day 15. In
contrast to the effect of loading on young and adult animals, in elderly animals loading led to an
increase in Ct.wTMD, when compared to the control limbs. In addition, loading led to an
increase in Ct.Ar starting at day 5 of the experiment, an increase in Ct.Ar/Tt.Ar at day 10 and an
increase of Tt.Ar at day 15 of the experiment. Already at the start of the experiment, at day 0,
the Ct.Th of the loaded tibiae of elderly mice was 5% higher than the Ct.Th of the respective
control tibiae. The difference in Ct.Th remained throghout the studied days, but increased up to
8% at day 15 (Figure 28, Table 1).
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Figure 28: Ct.Ar, Tt.Ar, Ct.Ar/Tt.Ar, Ct.Th, Imax, Imin, Ct.vTMD of the control and loaded tibial midshaft of

10, 26 and 78 week old mice at day 0, 5, 10 and 15 of the in vivo loading experiment (bars are standard
deviations of n = 6-11 mice).
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Outcome

Day 0

Imax (mm*)°

Imin (mm*)°

Ct.Ar (mm?)°

Tt.Ar (mm?)°
Ct.Ar/Tt.Ar (mm?%mm?)°
Ct.Th (mm)°

Ct.vTMD (mg HA/cm®)°

Day 5

Imax (mm*)°

Imin (mm*)°

Ct.Ar (mm?),

Tt.Ar (mm?)°

Ct.Ar/TtAr (mm%mm?)°
Ct.Th (mm)®*®
Ct.vTMD (mg HA/cm®)*®

Day 10

Imax (mm*)°

Imin (mm*)°

Ct.Ar (mm?)>°

Tt.Ar (mm?)°

Ct.Ar/Tt.Ar (mm%/mm?)°¢
Ct.Th (mm)®*

Ct.vTMD (mg HA/cm®)®

Day 15

Imax (mm*)°

Imin (mm*)>¢

Ct.Ar (mm?)*?

Tt.Ar (mm?)*®

Ct.Ar/TtAr (mm%mm?)®®
Ct.Th (mm)**®

Ct.vTMD (mg HA/cm®)®®

10 wk old 26 wk old 78 wk old
Loaded Control Loaded Control Loaded Control
(n=7) (n=7) (n=6) (n=6) (n=10) (n=10)
0.07+0.01° 0.06+0.01° 0.09+0.02 0.10+0.01  0.08+0.01 0.08+0.01
0.05+0.01%° 0.04+0.01° 0.06+0.01 0.07+0.00  0.06+0.01 0.06+0.01°
0.46+0.03° 0.46+0.04° 0.59+0.04 0.62+0.02  0.54+0.03° 0.52+0.04°
1.07+0.07° 1.030.07° 1.16+0.07 1.19+0.05  1.20+0.09 1.17+0.04
0.43+0.02° 0.45+0.02° 0.51+0.02 0.52+0.01  0.45%0.05° 0.45+0.03°
0.14+0.01%° 0.15+0.01° 0.18+0.01° 0.19+0.01  0.17+0.01*®  0.16%0.01°
1210£13° 1236+34° 1337+11 1359426 1384+23° 1362418
(n=7) (n=7) (n=6) (n=6) (n=10) (n=10)
0.08+0.01° 0.08+0.01° 0.11+0.02 0.11£0.04  0.09+0.01° 0.09+0.01°
0.06+0.00° 0.05+0.01? 0.07+0.01 0.07+0.01  0.07+0.01 0.06+0.00
0.50+0.03° 0.49+0.03° 0.61+0.03 0.61£0.04  0.54+0.03° 0.52+0.03°
1.13+0.05° 1.110.07° 1.22+0.07 1.23+0.09  1.2310.07 1.20+0.03
0.44+0.02° 0.44+0.02° 0.50+0.02 0.50+0.02  0.44+0.02° 0.43+0.02°
0.15+0.01° 0.15+0.012 0.18+0.01 0.18+0.01  0.16%+0.01**  0.15+0.01°
12244212 1233+31° 1315426 1320442 1371+28%° 1351417
(n=7) (n=7) (n=6) (n=6) (n=10) (n=10)
0.07+0.02° 0.07+0.01? 0.09+0.01 0.09+0.02  0.08+0.01 0.08+0.01
0.05+0.01° 0.05+0.00° 0.06+0.00 0.06+0.01  0.06+0.01 0.06+0.00
0.51+0.03%° 0.48+0.02° 0.59+0.03 0.58+0.03  0.52+0.03° 0.51+0.03°
1.03+0.12° 1.05+0.05° 1.14+0.03 1.17+0.08  1.21+0.07 1.20+0.04
0.50+0.03° 0.46+0.01° 0.52+0.03" 0.50+0.03  0.43+0.02*"  0.42+0.02°
0.17+0.01*° 0.16+0.00° 0.19+0.01° 0.18+0.01  0.16+0.01*®  0.15+0.01°
1248+27° 1242+24° 1346422 1356425 1362+18° 135312
(n=11) (n=11) (n=10) (n=10) (n=8) (n=8)
0.07+0.02° 0.07+0.01° 0.09+0.01 0.08+0.02  0.08+0.01 0.08+0.01
0.05+0.01%° 0.05+0.01? 0.06+0.01 0.06+0.01  0.06+0.01 0.06+0.01
0.54+0.04>° 0.48+0.04° 0.61+0.02° 0.56+0.04  0.53+0.04*°  0.49+0.03°
1.02+0.1° 1.030.1° 1.12+0.07 1.14+0.09  1.22+0.08°°  1.17+0.05°
0.53+0.04° 0.47+0.03 0.54+0.03" 0.49+0.02  0.43+0.02° 0.42+0.03°
0.18+0.02%° 0.16+0.01? 0.20+0.01° 0.17+#0.01  0.16+0.01**  0.15+0.01°
1268+24° 1263+29° 1348412 1331+31 139442720 1342424

Table 1: Mean values and standard deviations of microCT cortical bone parameters of the loaded and

control tibial midshaft of 10, 26 and 78 week old mice at day 0, 5, 10 and 15 of the in vivo loading
experiment. ®Different from 26 week old, unpaired t-test p<0.05; Pdifferent from control, paired t-test

p<0.05; “between-subject effects of animal age (10, 26 and 78 week old); dWithin-subject effects of loading
(loaded, control limbs); “interactions between these terms, repeated measures ANOVA, p<0.05 [293].
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At day 15, the effect of loading on the different histomorphometric parameters was assessed by
comparing control and loaded tibiae at both endocortical and periosteal regions (Figure 29,
Table 2). In young mice, loading led to an increase in MAR and bone formation rate (BFR/BS) in
both endocortical and periosteal regions and also to an increase in double-labeled surface per
bone surface (dLS/BS) and mineralizing surface (MS/BS) in the periosteal region. For adult
mice all the parameters, except sLS/BS, increased in the loaded tibiae, when compared to the
control tibiae at both endocortical and periosteal regions. In elderly mice, loading didn’t lead to
significant changes in the measured histomorphometric parameters. However, the comparisons
between most of the periosteal parameters could not be established due to the reduced number
of mice with double calcein labeling.

10 wk old 26 wk old 78 wk old
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Figure 29: Representative fluorescence image of the cross-section of a control and loaded tibia of one 10
week old, one 26 week old and one 78 week old C57BL/6J mouse.
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10 wk old 26 wk old 78 wk old
Outcome Loaded Control Loaded Control Loaded Control

(n=10) (n=10) (n=10) (n=10) (n=5) (n=5)
Ec.sLS/BS (%)° 10.9+5.5 13.0£9.5° 21.0+14.8 23.3+7.3 28.6+9.4 30.415.0
Ec.dLS/BS (%)% 87.046.2° 80.4+13.2° 38.6+13.8" 15.4+12.4(n=8) 14.3 £4.0° 12.2+10.3(n=4)
Ec.MS/BS (%)>*® 92.4+4.3° 86.9+8.8% 49.147.7° 27.1+12.3 28.616.4° 25.0+9.8
Ec.MAR (um/day)*® 2.08+0.27*° 1.17+0.34  1.64+0.47°  0.85+0.35(n=8) 1.29+0.38 1.51+0.63(n=4)
Ec.BFR/BS(um/day)>*® 1.9240.26*° 1.03+0.36° 0.81+0.27*° 0.28+0.18(n=8) 0.39+0.21° 0.40%0.15(n=4)
Ps.sLS/BS (%) 26.9+12.1 40.3+26.5 23.7+15.3 29.7+27.1 32.1+19.0 37.4+9.2
Ps.dLS/BS (%)*® 50.9+16.6" 10.0+#10.8  36.4+19.6" 12.1+9.0 4.7£1.1(n=2) 2.4(n=1)
Ps.MS/BS (%)>*® 64.3+13.4°  30.2+49.7 48.3+19.8°  26.9+19.0 17.9£10.5° 19.2+4.0
Ps.MAR (um/day)>®® 1.67+0.49*° 0.57+0.15 1.03x0.30°  0.72+0.17 1.22+0.67(n=2) 1.39(n=1)
Ps.BFR/BS(um/day)>*® 1.09+0.48*° 0.16+0.05 0.53+0.36°  0.20+0.15 0.32+0.23(n=2) 0.2(n=1)

Table 2: Mean values and standard deviations of endocortical and periosteal bone formation indices at the
loaded and control tibial midshaft of 10, 26 and 78 week old mice. ?Different from 26 week old, unpaired t-
test p<0.05; bdifferent from control, paired t-test p<0.05; “between-subject effects of animal age (10, 26 and
78 week old); dwithin-subject effects of loading (loaded, control limbs); “interactions between these terms,
repeated measures ANOVA, p<0.05. Note: Although ten, 10 week old and 26 week old mice and five, 78
week old mice were studied, some mice did not have double calcein labels present; in this case the
number of mice with labels is indicated in the table [293].
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4.2 Cortical bone - mineral and matrix properties

4.21 Synchrotron sSAXS - Selection criteria for measured points

The calculation of mean mineral particle thickness, T parameter, and degree of mineral
alignment, p parameter, was performed as described in section 3.4.1. However, for some of the
points this calculation was based on bad statistics (as possibly the volume hit by the beam was
not big enough), which made the obtained T and p values for these points unreliable. A criterion
of exclusion of these points had to be defined. For that, the integral intensity of (), which
corresponds to the amount of mineral particles, was calculated for each measured point and
afterwards an histogram of all the values obtained for each tibia was plotted. By comparing the
different histograms, a reasonable criterion of exclusion—all the points whose value was below
half the median of the sSAXS integral intensity distribution (Figure 30)—was defined.
Approximately 9% of the points were excluded from the analysis.

