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Abstract

Mechanical loading in the form of exercise plays an essential role in maintaining bone
health. However, the skeleton of aged individuals is unable to adapt to mechanical
loads as evidenced in mice and human studies but little is known about the molecular
mechanisms at the cellular level. When bone experiences loading, bone cells sense and
transmit this information ultimately leading to the expression of genes that regulate
overall bone mass changes. ATP is one of the earliest signals released on mechanical
stimulus. ATP and its derivative, ADP act on purinergic receptors on bone cells and cause
a cascade of events that ultimately regulate their activity. With age, there is an imbalance
in bone-resorbing osteoclast and bone-forming osteoblast activity. It is also known that
the ADP-sensing receptor P2Y,, regulates osteoblast and osteoclast activity. However,
little is known about the role of osteoclasts in mechanical loading and how aging affects
mechanically induced signaling through ATP and ADP in bone cells. I hypothesize that
ATP- and ADP-mediated early mechanical signaling changes with age in osteoblasts and
osteoclasts, affecting the ability of bone to sense and adapt to mechanical load.

This thesis aims to examine: i) The principles underlying mechanosensitivity and
mechanoresponsiveness of osteoclasts; ii) Aging-induced changes in the responses of

osteoblasts and osteoclasts to reversible mechanical injury; iii) The characteristics of
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signaling dynamics mediated through ADP receptor, P2Y13.

Firstly, I investigated the mechanosensitivity and mechanotransduction in osteoclasts.
Osteoclasts were subjected to in vitro mechanical stimulation and intracellular calcium
signaling changes were recorded in stimulated (primary) and neighboring (secondary)
cells. I found that osteoclasts respond to mechanical stimulus and can transmit this
information to secondary cells as observed with rise in intracellular calcium signals.
Severe injuries resulted in higher calcium transients in primary responders. Osteoclasts
responded to fluid shear forces in an increasing stress-dependent manner and were
able to repair the injury with time. Osteoclasts responded to both ATP and ADP in a
concentration-dependent manner. Blocking the ATP-signaling P2X, receptor abolished
secondary responders. Mildly injured osteoclasts exposed to ATP and ADP had similar
calcium transients in both primary and secondary responders. However, severely injured
osteoclasts had a higher fraction and amplitude of secondary responders in an ADP-rich
environment thus highlighting the role of ADP in osteoclasts exposed to altered mechan-
ical loading.

To understand the effect of age on the ability of bone cells to sense and transduce signals,
I conducted in vitro mechanical stimulation experiments in osteoblasts or osteoclasts
from young and old mice. I found that osteoblasts have decreased mechanotransduction
with age whereas osteoclasts exhibited increased signaling trends. Osteoclasts from older
mice displayed higher calcium transients on addition of ATP and ADP. The expression of
the ADP-sensitive P2Y,, receptor was altered in osteoclasts and osteoblasts with age.
To better understand P2Y,;-mediated signaling, I conducted a comprehensive meta-

analysis of available studies on the P2Y,, receptor. The primary objective was to assess
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potency of various ligands of the P2Y,; receptor. The secondary objective was to deter-
mine whether the response of P2Y;; to ligands varies among different systems. P2Y,,
appeared to be the most sensitive ADP described to date. Thus, I identified distinct
age-dependent changes in early mechanotransductive signaling in osteoblasts and os-
teoclasts, demonstrating that both cell types should be considered as active players
in mechanoadaptation. Moreover, my research implicates ADP signaling through the
P2Y,, receptor in altered responsiveness of aging bone cells to mechanical stimulation,

suggesting novel pharmacological targets for osteoporosis.



Résume

La charge mécanique joue un role essentiel dans le maintien de la santé des os. Cepen-
dant, le squelette des individus agés est incapable de s’adapter aux charges mécaniques,
mais on en sait peu sur les mécanismes moléculaires. Lorsque I'os subit une charge, les
cellules osseuses détectent et transmettent cette information, conduisant a 'expression
de genes qui régulent les modifications de la masse osseuse. I’ATP est I'un des premiers
signaux émis lors d’un stimulus mécanique. L’ATP et ’ADP agissent sur les récepteurs
purinergiques des cellules osseuses et provoquent une cascade d’événements qui régulent
leur activité. Avec l’age, il y a un déséquilibre dans I'activité des ostéoclastes, et des
ostéoblastes. Le récepteur P2Y,, sensible a 'ADP, régule I'activité de ces cellules. On sait
peu de choses sur le role des ostéoclastes dans la charge mécanique et sur la maniere
dont le vieillissement affecte la signalisation induite mécaniquement via ’ATP et 'ADP
dans les cellules osseuses. J’émets ’hypothese que la signalisation précoce médiée par
I’ATP et ’ADP change avec 'age, affectant la capacité des os a détecter et a s’adapter a la
charge mécanique.

Cette theése vise a examiner : i) Les principes de la mécanosensibilité/mécanoréactivité
des ostéoclastes; ii) Les changements dus au vieillissement dans les réponses des cellules

osseuses a des lésions; iii) la dynamique de signalisation médiée par le récepteur de
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’ADP P2Y,,.

Premierement, j’ai étudié la mécanosensibilité et la mécanotransduction des ostéoclastes.
Ceux-ci ont été soumis a une stimulation mécanique et des modifications de la signalisa-
tion du calcium ont été enregistrées dans les cellules stimulées (primaires) et voisines
(secondaires). Les ostéoclastes répondent a un stimulus mécanique et transmettent cette
information aux cellules secondaires, comme observé avec 'augmentation des signaux
calciques. Des blessures graves ont entrainé des transferts de calcium plus élevés chez les
cellules primaires. Les ostéoclastes ont réagi aux contraintes d’écoulement de maniere
croissante et dépendantes de la contrainte et ont pu réparer la blessure. Les ostéoclastes
ont répondu a 'ATP et a ’ADP de maniére dépendante de la concentration. Le blocage
du récepteur de signalisation par I’ATP P2X, a aboli les répondeurs secondaires. Les
ostéoclastes légerement blessés exposés a ’ATP et a ’ADP présentaient des transferts
calciques similaires chez les répondeurs primaires et secondaires. Cependant, les os-
téoclastes gravement blessés présentaient une quantité de répondeurs secondaires plus
élevées dans un environnement riche en ADP, soulignant ainsi le role de 'ADP dans les
ostéoclastes exposés a une charge mécanique altérée.

Pour comprendre I'effet de I'age, j'ai effectué des stimulations mécaniques in vitro sur
des cellules osseuses de souris jeunes et dgées. Jai découvert que les ostéoblastes
présentaient une mécanotransduction diminuée avec I'age, alors que les ostéoclastes
présentaient des tendances de signalisation accrues. Les ostéoclastes de souris plus
agées présentaient des transferts de calcium plus élevés lors de 'ajout d’ATP et d’ADP.
L’expression de P2Y,, était altérée dans les ostéoclastes et les ostéoblastes avec 1’age.

Pour mieux comprendre la signalisation médiée par P2Y,;, jai mené une méta-analyse
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des études sur le récepteur P2Y, . Les objectifs étaient 1) d’évaluer la puissance de divers
ligands de P2Y,; et 2) de déterminer si la réponse du P2Y,,; aux ligands varie selon
différents systémes. Ainsi, j’ai identifié des changements distincts dépendant de I'age
dans la signalisation mécanotransductive précoce dans les ostéoblastes et les ostéoclastes,
démontrant qu’ils doivent étre considérés comme des acteurs dans la mécanoadaptation.
De plus, mes recherches impliquent la signalisation de ’ADP via le récepteur P2Y,; dans
la réactivité altérée des cellules osseuses vieillissantes, suggérant de nouvelles cibles

pharmacologiques pour 'ostéoporose.
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Preface

The bone is a dynamic organ that is constantly exposed to physical forces. These forces
are important for the development and maintenance of musculoskeletal health. Exercise
is known to be the most effective way of maintaining bone strength and mass. However,
the aging skeleton is unable to benefit from exercise resulting in poor skeletal health
and conditions such as osteoporosis (Morabia et al. 1998). Aging is known to result in
an imbalance of bone-forming osteoblast and bone-forming osteoclast activity (Almeida
et al. 2013). While osteoblasts and osteocytes are well-acknowledged for their role in
mechanoadaptation, much less is known regarding the ability of osteoclasts to sense
mechanical perturbations and to send the signal to other cells. My first aim was to
determine the mechanosensitivity and mechanotransductive characteristics of osteo-
clasts.

In vivo studies in aging mice and humans have shown that the aging skeleton loses
its ability to adapt to physical forces therefore leading to frailty and bone loss (Bassey
et al. 1998; Srinivasan et al. 2012; Birkhold, Razi, et al. 2014; Holguin et al. 2014).
However, the understanding of the loss of mechanoadaptation with age at the cellular
level is limited. Osteocytes in aging animals were previously shown to become resistant

to loading-induced plasma membrane damage, thus losing mechanosensitivity (Hagan,



K. Yu, et al. 2020). However, it is unknown whether osteoblasts and osteoclasts also
exhibit similar behavior. Additionally, changes in osteoclastic calcium responses with age
have not been previously studied. My second aim was to determine aging-associated
changes in the responses of osteoblasts and osteoclasts to mechanical loading.
When bone cells experience mechanical loading, they release ATP and ADP, which act
on receptors of the purinergic (P2) family consisting of seven P2X ligand-gated ion
channels and eight P2Y G-protein-coupled receptors (I. R. Orriss, Burnstock, et al. 2010).
P2-mediated signals lead to a rise in intracellular calcium ([Ca®'];) signals and ulti-
mately in the expression of genes that aid in the mechanoadaptation of bone. How aging
affects ATP and ADP-mediated signaling in mechanically stimulated bone cells is not
well-known. Interestingly, ADP-sensing P2Y receptors, P2Y,, P2Y,,, and P2Y,, that are
expressed in bone cells (Kiigelgen 2021), have been implicated in age-related bone loss
(Alvarenga et al. 2010; Su et al. 2012; Biver et al. 2013; N. Wang, Rumney, et al. 2013).
Among these receptors, P2Y,; is the least studied. My third aim was to use knowledge
synthesis approaches to examine the signaling dynamics of the ADP-sensing P2Y,
receptor.

My thesis consists of 6 chapters. I first provide a comprehensive overview of the litera-
ture on bone, mechanoadaptation, and aging in Chapter 1. In Chapter 2, [ summarize
the literature on the role of ATP and its metabolites and the function of purinergic
receptors in bone mechanoadaptation. I also describe a conceptual model of how the
complex system of ATP, ADP, and adenosine signaling convey information about the
degree, proximity, and time from the event of mechanical loading. In Chapter 3, I in-

vestigate mechanically stimulated osteoclasts and determine their mechanosensitive



and mechanotransductive properties. I show that mechanically stimulated osteoclasts
(primary responders) can also sense and transduce mechanical signals to neighbouring
non-stimulated osteoclasts (secondary responders) and have increased calcium responses
with increase in the severity of the injury. I also show that similar to osteoblasts and
osteocytes, osteoclasts are also capable of repairing plasma membrane tears generated
by mechanical forces. I demonstrate that the P2X, receptor as well as ADP-mediated
signaling are important for osteoclast mechanotransduction. In Chapter 4, I examine
age-related changes in the ability of osteoblasts and osteoclasts to sense mechanical
stimulation in vitro and transduce signals to neighboring cells. I show that while in-
jury levels and signaling are similar in young and old osteoblasts and osteoclasts, the
propagation of mechanically-activated signals to neighbouring cells is differently altered
in both cell types with age: while osteoblasts become less mechanotransductive with
age, osteoclasts from older animals demonstrate higher mechanotransduction properties.
The expression of P2X, and P2Y,; were downregulated with age in osteoclasts while no
differences were observed among young and old osteoblasts. Osteoblasts and osteoclasts
from male mice were less mechanotransductive than female mice, thus highlighting sex
differences in mechanotransduction of aging bone cells. Based on my findings in Chapter
3 on the role of ADP in osteoclast signaling, and in Chapter 4 on the downregulation of
P2Y,; in aging osteoclasts, my next step was to understand P2Y,;-mediated signaling. In
Chapter 5, I conducted a comprehensive meta-analysis of existing studies on the P2Y,
receptor. The primary objective of the meta-analysis was to determine the potency of
P2Y,, ligands. The secondary objective was to assess the differences in P2Y,, signaling in

different tissues and systems. The P2Y,; receptor was identified to be the most sensitive



ADP receptor to date. In Chapter 6, I discuss and conclude the findings of my thesis.
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Chapter 1

Bone mechanoadaptation in the aging

skeleton

1.1 Overview of the hierarchical structure of bone

The bone is a complex structure that supports numerous vital functions, such as locomo-
tion, and protection of vital organs, and serves as a reservoir of calcium and phosphate
in the body. It is a mineralized tissue whose extracellular matrix (ECM) is made up of
inorganic matrix (50-70%), organic matrix (20-40%), water (5-10%), and lipids (<3%)
(B. Clarke 2008). The inorganic component is mainly composed of carbonated hydroxya-
patite with small amounts of potassium, sodium, magnesium, and other elements. Type
I collagen makes up 90% of the organic component, which also contains other collagen
types, noncollagenous proteins, e.g. osteopontin, osteonectin, and bone morphogenic
proteins (BMPs), and proteoglycans such as decorin and byglycan (Reznikov et al. 2014;

Florencio-Silva et al. 2015).



At the tissue level, the bone can be divided into cortical (compact) bone and trabecular
(spongy or cancellous) bone. The cortical bone makes the outer shell of the structure
and is dense and solid. At the microscopic level, the cortical bone is made up of osteons,
which are concentric lamellae comprising a hypercalcified matrix containing mineralized
collagen fibrils (B. Clarke 2008; Reznikov et al. 2014). The osteon has a central canal
(also known as the Haversian canal) that consists of blood vessels and nerves. The
trabecular bone is made up of bony rods and plates in a honeycomb-like network that
makes up the inner volume of bones and surrounds the bone marrow (B. Clarke 2008;
Osterhoff et al. 2016) (Fig 1.1).

At the skeletal level, bones are categorized into long bones, e.g., femur and tibia; flat
bones, e.g., skull and sternum; short bones e.g., carpal and tarsal; and irregular bones
e.g., vertebrae and coccyx. Bones are formed by a process known as ossification, which
includes two types: intramembranous and endochondral ossification. Intramembranous
ossification, observed in flat bones, involves the direct transition of the mesenchymal cells
to osteoblasts. Endochondral ossification involves an intermediate step where cartilage
first forms the template, which is later replaced by bone. Long bones are formed through

endochondral ossification (B. Clarke 2008; Breeland et al. 2024).

1.2 Bone cells

Three main types of bone cells, osteocytes, osteoblasts, and osteoclasts (Fig 1.2), play

important roles in the growth and maintenance of skeletal health.
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Figure 1.1: Hierarchy of bone. The figure illustrates the long bone and its components. The long bone
consists of the solid cortical bone at the diaphysis and the spongy trabecular bone that can be found in
the epiphysis and metaphysis. At the microscopic level, the cortical bone is made up of osteons, which
are concentric circles made of lamellae and possess a highly mineralized outline that forms the cement
line. The osteocytes reside here within their lacune. The Haversian canal runs through the centre of the
concentric structure and provides blood supply. The lamellae are made up of collagen bundles organized in
a twisted plywood arrangement. Extrafibrillar and intrafibrillar minerals, which contain non-collagenous
proteins and enzymatic and non-enzymatic cross-links, can be found. The fibrils consist of type I collagen
and inorganic hydroxyapatite crystals made up of calcium and phosphate ions (E. A. Zimmermann et al.
2015). Reproduced and adapted with permission from (Boskey et al. 2010).

1.2.1 Osteoblasts

Osteoblasts are cuboidal cells of mesenchymal origin mainly responsible for bone forma-
tion. They are present at the bone surface, laying down ECM and regulating mineraliza-
tion. They have an average lifespan of 8 weeks in humans (Sommerfeldt et al. 2001;
Long 2012). Osteoblast differentiation from the mesenchymal stem cells (MSC) is gov-
erned by “master transcriptional regulator” Runt-related transcription factor 2 (Runx2),
as well as other important genes such as Distal-less homeobox 5 (DIx5) and osterix

(Osx) (Florencio-Silva et al. 2015; Rutkovskiy et al. 2016). Osteoblasts carry out bone
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Figure 1.2: Bone cells. Bone comprises three cell types: osteoblasts, osteoclasts, and osteocytes. Osteoblasts
are generated from the mesenchymal stem cell progenitor and are responsible for bone formation.
Osteoclasts are derived from monocyte precursors of the hematopoietic stem cell lineage. Terminally
differentiated osteoblasts mineralize and form osteocytes, the mechanosensory cells of bone. Reproduced
with permission from Salhotra et al. 2020.

matrix synthesis firstly by organic matrix deposition where they secrete collagen (mainly
collagen type I), non-collagenous proteins, such as osteocalcin, and proteoglycans to
form the organic matrix known as osteoid (Florencio-Silva et al. 2015). Osteoblasts lay
approximately 0.5-1.5 uM of organic matrix per day (Sommerfeldt et al. 2001). Matrix
deposition is followed by mineralization, during which inorganic calcium and phosphate
ions form hydroxyapatite crystals (Glimcher et al. 1998; Florencio-Silva et al. 2015).
Osteoblasts express key regulators of mineralization, such as alkaline phosphatase, and
important factors, such as receptor activator of NF-xB (RANKL) and osteoprotegerin
(OPG), that regulate osteoclastogenesis (Rutkovskiy et al. 2016). Mature osteoblasts
either undergo apoptosis, become osteocytes incorporated in the bone matrix, or become

bone-lining cells that are quiescent cells on the bone surface (Florencio-Silva et al. 2015).



1.2.2 Osteoclasts

Osteoclasts are bone-resorbing multinucleated cells that have an average lifespan of 10-
15 days (Sommerfeldt et al. 2001). Osteoclasts are derived from cells of hematopoietic
origin and require two important cytokines for osteoclast formation: macrophage colony-
stimulating factor (M-CSF) and RANKL (B. Clarke 2008). M-CSF binds to the cFMS
(Colony-stimulating factor 1) receptor on osteoclasts and promotes the differentiation of
hematopoietic stem cells into monocyte/macrophage lineage, stimulates proliferation,
and increases the lifespan of the precursors. RANKL produced by osteoblasts, osteocytes,
and osteoprogenitor cells binds to the RANK receptor and promotes the differentia-
tion and fusion of mature osteoclasts (McDonald et al. 2021). OPG also secreted by
osteoblasts, acts as a decoy receptor for RANKL, thus regulating osteoclastogenesis.
When osteoclasts engage in bone resorption, they become polarized through cy-
toskeletal reorganization and form a specialized compartment (called Howship Lacuna)
isolated by the sealing zone in which the osteoclast membrane is tethered to the bone
via integrin aV3. Underneath the cell, a ruffled border is formed, and an acidic envi-
ronment (pH — 4.5) is created by the proton pump (H*-ATPase) and Cl~ channel. The
acidic environment is important to facilitate the hydroxyapatite dissolution. Subsequent
release of proteases, cathepsin K, matrix metalloproteinase 9 (MMP9), and matrix met-
alloproteinase 13 (MMP13) facilitates degradation of the organic matrix. The degraded
fragments are endocytosed and transported in vesicles to the basolateral surface of the
resorbing osteoclast, where they are released into the environment (Florencio-Silva et al.

2015; Takayanagi 2018).
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1.2.3 Osteocytes

Osteocytes are terminally differentiated osteoblasts and are the most abundant bone cells.
They make up to 90% of the bone cells and can live up to decades in the bone (Florencio-
Silva, Sasso et al. 2015). Osteocytes have a cell body that resides in the lacunae and
dendritic-like processes that are situated in canaliculi. The lacune and canaliculi are filled
with interstitial fluid. The dendritic processes of neighboring osteocytes interconnect with
each other to form a lacuna-canalicular network. The formation of osteocytes requires
the expression of genes such as podoplanin/E11, dentin matrix protein 1 (Dmp1), and
MMPs (Delgado-Calle et al. 2022). Osteocytes are known to be the main mechanosensors
in bone cells. They sense and transduce mechanical signals that regulate osteoblasts
and osteoclast activity. Important regulatory molecules produced by osteocytes include
sclerostin (Sost) and Dickkopf-1 (Dkk1), which negatively regulate the Wnt/f3-catenin
pathway that is important for bone formation and RANKL that can stimulate bone

resorption (Bonewald 2010; Compton et al. 2014).

1.3 Bone modeling and remodeling

Bone adapts itself either through modeling or remodeling. In modeling, osteoblasts lay
bone, and osteoclasts resorb bone on quiescent surfaces in different locations indepen-
dent of each other’s action. Bone modeling is responsible for modifying the shape and
size of bone primarily during childhood but also continuously throughout life. (Allen et
al. 2014; Isales et al. 2018; Bolamperti et al. 2022). On the other hand, bone remodeling
involves coupling osteoblasts and osteoclasts as a basic multicellular unit (BMU), where

resorption and formation occur in a coordinated manner. This process occurs in five
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stages: 1) Activation- osteoclast precursors are recruited to the site and fuse to become
mature osteoclasts; 2) Resorption- bone lining cells move away from the surface and
mature osteoclasts resorb bone; 3) Transition phase (also known as the quiescent phase)-
resorption is stopped and formation is initiated; 4) Formation- osteoblasts recruited
to the site lay bone; and 5) Mineralization and quiescence- osteoblasts mineralize and
become osteocytes. Bone remodeling occurs throughout life and is responsible for re-
newing/maintaining bone (Allen et al. 2014; Florencio-Silva et al. 2015; Arias et al.

2018; Isales et al. 2018) (Fig 1.3).
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Figure 1.3: Bone growth and adaptation is regulated via modeling or remodeling. Bone modeling involves
the independent action of osteoblasts and osteoclasts. In bone remodeling, the actions of osteoclasts and
osteoblasts are coupled and form a BMU. The stages of bone remodeling involve activation and resorption
by osteoclasts, reversal stage where osteoblasts are recruited, followed by laying down of osteoid (newly
formed bone) by osteoblasts and ultimately mineralization and quiescence. Reproduced with permission
from (Birkhold and Willie 2016).

1.4 Mechanobiology of bone

The bone is a dynamic organ that needs to maintain its structure and function to sup-
port daily activities. The level of exposure to mechanical forces affects bone mass and
strength. Mechanical loading in the form of exercise is potentially the most effective

way to increase or maintain bone mass (Marques et al. 2012). This can be observed in
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tennis players whose playing arm has larger bones than the nonplaying arm (Jones et al.
1977). Unloading or a decrease in activity as experienced by astronauts or bed-ridden
individuals, leads to a decrease in bone mass (Stavnichuk et al. 2020). When bone expe-
riences mechanical forces, bone cells detect this stimulus and respond by (re)modeling
the skeleton according to the load experienced. One of the earliest hypotheses on bone
mechanoadaptation was by Julius Wolff in the 19 century, known as Wolff’s law, which,
in summary, states that the level of mechanical stresses determines the architecture of
bone (Frost 1994). Later, Harold Frost proposed the mechanostat theory, which states
that bones have a “minimum effective strain” (MES) or a set point for adaptation. If
the load is above the set point (during exercise) it will result in bone formation and
increase in bone strength. Conversely, if it is below the set point (in disuse), it will
lead to resorption (Frost 1987). Over the years, many studies have shown how bone is
influenced by mechanical loading. Intermittent loading to bone is more beneficial than
static loading (Lanyon and C. T. Rubin 1984), and higher strains are more effective for
bone formation (O’Connor et al. 1982; C. T. Rubin et al. 1985). Additionally, short bouts
of loading with rest periods are better than continuous loading (Robling, Hinant, et al.
2002). Bone cells are also known to adapt to loads over time; hence, introducing new
loading patterns is more beneficial (Lanyon, Goodship, et al. 1982; C. T. Rubin et al.

1984; Daly et al. 2018).

1.4.1 Mechanobiology at the cellular level

Understanding mechanobiology at the cellular level is essential for identifying how
bone cells respond and adapt to stimuli. There are several methods of applying in vitro

stimulation to bone cells, including fluid shear stress (Kapur et al. 2003; Kringelbach,
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Aslan, Novak, Ellegaard, et al. 2015), local membrane deformation (Romanello and
D’Andrea 2001; Lopez-Ayon et al. 2014), vibration (Lau et al. 2010; Steppe et al. 2020),
and substrate stretching (H. S. Yu et al. 2016). Osteocytes and osteoblasts have been
extensively studied as mechanoadaptors of bone; however, limited studies have been
conducted on osteoclasts (Michael Delaine-Smith et al. 2015).

Mechanoadaptation of the skeleton occurs as a result of cellular processes where
cells sense and transduce loads. Bone cells sense mechanical forces in a process known as
mechanosensation (Klein-Nulend et al. 2013). Studies have identified various mechanosen-
sors on bone cells responsible for sensing these forces, such as gap junctions, hemichan-
nels, pannexins, voltage-gated ion channels, Piezo2 channels, and changes in the cy-
toskeleton (Scott et al. 2008; Qin et al. 2020). Plasma membrane damage (PMD) is
another mechanism through which cells sense forces. These damages are reversible and
are known to repair within a minute. Many cells in the body are known to undergo
PMDs, including osteocytes and osteoblasts (Mikolajewicz, Mohammed, et al. 2018a;
K. Yu et al. 2018; Hagan, Balayan, et al. 2021). Once a PMD occurs, cells release sig-
naling molecules, e.g. ATP, that act on neighboring cells and convey spatiotemporal
information regarding the injury level and distance from the injury site (Mikolajewicz,
Sehayek, et al. 2019). Calcium signaling is commonly induced by mechanical stimu-
lations and involves both an influx of extracellular Ca*" and a release of Ca®' from
intracellular stores (Lopez-Ayon et al. 2014; Kringelbach, Aslan, Novak, Ellegaard, et al.
2015). Calcium signaling mediates the repair of PMD through vesicular exocytosis via
the Ca*/phospholipase C/protein kinase C (Ca?*/PLC/PKC) pathway. Particularly, PKCu

(also known as Prkd1) was identified as important for mediating the repair of the PMDs
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(Mikolajewicz, Mohammed, et al. 2018a; Hagan, Balayan, et al. 2021) (Fig 1.4).
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Figure 1.4: Mechanically stimulated cells undergo reversible plasma membrane damage (PMD). A.
Osteocytes experience mechanical loads in the form of fluid shear forces, which result in PMDs, efflux of ATP,
and influx of extracellular calcium. This results in the expression of downstream genes that are important
for the mechanoadaptation of bone. B. PMD is reversible, and the repair occurs via Ca%*/PLC/PKC
mediated vesicular exocytosis to patch and reseal the membrane. Reproduced with permission from
(Hagan, Balayan, et al. 2021)

After mechanosensation, the mechanical forces are transformed into biological signals
in a process called mechanotransduction (Klein-Nulend et al. 2013). Upon experienc-
ing forces, bone cells release ATP from the cell within seconds into the extracellular
environment (Mikolajewicz, Mohammed, et al. 2018b). ATP acts as an extracellular
signaling molecule and can be released via vesicular exocytosis, PMDs, or by direct
transport (Burnstock and Verkhratsky 2012). A comprehensive literature review of ATP
and ATP-mediated signaling is provided in Chapter 2. Within minutes after the stimulus,
two other important factors required in mechanotransduction, prostaglandin E2 (PGE2)
and nitric oxide (NO), are released. This is accompanied by the downregulation of Dkk1

and Sost (an inhibitor of the bone-forming Wnt/f3-catenin pathway) and upregulation of

p-catenin-induced activity in osteocytes which are essential for bone matrix formation
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(Robling, Castillo, et al. 2006; Robling and Turner 2009). The signaling events involved in
mechanosensing and mechanotransduction were actively studied in osteocytes (Hagan,
Balayan, et al. 2021) and osteoblasts (Dsouza, Moussa, et al. 2022), however much less
known about signaling events in osteoclasts. It is important to note that since osteoclasts
are cells of hematopoietic origin, while osteoblasts and osteocytes are of mesenchymal,

we can anticipate significant differences in the signaling machinery between these cell

types.

