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Abstract

Cortical bone structure is a crucial determinant of bone strength, yet for many years studies of novel genes and cell signal-
ling pathways regulating bone strength have focused on the control of trabecular bone mass. Here we focus on mechanisms
responsible for cortical bone development, growth, and degeneration, and describe some recently described genetic-driven
modifications in humans and mice that reveal how these processes may be controlled. We start with embryonic osteogenesis
of preliminary bone structures preceding the cortex and describe how this structure consolidates then matures to a dense,
vascularised cortex containing an increasing proportion of lamellar bone. These processes include modelling-induced, and
load-dependent, asymmetric cortical expansion, which enables the cortex’s transition from a highly porous woven structure
to a consolidated and thickened highly mineralised lamellar bone structure, infiltrated by vascular channels. Sex-specific
differences emerge during this process. With aging, the process of consolidation reverses: cortical pores enlarge, leading
to greater cortical porosity, trabecularisation and loss of bone strength. Each process requires co-ordination between bone
formation, bone mineralisation, vascularisation, and bone resorption, with a need for locational-, spatial- and cell-specific
signalling pathways to mediate this co-ordination. We will discuss these processes, and a number of cell-signalling pathways
identified in both murine and human genetic studies to regulate cortical bone mass, including signalling through gp130,
STAT3, PTHR1, WNT16, NOTCH, NOTUM and sFRPA4.
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Introduction

Cortical bone is a toughened compact structure, infiltrated
with blood vessels, that forms the outer boundary of every
element of the skeleton. It houses the bone marrow, and
its structure both enables movement and provides protec-
tion to internal organs. Surprisingly, despite its importance,
the cellular and genetic control mechanisms underlying
the development, growth and maintenance of cortical bone
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have received far less attention than mechanisms contribut-
ing to the internal honeycomb-like (trabecular) structure of
bone. Over many years, detailed study of trabecular struc-
ture and how it is disrupted in genetically altered mice and
human mutations has been instrumental in the develop-
ment of current therapies for skeletal fragility, but similar
studies of cortical bone have been rare. In this review, we
describe a framework for cortical bone by describing the
cellular mechanisms controlling its genesis during embry-
onic development, its consolidation, expansion and shaping
during growth, and its degeneration with age. For each of
these stages, we provide examples of experimental studies
in rodent models (Table 1), and descriptions of human syn-
dromes (Table 2) with genetic or other modifications associ-
ated with disrupted cortical structure. We discuss how these
studies might shed light on the intercellular and intracel-
lular signals influencing the cortex. A better understanding
of the control of cortical structure is likely to inform future
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Table 1 Examples of genetically altered mouse models with defective cortical structure; see text for further details

Condition Gene responsible Bone width, length

Cortical thickness, porosity
and maturity

Trabecular bone mass References

Embryonic and early postnatal cortical defects

Delayed chondrocyte dif- Pthlir Width not recorded, short
ferentiation

Accelerated chondrocyte  Pthlh Width not recorded, short
differentiation

Osteopetrosis Src Erlenmeyer defect, short

Osteopetrosis Ctsk Erlenmeyer defect, short

Impaired angiogenesis Vegf Narrow, short

Muscle paralysis in utero ~ Myf5:MyoD Round cross-section

Maternal uterine muscle  Cacngl Round cross-section
paralysis

Maternal PTHrP Pthlh Wide, normal length

Osteoblast-targeted G Gnas Narrow, normal length

protein deletion
Defective cortical consolidation

Elevated STAT3 signal-  Socs3 Normal width and length
ling in osteocytes

Constitutively active PTH Pthlir Short, bowed limbs
receptor

Osteocyte-targeted con-  Pthlr Wide, normal length
stitutively active PTH
receptor

Hajdu—Cheney gene Notch2 Short, narrow (initially,
mutation in Notch2 then normalises)

Osteoblast/osteocyte tar-  Notchl Short, wide (osteocyte-
geted Notch1 activation targeted only)

Wntl6 deletion Wntl6 Normal length, narrow

Osteoblast and osteocyte ~ Wnt16 Normal length, narrow
targeted Wnt16 deletion (osteoblast-targeted only)

Osteoblast-targeted Wntl6 Slightly shorter (female
Wntl6 overexpression only), width not reported

Chondrocyte-targeted Vegfa Not reported

VEGFA overexpression
Mineral defect with no defect in cortical thickness

Hypermineralised cortex  EphrinB2 Normal length and width
Impaired periosteal expansion
Osteoblast progenitor- Bmp?2 Slender, slight reduction in
targeted BMP2 deletion length
Greater bone width
Osteoblast- and osteocyte- [[6st Wide, normal length
targeted gp130 deletion
Osteocyte-targeted Stat3 Wide, length not reported
STAT3 deletion
Osteoblast-targeted con-  Gjal Wide
nexin 43 deletion
Osteocyte-targeted con- Gjal Wide
nexin 43 deletion, or
deletion of the connexin
43 C-terminus
Notum*'~ Notum Wide, normal length
Osteoblast lineage Notum Wide, normal length
NOTUM deletion