10 wk old 26 wk old 78 wk old
600 600 600+
4004

400

200 200

0 by gl SR 0 0
0 10 20 30 40 50 60 7v0O 80 0 10 20 30 40 50 60 70 &80 0 10 20 30 40 50 60 70 80

Figure 30: Histogram of the sSAXS integral intensity of one 10 week old, one 26 week old and one 78
week old mouse. The red lines in the graphs indicate the value which corresponds to half of the median
and below which all points were excluded from analysis.

4.2.2 The effect of animal age on bone mineral and matrix properties

Intracortical region

To study the effect of animal age on bone mineral and matrix properties, the intracortical region
of the control tibial midshaft was compared between young, adult and elderly animals using
synchrotron sSAXS and FTIRI.

The mineral:matrix ratio, carbonate:mineral ratio, mineral crystallinity, acid phosphate content
and collagen maturity, all parameters measured with FTIRI, were significantly affected by animal
age (ANOVA, p<0.05). Between 10 and 26 week old mice, there was an increase in the
mineral:matrix ratio (close to significant, p = 0.07) and carbonate:mineral ratio of the control
limbs. The mineral crystallinity, in contrast decreased, when comparing 26 with 10 week old
mice. Between 26 and 78 week old mice, mineral:matrix ratio remained constant, while mineral
crystallinity increased and acid phosphate content decreased. No significant changes were
detected in collagen maturity between the control tibiae of 10, 26 and 78 week old mice (Figure
31).
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Figure 31: Mineral:matrix ratio, carbonate:mineral ratio, crystallinity, acid phosphate and collagen maturity
at the intracortical region of the control tibial midshaft of 10, 26 and 78 week old C57BL/6J mice (bars are
standard deviations of n = 5 mice; * = significant difference).

Using sSAXS, changes in T parameter and p parameter with animal age were studied. In Figure

32, maps of the distribution of T and p parameters at the intracortical region of the tibial
midshaft of young, adult and elderly mice are presented.

64



A 10wk old

B 10wkold
.5 =N . - L ] T

26 wk old

B T L] :
8 L1400

50 ym

Figure 32: A) T parameter and B) p parameter maps at the intracortical region of the control tibial midshaft
of one 10 week old, one 26 week old and one 78 week old C57BL/6J mouse.

A trend of increased mean mineral thickness with animal aging was detected. However, the
changes were not very pronounced: between 10 and 26 week old mice, the difference was as
small as 0.05 nm and not larger than 0.26 nm, while between 26 and 78 week old mice, the
difference varied between 0.08 nm and 0.30 nm. No clear trend was detected for the mean p
parameter with animal age (Table 3).
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10 week old 26 week old 78 week old
T (nm) 2.3/12.4 2.4/2.6 2.7/2.2
P () 0.62/0.50 0.55/0.56 0.59/0.56

Table 3: Mean values of T and p parameters at the intracortical region of the control tibial midshaft of 10,
26 and 78 week old C57BL/6J mice (n = 2 mice/age).

Apart from the total average T and p parameters, the percentages of mineral particles within a
certain range of T and p values were also calculated. All the intracortical points of the 2 samples
studied per age were combined into three bins and the percentages of mineral particles with
mean thickness between 1 and 2 nm, between 2 and 2.5 nm and above 2.5 nm were
calculated. In addition, the percentages of mineral particles with a degree of alignment between
0 and 0.4, between 0.4 and 0.6 and above 0.6 were determined (Figure 33). While for young
and adult mice, most of the mineral particles had a thickness between 2 and 2.5 nm, for elderly
mice there was a shift towards thicker mineral particles, with the highest percentage of particles
having a mean thickness above 2.5 nm. For all ages, the percentage of mineral particles with
mean thickness between 1 and 2 nm was low. The percentage of mineral particles with low
values of degree of alignment, between 0 and 0.4, was low for young, adult and elderly mice, as
well. However, no particular trend was detected in how the percentages of mineral particles
within the defined ranges of degree of alignment change with animal aging (Figure 33).
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Figure 33: Stack plots of A) T parameter and B) p parameter at the intracortical region of the control tibial
midshaft of 10, 26 and 78 week old C57BL/6J mice (for each age, approximately 12000 points were
measured; n = 2 mice/age).
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Endocortical and Periosteal Regions

The effect of animal age on bone mineral and matrix properties of the tissue at the endocortical
and periosteal regions (0 to 20 pym away from endocortical and periosteal surfaces,
respectively) was determined, by comparing these regions at the control limbs between young,
adult and elderly mice using FTIRI. Although there were differences in the ratio of mineral:matrix
ratio, carbonate:mineral ratio, mineral crystallinity, acid phosphate content and collagen maturity
at the endocortical and periosteal regions between 10 and 26 week old or between 26 and 78
week old mice, these differences never reached significance. Between 10 and 78 week old
mice, only a significant increase in carbonate:mineral ratio was detected at both the
endocortical and periosteal regions (Table 4).

4.2.3 The effect of tissue age on bone mineral and matrix properties

The influence of tissue age on the bone mineral and matrix properties was investigated by
comparing tissue at endocortical and periosteal regions, 0 to 20 ym away from endocortical or
periosteal surfaces respectively, with tissue at the intracortical region of the control limbs. It
should be noted that the tissue studied at the endocortical and periosteal regions didn’t always
entirely correspond to newly formed tissue, but rather to younger tissue than the intracortical
more mature tissue.

Tissue age was shown to significantly influence all the parameters analyzed with FTIRI
(ANOVA, p<0.05) (Table 4). When doing subanalyses (t-tests), the endocortical and periosteal
regions of the control limbs of the 10, 26 and 78 week old mice were shown to have lower
mineral:matrix ratio (Figure 34) and crystallinity (marginally significant exception for periosteal
versus intracortical region comparison for 78 week old mice: p = 0.06) and higher acid
phosphate content than the intracortical region.
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Figure 34: Mineral:matrix ratio is higher in the intracortical (IC) region than in the endocortical (Endo) or
periosteal (Peri) regions of the control limbs of a 26 week old mouse. A) Image of the distribution of
mineral:matrix ratio in the different regions and B) respective FTIRI spectra.
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Although collagen maturity was always lower in the periosteal and endocortical regions (except
in 78 week old mice) than in the intracortical region of the tibial midshaft, only for the young
mice was this difference significant or marginally significant (p = 0.06, periosteal versus
intracortical region). The carbonate:mineral ratio was always higher in the endocortical than in
the intracortical region and always lower in the periosteal than in the intracortical region for the
young and adult mice. However, these differences were only significant when comparing the
periosteal and intracortical region of young mice. Differently, elderly mice showed higher
carbonate:mineral ratio in the periosteal than in the intracortical region (Figure 35).
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Figure 35: Regional differences reflecting tissue age in mineral:matrix ratio, carbonate:mineral ratio,
crystallinity, acid phosphate and collagen maturity for the control limbs of 10, 26 and 78 week old
C57BL/6J mice (bars are standard deviations of n = 5 mice; * = significant difference).
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10 wk old 26 wk old 78 wk old

Loaded Control Loaded Control Loaded Control
Outcome

(n=5) (n=5) (n=5) (n=5) (n=5) (n=5)
Mineral:matrix®'
Endocortical 2.9420.47%" 3.10£0.64" 3.4420.63"  3.52+0.97" 4.36x0.65*""  3.50+0.56"
Intracortical 5.84+0.25 5.64+0.62 6.58+0.74  6.44+0.68  7.32+0.63 6.56+1.11
Periosteal 3.96x0.30" 3.96+0.94" 3.30£1.02"  4.08+0.69"  4.20+0.66" 4.02+0.13"
Crystallinity®’
Endocortical 1.08+0.03" 1.07+0.04" 1.04+0.39"  1.05x0.02"  1.08+0.04" 1.08+0.02"
Intracortical 1.18+0.04 1.19+0.03° 1.12+0.05 1.11£0.02  1.20+0.02° 1.17+0.04°
Periosteal 1.10£0.03" 1.08+0.05" 1.06+0.03°  1.04x0.03"  1.08+0.03" 1.09+0.04
Collagen maturity®®"
Endocortical 3.4+0.3 3.40.3" 3.0£0.4 3.2+0.4 4.2+0.3° 3.8+0.4°
Intracortical 3.5+0.4 3.810.6 3.310.1 3.5+0.6 4.0+0.4%° 3.610.3
Periosteal 3.5+0.5 3.5+0.5 3.120.5 3.1+0.3 4.0£0.4>" 3.3+0.6
Carbonate:mineral x 1000°"
Endocortical 5.9+1.6° 5.60.4° 8.4+2.6 6.8+2.3 5.5+1.3 7.4+1.6
Intracortical 4.9+0.5° 5.240.3° 7.0£0.9 6.5+0.4 5.5+0.4° 6.2+0.6
Periosteal 4.1£0.4" 4.5+0.4*" 5.60.7" 5.4+3.3 5.6+1.0 7.2¢1.1"
Acid phosphate®®”
Endocortical 0.61%0.06" 0.59+0.06" 0.74£0.12"  0.62+0.11"  0.54£0.04*"  0.60+0.06"
Intracortical 0.45+0.02° 0.44+0.01 0.46+0.03  0.45:0.01  0.39+0.03° 0.40£0.01°
Periosteal 0.70+0.08" 0.69+0.10" 0.85£0.16>"  0.60+0.07"  0.53x0.05*"  0.60+0.08"

Table 4: Mean values and standard deviations of parameters measured with FTIRI at the endocortical,
intracortical and periosteal regions of the loaded and control tibial midshaft of 10, 26 and 78 week old
mice. ®Different from 26 week old, unpaired t-test p<0.05; bdifferent from control, paired t-test p<0.05;
“pbetween-subject effects of animal age (10, 26 and 78 week old); “interactions between animal age and
loading; fwithin-subject effects of region, repeated measures ANOVA, p<0.05; °different from periosteal;
"different from intracortical, paired t-test p<0.05.

