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2.1 Introduction

OR
R

EC

TE

D

Bone is a specialized connective tissue consisting of cells, fibers, and ground
substance. Unlike other connective tissues, its extracellular components are
mineralized, giving it substantial strength and rigidity. This makes bone ideally
suited to fulfilling its most recognized role within the body, that of mechanical
support. Bone provides internal support countering the force of gravity, forms specific
cavities which serve to protect vital internal organs, and provides attachment sites
for muscles allowing motion to occur at specialized bone-to-bone linkages. To fulfill
these mechanical roles bone needs to be stiff to resist deformation, yet flexible to
absorb energy. In addition, to meeting these contrasting mechanical demands, bone
also needs to be able to meet important auxiliary functions of maintaining calcium
homeostasis and hematopoiesis. This chapter provides an overview of the anatomy
and physiology of bone in relation to these functions, with reference to the mechanical
role of bone and its response to mechanical stimuli.

2.2 Bone anatomy

The anatomy or morphology of bone can be viewed hierarchically, starting at the
gross, macroscopic level, and progressing microscopically down to the nanoscale
level (Fig. 2.1).

Macroscopic anatomy
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The human skeletal system contains over 200 unique bones, each of which have
a different macroscopic appearance. To assist in simplifying the system, several
classification methods have been used to categorize bones into groups. This has
included grouping bones according to their type (long, short, flat, or irregular),
location (axial or appendicular), or predominant tissue composition (cortical or
trabecular). The categorization of bones according to their type or location is
convenient; however, greater information regarding bone function can be derived by
identifying the predominant bone tissue type present within a specific bone or bone
region. The skeleton can be divided macroscopically into two distinct types of bone
tissue—cortical and trabecular (Fig. 2.2). These two tissue types have the same matrix
Bone Repair Biomaterials. https://doi.org/10.1016/B978-0-08-102451-5.00002-0
Copyright © 2019.
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Figure 2.1 Hierarchical structure of cortical bone.
Reproduced with permission of John Wiley and Sons, Inc. from Ritchie RO, Nalla RK, Kruzic
JJ, Ager JW, Balooch G, et al. Fracture and ageing in bone: toughness and structural
characterization. Strain 2006;42:225–232.
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composition; however, they differ in terms of their structure and function, and relative
distribution both between and within bones.

Cortical bone
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Cortical (or compact) bone makes up approximately 80% of total skeletal tissue mass.
It has a high matrix mass per unit volume and low porosity. These features endow
cortical bone with great compressive strength enabling it to prominently contribute to
the mechanical role of bone. This is reflected in its distribution primarily within the
long bones of the appendicular skeleton. The appendicular or peripheral skeleton is
made up of long and short bones, including all the bones of the upper and lower limbs.
Long bones can be divided into three general regions—a relatively cylindrical
shaft (diaphysis), two expanded ends (epiphyses), and a developing region in between
(metaphysis) (Fig. 2.2). Cortical bone is particularly prominent within the diaphyses
where it forms a thick cortical shell (cortex) that surrounds a medullary canal filled
with bone marrow. This tube-like structural design distributes bone mineral away
from bending axes, resulting in a substantial increase in bending resistance without a
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Figure 2.2 Macroscopic anatomy of a long bone. The cylindrical shaft or diaphysis consists
of cortical bone, whereas the expanded epiphyses have a greater proportion of trabecular bone
enclosed within a thinner cortical shell. The narrow intervening metaphysis contains the
growth plate which allows longitudinal growth when young. Images are of a mouse femur
acquired using microcomputed tomography.

UN
C

OR
R

EC

concomitant increase in bone weight. This endows long bones the strength and
rigidity required for muscle action and weight bearing, yet lightness required for
energy-efficient locomotion. Cortical bone thins toward the metaphyses and
epiphyses of long bones where it plays a lesser, yet clinically significant mechanical
role. The best example of this is at the femoral neck where cortical bone thickness and
distribution are important variables influencing osteoporotic fracture risk [1–3].
While cortical bone is solid, it does contain microscopic pores (constituting
approximately 10% of total cortical bone volume) which permit vascular and neural
supply [4], and the delivery of nutrients. The porosity increases with age [5,6],
disuse [7], overuse [8,9], disease states [10,11], and may increase [12,13] or decrease
[14,15] with pharmacological intervention. The degree of porosity of cortical bone is
important from a fracture standpoint as an increase in intracortical porosity can result
in reduced bone strength and a concomitant increase in fracture risk [16].
Cortical bone does not appear to have a major role in hematopoiesis beyond
skeletal maturity. The diaphyses of long bones have a medullary canal filled with
bone marrow. However, the content of the marrow transforms after birth from red
(hematopoietic, metabolically active) into yellow (fatty tissue that is not metabolically
active) marrow during skeletal maturation [17–19].

2.2.1.2

Trabecular bone

In contrast to the low porosity of cortical bone, trabecular (or cancellous) bone has
high porosity with pores making up 50%–90% of total trabecular bone volume. These
pores are interspersed among an orderly arranged network of vertical and horizontal
plate- and rod-like structural elements called trabeculae, which give trabecular bone a
sponge-like appearance. The reduced matrix mass per unit volume and high porosity
of
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trabecular bone reduces its compressive strength to approximately one-tenth that of
cortical bone [20]; however, it has the function of providing increased surface area
for red bone marrow, blood vessels and connective tissues to be in contact with bone.
This facilitates the role of bone in hematopoiesis and mineral homeostasis.
Trabecular bone does not have the strength of cortical bone; however, it
contributes to the mechanical role of bone by providing internal support. This
supportive role facilitates the ability of bone to evenly distribute load and absorb
energy, particularly near joints. It is also important during aging as trabecular bone
is lost earlier and at a greater rate than cortical bone [21]. This contributes to
osteoporosis at skeletal sites rich in trabecular bone, such as the femoral neck and
vertebral bodies. Bone strength at these sites is determined by the number, thickness,
spacing, distribution, and connectivity of trabeculae, with the latter being particularly
important [22]. For a given trabecular density, loss of connectivity has more
deleterious effect on bone strength than the presence of thin but well-connected
trabeculae [23–25]. This is supported by the finding that women with low bone mass
and vertebral fractures have four times as many unconnected trabeculae as women
without fractures, despite a similar bone mineral density [26].
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The microscopic anatomy of bone is demonstrated in Fig. 2.3. The outer and inner
surfaces of bone are covered by specialized connective tissues called the periosteum
and endosteum, respectively. The periosteum serves as a transitional fibrous layer
between cortical bone and the overlying soft tissue or musculature. It covers the
external surfaces of most bones, except at articular surfaces, tendon insertions, and
the surfaces of sesamoid bones [27]. The periosteum can be divided into two distinct
layers (Fig. 2.3(f)). The outer most “fibrous” layer is composed of fibroblasts,
collagen, and elastin fibers [28], along with a distinctive nerve and microvascular
network [29]. The inner “cambium” or “cellular” layer is positioned in direct contact
with the bone surface. It contains mesenchymal stem cells (MSCs) which have the
potential to differentiate into osteoblasts and chondrocytes [30–32], and differentiated
osteogenic progenitor cells, fibroblasts, microvessels, and sympathetic nerves [33].
The localization of MSCs and osteoprogenitor cells within the cambium layer has
made the periosteum a target for drug therapies and cell harvesting for tissue
engineering purposes.
The endocortical or inner surface of a bone faces the medullary canal and is lined
by a membranous sheath called the endosteum (Fig. 2.3(g)). The endosteum is lined
by a single thin layer of bone-lining cells (mature osteoblasts) and osteoblasts which
form a membrane over endocortical and trabecular bone surfaces to enclose the bone
marrow [34]. Osteoclasts can also be present in the endosteum in regions of active
bone resorption. The endosteum contains osteoprogenitor cells but does not appear to
contain either MSCs or hematopoietic stem cells (HSCs). However, a portion of HSCs
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Figure 2.3 Microscopic anatomy of bone. (a) Schematic diagram of bone microstructure. (b) Cortical bone osteon or Haversian system with central
Haversian canal, concentric lamellae and uniformly spaced lacunae. (c) Cortical bone osteon as viewed in cross-section via light microscopy. (d)
Trabeculae shown in cross-section with lamellae of bone, lacunae, and outer covering of endosteum. (e) Trabecular bone osteons or “packets” as
viewed via backscattered electron imaging. (f) Light microscope image of the fibrous and cellular layers of the periosteum covering the outer
surface of cortical bone. (g) Light microscope image of the endosteum lining the medullary cavity and trabecular bone.
Panel E reproduced with permission of Elsevier Inc. from Roschger P, Paschalis EP, Fratzl P, Klaushofer K. Bone mineralization density
distribution in health and disease. Bone 2008;42:456–466.
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(<20%) can be found near (within 10 μm of) the endosteum suggesting cells within
the endosteum may directly or indirectly support and/or influence multipotent HSCs
[35].