1.5 The aging bone

Aging is associated with a reduction in bone mass, an increase in porosity, and poor bone
health, ultimately leading to conditions such as osteoporosis. Women are more affected
by aging-induced bone loss than men due to estrogen deficiency after menopause.
Women lose 3.4-4.8% of BMD while men lose 0.2-3.6% BMD with age (Morabia et al.
1998; Smit et al. 2024). At the cellular level, aging is associated with an imbalance in
osteoblast and osteoclast activity. Aging results in increased osteoclast activity (Chung
et al. 2014; Mgller et al. 2020) and decreased osteoblast activity (Rauner et al. 2008)
shifting the balance to more resorption than formation. Osteocyte number, connectivity,
and function are known to be affected by aging (Tiede-Lewis et al. 2017).

One of the reasons for poor bone health in aging individuals is the reduced ability
of the skeleton to benefit from mechanical loading. Studies in mice and humans have
shown that aging is associated with loss of mechanoadaptation affecting both the cortical
and trabecular BMD (Bassey et al. 1998; Srinivasan et al. 2012; Willie, Birkhold, et al.

2013; Holguin et al. 2014; Gardinier et al. 2018). Birkhold and colleagues conducted a
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study where they subjected young (10 weeks), middle-aged (26 weeks), and old (78
weeks) mice to tibial loading and found that aging was associated with a decrease
in bone formation rates with no change in resorption rates shifting to a net bone
loss (Birkhold, Razi, et al. 2014). Chermside-Scabbo and colleagues examined the
transcriptional differences of young (20 weeks) and old (88 weeks) mice subjected to
tibial loading over 5 days. They found that old mice had less transcriptional activation
after exposure to mechanical forces. Aging resulted in reduced activation of pathways
associated with proliferation and differentiation and exhibited diminished Wnt signaling
(Chermside-Scabbo et al. 2020).

At the cellular level, it has been shown that osteocytes have reduced Ca?* signals
with age and respond to stimuli with a delay (Hagan, K. Yu, et al. 2020; Morrell et al.
2020). This reduced mechanosensitivity and mechanotransduction was explained by
Hagan and colleagues, who showed that osteocytes become resistant to PMDs with age,
thereby resulting in reduced mechanosensation and mechanotransduction of Ca** signals
(Hagan, K. Yu, et al. 2020). Osteoblasts from aging rats also showed that mechanically
stimulated osteoblasts have lower basal calcium and reduced signals (Donahue et al.
2001). While aging osteocytes and osteoblasts demonstrated alterations in the early
mechanical signals, more studies are needed to understand the age-related changes in

osteoclast signaling.

1.6 Conclusion

The mechanical properties of bone are impacted by its physical environment. Mechanical

loading in the form of exercise is extremely beneficial to the skeleton. Mechanical
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loading results in the activation of early mechanical signals that dictate bone adaptation.
However, aging is associated with a reduced ability to sense and transduce physical
forces. Aging also results in an imbalance in bone formation and bone resorption with a
shift towards increased resorption and net bone loss. Osteocytes are well-studied in the
context of aging and mechanoadaptation; however, studies on osteoblasts, especially
in osteoclasts, are limited. Understanding the changes in early mechanical signals in
osteoblasts and osteoclasts will be useful in potentially targeting these pathways to help

rescue reduced mechanoadaptation and bone loss in older individuals.
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2.1 Abstract

ATP is a ubiquitous intracellular molecule critical for cellular bioenergetics. ATP is
released in response to mechanical stimulation through vesicular release, small tears in
cellular plasma membranes, or when cells are destroyed by traumatic forces. Extracellular
ATP is degraded by ecto-ATPases to form ADP and eventually adenosine. ATP, ADP, and
adenosine signal through purinergic receptors, including seven P2X ATP-gated cation
channels, seven G-protein coupled P2Y receptors responsive to ATP and ADP, and four
P1 receptors stimulated by adenosine. The goal of this review is to build a conceptual
model of the role of different components of this complex system in coordinating cellular
responses that are appropriate to the degree of mechanical stimulation, cell proximity to
the location of mechanical injury, and time from the event. We propose that route and
amount of ATP release depend on the scale of mechanical forces, ranging from vesicular
release of small ATP boluses upon membrane deformation, to leakage of ATP through
resealable plasma membrane tears, to spillage of cellular content due to destructive
forces. Correspondingly, different P2 receptors responsive to ATP will be activated
according to their affinity at the site of mechanical stimulation. ATP is a small molecule
that readily diffuses through the environment, bringing the signal to the surrounding
cells. ATP is also degraded to ADP which can stimulate a distinct set of P2 receptors.
We propose that depending on the magnitude of mechanical forces and distance from
the site of their application, ATP/ADP profiles will be different, allowing the relay of
information about tissue level injury and proximity. Lastly, ADP is degraded to adenosine

acting via its P1 receptors. The presence of large amounts of adenosine without ATP,

29



indicates that an active source of ATP release is no longer present, initiating the transition
to the recovery phase. This model consolidates the knowledge regarding the individual
components of the purinergic system into a conceptual framework of choreographed

responses to physical forces.

2.2 Introduction

The human body constantly interacts with the physical world. Forces imposed externally,
such as gravity and activity-generated, and forces imposed internally (due to blood
flow, ventilation, etc.) are critical to the development, maintenance, and adaptation
of various tissues in the body. Bone is known for its adaptive responses to mechanical
loads (Willie, E. A. Zimmermann, et al. 2020). Reduced forces, such as in microgravity
(Stavnichuk et al. 2020) and immobilized patients (Jo et al. 2015), are associated with
bone loss, whereas activity-related impact forces are conversely associated with bone
gain (Kohrt et al. 2009). While daily physical activity is critical for healthy bones (Burr
et al. 1996; Fritton et al. 2000), in extreme physical activity, such as in elite sports, bone
strains can reach levels resulting in irreversible deformations and failure (Reilly et al.
1975; Lynch et al. 2014). Eventually, external forces will reach magnitudes resulting in
traumatic bone fracture; however, different individuals demonstrate significant variability
in their susceptibility to fracture (Mikolajewicz, Bishop, et al. 2020). These forces can
be modeled in in vitro experiments by applying pressure, fluid shear stress (FSS), strain
and compression to study the responses of individual cells (Michael Delaine-Smith et al.
2015). Thus, bone tissue experiences a wide range of physical forces and can adapt

accordingly to these different mechanical environments.
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The architecture and mineral-collagen composition of the bone effectively transfers
mechanical loads through the skeletal structure, so that mechanical perturbations are
perceived by bone cells that mediate the adaptive response. Bone is a highly cellular
organ, which is maintained throughout our adult lives by three main cell types: osteo-
clasts, cells that specialize in bone resorption; osteoblasts, cells that actively produce
extracellular matrix that later mineralizes; and osteocytes, cells that are embedded in
bone matrix and are considered the main mechanosensors and coordinators of bone
adaptation (Willie, E. A. Zimmermann, et al. 2020). Together, these cells orchestrate
the growth, modeling, and remodeling of bone, adapting the mineralized structure to
systemic signals and mechanical stimuli.

Following mechanical stimulation, there is a temporal cascade of signaling events
that ultimately manifests in cell- and tissue-level adaptations. Within seconds, fluid
shears and substrate strains distort the extracellular matrix, integrin/focal adhesion
complexes reorganize the cytoskeleton, and mechanosensitive channels are activated as
the membrane yields to applied forces (Robling and Turner 2009). Transient intracellular
free calcium ([Ca®*];) elevations are among the earliest detectable events after cells are
mechanically stimulated (Hung et al. 1995; Chen et al. 2000; Robling and Turner 2009).
[Ca?*]; signals exhibit various features such as transient or sustained signatures and
single or multiple oscillatory peaks, which are believed to encode information (Semyanov
2019; Tian et al. 2020). On a similar timescale as the calcium response, seconds following
mechanical stimulation, adenosine triphosphate (ATP) release is detected (Robling and
Turner 2009; Mikolajewicz, Mohammed, et al. 2018a). Within minutes, nitric oxide

(NO) is released into the extracellular space from osteoblasts and osteocytes (Mullender
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et al. 2004), acting as a bone anabolic agent in low to moderate concentrations (Kapur
et al. 2003; Wimalawansa 2010) and similarly prostaglandins (PG), lipid autocrine and
paracrine mediators, are produced (Blackwell et al. 2010). Among these early mediators
orchestrating bone adaptation to the mechanical stimulus, this review focuses on the
mechanotransductive role of extracellular ATP, one of the earliest signals generated upon
mechanical stimulation of bone cells.

Extracellular ATP is known to stimulate multiple receptors of the purinergic receptor
family (Jacobson, Delicado, et al. 2020; Illes et al. 2021; Kiigelgen 2021) and to un-
dergo enzymatic degradation that leads to generation of metabolites, such as adenosine
diphosphate (ADP) and adenosine (H. Zimmermann et al. 2012), which are also ligands
for different subsets of purinergic receptors (Fredholm 2007; Jacobson, Delicado, et al.
2020; Illes et al. 2021; Kiigelgen 2021). Here we build a conceptual model of how this
complex system acts to convey the information regarding the degree, proximity to, and

time from the event of mechanical force application.

2.3 ATP release is proportional to the amount of cellular

damage

Mechanical forces applied to bone result in the release of ATP into the extracellular envi-
ronment (Mikolajewicz, Mohammed, et al. 2018a). Osteoblasts have been demonstrated
to release ATP in response to fluid shear stress (Pines et al. 2003; Genetos, Geist, et al.
2005; J. Li, Liu, et al. 2005; Y. Xing et al. 2011; Y. Li et al. 2013; N. Wang, Rumney; et al.
2013; Mikolajewicz, E. A. Zimmermann, et al. 2018), osmotic pressure (Pines et al. 2003;

Romanello, Codognotto, et al. 2005) and ultrasonic stimulation (Hayton et al. 2005;
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Alvarenga et al. 2010; Manaka et al. 2015). Osteocytes also release ATP in response to
fluid shear (Genetos, Kephart, et al. 2007) and mechanical injury (Kringelbach, Aslan,
Novak, Ellegaard, et al. 2015). ATP release from mechanically-stimulated osteoclasts was
implicated in mechanotransduction (Jgrgensen et al. 2002) and similarly, macrophages
have been shown to release ATP in response to osmotic pressure (Burow et al. 2015).
The amount of ATP released depends on the degree of membrane deformation and/or
damage experienced by cells. This includes small boluses of ATP release during normal
activity, microdamage induced ATP release from physical activity that prompts repair
and bone adaptation, and overload-induced tissue damage and cell death that results in
spillage of cellular contents, including ATP, that serves as a danger signal (Fig. 2.1).
Low-level mechanical stimulation is known to stimulate ATP release from bone cells.
Osteoblasts (Buckley et al. 2001; Romanello, Pani, et al. 2001; Genetos, Geist, et al.
2005; I. R. Orriss, Knight, Utting, et al. 2009; Brandao-Burch et al. 2012), osteocytes
(Kringelbach, Aslan, Novak, Ellegaard, et al. 2015) and osteoclasts (Brandao-Burch et al.
2012), were demonstrated in vitro to constitutively release low amounts of ATP, 1-25
amol/cell, to the extracellular environment (Table 2.1). For osteoblasts, the degree of ATP
release was shown to depend on their proliferative and differentiation state (Brandao-
Burch et al. 2012). ATP release from osteoblasts was shown to occur mainly through
exocytosis of ATP-containing vesicles (Genetos, Geist, et al. 2005; Romanello, Codognotto,
et al. 2005; I. R. Orriss, Knight, Utting, et al. 2009; Brandao-Burch et al. 2012). In
osteocytes, vesicular release in addition to hemichannels (i.e., pannexins, connexins) has
been implicated in ATP release (Kringelbach, Aslan, Novak, Ellegaard, et al. 2015; Seref-

Ferlengez et al. 2016). When low-level physical forces, such as gentle perturbation of
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the media, are applied to osteoblastic cells, ATP release increases (Romanello, Pani, et al.
2001; Genetos, Geist, et al. 2005; Romanello, Codognotto, et al. 2005; I. R. Orriss, Knight,
Utting, et al. 2009; Kringelbach, Aslan, Novak, Ellegaard, et al. 2015). In several studies,
the lack of membrane damage upon such stimulations was experimentally confirmed
(Romanello, Pani, et al. 2001; Genetos, Geist, et al. 2005). Calcium-dependent vesicular
release was strongly implicated in ATP release in these conditions (Genetos, Geist, et al.
2005; Romanello, Codognotto, et al. 2005; I. R. Orriss, Knight, Utting, et al. 2009;
Kringelbach, Aslan, Novak, Ellegaard, et al. 2015). Thus, at low level of mechanical
stimulation, bone cells release ATP mainly through vesicular exocytosis, in amounts
proportional to the level of mechanical stimulation.

Physical forces that are large but not structurally damaging to the bone, such as
those experienced during strenuous exercise, were shown to lead to micro-damage
of the cells in the form of membrane tears, also called plasma membrane disruptions
(PMD) (Terasaki et al. 1997; Mikolajewicz, E. A. Zimmermann, et al. 2018; K. Yu et al.
2018). These PMDs do not lead to cell death and are repairable via Ca?*/PLC/PKC-
dependent vesicular exocytosis which occurs within 60s of stimulus (Terasaki et al.
1997; Lopez-Ayon et al. 2014; Mikolajewicz, E. A. Zimmermann, et al. 2018; K. Yu
et al. 2018). ATP is spilled through the PMDs in amounts proportional to the damage
(Rumney et al. 2012; Mikolajewicz, E. A. Zimmermann, et al. 2018), however, cell repair,
via vesicular exocytosis and membrane tension forces, limits the spillage of ATP, so that
overall ATP release depends both on the degree of damage and the cell capacity for
repair (Mikolajewicz, E. A. Zimmermann, et al. 2018; Mikolajewicz, Sehayek, et al. 2019;

Hagan, K. Yu, et al. 2020). The amounts of ATP released through PMDs were estimated
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to lead to a dose-dependent release of 21 + 11 to 422 + 97 amol ATP/cell, approaching
1/3 of total ATP content in the cell (Mikolajewicz, E. A. Zimmermann, et al. 2018). Thus,
at intermediate ranges of force, ATP released is proportional to the stimulus applied but

inversely proportional to the cell capacity for repair.

ATP
_ Cell destruction proportional to number of damaged cells
Loading ) . , . . .
Micro-damage proportional to the stimulus, inversely proportional to repair
‘ Normal use
Vesicular release proportional to the stimulus
Disuse

Figure 2.1: ATP release reflects the cell damaging capacity of physical forces. During normal use, low
forces acting on bone result in vesicular release of ATP. With increase in forces during loading, such as
exercise, bone cells undergo micro-damage in the form of reversible plasma membrane tears and spill
intracellular ATP. In this case, amount of released ATP also depends on the cell ability to repair, which
limits the spillage. Overload to the skeleton leading to tissue damage, results in the release of total cellular
ATP content in amounts proportional to the number of destroyed cells.

Physical forces beyond the load-bearing capacity of the skeleton can occur in trau-
matic situations, or in high-intensity environments, as seen in athletes and military
personnel. These forces result in tissue damage and bone fractures, which are associated
with cellular destruction and spillage of cellular contents into the extracellular envi-
ronment. ATP is present in the cell in mM concentrations (Ataullakhanov et al. 2002),
therefore large amounts of ATP are released into the surrounding tissues, proportional
to the number of irreversibly damaged cells (Kringelbach, Aslan, Novak, Schwarz, et al.
2014). The amount of ATP release due to high forces can be estimated to be between 50
and 500 amol ATP/cell (Table 2.1) to complete release of ATP content — 2.6-9.5 fmol
ATP/cell (Mikolajewicz, E. A. Zimmermann, et al. 2018). Extracellular ATP has been im-

plicated in fracture healing (Leung et al. 1989; Hayton et al. 2005; Manaka et al. 2015).

ATP in large amounts also serves as a danger signal, or danger-associated molecular
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Table 2.1: Estimated ATP release from bone cells. Given are examples of studies measuring ATP release
from mechanically-stimulated bone cells, in which sufficient information was given to recalculate the

values to the common scale.

Study Cells Stimulus | Cell damage ?gllz)lr/ecl:ﬁ)s ¢
Unstimulated release

l(jiﬁ?znsll.lcz),om) osteoblast | none no 4.2E-18
éi:}[eetf Sa’l_ 2005) osteoblast | none no 2.5E-17
é%%?;ﬁfﬂg’et al. 2005) | osteoblast | none n/d 1.0E-18
Low stimulation

é(::eiz;[e;? Sa’l_ 2005) osteoblast | LFF no 2.3E-16
lnglfrillilge’y et al. 2013) osteoblast | TFF no 3.2E-17
éiﬁfgﬁﬁﬂz’et al. 2005) | osteoblast | Hypotonic | n/d 4.9E-18
E\Ef;ig:tlzell.cg’ow) osteocyte | LFFlow | n/d 1.7E-18
gﬁﬁiﬁﬁfet al. 201g) | osteoblast | TFFlow | low 2.1E-17
High stimulation

gﬁ:rllg::]z.cgbl 5) osteocyte | LFF high | n/d 5.1E-17
(Mikolajewicz, 201g) | Osteoblast | TFF high | high 4.2E-16
gﬁﬁ?ﬁﬁfet al. 201g) | osteoblast | Poke yes 7.0E-17

pattern (DAMP) molecule, to the neighboring cells (Burnstock and Verkhratsky 2012),
resulting in pain and inflammation (Inoue 2022). Thus, high levels of extracellular ATP
reflect the damaging capacity of physical forces.

Overall, ATP release through different mechanisms engaged at different levels of
mechanical stimulation allows to establish a signal that is proportionally and strongly
increasing with an increase in the stimulus. Importantly, ATP release exhibits large
increases in amplitude when significant physiologically damaging thresholds are reached,

such as when force increases in size to damage a cell membrane and when it further
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increases to irreversibly destroy the cells.

2.4 ATP diffusion and transformation to ADP indicates

the proximity to the damaging event

When ATP is released from mechanically-stimulated or damaged cells, the contents of
vesicles in case of vesicular release, or cytoplasm in case of membrane injury are also
released into the extracellular environment. Generally, the intracellular ATP concentra-
tion is 10 times higher than that of ADP, and 100 times higher than the concentrations
of AMP or adenosine (Ataullakhanov et al. 2002). Therefore, initially ATP is the most
abundant extracellular mediator that diffuses through the environment delivering infor-
mation about the mechanical event to neighboring cells that did not directly experience
the mechanical forces. As ATP diffuses, it is gradually degraded by ectonucleotidases,
resulting in the simultaneous reduction of ATP- mediated signaling and production of
other bio-active purines, mainly ADP and adenosine. Thus, spatiotemporal distance from
the site of mechanical stimulation coincides with changes in the composition of signaling
mediators (Fig. 2.1). We propose that the combination of ATP and ADP-mediated signals
communicate information about force proximity and magnitude to neighboring cells.
The fate of extracellular ATP is determined by the type and activity of the ATP
degrading enzymes. In osteoblast cultures, the half-life of ATP has been measured to be
between 5 and 20 min (I. R. Orriss, Knight, Utting, et al. 2009; N. Wang, Rumney, et al.
2013; Mikolajewicz, Sehayek, et al. 2019). The key families of enzymes that degrade
ATP include ecto-nucleoside triphosphate diphosphohydrolases (NTPDases) that convert

ATP to ADP and ADP to AMP; ectonucleotide pyrophosphatase/phosphodiesterases
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(NPPs) that convert ATP to AMP, and ecto-5’-nucleotidase (eN) that degrades AMP to
adenosine (H. Zimmermann et al. 2012; Giuliani et al. 2020)) (Table 2.2). Two other
enzymes that degrade nucleotides are alkaline phosphatase (ALP) and tartrate-resistant
acid phosphatase (TRAP), highly expressed by osteoblasts and osteoclasts, respectively
(H. Zimmermann et al. 2012). Several studies have examined the expression of purine
nucleotide degrading enzymes on bone cells. Osteoblasts express NTPDase 1-6 (I. R.
Orriss, Key, Hajjawi, et al. 2015; Yegutkin 2021), NPP1-3 (Vaingankar et al. 2004; I. R.
Orriss, Key, Hajjawi, et al. 2015), and eN (Takedachi et al. 2012; I. R. Orriss, Key,
Hajjawi, et al. 2015), as well as ALP that was strongly implicated in ATP degradation
(Mikolajewicz, Sehayek, et al. 2019). Osteoclasts express NTPDase 1 and 3 (Hajjawi et al.
2014; Shih et al. 2019), NPP1 and 3 (Hajjawi et al. 2014), and eN (Shih et al. 2019).
In osteocytes, few studies have examined ATP-degrading enzymes, however, osteocytes
do degrade extracellular ATP and other nucleotides (Gibson et al. 1966), and express
at least NPP1 (Hajjawi et al. 2014) and TRAP (Dallas et al. 2013; Solberg et al. 2014).
Overall, the profile of nucleotides will depend on the affinity and efficacy of the specific
nucleotidases present on cells neighboring the site experiencing mechanical forces. The
cell composition at different sites can be complex and is not limited to bone cells, but
also can include other tissues, such as bone marrow and vasculature. More studies are
needed to characterize the extracellular metabolism of purine nucleotides and ligand
availability for P2 receptor signaling in the complex in situ environment.

ATP released in response to mechanical stimulation diffuses through the extracellular
environment (Jgrgensen et al. 2002; Mikolajewicz, E. A. Zimmermann, et al. 2018;

Mikolajewicz, Sehayek, et al. 2019). The distance covered by ATP will depend on
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Figure 2.2: Proximity and strength of mechanical stimulus is encoded by variable purine compositions
due to ATP diffusion and degradation. ATP released during mechanical stimulation diffuses into the
environment, where it is degraded by ectonucleotidases into ADP and adenosine, which in turn continue
to diffuse and undergo degradation. Depending on the distance from the source and on the magnitude
of mechanical stimulation, receiver cells, including immediately neighboring and distant bone cells, as
well as mesenchymal stem cells (MSCs), neurons and immune cells, will receive different combination of
purinergic mediators.

the amount released, and thus the severity and extent of the mechanical stimulus. In
addition, diffusion distance also depends on the geometry of the injury (Mikolajewicz,
Sehayek, et al. 2019) and the constraints of the environment, as diffusion through bone
tissue is slower than through fluids of the lacuna-canalicular network, bone marrow,
or vasculature (Ferndndez-Seara et al. 2002). As ATP is actively degraded, ADP, AMP
and adenosine are gradually generated and diffuse through the environment with their
characteristic diffusion coefficients, thereby achieving faster diffusion due to lower
molecular weight. Overall, cells that are near the site of mechanical stimulation will
mainly receive ATP as the mechanotransductive signal (Fig. 2.2). If the magnitude of
stimulation is low, ATP diffusion will quickly dissipate the signal, and ADP produced
from ATP degradation will not be sufficiently high to stimulate an ADP-dependent P2
response, as ATP is an order of magnitude more potent in inducing cellular responses

compared to ADP (Mikolajewicz, Sehayek, et al. 2019). However, in cases of injury
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(Fig. 2.2), ATP diffusion and degradation will produce enough ADP to contribute to
downstream signaling in neighboring cells at intermediate distances from the site of
severe injury.

Thus, ATP and its degradation products provide spatiotemporal information about the
degree of injury and the proximity of the receiver cell to the site of injury. In addition, the
cellular composition of the environment through which purines diffuse has the potential

to alter the signal arriving at distant neighbors, such as neurons and immune cells.

Table 2.2: Expression of ectonucleotidases degrading ATP and ADP in bone cells. The list of ectonucleoti-
dases is based on (H. Zimmermann et al. 2012). Symbols indicate the following: +++: highly expressed;
++4 moderately expressed; + expressed; — not expressed; | (down arrow) expressed then decreased.

Family name | Protein name | Substrates | Osteoblasts Osteoclasts Osteocytes
+ (Hajjawi,
+ (Hajjawi,
+ (Orriss, MacRae et al.
NTPDasel ATP, MacRae
Ecto- Key et al. 2014, Shih,
(CD39) ADP et al.
nucleoside 2015) Liu et al.
2014)
triphosphate 2019)
diphospho- + (Orriss, — (Hajjawi,
ATP,
hydrolase NTPDase2 Key et al. MacRae
less ADP
2015) et al. 2014)
+ (Orriss, + (Hajjawi,
ATP,
NTPDase3 Key et al. MacRae et al.
ADP
2015) 2014)
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NTPDase4

Less
ATP,

ADP

+++
(Yegutkin
2008,
Orriss,
Key et al.

2015)

NTPDase5

ADP

+++
(Yegutkin
2008,
Orriss,
Key et al.

2015)

Ecto-5’-

nucleotidase

eN

(CD73)

AMP

++
(Takedachi,
Oohara et
al. 2012,
Orriss,

Key

et al.

2015)

++ (Shih,
Liu et al.