The average T and p parameters measured with sSAXS tended to be lower at the endocortical
region, but similar or higher at the periosteal than at the intracortical region of the control limbs.
However, inside the intracortical region there were certain areas where the T and p parameters
were as low as at the endocortical region. In Figure 36, both the map and the graph of T
parameter profile (average of all the T parameters of each column, separated by 1 um, starting
from the endocortical surface) show that the lowest T parameter values were detected not only
in the endocortical region, but also in certain areas of the intracortical region, such as at
approximately 120 to 140 ym from the endocortical surface. These areas could have been in
close proximity to blood vessels within the bone.
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Figure 36: A) Map of T parameter and B) respective graph of T parameter profile through cortex starting at
the endocortical surface in the control tibia of a 26 week old mouse. The red line in the graph corresponds
to the average T parameter and the shadowed pink area above and below the line represents the standard
deviation.

4.24 The effect of in vivo loading on mineral and matrix properties of pre-existing bone

The intracortical region of the control and loaded limbs was compared to determine if loading
had an effect on the pre-existing bone. The endocortical and periosteal regions, where newly
formed bone can be laid down were excluded from the analysis. The effect of additional in vivo
loading on the intracortical tissue was dependent on the animal age. /In vivo loading had no
effect on the intracortical mineral and matrix properties of adult mice and in young mice, loading
only caused a significant increase of 3% in acid phosphate content. In elderly mice, loading led
to a 10% significant increase in collagen maturity in the loaded limbs. In addition and even if the
difference was not significant, the average mineral:matrix ratio was 12% higher in the loaded
limbs than in the control limbs of elderly mice (Figure 37).
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Figure 37: Acid phosphate content, collagen maturity and mineral:matrix ratio in the intracortical region of
the control and loaded limbs of 10, 26 and 78 week old C57BL/6J mice (bars are standard deviations of n
= 5 mice; * = significant difference).
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The sSAXS measurements did not reveal any trend of alterations of T and p parameters
between control and loaded limbs.

4.2.5 The effect of in vivo loading on mineral and matrix properties of newly formed
bone

Are mineral and matrix properties of new bone formed in response to physiological
loading and additional in vivo loading similar?

The new tissue formed in the loaded tibiae of young mice had the same mineral:matrix ratio,
carbonate:mineral ratio, crystallinity and acid phosphate content and also the same collagen
maturity than the new tissue formed in the control tibiae (Figure 38).

The comparison between newly formed tissue in response to additional in vivo loading and
newly formed tissue from only physiological loading for adult or elderly mice was limited by the
fact that the amount of newly formed tissue at both the control and loaded limbs of these mice
was relatively low, in comparison with the FTIRI spatial resolution (6.25 pm). Nevertheless, in
adult mice only at the periosteal region the mineral crystallinity and acid phosphate content
were significantly greater in the loaded limbs than in the control limbs, while for elderly mice
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collagen maturity in the periosteal region and mineral:matrix ratio in the endosteal region were

greater in the loaded limbs, when compared to the control limbs.
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Figure 38: Mineral:matrix ratio, carbonate:mineral ratio, crystallinity, acid phosphate and collagen maturity

of the tissue at the endocortical and periosteal regions is similar between loaded and control limbs of 10
week old mice. Averages comprise tissue at endocortical and periosteal regions and bars represent

standard deviations of n = 5 mice.
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No pronounced differences were observed for the young mice in T and p parameters in the
endocortical and periosteal regions, between the loaded and the control limbs. The average T
and p parameters of the loaded limbs were only 4.8% and 12.6%, respectively, greater than in
the control limbs (Figure 39). No new tissue was formed during the in vivo loading experiment in
the control tibiae of the two adult and the two elderly mice studied with sSAXS. Therefore, the
comparison between newly formed tissue with in vivo loading and newly formed tissue from only
physiological loading was established just for the young mice.
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Figure 39: T and p parameters of the newly formed tissue at the endocortical and periosteal regions are
similar between loaded and control limbs of 10 week old mice. Averages comprise tissue at endocortical
and periosteal regions and bars represent standard deviations of n = 2 mice/age.

Are mineral and matrix properties of newly formed bone different according to the region
where it is formed?

The newly formed tissue at the periosteal region of the tibia was distinct from the newly formed
tissue at the endocortical region. This was observed in the loaded tibia of 10, 26 and 78 week
old mice. Figure 40 illustrates the higher T and p parameters detected at the periosteal region,
when compared to the endocortical region of the loaded tibia of the young 10 week old mice;
the age with the highest amount of newly formed bone tissue during the experimental period.
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Figure 40: Newly formed tissue at the endocortical region of the loaded limbs of two 10 week old mice had
lower A) T parameter and B) p parameter than newly formed tissue at the periosteal region.

Plotting the histograms of the T parameter and the p parameter of all the measured points at the
endocortical and periosteal regions of the loaded limbs of the two 10 week old mice also reveals
a shift towards thicker mineral particles with higher degree of alignment in the periosteal region
(Figure 41). In the endocortical region, most of the mineral particles, 81.6% and 77.8%
respectively, had thickness between 2 and 2.5 nm and degree of alignment between 0.4 and
0.6. Only 7.1% of the mineral particles had mineral thickness above 2.5 nm and only 19.7% had
degree of alignment above 0.6 in the endocortical region. In contrast, in the periosteal region,
63.7% of the mineral particles had thickness above 2.5 nm and 56.2%, a degree of alignment
above 0.6. Only 36% of the mineral particles had thickness between 2 and 2.5 nm and only
42.9% had a degree of alignment between 0.4 and 0.6 in the periosteal region (Table 5).
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Relative frequency

Figure 41: Histogram of T parameter (binning = 0.02) and p parameter (binning = 0.0005) of all the
measured points at the endocortical and periosteal regions of the loaded limbs of two 10 week old mice.

I Periosteal

2.5 3.0 3.5 4.0
T (nm)

Endocortical

Relative frequency

%
1<T<2 (nm) 2<T<2.5 (nm) T>2.5 (nm)
Endocortical 11.3 81.6 7.1
Periosteal 0.3 36.0 63.7
p<0.4 0.6<p<0.4 0>0.6
Endocortical 2.5 77.8 19.7
Periosteal 0.8 42.9 56.2

Table 5: Percentage (%) of the measured points, at the endocortical and periosteal regions of the loaded
tibial midshaft of two 10 week old mice, with T and p parameters within defined value ranges.

The young mice were also imaged with multiphoton confocal microscopy to qualitatively detect,
using second harmonic generation, differences in the arrangement of the collagen fibers
between endocortical and periosteal regions. The images obtained suggested that the collagen
fibers at the periosteal region were more aligned than at the endocortical region of the tibial

midshaft (Figure 42).
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Figure 42: A) Second harmonic generation by multiphoton confocal microscopy for collagen visualization

in one 10 week old mouse at the tibial midshaft, B) Zoomed-in images of the endocortical and periosteal
regions at the tibial midshaft.

In addition, FTIRI analysis revealed that the new tissue at the periosteal region had 35% higher
mineral:matrix ratio, as well as 44% lower carbonate:mineral ratio than the new tissue at the
endocortical region of the loaded tibiae of young mice (Figure 43).
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Figure 43: Mineral:matrix ratio and carbonate:mineral ratio of the newly formed tissue at the endocortical

and periosteal region of the loaded tibial midshaft of 10 week old mice (bars are standard deviations of n =
5 mice; * = significant difference).
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Do mineral and matrix properties of the newly formed bone with additional in vivo
loading change with animal age?

As exemplified in Figure 44, no trend was detected in mean mineral thickness and also in
degree of mineral alignment in the newly formed tissue from additional in vivo loading with
animal aging. This was the case for both endocortical and periosteal regions.

As previously mentioned, the amount of newly formed tissue at the endocortical and periosteal
regions of the tibiae of adult and elderly mice was relatively low, in comparison with the spatial
resolution of the FTIRI (6.25 pym). Therefore, it was not possible to reliably study how the
different FTIRI parameters change with animal age in the newly formed tissue of the loaded
tibia.

10 wk old 26 wk old 78 wk old

Figure 44: T parameter of the newly formed tissue at the periosteal region of the loaded tibial midshaft of
10, 26 and 78 week old C57BL/6J mice.
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4.2.6 Relationship between mineral properties and calcein labeling in mineralizing
bone surfaces

The overlay of T and p parameter maps (1 uym spatial resolution) of the tibial samples with
respective backscattered (BSE) and fluorescence microscopy images, allowed the detection of
very specific patterns, which would otherwise possibly not be recognized. In particular, distinct T
and p parameters were attributed to the areas where the fluorochrome label calcein was
located. These were areas with lower mean mineral thickness and degree of mineral alignment
than the surrounding bone tissue. By plotting T and p parameters along the first 30 ym from the
bone surface, a peak of low T and p was detected at approximately 30, 15 and 8 ym in tibia
from 10, 26 (Figure 45A and C) and 78 week old (Figure 45B and D) mice, respectively. This
peak was shown to correspond to the location of the calcein label itself, after correlating T and p
parameter maps with fluorescence microscopy images. The loaded tibia of one 10 week old
mouse with a diffuse calcein label did not adhere to this same pattern.
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Figure 45: Graph of the T parameter profile 30 um through the cortex starting at the periosteal surface in
the loaded tibiae of a A) 26 week old and a B) 78 week old mouse and respective C), D) T parameter map
of the first 30 um of the tibial sections. The red line in the graphs corresponds to the average T parameter
and the shadowed pink area above and below the line represents the standard deviation [294].