Woven and lamellar bone
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Cortical and trabecular bones are both composed microscopically of bone structural
units (BSUs) or osteons. In cortical bone, the osteons are referred to as Haversian
systems (Fig. 2.3(a–c)). Haversian systems are cylindrical in shape and form an
anastomosing network [36]. They contain a central Haversian canal housing blood
vessels and nerves which are enveloped in concentric layers or lamellae of bone
tissue. This arrangement gives each osteon an appearance of a tree trunk in
cross-section with a circumferential cement line representing the tree's bark. The
cement line represents the outer most boundary of an osteon and consists of a
5 μm ring of highly or similarly, mineralized bone as contained within the osteon
[37]. Uniformly spaced throughout the lamellae are lenticular cavities called lacunae.
Radiating in all directions from each lacuna are branching canaliculae. These
penetrate the lamellae of the interstitial substance and anastomose with canaliculae
of neighboring lacunae to form a continuous network of interconnecting cavities.
Interstitial bone fills the region between adjacent osteons and appears as short arched
layers which are remnants of older partially resorbed osteons. In trabecular bone,
osteons are referred to as a bone packets which are saucer-shaped and consist of
stacks or layers of lamellae (Fig. 2.3(d and e)). Adjacent packets in trabecular bone
are separated by a cement line.
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Microscopic visualization of both cortical and trabecular bone reveals tissue that is
either woven or lamellar in structure. Woven bone is characterized by bone tissue
with a disorganized collagen fibril arrangement (Fig. 2.4(a)). It primarily develops
embryonically and is gradually replaced between three and four years of age by

Figure 2.4 Microscopic visualization of (a) woven and (b) lamellar bone under polarized
light reveals disorganized or organized collagen fibril arrangement, respectively.
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lamellar bone. Woven bone is not frequently found in the adult skeleton, except
in pathological conditions (such as Paget's disease and osteosarcoma) or following
injury [38–43]. The disorganization of woven bone may result from the speed at
which it forms which precludes the orderly deposition of the collagen fibrils [44].
This disorganization provides woven bone with enhanced flexibility at the cost of
stiffness. This is functionally important during development because it allows a baby
to safely pass through the birth canal without causing skeletal trauma. It is also
valuable following bone injury as the rapid, early formation of woven bone enhances
early restoration of skeletal mechanical integrity [42,43]. This reparative woven bone
is gradually resorbed and replaced by lamellar bone during later stages of healing.
Lamellar bone is characterized by the organized arrangement of collagen fibers
into layers or lamellae, like the organization of plywood (Fig. 2.4(b)). This
arrangement gives lamellar bone greater stiffness when compared to the disorganized
nature of woven bone. Lamellae form osteons in cortical and packets in trabecular
bone. Outer lamellae form first in cortical osteons, whereas in trabecular packets the
first lamellae are formed toward the center of the trabeculae. Each successive lamella
in a cortical osteon is laid concentrically inside the preceding one while in trabeculae
packets they are stacked in parallel layers away from the center of the trabeculae
toward the bone surface.

Organic and inorganic bone matrix
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Bone matrix is a composite material consisting of organic and inorganic components.
The organic matrix makes up ∼20% of the wet weight of bone and is comprised
primarily of collagen. Collagen is the major structural component of bone matrix,
whereby the majority is type I collagen (∼90%) with smaller amounts of collagen
types III, V, X, and XII [45]. Collagen is a fibrous protein that has a rope-like
structure made up of ∼1000 amino acids and is ∼300 nm in length. A collagen
fibril consists of two α1 and one α2 polypeptide chains that are synthesized within
osteoblasts creating a triple-helix procollagen molecule [46,47]. The procollagen
molecule is secreted from osteoblasts, after which individual collagen molecules
converge together to create collagen fibrils. Individual collagen fibrils are then
spontaneously grouped together to create a collagen fiber [48,49].
Collagen gives bone its flexibility whereas the addition of mineral to the collagen
network provides bone its stiffness. Without the addition of mineral-to-collagen bone
tissue would be very flexible, with properties similar to a rubber band. Conversely,
without collagen, bone is brittle like chalk. Thus, varying the amounts and distribution
of collagen and mineral provides bone with its ability to balance its flexibility and
stiffness requirements [50]. Alterations in the structure of collagen that occur from
aging or genetic abnormalities such as osteogenesis imperfecta [51] can compromise
the structural integrity of bone tissue resulting in a weaker structure with a greater
than normal susceptibility to fracture [48,52].
In addition to collagen, 10% of the organic matrix is made up of noncollagenous
proteins such as fibronectin, osteopontin, osteocalcin, and bone sialoprotein [53–55],
along with proteoglycans such as decorin and biglycan. Bone sialoprotein and
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osteopontin constitute most of the noncollagenous proteins found in the bone matrix.
While the noncollagenous proteins and proteoglycans only contribute a small amount
to the total mass of the organic matrix, they serve several important functions during
osteoblast differentiation, tissue mineralization, cell adhesion, and bone remodeling
[53,54,56,57].
The inorganic matrix contributes approximately ∼65%–70% of the wet weight
of bone, and serves as an ion reservoir storing approximately 99% of total body
calcium, approximately 85% of phosphorus, and between 40% and 60% of the body's
sodium and magnesium [45]. These ions form crystalline structures surrounding and
within the collagen fibers to give bone most of its stiffness. Bone crystals are ∼200 Å
and are in the form of calcium hydroxyapatite [Ca10PO4OH2], the primary mineral
found in the skeleton. Hydroxyapatite crystals can be found both on the surface and
impregnated within hole zones (gaps) of the collagen fibrils [58,59].
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Cellular elements contribute only a small amount of the total mass of the skeleton,
and are derived from either HSCs or MSCs (Fig. 2.5). HSCs and MSCs give rise to
the principal cells that mediate bone resorption (osteoclasts) and formation (including
osteoprogenitor cells, osteoblasts, osteocytes and bone-lining cells), respectively.
Bone resorption is mediated by osteoclasts, although there is emerging evidence
that osteocytes can locally remove perilacunar/canalicular bone matrix [60,61].
Osteoclasts are large, multinucleate cells that create and occupy shallow concavities
on the bone surface called Howship's lacunae. Osteoclastogenesis begins when an
HSC is stimulated to generate mononuclear cells, which then become committed
preosteoclasts and are introduced into the blood stream (Fig. 2.5(a)). This step
requires expression of the Ets family transcription factor PU.1 and macrophage
colony stimulating factor (M-CSF) [62,63]. The circulating precursors exit the
peripheral circulation at or near the site to be resorbed, and fuse with one another to
form a multinucleated immature osteoclast. Fusion of the mononuclear cells into a
polykaryon (immature osteoclast) requires the presence of M-CSF and the receptor
activator of nuclear factor κB ligand (RANK-L) [64–66]. Successful production
of immature osteoclasts is associated with the initiation of tartrate-resistant acid
phosphatase (Trap) expression, an enzyme that is used to assist with bone resorption
in fully differentiated osteoclasts. The ability for immature osteoclasts to undergo
differentiation only occurs under the continued presence of RANK-L and requires
the expression of several genes, including the AP-1 member c-fos [67,68],
microphthalmia-associated transcription factor (MITF) [69], and nuclear factor of
activated T cells, calcineurin dependent 1 (NFAT-c1) [67,70].
The signaling axis to which RANK-L belongs plays such a major role in osteoclast
biology that it warrants further elaboration. For many years, researchers focused on
identifying if a specific factor produced by osteoblast lineage cells was required for
osteoclastogenesis, as osteoclast differentiation in vitro from HSCs required coculture
with cells of mesenchymal origin [71]. The unknown factor turned out to be
RANK-L, and the receptor on osteoclasts and their precursors was subsequently
identified
as
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Figure 2.5 Lineage of osteoclasts and osteoblasts. (a) Osteoclasts are derived from a
hematopoeitic precursor in the bone marrow, spleen, or liver. Proliferation of mononuclear
cells from the precursor population requires M-CSF. The blood-borne preosteoclasts enter the
circulation and arrive at the site to be resorbed. They will fuse together into a polykaryon only
in the presence of M-CSF and RANK-L. The immature osteoclast begins to express TRAP,
calcitonin receptor (CTR), and the beta-3 (β3) integrin. RANK-L and a host of transcription
factors are required to push the cell into a mature osteoclast phenotype, which maintains
expression of many of the same immature osteoclast markers. (b) Osteoblasts are derived from
a mesenchymal stem cell, which can also give rise to adipocytes, myoblasts, and
chondrocytes. Proliferating precursors are pushed toward the preosteoblast phenotype by the
expression of Runx2, Dlx5, and Msx2. The preosteoblast expresses collagen I (Col I) and
bone sialoprotein (BSP). Further, Runx2 expression, but also osterix, and members of the Wnt
signaling cascade (b-catenin, TCF/LEF1) are required to achieve a mature, matrix-producing
osteoblast phenotype (Col I, osteocalcin, and alkaline phosphatase expression). Osteoblasts
that become trapped in the matrix express E11, an early osteocyte marker, and eventually
express DMP-1, Mepe, and Sost as the mature osteocyte phenotype is reached.
Reproduced with permission of the Annual Reviews from Robling AG, Castillo AB, Turner
CH. Biomechanical and molecular regulation of bone remodeling. Annu Rev Biomed Eng
2006;8:455–498.