Thick and immature

Normal thickness, more
mature

Thin, immature

Thin, immature, porous
later in life

Thin
Normal thickness
Normal thickness

Normal thickness

Thin, porous, immature

Thick and porous in meta-
physis
Thin

Thick and porous

Thin and porous

Thick and porous

Thin

Thin, porous (osteoblast-
targeted only)

Thick

Porous

Normal, more mineralised

Normal, porous, immature

Normal, excess woven bone
Normal thickness

Thin, excess woven bone
[84]; normal [83]

Normal, greater crystallin-
ity and D spacing

Thick
Thick

Low
Low

High
High

Low
Not reported
Not reported

High (males)

Low

High early, low in
adulthood
High

High early

Low
High

Normal
Normal

High

High

Normal

Normal

Low
Normal
Normal

Normal

Normal

Normal

[8, 136]

[8, 136-138]

(10]
[11,72,139]

(12]
[13]
(5]

[14]

[9]

(32]

[35]

[36, 37]

[42]

[43]

[44, 46]
[44]

(48]

[49]

(58]

[70]

[31, 78]

[81]

[83, 84]

[83, 85, 87]

[91]
[90]
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Table 1 (continued)

Condition

Gene responsible Bone width, length

and maturity

Cortical thickness, porosity

Trabecular bone mass References

Induced systemic Notum Wide, normal length Thick Normal [90]
NOTUM deletion

Osteoblast lineage Fgfrl / Fgfr2 Wide, length not reported ~ Thick High [92]
FGFR1/2 deletion

Germline sFRP4 deletion  Sfrp4 Wide, length not reported ~ Thin High [102, 103]

Estrogen receptor alpha Esrl Short, narrow Thin Normal [118]
deletion early in osteo-
blast lineage

Increased cortical porosity developed after initial formation of cortex

Decreased osteoblast and ~ Bak, Bax Width not reported, normal Thick, porous High [128]
osteocyte apoptosis length

Adenine-induced kidney ~ Diet-induced Not reported Porous Not reported [130]
disease

Osteoblast-targeted Vegfc Not reported Porous Not reported [135]

VEGF-C overexpression

n/a indicates that data have not been recorded. Note that some papers do not record bone width, but record cross-sectional area, or periosteal cir-
cumference. Mice are listed in the same order as in the text

*Early postnatal phenotype not reported

Table2 Some examples of human conditions with defective cortical structure

Condition Cause Cortical defect Trabecular defect References
Caffey disease COLIAI Hyperostosis. Local inflammation =~ Unknown [15]
with subperiosteal new lamellar
bone formation
Jansen’s metaphyseal chondrodys- ~ PTHIR Cortical bone erosion Diffuse demineralization, rickets- [140]
plasia like metaphyseal changes
Hajdu—Cheney syndrome NOTCH?2 Thin cortical bone Osteoporosis, focal bone lysis of [41]
distal phalanges
Camurati-Engelman disease TGFBI1 Bilateral and symmetrical hyperos-  Unknown [93]
tosis at the diaphysis
Kenny—-Caffey syndrome TBCE (type 1),  Cortical thickness Unknown [96, 98]
FAMI111A
(type 2)
Pyle’s disease SFRP4 Wide and thin cortices Wide metaphysis with increased [102]
trabecular bone
Gorham Stout disease Unknown Osteolysis Osteolysis [134]

Conditions are listed in the same order as in the text

approaches to strengthen cortical bone in conditions of skel-
etal fragility.

Embryonic osteogenesis: initial formation
of cortical and trabecular components

Osteogenesis (the formation of bone) begins during embryo-
genesis. Two distinct processes are responsible for forming
the preliminary structures of cortical and trabecular bone:
intramembranous ossification and endochondral ossification.

Flat bones, such as the skull, mandible, maxilla, and
clavicles form by intramembranous ossification. In this pro-
cess mesenchymal progenitors accumulate and differentiate
directly into osteoblasts; these deposit collagen I-containing
osteoid that becomes mineralised to form bone. Flat bones
then grow by osteoblast differentiation and bone deposition
at the periphery (periosteum) of the newly forming bone.

Most skeletal elements form by endochondral ossifica-
tion. This is illustrated from two perspectives in Fig. 1,
with the lower panel highlighting the appearance of a
cross section of the cortex. Endochondral ossification, like
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Fig.1 Bone development, viewed as a longitudinal section (A) or a
cross-section (B). During embryogenesis, mesenchymal stem cells
condensate (A) and differentiate to form a cartilage model (anla-
gen) of the bone that is to form. As the bone grows, chondrocytes in
the centre become hypertrophic and hypoxic, and release mineral,
which accumulates within the cartilage; at the same time, new bone
is deposited by osteoblasts on the perichondrium forming a porous
“bone collar”. Blood vessels are drawn to the primary ossification
centre, bringing osteoclast precursors, which resorb a space into
which marrow forms. As the marrow expands, remnants of mineral-
ized cartilage remain (shown in orange), and woven bone continues to