78



4.2.7 Mineral in the vicinity of blood vessels

Lower mean mineral particle thickness (Figure 46A) and lower degree of alignment of mineral
particles (Figure 46B) was detected in the vicinity of blood vessels. This pattern was observed
around all the scanned blood vessels of both loaded and control limbs, and for mice of all ages:
10 (3 blood vessels), 26 (1 blood vessel) and 78 (2 blood vessels) week old mice.

Figure 46: Lower A) T parameter and B) p parameter near blood vessels in the control tibia of a 10 week
old mouse; BV = blood vessel [294].

In parallel with this finding, a lower degree of mineralization was detected around blood vessels
in BSE images of both loaded and control tibiae of animals of all ages (Figure 47).
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Figure 47: BSE image of a control tibia of a 26 week old mouse. Lower degree of mineralization can be
seen around the blood vessels; BV = blood vessel.
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4.3 Cortical bone osteocyte lacuno-canalicular network (LCN) and
perilacunar tissue

4.3.1 The effect of in vivo loading on the topology of the osteocyte LCN of newly
formed bone

Overviews of the loaded (in vivo loading superimposed on physiological loading) and control
(physiological loading) tibiae of three young 10 week old mice were obtained with confocal laser
scanning microscopy (CLSM), after staining of the osteocyte LCN with rhodamine (Figure 48).

Figure 48: CLSM image of the control tibia of a 10 week old mouse rotated 90° in relation to bone’s
longitudinal direction (on the left would be the knee joint). Calcein labels can be observed in green color.

The overview images of the tibiae, allowed identifying regions where double calcein labeling,
indicative of formation of new bone tissue, was present. The selected regions were imaged with
CLSM with high magnification (100x) and the new tissue located between calcein labels (Figure
49) was isolated and analyzed.
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Figure 49: Projection of a series of CLSM images (z-stacks) at the control tibial midshaft of a 10 week old
mouse. The new bone tissue is located between the calcein labels.
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CLSM images of the tissue located between calcein labels in both the loaded and the control
tibiae of three young 10 week old mice were processed and different parameters of the
osteocyte LNC were quantified. The volumes of the regions analyzed were approximately
75500 pm°.

The canalicular density corresponded to the total length of the canaliculi within the unit of tissue
volume. For all the three analyzed samples, the canaliculi density was higher in the new tissue
formed with additional in vivo loading, than in the new tissue formed only with physiological
loading (Table 6).

Canalicular density (pmlpms)

New tissue
(loaded limbs) 0.285 0.225 0.103
New tis§ue 0.093 0.068 0.089
(control limbs)

Table 6: Canalicular density of the new tissue at the loaded and control tibiae of three different 10 week
old mice. Each column in the table corresponds to one different animal.

In addition, the degree of the nodes, which is the number of canaliculi meeting at a node was
calculated and the cumulative node degree distribution was plotted to quantify the connectivity
of the network (Figure 50). The slope of the curves in the semi logarithmic plot was steeper for
the new tissue in the control tibiae, when compared to the new tissue in the loaded tibiae, i.e.
the local connectivity of the network was higher when the tissue was formed under additional
loading. The network of the new tissue formed with additional loading had 28% of nodes with a
degree above 4, while this value was only 13% for the network of the physiologically loaded
tissue.
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Figure 50: Graph of the decay of the cumulative node degree distribution in the new tissue at the loaded
and at the control tibiae of three different 10 week old mice. The cumulative distribution establishes that
the value of the probability for the degree of a specific node includes also all larger degrees. Each symbol
represents a different animal.

The decay of the cumulative canalicular length distribution is shown in Figure 51 for the three
studied control and loaded tibiae of young mice (Figure 51). Similar to what was seen for the
decay of cumulative node degree distribution, the slope of the curves of the loaded and control
tibia was different, but this time the trend between the two tibiae was reversed. The probability
to find longer canaliculi was now higher in the new tissue in the control tibiae, than in the new
tissue in the loaded tibiae. While in the new tissue in the control tibiae 38% of all the canaliculi
had length above 3.25 uym, only 22% of the canaliculi in the new tissue in the loaded tibiae had
a length above this value.
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Figure 51: Graph of the decay of the cumulative canalicular length distribution in the new tissue at the
loaded and at the control tibiae of three different 10 week old mice. Each symbol represents a different
animal.
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4.3.2 The mechanical properties of the perilacunar tissue

The overview of the loaded tibia of an adult 26 week old mouse was obtained with BSE imaging
(Figure 52A), as well as higher magnified images of the tibial midshaft (Figure 52B). This way, it
was possible to pre-select 5 different osteocyte’s lacunae for nanoindentation to study tissue’s
elastic modulus and hardness in their vicinity. The lacunae chosen were located within the
center of the bone and had no other lacunae in very close proximity. In Figure 52C one of the
selected osteocyte’s lacuna located at the midshaft and the performed indents can be seen.

C  Ostepcyte lacuna

Figure 52: A) Overview of a loaded tibia of a 26 week old mouse obtained by merging a series of BSE
images, B) Magnified BSE image at the tibial midshaft; osteocyte lacuna chosen to be indented at the
intracortical region is squared in red, C) Topographic image of the bone surface after indentation in the
vicinity of the osteocye lacuna. Indents were performed with a spacing of 3 ym between each other.

The averaged bone tissue located 0 to 3 ym away from the lacunae had a higher elastic
modulus and hardness, than the tissue located further away from the lacunae, 9 to 18 ym away
(Figure 53).
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Figure 53: A) Elastic modulus and B) hardness of tissue located up to 3 ym away and tissue located more
than 9 ym away from osteocyte lacunae at the intracortical region of the loaded tibia of one 26 week old
mouse (bars are standard deviations of n = 5 lacunae).
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5 Discussion

The overall goal of this dissertation was to investigate the influence of age and mechanical
loading on bone structure and material properties. The first aim of the thesis was to analyze the
effect of loading on cortical bone mass, geometry, and material quality and determine how
animal age modulates the adaptive response to additional in vivo mechanical loading. The
second aim was to study the influence of animal age and tissue age on cortical bone mass,
geometry, and material quality during normal physiological loading.

An in vivo model was used, in which controlled axial loads were administered to the tibia of
mice. The adaptive changes occurring at the midshaft were compared to those from the
contralateral tibia that did not undergo additional loading (only weight-bearing from ambulation
of the mouse in between daily loading sessions). The analysis was performed in female post-
pubescent 10 week old, adult 26 week old and elderly 78 week old C57BL/6J mice.

In contrast to skeletal aging in humans, mice do not normally undergo Haversian remodelling,
and they do not have spontaneous fractures. However, similar to humans, mice experience
cortical and trabecular age-related bone loss [295]. The only animal model reported to have a
skeletal maturation similar to human females, is the rhesus monkey [296]. Access to nonhuman
primates is however very restricted and thus the mouse serves as an adequate, commonly used
model to characterize skeletal aging. The choice of the mouse strain was based on previous
loading and unloading studies [165, 175, 297] which demonstrated the increased
mechanoresponsiveness of C57BL/6J mice, when compared to other mouse strains. The
choice of young postpubescent 10 week old, adult 26 week old and elderly 78 week old mice
allowed obtaining a broader understanding of skeletal maturation and bone adaptation to
mechanical loading, as three main and distinct stages of the mouse lifespan (approximately 2
years) were studied. In the C57BL/6J mice, peak adult bone density was shown to be achieved
at 16 weeks of age [298] and peak bone strength was attained before 20 weeks of age [299].
Therefore, 26 week old mice, in contrast to the 10 week growing mice, are skeletally mature and
going already through age-related osteopenia, while the elderly 78 week old mice have a greatly
reduced bone mass in comparison with 10 and 26 week old mice. Finally, this study was
performed in female mice as this would allow for the role of estrogen to be considered in future
studies of skeletal aging.

5.1 The effect of additional in vivo mechanical loading on cortical bone
mass and geometry

One of the possible causes of age-related bone loss is a decrease in bone’s
mechanoresponsiveness with aging. However, the impact of aging on the skeletal response to
mechanical loading is still a matter of discussion and investigation. As part of the first aim of this
thesis, cortical bone mass and geometry were characterized after two weeks of in vivo
mechanical loading of the tibiae of 10, 26 and 78 week old mice.

Cortical bone mass and geometry were enhanced by in vivo controlled loading in mice of all
three ages (young, adult and elderly). In both young and adult mice, the onset in the response
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of cortical bone to loading occurred at the same time, with increases in cortical bone area
(Ct.Ar) and cortical thickness (Ct.Th) apparent by day 10. In elderly mice, the response of
cortical bone to loading started earlier, at day 5. At day 15, Ct.Th was 13%, 18% and 6% and
Ct.Ar 13%, 9% and 8% higher in the loaded limbs than in the control limbs in young, adult and
elderly mice, respectively. Different groups have reported similar magnitudes of load-induced
increases in cortical bone in young and adult mice [178, 270, 300]. Lynch et al. [249] reported a
larger overall response to loading, with increases in Ct.Ar of +48% and +40% in 10 and 26 week
old female C57BL/6 mice, respectively. The difference between the current work and their study
might be related to the greater number of cycles used in their in vivo loading protocol (1200
cycles/day compared to 216 cycles/day in this work) and the larger strain (2300 ye compared to
1200 pe in this work) induced at the tibial midshaft. Brodt et al. [270] reported 5% and 7% load-
induced increase in Ct.Ar, and no increase and an increase of 7% in Ct.Th in adult and elderly
mice, respectively. Although the load-induced changes in Ct.Ar and Ct.Th in elderly mice were
similar to the changes detected in the present study, in adult mice the changes were not as
pronounced as the ones detected in the current study. Considerable differences existed
between the two studies, such as the levels of strains engendered at the tibia and the use of
different mice species. An interesting finding was that only for elderly mice, cortical volumetric
tissue mineral density (Ct.vTMD) was higher in the loaded limbs than in the control limbs.
Comparable results were obtained by Silva et al. [301], who reported that load-induced changes
in Ct.wTMD occurred in 7 and 12 month old, but not in 2 and 4 month old mice. All the
histomorphometric bone formation indices (except indices associated with single labeled
surfaces) were enhanced by loading in young and adult mice, although to a lesser degree in the
adult mice. In elderly mice, differences in the histomorphometric parameters between loaded
and control limbs didn’t reach significance.