RANK [72]. RANK-L exists in both membrane-bound and soluble forms, but
evidence suggests that the former is more potent [73]. This was reflected by the
finding that physical contact with stromal cells, and not secretion of some soluble
compound into the media by stromal cells, was required for osteoclastogenesis
[74,75].
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At the same time as the identification of RANK-L, a soluble factor was found
that inhibited the activity of RANK-L, which was identified as osteoprotegerin (OPG)
[76]. OPG is a soluble decoy for RANK-L, and functions to reduce osteoclastogenesis
by competitively occupying stromal RANK-L binding sites on precursor and
later-stage osteoclasts [77,78]. Consequently, cells of mesenchymal origin can control
osteoclastogenesis in a positive direction by increasing the expression of RANK-L
and decreasing the expression of OPG, or conversely, the proportions can be reversed
to decrease resorptive activity.
Osteoblasts were historically thought to be the cells of mesenchymal origin that
were primary producers of RANK-L; however, recent work has shown that it is
osteocytes embedded within the matrix itself that are the essential source of RANK-L
responsible for bone remodeling [79,80]. Such regulation highlights the
interdependency of skeletal cells on overall bone function.
Once osteoclasts fully differentiate into mature cells, the bone-resorbing activity
and survival of these cells is regulated by RANK-L. The mature osteoclast establishes
a microenvironment between itself and the underlying bone by peripherally attaching
to the matrix using integrins [81]. This creates a compartment between the ruffled
basal border of the osteoclast and the bone surface that is isolated from the general
extracellular space [82]. An electrogenic proton pump transports in H+ ions to acidify
the compartment which acts to mobilize the mineralized component of bone. This
exposes the organic matrix which is subsequently degraded using proteases. The
result is the removal of bone matrix and the development of characteristic Howship's
lacunae.
Osteoblast development follows a different course, beginning with the local
proliferation of MSCs residing in the bone marrow stroma and periosteum (Fig.
2.5(b)). Expression of the transcription factors runt-related transcription factor-2
(Runx2), distal-less homeobox-5 (Dlx5), and msh homeobox homologue-2 (Msx2)
are required to drive precursor cells toward the osteoblast lineage and away from
the adipocyte, myocyte, and chondrocyte lineages which are also derived by MSCs
[83–87]. Once a precursor cell is committed to the osteoblast lineage, the immature
osteoblasts (also called preosteoblasts) expresses type I collagen and bone
sialoprotein (Bsp). Further differentiation of the preosteoblast into a mature,
bone-forming osteoblast phenotype requires the expression of Runx2, osterix (Osx),
and several components of the Wnt signaling pathway [84,88–90]. The mature
osteoblast expresses the matrix proteins type I collagen (Col I) and osteocalcin
(OC) and a key enzyme in the mineralization process, alkaline phosphatase (Alk
Phos). As a row of active osteoblasts secretes unmineralized matrix (osteoid). These
cells will either become bone-lining cells or become incorporated into the bone
matrix. Those cells that become incorporated into the matrix will gradually develop
long cytoplasmic processes to remain in communication with surrounding cells and
upregulate expression of E11, an early osteocyte marker [91]. At this point the cells
are considered immature osteocytes. As the matrix matures and mineralizes, and the
osteoid seam moves further away, the osteocyte becomes entombed in mineralized
matrix, and begins to mature and express a new set of genes, including dentin matrix
protein-1 (DMP-1), matrix extracellular phosphoglycoprotein (MEPE), and sclerostin
(SOST) [92–96].
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Osteocytes are the most numerous cells in bone and are found dispersed
throughout the matrix where they occupy lacunae (Fig. 2.3(b and c)). Lacunae are
interconnected by an elaborate network of thin tunnels called canaliculi through
which osteocytes pass cytoplasmic or dendritic processes [97]. The patency of the
canaliculi is maintained by the presence of heparan sulfate proteoglycans, such as
perlecan, which restrict mineralization [98]. Maintaining an open lacunocanalicular
system is essential to enable the movement of interstitial fluid for mechanosensation
(discussed later in this chapter), waste transport, and connection between dendritic
processes of neighboring osteocytes. The latter connections are facilitated via gap
junctions, which allow for both the transport of nutrients for osteocyte viability
and conveying intercellular messages [99,100]. Intercellular communication is also
facilitated by the osteocytic release of signaling molecules into the extracellular fluid
which flows through the lacunocanalicular system [101,102].
While the role of osteocytes in bone formation and signaling eluded investigators
for many decades, a recent surge of investigations into these cells have revealed
numerous previously unappreciated functions [103]. The principal role of osteocytes
is the sensing of mechanical stimuli; however, they also serve as a source of endocrine
signals to control the function of distant organs [104]. Osteocytes have long been
considered the mechanosensor in bone because of their sheer numbers, distribution,
and interconnectivity [105]. It is only recently that supportive data has been generated
to implicate the osteocyte network as the primary mechanosensory cell type, to the
exclusion of other bone cells [106,107]. This evidence is discussed in greater detail
later in this chapter. In addition, to mechanosensation, recent evidence has also found
osteocytes to have the capacity to regulate mineral metabolism and alter the properties
of their surrounding matrix [107–109].