2019)

++
(Gibson
and

Fullmer

1966)
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+++

(Vaingankar,
+ (Hajjawi,
ATP, Fitzpatrick
Ecto- NPP1 MacRae et al.
ADP et al. 2004,
nucleotide 2014)
Orriss, Key
pyro-
et al. 2015)
phosphatase
+ (Orriss, — (Hajjawi,
/phospho- ATP,
NPP2 Key et al. MacRae et al.
diesterase ADP
2015) 2014)
++ (Orriss, +| (Hajjawi,
NPP3 ATP, ADP | Key et al. MacRae et al.
2015) 2014)
ATP, ++ (Orriss,
Alkaline
TNAP ADP, Key et al.
phosphatase
AMP 2015)
++ (Dallas,
+++ (Oddie, | Prideaux and
++ (Solberg, | Schenk et al. | Bonewald
ATP, Brorson 2000, Kaunitz | 2013,
TRAP TRAP
ADP et al. and Solberg,
2014) Yamaguchi Brorson
2008) et al.
2014)
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2.5 P2 receptors form a complex signal integration net-

work

When ATP and ADP reach the receiver cell, they act on the purinergic P2 receptor family.
There are 7 ligand-gated P2X receptors (P2X,_;) and 8 G-protein coupled P2Y receptors
(P2Y, 5 4611-14).- While P2X receptors are sensitive to ATP only, P2Y receptors exhibit a
range of subtype-specific sensitivities to different purines and pyrimidines, including
ATP, ADP, UTP, UDP, and UDP-glucose (Jacobson, Delicado, et al. 2020; Illes et al. 2021;
Kiigelgen 2021). P2Y receptors are further divided into two subgroups based on their
sequence alignment and pharmacology. P2Y,-like receptors comprising P2Y,, P2Y,, P2Y,,
P2Y,, and P2Y;;, couple to Gq resulting in the activation of phospholipase C (PLC)
(Jacobson, Costanzi, et al. 2013). The P2Y,; receptor also couples to Gs, resulting in
activation of cAMP. P2Y,,-like receptors that include P2Y;,, P2Y,,, and P2Y,, couple to
Gi, leading to inhibition of cAMP (Jacobson, Costanzi, et al. 2013). Bone cells have been
shown to express all 15 P2 receptors by osteoblasts and osteoclasts of different origins
and/or at different stages of their differentiation (I. R. Orriss, Burnstock, et al. 2010;
Reyes et al. 2011).

The affinity for ATP varies widely among purinergic receptors, covering eight orders
of magnitude of ATP concentrations (Grol et al. 2013; S. Xing et al. 2016). Of interest,
most P2 receptors are tuned to exhibit maximal sensitivity to changes in [ATP] over
a concentration range of 10 nM — 100 uM [ATP], after which there is a single low-
affinity receptor P2X, that is sensitive to changes in ATP in the mM range (Fig. 2.3).

Importantly, many P2 receptors interact, either by directly forming heterodimers (Brown
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et al. 2002; Nakata et al. 2005; Palygin et al. 2010), or indirectly through downstream
signaling (Mikolajewicz, Smith, et al. 2021). One of the most prominent P2 downstream
signals is a transient elevation of [Ca®'];, which has a complex [ATP] dependence
(Grol et al. 2013; Mikolajewicz, Smith, et al. 2021). The amplitude of [Ca?"], elevation
has a non-monotonic dependence on [ATP], which was attributed to the interactions
between high affinity and intermediate or low-affinity receptors (S. Xing et al. 2016;
Mikolajewicz, Smith, et al. 2021). In addition, the duration of [Ca?*]; elevation exhibits
a sigmoidal [ATP] dependence, due to P2X, activation (Grol et al. 2013; S. Xing et al.
2016). Consequently, there are two ranges of [ATP] where P2 stimulation results in
pronounced increases in the cumulative amount of [Ca?"]; during the signaling event
(i.e., the area under the calcium response): first at low [ATP], which can be considered
a sensitivity threshold, and second at high [ATP] corresponding to tissue damage — an
injury threshold (Grol et al. 2013; S. Xing et al. 2016). Moreover, P2-mediated responses
to intermediate 0.1-10 uM [ATP] exhibit highly oscillatory dynamics, that changes with
an increase in [ATP] (Mikolajewicz, Smith, et al. 2021). Cyclic AMP (cAMP) is another
prominent secondary messenger downstream of P2Y receptors, however, it has been less
studied in the context of bone cell mechanotransduction. Thus, different P2 receptors
interact to form complex concentration dependencies that i) are sensitive to a wide

range of [ATP] and ii) modulate the downstream signaling signature and response.
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Table 2.3: Roles of purinergic receptors in bone cells. Given are examples of demonstrated roles of
purinergic receptors in the differentiation, function and survival of osteoblasts and osteoclasts, as well as
the bone phenotype in knockout animals where available.

Type | Agonists Osteoclasts Osteoblasts Knockout phenotype

J mineralization
X1 ATP (Orriss, Key

et al. 2012)

Transiently expressed

1 resorption during
X2 ATP (Morrison, differentiation
Turin et al. 1998) (Orriss, Knight
et al. 2006)
Expressed

(Orriss, Key
X3 ATP et al. 2012,

Zippel, Limbach

et al. 2012)
1 resorption 1 mature
(Naemsch, osteoblasts
X4 ATP
Weidema et (Orriss, Key
al. 1999) et al. 2012)
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X5

ATP

T maturation
/fusion
(Kim, Walsh

et al. 2017)

1 proliferation
(Nakamura,
Uezono et

al. 2000,
Orriss, Knight
et al. 2006),

1 response to
PDGF, IGF-1
(Kim, Walsh

et al. 2017)

Protected from
inflammation
related bone
loss (Kim,
Walsh et

al. 2017)

X6

ATP

Adipogenic
lineage
commitment
(Zippel,
Limbach et al.

2012)
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X7

ATP

T maturation
/fusion

(Agrawal, Buckley
et al. 2010),

1] resorption (Gartland,
Buckley et al. 2003,
Hazama, Qu et

al. 2009, Wang,
Agrawal et al. 2018)
1} survival
(Penolazzi,
Bianchini et

al. 2005,

Miyazaki,

Iwasawa et

al. 2012)

1 differentiation

(Sun, Junger et al.

2013, Noronha-
Matos,

Coimbra et

al. 2014),

1] mineralization
(Panupinthu,
Zhao

et al. 2007,
Orriss, Key

et al. 2012,
Sun, Junger

et al. 2013,
Noronha-Matos,
Coimbra

et al. 2014),

1] survival
(Adinolfi,
Amoroso

and Giuliani
2012, Young,
Chira et

al. 2018)

Pfizer model
(Ke, Qi

et al. 2003):
|/ BMD,

1 trabecular
resorption,
| periosteal
formation
GSK model
(Gartland,
Buckley et
al. 2003,
Chessell,
Hatcher et
al. 2005):

71 cortical

thickness,
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Y1

ADP>ATP

1 formation,
1 resorption
(Hoebertz, Meghji

et al. 2001)

1 proliferation
(Alvarenga,
Rodrigues

et al. 2010,
Rodrigues-
Ribeiro,
Alvarenga

E et al. 2015),
T response to
systemic factors
(Bowler,
Dixon

et al. 1999,
Buckley,
Wagstaff

et al. 2001)

| BMD,

| trabecular
number
(Orriss,
Syberg et

al. 2011)
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1 proliferation
(Katz, Ayala

et al. 2011),

1 Runx2 1 BMD
T resorption (Costessi, (Orriss, Wang
Y2 | ATP=UTP | (Orriss, Guneri Pines et et al. 2011,
et al. 2017) al. 2005), Orriss, Guneri
J mineralization et al. 2017)
(Hoebertz,
Mahendran
et al. 2002)
Interaction
No effect with
(Jgrgensen, P2Y2
Y4 UTP>ATP
Henriksen et (Orriss,
al. 2002) Knight et

al. 2006)




Y6

UDP> >ATP

1 formation, 1
resorption

(Orriss, Syberg

et al. 2011),

1 survival

(Korcok, Raimundo

et al. 2005)

1 proliferation
(Alvarenga,
Rodrigues et

al. 2010),

1] differentiation
(Orriss, Knight
et al. 20006,
Ayala-Pefia,
Scolaro and

Santillan 2013)

1 BMD
(Orriss,
Syberg et

al. 2011)

Y11

ATP

Adipogenic
lineage
commitment
(Zippel,
Limbach et

al. 2012)
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Y12

ADP>>ATP

1 adhesion,
1 resorption
(Su, Floyd

et al. 2012)

1 proliferation
(Syberg,
Brandao-Burch
et al. 2012)

1] differentiation
(Syberg,
Brandao-Burch
et al. 2012,
Mediero,

Wilder et al. 2016)
1 survival
(Syberg,
Brandao-Burch

et al. 2012)

Protected from
bone loss
related to
arthritis,

tumour growth
and ovariectomy
(Su, Floyd

et al. 2012)
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Y13

ADP>ATP

1 formation,

1 RANKL/OPG
by osteoblasts
(Wang, Robaye

et al. 2012)

Lineage
commitment
(Biver, Wang

et al. 2013),

1 differentiation
(Wang, Robaye
et al. 2012,
Biver, Wang

et al. 2013,
Wang, Rumney

et al. 2013)

Age-
dependent
J bone
turnover
(Wang,
Robaye

et al. 2012,
Biver, Wang
et al. 2013,
Wang,
Robaye

et al. 2014)
T osteogenic
response to
loading
(Wang,
Robaye et

al. 2014)
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1 differentiation

May favor

MSC-
(Kara, Chitu et
adipocyte 1 BMD
' al. 2010, He
Al Adenosine differentiation (Kara, Doty
and Cronstein 2012,
(Gharibi, et al. 2010)
He, Wilder
Abraham
and Cronstein 2013)
et al. 2012)
1 viability
(Vincenzi,
Targa et al.
J differentiation 2013),
A2A | Adenosine

(Mediero, Kara

et al. 2012)

1 proliferation
(Katebi,
Soleimani

and Cronstein

2009)
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J BMD
(Carroll,
Wigner
1 differentiation et al. 2012),
J differentiation (Takedachi, J Tb.N,
(He and Oohara et al. | bone
A2B | Adenosine
Cronstein 2012, Trincavelli, formation
2012) Daniele et rate (Corciulo,
al. 2014) Wilder
and
Cronstein
2016)
| differentiation 1 proliferation
(Rath-Wolfson, (Costa,
A3 Adenosine
Bar-Yehuda et Barbosa et
al. 2006) al. 2011)

Given that P2 receptors function in a complex network rather than individually;, it
is difficult to decipher specific roles and identify distinct attributes of each P2 receptor
(Table 2.3). Moreover, almost every mouse model harboring a P2 receptor knockout
demonstrates an altered bone phenotype (I. Orriss et al. 2011). We have mapped the
findings from knockout studies to specific aspects of osteoblast and osteoclast function
(Fig. 2.3). Overall, it is evident that ATP is stimulatory for both osteoclast and osteoblast

formation and function but is not strongly implicated in bone cell survival. When
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Figure 2.3: Complex signals generated by purinergic receptors. A) Concentration dependence curves for
ATP-sensitive P2X and P2Y receptors (top, reproduced with modifications with permission from (S. Xing
et al. 2016), ADP-sensitive P2Y receptors (middle, plotted based on data from ((Dsouza and Komarova
2021); (Ennion et al. 2004); (Léon et al. 1997)) and adenosine sensitive P1 receptors (bottom, plotted
based on data from (Fredholm 2007)). Shaded areas represent approximate ranges of ATP (top) and
ADP (middle) concentrations released during different levels of mechanical stimulation. B) Venn diagram
depicting the role of purinergic receptors in osteoblast (top) and osteoclast (bottom) formation, activity
and survival identified in knock-out studies ((Gartland et al. 2003; Ke et al. 2003; Chessell et al. 2005;
I. Orriss et al. 2011; Su et al. 2012; N. Wang, Robaye, Agrawal, et al. 2012; Biver et al. 2013; N. Wang,
Robaye, Gossiel, et al. 2014; H. Kim et al. 2017)). C) Examples of complex signaling features generated by
P2 receptors. (Top) Area under the curve of calcium responses of osteoblasts to increasing concentration
of ATP (Reproduced with permission: (Grol et al. 2013) (Bottom) ATP and ADP dose dependence of the
amplitude of osteoblast calcium responses. Inserts: prevalent patterns of calcium responses (adapted with
permission from (Mikolajewicz, Sehayek, et al. 2019; Mikolajewicz, Smith, et al. 2021)).

individual receptors are deleted, such as P2Y, (I. R. Orriss, Utting, et al. 2007; I. R.
Orriss, Guneri, et al. 2017), the phenotype of bone gain is commonly observed, suggesting
that osteoclast regulation by ATP is critical for mechanotransductive bone adaptation.
This highlights the importance of studies of osteoclast regulation by mechanical forces.
While osteoclasts are generally not considered to be the main targets/ responders to
loading, these cells are recognized as drivers of bone loss in response to unloading. Of
interest, ADP receptors, P2Y,, P2Y,,, and P2Y,,, have been more strongly implicated in

bone formation, compared to ATP receptors, even though these receptors were shown to
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be important for both osteoclasts and osteoblasts (I. Orriss et al. 2011; Su et al. 2012;
N. Wang, Robaye, Agrawal, et al. 2012; Biver et al. 2013; N. Wang, Robaye, Gossiel,
et al. 2014). P2Y; knockout (I. Orriss et al. 2011) and P2Y,; (N. Wang, Robaye, Agrawal,
et al. 2012) resulted in bone loss, and in some studies, a similar phenotype was observed
after treating mice with P2Y,,-targeting drug clopidogrel (Syberg et al. 2012); however,
conflicting results were seen in other studies, likely due to the combination of osteoclast-
and osteoblast-mediated changes (Su et al. 2012; Mediero, Wilder, Reddy, et al. 2016).
Nevertheless, these findings suggest that ADP-sensitive P2 receptors, all having ECs, in
the intermediate range of ATP/ADP values (Fig. 2.3), play a role in bone adaptation.
Finally, the low-affinity ATP receptor P2X, has an important role in bone repair and
has been referred to as the repair receptor (Jgrgensen 2018). Mice deficient in P2X,
had a significant delay in callus remodeling following osteotomy (J. Li, Meyer, et al.
2009). In humans, a study conducted on military personnel and elite athletes showed
that loss of function single nucleotide polymorphism (SNP) in P2X, was associated with
stress fractures, while gain of function SNP in P2X, was associated with reduced fracture
occurrence (Varley et al. 2016). P2X, also plays a critical role in inflammation where it
promotes pro-inflammatory factors, such as IL-6 and TNF (Di Virgilio et al. 2017), and in
pain responses, where it acts as a positive mediator of pain (Hughes et al. 2007; Hansen
et al. 2011).

Overall, we suggest that P2 receptors present on an individual cell interact at multiple
levels to generate a concerted signal that integrates the information regarding ATP- and

ADP- concentrations in the environment.
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2.6 Termination of ATP-induced signals by adenosine

Extracellularly, adenosine is primarily formed as a result of ecto-5’- nucleotidase (eN)
action on adenine nucleotides (Colgan et al. 2006; Fredholm 2014; Strazzulla et al.
2016), and secondarily to reactions catalyzed by NTPDasel, NPP-1 and ALP (Strazzulla
et al. 2016). Adenosine is also produced intracellularly from AMP by soluble cytosolic 5’
nucleotidase (Cyto-5'NT) or used by adenosine kinase (ADK) to form AMP (Fredholm
2014), which then is involved in energy metabolism (Ataullakhanov et al. 2002). In
addition, adenosine participates in homocysteine metabolism, where it can be produced
together with L-homocysteine from S-adenosyl-L-homocysteine (SAH) by SAH hydrolase
(Lee et al. 2001). Adenosine is degraded to inosine by adenosine deaminases (ADA) both
intracellularly and extracellularly. Adenosine, as well as inosine, can be directly released
from or taken up by the cells through equilibrative nucleoside transporters (ENTSs),
which strive to achieve equal intra-and extra-cellular nucleoside concentrations (Young
et al. 2008; Strazzulla et al. 2016). Thus, adenosine in the extracellular environment
can reflect both the degradation of extracellular purines as well as the state of cellular
metabolism (Fig. 2.4A).

At resting state extracellular adenosine levels are generally in the nanomolar range
with reports ranging from 1.4 to 2000 nM in human plasma (Ramakers et al. 2008), with
a similarly wide range 0.8-2100 nM in the intracerebral extracellular space (Ballarin
et al. 1991; Fredholm 2014; Mierden et al. 2018). Measuring endogenous adenosine
concentrations can be technically difficult (Ramakers et al. 2008; Lofgren et al. 2018),

and it was suggested that true physiological levels are likely at the lower side of the
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measured spectrum, at 10-30 nM (Lofgren et al. 2018). In pathological states following
tissue damage adenosine was shown to rise well above 1 uM (10-1000-fold from basal
levels under hypoxia) (Fredholm 2014; Yegutkin 2021). The characteristics of adenosine-
processing enzymes suggest that at physiological concentrations adenosine is mostly used
in cellular metabolism since ADK requires low concentrations of adenosine (Michaelis
constant (K,,) for ADK is 40 nM (Spychala et al. 1996)). However, when adenosine
levels increase, another adenosine processing enzyme, ADA becomes strongly involved,
since it is activated at higher concentration of adenosine (K,, for ADA is more than 40
uM (Spychala 2000; Yegutkin 2021), at least three orders of magnitude higher than that
for ADK). Though local variations in adenosine levels were extensively studied in the
brain and cardiovascular system, much less is known about the bone microenvironment.

Adenosine activates a family of G protein-coupled receptors known as P1 receptors
or adenosine receptors (AR) (Ralevic et al. 1998). Four P1 receptors are currently
recognized, A, A,,, A,5, and A;. A; and A; act by inhibiting cyclic AMP (cAMP) pro-
duction and decreasing protein kinase A activity, whereas both A2 receptors stimulate
cAMP (Sheth et al. 2014; Eisenstein et al. 2020). Similar to P2 receptors, P1 receptors
cover a significant range of concentrations. A; and A, are activated by adenosine at
low concentrations — 0.18 - 0.53 uM (Fredholm et al. 2001; Fredholm 2007). A,, has
a slightly lower affinity and is activated by 0.56-0.95 uM adenosine, while A, is only
activated at very high adenosine levels, 16.2-64.1 uM adenosine (Fredholm et al. 2001;
Fredholm 2007). In bone, all four ARs were found to be expressed on mature osteoclast
and osteoblasts as well as their precursors (Ham et al. 2012; Mediero and Cronstein

2013; Strazzulla et al. 2016). A, was reported to strongly stimulate osteoclastogenesis
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(Kara, Chitu, et al. 2010; Kara, Doty, et al. 2010; He, Wilder, et al. 2013), while its role
in osteoblast formation is less clear, even though it was shown to promote the osteogenic
commitment of mesenchymal stem cells (D’Alimonte et al. 2013). A; was reported to
inhibit osteoclastogenesis (Rath-Wolfson et al. 2006) and stimulate osteoblast differ-
entiation (Evans et al. 2006; Costa et al. 2011). A,, was shown to inhibit osteoclast
differentiation and function (Mediero, Frenkel, et al. 2012; Mediero, Kara, et al. 2012),
and to promote bone regeneration (Mediero, Wilder, Perez-Aso, et al. 2015). This re-
ceptor is also well established in vasculature as a modulator of vascular tone and blood
flow (Tabrizchi et al. 2001; Khayat et al. 2017), therefore its angiogenic properties can
also promote bone formation and help in the early stages of fracture healing (D. Wang
et al. 2021). The low-affinity A,; receptor has been implicated as the strong promoter
of osteoblast differentiation (Carroll et al. 2012; Trincavelli et al. 2014). AR knockout
animal models have been studied in A; and A,;, where opposite phenotypes, bone gain
and bone loss respectively, were found (Fig. 2.3). Thus, the adenosine receptors have a
dynamic range of functions within the bone microenvironment and have diverse roles in
bone homeostasis.

It is somewhat difficult to conceptualize the action of AR on bone cells. A,, A,,,
and A, receptors are activated in the same range of adenosine concentrations but
produce distinct and contrary signals. A; and A; inhibit cAMP production, but A,,
stimulates cAMP. Although A; and A, both inhibit cAMP, A; stimulates while A; inhibits
osteoclast differentiation. One potential explanation could be in the context of adenosine
stimulation. Adenosine increases in the extracellular environment can occur due to two

distinct processes — degradation of extracellular ATP or changes in cellular metabolism.
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Figure 2.4: Adenosine signaling may differentiate between different mechanical and metabolic stressors.
A) Extracellular adenosine can be produced through degradation of extracellular ATP, or through release of
intracellular adenosine that is formed in the pathways of energy metabolism or homocysteine metabolism.
ADK; Adenosine kinase, ADA; Adenosine deaminase, Cyto 5'-NT; cytosolic 5’ nucleotidase, eN; Ecto-
5’-nucleotidase, SAH; S-adenosyl-homocysteine. B) Adenosine profile as well as the presence of other
metabolites reflect distinct states. Top: illustrated in the case of ongoing injury characterized by continuous
presence of both ATP and adenosine. Middle: in the case of resolved injury, ATP signal stops, while
adenosine produced from previously present ATP remains to signal the start of resolution phase. Bottom:
the profile of adenosine released due to metabolic stresses likely has lower but more persistent profile
compared to bolus production following mechanical stimulation.

Furthermore, in the context of cellular metabolism, adenosine levels can rise due to
problems with bioenergetics or due to alterations in homocysteine metabolism, both of
which are regulated independently. Thus, it is possible that these P1 receptors respond
to adenosine in a context-dependent manner, allowing for cells to distinguish between
mechanotransductive and bioenergetic mechanisms of adenosine elevation. For example,
if adenosine increases due to the degradation of extracellular ATP, then activation of P1
receptors will be accompanied by activation of P2 receptors.

In contrast, if adenosine increases intracellularly due to deficiency in bioenergetics,
then simultaneously other changes in the microenvironment will occur, such as changes
in pH, oxygen, glucose, or lactate (Ataullakhanov et al. 2002; Tiedemann et al. 2020).

Homocysteine regulation will be similarly linked to unique alterations in the respec-
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tive metabolites. In this regard, adenosine receptors are known for the complexity of
the regulatory layers, including the formation of homo-and heterodimers with other
receptors; allosteric regulation, as well as biased agonism (Vecchio et al. 2018). A,A
receptor was recently shown to be strongly regulated by cations (Ye et al. 2018), and
P1 and P2 receptors were shown to exhibit functional crosstalk (Morales et al. 2000).
In the context of injury, adenosine was suggested to act as a termination signal with
anti-inflammatory and pain-relieving capacities in some cases, while serving as a pro-
inflammatory mediator in others (Blackburn et al. 2009; Antonioli et al. 2019; Jung
et al. 2022). It is possible that these differences are related to the presence of ATP- and
ADP-mediated signals: While the injury is ongoing, the simultaneous presence of ATP
and adenosine are indicative of a serious and continuous problem that has lasted for a
sufficient time for adenosine accumulation. In contrast, when the injury is terminated
and ATP is no longer released in the environment, ADP and then adenosine become the
last injury-related signals in the environment and therefore signal the beginning of the

resolution of inflammation, pain, and active healing.

2.7 Conclusions

We present a conceptual model of concerted action of purinergic receptors providing
information to the receiver cells regarding the degree of and proximity to the site experi-
encing physical forces. We suggest that ATP released in response to a variety of physical
forces is proportional to their cell-damaging capacity. We propose that mechanically-
stimulated ATP release acts as a signal to the neighboring non-wounded cells. The

amplitude of ATP allows cells to distinguish between small non-damaging forces and
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large detrimental forces. The total amount of ATP release reflects the magnitude of the
force, while the stimulated cell’s ability to repair limits further ATP release. The presence
of an ADP component in the signal suggests proximity to the site where the large forces
were applied, which is a positive signal to stimulate mechanoadaptation. Adenosine
may indicate a serious ongoing issue when it occurs together with ATP, or it can serve
as a termination signal if ATP is no longer present. Importantly, the properties of P2
and P1 receptors indicate that responses are not dichotomous, but rather graded, so
that the information conveyed is complex and nuanced. The difficulty with interpreting
knockout studies confirms that this system should be approached holistically, rather than
as a sum of components. While we focused on the role of ATP-mediated signals in bone,
this purinergic system is prevalent across a variety of cellular systems such as the brain,
skeletal muscle, bladder, liver, and lungs, as well as other organs where mechanical
forces are important in the regulation and maintenance of tissue health. The conceptual
model presented in this manuscript consolidates the knowledge regarding the individual
components of the purinergic system into a conceptual framework of choreographed

responses to physical forces, intended to inform novel hypotheses for future studies.
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Bridging Statement

The previous chapter, which is part of the literature review of my thesis, provided a
summary of the studies on ATP, ADP, and adenosine and their role in bone mechanoad-
aptation. There are several studies on the role of purinergic receptors in bone; however,
we still do not understand how these ligands and their receptors function together in a
complex network. The review provided a quantitative summary of all literature on ATP
release in mechanically stimulated bone cells. We proposed a conceptual model on the
role of ATP, ADP, and adenosine in injury. We also provided a summary of the role of
purinergic receptors in bone mechanoadaptation. Our review shows that osteocytes and
osteoblasts are extensively studied for their mechanoadaptive properties, but osteoclasts
are less studied. Osteoclasts are important in bone remodeling and are the first to appear
at the site of stimulus. Along with osteocytes and osteoblasts, osteoclasts are subjected to
mechanical forces in the environment. However, studies assessing the mechanosensitive
and mechanotransductive properties of osteoclasts are limited. As the thesis aims to
understand whether early mechanical signals are altered in aging osteoblasts and osteo-
clasts, it is first essential to characterize the mechanoadaptive properties of osteoclasts.
Therefore, in this chapter, I investigated the mechanosensitive and mechanotransductive

properties of osteoclasts.
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3.1 Abstract

Mechanical loading is essential for maintaining bone health. Here, we aimed to investi-
gate the role of ATP and ADP in the mechanotransduction of bone-resorptive osteoclasts.
Single osteoclast in primary cultures from 10 to 12-wk-old mice was mechanically
stimulated by a gentle touch with a micropipette. Changes in cytosolic free calcium
[Ca?*]; were analyzed in Fura-2 loaded osteoclasts. The cell injury was assessed by
analyzing the cellular Fura-2 loss and classified as severe or mild using k-means. Os-
teoclasts responded to mechanical stimuli with transient calcium elevation (primary
responders) and transduced these signals to neighboring cells, which responded with
delayed calcium elevations (secondary responders). Severely injured osteoclasts had
higher calcium transients than mildly injured cells. Fluid shear stress similarly induced
reversible cell injury in osteoclasts. Secondary responses were abolished by treatment
with A-804598, a specific inhibitor of P2X,, but not suramin, a broad P2 receptor blocker.
Osteoclasts responded to ATP and ADP with concentration-dependent changes in [Ca®*]..
We performed osteoclast micropipette stimulation in the presence of phosphoenolpyru-
vate and pyruvate kinase which converted all ADP in solution to ATP, or with hexokinase
converting all ATP to ADP. Osteoclasts with mild membrane injury demonstrated similar
calcium responses in ATP and ADP-rich environments. However, when the mechanotrans-
ductive signal to severe osteoclast injury was converted to ADP, the fraction of secondary
responders and their [Ca®*]; amplitude was higher. This study suggests the importance
of osteoclast mechanobiology and the role of ADP-mediated signaling in conditions of

altered mechanical loading associated with bone loss.
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3.2 New and Noteworthy

Osteoclasts are rarely considered as cells that participate in mechanical signaling in
bone. We show that osteoclasts are capable of sensing and transmitting mechanical
signals to neighboring cells. Mechanical stimulation commonly induces minor repairable
membrane injury in osteoclasts. ATP and especially ADP were found to play important
roles in the mechanoresponsiveness of osteoclasts. This study highlights the importance
of osteoclast mechanobiology especially in conditions of altered mechanical loading

associated with bone loss, such as in microgravity.