Previous exercise studies have had conflicting results when assessing the influence of age on
mechanoresponsiveness, ranging from enhanced [245, 250], unchanged [220, 269, 271] or
decreased [243, 248] response to mechanical loading in elderly animals. Earlier controlled
loading studies reported mainly a reduction in bone’s response to loading with aging [244, 246,
247]. These studies were limited by the usage of non-physiological loading direction or the
usage of invasive loading models. In the current study, a controlled non-invasive loading model
which applies loads in a physiological direction was used. The interlimb differences (loaded limb
— control limb) of the cortical bone microCT parameters indicated that there was no reduction in
the mechanoresponsiveness of cortical bone between young and adult or between adult and
elderly mice. However, the interlimb differences of Ct.Th and cortical area fraction (Ct.Ar/Tt.Ar)
showed that there was a significant reduction in bone’s adaptive response to loading between
young and elderly mice. Interestingly, when considering interlimb differences of Ct.vTMD,
mechanoresponsiveness seemed to increase in elderly mice, when compared to young and
adult mice. Different histomorphometric indices indicated no change in mechanoresponsiveness
between young and adult mice, although periosteal mineral apposition rate (Ps.MAR) and
periosteal bone formation rate (Ps.BFR/BS) showed a reduction in response and endocortical
mineralizing surface (Ec.MS/BS) and Ec.BFR/BS an increase in response, between young and
adult mice. These results indicated that there was a greater response periosteally in young mice
and endocortically in adult mice. Lynch et al. [249, 302] attributed the greater periosteal
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response in young mice, to the fact that in adult mice smaller increases in Ct.Th by periosteal
bone deposition are needed to increase the bending resistance to levels comparable to the
young mice, as adult mice have greater periosteal perimeter. The interlimb differences in
Ec.MS/BS, Ec.MAR and Ec.BFR/BS of adult and elderly mice, indicated a reduction in bone’s
mechanoresponsiveness in elderly mice. Most of the periosteal bone formation indices could
not be analyzed for elderly mice because of the almost lack of double-labeled bone. Holguin et
al. [272] also reported a decrease in mechanoresponsiveness in elderly mice and no change in
MAR and BFR/BS with loading, but an increase in periosteal mineralizing surface. In their study,
higher mechanical strains were induced at the tibial midshaft, 2200 pe than in our study, 1200
pe, which could explain the differences between studies. Contrary to the present study, Brodt et
al. [270] reported increased response to loading in the endocortical surface and no change in
the periosteal surface in aged mice, when compared to middle-aged mice. As previously
mentioned, a different mice species and different strain tibial levels were used in Brodt et al.
[270] study, when compared to this study.

Although some of the studied histomorphometric parameters indicated reduced
mechanoresponsiveness in elderly mice, the microCT parameters revealed that the relative
response (interlimb differences) of elderly mice to mechanical loading was not significantly
different to the response of adult and young mice, except in terms of Ct.wvTMD. These data
indicates that in elderly mice, loading helped maintaining bone mass during the 15 days of the
in vivo loading in the loaded tibiae, which otherwise would have gone through bone loss (as
observed in the control limbs), possibly by an increase in cortical bone’s mineralization degree.
Although the static microCT analysis performed in the current study did not show a reduced
cortical bone adaptive response to loading already in adulthood, recent work from our research
group [303] using a newly developed technique (3D dynamic in vivo morphometry) has shown a
reduced mechanoresponsiveness with aging. Unlike the static microCT measurements that only
show the net bone volume fraction, the new method allows for direct measurement of resorbed
and formed volumes, surface areas, and mineralizing thickness/erosion depth of bone over
time. These recent data from our group indicate that there was a significant reduction in the
bone formation (mineralizing volume/bone volume and mineralizing thickness) response to
loading with age. Interestingly, the formation surface with mechanical stimulation is the only
effect of loading conserved into old age. The data also showed that loading had no influence on
erosion thickness in all age groups.

5.2 The effect of additional in vivo mechanical loading on cortical bone
mineral and matrix properties

To get a broader understanding of the adaptive response of cortical bone to mechanical loading
and how this response changes with animal age, it was essential to assess also the effect of
mechanical loading on the quality of bone tissue. Bone quality is a broad term, which comprises
bone’s microarchitecture (trabecular microarchitecture and cortical porosity), the number and
frequency of microcracks and also material properties, such as mineral particle size and
perfection and collagen maturity. Very few studies have assessed load-induced changes in
bone quality and the ones which did measured changes after exercise regimens, characterized
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by a lack of controlled loading parameters. In this study, synchrotron sSAXS was used to
measure the thickness and degree of alignment of bone’s mineral particles with a spatial
resolution of 1 ym. In addition, with FTIRI bone’s degree of mineralization, mineral crystallinity,
the percentage of inclusions (carbonate and acid phosphate) in mineral, as well as collagen
maturity were assessed with an approximate spatial resolution of 6 um.

The results obtained indicate that the effect of additional controlled in vivo loading on bone
composition varied with animal age, as load-induced changes were predominantly observed in
elderly mice. Controlled in vivo loading led to an increase in collagen maturity in all the studied
regions (endocortical, periosteal and intracortical) in elderly mice, although only significantly in
the intracortical and periosteal regions. In addition, there was an increase in mineral:matrix ratio
at the endocortical and intracortical regions of the loaded tibiae of elderly mice, when compared
to the control tibiae. This difference was not significant for the intracortical region, but while
between the loaded tibiae of adult and elderly mice mineral:matrix ratio increased, between the
control tibiae there was no change. This result is further strengthened by the microCT data
showing significantly increased Ct.vTMD in the loaded tibia (compared to control tibia) of elderly
mice after 15 days of in vivo loading. In contrast to the findings in elderly mice, bone
composition was largely unaltered by loading in young mice, since only significantly greater acid
phosphate content (at the intracortical region) was measured. The change in acid phosphate
absolute values was very small: 0.45 in the loaded tibiae vs 0.44 in the control tibiae. Similarly
in adult mice, only mineral crystallinity and acid phosphate content (both at the periosteal
region) were enhanced by controlled loading. The sSAXS analysis didn’'t reveal any trend of
alteration in the T and p parameters of bone’s mineral with additional in vivo mechanical
loading.

The significant increase in bone collagen maturity in the periosteal and intracortical regions after
in vivo loading in elderly mice is intriguing. Alterations in collagen of both new and pre-existing
bone tissue after exercise regimens in rodents were previously speculated to occur by different
authors [273, 304, 305]. Their speculations were based on the enhancement of bone post-yield
structural and tissue-level mechanical properties after exercise, but their studies were focused
mainly in young rodents. However, Raab et al. [271] showed an increase in femoral ultimate
stress in exercised (10 weeks of treadmill running) elderly rats, when compared to sedentary
controls. Two studies by Isaakson et al. [224, 225] assessed the tensional properties of the
collagen network, collagen content and collagen cross-links in young, adult and elderly C57BL/6
male mice after voluntary exercise (access to a running wheel beginning at age 1 month old). In
contrast with the results obtained in this work of load-induced enhanced collagen maturity only
in the elderly C57BL/6J female mice (no effect was measured in young or adult mice), Isaksson
et al. [224, 225] measured no difference in the collagen content or cross-links between running
mice compared to sedentary controls of any age. In addition, the authors reported that exercise
led to improved tensional properties of the collagen network in young mice, but not in adult or
elderly mice. It is difficult to establish comparisons between the current study and their work,
since in this study strain-matched controlled loading was used over 15 days, whereas the
previous studies included 1 to 17 months of voluntary exercise, which likely engendered
different strain levels in the tibia during physical activity for the different aged mice. In addition,
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Isaksson et al. [224, 225] studied male mice, while in this work female mice were analyzed.
Unfortunately, besides the above mentioned investigations, no others studies have examined
the effect of altered loading conditions on bone composition in elderly animals.

It is possible to speculate that the increase in bone’s collagen maturity after controlled in vivo
mechanical loading in elderly mice is a mechanism of enhancement of bone’s mechanical
properties achieved by stabilization of collagen through conversion of immature to mature
enzymatic cross-links. Different studies have reported how mature enzymatic collagen cross-
links are positively associated with bone’s post-yield mechanical properties and even with pre-
yield mechanical properties [127, 306-308]. An in vitro study reported that an increase in
pyrdinoline (PYD) and deoxypyridinoline (DPD) (mature cross-links) of bovine bone correlated
with an increase in bone’s ultimate stress and post-yield energy absorption [127]. Inhibition of
lysil oxidase (LOX)—enzyme responsible for cross-linking formation—in rats which induced a
decrease of 45% in pyridinium cross-links was associated with a 26% and 30% decrease in
cortical bone bending strength and modulus, respectively [308]. The association of collagen
cross-links with bone’s mechanical properties is however still controversial and the existing
studies on the topic are not always consensual [119]. Additionally, it is not yet clear how
mechanical loading impacts the collagen cross-linking profile, although there are indications that
mechanical loading and collagen maturity are associated. The content of mature collagen cross-
links is higher in weight bearing bones than in non-weight bearing bones in individuals up to 40
years old [122]. In addition, osteoblastic cells showed a higher conversion rate of immature to
mature collagen cross-links under hypergravity, but a decreased rate under microgravity [309].
Furthermore, exercise and axial tibial compression in mice were shown to increase expression
of periostin [310], which is known to be involved in the activation of LOX, the enzyme
responsible for cross-linking formation [311]. Nevertheless, it is difficult to explain the
mechanism behind the detected increase in both collagen maturity and mineralization in the
intracortical region of the loaded tibia and also why this effect was only present in elderly mice.
A recent study which assessed gene expression after in vivo tibial loading of 2, 4, 7 and 12
month old mice revealed that a series of osteoblast/matrix genes increased between loaded and
control limbs, only in the older mice [301]. This finding might be associated with the load-
induced changes detected only in elderly mice in this study. Our research group is also looking
at the role of SOST/sclerostin in the anabolic response to mechanical loading as a function of
age.