2.3 Bone physiology
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Bone is a dynamic tissue capable of altering its structure and mass to adapt to
changing requirements. This is achieved via several different fundamental tissue-level
activities, including repair, growth, modeling, and remodeling [110,111]. It is
suggested that each of these activities have their own functions, mediator mechanisms
and responses to drugs, hormones, mechanics, and other agents [110,111]. Bone
growth, modeling, and remodeling will be discussed later in the chapter, whereas
bone repair will be discussed in a succeeding chapter.
When studying bone physiology, it is important to be aware that not all models
are created equal. Our understanding of bone physiology is rooted in the use of
animal models, which have been used to identify the genetic regulation and hormonal
control of physiological processes. However, there is no single animal model that
exactly replicates human bone tissue [112]. Rodents (rats and mice) are frequently
used models as their bone anatomy and physiology is similar to humans, and 99%
of human genes have a rodent homologue [113]. However, the rodent skeleton
typically does not remodel as in humans and rodent growth plates remain open/
unfused throughout adulthood resulting in continual longitudinal growth. Larger
animal
models,
such
as
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dogs, sheep, and primates, may better approximate the human skeleton from a
structural and general comparative physiological standpoint [114,115], but they also
possess species-specific limitations, and their utility is limited by a combination of
financial and ethical considerations.
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Bones are formed through two distinct developmental processes—intramembranous
and endochondral bone formation. Intramembranous bone formation gives rise to
the flat bones that comprise the cranium and medial clavicles and begins with the
condensation of mesenchymal cells which differentiate into osteoblasts and develop
ossification centers by direct bone matrix deposition. This forms plates which expand
during development, but do not fuse at their junctions with other cranial bones
[116]. These junctions or sutures maintain separation between membranous bones and
regulate expansive growth of the skull.
Endochondral bone formation gives rise to long bones that comprise the
appendicular skeleton, facial bones, vertebrae, and portions of the clavicles. As
with intramembranous bone formation, endochondral bone formation also begins
with the condensation of mesenchymal cells; however, during endochondral bone
formation the differentiation of these cells gives rise to a proliferating population of
centrally localized type II collagen-expressing chondrocytes and more peripherally
localized type I collagen-expressing perichondrial cells [117]. The chondrocytes
produce a specialized extracellular matrix containing type II collagen which forms
a cartilaginous template (or “anlage”). Midway between the ends of this elongated
template, chondrocytes exit the cell cycle (hypertrophy) and an ossification center
forms by neovascularization of the initially avascular cartilaginous template.
Osteoblasts that are associated with the newly developed vasculature begin secretion
and mineralization of a type I collagen-containing extracellular matrix. As bones
grow, this center of ossification propagates toward the two epiphyseal plates.
The epiphyseal growth plates allow longitudinal bone growth by a sequence of
chondrocyte proliferation, differentiation to hypertrophy, and cell death (apoptosis)
(Fig. 2.6). Proximally (toward the end of a developing bone), a pool of chondrocytes
(called the resting or reserve zone) supplies cells to a population of proliferating
chondrocytes. Proliferating chondrocytes in turn differentiate to form a transient pool
of prehypertrophic and then a more long-lived pool of hypertrophic chondrocytes.
At the distal end of the epiphyseal growth plate, hypertrophic chondrocytes die
by apoptosis and are replaced by trabecular bone. In this manner, hypertrophic
chondrocytes provide a template for the formation of trabecular bone. Chondrocyte
proliferation in this process is stopped by the negative influence of local fibroblast
growth factor (FGF) signaling [118], whereas the cytokine parathyroid
hormone-related peptide (PTHrP) functions to stop chondrocyte differentiation to
hypertrophy by signaling through its receptor [119].
The determination of whether mesenchymal cells differentiate into either
bone-forming osteoblasts for intramembranous bone formation or cartilage producing
chondrocytes for endochondral bone formation is regulated by the Wnt/β-catenin or
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Figure 2.6 The epiphyseal growth plate shown (a) schematically and (b) via light
microscopy. Growth plates allow longitudinal bone growth by a sequence of chondrocyte
proliferation, differentiation to hypertrophy, and cell death (apoptosis). Chondrocyte death is
accompanied by vessel ingrowth and bone matrix production resulting in ossification of the
cartilage scaffold.
Panel (a) reproduced with permission of Macmillan Publishers Ltd. from Page-McCaw A,
Ewald AJ, Werb Z. Matrix metalloproteinases and the regulation of tissue remodelling. Nat
Rev Mol Cell Biol 2007;8:221–233; Panel (b) courtesy of the University of Kansas Medical
Center [©2008]).

Bone modeling

UN

2.3.2

CO

canonical pathway (Fig. 2.7) [120,121]. In areas of intramembranous bone formation,
Wnt signaling (induced in part by signaling through another cytokine, sonic
hedgehog) results in high levels of β-catenin in MSCs [89]. This induces the
expression of genes (including Runx2 and OSX) that are required for osteoblastic
cell differentiation and inhibits transcription of genes needed for chrondrogenic
differentiation. In contrast, during endochondral bone formation there are low levels
of β-catenin which results in upregulation of the transcription factors of SOX9 and
other members of the SOX family [122]. This drives the mesenchymal cells toward
chrondrogenic differentiation and away from osteoblastic differentiation.