3.3 Introduction

Physical activity plays an important role in the maintenance of skeletal health. Mechani-
cal forces are known to improve bone mass (1, 2), whereas inactivity is associated with
bone loss (3). Bone adapts to mechanical loads through the process of bone remodeling
where bone cells, namely osteocytes, osteoblasts, and osteoclasts play an important role.
Osteocytes sense mechanical loads through shear forces generated by the interstitial
fluid in the lacunocanalicular network. They relay these forces to osteoclasts that carry
out bone resorption and osteoblasts that deposit bone, thus maintaining the process of
bone remodeling. Osteoblasts are also known to be mechanosensory and mechanotrans-
ductive cells (4). Although osteoclasts were previously reported to respond to different
types of mechanical forces (5-9), they are generally considered to be passive partici-
pants in mechanical sensing, and our understanding of the mechanisms of osteoclast
mechanosensation and mechanotransduction is limited.

Osteoclasts are multinucleated cells uniquely capable of bone degradation. Osteoclasts
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originate from the monocyte/ macrophage lineage of hematopoietic cells. Two main cy-
tokines, M-CSF (macrophage colony-stimulating factor) and RANKL (receptor activator
of nuclear factor-«xB ligand) are required for osteoclast formation (10). In the process of
bone remodeling, osteoclasts are the first cells to appear and act on the damaged bone
(11). Therefore, theoretically, it would be important for osteoclasts to have guidance to
the location that has experienced mechanical failure. However, there is limited knowl-
edge of the ability of osteoclasts to sense and react to mechanical perturbations.

When bone experiences physical forces, ATP is released into the environment, which
acts on bone cells in an autocrine and paracrine manner. ATP and its derivatives, ADP
and adenosine, act on bone cells in a spatiotemporal context relaying information about
the distance and the extent of injury in the surrounding area (12). These mechanical
signals act on a family of purinergic receptors, which include adenosine sensing P1
receptors and P2 receptors subdivided into 1) seven ligand-gated ion channels (P2X,_,),
which are sensitive to ATP and 2) eight G-protein coupled receptors (P2Y,, P2Y,, P2Y,,
P2Y,, and P2Y;;_,,), which respond to various ligands e.g., ATP, ADP, UTP, UDP, and
UDP-glucose (13-15). These receptors are important for converting mechanical signals
into biochemical signals in a process called mechanotransduction, leading to various
biochemical outcomes, such as calcium transients, NO, and PGE2 activity, and ultimately
the expression of genes that result in bone remodeling and maintenance (16). Numerous
studies have highlighted the mechanotransductive pathways activated in osteocytes and
osteoblasts upon the application of mechanical stimuli (17-21). Osteoclasts have been
demonstrated to express multiple functional P2 receptors (12, 22), however, their roles

in osteoclast mechano-adaptation are not fully understood.
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The goal of this study was to examine the mechanisms of mechanosensitivity and
mechanotransduction in mechanically stimulated osteoclasts. We used primary murine
osteoclasts generated in vitro from bone marrow. We applied mechanical stimulus either
to a single osteoclast through local membrane deformation using a micropipette or to
osteoclast culture through fluid flow shear stress. We examined the degree of injury
experienced by osteoclasts, the repair capacity of mechanically stimulated osteoclasts,
and the role of ATP and ADP in the mechanotransduction of mechanical signals to the

neighboring cells.

3.4 Materials and Methods

3.4.1 Reagents and Pharmacological Interventions

The following reagents and chemicals were used: tartrate-resistant acid phosphatase
(TRAP) kit (Sigma No. 387 A), fast red violet salt (Sigma No. F3381), naphtol (Sigma
No. N5000), N, N-dimethylformamide (Fisher Scientific No. BP1160), A 804598 (100
nM, P2X7 inhibitor, Tocris No. 4473), suramin (100 uM, Cayman Chemicals No. 11126),
adenosine 5-triphosphate (Sigma-Aldrich No. A9187), adenosine 5-diphosphate (Sigma-
Aldrich No. A2754), quinacrine dihydrochloride (Sigma-Aldrich No. Q3251), Fura 2-AM
(Invitrogen No. F1221), phosphoenolpyruvic acid (PEP; Sigma-Aldrich No. 860077),
pyruvate kinase (PK) from rabbit muscle (Sigma-Aldrich No. P9136), hexokinase from

Saccharomyces cerevisiae (Sigma-Aldrich No. H6380).
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3.4.2 Cell Culture

All procedures received approval from McGill University’s Animal Care Committee
(protocol No. 7127) and were conducted in compliance with the ethical guidelines of
the Canadian Council on Animal Care. Bone marrow cells were collected from the tibia
and femur of 10-12-wk-old C57Bl/6J mice, as described previously (4). Osteoclasts
were isolated and cultured from bone marrow cells, as described previously (23). Bone
marrow cells were lysed with RBC lysis buffer (Sigma No. R57757) and plated with 50
pg/mL M-CSF (Peprotech Inc. No. 300-25) for 24 h. The next day, nonadherent cells
were collected and plated at 5x10* cells/cm? in osteoclast medium: a-MEM (Gibco, No.
12561) supplemented with 10% FBS (Wisent No. 080-450), 1% sodium pyruvate (Wisent
No. 600-110-EL), 1% penicillin-streptomycin (Wisent No. 450-201-EL), 50 ug/mL M-CSF,
and 50 ug/mL RANKL (purified from clones, courtesy of Dr. M.F. Manolson, University of
Toronto). For phenotype characterization, mature osteoclasts (days 5-6) were fixed with
10% formalin (Fisher No. 23-245-685) and stained for tartrate-resistant acid phosphatase
(TRAP; Sigma No. 387 A). Bone-marrow-depleted bones were used to obtain compact
bone-derived osteoblast cultures, as described previously (4). Cells were plated at a
density of 5,000/cm? in osteoblast differentiation medium (a-MEM supplemented with
10% FBS, 1% sodium pyruvate, 1% penicillin-streptomycin, and 50 ug/mL ascorbic acid)
2-3 days before experiments. Osteoblasts were also cultured for 28 days and stained for

alkaline phosphatase activity, as described previously (4).
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3.4.3 Intracellular Calcium Recording and Analysis

Cells were plated on glass-bottomed 35 mm dishes or 48-well plates (MatTek Corpora-
tion) and were loaded with a ratiometric calcium dye Fura 2-AM for 30 min. Cultures
were washed with physiological solution (130 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM
CaCl,, 10 mM glucose, 20 mM HEPES, pH 7.6, sterilized using a 0.22 um filter) and accli-
matized for 10 min before experimentation. The cells were imaged at x40 magnification
using an inverted fluorescence microscope (T2000, Nikon) with an imaging software
(Volocity, Improvision), as described previously (4). The excitation wavelength was at
340 and 380 nm, and the emission wavelength was 510 nm, and the Fura 340/Fura 380

ratio was used as a readout of changes in [Ca**'],.

3.4.4 Mechanical Stimulation Using a Micropipette

A single Fura-2 loaded osteoclast or osteoblast cell was mechanically stimulated with
a glass micropipette made from glass capillary tubes (1.0 mm outer diameter, World
Precision Instruments) using a Sutter pipette puller (Flaming/Brown, model P-87). The
micropipette was attached to a FemtoJet microinjector NI2 (Eppendorf, Germany),
positioned at a 45° angle from the horizontal plane at ~10 um from the cell membrane
and moved at a speed of 250 um/s with a contact duration of 60 ms. The cells were
recorded for baseline activity until 10 s, then stimulated with a micropipette and recorded

for calcium activity until 150 s.
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3.4.5 Analysis of Cell Damage Induced by Micropipette Stimulation

Cell injury was assessed through the loss of intensity of the Fura 340 nm channel
during the time of recording (24). The data was processed as follows. The time course
of changes in the Fura 340 channel intensity (I54,(t)) of the cell of interest and the
cell-free region of the recording (background) were extracted. Background data were
averaged over the recording time (B). In the Fura 340 channel the intensity during
the period before the stimulation was isolated and averaged as baseline (I,,(t,)). The
normalized change in fluorescence intensity of the Fura 340 channel was then calculated
as Iy = (Is40(t) — B)/(Is40(to) — B). The resulting curve started at 1 at baseline, then
demonstrated a transient increase due to changes in calcium, and then declined to the
value between 1 and 0, with 1 demonstrating the same intensity as before the stimulation
and 0 complete loss of intensity which would be interpreted as loss of dye. To correct the
curve for the transient increase due to calcium increase, we used the time course for Fura
340/Fura 380 calcium ratio changes (Ca(t)) of the cell, which we normalized to averaged
baseline (Ca(t,)) and scaled to 1 by identifying and averaging the maximum calcium
ratio during the recording (Ca,,,,) : Ca(t)=(Ca(t)— Ca(ty))/(Ca,, —Ca(ty)). Then we

identified the maximum of normalized Fura 340 channel max ((I5,,) and scaled Ca(t) to

the max m: scaled (Ca(t))= Ca(t) x (max(Is,,— 1), which was then subtracted from
the normalized Fura 340 intensity to achieve the time course of Fura-2 dye loss (F(t)):
F(t) = I ,— scaled (W(t)). Three parameters were extracted from each normalized dye
loss curve: 1) the proportion of dye remaining by the end of the recording, 2) the rate of
dye loss from 40 s to 90 s after stimulus, 3) and rate of continuous dye loss (from 90 s

to 140 s after stimulus). These parameters were used as input for k-means clustering to
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classify the cell injury as mild or severe injuries.

3.4.6 Turbulent Fluid Flow Shear Stress Mechanical Stimulation

Osteoclasts were subjected to turbulent fluid flow shear stress (tFSS) by displacing
50% of medium volume using a micropipette for n number of times (as indicated in
experiments, for e.g., 5x tFSS denotes that 50% medium was displaced 5 times). Before
each experiment, osteoclasts were loaded with 0.08% trypan blue dye, washed, and
the number of dye-positive cells was counted. To assess shear stress-induced injury;,
osteoclasts were subjected to tFSS in the presence of 0.08% trypan blue dye in a
physiological solution. The cells were washed with physiological solution, and the
proportion of dye-positive cells was counted via microscopy at x20 magnification. To
assess the repair of osteoclasts, cells were subjected to 20x tFSS, and trypan blue dye (at
0.08%, final concentration) was added at the n-th timepoint (indicated in the experiment)
post-tFSS, and the proportion of dye-positive cells was counted via microscopy at x20

magnification.

3.4.7 ATP and ADP-Dependent Signaling

Since ATP and ADP can be transformed into each other, to specifically assess their roles
we used enzymatic transformations either with 0.1 U/mL pyruvate kinase (PK) in the
presence of excess, 100 uM, phosphoenolpyruvate (PEP) which will transform all ADP to
ATP, or with 0.1 U/mL hexokinase (HK) to transform all ATP to ADP. For concentration-
dependence experiments, ATP and ADP powders were dissolved in physiological solution,
and the reaction (ATP+PK+PEP or ADP+HK) was carried out at 37°C for 30 minutes,

followed by heat inactivation at 95°C for 2 minutes. A range of ATP and ADP concentra-
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tions were applied to Fura-2-loaded osteoclasts as described previously (25), and [Ca®*];
responses were recorded. To study the roles of ATP and ADP in mechanotransduction,
Fura-2 osteoclasts were bathed in physiological solution-containing either PK+PEP or
HK for the duration of the experiment, whereas in control experiments osteoclasts were

bathed in physiological solution.

3.4.8 Vesicle Release Kinetics

Osteoclasts were loaded with quinacrine dihydrochloride (10 uM, 15 min, room tempera-
ture) and mechanically stimulated using a micropipette to visualize the release of vesicles.
The cells were imaged at 435 excitation and 525 emission using x40 magnification, and

data was analyzed, as described previously .

3.4.9 Statistical Analysis

Data are presented as means = standard errors of the means (SE). Calcium recordings
were exported to Excel, and the data was analyzed on GraphPad Prism 9. k-means
clustering was performed on Python using NumPy, matplotlib, pandas, and sklearn.
Outliers in data sets were identified using the ROUT method. Student’s t test was carried
out with Welch’s correction. The normality of distribution was tested and when the
data was not normally distributed it was log-transformed and tested using a t test with
Welch’s correction. One-way ANOVA test was carried out with Bonferroni correction.

Fisher’s exact test was carried out on categorical data.
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3.5 Results

3.5.1 Osteoclasts Are Sensitive to Mechanical Stimuli

To assess osteoclast mechanosensitivity, we examined the calcium signals in mechanically
stimulated osteoclasts. Primary murine osteoclasts were loaded with Fura 2-AM, a
calcium indicator dye and a single cell was mechanically stimulated with a micropipette,
and changes in [Ca?"]; were recorded (Fig. 3.1 A). Membrane deformation resulted
in a transient increase in [Ca®*]; in the stimulated cell (primary responder) (Fig. 3.1,
A and B). In addition, in 43% of cases, we also observed calcium elevations in the
neighboring nonstimulated cells (secondary responders; Fig. 1, A and B). Primary
responders displayed a more sustained calcium response, whereas the calcium responses
of secondary responders were shorter and more oscillatory. We next investigated if
osteoclasts are responsive to multiple stimulations by micropipette. Five minutes after
the initial mechanical stimulation, we restimulated the same osteoclast and recorded
changes in [Ca®*],. Compared to the first stimulation, osteoclasts demonstrated a similar
calcium response to the restimulation, although with a significantly lower area under
the curve (AUC) (P = 0.01) and were capable of relaying a similar signal to neighboring
secondary responders (Fig. 3.1, C and D). Thus, osteoclasts are sensitive to mechanical

stimuli and can propagate mechanical signals to the secondary nonstimulated cells.
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Figure 3.1: Osteoclasts are sensitive to mechanical stimuli. Osteoclasts cultured on glass bottom dishes
were loaded with Fura 2-AM (calcium indicator dye), mechanically stimulated with a micropipette, and
monitored for calcium changes.(A) micrographs were taken before (0 s), at the moment (10 s), and at
indicated times after mechanical stimulation of osteoclast (white arrow, primary responder). The yellow
arrow indicates a neighboring nonstimulated cell (secondary responder), which responds with a delayed
increase in calcium. Scale bar: 32 um, magnification: x40. (B), left: representative traces of calcium signal
(Fura340/Fura380 ratio) in the primary (red) and secondary (black) osteoclasts induced by micropipette
stimulation in a single experiment. Right: example of [Ca?"]; traces of primary (top) and secondary
(bottom) osteoclast responders. (C): calcium traces in osteoclasts stimulated for the first time (blue) and
restimulated after 5 min (red). (D): calcium parameters, amplitude, and area under the curve (AUC), in
primary and secondary responders in osteoclasts stimulated for the first and second time. Data are means
+ SE, n = 7 stimulated osteoclasts/group, analyzed using Student’s t test with Welch’s correction, *P <
0.05.

3.5.2 Osteoclasts Are Less Sensitive to Mechanical Stimuli than

Osteoblasts

To compare the mechanoresponsiveness of osteoclasts to that of established mechanosen-
sory bone cells, osteoblasts, we applied local membrane deformation to a single primary
osteoclast and osteoblast and characterized their calcium responses (Fig. 3.2). In osteo-
clasts, the primary response to mechanical stimuli had a significantly lower amplitude
and AUC but longer duration (FWHM) compared with osteoblasts (Fig. 3.2B, top).
Although both osteoclasts and osteoblasts were able to propagate the signal to the

secondary responders, in osteoclast cultures, lower fraction of cells responded, and
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secondary calcium transients had a significantly lower amplitude and AUC compared
with osteoblast cultures (Fig. 3.2B, bottom). Thus, osteoblasts demonstrated higher

mechanosensitivity and mechanotransduction compared with osteoclasts.
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Figure 3.2: Comparing the response of osteoclasts and osteoblasts on mechanical stimulation. (A) repre-
sentative images of TRAP-stained osteoclasts (top) and alkaline phosphatase-stained osteoblasts (bottom).
Scale bar: 0.5 mm, magnification: osteoclasts: x10, osteoblasts: x4. (B)[Ca?"]; response parameters, am-
plitude (arbitrary units), full-width half maximum (FWHM), and area under the curve (AUC), in primary
(top) and secondary (bottom) responders to mechanical stimulation of osteoclasts (blue) and osteoblasts
(green). Data are means * SE, n = 30-35 stimulated cells/group, analyzed using Student’s t test with
Welch’s correction, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. TRAP, tartrate-resistant acid
phosphatase.

3.5.3 Osteoclast Micropipette Stimulation Generates a Reversible

Plasma Membrane Damage

Mechanical stimulation results in reversible plasma membrane damage in osteoblasts
(4) and osteocytes (17). We aimed to characterize the degree of injury experienced
by osteoclasts upon mechanical stimulation. We used the decrease in fluorescence
intensity of the Fura 340 channel as a measure of dye loss (24). The dye loss over
time (F(t)) was calculated as described in Materials and Methods, and three parameters
were extracted: 1) the proportion of dye remaining by the end of the recording, 2) the
rate of dye loss from 40 s to 90 s after stimulus indicative of membrane injury, 3) and

rate of continuous dye loss (from 90 s to 140 s) indicative of membrane repair. We
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ran a k-means clustering (k = 2) on the extracted parameters and classified the dye
loss curves into two categories: mild injury and severe injury (Fig. 3.3 A). In 79% of
experiments, micropipette stimulation induced minimal dye loss, whereas, in 21% of
recordings, cells demonstrated membrane injuries with a steep dye loss curve (Fig. 3.3,
A and B). In severely injured osteoclasts, the rates of dye loss during both observation
periods were significantly higher (Fig. 3.3C), and the proportion of dye remaining was
significantly reduced (Fig. 3.3D) compared with those with minor injuries. Among the
primary responders, severe injuries induced calcium responses with significantly higher

amplitude, longer duration (higher FWHM), and higher AUC (Fig. 3.3E).
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Figure 3.3: Classification of membrane injury in osteoclasts. The dye loss over time (F(t)) was calculated
for each mechanically stimulated osteoclast, three parameters were extracted: the proportion of dye
remaining by the end of the recording, the rate of dye loss from 40 s to 90 s after stimulus and rate
of continuous dye loss from 90 s to 140 s and used as input for k-means clustering. (A) representative
images of TRAP-stained osteoclasts (top) and alkaline phosphatase-stained osteoblasts (bottom). Scale
bar: 0.5 mm, magnification: osteoclasts: x10, osteoblasts: x4. (B)[Ca?*]; response parameters, amplitude
(arbitrary units), full-width half maximum (FWHM), and area under the curve (AUC), in primary (top)
and secondary (bottom) responders to mechanical stimulation of osteoclasts (blue) and osteoblasts
(green). Data are means = SE, n = 30-35 stimulated cells/group, analyzed using Student’s t test with
Welch’s correction, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. TRAP, tartrate-resistant acid
phosphatase.

When we compared secondary responders of mildly and severely injured osteoclasts,
we found a similar fraction of cells with secondary responders, and among secondary
responders, a similar number of oscillators, similar amplitude, or AUC of secondary
responders (Fig. 3.3F). Thus, severe mechanical injury-induced higher and longer-lasting

calcium transients in stimulated cells.
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3.5.4 Osteoclast Shear Stress Generates Reversible Plasma Mem-

brane Damages

Bone cells physiologically experience shear stress forces in their microenvironment. The
turbulent fluid flow shear stress (tFSS) model has been previously utilized in osteocytes
(18,26) and osteoblasts (4) and was shown to cause reversible membrane injury in
these cells. We, therefore, examined if fluid flow shear induces repairable membrane
injury in osteoclasts. We first added membrane impermeable dye, trypan blue (TB),
to physiological solution bathing osteoclasts and performed tFSS by displacing 50%
medium using a micropipette n times to simulate increasing shear stress. Osteoclasts that
experienced shear stress took up the trypan blue dye, and the number of TB-positive cells
significantly increased (P = 0.023 by ANOVA) with an increase in shear stress (Fig. 3.4, A
and B). Next, we assessed whether osteoclasts could repair their membrane. Osteoclasts
were subjected to 20x tFSS, and TB was added at various times (0 min-5 min) after
mechanical stimulation (Fig. 3.4C). The proportion of TB-positive osteoclasts tended to
decrease (P = 0.089 by ANOVA) with increase in time after mechanical stimulation (Fig.
3.4C). Thus, shear stress forces induced repairable membrane injuries in osteoclasts,

which were proportional to the degree of mechanical stimulation.

3.5.5 P2X, Is Involved in Mechanotransduction between Primary

and Secondary Osteoclasts

Next, we investigated the role of ATP and ADP, the primary mechanotransductive
molecules in osteoblasts and osteocytes that act through P2 receptors (12), in relaying

signals between the primary and secondary osteoclasts. We first used suramin, a broad
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antagonist of purinergic P2 receptors (13), mechanically stimulated a single osteoclast
and characterized the primary and secondary responses. In suramin-treated cultures,
primary osteoclasts tended to have a higher amplitude (P = 0.07) and a significantly
higher area under the curve of their calcium responses, and secondary osteoclasts tended
to have a higher amplitude (P = 0.07) and significantly higher area under the curve
compared with control cultures (Fig. 3.5, A and B). As suramin does not block all
purinergic receptors effectively (13), and P2X,, which is not blocked by suramin, was
previously suggested to mediate cell-cell communications among osteoclasts (5), we
used a P2X,-specific antagonist, A 804598. Primary responders of the A 804598-treated
group tended to have a lower amplitude (P = 0.09) and had significantly lower AUC
(Fig. 3.5D, blue and pink). In addition, no secondary responders were observed in the A
804598-treated group (Fig. 3.5C, black graphs), suggesting that blocking P2X, activity
affected the mechanically induced calcium responses in the primary responders and the

ability of the primary responders to relay signals to secondary responders.
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Figure 3.5: Effect of P2 inhibitors on osteoclast mechanotransduction. Osteoclasts were micropipette
stimulated in physiological solution (control) or in the presence of nonspecific P2 receptor inhibitor
suramin (100 uM) or specific P2X, blocker A 804598 (100 nM). Representative traces of mechanically
stimulated calcium responses in control and suramin-treated (A) and control and A 804598-treated (C)
primary (colored) and secondary (black) responders. Calcium parameters, amplitude (arbitrary units),
full-width half maximum (FWHM), and area under the curve (AUC) of primary and secondary responders
in control and suramin-treated (B) and primary responders in control and A 804598-treated (D) cells. Data
are means = SE, n = 16-19 stimulated osteoclasts/group for suramin experiments, n = 13 stimulated
osteoclasts/group for A 804598 experiments, analyzed using Student’s t test with Welch’s correction, *P <
0.05, **P < 0.01.

3.5.6 ATP and ADP Induce Concentration-Dependent Calcium Re-

sponses in Osteoclasts

We next characterized the concentration dependence for ATP and ADP effects on [Ca®*];
responses in osteoclasts. Fura- 2 loaded osteoclasts were imaged for 10 s, after which
homogeneous ATP (1 uM to 1 mM final concentrations) or ADP solutions (10 uM to 1
mM final concentrations) were added to the bath (Fig. 3.6). Increasing concentrations of
ATP (Fig. 3.6A) resulted in a significantly increased percentage of osteoclast responders,
whereas the percentage of oscillators remained unaffected. The amplitude and the
AUC of the calcium transients significantly increased with increasing concentrations

of ATP (Fig. 3.6B). Increasing concentrations of ADP (Fig. 3.6C) similarly resulted in
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a significantly higher percentage of responders and an increase in the percentage of
oscillators in osteoclasts. The amplitude and AUC of ADP-induced calcium transients also
increased with an increase in ADP concentrations (Fig. 3.6D). Taken together, osteoclasts

respond to ATP and ADP with concentration-dependent changes in [Ca®'],.
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Figure 3.6: Concentration-dependence for osteoclasts responses to ATP and ADP. Calcium ratio traces in
osteoclasts treated with physiological solution (PS) and increasing concentrations of ATP (A) or ADP (C).
Percent responders (number of responding cells/total cell number in the field of view), percent oscillators
(number of cells exhibiting oscillations/total number of responding cells), calcium response parameters,
amplitude (arbitrary units), and area under the curve (AUC) for ATP-induced (B) and ADP-induced (D)
responses. Data are means + SE, n = 3 independent osteoclast cultures repeated thrice per experiment
for ATP and ADP groups, analyzed using one-way ANOVA with Bonferroni post hoc, *P < 0.05, **P <
0.01, ***P < 0.001.
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3.5.7 Mechanically Induced Vesicular Release from Osteoclasts

Vesicular release is an established mechanism of ATP release upon mechanical stimula-
tion (27, 28). It has been shown that ATP is released through the vesicular route from
osteoblasts and osteoclasts (29, 30) and through local membrane tears from osteoblasts
and osteocytes (4, 17). We examined the release of vesicles stained with quinacrine dihy-
drochloride from osteoclasts mechanically stimulated using a micropipette. Mechanical
stimulation resulted in the release of vesicles from the primary and secondary respon-
ders (Fig. 3.7A). Primary responders tended to have a higher and sustained release of
vesicles than secondary responders (Fig. 3.7B), which resulted in a cumulative vesicular
release of 8.1 = 4.3 x 1072 vesicles/um? from primary responders and 1 + 0.3 x 1073
vesicles/um? from secondary responders. From 36 stimulated osteoclasts, 12 did not
show vesicular release from the secondary responders (Fig. 3.7C). We compared the net
vesicular release from primary responders with and without secondary responders. We
observed that primary responders with secondary responders tended to have a higher
net vesicular release than the primary responders without secondary responders (10.1
+ 3.4 x 1072 vesicles/um? compared with 3.7 = 1.3 x 1072 vesicles/um? in primary
responders without secondary responders; Fig. 3.7C). Thus, mechanical stimulation of
osteoclasts results in continuous vesicle release both from the stimulated cells and to a

smaller extent from the secondary cells.
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Figure 3.7: Vesicular release kinetics on mechanical stimulation in osteoclasts. Vesicles in osteoclasts were
labeled with quinacrine. Osteoclasts were mechanically stimulated using a micropipette and vesicular
release was analyzed in primary and secondary responders. A: micrographs were taken before (0 s), and at
indicated times after mechanical stimulation of osteoclast (white arrow, primary responder, stimulated at
10 s-mark, yellow arrow: secondary responder, red arrows: vesicle release observed as sparks). Scale bar:
32 um, magnification: x40. B, Left: representative traces of cumulative vesicular release after mechanical
stimulation in primary and secondary responders. Right: net vesicle release from primary and secondary
responders. C, Left: pie chart depicting the percentage of primary responders with and without secondary
responders. Right: net vesicular release in primary responders with and without secondary responders.
Data are means = SE, n = 36 stimulated osteoclasts, analyzed using Student’s t test with Welch’s correction.