5.21 Mineral and matrix properties of newly formed tissue with additional in vivo
loading

The new tissue formed with additional in vivo loading was characterized by studying its mineral
and matrix properties with synchrotron sSAXS and FTIRI. Interestingly, when comparing new
tissue formed in the loaded limbs with new tissue formed in the control limbs of the 10 week old
mice; the age group that had the largest amount of new bone tissue laid down during the
experimental period, no change in mineral and matrix properties was detected. This finding
suggests that two weeks of controlled in vivo loading increased the rate of bone formation as
confirmed by histomorphometric measurements, but the newly formed bone in response to in
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vivo loading does not have altered mineral and matrix properties, when compared to bone
formed during physiological loading. These results indicate that bone tissue formed during
controlled loading does not compromise bone quality, which in exercised adult humans might
influence the patient’s risk of fracture. This is an important finding since mechanical loading has
been seen as a promising treatment strategy to combat age-related bone loss. It was previously
unclear whether the increased mineral apposition rate, due to the mechanical loading regime,
altered the bone quality since earlier studies have shown that bone tissue rapidly formed via
intramembranous ossification during healing has altered mineral and matrix properties [231,
232]. In 1981, Woo et al. [233] suggested that the new bone material that formed in pig femora
during a 12 month exercise program had a similar quality to the original bone. However, in their
measurements it was not possible to directly distinguish between new and old bone tissue. In
the literature, it seems like no other study has compared how controlled in vivo loading
(superimposed onto physiological loading) affected the mineral and matrix properties of newly
formed tissue. Furthermore, no other study investigated whether the quality of the new tissue
formed with controlled in vivo loading was altered with animal age. In this work, after isolating
the new tissue in the loaded tibiae of young, adult and elderly mice (using calcein labeling),
sSAXS measurements (1 um spatial resolution) indicated that the new tissue formed in the
loaded tibiae had the same mean mineral thickness and mineral degree of alignment across all
animal ages.

Surprisingly, the new bone tissue formed in the periosteal region of bone at the tibial midshaft
was composed of thicker and more highly aligned mineral particles than the new tissue formed
in the endocortical region. Imaging the tibial midshaft with second harmonic generation by
multiphoton confocal microscopy suggested that new the tissue at the periosteal region was
composed of more highly aligned collagen fibers than the new tissue at the endocortical region
of the tibial midshaft of young mice. This seems to coincide with the increased degree of
mineral alignment detected at the periosteal region (when compared to the endocortical region),
as it is known that mineral particles tend to follow the orientation of collagen. Similarly, a study
of human femora and nonhuman primate ulna and humerus showed that transversely oriented
collagen fibers increased along the endocortical margin of the bone, while closer to the
periosteal margin, collagen fibres were mainly longitudinally oriented [312]. Furthermore, results
from our group suggested that the periosteal region of bone experiences higher strain levels
than the endocortical region during controlled in vivo loading [313], which might be associated
with the detected thicker and more aligned mineral particles in the periosteal region.

Finally, in the loaded and control tibia of young mice, lower mineral:matrix ratio (significantly
lower only in loaded tibia) and higher carbonate:mineral ratio was detected at the periosteal
region, when compared to the endocortical region. This data suggests that the periosteal region
was more mineralized and thus the endocortical region was composed of younger bone, which
is reflected in the greater mineral apposition rate at the endocortical compared to the periosteal
region.
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5.3 The topology of the osteocyte lacuno-canalicular network (LCN) and
perilacunar material quality

The effect of mechanical loading on the osteocyte LCN was assessed by comparing the
topology of the osteocyte LCN between newly formed tissue with additional in vivo loading and
newly formed tissue only with physiological loading. A functional osteocyte LCN is crucial to
maintain the integrity of bone as a tissue, as osteocytes are known to play a central role in the
process of mechanical adaptation by sensing mechanical stimuli.

The new tissue formed at the control and at the loaded tibiae of young 10 week old mice was
identified with calcein labeling and its osteocyte LCN was analyzed with CLSM, after staining
with the rhodamine dye. The tissue analyzed had between 3 and 12 days, since calcein was
administered at day 3 and 12 of the experiment and the tibiae were collected at day 15.
Interestingly, the topology of the osteocyte LCN was different between the new tissue formed in
the loaded tibiae and the new tissue formed in the control tibiae. Specifically, the osteocyte LCN
of the new tissue in the loaded tibia was denser and had higher degree of canalicular branching
(higher node degree, which is the number of canaliculi connecting at a node) and possibly,
because of that, higher percentage of lower canaliculi length, when compared to the osteocyte
LCN of the new tissue in the control tibia. In short, the loading resulted in a more strongly
interconnected osteocyte LCN. It is interesting to correlate this result with the fact that, even if
not pronounced, there was an increase in the mineral degree of alignment in the new tissue of
the loaded tibia, when compared to the new tissue of control tibiae.

The detected alterations in the osteocyte LCN might be a result of the increased (approximately
three times greater) mechanical strain imposed on the loaded tibia, in comparison with the
physiological strains during normal activity in the control tibia. In the last years, the osteoblast-
osteocyte transition has been shown to be an active [314, 315], rather than a passive process,
as previously thought. For example, the formation of dendrites was shown to be dynamic [315,
316] and the dendrites were shown to retain their capacity to retract and extend [314]. It's
possible to speculate that the newly formed tissue in the loaded tibia which developed its
osteocyte LCN in response to distinct loading patterns than the network in the control tibia,
formed a more comprehensive and detailed osteocyte network adapted to the enhanced
mechanical environment. However, such conclusions could only be established after analyzing
the living cells, the osteocytes and its dendrites. These findings have to be interpreted with
caution, due to the reduced number of regions analyzed. Nevertheless, different studies have
suggested before that mechanical loading had an impact on the osteocyte LCN architecture and
morphology. The presence of loading during development was related to more organized
networks [185, 186, 317], more spindle-shaped lacunae [185, 317] and higher osteocyte
densities [318-320]. In addition, Himeno-Ando et al. [321] reported that the osteocyte network of
the tibia, long bone loaded mainly along the longitudinal direction, had more cellular processes
and branches than the osteocyte network of the parietal bone, which is usually loaded radially
and tangentially and Sugawara et al. [317] reported larger number and length of dendrites in 6
week old mice than in embryonic mice.
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The tissue that directly surrounds the lacuna of osteocytes, the perilacunar tissue, is thought to
constitute a unique microenvironment, which material properties might have an impact in the
local lacuna strain field and the mechanical signal reaching the osteocytes. Different studies
have suggested that the osteocyte is able to change its microenvironment, as it was shown, for
example, in female C57BL/6 mice after two weeks in microgravity conditions [215]. The current
work intended to study whether perilacunar tissue mechanical properties change with animal
age (which could be associated with changes in bone’s mechanoresponsiveness) and whether
mechanical loading could reverse these changes.

The performed nanoindentation measurements at the in vivo loaded tibial midshaft of an adult
mouse (3 um spacing between indents) revealed that bone tissue up to 3 ym away from the
osteocyte lacuna had higher elastic modulus and hardness than tissue more than 9 ym away
from the lacuna. Potter [322] showed a trend of increased elastic modulus in tissue up to 5 ym
away from the lacuna, when compared to tissue further away in bone, in young and old baboon
femora. In addition, Nicolella et al. [323] showed that the perilacunar tissue was stiffer than
tissue further away in bone in ovariectomized rats, but not in control rats. However, very recent
studies based on synchrotron phase-nano computed tomography suggested that the gradients
in the material properties of the tissue surrounding both osteocyte lacunae and canaliculi can be
as small as 500 nm [218]. Continuing the proposed study on load- and age-related changes in
bone’s perilacunar tissue mechanical properties would have required the usage of very small
indent spacing in the nanoindentation measurements, which is technically very challenging.

5.4 The effect of animal age on cortical bone mass and geometry during
normal physiological loading

The second aim of this thesis was to analyze the influence of animal age on bone mass,
geometry and quality. Cortical bone mass and geometry were initially measured, followed by an
analysis of the properties of bone’s basic constituents, the mineral and the collagen, in female
post-pubescent 10 week old, adult 26 week old and elderly 78 week old C57BL/6 mice.

Different studies have previously assessed changes in bone mass and geometry with aging in
mice and other species. Nevertheless, some inconsistencies have been reported on the growth
patterns of bone after puberty. In this study, age-related changes in cortical bone mass and
geometry were assessed by performing in vivo microCT and dynamic histomorphometry.
Between young and adult mice, Ct.Ar, total cross-sectional area inside the periosteal envelope
(Tt.Ar), Ct.Ar/Tt.Ar, Ct.Th and principal moments of inertia (Imax and Imin) increased. The
increase in these parameters likely reflects the bone acquisition still occurring after sexual
maturity (puberty occurs at 6-8 weeks of age) in these mice. In fact, reports [298, 299] suggest
that skeletal maturity (peak bone mass and density) in the mouse femur is achieved between 16
and 20 weeks of age. In addition, the histomorphometric data revealed that the amount of new
bone laid down is reduced in adult animals, when compared to young animals. Between adult
and elderly mice, Ct.Ar, Ct.Ar/Tt.Ar, Ct.Th, Imax and Imin decreased, while Tt.Ar remained
constant, reflecting the loss of bone mass with advanced age. The limited number of double
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calcein labeling in the tibia of elderly mice restricted the comparison of histomorphometric
parameters between adult and elderly mice.