Bone modeling is a process that works in concert with bone growth and functions to
alter the spatial distribution of accumulating tissue presented by growth [123,124].
The result is a change in the size, shape, and position of a typical long-bone
cross-section which facilitates the ability of the skeleton to meet the rapidly evolving
mechanical demands associated with growth [125,126]. For instance, radial growth
via periosteal bone apposition results in greater distribution of bone mineral away
from bending axes and a consequential increase in bending resistance. To facilitate
locomotion, periosteal apposition is often accompanied during growth by endocortical
bone
resorption
which
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Figure 2.7 Elements of the inactivated (left) and activated (right) Wnt/β-catenin or canonical
pathway. Wnt ligands bind to a receptor complex that includes a member of the Frizzled
family and either Lrp5 or Lrp6 (right). In the absence of a Wnt signal (left), a “destruction”
complex that includes Axin, APC, and GSK3 facilitates GSK3-mediated phosphorylation of
β-catenin, targeting it for ubiquitin-dependent proteolytic degradation. In the presence of a
Wnt signal, the cytoplasmic domain of Lrp5/6 is phosphorylated, which serves as a binding
site for Axin, recruiting the destruction complex to the membrane and inhibiting its activity.
This results in increased cytoplasmic levels of β-catenin, which can enter the nucleus and
interact with members of the LEF/TCF family of DNA binding proteins to activate target gene
promoters. Recently, regulation of the stability of the transcriptional transactivator, TAZ, has
also been linked to β-catenin degradation, allowing GSK3-mediated phosphorylation of
β-catenin to also regulate the targets of TAZ transactivation. A complex regulatory network
has evolved to inhibit Wnt signaling at the level of the plasma membrane. For example, SOST
and Dkk1 both bind to Lrp5/6 to inhibit the ability of Wnt to bind and activate signaling
through its receptor complex.
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Reproduced with permission of Elsevier Inc. from Burgers TA, Williams BO. Regulation of
Wnt/beta-catenin signaling within and from osteocytes. Bone 2013;54:244–249.
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results in a concomitant increase in medullary area without a significant impact on
bone strength.
Bone modeling is accomplished by modeling drifts whereby bone tissue is
selectively added or removed from an existing bone surface to alter bone geometry.
This is achieved by the spatially independent actions of bone-forming osteoblasts
and bone-resorbing osteoclasts. As bone formation and resorption during modeling
do not occur at the same location, the two processes are said to be “uncoupled.”
When modeling activities are initiated on previously quiescent bone surfaces, either
bone formation (F) or resorption (R) follows activation (A). Thus, modeling can be
described as either A → F or A → R [123,127].
Bone modeling primarily occurs during growth and declines to a trivial level
once skeletal maturity is reached. However, renewed modeling in the adult skeleton
can occur. Stimuli that potentiate this include increases in mechanical loading,
administration of parathyroid hormone (PTH) and the withdrawal of estrogen
[128–133].
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Remodeling represents bone reconstruction wherein discrete, measureable “packets”
of bone are removed and replaced by new bone. This occurs continuously throughout
life such that bone is constantly being remodeled in the growing, adult, and senescent
skeleton. In contrast to modeling which involves activation and isolated bone
resorption (A → R) or formation (A → F) at a bone locus, remodeling involves the
temporally and spatially coordinated actions of osteoclasts and osteoblasts. These
cells form teams collectively known as basic multicellular units (BMUs) which
always remodel bone in a activation → resorption → formation sequence
(A → R → F) (Fig. 2.8).
During activation, osteoclast precursors differentiate as previously described into
multinucleate osteoclasts (Fig. 2.5(a)). Although the precise pathways directing
osteoclast precursor recruitment are not fully understood, known triggers include
mechanical forces, microscopic bone damage (microdamage) and systemic hormones
[134]. Remodeling that occurs in response to mechanical forces and microdamage
replaces specific packets of bone and is referred to as targeted remodeling [135].
This functions to maintain skeletal mechanical integrity. In contrast, remodeling in
response to systemic hormones is random in terms of location and, thus, is referred
to as nontargeted remodeling [135]. This type of remodeling enables bone to fulfill
its metabolic requirements, which includes the storage and release of minerals such
as calcium and phosphorus. It has been estimated that roughly 30% of remodeling is
targeted and that 70% in nontargeted [135].
Resorption follows activation and consists of an advancing front of actively
resorbing osteoclasts (Fig. 2.9). During intracortical remodeling, these cells form a

17

PR
OO

F

Bone biology

OR
R

EC

TE

D

Figure 2.8 Bone remodeling by a basic multicellular unit (BMU). A stimulus activates
osteoclast precursors (preosteoclasts) to differentiate and form an advancing front of actively
resorbing osteoclasts. The resorptive bay created by osteoclastic bone resorption is lined by
mononuclear cells prior to the formation of osteoid (unmineralized bone matrix) by
osteoblasts.
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Figure 2.9 The bone formation response to a mechanical stimulus fades with increasing
loading duration. Although bone mass in the ulna of turkeys (open circles) [167] and tibia of
rats (closed circles) [168] increases with mechanical loading, the anabolic effect saturates as
the number of loading cycles increases. There is limited benefit of additional loading cycles
above approximately 40 cycles/day.
Reproduced with permission of Elsevier Inc. from Burr DB, Robling AG, Turner CH. Effects
of biomechanical stress on bones in animals. Bone 2002;30:781–786.

“cutting cone” which excavates a tunnel roughly 250–300 μm in diameter in the
direction of the longitudinal axis of a long bone diaphysis [136,137]. In trabecular and
endocortical bone remodeling, the advancing osteoclasts do not dig or tunnel as with
intracortical remodeling; rather, they scallop a saucer-shaped packet of bone from the
bone surface [137]. In both situations, a group of mononuclear cells closely follow the
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advancing front of osteoclasts to line the resorptive bay and smooth the surface in
preparation for the deposition of a reversal or cement line.
Behind the mononuclear cells, rows of osteoblasts deposit layers of osteoid
(unmineralized bone matrix) (Fig. 2.8). During intracortical remodeling, the osteoid is
laid down centripetally such that the size of the remodeling space constricts as more
concentric osteonal lamellae are deposited and mineralized. This deposition ceases
at a specified point to leave a Haversian canal in the center of the newly formed
osteon, with the osteon being surrounded circumferentially by a cement line (Fig.
2.3(a–c)). In trabecular and endocortical bone remodeling, the osteoid is deposited
and mineralized in stacks, with the new packet of bone being separated from older
packets by a newly laid cement line (Fig. 2.3(e)).
Remodeling is highly time-dependent with the speed with which a BMU travels
through tissue space being referred to as the “sigma period.” The sigma period
quantifies the number of days it takes for a BMU to completely remodel a fixed
two-dimensional slice through a region of bone. In human cortical bone, it takes
approximately 120 days for the entire BMU to pass through a plane, leaving a new
osteon behind [138,139]. Roughly 20 days is spent initiating and increasing the
diameter of the resorption cavity by the osteoclasts, followed by 10 days of reversal
(relative quiescence), and finally 90 days of centripetal deposition of bone matrix by
the osteoblast teams.
As osteoblasts always trail behind osteoclasts in BMUs and the entire structure
moves as a unit, the resorption and formation processes are said to be coupled to one
another. Coupling is a controlled process in remodeling which ensures that where
bone is removed new bone is deposited [140]. The net amount of old bone removed,
and new bone restored in the remodeling cycle is a quantity called the bone balance
[134]. While coupling is rarely affected, bone balance can vary quite widely in many
disease states. For instance, in osteoporosis, prolonged best rest, or hemi-, para-,
or quadriplegia, resorption and formation are coupled but there is a negative bone
balance such that more bone is resorbed than is replaced by the typical BMU. This
results in a net loss of bone mineral which can be assessed clinically by performing
noninvasive bone mass assessments. Logically, many pharmaceutical agents for the
treatment of conditions wherein there is a net bone loss attempt to create a positive
bone balance whereby bone formation exceeds resorption in a typical BMU. This
results in a net gain of bone mineral, and can be achieved either by inhibiting bone
resorption (such as occurs with the administration of bisphosphonates therapies) or by
stimulating osteoblasts to produce greater quantities of bone (such as occurs with the
administration of PTH) [141].
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2.4 Bone adaptation to mechanical loading
Mathematical models for predicting skeletal adaptation to
mechanical loading
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It has long been established that bone is mechanosensitive, and adapts its mass,
architecture, and mechanical properties in response to mechanical loading. This
phenomenon is often loosely referred to as Wolff's law, named after the German
anatomist/surgeon Julius Wolff who suggested that the form of bone is related to
mechanical stress by a mathematical law [142]. Although many basic tenets of
Wolff's law have since been suggested to contain engineering and biological
inaccuracies [143,144], the general concept that bone adapts to its mechanical
environment is widely accepted and supported by an abundance of scientific
evidence.
One of the key determinants directing the adaptive response of bone to mechanical
loading is the level of internal strain experienced within the bone [145,146]. Strain
refers to the change in length per unit length of a bone. It is a unitless value; however,
because it is very small for bone it is often expressed in terms of microstrain (με).
One thousand microstrain is equivalent to 0.1% of deformation or, in other words, a
deformation of 0.1 mm for a 10 cm long bone. Bone strains typically range from 400
to 1500 με during usual activities of daily living, although activities that involve high
impact loads result in higher strains [147]. As complete bone fractures typically occur
from single loads that generate strains more than 10,000 με, the safety factor between
usual and failure strains is large.
The level of strain experienced within a moiety of bone contributes to one of
four tissue-level outcomes: (1) net mineral loss; (2) mineral homeostasis; (3) net
mineral gain; or (4) damage formation. Everyday mechanical strains have been
predicted to fall between two effective strain levels—the minimum effective strain
(MES), speculated to be in the vicinity of 1500–2500 με [148] and a lower effective
strain level, suggested to be approximately 50–200 με [149]. The combination of
these two strain levels created a “physiological window” for bone adaptation to
mechanical loading. When mechanical strains fell within this window bone resorption
during remodeling equaled formation resulting in mineral homeostasis and no bone
adaptation. When mechanical usage caused strain levels to fall outside the limits of
the physiological window an imbalance between bone resorption and formation was
predicted. Bone loss (net mineral loss) was predicted for strains below the lower
effective strain level (50–200 με), whereas bone gain (net mineral gain) was predicted
for strains above the MES (1500–2500 με). For extremely high strains microscopic
trauma (microdamage) was predicted.