3.5.8 Role of ATP and ADP Osteoclast Mechanotransduction

Finally, we examined the role of ATP and ADP in osteoclast mechanotransduction at
different injury levels. ATP released upon mechanical stimulation is broken down into
ADP by ectonucleotidases present in bone cells (12, 31). To study the specific roles of
ATP and ADP in mechanotransduction, we bathed osteoclasts in physiological solution
containing either PK + PEP to convert all ADP to ATP, thus maintaining ATP as a
main mechanotransductive signal, or HK to convert released ATP to ADP as the main

110



propagating signal. A single osteoclast was stimulated using a micropipette, and we
examined signal propagation to secondary responders in control conditions (untreated
cultures), or when the main propagating species was ATP (ATP-rich, in the presence of
PK and PEP) or ADP (ADP-rich, in the presence of hexokinase; Fig. 3.8). We classified
the Fura-2 dye loss in primary osteoclasts using the k means classification method (k =
2). Mild and severe injury groups had a similar number of cells in control, ATP-rich, and
ADP-rich conditions. In the mild injury group, no apparent differences were observed
in the primary (Fig. 3.8A) or secondary (Fig. 3.8B) responders in control, ATP-rich,
and ADP-rich conditions. In the severely injured group, although no differences were
observed in the primary responses (Fig. 3.8C), the secondary responders in an ADP-rich
environment had a significantly higher amplitude and tended to have a higher probability
of secondary events than in the ATP-rich conditions (P = 0.09; Fig. 3.8D). Therefore,
osteoclasts responded differently when ATP or ADP were the main propagating species
and demonstrated increased responses in an ADP-rich environment when the primary

osteoclast experienced severe injury.
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Figure 3.8: ATP and ADP-dependent mechanosensitivity in mild and severely injured osteoclasts. Os-
teoclasts were bathed in physiological solution without additions (control), with PEP + PK (ATP-rich
condition) or with HK (ADP-rich condition), and a single osteoclast was mechanically stimulated using a
micropipette. Primary responders were classified as mild injury (A and B) or severe injury (C and D) using
k-means classification. Average calcium ratio (Fura340/Fura380) traces in primary responders of mild
(A, line graphs) and severe (C, line graphs) injury groups. Amplitudes of primary responders (arbitrary
units) in mild (A, bar graphs) and severe (C, bar graphs) injury groups. Percentage of primaries with
mild (B, left bar graphs) or severe (D, left bar graphs) injury, with (open portion) and without (lined
portion) secondary responses, analyzed using Fisher’s exact test, #number of cells. (B and D, right bar
graphs) Amplitude of secondary responders (arbitrary units) in mild (B) and severe (D) injury groups.
Data are means = SE, n = 25-27 stimulated osteoclasts/treatment group. Calcium data was analyzed
using one-way ANOVA with Bonferroni post hoc. Significance between the groups was also analyzed using
Student’s t-test with Welch’s correction, *P < 0.05.

3.6 Discussion

In this study, our main goal was to assess the mechano-sensitivity and mechanotransduc-
tive capacity of osteoclasts. We showed that 1) osteoclasts are sensitive to mechanical

stimuli through local membrane deformation and can transduce signals to neighboring
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cells; 2) osteoclasts commonly experience minor membrane injury upon mechanical
stimulation by micropipette or by shear stress forces and are able to repair their mem-
branes to avoid spillage of cellular contents; 3) ATP and ADP, likely released through
microinjuries, participate in mechanotransduction among osteoclasts.

Bone remodeling is a continuous process performed by bone multicellular units (BMUs)
and comprises the resorption of damaged bone by osteoclasts and the deposition of new
bone by osteoblasts (32-34). Osteoclasts are the first cells to arrive at the site of damaged
bone, hence, it would be important for osteoclasts to have an ability to sense and respond
to mechanical signals. It is generally assumed that osteoclasts are guided by biochemical
stimuli produced by osteocytes (35) however, several previous studies also noted the
direct effect of mechanical stimulation on osteoclasts. Osteoclasts were shown to respond
to membrane deformation (5), to fluid shear forces (7, 9), substrate stretching (8), and
vibration (6). Some osteoclast parameters were shown to be negatively affected by
mechanical loading and positively by unloading (9). In other cases, such as for substrate
stretching, it was shown that osteoclast formation was inhibited by high-frequency cyclic
substrate stretching (6, 36-38), but stimulated by low-frequency substrate stretching (8).
Nevertheless, our data confirm that osteoclasts are mechanosensitive cells that respond
to mechanical perturbations in their environment. We demonstrated that osteoclasts
experience minor injury upon mechanical stimulation by micropipette or by shear stress
forces and were able to repair their membranes to avoid spillage of cellular contents.
Similar to osteoblasts and osteocytes that were shown to respond proportionally to
increasing shear stress forces (4, 18), here we demonstrate that osteoclasts also respond

proportionally to increasing mechanical forces, as shown by higher responses in severely
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injured cells. Osteoblasts and osteocytes have been shown to repair plasma membrane
damage generated by mechanical stimulus and thus limit ATP release (4, 17, 25). Simi-
larly, we demonstrate that osteoclasts are also able to repair themselves to avoid spillage
of cellular contents as demonstrated via a decrease in the fraction of trypan blue-positive
cells with time. Taken together, osteoclasts are similar to other cells, in which plasma
membrane damage was shown to occur in response to mechanical stimulation (39, 40),
including osteoblasts and osteocytes (4, 17), skeletal muscle cell (41), skin (42), cardiac
muscle (43), and lungs (43).

ATP is a key mechanotransductive signal (12). In osteoblasts, ATP release was shown to
occur through membrane microinjuries (4, 28), as well as through vesicular release (4,
30). In osteoclasts, we observed vesicular release, however, the kinetics of this process
was very variable and inconsistent with ATP release. In keeping, a previous study has
found that blocking vesicular release in osteoclasts did not change the amount of released
ATP (29). Of interest, the same study demonstrated that the low-affinity P2X, receptor
was critical for ATP release from osteoclasts (29). These data are consistent with our
finding that blocking the P2X, receptor prevented the propagation of mechanical signals
to secondary responders. Similar to our observations, Jgrgensen et al. (5) showed that
mechanical stimulation of a single human osteoclast resulted in a rise in calcium signal
in the stimulated cell and the neighboring nonstimulated cells, which was blocked by
inhibition of P2X,. P2X; is a low-affinity ATP receptor, and we have previously shown
that even in more mechanotransductive cells such as osteoblasts, a single cell does not
release sufficient ATP to stimulate P2X, on neighboring cells (25). It was previously

suggested that P2X, may also interact with pannexinl, a hemichannel implicated in
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mechanically induced ATP release as well as other molecules (4, 44), which may provide
an explanation for the observed role of P2X, in our experiments. Alternatively, P2X, may
interact with a high-affinity P2 receptor, as we demonstrated for P2Y,/P2X, interactions
(45), which may also explain its involvement in single-cell mechanotransduction. An-
other interesting observation from this study is the relative importance of ADP-mediated
signals in osteoclast mechanotransduction. We have found that ADP induces prominent
responses in osteoclasts and that transforming the propagating signal to ADP potentiated
secondary responses. These data contrast with osteoblast-derived mechanotransductive
signals, which are dominated by ATP, with ADP becoming important only in cases of
large injuries (25). ADP is a strong ligand for three P2Y receptors, P2Y;, P2Y,,, and
P2Y,,, all of which have been identified on osteoclasts (22, 46, 47). Thus, our data
suggests that the role of ADP-mediated signaling in mechanically induced osteoclasts
needs to be further explored.

Thus, we show that osteoclasts are mechanoresponsive cells capable of sensing and
transmitting mechanical signals to neighboring cells. Like other bone cells, they can sense
membrane deformation and are affected by shear forces. Both ATP and ADP play a role in
the mechanosensitivity of osteoclasts with ADP playing a more prominent role in severe
injury. This study highlights the importance of understanding osteoclast mechanobiology
and the role of ADP-mediated signaling in conditions of altered mechanical loading,
especially those associated with bone loss, such as in microgravity (48) and in paralyzed

and immobilized patients (49).
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Bridging Statement

In the previous chapter, I summarize the mechanosensitive and mechanotransductive
characteristics of osteoclasts. I show that osteoclasts can sense and transduce signals to
neighboring cells. They are also sensitive to fluid shear stress and undergo reversible
PMDs. The P2X, receptor is essential for osteoclast mechanotransduction, and ADP-
mediated signaling becomes more important in cases of severe injury to osteoclasts.
Since we now also understand the mechanoadaptive properties of osteoclasts, the next
step was to assess how these properties are affected in aging osteoblasts and osteoclasts.
In this chapter, I compared early mechanical calcium signals among young and old
osteoblasts and osteoclasts subjected to local membrane deformation. I also examined
whether the level of injury and corresponding calcium signals were affected by age. I
also investigated the expression of the P2 receptors previously identified to be important
in osteoclast mechanoadaptation and aging as highlighted in Chapters 2 and 3. Finally,
I investigated sex-related differences in calcium signaling in aging osteoblasts and

osteoclasts.
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4.1 Abstract

Bone is a dynamic tissue and mechanical loading is important for its maintenance. How-
ever, the aging skeleton is unable to benefit from mechanical loading as it loses the ability
to adapt to mechanical signals. Here we examined whether age-related changes in early
mechanical signals are responsible for reduced mechanoadaptation in bone-forming
osteoblasts (OB) and bone-resorbing osteoclasts (OC). OBs and OCs were differentiated
from precursors obtained from young (10-12 weeks) and old (70-75 weeks) C57Bl/6
mice, loaded with the calcium-sensitive dye Fura-2, and a single cell was mechanically
stimulated using a micropipette. Changes in cytosolic free calcium [Ca?*]; in the me-
chanically stimulated (primary) cells were assessed as indicators of mechanosensitivity
and in neighboring (secondary) cells as indicators of mechanotransduction. While OBs
and OCs did not demonstrate age-related differences in mechanosensitivity, the mechan-
otransduction was affected both in aging OBs and OCs. Mechanically stimulated aging
OBs exhibited deficient mechanotransduction, while OCs became better at propagating
mechanical signals with age. The expression of P2X, and P2Y,,; decreased with age
in OCs but was stable in OBs. Of interest, OBs and OCs from male animals were less
mechanoresponsive than OBs and OCs from females. Thus, our study shows that aging
is associated with an imbalance in mechanotransduction in OBs and OCs that would
support an overall more resorptive phenotype with age. A better understanding of the

mechanisms of age-associated changes in cellular mechanoadaptation will pave the way
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to developing better exercise and pharmacological treatments for aging-associated bone

loss.

4.2 Introduction

Bone mass and strength are affected by the level of exposure to mechanical forces, as
highlighted by bone loss in astronauts and bed-ridden patients or overload experienced
by athletes or military personnel (Willie, E. A. Zimmermann, et al. 2020). Physical activity
is important for the maintenance of bone mass and its quality. With age, a decrease in
bone mass leads to conditions such as osteoporosis, which can be potentially ameliorated
with exercise (Tatsuno et al. 2013). However, studies in mice and humans have shown
that aging results in a significant decrease in bone mechanoadaptation and remodeling
(Bassey et al. 1998; Srinivasan et al. 2012; Willie, Birkhold, et al. 2013; Birkhold,
Razi, et al. 2014; Holguin et al. 2014). Aging also results in an imbalance between
bone formation carried out by osteoblasts (OBs) and bone resorption by osteoclasts
(OCs) (Mgller et al. 2020; Rauner et al. 2008). Age-dependent reduction in the number
and declined function was also described for the osteocytes, the mechanosensory cells in
the bone (Tiede-Lewis et al. 2017). However, there are limited studies in understanding
the mechanisms of age-associated loss of mechanoadaptation at the level of bone cells.
When bone cells experience physical forces, ATP is released within seconds of mechanical
stimulation (Dsouza, Moussa, et al. 2022). ATP and its metabolite ADP act on the family
of purinergic P2 receptors present on bone cells to induce mechanical signals such as
a rise in intracellular calcium [Ca*"],, and expression of genes that ultimately play a

role in bone remodeling (Robling and Turner 2009). P2 receptors are important players
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in the remodeling and maintenance of skeletal health (I. Orriss et al. 2011; Dsouza,
Moussa, et al. 2022). Of interest, the ADP signaling P2Y,; receptor has been implicated
in age-related bone loss (N. Wang, Robaye, Agrawal, et al. 2012). Osteocytes (K. Yu
et al. 2018), OBs (Mikolajewicz, Mohammed, et al. 2018a), and OCs (Dsouza and
Komarova 2024) have been shown to respond to mechanical forces with an increase in
calcium signaling, and reversible plasma membrane tears were strongly implicated in
mechanotransduction (Mikolajewicz, Mohammed, et al. 2018a; K. Yu et al. 2018). Aging
osteocytes were also demonstrated to become resistant to plasma membrane tears, to
lose responsiveness to stimulus, and to display reduced calcium transients, all resulting
in poor mechanotransductive signaling (Hagan, K. Yu, et al. 2020; Morrell et al. 2020).
However, there are limited studies of the effect of aging on early mechanical signals
in OBs and OCs. The goal of this study was to examine the changes with age in early
signals induced by mechanical stimulation of OBs and OCs. We studied these changes in
OBs and OCs from young (10-12 weeks old) and old (70-75 weeks) mice. Single OB or
OC was mechanically stimulated in vitro via local membrane deformation. We studied
cellular mechanosensitivity by examining the degree of injury and calcium signaling in
the stimulated cells, and mechanotransduction by assessing ATP/ADP induced calcium

signaling in neighboring cells.

4.3 Materials and Methods

4.3.1 Cell culture

All animal procedures were carried out as per the ethical guidelines of the Canadian

Council on Animal Care and approved by the McGill University Animal Care Committee
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(protocol #7127). Primary OB and OC cultures were obtained from the tibia and femur
of young (10-12 weeks old) and old (70-75 weeks old) C57BIl/6 male and female mice
and cultured in a-MEM (Gibco, #12561), 10% FBS (Wisent #080-450), 1% sodium
pyruvate (Wisent #600-110-EL) and 1% penicillin-streptomycin (Wisent #450-201-EL)
as described previously (Dsouza and Komarova 2024). OBs were plated at a density
of 5000 cells/cm? in OB differentiation medium containing 50 ug/ml ascorbic acid
(Sigma #A8960), and experiments were carried out on day 3. OCs were plated at 50,000
cells/cm? with culture medium containing 50 ug/ml M-CSF (Peprotech Inc. #300-25)

and 50 ug/ml RANKL (from clones, courtesy: Dr. M.F. Manolson, University of Toronto).

4.3.2 OB and OC staining

OBs were cultured for 28 days in culture medium supplemented with ascorbic acid (50
pg/ml) and f3-glycerophosphate (4mM, Sigma #G5422-100G). To visualize calcium
deposits, cells were fixed in formalin (10% buffered pH 7.4, 8 minutes), washed thrice
with PBS, and thrice with 70% ethanol. OBs were stained with alizarin red staining
solution (1% Alizarin Red (w/v) (Sigma #A5533) in Milli-Q H,0) and incubated for
15 minutes at room temperature in the dark. Cells were then washed thrice with 50%
ethanol and with excessive H,O. The cells were finally rinsed with PBS and visualized
under the microscope. OBs with calcium deposits were stained bright red. OBs were
also stained for alkaline phosphatase activity as described previously (Mikolajewicz,
E. A. Zimmermann, et al. 2018). To visualize collagen, OBs were fixed with ice-cold 70%
ethanol for 1 hour at 4°C and washed twice with PBS. Cells were incubated with Sirius
Red staining solution (Abcam Picro-Sirius Red Stain Kit #ab150681) for 1 hour at room

temperature. Cells were washed twice with acetic acid solution and H,O and visualized
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under the microscope for collagen fibers (stained red). For OC cultures, mature cells
(days 5-7) were fixed in 10% formalin and stained for tartrate-resistant acid phosphatase

(TRAP) (Sigma #387A) (Boraschi-Diaz et al. 2016).

4.3.3 In vitro mechanical stimulation of a single cell

A single OB or OC was mechanically stimulated using a micropipette and visualized for
intracellular calcium signals ([Ca®*];) as described previously (Dsouza and Komarova
2024). Briefly, cells were plated on 35 mm glass bottom dishes (MatTek Corporation) and
loaded with Fura 2-AM, a ratiometric calcium dye, for 30 minutes. Cells were washed
with physiological solution (130 mM NaCl, 5 mM KCI, 1mM MgCl,, 1 mM CaCl,, 10
mM glucose, 20 mM HEPES, pH 7.6, filtered with 0.22 uM filter) and were left to stand
for 10 minutes before the experiment to avoid capturing signals due to washing. Cells
were recorded for baseline activity (approx. 10 seconds), following which a single cell
was gently stimulated with a glass micropipette (World Precision Instruments) using
a FemtoJet microinjector NI2 (Eppendorf, Germany) and recorded until 150 seconds
(Volocity, Quorum Technologies). Cells were excited at 340 nm and 380 nm, and emission

was at 510 nm. The ratio of Fura 340/Fura 380 was used to analyze changes in [Ca*"],.

4.3.4 Membrane injury assessment mechanically stimulated cells

Membrane injury of stimulated OBs or OCs was determined by analyzing the intensity
of the Fura 340 channel over time. The data was exported and processed as described
previously (Dsouza and Komarova 2024). The injuries were classified as either mild or

severe using an unsupervised k-means clustering method (Python).
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4.3.5 RNA isolation and gene expression

RNA was isolated from mature OBs (Day 28) and OCs (Days 5-7) using the TRIzol
regent (Invitrogen #15596026) and reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems #4368813). qPCR was carried out using
the QuantStudio 7 Flex PCR System with PowerUp™SYBR ™ Green Master Mix (Applied
Biosystems #A25742). Housekeeping genes used were Gapdh: Forward- ACCCAGAA-
GACTGTGGATGG, Reverse- CACATTGGGGGTAGGAACAC; f3-actin: Forward- TGTTAC-
CAACTGGGACGACA, Reverse- GGGGTGTTGAAGGTCTCAAA. Genes tested were P2x7:
Forward- ACAATGTGGAAAAGCGGACG, Reverse- TCAATGCACACAGTGGCCA; P2y2:
Forward- GAAGAACTGGAGCAGGCGCT, Reverse- CCATTGCCCTGGACCTGATC; P2y13:
Forward- CAGCTGAGTCTCTTCCAAAACAAA, Reverse- TGCATCCCAGTGGTGTTGAT. A
melt curve analysis was carried out to determine the dissociation data from the P2 gene
amplicons. The data were normalized using the ddCt method. The target genes were

normalized to the average housekeeping genes, f-actin and GAPDH.

4.3.6 Statistical analysis

Data are presented as mean =+ standard error of mean (SEM). Calcium data was analyzed
on GraphPad Prism 10. Membrane injury data was analyzed in Excel, and k-means
clustering was carried out using numpy, matplotlib, pandas, and sklearn in Python. Two-
way ANOVA was carried out with Bonferroni correction posthoc. Student’s t-test was

performed with Welch correction. Fisher’s exact test was carried out for categorical data.
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4.4 Results

4.4.1 OBs and OCs characterization and experiment setup

To understand the changes in mechanosensitivity and mechanotransduction with age,
we performed in vitro mechanical stimulation on OBs and OCs isolated from young
(10-12 weeks old) and old (70-75 weeks old) mice. OBs were characterized using the
alizarin red (calcium deposits), alkaline phosphatase (alkaline phosphatase activity),
and Sirius red (collagen) staining while the OCs were characterized by the TRAP stain
(Fig 4.1A). OBs from older mice displayed reduced calcium deposits as compared to
OBs from young mice, while no differences between the age groups were observed
in the OB alkaline phosphatase activity and collagen formation or in the OC TRAP
staining. Mechanical stimulation of a single young or old OBs and OCs loaded with
calcium-sensitive dye Fura2-AM was performed by gentle touch with a glass micropipette
as described previously (Dsouza and Komarova 2024). Cells were recorded for 10s
for baseline activity, mechanically stimulated at 10s, and were recorded until 150s to
monitor the changes in intracellular calcium signals, [Ca**];, in the stimulated (primary
responder) and the neighboring cell (secondary responder) (Fig 4.1B). The [Ca*'],
responses were determined by the ratio of the Fura 340 and Fura 380 channels. The
primary and secondary responders in young OBs and primary responders in young
OCs overall displayed higher calcium transients than cells from older mice. (Fig 4.1C).
We examined the expression of ATP and ADP receptors known for their important
role in mechanotransduction, P2X, (J. Li, Liu, et al. 2005; Viecilli et al. 2009), P2Y,

(Mikolajewicz, Smith, et al. 2021), and P2Y,; (N. Wang, Rumney, et al. 2013). While in
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Figure 4.1: Calcium transients in in vitro mechanically stimulated OBs and OCs isolated from young
(10-12 weeks) and old (70-75 weeks) mice. A. Representative images of young and old OBs (left) and
OCs right stained for: (left) calcium deposition with alizarin red, alkaline phosphatase activity, and
collagen deposition with Sirius red; (right): TRAP activity. B. Representative calcium responses (ratio
Fura 340/Fura 380) of mechanically stimulated OBs (top) and OCs (bottom). Red curves: stimulated cells
(primary responder), black curves: neighboring non-stimulated cells (secondary responder). C. Average
calcium ratio traces of primary responders (left) and representative secondary responders right in young
(blue) and old (yellow) OBs (top) and OCs (bottom). D. Fold change in expression of P2 genes, P2x7,
P2y2, and P2y13 in young and old OBs (left) and OCs right. Data are mean + SD, n = 30-50 cells for
mechanical stimulation experiments and n = 5-6 cells/age group for gene expression studies

OB no age-related changes in these receptors were observed, OCs from older animals

demonstrated reduced expression of P2X, (p= 0.001) and P2Y,; (p= 0.08) (Fig. 4.1D).

4.4.2 Mechanically-induced membrane injury in OBs and OCs

We and others have shown that OCs (Dsouza and Komarova 2024), OBs (Mikolajewicz,
Mohammed, et al. 2018a), and osteocytes (K. Yu et al. 2018) undergo reversible plasma
membrane tears when exposed to mechanical forces. It is also known that osteocytes

become more resilient to membrane tears with age (Hagan, K. Yu, et al. 2020), however,
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it is not known whether OBs and OCs demonstrate a similar phenomenon with age. We
stimulated Fura2-loaded OBs or OCs and extracted the Fura 340 channel recordings
as an indicator of dye loss (Togo et al. 1999; Mikolajewicz, Mohammed, et al. 2018a;
Dsouza and Komarova 2024) and processed as described before (Dsouza and Komarova
2024). We then used a k-means clustering to separate the injuries among each group
into mild or severe injuries based on three parameters extracted from the dye loss curve,
i) the proportion of dye remaining at the end of the experiment ii) the rate of dye loss
from 40s to 90s after stimulus and iii) the rate of dye loss from 90s to 140s after stimulus
(Fig 4.2A, D). The k-means clustering resulted in a separation of cells undergoing mild or
severe injuries. Severely injured OBs and OCs had a significantly lower proportion of dye
at the end (Fig 4.2B, E, left), and a steeper rate of dye loss throughout the experiment
(Fig 4.2B, E middle, right). We identified no significant differences in the level of injury
among young and old OBs and OCs (Fig 4.2C, F) suggesting that young and old OBs

and OCs have similar resilience to injury.
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Figure 4.2: Membrane injury in mechanically stimulated young and old OBs and OCs. The Fura 340 dye
loss curve was processed as described before (Dsouza and Komarova 2024), and three parameters i) dye
loss at the end of the experiment ii) slope of the curve from 40s to 90s post-stimulus, and iii) slope of the
curve from 90s to 140s post-stimulus were used to classify the injuries as mild (green) or severe (red). A
and D. k-means cluster plots of old OBs (A) and OCs (D), black dots are the centroids of the mild and
severe clusters. B and E. Average proportion of dye remaining at the end of the experiment (left), rate
of dye loss from 40s to 90s after stimulus (middle), and rate of dye loss from 90s to 140s after stimulus
(right) in primary responders among old OBs (B) and old OCs (E). C and F. Percentage of cells k-means
classified as mildly or severely injured in young and old primary OBs (C) and OCs (F). Data are mean =+
SEM, n (young OBs) = 31, n (old OBs) = 58, n (young OCs) = 51, n (old OCs) = 27 cells. Significance
by Student t-test with Welch correction, **p < 0.01, ***p< 0.001, ****p< 0.0001 and by Fisher’s test for
categorical data (C, F).

4.4.3 Calcium signaling parameters in young and old OBs exhibiting

mild and severe membrane injury

We next characterized the calcium parameters in mildly and severely injured young and
old OBs. The calcium responses were higher in severely injured OBs from both young
and old mice (Fig 4.3A). When the injury was mild, all young primary OBs were able
to generate a secondary response, while 8% of older primary OBs did not generate a
secondary response (p = 0.007). However, when the injury was severe, all older primary

OBs generated a secondary response, whereas 6% of younger primary OBs could not
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generate a secondary response (p = 0.03). In both young and old OBs, a significant
increase was observed in the amplitude (2-way ANOVA, p = 0.004) and area under the
curve (AUC) (2-way ANOVA, p < 0.001) of primary calcium responses with an increase
in severity of injury (Fig 5.3B). Interestingly, the secondary responders demonstrated
significant age-dependent differences (Fig. 4.3C). Older secondary OBs had significantly
fewer oscillators than the younger OBs irrespective of the injury level (Fig. 4.3C left).
In younger OBs, the calcium response parameters, amplitude, and AUC of secondary
responders were significantly higher when the injury of the primary cell was severe. In
contrast, in older OBs, no differences were observed in secondary calcium responses
generated by mildly and severely injured primary cells. Moreover, secondary responses
to severely injured young OBs were significantly higher in amplitude and AUC than
secondary responses to severely injured old OBs (Fig. 4.3C middle and right). These data
suggest that either the signal propagation from the primary to the neighboring cells or

the general cell responsiveness to the propagating signals decreases with age in OBs.