Different authors reported an increase in Ct.Ar of long bones between post-pubescent (or even
younger mice) and adult female and male C57BL/6 mice [299, 324-327]. However, the changes
observed in Ct.Ar after adulthood were not as consistent, with different groups describing either
a stabilization [324-326] or, similar to what observed in this study, a decrease in Ct.Ar between
adult and elderly C57BL/6 mice [180, 327]. From human studies, it is thought that in women,
Ct.Ar decreases with advancing aging, while in men it remains constant [328]. Together with an
increase in the moment of inertia, the constancy of Ct.Ar with advanced age in men might
reflect bone remodeling patterns that compensate for the deterioration of bone’s material
properties. One of the referenced groups [326] reporting no notable age-related changes after
adulthood in Ct.Ar studied only male mice, which might explain the difference between their and
the current study. However, it's not clear why Glatt et al. [324] and Somerville et al. [325] who
studied female mice saw no change in Ct.Ar after adulthood. The increase detected in this study
in Ct.Th between young and adult mice or the decrease between adult and elderly mice was
previously reported by different groups [180, 299, 324, 326]. The Tt.Ar (includes both bone
marrow and cortical bone) of the tibia was shown, in this study, to increase only up to
adulthood, just as in the study of Somerville et al. [325] and the study of Patel et al. [180], who
analyzed the tibial midshaft of female C57BL/6 mice, as well. However, Buie et al. [327] using
an identical study design saw a trend of decrease of the tibial Tt.Ar (it's not reported whether the
results are significant). The parameters Imax and Imin reflect the resistance of bone to bending
and are influenced by how much bone there is and how it is distributed. The increase of both
parameters between young and adult mice and the decrease between adult and elderly mice
likely relate to the correspondent changes in Ct.Ar/Tt.Ar between the studied ages. A large
number of studies reported age-related changes of a different moment of inertia, the polar
moment of inertia, which reflects bone’s torsional rigidity. In addition, Brodt et al. [299] showed
an increase in the femoral medial-lateral and anterior-posterior moment of inertia in mice
between 4 to 20 weeks old (24 weeks old was the maximum age studied) and Akkus et al. [85]
in rats aged 3 to 24 months old.

Although in this work, age-related changes in the different cortical bone microCT parameters
were not directly correlated to bone’s mechanical properties at the whole bone or tissue level,
several studies attest to the relevance of understanding how these parameters are altered with
advanced age. As an example, Voide et al. [329] reported that pre-yield murine femoral
mechanical properties could be predicted for a large part by bone volume, cortical thickness,
cross-sectional area and total area and that none of these parameters could explain post-yield
properties (they related it to collagen properties and microdamage accumulation). The
conclusions arising from studies relating bone mass and morphology and bone’s mechanical
properties are highly dependent on a series of variables, such as the kind of mechanical test
performed, the species used, the anatomical location studied. It is also not linear to isolate the
contribution of a single parameter, as they tend to correlate among each other. It is, however,
clear that it is essential to assess, not only bone mass and geometry, but also its quality,
including the properties of its basic elements, the mineral and collagen, in order to get a broader
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understanding of how bone changes with age and how that might impact is mechanical
properties.

5.5 The effect of animal age on cortical bone mineral and matrix
properties during normal physiological loading

To determine the age-related changes in bone mineral and matrix properties, the intracortical
region at the tibial midshaft of control limbs of 10, 26 and 78 week old female mice was
measured with synchrotron sSAXS and FTIRI.

An increase in mineral:matrix (approaching significance) was detected only between young and
adult mice, but not between adult and elderly mice. A series of studies have reported a similar
increase in the degree of mineralization up to adulthood [81-84]. However, after adulthood,
different studies show either increased [85, 86, 96], constant [330] or decreased [83] degree of
mineralization. The results obtained in this study indicate that only up to adulthood there is an
increase in bone’s degree of mineralization and not after this stage of life. Not surprisingly, the
Ct.wvTMD obtained with microCT, followed a similar trend with aging, increasing significantly
between young and adult mice and stabilizing afterwards. The changes in carbonate
substitution in bone’s mineral particles with aging followed a similar trend as the degree of
mineralization. The carbonate:mineral ratio (indicator of carbonate substitution in bone mineral)
increased between young and adult mice, while between adult and elderly mice there was only
a trend of decreased carbonate:mineral ratio, which was not significant. The results reported in
the literature on the age-related changes in carbonate content are not consistent. The data
obtained in this study supports the results obtained by Burket et al [84], who showed that
carbonate substitution only increased up to skeletal maturity in the femora of baboons. Acid
phosphate substitution, in contrast to the changes in carbonate substitution with animal aging,
remained constant between young and adult mice and decreased significantly between adult
and elderly mice. Acid phosphate content was shown to correlate with new mineral deposition
[100, 101], but only recently validated as a FTIRI parameter in a study which showed that acid
phosphate content decreased in mice between 0 and 6 months old [99]. Crystallinity, which
reflects both mineral perfection and size, decreased between young and adult mice, but
increased between adult and elderly mice. These changes could be associated with the same
trends of change observed for the carbonate:mineral ratio between ages, since carbonate
substitution in mineral is not stoichiometric and consequently disrupts the lattice spacing and
the mineral uniformity [93, 94]. Even if a similar relationship to the one suggested by the data of
this study, between carbonate substitution and mineral crystallinity was previously reported [81],
the relation between the two parameters hasn’t been yet clearly described. In addition, the
changes detected in this study in the absolute values of crystallinity were very small: between
1.11 and 1.19 in control limbs and between 1.12 and 1.20 in loaded limbs. The thickness of the
mineral particles (T parameter) in young, adult and elderly mice was also studied. Merging all
the points measured within the intracortical region of the two mice studied per each age
(approximately 12000 points), revealed that there is a shift towards thicker mineral particles
(T>2.5 nm) in the tibia of elderly mice. However, analyzing the mean T parameter for each

95



individual mouse showed that there was no pronounced age-related change in the mean
thickness of the mineral particles. This finding is supported by other sSAXS studies, which
showed that the mean mineral thickness increases only up to 2 to 3 months in mice femora and
tibiae [111] and that it remains substantially the same throughout life in human femora [106] and
in human vertebrae (only subtle increases after 4 years old) [38]. For the degree of mineral
alignment, no specific pattern of variation with age was detected. This result is consistent with
studies that reported no change in the p parameter with increasing age in mice [111] and in the
degree of preferred mineral orientation after the first decade of life in the human femora [106].
The obtained results suggest that the changes in mineral degree of alignment occur mainly
during early stages of skeletal growth and not afterwards. No changes were detected in
collagen maturity (mature/immature cross-links) between post-pubescent, adult and elderly
mice, which is in agreement with previous FTIRI studies [81, 96, 130]. It is likely that most of the
changes in collagen maturity occur before puberty. In human bone, it was also shown that
immature and mature cross-links remain approximately constant in adult age, with immature
cross-links decreasing only up to 25 years old and mature cross-links reaching a maximum at
10-15 years old [331].

Additionally, the mineral and matrix properties at the endocortical and periosteal regions at the
tibial midshaft of control limbs of young, adult and elderly mice were assessed. Although some
differences were registered in the properties of the tissue in the endocortical and periosteal
regions between ages, these differences mostly never reached significance. These results
might indicate that the newly formed bone by young, adult and elderly mice has similar material
quality.

5.6 The effect of tissue age on cortical bone mineral and matrix
properties during normal physiological loading

Since the effects of animal age and tissue age on bone mineral and matrix properties are often
intermixed in the literature, the effects of each were evaluated separately, in this work. Tissue
age-related changes were assessed by comparing young tissue at the endocortical and
periosteal regions with older tissue at the intracortical region of the control tibial midshaft.

As with animal age, tissue age was shown to have a significant effect on the mineral and matrix
properties studied with FTIRI. Similar to previous studies, lower mineral:matrix ratio [83, 84, 90-
92] and crystallinity [83, 91, 92, 104] was detected in younger tissue at the periosteal and
endocortical regions, when compared with older intracortical tissue across all animal ages.
These results are not surprising, as it is known that newly laid bone is less mineralized than
older bone. In addition, tissue at the endocortical and periosteal regions had higher acid
phosphate content than tissue at the intracortical region in young, adult and elderly mice. High
acid phosphate content has been associated with areas of new bone formation [99-101] and it
has even been recently suggested as a reliable indicator of the most recent site of bone
deposition [99]. Different studies showed that collagen maturity increased with tissue age [83,
84, 131], but also that it reached a maximum early during tissue maturation [83, 91, 122]. The
results obtained in the current study reflect these findings, as it was shown that collagen
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maturity was significantly or marginally significantly lower in the endocortical and periosteal
regions, when compared to the intracortical region of the control limbs of 10 week old mice, the
mice with the highest amount of newly formed tissue. The parameter carbonate:mineral ratio
has been reported both to increase [84, 90, 131] and to decrease [85, 97] with tissue aging. In
the current study, the only tissue age-related significant difference detected for this parameter
was an increase in carbonate:mineral ratio in young animals and a decrease in elderly animals
between the periosteal and the intracortical regions. The standard deviations of the
carbonate:mineral ratio in the endocortical and periosteal regions were relatively high, which
make the results difficult to interpret. It was also seen that the mean mineral thickness and
degree of alignment tended to be lower in the newly formed tissue at the endocortical region,
but not at the periosteal region, when compared to older tissue in the intracortical region. These
results relate to the previously discussed finding of thinner and less aligned mineral particles of
the new tissue at the endocortical region, when compared to the new tissue at the periosteal
region of the loaded tibiae. In addition, the variation of T and p parameters with tissue age was
shown by other groups, when comparing younger with older bone tissue in human osteons
[113], in trabeculae [332] and in the cortical bone diaphysis of rat femora [112].

Assessing age-related (both animal age and tissue age) changes in bone nano and microscopic
mineral and matrix properties broadens our understanding on bone development and also on
the causes and/or effects of the increased bone fragility associated with advanced aging. In
addition, only by having a well characterized control physiologically loaded bone was it possible
to determine whether extra in vivo mechanical loading induced positive changes in bone
quantity and quality or helped prevent its deterioration.

5.7 Relationship between mineral properties and calcein labeling in
mineralizing bone surfaces and mineral in the vicinity of blood
vessels

Unexpected findings emerged from this work concerning the use of fluorochrome labels on
bone mineral. In addition, specific mineral patterns were detected around blood vessels in the
bone. Both of these findings were possible due to the high-resolution techniques used in the
study of the bone material.