2.4.2

Factors affecting skeletal adaptation to mechanical loading

Strain magnitude is a key determinant of bone adaptation to a loading stimulus. Bone
formation is initiated above a certain threshold strain and incremental increases in
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strain beyond the threshold results in further increases in formation activity
[146,150–152]. Thus, increasing strain magnitude is one step toward more effective
application of mechanical forces to promote osteogenesis. However, there are several
other important features of a loading stimulus that determine the adaptive response.
The cellular accommodation theory does not solely use strain magnitude to predict
the adaptive response to a mechanical stimulus, but it uses strain stimulus [153].
The strain stimulus is the product of the strain magnitude and loading frequency
[154]. For mechanical loading to induce adaptation the load needs to be introduced
dynamically. This follows teleologically given the dynamic nature of bone loading
during typical normal functional use. Dynamic loading induces significantly greater
adaptation than if the same strain magnitudes are held statically [155–157], indicating
that bone adaptation is not dependent on strain magnitude alone.
Features of dynamic loading that are important determinants of bone adaptation
are loading frequency and strain rate [158,159]. Loading frequency refers to the
number of loading cycles per second, whereas strain rate is the product of strain
magnitude and loading frequency. Loading has no effect on cortical bone formation
unless it is applied at a frequency of 0.5 Hz or greater [158]. A positive relationship
between loading frequency and cortical bone formation exists beyond this threshold,
with increasing frequency generating progressively greater adaptation [158–161].
However, this relationship may not persist when loading frequencies exceed 10 Hz
[162,163], and may not hold true for trabecular bone which has shown variable
adaptive responses in response to increasing load frequencies [164–166].
Further features of a loading stimulus that influence the skeletal adaptive response
are the duration of the skeletal load and the length of rest between loading bouts.
Extending the duration of skeletal loading does not yield proportional increases in
bone mass [167,168]. As loading duration is increased, the bone formation response
tends to fade as the mechanosensitive cells accommodate to the prevailing
environment (Fig. 2.9). The decline in adaptation with ongoing loading fits a
logarithmic relationship such that after only 20 loading cycles bone has lost more than
95% of its mechanosensitivity. This indicates that loading programs do not need to
be long to induce adaptation. Similarly, it indicates that bone cells need to be able
to resensitize when given a period of rest between loading bouts to be responsive
to future loading bouts. This is indeed the case with resensitization occurring in
seconds to hours, depending on the nature of the loading stimulus. For instance,
rests of a number of seconds between each consecutive load cycle result in greater
bone adaptation than if the same strain stimulus is introduced in back-to-back cycles
[169,170], whereas rests of a number of hours between consecutive loading bouts
results in greater bone adaptation than if the same strain stimulus is introduced in
back-to-back bouts [171–173].
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Site specificity of the adaptive response of bone to mechanical
loading
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As the response of bone to mechanical loading is highly stimulus-specific, it follows
that its adaptive response is also highly site specific. Only those bones that are loaded
undergo adaptation. This has most clearly been shown in racquet-sport players in
whom the playing or racquet arm has significantly greater bone mass and size than in
the contralateral, nonplaying arm [39,174–176]. Yet, the site-specific nature of bone
adaptation to mechanical loading can be localized further than to the individual bone
level. Long bones are curved such that they bend when axially loaded. Bending results
in the exposure of different regions within the bone cross-section to different levels
of microstrain. Only those regions within the bone that experience sufficient strain
stimulus adapt. This can be clearly observed in the rodent ulna axial compression
model (Fig. 2.10). The site-specific depositing of new bone is functionally important.
It adds bone and increases bone strength where it is needed most, in the direction
of loading, while not overtly increasing the overall weight of the bone. This means
for a small increase in bone mineral much larger increases in bone strength can be
generated. The implication of the site-specific response of bone to mechanical stimuli
is that loading needs to be directed toward the bones and sites where promotion of

Figure 2.10 The adaptive response of bone to mechanical loading is site specific such that
only those regions within a bone that experience enough microstrain will adapt. (a) Schematic
diagram of the rodent ulna axial compression model. The distal forelimb is fixed between
upper and lower cups. When force is applied to one of the cups, the ulna is caused to bow
laterally. (b) The bending of the ulna under axial compression generates medial surface
compression and lateral surface tension at the midshaft. There is no strain along the axis
through which the bone is bending (neutral axis). (c) Loading of rat ulnas for 16 weeks using
the axial compression model causes new bone to be formed on surfaces of high strain (medial
and lateral surfaces). There is minimal new bone formation near the neutral axis (caudal and
cranial surfaces) where there is the least microstrain during loading.
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osteogenesis is desired. To achieve this, and induce the most functional adaptation,
the loading should be in the same direction as the bone is loaded in function.

Bone response to disuse
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Skeletal disuse results in profound bone loss. In growing bones the effect of disuse
is most apparent at the periosteal surfaces of long bones, where normal appositional
growth is suppressed. This results in bones of smaller cross-section. After skeletal
maturity is achieved, disuse causes frank bone loss involving accelerated remodeling
and bone resorption, with loss occurring at endosteal and trabecular surfaces of long
bones. Skeletal disuse results from a number of conditions, including prolonged
bed-rest [177], space flight [178], disease states (including spinal cord injury and
stroke [179,180]), and following injury [181]. The most pertinent of these in the
current context are the bone changes that occur with prolonged bed-rest and following
injury.
Bed-rest was first introduced as a medical treatment in the 19th century. During
this time, any adverse complications associated with bed-rest were attributed to the
condition responsible for bed-rest. It was not until the 1940s that it was questioned
whether the increased calcium excretion associated with disease (predominantly polio
at the time) was due to the disease itself or the resulting inactivity. Dietrick et al.
[182] explored this by placing otherwise healthy medical students on bed-rest in lower
body casts for 30 days. They showed that the disuse associated with bed-rest resulted
in increased calcium excretion and decreased lower extremity bone mass, indicating
for the first time that prolonged bed-rest is detrimental to bone. Today it has been
established that prolonged bed-rest is associated with a 0.5%–1% loss of bone mass
per month [177]. To counter this, most medical protocols currently encourage the
least possible interruption to an individual's weight-bearing status.
Prolonged bed-rest represents an extreme situation of disuse. A less extreme, yet
more frequent scenario involves regional disuse due to local injury or pathology.
Local injury results in reduced mechanical loading within a region to reduce tissue
stresses and the subsequent provocation of symptoms. Combining this with the use of
external supports to limit excessive motion and permit healing, and the introduction of
any localized stress shielding resulting from the introduction of rigid internal fixation,
there is localized disuse and a subsequent site-specific net loss of bone mineral. This
is often temporary and reversed with the reintroduction of usual loads; however, it is
not uncommon for residual deficits in bone mass to persist [181].