137



A. B. Primary response

. p values p values
o Mild injur Il With secondary responder Age: 0.26 Age: 0.21
jury = No secondary responder Injury: 0.004 Injury: 0.0005
o Interaction: 0.75 Interaction: 0.95
SRR Mildinjury ~ Severeinjury
0
%} %} [}
15 g g 515
) = =
© ©
£10 £ £ gl
fas Q [
& B B
©
(&3 0 0
Young Old Young Old Young Old Young Old
C. Secondary response
. o p.values p.values
I With oscillations Age: 0.002 Age: 0.13
ot Injury: 0.001 Injury: 0.001
15 B No oscillations Interaction: 0.001 Interaction: 0.009
Mild injury Severe injury 45 400
21
E 300
) > > 1 $ 10
O, © (o} =
gg gﬂ E_ 3 200
oo o® 5
g ° 3 o < 100
B B
0 0 0 0
Young Old Young Old Young Old Young Old

Figure 4.3: Calcium signaling parameters in young and old OBs exhibiting mild and severe membrane
injury. Young and old primary OBs were divided by the level of injury, mild (green) and severe (red), and
examined for changes in calcium signals with age and injury. A. Average calcium transients of primary
responders of young (top) and old (bottom) OBs undergoing mild or severe injury. B. Calcium signaling
in primary young and old OBs undergoing mild or severe injury. Percentage of primary responders that
induce secondary responders (left, stacked bar graphs), amplitude (middle), and area under curve (AUC)
(right). C. Calcium signaling in secondary young and old OBs. Percentage of secondary oscillators (left,
stacked bar graph), amplitude (middle), and AUC (right). Data are mean + SEM, n (young primary OBs) =
31, n (old primary OBs) = 58. Significance by 2-way ANOVA followed by Bonferroni correction post-hoc,
*p < 0.05, **p < 0.01, ***p< 0.001, ****p< 0.0001 or by Fisher’s test for categorical data (B and C, left).

4.4.4 Calcium signaling parameters in young and old OCs exhibiting

mild and severe membrane injury

We next carried out similar experiments in young and old OCs to determine the effect of
membrane injury and age on calcium signaling. Similar to OBs, young and old OCs also
exhibited increased calcium transients with increase in the injury severity (Fig. 4.4A).
Primary young and old OCs that experienced mild injury, were similar in their ability to
convey the signal to secondary responders. However, when the primary OCs experienced

severe injury, only 38% of young OCs recruited secondary responders, while 80% of
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older OCs were able to propagate a signal to the secondary responders (p < 0.0001) (Fig.
4.4B left). In primary young and old OCs, the amplitude and AUC of calcium transients
significantly depended on the injury levels, however, no age-related differences were
observed (Fig. 4.4B middle, right). Among the secondary responders, older OCs had
more oscillators than younger OCs in the case of mild injuries (p = 0.006), and all
secondary OCs displayed oscillations when the injury was severe (Fig. 4.4C left). No age
or injury-related differences were observed in the calcium transients among secondary
responders (Fig. 4.4C middle, right). Thus, with age, severely injured older OCs can

signal better and recruit more neighboring cells than young OCs.
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Figure 4.4: Calcium signaling parameters in young and old OCs exhibiting mild and severe membrane
injury. Young and old primary OCs were divided by the level of injury, mild (green) and severe (red), and
examined for changes in calcium signals with age and injury. A. Average calcium transients of primary
responders of young (top) and old (bottom) OCs undergoing mild or severe injury. B. Calcium signaling
in primary young and old OCs undergoing mild or severe injury. Percentage of primary responders that
induce secondary responders (left, stacked bar graphs), amplitude (middle), and area under curve (AUC)
(right). C. Calcium signaling in secondary young and old OCs. Percentage of secondary oscillators (left,
stacked bar graph), amplitude (middle), and area under the curve (AUC). Data are mean + SEM, n (young
primary OCs) = 51, n (old primary OCs) = 27. Significance by 2-way ANOVA followed by Bonferroni
correction post-hoc, **p < 0.01, ****p< 0.0001 and by Fisher’s test for categorical data (B and C, left).
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4.4.5 Comparison of mechanically-induced calcium signals in aging

OBs and OCs

We previously showed that OBs are more mechanosensitive and mechanotransductive
than OCs (Dsouza and Komarova 2024). To determine whether these differences remain
with age, we compared the [Ca®']; signals in mechanically stimulated OBs and OCs
from older mice. Older primary OBs were able to generate significantly more secondary
responders as compared to older primary OCs (Fig 4.5A left, p < 0.0001). The amplitude
and AUC of primary responders in OBs were significantly higher than in OCs (Fig 4.5A).
Secondary OCs showed significantly more oscillations than secondary OBs (Fig 4.5B
left, p < 0.0001) but had significantly reduced amplitude and AUC of calcium responses
than OBs (Fig 4.5B). Thus, aging OBs remain more mechanosensitive and mechanotrans-

ductive than OCs, however, the prevalence of oscillatory secondary responses is much

higher in OCs than in OBs.
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Figure 4.5: Comparison of in mechanically-induced calcium signaling in aging OBs and OCs. . A. Calcium
signaling parameters in primary responders: percentage of primary cells with secondary responders (left,
stacked bar graphs), amplitude (middle), and area under curve (AUC) (right). B. Calcium parameters
in secondary responders: percentage of secondary responders displaying oscillations (left, stacked bar
graphs), amplitude (middle), and area under the curve (right). Data are mean = SEM, n (old OBs) = 60,
n (old OCs) = 27. Significance by Student t-test with Welch correction, ***p< 0.001, ****p< 0.0001,
and by Fisher’s test for categorical data (A and B stacked bar graphs).
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4.4.6 Contribution of sex to age-associated changes in mechanically-

induced calcium signaling in OBs and OCs

We next assessed whether sex contributes to the age-related differences in mechanically-
induced calcium signaling. The same data as in Figures 4.3 and 4.4 was analyzed by
combining mechanically stimulated cells by age and sex while ignoring the injury level.
OBs were able to generate a similar percentage of secondary responders independent
of their age and sex (Fig. 4.6A left). Primary OBs from female mice displayed higher
amplitude (2-way ANOVA, p = 0.04) and similar AUC of calcium responses compared
to males (Fig. 4.6A middle, right). For the secondary responders, OBs from younger
males had a significantly higher percentage of cells with oscillations compared to other
groups (Fig. 4.6B left). No sex-related differences were observed among the secondary
responders, but the amplitude was significantly reduced with age in both sex groups (Fig.
4.6B middle). For OCs, mechanically stimulated primary OCs from younger male mice
showed a lower number of secondary responders (p = 0.007) (Fig. 4.7A left). No sex or
age differences were observed in the amplitude or AUC among primary OC responders
(Fig. 4.7A middle, right). For the secondary OC responders, no age or sex differences
were observed among the percentages of oscillators and response amplitude and AUC
(Fig 4.7B left, middle). Interestingly, OCs from females of both age groups tended to
have higher secondary AUC than those from males (Fig 4.7B right, p = 0.11). Thus,
sex-dependent differences were observed in primary responses for both OBs and OCs

and in secondary OB responses.
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Figure 4.6: Sex and age-dependent changes in calcium signaling in mechanically stimulated OBs. A.
Calcium signaling in primary OBs from young and old, female and male mice: percentage of primary cells
with secondary responders (left), amplitude (middle), and area under curve (right). B. Calcium signaling
in secondary OBs from young and old, female and male mice: percentage of secondary responders with
oscillations (left), amplitude (middle), and area under curve (right). Data are mean = SEM, n (young
female OBs) = 14, n (old female OBs) = 17, n (young male OBs) = 17, n (old male OBs) = 39. Significance
by 2-way ANOVA followed by Bonferroni correction post-hoc, and by Fisher’s test for categorical data (A

and B, left).
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Figure 4.7: Sex and age-dependent changes in calcium signaling in mechanically stimulated OCs. A.
Calcium signaling in primary OCs from young and old, female and male mice: percentage of primary cells
with secondary responders (left), amplitude (middle), and area under curve (right). B. Calcium signaling
in secondary OCs from young and old, female and male mice: percentage of secondary responders
with oscillations (left), amplitude (middle), and area under the curve (right). Data are mean *+ SEM, n
(young female OCs) = 19, n (old female OCs) = 18, n (young male OCs) = 32, n (old male OCs) = 10.
Significance by 2-way ANOVA followed by Bonferroni correction post-hoc or by Fisher’s test for categorical
data (A and B, left).

4.5 Discussion and Conclusion

In this study, we aimed to examine age-related changes in mechanosensitivity and
mechanotransduction in OB and OC cultures. We show that injury levels and calcium
signals in the mechanically stimulated cells were similar in OBs and OCs from young and
old animals, suggesting that at the cellular level, mechanosensitivity is not affected by
aging. In contrast, the propagation of mechanically-induced signal to the secondary cells

was notably and differently affected by the aging of OBs and OCs. Specifically, mechan-
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ically stimulated OBs from older animals demonstrated decreased signal propagation
with age, while older OCs showed increased ability to signal to neighboring cells. While
the expression of P2 receptors known for their involvement in mechanotransduction,
P2X,, P2Y,, and P2Y,; was stable in aging OBs, in OCs we observed downregulation
of P2X, and P2Y,; with age. Moreover, OBs and OCs from male animals were less
mechanoresponsive, which for the first time, demonstrated a significant contribution of
sex to cellular-level mechanical signaling. Taken together, our study demonstrates a sig-
nificant dysregulation of mechanotransduction in aging OBs and OCs with a differential
shift in age-related mechanically-induced signaling: a decrease in OBs and an increase
in OCs.

Osteocytes and OBs are well-known mechanosensors and mechanotransducers in
the bone (Romanello, Codognotto, et al. 2005; Genetos, Kephart, et al. 2007; N. Wang,
Rumney, et al. 2013; Kringelbach, Aslan, Novak, Ellegaard, et al. 2015). Recently we
showed that mechanically stimulated OCs are capable of sensing and transducing signals
to neighboring cells proportionally to the level of injury (Dsouza and Komarova 2024).
Several studies reported that osteocytes lose mechanosensitive and mechanotransductive
properties with age (Hagan, K. Yu, et al. 2020; Morrell et al. 2020), in addition to a
reduction in their number and connectivity ((Tiede-Lewis et al. 2017). AE Morrell and
colleagues conducted ex vivo cyclical loading studies on mouse tibiae from young (~20
weeks) and old (~44 weeks) mice with Fluo-8 AM and examined changes in osteocytes
[Ca®*]. signaling in situ. They found that with age fewer osteocytes responded to
mechanical loading and that the responses to stimulus were delayed (Morrell et al.

2020). Similarly, Hagan and colleagues showed in vivo and in vitro that aging osteocytes
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become resistant to loading-induced plasma membrane tears and have decreased calcium
signals (Hagan, K. Yu, et al. 2020). In contrast, our study suggests that aging OBs and
OCs do not exhibit changes in the level of injury or calcium signaling induced by
mechanical stimuli. A potential explanation for this could be that osteocytes are known
to be long-lived in bone (up to 25 years) (Florencio-Silva et al. 2015) and therefore can
undergo preferential selection for injury-resistant cells under repeated loading conditions
(Hagan, K. Yu, et al. 2020). In contrast, OBs and OCs have a higher turnover, several
months for OBs and several weeks for OCs; and in our experiments, OBs and OCs
were differentiated in vitro from the precursor cells, thus limiting the possibility for
the adaptation process similar to that described in osteocytes. Nevertheless, significant
differences in mechanotransduction between OBs and OCs from young and old suggest
age-related changes in OB and OC precursors.

We demonstrate that aging OBs exhibit deficient mechanotransduction while OCs
become better at propagating mechanical signals with age. For OBs, our findings are
similar to those by Donahue and colleagues (Donahue et al. 2001), who showed that
OBs from old rats (~52 weeks) had lower basal [Ca*"]; and decreased responsiveness
to fluid flow compared to younger OBs (~16 weeks). OCs are rarely considered as
active participants in mechanoadaptation, however, our study identified significant and
opposite age-related changes in OCs compared to OBs. Aging is known to result in
an imbalance in bone-forming OB and bone-resorbing OC activity thus shifting the
remodeling to more resorption and eventually resulting in increased porosity and bone
loss (Willie, E. A. Zimmermann, et al. 2020). In vivo, it has been shown that aging mice

have a reduced ability to adapt to mechanical loads, which correlated with a reduction
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in OB activity, while OC activity was sustained across the age groups (Birkhold, Razi,
et al. 2014; Holguin et al. 2014). While both young (Dsouza and Komarova 2024) and
aging OBs are more mechanosensitive and mechanotransductive than OCs, our study
demonstrates the age-related shifts in single cell mechanotransduction in both OBs and
OCs that would support a more resorptive phenotype with age.

We identified age-related changes in the expression of P2 receptors previously im-
plicated in mechanical signaling, P2X, and P2Y,,. Of interest, the expression of both
receptors was downregulated in OCs but not in OBs. P2X,, an ATP-sensitive receptor
that requires higher ATP concentration (in mM range) (S. Xing et al. 2016), was sig-
nificantly downregulated in aging osteoclasts. P2X, was previously implicated in OB
differentiation (D. Sun et al. 2013), mineralization (Panupinthu et al. 2007; I. R. Orriss,
Key, Brandao-Burch, et al. 2012), and survival (Adinolfi et al. 2012), and in OC mat-
uration/fusion (Agrawal et al. 2010), and resorption (Gartland et al. 2003; N. Wang,
Agrawal, et al. 2018). Importantly, P2X, inhibitors abolished OC mechanotransduction
in vitro (Jgrgensen et al. 2002; Dsouza and Komarova 2024). P2Y,,, an ADP-sensitive
receptor (Jergensen et al. 2002; Dsouza and Komarova 2024), demonstrated a trend
of decreased expression in old OCs. P2Y,; was implicated in OB differentiation (N.
Wang, Robaye, Agrawal, et al. 2012; Biver et al. 2013) and OC formation (N. Wang,
Robaye, Agrawal, et al. 2012; N. Wang, Rumney, et al. 2013). P2Y,; global knockout
resulted in reduced bone volume and reduced number of osteoclast and osteoblast in
mice. Additionally, P2Y,; knockout mice were protected from age-related bone loss (N.
Wang, Robaye, Agrawal, et al. 2012). Our previous study implicated ADP in osteoclast

mechanotransduction (Dsouza and Komarova 2024), which is now corroborated by our
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findings that changes in ADP receptor P2Y,; are associated with the changes in osteoclast
mechanotransduction. The signaling by diffusing ATP and ADP through the 15 receptors
that can potentially be stimulated by these ligands is complex (Mikolajewicz, Sehayek,
et al. 2019). We have proposed a conceptual model for the coordinated action of multiple
receptors in transducing the spatiotemporal information regarding the mechanical injury
to the neighboring cells (Dsouza, Moussa, et al. 2022). This study provides the first
findings regarding the age-related changes in the mechanotransduction signaling by this
system of receptors and ligands.

Taken together, our study demonstrates that aging is associated with changes in
mechanotransduction by both OBs and OCs, which occurs in a manner that would
be supportive for bone loss. Of note, we have also identified a novel contribution of
sex to the single-cell mechanosensitivity and mechanotransduction in OBs and OCs.
Sex is an important contributor to osteoporosis, with females being more susceptible
to osteoporosis induced by the removal of sex hormones (such as postmenopausal
osteoporosis) and to age-related osteoporosis (Manolagas 2010). While numerous
studies examined the regulation of OB and OC differentiation and function by sex
hormones (Khosla et al. 2012), we demonstrate a wider role of sex in influencing bone
cell responses to mechanical forces. A better understanding of the mechanisms of age-
associated loss of cellular mechanoadaptation will pave the way to developing better

exercise and pharmacological treatments for aging-associated bone loss.

4.6 Data Availability

Data will be made available upon reasonable request.
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Bridging Statement

In Chapter 4, I show that the intracellular calcium signals released by the mechanical
stimulus are altered in aging osteoblasts and osteoclasts. Osteoblasts have reduced signal
propagation, whereas osteoclasts have an increased signaling ability with age. I also
highlight sex-related differences in calcium signaling in aging osteoblasts and osteoclasts.
In addition to these findings, I also found that the expression of the P2X, and P2Y,,
receptors was downregulated with age in osteoclasts. The studies in Chapter 3 show
that ADP-mediated signaling is essential in osteoclasts in cases of altered loading, while
Chapter 4 highlights the importance of ADP-mediated P2Y,; signaling in aging. Taking
these findings together, P2Y,; may be a target for age-related bone loss. To summarize
ADP-mediated P2Y,, signaling, I conducted a meta-analysis of the literature on the P2Y,,
receptor in this chapter. My primary objective was to assess the potency of different
ligands that act on the P2Y,, receptor. My secondary objective was to distinguish whether

P2Y,, responses differ in different tissues and species.
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5.1 Abstract

P2Y,; is an ADP-stimulated G-protein coupled receptor implicated in many physiological
processes, including neurotransmission, metabolism, pain, and bone homeostasis. Quan-
titative understanding of P2Y,, activation dynamics is important for translational studies.
We systematically identified PubMed annotated studies that characterized concentration-
dependence of P2Y,, responses to natural and synthetic agonists. Since the comparison
of the efficacy (maximum response) is difficult for studies performed in different sys-
tems, we normalized the data and conducted a meta-analysis of ECg, (concentration
at half-maximum response) and Hill coefficient (slope) of P2Y,;-mediated responses
to different agonists. For signaling events induced by heterologously expressed P2Y,,,
ECs, of ADP-like agonists was 17.2 nM (95% CI: 7.7-38.5), with Hills coefficient of 4.4
(95% CI: 3.3-5.4), while ATP-like agonists had EC, of 0.45 uM (95% CI: 0.06-3.15).
For functional responses of endogenously expressed P2Y;;, ECs, of ADP-like agonists
was 1.76 uM (95% CI: 0.3-10.06). The ECs, of ADP-like agonists was lower for the
brain P2Y,; than the blood P2Y,;. ADP-like agonists were also more potent for human
P2Y,; compared to rodent P2Y,;. Thus, P2Y,; appears to be the most ADP-sensitive
receptor characterized to date. The detailed understanding of tissue- and species-related
differences in the P2Y,; response to ADP will improve the selectivity and specificity of

future pharmacological compounds.

5.2 Introduction

Purinergic signaling has gained importance as a therapeutic target since its introduction

in the 1970s [1]. The family of purinergic receptors consists of two main groups,
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P1 receptors that include four subtypes and P2 receptors that comprise of seven P2X
ligand-gated ion channels and eight P2Y G protein-coupled receptors (GPCRs). P1
receptors respond to adenosine, whereas P2 receptors are activated by adenine and
uridine nucleotides, including ATP, ADP, and UTP, and UDP [2]. Purinergic signaling is
relevant to the functioning of almost all body systems [3]. ADP-mediated signaling is
relatively less studied compared to ATP-mediated signaling; however, it is well known
for its importance for thrombosis and hemostasis. Among three P2Y receptors that are
selective for ADP- P2Y1, P2Y,,, and P2Y,; [4], P2Y, and P2Y,, have been studied for
their roles in platelet aggregation. P2Y,; was shown to play an important role in the
initial stages of platelet aggregation, while activation of P2Y;, was demonstrated to
play a critical role in regulating overall thrombosis [5,6]. The significance of P2Y,,
is highlighted by several successful drugs targeting the receptor, namely clopidogrel,
prasugrel, ticagrelor, and cangrelor, which are clinically used to treat cardiovascular
diseases [7,8,9]. However, some studies suggested that, in addition to P2Y,,, these drugs
may also target the P2Y,; receptor [10,11]. Although literature on the P2Y,; receptor
implicate it in various diseases [12], detailed characterization of this receptor in different
tissues remains limited.

The P2Y,; receptor was discovered in 2001 [13]. It is mainly found in the brain,
spleen, heart, bone marrow cells, liver, and pancreas [14]. It is structurally similar
to P2Y;, and is primarily an ADP receptor [13,15]. Signaling through P2Y,; involves
coupling to G; proteins to inhibit adenylyl cyclase [16]. Multiple functional outcomes of
P2Y,, activation have been described, such as cell proliferation, survival, and high-density

lipoprotein endocytosis, as well as an important role in neuromuscular transmission,
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neuroprotection, and neuronal differentiation [10,17,18,19]. In mice, P2Y;; has been
implicated in bone remodeling, where knockout of the receptor in mice resulted in
reduced bone turnover [20]. To quantitatively summarize the existing literature on the
P2Y,, receptor, we conducted a systematic search of PubMed-indexed studies reporting
a concentration-dependence of P2Y,;-mediated responses. Ideally, the receptor response
to an agonist can be characterized by the efficacy (maximal response), affinity (the
concentration at half-maximal response), and steepness (the Hill coefficient, the slope of
the response). Experimentally, in each studied system, the concentration-dependence
allows us to identify a system-specific maximum, ECs,, and the steepness. Since efficacy
and affinity often correlate, it is difficult to dissociate them based on the ECg,. We
assumed that, while the system-specific maximal responses are not directly comparable,
the heterologously-expressed receptors demonstrate maximal efficacy, and therefore,
EC;, obtained in those systems is indicative of the agonist affinity. Therefore, our primary
objective was to assess the potency (ECs,) of existing agonists to induce P2Y,;-mediated
responses. Our secondary objective was to examine if P2Y,; responses vary in different

tissues and species.

5.3 Results

5.3.1 Summary of Studies

Since we were interested in full-length peer-reviewed quantitative studies focused on
the P2Y,; receptor, we used it as one of the inclusion criteria that the publication journal
indexed in PubMed. The PubMed search performed on 14 September 2020 identified 153

articles focused on the P2Y,; receptor. Upon screening by two co-authors, we selected 50
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articles that focused on the P2Y,; receptor for qualitative synthesis (Figure 5.1a). The
P2Y,, receptor was studied in various physiological systems (Figure 5.1b), with most
of the studies conducted in the nervous (20 articles) and digestive (9 articles) systems,
then the musculoskeletal and circulatory systems (6 and 3 articles, respectively). In total,
10 studies employed heterologous expression systems of the P2Y,, receptor. Most studies
focused on the P2Y;; receptor of murine (22 articles), human, or rat origin (14 studies
each). The full-text screening identified 19 articles that examined the concentration-
dependence of P2Y,;-mediated responses. The concentration-dependences from one of
the studies were in the linear range and therefore did not result in a good fit for the Hill
curve, making it impossible to estimate the potency. Therefore, the meta-analysis was
performed on 18 studies that mainly included the studies of the human, mouse, and
rat P2Y,, receptor in immune, nervous, musculoskeletal, and circulatory physiological
systems (Table 5.1). The signaling and functional responses to stimulation of P2Y,; using

ADP, 2MeSADP, ADPfS, ATP, and 2MeSATP were examined in these studies (Table 5.1).

Table 5.1: Overview of selected papers for systematic review and meta-analysis. The search strategy is
included in Table A1. Each paper was assigned a quality score based on a developed questionnaire (Table
A2), where 14 points indicate a high-quality paper. The study names marked in “red” were conducted
in a model system with heterologous P2Y;; expression. ADPSS: adenosine 5’-O-(2-thiodiphosphate);
CREB: cAMP-responsive element binding protein; 2MeSADP: 2-methylthio- adenosine diphosphate; MEPP:
miniature end-plate potentials; ERK: extracellular signal-regulated kinase; IP5: inositol trisphosphate;
[3*S1GTPyS: [**S]guanosine-5’-0-(3-thiotriphosphate); 2MeSATP: 2-methylthio-adenosine triphosphate.

Author, Physiological P2Y,; Quality
Species | Agonist Outcome(s)

Year System expression score
Viral

Zhang et al.,
RNA

2019 Immune Mouse | ADP Endogenous | 13
replication,
Cell viability
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Quintas et al.,

Cell
2018 Nervous Rat ADPSS Endogenous | 12
proliferation
Jacques et al.,
Chick
2017 Sensory ADP p-CREB Endogenous | 13
embryo
Guarracino
Musculo- 2MeSADP, | MEPP
et al,, 2016 Mouse Endogenous | 14
skeletal ADP, ATP | frequency
Lo Dynamic
Bjorquist Model
Human | 2MeSADP | Mass Heterologous | 13
et al., 2016 system
Redistribution
Ortega
et al.,
Nervous Rat 2MeSADP | p-ERK Endogenous | 12
2011
Gao et al.,
2010 Immune Rat ADP Hex release Endogenous | 14
Espada
Nervous
et al ADP Hmox1 Endogenous
? Model Mouse 14
2010 2MeSADP | induction Heterologous
system
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Wang

ATP release,

et al.,
Circulatory Human | 2MeSADP | cAMP Endogenous | 14
2005
accumulation
Kim et al.,
Model 1P,
2005 Human | ADP Heterologous | 12
system accumulation
Jacquet
Model cAMP
etal, Human | ADP Heterologous | 14
system accumulation
2005
Carrasquero
2MeSADP, | cAMP
et al., 2005 Nervous Rat Endogenous | 14
ADP accumulation
Inhibition
Wirkner ADP, of
et al., 2004 Renal Human | ADPSS, N-type Endogenous | 12
ATP calcium
channels
Fumagalli
Model 2MeSADP, | [35S]GTPyS
L 2004 Rat Heterologous | 14
etal, system ADP binding
Chhatriwala
Model 1P,
Human | 2MesADP Heterologous | 14
et al., 2004 .
system accumulation
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2MeSADP,
[35S]GTPyS
Marteau ADP,
Model binding,
et al., 2003 Human | ADPgS, Heterologous | 14
system IP,
ATP,
accumulation
2MeSATP
2MeSADP, | Intracellular
Zhang Model ADP, calcium,
L 2002 Human Heterologous | 14
etaL, system ADPBS, | cAMP
2MeSATP | accumulation
2MeSADP,
IP,
c . ADP,
ot Model accumulation, ,
Human | ADPgS, Heterologous | 14
et al., 2001 system cAMP
ATP,
accumulation
2MeSATP

5.3.2 P2Y,;-Mediated Signaling Events

We first focused on the responses of heterologously-expressed P2Y, 5. Immediate signaling

events studied, following P2Y;, activation, were Ca®*/IP, release, cAMP inhibition, and

[**S]GTPyS binding. From nine articles, we analyzed 22 datasets [10,11,13,14,15,16,27,28,30],

each reporting changes in one of the signaling outcomes in response to one agonist. If

within the same article, the response to an agonist was reported multiple times, so we

averaged these data. For each concentration-dependence, the individual experimental

points were extracted (Figure 5.2a), then if the baseline data were available, it was
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Figure 5.1: Screening and selection process. (a) Preferred reporting items for systematic reviews and
meta-analyses (PRISMA), adapted. n indicates the number of studies (b) The pie chart indicates the
distribution of P2Y;; studies obtained at the full-text screening level (n = 50) in different species in terms
of the receptor’s origin and physiological systems. Studies performed in the heterologously-expressed
P2Y,; receptor are indicated as model systems

subtracted from the data and the maximal point was scaled as 100% (Figure 5.2b). The
resulting data were fit with the Hills curve using the Monte-Carlo method [31], allowing
us to estimate the main effect size of EC5, values with the measure of its variance (SEM)
(Figure 5.2c). When the dataset described P2Y,;-mediated inhibition, such as for cAMP,
it was inversed before fitting with the Hills equation, and ICs, = SEM was identified.
The forest plots represent the logEC.,/IC;, = SEM; however, in the text, we report the
transformed values, EC,,/ICs, = SEM (Table A3). We analyzed the heterogeneity in
the largest dataset of 12 concentration-dependencies for Ca®*/IP, response. The funnel
plot analysis (Figure 5.2d) demonstrated that the study level effects were symmetrically
distributed around the random effects estimate, but did not form a funnel, suggesting

that the precision in these studies did not represent the more reliable estimate of the
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Figure 5.2: Data processing and sensitivity analysis in Ca?"/IP, datasets. (a) Example of a concentration-
dependence curve from a study (Marteau et al. 2003%, reproduced with permission) that was used to
extract P2Y,;;-mediated responses. (b) Extracted dataset was used as an input to fit into the Hill function.
(c) Final output of the dataset fit into the Hill curve after Monte-Carlo simulations. (d) Heterogeneity was
analyzed in Ca®'/IP, release dataset using a forest plot. Study-level (log;,) effect sizes (black circles)
were plotted against the precision (inverse standard error). The red dashed line represents the random
effects estimate. (e) Single study and (f) cumulative study exclusion analysis was carried out to assess
studies that contributed to heterogeneity. Red shaded region: 95% confidence interval; black line: H?
statistic; T,: homogeneity threshold # Reference: Marteau, F.; Le Poul, E.; Communi, D.; Communi, D.;
Labouret, C.; Savi, P.; Boeynaems, J.M.; Gonzalez, N.S. Pharmacological characterization of the human
P2Y,; receptor. Mol. Pharmacol. 2003, 64, 104-112, doi:10.1124/mol.64.1.104 [30].

effect size. Single study exclusion analysis (Figure 5.2¢) identified three datasets that
reduced heterogeneity; however, none of these studies affected the overall effect size.
Cumulative study exclusion analysis (Figure 5.2f) demonstrated that 90% of studies
needed to be excluded to obtain a homogenous dataset and that the effect size decreased
(lower ECg,) with a decrease in heterogeneity.