Bone mineral was characterized at the region where the calcein fluorochrome labels were
located by merging high resolution T and p parameter maps (1 ym spacing between measured
points) of the tibial midshaft with the respective fluorescence images. The results obtained
showed lower mean mineral thickness and degree of mineral particle alignment at the calcein
fluorochrome labels location. Fluorochrome labeling is routinely used for decades for
quantitative measurement of bone formation and bone remodeling dynamics. Newly formed
bone tissue can be identified, as the fluorochrome labels (calcium-seeking substances)
selectively bind to sites of new mineralized tissue formation and are incorporated into the
mineralization front. However, it remains unclear why the selective binding occurs, although
some studies suggest that this is due to the smaller crystal size formed in the initial phase of

97



mineralization, in comparison with older mineralizing sites [333]. A study in rats labeled with
different fluorochromes also showed, using sSAXS, a decrease in the degree of mineral
alignment, but not in the mineral thickness on the border between old and new bone [112],
which seemed to coincide with the label itself. However, an in vitro study demonstrated that
there is direct relationship between bone-like carbonated apatite crystal size and growth kinetics
and the concentration of the fluorochrome label alizarin red [334]. The authors showed that
alizarin red stabilized the detected amorphous precursor phase and therefore led to an
exponential increase in the nucleation time of apatite. The results obtained in this study indicate
that the calcein might not only bind to mineralizing surfaces, but also interfere with mineral
growth, possibly in a similar manner as non-collageneous proteins by stunting their growth. The
BSE images of the studied tibial samples did not show different mineral content at the calcein
label sites, but this should rather be assessed with quantitative methods, such as quantitative
backscattered electron imaging (qBEI) [25].

The regions surrounding blood vessels of young, adult and elderly mice were also characterized
by a distinct mineral pattern. Thinner and less aligned mineral particles were found near all the
analyzed blood vessels, when compared with the surrounding tissue. In contrast to the findings
at the calcein label location, the presence of thinner and less aligned mineral particles near the
blood vessels was likely related to the age of this tissue rather than alterations in crystal growth.
As observed also in the BSE images, which showed lower mineral content in the regions
surrounding blood vessels, the bone tissue surrounding blood vessels was younger.

5.8 Limitations of the study

The current work was not without limitations. The sSAXS data was limited by the sample size of
6 tibiae (n = 2 mice/age). These measurements were performed during a 96 hour session at the
ESRF, a facility where usage is very restricted. However, it was possible to measure each
sample with extremely high resolution, registering scattering patterns with 1 pm spacing
between each other. Another limitation of this work was that the endocortical and periosteal
regions analyzed with FTIRI did not always strictly correspond to bone tissue located between
calcein labels. Nevertheless, the chosen endocortical and periosteal regions of interest included
younger tissue with significantly lower mineral:matrix ratio, crystallinity and higher acid
phosphate content than the intracortical mature tissue region. In addition, the differences
between loaded and control limbs were generally much smaller than the differences between
endocortical or periosteal and the intracortical region for each mouse, reinforcing the finding that
in vivo loading did not affect the quality of the newly formed tissue. In addition, even though the
influence of animal age and tissue age on bone mineral and matrix properties was separately
analyzed, one shouldn’t forget that the differences detected between young and older mice are
not necessarily linked to a real animal aging effect. Young mice may be different from older
mice because, due to fast growth, even their “old” bone is comparatively younger than “old”
bone in older mice.
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6 Conclusions

This thesis aimed at determining the effect of mechanical loading as a function of age on
cortical bone mass and geometry and material quality (mineral and collagen matrix properties).
Furthermore, this thesis aimed at understanding how animal and tissue age influenced bone
mass, geometry, and material quality. For that, cortical bone in young, adult and elderly female
C57BL/6J mice was examined after two weeks of controlled noninvasive in vivo tibial
compressive loading and physiological loading. With microCT and dynamic histomorphometry,
the effects of aging and loading on cortical bone mass and geometry were assessed, while the
effects on bone’s mineral and collagen were measured using high-resolution techniques such
as synchrotron sSAXS and FTIRI. The effect of mechanical loading on the topology of the
osteocyte LCN and perilacunar tissue (tissue surrounding the osteocyte lacuna) material
properties, involved in mechanical sensation, were assessed with CLSM and nanoindentation,
respectively.

The following conclusions were drawn:

e The effect of controlled in vivo loading on cortical bone varied with animal age. In young
mice, and to a lesser extent in adult mice, loading enhanced the bone mass and
geometry. In elderly mice, loading did not result in net bone gain, but still prevented a
net bone loss. Interestingly, load-induced adaptive changes in the mineral and matrix
properties were predominantly observed in elderly mice. Additional controlled loading
led to enhanced collagen maturity and degree of mineralization in the elderly mice,
which might correspond to a mechanism by which bone mechanical properties could be
enhanced. These findings suggest that mechanical loading is a promising noninvasive
treatment to enhance bone quality, as well as maintain bone mass in individuals
suffering from age-related bone loss.

e The material quality of the new bone tissue formed with additional in vivo loading was
similar to the quality of new bone tissue formed only with physiological loading.
Although the rate of bone formation (assessed through histomorphometry) was
increased by additional controlled in vivo loading, it was shown with synchrotron sSAXS
and FTIRI, that the physical and chemical properties of the mineral particles, as well as
collagen maturity of the new tissue were not altered by additional in vivo loading.

e The new bone tissue formed at the endocortical and periosteal regions was shown to be
distinct. Interestingly, the newly formed tissue at the periosteal surface of the bone was
composed of mineral particles with a higher degree of alignment and greater thickness
than the newly formed tissue at the endocortical region. These results provide new
clues on how deposition of new bone is potentially influenced by the different
mechanical and biological environments, characteristic of the endocortical and
periosteal regions.
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Mechanical loading seems to have a relevant impact on the topology of the osteocyte
LCN of new bone tissue. Preliminary results showed that the newly formed tissue with
additional in vivo loading had a denser and more highly branched osteocyte LCN than
the new tissue formed only with physiological loading. A detailed and comprehensive
network more efficient in the transport of ions and other substances might have been
responsible for the fact that the new tissue formed with additional in vivo loading had
similar quality to the tissue formed only with physiological loading, even if formed at a
faster pace.

Pilot studies indicated that perilacunar tissue and tissue further away in bone had
distinct mechanical properties (nanoindentation performed with spatial resolution of 3
pm). Further measurements assessing submicron gradient material properties in the
vicinity of osteocyte lacunae would provide more clues on the role of the perilacunar
tissue in mechanosensation.

Mineral and matrix properties were animal age and tissue age dependent during
physiological loading. However, changes in bone mass and geometry with aging were
more pronounced than changes in bone’s mineral and matrix properties. The results
obtained suggest that changes in the studied bone’s mineral and matrix properties
occur mainly during early stages of skeletal growth, as different parameters such as
collagen maturity, mineral thickness and degree of alignment did not or, at least not
pronouncedly, changed between post-pubescent, adult and elderly animals.

Bone mineral properties were altered by fluorochrome labeling and dependent on the
proximity to blood vessels. Regions labeled with calcein fluorochrome were shown to
have lower mean mineral thickness and degree of mineral alignment, which suggests
that fluorochrome labeling might stunt bone’s mineral growth and thus affect bone
mineral quality. In addition, thinner and less aligned particles were present near blood
vessels, finding which was attributed to the presence of younger tissue.
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Outlook

The work reported in this thesis generated some additional questions and possible directions of
future research:

e The impact of mechanical loading on the degree of mineralization and collagen maturity
at the tibial midshaft of elderly mice should be further investigated. In particular, high-
performance liquid chromatography could be used to obtain more detailed information
on the load-induced changes in the types and amounts of collagen cross-links in elderly
mice. Understanding the significance of the changes occurring with loading would
require assessing the load-induced changes at the whole bone and the tissue level
mechanical properties of elderly mice, using for example four-point bending and
nanoindentation, respectively. This would allow correlating load-induced changes in
mechanical properties with the detected changes in the degree of mineralization and
collagen maturity in the loaded limbs of elderly mice.

e A more detailed understanding of the impact of mechanical loading on the osteocyte
LCN formation is needed. Initially, it would be important to extend the quantification of
the osteocyte LCN to a higher number of regions in the tibial midshaft and a higher
number of mice. In addition, it would be interesting to determine whether the additional
strain imposed on bone with in vivo loading would also lead to a denser and more
branched osteocyte LCN in adult and elderly mice, as observed in young mice.
Extending the quantification of the osteocyte LCN to other parameters, such as the
lacunae diameter or the canaliculi orientation with respect to the bone’s long axis, would
also provide more insights on the impact of mechanical loading on the osteocyte LCN
formation. For example, it is not established whether with additional load, lacunae are
more aligned in the principal loading direction or whether the increased mineral
apposition rate causes rapid irregular embedding of osteocytes. Finally, correlating the
topology of the osteocyte LCN with the imposed strains throughout the tibia—calculated
using finite element models—would provide novel insights on whether and how the
strain environment in bone impact the topology of the osteocyte LCN and consequently
its capacity to efficiently transmit mechanical stimuli and transport ions and other
substances.

e The fragility of bone is known to increase with advanced aging, as a result of changes in
bone quantity and quality. In this work, bone was analyzed at different levels of its
structural hierarchy in young, adult and elderly mice. Identifying, in addition, the
changes in the topology of the osteocyte LCN would complement these results and
broaden the understanding of the increased fragility of bone with advanced age. This
could be achieved by comparing the topology of the osteocyte LCN at the intracortical
region of the control limbs of young, adult and elderly mice and identify, for example,
whether the LCN connectivity is decreased with aging, as some studies suggest.
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As mechanical loading can be used as a treatment strategy to prevent or combat age-
related bone loss or/and fragility for longer time periods than two weeks, further studies
with longer loading durations are required.

The results obtained suggesting an interference of calcein with mineral growth, raise the
question whether other fluorochrome labels which are clinically used, such as
tetracycline would have similar impact on bone’s mineral. It would be relevant to test
this hypothesis and also to further explore the changes occurring in mineral at the
fluorochrome label location with high-resolution techniques, such as qBEI.
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