2.4.5

Bone response to overuse

The safety factor between usual strains and those required for bone failure (fracture)
is large. Thus, bone does not typically fail during everyday activities, such as walking
and running. However, subfailure strains associated with these activities can generate
damage when introduced repetitively. As with other structural materials, a natural
phenomenon in bone associated with repetitive strain (mechanical overuse) is the
generation of damage (often termed microdamage). Microdamage was first described
by Frost [183], and has since been categorized morphologically according to four
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types: (1) microcracks; (2) cross-hatching cracks; (3) diffuse damage, and; (4)
microfractures (Fig. 2.11(a)) [184,185]. Microcracks are small linear cracks that take
the form of planar ellipses, typically with major and minor axes of length of 400 and
100 μm, respectively [186]. They are most commonly found in cortical interstitial
lamellae and are frequently limited by osteonal cement lines. Diffuse damage is more
frequently found in trabecular bone and is identified by intensely stained mineralized
matrix which represents areas containing many small cracks each of the order of a
micrometer in size [186]. Also, common in trabecular bone are intermediate-sized
cracks arranged in a cross-hatched pattern (cross-hatched cracks) and completely
fractured trabecular struts (microfractures) [187].

Figure 2.11 Microdamage in bone. (a) Trabecular bone strut stained with basic fuchsin
demonstrating three types of microdamage. (b) Interstitial cortical microcrack that is the target
of remodeling activity.
Panel (a) reproduced with permission of Elsevier Inc. from Fazzalari NL, Forwood MR, Smith
K, Manthey BA, Herreen P. Assessment of cancellous bone quality in severe osteoarthrosis:
bone mineral density, mechanics, and microdamage. Bone 1998;22:381–388; Panel (b)
courtesy of David B. Burr, Ph.D., Indiana University School of Medicine.

24

Bone Repair Biomaterials

UN

CO

RR
E

CT

ED

PR
OO

F

Microdamage is a mechanically related phenomenon. Its formation is both strain
magnitude and rate dependent, with increases in either beyond threshold levels
resulting in increased damage formation [188–191]. Damage is also influenced by
the total number of bone loading cycles, with its formation occurring at physiological
strains in response to pure cyclic overloading [192]. In addition to these features of
the mechanical stimulus, the mode of loading influences damage formation. Whether
a moiety of bone is exposed to compressive or tensile strains influences the type
of damage that forms [193,194]. Compressive loading produces few but long
microcracks, suggesting that cracks in compression are difficult to initiate but
propagate easily [194]. They are thought to result from the shearing of longitudinally
oriented osteons [195]. In contrast, tensile loading primarily produces diffuse damage,
which suggests that cracks in tension have a lower initiation threshold but do not
readily propagate [194].
Questions have been raised regarding whether microdamage in bone is good or
bad. The simple answer is that it is both. Microdamage can be good as bone is unique
from nonbiological structural materials in that it is capable of self-repair through
targeted remodeling (Fig. 2.11(b)). This was demonstrated by Burr and colleagues
[196,197] who found new bone BMUs to be four to six times more likely to be
associated with fatigue-induced microcracks than by chance alone. Furthermore,
when bone remodeling is suppressed by treatment with bisphosphonates the amount
of microdamage significantly increases [198–200]. Thus, damage serves as a stimulus
that activates bone remodeling, with the initiating stimulus being osteocyte apoptosis
[201,202]. The remodeling response ensures relative homeostasis between damage
formation and its repair and maintains skeletal mechanical competence. It also
enables a bone to adapt over time to its mechanical environment such that it can meet
increasing levels of loading.
On the other hand, microdamage in bone may be bad, as it has been associated
with a pathology continuum that includes stress fractures and complete bone fractures
[203,204]. Damage serves as a stimulus that activates bone remodeling which
normally removes damage as fast as it occurs. However, remodeling is
time-dependent with the time required to reach a new equilibrium following the
development of damage being in the order of one remodeling period (approximately
3–4 months) [138,139]. If insufficient time is given to adapt to a mechanical stimulus,
further damage may occur with additional loading. Although a remodeling reserve
exists that allows increased activation of remodeling units in response to increases
in damage formation, an increase in the number of active remodeling units removes
bone temporarily, reducing bone mass and potentially increasing the chance for
damage initiation when loading is continued. This feed forward results from the fact
that resorption precedes formation in the remodeling process so that an increase in
the number of currently active remodeling units is associated with an increase in bone
porosity. This reduces the elastic modulus of the bone which in turn increases strain
and, subsequently, the rate of damage formation. Thus, microdamage can be viewed
as bad as it can be associated with a progressive loss of stiffness and strength as
microcracks coalesce forming larger macrocracks until eventual fatigue failure.

25

Bone biology

2.4.6

Mechanisms for bone adaptation to mechanical loading
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The ability of the skeleton to sense and respond to mechanical force has long been
established; however, the precise mechanisms underlying this response remain
uncertain. It is logical to assume that the process involves some form of
mechanotransduction, which refers to the conversion of a biophysical force into a
cellular response [205]. Mechanotransduction is a generic process enabling living
organisms to respond to their physical environment. A model for
mechanotransduction in bone is illustrated in Fig. 2.12.
Mesenchymal progenitors, osteoblasts, bone-lining cells, and osteocytes have
all been shown to respond to mechanical stimulation; however, the morphology
and anatomical position of osteocytes make them uniquely designed to sense and
convey changes in the local mechanical environment [105]. This unique function
is principally derived from the abundance and spatial distribution of osteocytes
throughout the bone matrix, affording a high degree of interconnectivity [101]. Recent
evidence investigating the role of an osteocyte-specific protein (sclerostin, the protein
product of the SOST gene) supports osteocytes as the primary mechanosensory cell,
to the exclusion of the other bone cell types (i.e., osteoblasts and bone-lining cells)
[106].
While it is now well-accepted that osteocytes are the primary mechanosensors
within bone, the mechanisms engendering this function remain unclear. One of the
more accepted forms is the flow of bone interstitial fluid driven by extravascular
pressure in combination with applied mechanical loading [206,207]. The theory that
bone loading induces movement of interstitial fluid in the osteocyte lacunocanalicular
of was first proposed in 1977 [208]. Since then, both mathematical models [102]
and empirical biological evidence [209] have validated the ability of skeletal loading
to induce interstitial fluid movement. Load-induced fluid movement along osteocyte
cell bodies and cytoplasmic processes produces drag force, fluid shear stress and
an electrical potential called a streaming or stress-generated potential. Each of these
signals may activate bone cells, although cell culture experiments suggest that cells
are more sensitive to fluid forces than they are to electrical potential [207,210].
Early evidence indicated that fluid shear stresses on osteocytes deformed the
cells within their lacunae and the cellular dendrites within the canaliculi [207]. More
recent work shows as fluid moves within the lacunocanalicular space, substantial
drag forces are generated, which may provide a greater contribution to osteocyte
mechanosensitivity than shear stress on the plasma membrane. Early mathematical
models predicted the presence of “transverse tethering elements” that span the
pericellular space of the lacunocanicular system [211]. Such tethers were proposed
to connect the mineralized bone matrix with the osteocyte cell process, whereby
mechanical force could be transmitted to the cell as fluid dragged across these
tethers [211]. Electron microscopy imaging biologically validated these mathematical
models, showing these tethers connecting the matrix to the osteocyte membrane
[212]. Later work found that these tethers were composed of perlecan, a large
(∼470 kDa) heparan sulfate proteoglycan [98], where mice deficient in perlecan
had reduced number of tethers [98], decreased responses to anabolic loading, and
impaired
fluid
drag
on
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Figure 2.12 Model for mechanotransduction in bone. Fluid shear on osteocytes (OCY)
induces an influx of extracellular Ca2+ via voltage-sensitive (V) and perhaps mechanosensitive
(M) channels. Shear stress also enhances ATP release, which binds to the purinergic receptors
P2X (ionotropic) and P2Y (metabotropic). Signaling through P2Y is required for Ca2+ release
from intracellular stores via a Gq–PLC–PIP2–IP3 pathway. ATP release causes PGE2 release
through signaling downstream of the P2X7 receptor. PGE2 binds and signals through one of
the EP receptors, probably EP4 and/or EP2, and ultimately results in enhanced bone
formation. PTH signaling also appears to be required for mechanotransduction to occur, but
the intracellular pathways involved are not well understood (question mark). Wnt signaling
through the Lrp5 receptor, which acts through beta-catenin (β-cat) translocation to the
nucleus, also appears to be important in mechanically induced bone formation. Pressure in the
marrow cavity and/or fluid shear forces on marrow stromal cells (MSC) may stimulate nitric
oxide synthase (NOS) activity and nitric oxide (NO) release. NO is a strong inhibitor of bone
resorption and probably acts by inhibiting RANK-L expression, while increasing
osteoprotegerin (OPG) production (RANK-L enhances osteoclast differentiation, whereas
OPG suppresses this process). MSC, marrow stromal cell; OB, osteoblast; OCY, osteocyte.
Reproduced with permission of the Annual Reviews from Robling AG, Castillo AB, Turner
CH. Biomechanical and molecular regulation of bone remodeling. Annu Rev Biomed Eng
2006;8:455–498.