Next, we compared the ECg,/IC,, for P2Y,;-mediated responses to ADP and ADP-like
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agonists for three signaling outcomes: Ca®*/IP, release, cAMP inhibition, and [**S]GTPyS
binding (Figure 5.3, Table A3). Ca?"/IP, release and cAMP inhibition required similar
concentration of agonists with ECg, value of 9.2 nM (95% CI: 3.1-27.0) for Ca**/IP,
release and ICg, of 12.3 nM (95% CI: 4.9-31.1) for cAMP inhibition. In contrast, EC,
for [**S]GTPyS binding was higher, at 136.88 nM (95% CI: 14.19-1320.78); however,
the dataset for this parameter was relatively small. ADP and ADP-like agonists displayed
distinct potencies in initiating different P2Y,;-mediated signaling events. 2MeSADP had
a lower ECs, of 1.93 nM (95% CI: 1.18-3.16) than ADP (ECs,: 12.72, 95% CI: 3.0-54.5)
in generating a Ca*/IP, response; however, for the cAMP inhibition, 2MeSADP ICs, was
higher at 38.9 (95% CI: 29.1-52.0) compared to ADP, which had ICs, of 5.2 (95% CI:
1.1-25.8). In [**S]GTPyS binding, both 2MeSADP and ADP had wide confidence intervals,
with the ADP and 2MeSADP subgroups being dominated by the Fumagalli et al. 2004
study [14]. Within studies that assessed both ADP and 2MeSADP-mediated responses
within the same system, three studies reported higher potency for ADP compared to
2MeSADP [13,14,28], while two studies reported the reverse [15,30]. We also analyzed
the Hills coefficient (steepness) of the agonist’s concentration-dependent curves in the
largest signaling dataset of Ca®*/IP, release (Figure 5.4). The steepness was similar for
all ADP and ADP-like agonists, with an overall steepness of S = 4.4 (95% CI: 3.3-5.4).
Overall, when all signaling responses to all ADP-like agonists were combined, the ECs,

value for P2Y,;-mediated signaling was 17.2 nM (95% CI: 7.69-38.48).

5.3.3 P2Y,;-Mediated Functional Events

Next, we examined functional responses reported to be mediated by P2Y,, (Figure 5.5).

We analyzed 14 datasets from 9 articles [17,18,21,22,23,24,25,26,29] that described
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Figure 5.3: Signaling responses to ADP and ADP-like agonists in the P2Y,; receptor. The forest plot
represents the log,, EC5,/IC5, values of different ADP and ADP-like agonists to generate P2Y, ;- mediated
signaling outcomes. The black diamond represents the overall effect size, and the pink shaded region
represents the 95% confidence interval. The majority of studies were conducted in heterlogously-expressed
P2Y,; (marked in red), with the exception of the endogenously expressed P2Y;; study in (Carrasquero
et al. 2005). All the studies were of sample size, n = 3, unless otherwise stated in parentheses. The studies
marked in * had multiple recordings of the same agonist and outcome in the individual study and were
averaged, with (Communi et al. 2001), having 2 datasets and (Marteau et al. 2003) having 3 datasets.
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functional events consisting of intermediary cellular signaling, such as Hex release
[25], calcium channel inhibition [29], phosphorylation of ERK 1/2 [24], and cellular
proliferation [22]. In all but one dataset [17], the functional responses were examined
in the systems with endogenously-expressed P2Y,;. The ECs, of ADP and ADP-like
agonists-induced functional responses were many orders of magnitude higher than
immediate signaling by heterologously-expressed P2Y,;. ADP and ADP-like agonist-
mediated intermediary signaling and protein activity exhibited ECg, of 2.3 uM (95%CI:
0.1-143.4) and 0.1 uM (95% CI: 0.01-1.87), respectively, while cellular proliferation
had an even higher EC;, of 46.7 uM (95% CI: 4.1-532.5). Comparison of different
agonists was difficult because often only few datasets were available for each agonist.

Nevertheless, for receptor-mediated intermediary signaling and protein phosphorylation,
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2MeSADP demonstrated the lowest EC;, (Figure 5.5, Table A3), while ADP and ADPf3S
had relatively higher EC., for each functional outcome (Figure 5.5, Table A3). Overall,
when all functional responses to all ADP-like agonists were combined, the EC;, value for

P2Y,;-mediated functional responses was 1.76 uM (95% CI: 0.3-10.06).

5.3.4 ATP-Mediated P2Y,; Signaling

We examined available data for ATP and 2MeSATP-induced P2Y,;-mediated responses
(Figure 5.6). To be able to compare ATP-and ADP-mediated effects, we limited the dataset
to studies that examined immediate signaling outcomes of heterologously-expressed
P2Y,; [15,30]. ATP and 2MeSATP had an overall EC,, of 0.45 uM (95% CI: 0.06-3.15)
to induce P2Y,;-mediated signaling, which was much weaker than ADP and ADP-like

agonists that signal via P2Y;; in the nanomolar range (Table A3).
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e " ' . . . . : . . i i

< | |
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Figure 5.6: P2Y,;-mediated signaling outcomes with ATP and ATP-like agonists. The forest plot contains
the log;, ECs, values of ATP and 2MeSATP in generating P2Y,;-mediated signaling outcomes. The black
diamond represents the overall effect size, and the pink shaded region represents the 95% confidence
interval. The study names marked in “red” were conducted in the heterologously- expressed P2Y,, receptor.
All the studies were of sample size, n = 3, unless otherwise stated in parentheses.

5.3.5 P2Y,;-Mediated Effects in Different Tissues

We next examined if the type of tissue studied affected the responses of endogenously-
expressed P2Y,, (Figure 5.7). In blood tissue, functional events were studied in 4 datasets
across 3 articles [21,25,26] and the ECs, value was 17.9 uM (95% CI: 0.8-426). In

the brain, 5 datasets across 3 articles [17,22,24] examined functional responses and
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the EC;, value for ADP and ADP-like agonists was 0.3 uM (95%CI: 0.02-4.89). Thus,

P2Y,;-mediated responses are noticeably different in different tissues.

5.3.6 Species Origin of the P2Y;; Receptor

Finally, we assessed whether the potency of ADP and ADP-like agonists vary depending
on the species origin of the P2Y,; receptors (Figure 5.8). We analyzed 35 datasets
divided into two major categories, humans with 19 datasets from 9 articles

[10,11,13,15,16,26,27,29,30] and rodents that included 16 datasets from 8 articles
on mouse and rat P2Y,;; [14,17,18,21,22,24,25,28]. In humans, signaling outcomes
required nM levels of agonists with the order of potency of 2MeSADP > ADP > ADPfS,
while in rodents, ADP and 2MeSADP had similar potency (Figure 5.8, Table A3). Overall,
ADP and ADP-like agonists displayed a lower potency to induce signaling events in
human P2Y,;, with ECs, of 7.4 nM (95% CI: 2.9-18.8), compared to rodent P2Y,,, with
EC;, of 149.8 nM (95% CI: 64.3-348.8). In humans, functional responses could not
be divided into agonist types due to a limited number of studies. In rodents, the ECs,

for P2Y,;-mediated functional responses was lower for 2MeSADP compared to ADP
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and ADPSS (Figure 5.8, Table A3). Overall, the functional responses for rodent P2Y,,

displayed lower ECs, than for human P2Y,, (Figure 5.8, Table A3).

5.4 Discussion

We systematically identified 18 studies that assessed the concentration dependence of the
P2Y,, receptor and quantitatively summarized the ECs, of P2Y,; responses to different
agonists. We found that ADP and ADP-like agonists are three orders of magnitude
more potent than ATP and ATP-like agonists at the P2Y,; receptor. 2MeSADP was more
potent than ADP or ADPbS for immediate signaling events in pharmacological assays,
in particular for human P2Y,;, but exhibited similar potency for physiological signaling
events, such as cAMP inhibition. We found that much lower agonist concentrations
are required to elicit immediate signaling events in heterologous expression systems,
such as calcium and cAMP signaling, compared to functional outcomes in endogenous
expression systems, such as protein phosphorylation and cell proliferation. Finally, our
data suggest that ADP and ADP-like agonists have a lower ECg, at the brain P2Y,,
compared to the blood P2Y;; and an order of magnitude lower ECg, at the human P2Y,,
compared to rodent P2Y,;. We provide the quantitative estimates for the potency of
ADP, ATP, and their derivatives in stimulating P2Y,;-mediated responses. In heterologous
systems, which we assumed provide a maximal efficacy for P2Y,;-mediated effects, our
meta-analysis shows that 2MeSADP was more potent in a pharmacological assay that
relies on activation of Ca®*/IP, release, while ADP was equivalent or more potent in
cAMP inhibition, which is the physiological outcome of this Gi-coupled receptor [15].

Previous studies on the P2Y;; receptor similarly concluded that, for P2Y;5, the difference
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Figure 5.8: Subgroup analysis based on the species of the P2Y;; receptor. The forest plot represents the
log,, ECs, values in different P2Y, species (humans and rodents) to generate a P2Y;;-mediated response.
The black diamonds and the pink shaded regions represent the overall effect size and the 95% confidence
interval. The study names in “red” were conducted in the heterologously-expressed P2Y,; receptor. All
the studies were of sample size, n = 3, unless otherwise stated in parentheses. The studies marked in *
had multiple datasets of the same agonist and outcome in the individual study and were averaged, with
(Communi et al. 2001), having 2 datasets and (Marteau et al. 2003), having 3 datasets.
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in potency between 2MeSADP and ADP depends on the experimental conditions and in
most cases, is not as pronounced as for the P2Y;, receptor [13,15,30]. In keeping with
previous studies [15,29,30], our meta-analysis demonstrates that ATP and 2MeSATP act
as weak agonists of the P2Y,; receptor. The EC;, for P2Y,;-mediated inhibition of cAMP
by ADP was estimated as 5.24 nM (95% CI: 1.06-25.80), which confirms that ADP has a
higher potency at the P2Y,; receptor compared to other ADP-sensitive receptors, P2Y;
and P2Y,, [4].

We found that the reported ECs, for ADP and ADP-like agonists of P2Y,,; was con-
sistently higher (by 3 orders of magnitude) in the studies that focused on functional
responses of the endogenously-expressed receptor, such as cellular proliferation and
protein phosphorylation, compared to signaling outcomes of P2Y,; activation in het-
erologous systems. There could be several potential explanations for this observation.
First, it is important to note that the majority of the signaling or pharmacological studies
used the heterologously-expressed P2Y,; receptor, often co-transfected with chimeric
G proteins, such as Ga/16, to isolate its responses from P2Y; and P2Y,,, while the
endogenously expressed receptor was used in studies of functional outcomes. Since ECg,
is a complex function of the affinity for the receptor and its efficacy, which depends
on the expression level [32], the apparent ECs, would be expected to be lower for the
exogenously-expressed receptor compared to the endogenously expressed receptor. How-
ever, the data quantifying the absolute amounts of receptors present in different systems
are not available to validate this possibility. Second, the timing between signaling events
measured immediately upon the addition of ligand and functional outcomes, which

usually take hours or days, may lead to the differences in observed ECq,,. It is possible
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that a sustained agonist application is needed to observe similar ECs, in functional
outcomes. Finally, it is possible that cooperativity with other receptors is required to
induce a functional response through P2Y,,, since, naturally, ADP is presented not in
isolation, but rather in combination with ATP [33]. Since no study investigated both
signaling and functional events, future studies are required to uncover the mechanisms
underlying these differences.

Our study suggests that P2Y,; properties may depend on the tissue and species origin
of the receptor. Specifically, the subgroup analysis that took into account agonist and
outcome type suggested that ADP and its agonists are more potent at the brain P2Y,, than
the blood P2Y,; and that ADP and ADP-like agonists are more potent at the human P2Y,,
receptor than the mouse P2Y,, receptor. While these findings are potentially interesting,
they require further confirmation, since subgroup analysis resulted in a relatively low
number of datasets per condition. No study has directly compared P2Y,; responses in
different tissues, which is of potential interest when off-target tissue pharmacological side
effects are considered. Moreover, the expression levels of P2Y;, can differ in different
tissues, resulting in variability in the apparent potency of its agonists. In regard to
the species origin of the receptor, the original study by Zhang and co-authors [15]
demonstrated that ADP and its analogs have higher potency at murine P2Y,; compared to
human P2Y,;, while we show that rodent receptors (mouse and rat) demonstrate higher
EC., compared to human P2Y,; in signaling responses. Therefore, further comparative
studies for receptors of murine, rat, and human origin are needed to identify their
differences, which may translate to distinct in vivo responses to related pharmacological

compounds in different species.
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Several limitations of our study should be noted. The majority of the studies used
the heterologously-expressed P2Y,; receptor; therefore, we were limited in studying
the endogenous response of the P2Y,, receptor. Heterologous expression of a receptor
may result in lower ECs, values if the population of the P2Y;; receptors is higher than
in the native environment. Therefore, characterizing native P2Y,;-specific downstream
signaling events, such as cAMP activity, remains important. However, it should be noted
that, in the absence of specific P2Y,; agonists, it is experimentally difficult to separate the
P2Y,;-mediated responses from those mediated by other ADP-responsive P2 receptors,
P2Y,, and P2Y;, since, in many cells, all three receptors can be expressed simultaneously
[34,35,36]. Another limitation related to data availability was the small number of
datasets available for some experimental conditions, making the subgroup analysis
difficult. For example, studies on blood cells only had functional responses and no
signaling responses and the analysis of the time dependence of P2Y,; activation was not
possible, since only two studies examined it. We also excluded one study from the meta-
analysis because the concentration-dependence presented in that study was limited to
the linear range, precluding us from extracting ECs,, which was our main meta-analytic
outcome. Finally, we observed a high level of heterogeneity in the meta-analysis. While
some heterogeneity was explained by the type of agonists, the type of outcome, and the
cell origin, the remaining heterogeneity in several cases was still high. This may be due
to the inherently different experimental conditions across studies and will be alleviated
when this relatively new receptor is characterized more thoroughly.

In conclusion, our meta-analysis provides the ECs, estimates with confidence intervals

for different outcomes of P2Y,;-mediated responses. We have shown that the potency
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of agonists on P2Y,; differs according to the outcome, type of tissue, and the origin of
species. These studies provide an important step towards quantitative characterization
of different P2Y receptors. In the future, this will allow differentiating P2Y,;-mediated
effects from those induced by P2Y,, or P2Y;. P2Y,,-targeting compounds, such as clopido-
grel, ticagrelor, and cangrelor, are now in clinical practice [37,38], and it was previously
suggested that these drugs may also interfere with P2Y,; [10,30]. Therefore, the detailed
understanding of different receptors will help in improving the selectivity and specificity

of future pharmacological compounds.

5.5 Materials and Methods

This study implemented the preferred reporting items for systematic review and meta-

analysis (PRISMA) checklist [39].

5.5.1 Software

EndNote X9 (Clarivate Analytics, Philadelphia, PA, USA) was used to import research
articles from PubMed. Data extraction and meta-analysis were carried out using the
META-LAB plug-in for MATLAB R2016b (The MathWorks Inc., Natick, MA, USA) . Inter-
polation and normalization of data were performed on GraphPad Prism 9 (SanDiego, CA,
USA). Results obtained from the above-mentioned software were exported to Microsoft
Excel for further characterization and analysis. The plots generated from META-LAB
and Microsoft Excel were edited using CorelDraw Graphics Suite 2020 (Ottawa, ON,

Canada).
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5.5.2 Summary of Studies

The search strategy was developed such that the resulting studies contained concentration-
dependence curves of the agonists to the P2Y,, receptor (Table A1). The search was
conducted on 3 July 2019 on PubMed and was updated on 14 September 2020, as the
database covers an extensive list of high-quality articles, and the results were exported
to EndNote. Reviews, editorials, letters, and conference abstracts were excluded and
only papers in English were included. Abstracts were screened by two independent
reviewers (C.D. and S.V.K.) to identify papers focusing on the P2Y,; receptor and its
function. Selected abstracts were further full text screened by the experiments conducted
in the study. Only concentration-dependence studies of agonist(s) on the P2Y;; receptor
were included, while others were excluded. The selected studies were assessed for their

quality using a questionnaire (Table A2).

5.5.3 Data Extraction

The figures from selected studies were provided as input to META-LAB’s “Data Extraction”
module, which facilitated the extraction of concentration-dependent experimental values
and their reported variance. When provided, control or baseline experiments were also
extracted. The sample size and the type of variance (standard error or standard deviation)
were recorded. When the measure of variance was not reported, it was assumed to be a
standard error. Studies with unreported sample size were set to 3. In cases of studies

providing a range of sample size, the lowest number was selected.

178



5.5.4 Study Level Outcomes

Study level outcomes included (i) ECs,. The concentration of agonist required to achieve
a half-maximum response and (ii) steepness of the slope (S) in the largest dataset in

P2Y,;-mediated signaling responses (Ca?*/IP, release).

5.5.5 Scaling and Normalization of Data

Before fitting, the extracted data were scaled and normalized such that it ranged from

0-100% of output measurement:

A—minimum value o
Anormalized = . . Yo
maximum value — minimum value

When baseline measurements were provided, concentration-dependent values were
subtracted from the baseline prior to normalizing with the highest value to obtain
measurements pertaining to the P2Y;,;. When the baseline was absent, the lowest value

was selected as the minimum response.

5.5.6 Fitting Dose-Dependency Curves in Hill Function

Using META-LAB’s “Fit module”, the normalized data were fit to the Hill equation with
the Monte-Carlo error propagation method and iterated to 1000 times to obtain ECq,

and the steepness of the slope. The equation used:

Xxh3
Y = —,ﬁl
P34 xp3
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where f3; is the maximum response, f3, is the agonist’s concentration required to induce

half of its maximal response, and f, is the steepness of the slope.

5.5.7 Preparing Data for Meta-Analysis

Multiple independent measurements of the same agonist within studies were averaged
for the analysis. Covariates were assigned to individual studies to conduct subgroup

analysis.

5.5.8 Meta-Analysis

A random-effects model was used to pool study estimates, ECs,, and steepness (S) to

generate a summary outcome 0:

S0 x w))

g =i i Wi
Zi(wi) ’

where N refers to the number of datasets. The standard error computed for the summary

effect:
1

vV ZiV(Wl)

The 95% CI was computed using a z-distribution:

se(0) =

CI = :l: Z(l—%)’

where a=0.05.

The weights w; assigned to each study were calculated using an inverse variance ap-
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proach:

_ 1
se(6,)* + 72

i

The inter-study variance was predicted using the DerSimonian-Laird estimator:

2 Q - (N - 1)
T = —
c
where Q is the heterogeneity statistic, N is the number of datasets, and c is the scaling

factor.

5.5.9 Subgroup Analysis

Subgroup analysis was performed depending on (i) the type of tissue studied and (ii)

the origin of the species of the studied P2Y,, receptor.

5.5.10 Heterogeneity

The heterogeneity among data was quantified using the H? statistic:

o=

df

where Q is the measure of total variation and df is the degrees of freedom. H? refers to
the magnitude of heterogeneity in the data independent of the number of studies. Funnel
plot, single study, and cumulative study exclusion analyses were performed to assess
heterogeneity and publication bias. The funnel plot was generated with the inverse
standard error, 1/se (6,), against the individual study effect size ;. The homogeneity

threshold, T, represents the percentage of studies that need to be removed to achieve
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homogeneity.
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Chapter 6

Discussion and Conclusion

The goal of this thesis was to investigate the changes in mechanotransduction and
purinergic signaling in aging osteoblasts and osteoclasts. My first aim, described in Chap-
ter 3, was to examine the mechanosensitivity and mechanotransduction of osteoclasts
as they are less studied in the context of mechanotransduction. The second aim was
to identify aging-associated changes in the response of osteoblasts and osteoclasts to
mechanical loading, which is highlighted in Chapter 4. Finally, the last aim was to char-
acterize the signaling dynamics of the ADP-mediated P2Y, receptor, which is described

in Chapter 5. I will highlight and discuss the findings of my thesis in this chapter.

6.1 Osteoclasts as mechanosensitive and mechanotrans-

ductive cells

Bone health is critical for overall quality of life as it plays an essential role in locomotion,
protection of internal organs, and metabolism. It also serves as a reservoir for mineral

homeostasis (B. Clarke 2008). It is highly influenced by its physical environment, and
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exercise is important for increasing and maintaining bone health (Kohrt et al. 2009;
Marques et al. 2012). At the cellular level, bone adaptation is complex, requiring the
coordination of bone cells to respond to these forces and adapt to maintain the struc-
ture and properties of bone. Osteocytes, the main mechanosensors in bone, sense the
load and dictate osteoblasts to form bone and osteoclasts to resorb bone. When bone
experiences mechanical forces, it adapts itself through a process known as remodeling
where osteoblasts and osteoclasts are tightly coupled as a BMU, and their balanced
activity helps renew and maintain bone (Allen et al. 2014). Osteocytes and osteoblasts
have been studied extensively for their mechanosensitivity and mechanotransductive
properties (Chapter 2). However, the mechanoadaptive properties of osteoclasts are less
studied.

Osteoclasts play an important role in bone remodeling by resorbing old or damaged
bone (Sommerfeldt et al. 2001). They are the first to appear at the site in the remod-
eling process (Allen et al. 2014). Therefore, it can be assumed that they possess some
ability to sense loads and arrive at the site of bone subjected to forces. Previous studies
have investigated the ability of osteoclasts to sense mechanical forces independently,
either through local membrane deformation (Jgrgensen et al. 2002), substrate stretching
(Shafieyan et al. 2014), fluid shear forces (Morales-Jiménez et al. 2022), and vibration
(Kennedy et al. 2021). In our study (Chapter 3), we also show that mechanically stimu-
lated osteoclasts (primary responder) respond to the stimulus, displaying an increase in
intracellular calcium [Ca®']; and conveying the information to neighboring osteoclasts
(secondary responders). We also show that osteoblasts are more mechanosensitive and

mechanotransductive than osteoclasts. Next, we separated primary responders based
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on their injury level and showed that on severe injury, osteoclasts displayed increased
[Ca?*],. We also show that osteoclasts respond to increasing shear stress forces, which
are more physiologically relevant forces in the bone. Thus, like osteocytes (Kringelbach,
Aslan, Novak, Ellegaard, et al. 2015) and osteoblasts (Mikolajewicz, Mohammed, et al.
2018a), osteoclasts respond proportionally to mechanical stimuli.

Plasma membrane damage (PMD) is an important mechanism through which cells sense
mechanical forces (Hagan, Balayan, et al. 2021). Bone cells, osteocytes and osteoblasts
are known to undergo reversible PMDs in response to a stimulus (Mikolajewicz, Mo-
hammed, et al. 2018a; K. Yu et al. 2018). PMDs also serve as one of the main routes
of ATP release through which bone cells communicate with each other regarding the
degree and level of stimulus (Chapter 2). Here we applied shear forces to osteocytes
and added trypan blue dye at various time points post-stimulus. We found that with an
increase in time, there was a decrease in the proportion of cells taking up the dye. Thus,
for the first time, we show that osteoclasts also undergo reversible PMDs on mechanical
stimulus. Together, these studies show that osteoclasts, indeed, are capable of sensing

local strains independently in the environment.

6.2 Role of ATP and ADP-mediated signaling in mechanoad-

aptation

When bone cells experience forces, ATP is released within minutes into the environment.
ATP and its metabolites such as ADP, act on the family of purinergic receptors to incite a

cascade of downstream responses such as a rise in [Ca®*]; and expression of genes that
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regulate bone mechanoadaptation (Robling and Turner 2009; I. R. Orriss, Burnstock,
et al. 2010). In Chapter 2, we built a conceptual model on how extracellular ATP and
its metabolites ADP and adenosine participate in this complex process and possibly
convey different information regarding the degree, severity, and stage of injury. We also
highlight the role of different P2 receptors and propose how these receptors fit into this
complex model.

The release of extracellular ATP is proportional to the level of stimulus and acts as a
signal to neighboring bone cells conveying the proximity to the site of damage whereby
cells near the site of stimulus will receive more ATP (Fig 2.1). We gathered studies on
mechanically stimulated ATP release from bone cells and attempted to provide qualitative
and quantitative information (Table 2.1). We found that, constitutively, bone cells release
1-25 amol/cell to the extracellular environment. At low levels of stimulus, bone cells are
known to release ATP via vesicles (Burnstock and Verkhratsky 2012). On intermediate
forces, cells release ATP via PMDs and were estimated to release 21 + 11 to 422 + 97
amol ATP/cell. At higher levels of force, the cell membrane ruptures, and the amount of
ATP released can range between 50 and 500 amol ATP/cell.

ATP acts as a ligand on P2 receptors where the affinity for ATP ranges from 10 nM -
100 uM (Grol et al. 2013; S. Xing et al. 2016). ATP-mediated P2 receptor signaling is
important in regulating osteoblast and osteoclast formation and survival (Table 2.3).
Modulating P2 activity results in either bone loss or bone gain phenotypes, highlighting
the importance of studying these receptors in bone cells. We sought to identify the
role of P2 receptors in mechanically stimulated osteoclast signaling (Chapter 3). We

found that blocking the P2X, receptor abolished [Ca*']; signals in secondary responders
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in agreement with another study (Jgrgensen et al. 2002). An interesting observation
was that when we used suramin, a broad P2 receptor inhibitor (Illes et al. 2021), we
did not see abolished secondary responders but rather an increase in calcium signals.
While our study shows that P2X,, which is not blocked by suramin, is important for
osteoclast mechanotransduction, there could also be other channels that are important
in mechanically stimulated osteoclasts. One such example is anoctamin 1, which was
recently implicated in regulating mechanical loading in osteoclasts, and deletion of this
channel resulted in a blunted osteoclast response to mechanical loading (W. Sun et al.
2023).

Extracellular ATP is degraded over time through the function of ectonucleotidases to
form ADP (H. Zimmermann et al. 2012). If the level of stimulus is low, ATP will be
quickly degraded; thus, there will not be enough ADP to generate ADP-mediated P2
responses as ATP is an order of magnitude more potent than ADP in activating cellular
responses (Mikolajewicz, Sehayek, et al. 2019). However, in cases of severe injury, the
amount of ATP degraded over time will generate considerable amounts of ADP to result
in a downstream response. Hence, our model proposes that ADP becomes more relevant
in sites of large injury and may be a positive signal for mechanoadaptation (Chapter
2). In our study on osteoclast mechanobiology (Chapter 3), we investigated the role
of ATP and ADP in osteoclasts. We performed mechanical stimulation experiments on
osteoclasts in either ATP or ADP-rich conditions. While ATP signals were necessary for
mechanotransduction, we found that ADP signals become more critical in cases of severe
injury as the [Ca®*]; response to secondary responders was higher in ADP-rich conditions

than in ATP-rich conditions. This is quite different from the mechanotransduction in
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osteoblasts, where ATP-mediated signals are predominant (Mikolajewicz, Mohammed,
et al. 2018a; Mikolajewicz, Sehayek, et al. 2019).

Our study highlights the ability of osteoclasts to sense mechanical loads in the
bone microenvironment. Further studies need to be carried out to determine how
these findings fit in the context of bone remodeling. We show that osteoclasts are
mechanosensitive and transduce signals to neighboring cells. Still, it would be of interest
to understand how these signals play a role in the context of physical activity. Several
studies have shown that changes in [Ca*"], signals in mature osteoclasts alter osteoclast-
mediated bone resorption (Chambers et al. 1987; Malgaroli et al. 1989; Moonga et al.
1990; Kajiya 2012). However, further research needs to be done to identify how the

signaling dynamics of osteoclasts dictate their activity in an anabolic environment.

6.3 Mechanotransduction in aging osteoblasts and os-

teoclasts

Our next goal was to understand how mechanotransductive properties are affected in
osteoblasts and osteoclasts with age. Aging is associated with an imbalance of osteoblasts
and osteoclasts, where resorption by osteoclasts exceeds bone formation by osteoblasts
with age (Mgller et al. 2020), resulting in decreased bone mass, altered mechanical
properties, and increased risk for conditions such as osteoporosis (Almeida et al. 2013).
It has also been shown in vivo that the aging bone has a reduced ability to adapt to
mechanical loads due to reduced osteoblast activity and sustained osteoclast activities
with age (Birkhold, Razi, et al. 2014). In Chapter 4, we aimed to identify whether changes

in the osteoblast and osteoclast activity with age are due to changes in mechanosensation
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and transduction.

It is known that osteocytes have reduced number, connectivity, and function with
age (Tiede-Lewis et al. 2017). They also undergo fewer plasma membrane tears and
have low [Ca*"]; with age (Hagan, K. Yu, et al. 2020; Morrell et al. 2020). However,
studies on aging osteoblasts and osteoclasts in this context are very limited. We found
that the injury levels of osteoblasts and osteoclasts are similar in young and old mice and
that their mechanosensitive properties are unaffected by age. However, osteoblasts
and osteoclasts have altered mechanotransduction with age. We demonstrate that
with age, primary osteoblasts had reduced signal propagation to secondary osteoblasts,
while primary osteoclasts demonstrated an increased ability to propagate the signal
to secondary osteoclasts. This shift in aging osteoblasts is consistent with a study on
osteoblasts from aged rats where they showed that old osteoblasts had lower basal
calcium and reduced responses to mechanical loads than young osteoblasts (Donahue
et al. 2001). Here, for the first time, we report how aging osteoclasts behave in the
context of mechanotransduction and identify unique alterations occurring in these cells.

We investigated age-related changes in P2 receptors important for osteoblast and
osteoclast mechanotransduction. In Chapter 3, we show that the P2X, receptor is impor-
tant for osteoclast mechanotransduction, and ADP-mediated signaling was found to be
important in altered osteoclast loading conditions. In the context of aging, ADP-mediated
P2Y,, signaling has been linked to age-related bone loss where mice deficient in P2Y,,
had reduced bone volume and number of osteoblasts and osteoclasts. However, P2Y,,
deficient mice were protected from age-related bone loss (N. Wang, Robaye, Agrawal, et

al. 2012). In our study, we found that the levels of P2X, and P2Y,; were downregulated
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with age in osteoclasts, while no differences were observed in osteoblasts with respect
to age.

We highlight the importance of sex in age-related loss of mechanotransduction. It is
known that sex plays an important role in bone loss with age (Isales et al. 2018). Here,
we found that osteoblasts and osteoclasts from male mice were less mechanoresponsive
than osteoblasts and osteoclasts from aging female mice. Thus, our study shows that
aging results in a change in mechanotransduction in osteoblasts and osteoclasts and that
sex plays an important role in the activity of aging osteoblasts and osteoclasts.

Further studies need to investigate the molecular mechanisms underlying age-related
changes in the mechanoadaptation of bone cells. It would be important to characterize
the ATP and ADP-induced signaling in aging osteoblasts and osteoclasts and examine
whether and how these specific receptors affect the mechanosensitive and mechan-
otransductive properties of these cells. Our studies show that ADP-mediated signaling is
important in osteoclasts (Chapter 3) and that the ADP-sensing P2Y,; is downregulated
in osteoclasts with age (Chapter 4) strongly suggesting that P2Y,;; may be linked with
altered osteoclast mechanotransduction with age. Future studies should investigate
whether pharmacologically altering ADP-mediated signaling in osteoclasts can rescue

bone loss and improve physical activity outcomes.

6.4 P2Y,; mediated signaling: meta-analysis

Our findings that ADP-mediated P2Y,, signaling is important in osteoclast mechanotrans-
duction (Chapters 3, 4) as well as prior studies (N. Wang, Robaye, Agrawal, et al. 2012;

N. Wang, Rumney, et al. 2013) have identified the P2Y;; receptor to be a target for
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age-related bone loss, suggesting that P2Y,; may serve as a drug target, especially for
age-related bone loss where osteoclast activity is higher than osteoblast activity. However,
there is a gap in knowledge consolidation of P2Y,;-mediated signaling. We quantitatively
summarized the literature on the P2Y,; receptor by conducting a meta-analysis on
PubMed-indexed studies on the concentration dependence of P2Y,;-mediated responses
(Chapter 5). Our primary objective was to assess the potency (ECs,) to generate a P2Y, -
mediated response. Our secondary objective was to examine if P2Y,; responses vary in
different tissues and species.

We identified 18 studies that assessed the concentration dependence of P2Y,;. We
found that ADP and ADP-like agonists are more potent than ATP and ATP-like agonists
at the P2Y,, receptor. P2Y,; is a G;-linked receptor that inhibits cAMP activity (Mariya
et al. 2004). We found that ADP has a higher potency at P2Y;; compared to other
ADP-sensitive receptors, P2Y; and P2Y;,, making the P2Y13 receptor the most sensitive
ADP receptor characterized to date. We also found that ADP and ADP-like agonists had
higher EC;, for functional events such as cell proliferation and protein phosphorylation
than for immediate signaling events, e.g. Ca®*/IP;, cCAMP inhibition. These findings
are essential to distinguish the differences in the potency of ligands to generate these
P2Y,;-mediated responses as they become important, especially in cases of targeting
the receptor pharmacologically to modulate changes either in immediate signaling or
functional responses.

For our secondary objective, we identified the differences in P2Y,;-mediated signaling
in different tissues and systems. We observed that the ECs, of ADP-like agonists was

lower for P2Y,, expressed in the brain than the P2Y,; originating in blood. ADP-like
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agonists were also more potent for human P2Y,; compared to rodent P2Y,,. Although
P2Y,, is not well studied across all systems and tissues, we were able to provide a
general summary of the activity of this receptor in response to different ligands leading
to immediate signaling events or functional responses. In the future, more studies need
to be carried out on the P2Y,; receptor in different systems, especially the bone, to

understand the pathophysiological role of this receptor.

6.5 Conclusions

This thesis identifies osteoclasts as important players in mechanosensation and mechanoad-
aptation. We demonstrate that osteoclasts can sense and transduce signals to neighboring
cells and that the P2X, receptor plays an important role in this process. We have also
identified the role of ADP in osteoclast mechanotransduction in altered loading con-
ditions. With age, expression of P2X, and ADP-mediated P2Y,; was downregulated in
osteoclasts with no differences in osteoblasts. This was accompanied by decreased os-
teoblast mechanotransduction and increased osteoclast signal propagation with age. For
the first time, we identified sex as an important contributor to the mechanotransduction
of isolated bone cells. Finally, we investigated P2Y,;-mediated signaling and identified it
as the most sensitive ADP receptor. These findings provide the groundwork for designing
targets for age-related bone loss conditions such as osteoporosis in conjunction with

physical activity to help older people benefit from exercise and have healthier bones.
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Appendix A Supplementary Material for Chapter 5

Supplementary material for Characterization of Potency of the P2Y,; Receptor Ago-
nists: A Meta-Analysis, published in the International Journal of Molecular Sciences.
Int. J. Mol. Sci. 2021, 22(7), 3468;

doi: 10.3390/ijms22073468
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Table Al: Search strategy for the P2Y;; meta-analysis

Search strategy:

Database PubMed

Search date initial: July 03, 2019; updated: September 14, 2020
(“P2RY13” OR "GPCR1” OR "GPR86” OR "GPR94”
OR ”"P2Y13” OR ”SP174” OR ”purinergic receptor
P2Y13” OR “53829” OR “74191”) AND (“ATP”

OR “adenosine triphosphate” OR “ADP” OR
“adenosine diphosphate” OR “UTP” OR

“uridine triphosphate” OR “UDP” OR

“uridine diphosphate” OR “[33P]2MeSADP”

OR “2MeSADP” OR “2MeSATP” OR “ADPf3S”

OR “ATPyS” OR “cangrelor” OR “Ap4A’

OR “MRS2603” OR “MRS2211” OR

“reactive blue-2” OR “suramin” OR

“2MeSAMP” OR “PPADS”)

Eligibility criteria | P2Y;5 response to P2Y,5-specific ligands

Initial hits 153

Eligible 50

Potential datasets | 18

Search strategy

Table A2: Quality assessment questionnaire for the articles included in the meta-analysis. 14 points
indicates a high-quality article

Quality checklist (maximum 14 points):
Whether the study focused specifically the P2Y,

1 (receptor overexpression or specific
agonist) (1) or other general agonists were added which can generate a response
through other P2 receptors (0)
Whether the study reported the following: (1 point each, maximum of 8): dose

5 dependence curves, agonist/antagonist addition, reporting concentration of ligand,
expression of receptor, type of assay, outcome, sample size, origin of cells (in vivo,
in vitro, etc.)

3 | Whether the study reported control data (1) or normalized to control (1)

4 | Whether data was presented in a graph (1) or tabular form (0)

5 | When only ECs5y was reported (0), or a dose dependency curve was provided (1)

6 Whether the paper reported what was the measure of central tendency (e.g. mean,
median) or spread (e.g. SD or SE) (1) or whether it was unclear (0)
Contains detailed information on whether cells were exposed to particular treatments

7 | (1) (CP/CPK, other antagonists etc.) or if some aspects were unclear (e.g. duration,
concentration, application) (0)
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Table A3: Study level effect sizes (ECs5,/1Cs) of the reported outcomes and subgroups in P2Y;;-mediated
events, and steepness (S) in the largest dataset of signaling outcomes (Ca?*/IP; release).
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Outcome/Subgroup Agonist log1,ECsq | logyo low CI | log;, high CI | EC5, (nM) [ low CI (nM) | high CI (nM) | I? statistic | HZ statistic
ADP -7.90 -8.53 -7.26 12.72 2.97 54.51 99.52 209.93
Ca?* /1P, release 2MeSADP | -8.71 -8.93 -8.50 1.93 1.18 3.16 98.72 78.11
ADPbS -7.14 -7.76 -6.51 73.13 17.32 308.80 99.02 101.72
Overall -8.04 -8.51 -7.57 9.16 3.11 27.02 99.90 1029.76
ADP -8.28 -8.97 -7.59 5.24 1.06 25.80 98.89 90.44
Signaling | cAMP accumulation 2MeSADP | -7.41 -7.54 -7.28 38.89 29.07 52.02 0.00 0.15
Overall -7.91 -8.31 -7.51 12.28 4.86 31.05 97.88 47.13
ADP -6.63 -7.79 -5.47 235.32 16.18 3423.30 93.90 16.40
[®S1GTPyS binding 2MeSADP | -7.01 -8.98 -5.05 96.81 1.04 9011.04 98.88 89.49
Overall -6.86 -7.85 -5.88 136.88 14.19 1320.78 98.09 52.32
Signaling-overall -7.76 -8.11 -7.41 17.20 7.69 38.48 99.86 703.26
ADP -5.12 -5.61 -4.64 7513.29 2461.66 22931.50 0.00 0.72
Cell signaling 2MeSADP | -7.43 -10.60 -4.25 37.53 0.03 55684.46 99.94 1552.62
ADPbS -3.31 -4.15 -2.47 488136.91 | 70971.48 3357371.85
Overall -5.65 -7.45 -3.84 2262.78 35.69 143448.44 99.81 525.67
ADP -5.83 -9.21 -2.45 1492.11 0.62 3548133.89 | 99.71 345.71
Functional | Protein activity 2MeSADP | -7.69 -8.14 -7.25 20.28 7.32 56.16 96.65 29.85
Overall -6.94 -8.16 -5.73 113.96 6.95 1867.86 99.67 306.72
ADP -3.92 -4.10 -3.75 119363.63 | 79775.26 178597.66 29.55 1.42
Cell proliferation ADPbS -4.90 -6.24 -3.56 12671.85 | 580.59 276574.84 83.51 6.06
Overall -4.33 -5.39 -3.27 46654.64 | 4087.79 532477.02 99.62 263.04
Functional-overall -5.75 -6.51 -5.00 1761.12 308.23 10062.54 99.96 2574.94
Signaling | ATP and ATP like agonists | Overall -6.35 -7.20 -5.50 447.04 63.45 3149.52 96.13 25.83
Functional | Blood Overall -4.75 -6.12 -3.37 17877.10 | 750.03 426104.28 99.67 298.98
Functional | Brain Overall -6.50 -7.69 -5.31 316.84 20.53 4890.88 99.41 168.15
Tissue-overall -5.70 -6.71 -4.70 1973.73 193.68 20113.95 99.76 411.85
ADP -8.14 -8.58 -7.70 7.24 2.65 19.76 99.33 149.81
Humans 2MeSADP | -8.56 -8.74 -8.37 2.77 1.80 4.26 98.79 82.39
ADPbS -7.14 -7.65 -6.62 73.13 22.49 237.83 99.02 101.72
Signaling Overall -8.13 -8.53 -7.73 7.42 2.93 18.81 99.87 762.32
ADP -7.04 -7.48 -6.59 91.70 32.85 256.00 95.84 24.05
Rodents 2MeSADP | -6.56 -7.49 -5.62 278.41 32.54 2382.00 96.22 26.48
Overall -6.82 -7.19 -6.46 149.79 64.32 348.83 96.29 26.97
Humans Overall -4.74 -6.67 -2.81 18319.60 | 215.79 1555272.96 | 97.05 33.88
ADP -5.11 -6.94 -3.27 7783.95 113.86 532164.25 99.51 203.80
Functional Rodents 2MeSADP | -7.96 -8.48 -7.44 10.94 3.31 36.18 99.92 1228.88
ADPbS -4.90 -6.24 -3.56 12671.85 580.59 276574.84 83.51 6.06
Overall -6.22 -7.09 -5.34 609.26 81.66 4545.48 99.97 3456.12
Species-overall -7.09 -7.43 -6.75 80.94 36.96 177.26 99.93 1396.91
. Steepness . 12 H2
Outcome | Agonist N) low CI | high CI statistic | statistic
CaZt/ ADP 4.01 1.08 6.93 98.58 70.44
P 2MeSADP | 4.72 1.25 8.20 99.58 237.77
refease ADPbS 4.44 1.68 7.19 94.93 19.73
Overall 4.35 3.27 5.42 99.23 129.11
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Apr 11,2024
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Springer Nature and Copyright Clearance Center.

License Number 5766180296649

License date Apr 11,2024

Licensed Content Publisher Springer Nature

Licensed Content Publication Nature Reviews Molecular Cell Biology
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Licensed Content Author Ankit Salhotra et al
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Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By
clicking 'accept' and completing the transaction for your use of the material ("Licensed
Material"), you confirm your acceptance of and obligation to be bound by these Terms
and Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions @springernature.com or bookpermissions @springernature.com
for these rights.
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2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
limited to, cropping, adapting, and/or omitting material that affect the meaning,
intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.

3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4.3.1f a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions @springernature.com or
bookpermissions @springernature.com for these rights.
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5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical

. Reuse up to distribution or time period indicated in
communications

) License
project
Reuse in a L )
. ) ) Lifetime of thesis
dissertation/thesis
R i e ) )
peusemna Lifetime of journal/magazine
journal/magazine
Reuse in a L ..
Lifetime of edition
book/textbook

Reuse on a website |1 year unless otherwise specified in the License

Lifetime of presentation/slide kit/poster. Note:

Reuse in a o . -
resentation/slide publication whether electronic or in print of
Ei t/poster presentation/slide kit/poster may require further

permission.

Reuse in conference |, .. .. :
Lifetime of conference proceedings

proceedings
Reuse in an annual o
Lifetime of annual report
report
Reuse in T . e :
. Reuse up to distribution or time period indicated in
training/CME .
. License
materials

Reuse in newsmedia |Lifetime of newsmedia

Reuse in U . C e
Reuse up to distribution and/or time period indicated
coursepack/classroom|. .
. in license
materials

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the
same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book's homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal

name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis
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7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions @springernature.com or
bookpermissions @springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
'Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9.2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
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WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to

Germany’s choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution

Other Conditions:

Version 1.4 - Dec 2022

Questions? customercare@copyright.com.
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Apr 10, 2024

This Agreement between Chrisanne Dsouza ("You") and Springer Nature ("Springer
Nature") consists of your license details and the terms and conditions provided by
Springer Nature and Copyright Clearance Center.

License Number 5765471094556

License date Apr 10, 2024

Licensed Content

Publisher Springer Nature

Licensed Content

Publication Springer eBook

Registered Micro-Computed Tomography Data as a Four-
Licensed Content Title = Dimensional Imaging Biomarker of Bone Formation and
Resorption

Licensed Content Author Annette I. Birkhold, Bettina M. Willie

Licensed Content Date  Jan 1, 2015

Type of Use Thesis/Dissertation
Requestor type academic/university or research institute
Format electronic

2024-04-10, 2:03PM
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Portion figures/tables/illustrations

Number of 1
figures/tables/illustrations

Will you be translating? no
Circulation/distribution 30 - 99

Author of this Springer

no
Nature content

Age-associated changes in purinergic signaling and

Title of new work mechanoadaptation of bone cells

Institution name McGill University

Expected presentation

date Apr 2024

Order reference number CDthesisremodel
Portions Figure 1

Chrisanne Dsouza
1003 Boulevard Decarie

Requestor Location
Montreal, QC HA 0A9

Canada
Attn: Miss Chrisanne Dsouza

Total 0.00 CAD
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Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By
clicking 'accept' and completing the transaction for your use of the material ("Licensed
Material"), you confirm your acceptance of and obligation to be bound by these Terms
and Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions @springernature.com or bookpermissions @springernature.com
for these rights.
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2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
limited to, cropping, adapting, and/or omitting material that affect the meaning,
intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.

3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4.3.1f a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions @springernature.com or
bookpermissions @springernature.com for these rights.
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5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical

. Reuse up to distribution or time period indicated in
communications

) License
project
Reuse in a L )
. ) ) Lifetime of thesis
dissertation/thesis
R i e ) )
peusemna Lifetime of journal/magazine
journal/magazine
Reuse in a L ..
Lifetime of edition
book/textbook

Reuse on a website |1 year unless otherwise specified in the License

Lifetime of presentation/slide kit/poster. Note:

Reuse in a o . -
resentation/slide publication whether electronic or in print of
Ei t/poster presentation/slide kit/poster may require further

permission.

Reuse in conference |, ... .. :
Lifetime of conference proceedings

proceedings
Reuse in an annual o
Lifetime of annual report
report
Reuse in T . e :
. Reuse up to distribution or time period indicated in
training/CME .
. License
materials

Reuse in newsmedia |Lifetime of newsmedia

Reuse in U . C e
Reuse up to distribution and/or time period indicated
coursepack/classroom|. .
. in license
materials

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the
same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book's homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal

name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis
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7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions @springernature.com or
bookpermissions @springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
'Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9.2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
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WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to

Germany’s choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
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Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your RightsLink account and that are available at any time at
https://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject
to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given. The material may not be reproduced or used in any other way,
including use in combination with an artificial intelligence tool (including to train an
algorithm, test, process, analyse, generate output and/or develop any form of artificial
intelligence tool), or to create any derivative work and/or service (including resulting from
the use of artificial intelligence tools).

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
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altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (1) the license details provided by you and accepted in the course of this
licensing transaction, (i1) these terms and conditions and (iii)) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as
well as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and publisher reserves the right to take any and all action to
protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing transaction. In
the event of any conflict between your obligations established by these terms and
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conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books
at http://www.elsevier.com; Central Storage: This license does not include permission for
a scanned version of the material to be stored in a central repository such as that provided
by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).
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Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final versions
of articles however authors can update their preprints on arXiv or RePEc with their
Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
e After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

o

o

o

o

o

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

e if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way
to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than
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the full-text. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may
you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution's
repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
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Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of the
user to ensure their reuse complies with the terms and conditions determined by the rights
holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available at
http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user gives
appropriate credit (with a link to the formal publication through the relevant DOI),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available at
http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open Access
articles published with a CC BY NC SA or CC BY NC ND license requires permission
from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access

Article aggregation

Systematic distribution via e-mail lists or share buttons
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Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

v1.10

Questions? customercare@copyright.com.
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RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder’s and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:
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a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
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ms apply:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple

institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding

any apparent

contradiction in the Order Confirmation arising from data provided by User), any use authorized under the

electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,

poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical

or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic,
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limi
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of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o a statement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.
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Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your RightsLink account and that are available at any time at
https://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject
to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given. The material may not be reproduced or used in any other way,
including use in combination with an artificial intelligence tool (including to train an
algorithm, test, process, analyse, generate output and/or develop any form of artificial
intelligence tool), or to create any derivative work and/or service (including resulting from
the use of artificial intelligence tools).

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
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altered/adapted minimally to serve your work. Any other abbreviations, additions,
deletions and/or any other alterations shall be made only with prior written authorization
of Elsevier Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications
can be made to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (1) the license details provided by you and accepted in the course of this
licensing transaction, (i1) these terms and conditions and (iii)) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your
proposed use, no license is finally effective unless and until full payment is received from
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and
conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as
well as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and publisher reserves the right to take any and all action to
protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the
licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing
and Payment terms and conditions (which are incorporated herein), comprise the entire
agreement between you and publisher (and CCC) concerning this licensing transaction. In
the event of any conflict between your obligations established by these terms and
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conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with a full
refund payable to you. Notice of such denial will be made using the contact information
provided by you. Failure to receive such notice will not alter or invalidate the denial. In
no event will Elsevier or Copyright Clearance Center be responsible or liable for any
costs, expenses or damage incurred by you as a result of a denial of your permission
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright
Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
you may only translate this content into the languages you requested. A professional
translator must perform all translations and reproduce the content word for word
preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply
as follows: Licensing material from an Elsevier journal: All content posted to the web site
must maintain the copyright information line on the bottom of each image; A hyper-text
must be included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books
at http://www.elsevier.com; Central Storage: This license does not include permission for
a scanned version of the material to be stored in a central repository such as that provided
by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must
maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only
to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as
formatting, copyright, technical enhancement etc.).
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Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final versions
of articles however authors can update their preprints on arXiv or RePEc with their
Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
e After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

o

o

o

o

o

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

e if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way
to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than
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the full-text. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help your users to find, access, cite, and use the best
available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission
can be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course
packs and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may
you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution's
repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
nearly 2000 established subscription journals that support open access publishing.
Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
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Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour
or reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of the
user to ensure their reuse complies with the terms and conditions determined by the rights
holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is
not done for commercial purposes, and that the user gives appropriate credit (with a link
to the formal publication through the relevant DOI), provides a link to the license,
indicates if changes were made and the licensor is not represented as endorsing the use
made of the work. Further, any new works must be made available on the same
conditions. The full details of the license are available at
http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the
Article, provided this is not done for commercial purposes and further does not permit
distribution of the Article if it is changed or edited in any way, and provided the user gives
appropriate credit (with a link to the formal publication through the relevant DOI),
provides a link to the license, and that the licensor is not represented as endorsing the use
made of the work. The full details of the license are available at
http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open Access
articles published with a CC BY NC SA or CC BY NC ND license requires permission
from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access

Article aggregation

Systematic distribution via e-mail lists or share buttons
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Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

v1.10

Questions? customercare@copyright.com.
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“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been
used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this
Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such
third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under
the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: “Used with permission of [Rightsholder's name], from [Work’s title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent

https://marketplace.copyright.com/rs-ui-web/mp/license/2c4efd66-dcc8-4e21-b3b3-7c28acfe9f1b/af4d1d19-52a0-423f-8abc-c8084e537f44 Page 3 of 8



2024-04-12, 4:51AM

to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN-A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder’s ordinary license price therefor; any unauthorized (and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
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follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall

bear the costs of any such audit. Any amount determined by such audit to have been underpaid

by User shall

immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for

any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

https://marketplace.copyright.com/rs-ui-web/mp/license/2c4efd66-dcc8-4e21-b3b3-7c28acfe9f1b/af4d1d19-52a0-423f-8abc-c8084e537f44

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is

Page 5 of 8



2024-04-12, 4:51AM

used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple

institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding

any apparent

contradiction in the Order Confirmation arising from data provided by User), any use authorized under the

electronic course content pay-per-use service is limited as follows:

https://marketplace.copyright.com/rs-ui-web/mp/license/2c4efd66-dcc8-4e21-b3b3-7c28acfe9f1b/af4d1d19-52a0-423f-8abc-c8084e537f44

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o a statement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o a statement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
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ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;
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