osteocytes [213]. In addition to the role of the transverse tethering elements, fluid
movement may also influence the primary cilium that projects extracellularly from
the osteocyte cell body [214].
Following detection of a local mechanical stimulus, the signal needs to be
translated into a cellular response by the sensor. Mechanical deformation of a cell
membrane by fluid shear stresses may have a direct influence on the cellular
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translation of mechanical stimuli [215,216]. The phospholipid membrane of bone
cells contains membrane spanning glycoproteins called integrins. Extracellularly,
these integrins connect with the collagen of the organic matrix via specific receptors
for extracellular matrix proteins [216,217]. Intracellularly, they attach to the
cytoskeleton which, in turn, connects various cytoplasmic constituents and to the
nuclear membrane [218]. Connections with the nuclear membrane are through the
Linker of Nucleoskeleton and Cytoskeleton Complex (LINC) composed of molecules
including Nesprin and Sun. This complex has been shown to convey mechanical
information in bone cells [219,220]. The result is the formation of a continuous
network called the extracellular matrix-integrin-cytoskeleton axis which connects
the extracellular matrix directly with the nucleus and cytoplasmic constituents of
the cell. As the cytoskeleton continually generates an internal tensile force, the
extracellular matrix-integrin-cytoskeleton axis is constantly under tension [221,222].
Consequently, deformation of the cell membrane away from its extracellular anchors
may increase cytoskeleton tension and transmit fluid shear stresses directly to the
internal environment of the cell to alter protein synthesis and gene expression
[205,215].
Cell membrane deformation by fluid shear stresses is putatively involved in
biochemical coupling; however, it is possible that the extracellular
matrix-integrin-cytoskeleton axis simply acts as an amplifier of mechanical signals,
rather than an actual mechanotransducer [223]. Instead, it is possible that biochemical
coupling is primarily mediated by influences on transmembrane-membrane ion
channels. Bone cells respond to fluid shear stresses with a rapid increase in
intracellular Ca2+, which is dependent on extracellular Ca2+ entry and intracellular
Ca2+ release [224]. Rapid Ca2+ entry into a cell requires the activation of multiple
ion channels. One of these, the mechanosensitive cation-selective channel (MSCC),
is activated by membrane deformation [225,226]. When this channel is blocked
by a nonspecific blocker (gadolinium [Gd3+]), the fluid shear-induced increase in
intracellular Ca2+ is significantly reduced confirming the channel's contribution to
biochemical coupling [224,227–229].
Once a mechanical stimulus has been converted into a biochemical response
by the sensor cells, these cells needs to convey a signal to the cells responsible
for generating bone adaptation. One of the first steps in transmission appears to
be Ca2+ dependent vesicular release of ATP into the extracellular milieu [230].
Once released, ATP binds with purinergic (P2) receptors, which can be divided
into two families—metabotropic G protein-linked P2Y receptors and ionotropic P2X
receptors [231]. Activation of these receptors results in an increase in intracellular
Ca2+ [232,233]. P2Y receptor activation increases intracellular Ca2+ levels by
stimulating the release of Ca2+ from intracellular stores via a phospholipase C
(PLC)-phosphatidylinositol bisphosphate (PIP2)-inositol triphosphate (IP3) pathway,
whereas P2X receptors are ligand-gated ion channels which form pores within the cell
membrane to allow permeation of extracellular Ca2+ [125].
Activation of the P2 receptors, and the P2X7 receptor, influences the adaptive
response of bone to mechanical loading. As much as 73% of the osteogenic response
to loading in vivo has been linked to the P2X7 receptor [234]. The downstream
mechanism/s by which P2 activation and the increase in intracellular Ca2+ results in
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signal transmission required for bone adaptation is not yet resolved. However, it
has been shown that P2 signaling modulates cyclooxygenase-2 (COX-2) expression
[235] and prostaglandin release [236,237]. COX-2 is the rate limiting enzyme in
the conversion of arachidonic acid to prostaglandins. Prostaglandins have effects on
bone formation and resorption, which are mediated through the proliferation and
differentiation of osteoblasts and the regulation of osteoclast differentiation [238].
The upregulation of COX-2 and subsequent release of prostaglandins following
mechanical loading is important in regulating an effector response as inhibition of
COX-2 reduces the prostaglandin response [239,240] and suppresses mechanically
induced bone adaptation [241,242].
The signal is transmitted to the bone surface where it stimulates the differentiation
of precursor cells into osteoblasts which affect a response. The timing of a response
following mechanical loading is similar among different models of mechanical
loading. Studies in avian ulna compact bone have shown that a single loading
exposure transformed the periosteal cellular layer from a quiescent to an osteogenic
cell layer within five to seven days [243,244]. In the rat tibia, mineral apposition
rate was highest over a similar period, five to eight days after a single loading bout
[245,246]. This increased bone formation is believed to result from the activation of
discrete packets of osteoprogenitor cells which differentiate and synthesize osteoid
[246]. Two days following a single loading bout, osteoblast surface length increases
with a peak on day three [247]. From days 5 to 12, bone formation rate is increased
due to increases in bone-forming surface [246]. Nine days after a single loading
session osteoblast surface length returns to normal.

2.5 Conclusion

CO

In this chapter we presented details on the structure and function of bone tissue in a
hierarchical format, starting at the gross macroscopic level and extending down to the
microscopic cellular level. Understanding the basic biology of bone tissue is essential
for a detailed understanding of how bone responds to its environment, including how
it repairs with both surgical and nonsurgical interventions, and for how it interacts
with biomaterials.
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