intramembranous ossification, is also initiated by mesen-
chymal condensation, but a cartilaginous (chondrocyte)
template is formed before bone formation commences. The
small cartilage template of the future bone enlarges through
chondrocyte proliferation and hypertrophy and their pro-
duction of cartilage and gradually transforms to model into
a larger mineralized bone by two processes: formation of
the bone collar (see below), and formation of the primary
ossification centre. The primary ossification centre forms
when chondrocytes at the centre of the diaphysis become
hypoxic, their lacunae become enlarged (hypertrophic), and
the surrounding cartilage matrix accumulates mineral. This
mineralized cartilage is invaded by blood vessels, which
bring osteoclast and osteoblast precursors [1]. Subsequent
osteoclast formation leads to resorption of the mineralized
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form at the bone collar, making a porous pre-cortical structure, with
infiltrating vasculature. A Shows the formation of the secondary ossi-
fication centres, and the regions of the immature long bone, includ-
ing the growth plate (epiphysis), diaphysis and metaphysis. Shown
in B: under the influence of uterine and embryonic muscle activity,
the bone grows asymmetrically through the formation of struts and
rings of new bone. As the bone continues to grow asymmetrically
after birth (modelling), this preliminary bone structure is gradually
reshaped through bone resorption and bone formation. Remnants of
mineralized cartilage and woven bone are gradually removed and
replaced with lamellar bone (remodelling), but some remain

cartilage, thereby making space for blood vessels and
expanding the marrow cavity; the first region of vascular
invasion and marrow formation within each mineralized
template is the “primary ossification centre”. Differenti-
ated osteoblasts form osteoid on the remnant cartilage tem-
plates, which mineralizes to form bone.

Collagen is deposited rapidly by osteoblasts during
these early stages of development, both in the primary
ossification centre and in the bone collar. During this rapid
phase, collagen fibres are deposited with an irregular ori-
entation leading to the term “woven bone”. Over time,
through remodelling, the woven bone is replaced with a
more mechanically competent layered structure, termed
lamellar bone, with parallel collagen fibres oriented in per-
pendicular planes in adjacent lamellae [2]. Replacement



Cortical bone development, maintenance and porosity: genetic alterations in humans and mice... 5759

of woven bone with lamellar bone occurs in all bones as
they mature, and although the cellular signals determining
whether osteoblasts deposit woven or lamellar bone are
unknown, cellular projections of osteoblasts on the bone
surface appear to be involved [3].

Cortical and trabecular structures begin to emerge dur-
ing this earliest stage of bone development. The precursor
to diaphyseal cortex, termed the “bone collar” or “ring of
Lacroix”, is formed by osteoblasts during vascular invasion
of the perichondrium, a cellular condensation that emerges
to surround the cartilage template [4]. The bone collar is ini-
tially a highly porous material. The diaphyseal cortex grows
through periosteal bone formation; at these early stages,
cortical growth occurs by formation of alternating struts
and rings of woven bone, interspersed with blood vessels
and marrow [5]. After birth, the highly porous woven bone
precursor to cortical bone is remodelled to form a dense
lamellar structure, which lacks the larger marrow contain-
ing spaces observed in neonates but retains an infiltrating
vascular structure [6]. This process will be discussed below.

As the cartilaginous growth plates move apart from each
other during longitudinal growth driven by hypertrophic
enlargement of chondrocytes [7], remnants of mineralized
cartilage remain (see Fig. 1). These are used as templates on
which both cortical and trabecular bone form. As the bones
grow, through cycles of bone remodelling, mineralized car-
tilage is gradually replaced with woven bone, which is then
replaced by lamellar bone. In the embryo, particularly the
murine embryo, the small amount of trabecular bone pre-
sent is largely mineralized cartilage and woven bone. In the
murine cortex, remnant mineralized cartilage and woven
bone remain until at least early adulthood (Fig. 1).

Defects in embryonic cortical bone
development

The dependence of embryonic cortical structure on appro-
priate chondrocyte differentiation is one explanation for
how embryonic cortical structure is modified in genetically
altered mouse models. One early example of this is the dif-
ference between embryonic mice lacking parathyroid-hor-
mone-related protein (PTHrP), and those lacking its receptor
(PTH1R), which is also used by parathyroid hormone (PTH)
[8]. Both PTHrP and PTH1R null mice exhibit neonatal
lethal phenotypes with short bones. In PTHrP null mice,
chondrocyte differentiation is accelerated, leading to early
mineralization, vascular invasion and early maturation of
cortical bone compared with controls. In contrast, mice lack-
ing PTHIR have delayed chondrocyte differentiation, later
vascular invasion and a porous, poorly mineralized cortical
structure, which is thicker than usual, likely due to defective
calcium and phosphorus supply.

A change in cortical bone maturity in the early postna-
tal period was also noted in mice lacking the signalling G
protein G, in osteoblasts, which mediates intracellular
signalling by a range of receptors, including PTHIR. Mice
lacking G, in osteoblasts exhibited narrow cortical bone,
which was immature since it contained a greater quantity of
woven bone than controls [9]. Osteoblasts therefore control
the thickness and maturation of cortical bone even during
early development.

Osteoclasts are also important for cortical development: if
osteoclast-mediated invasion and destruction of the cartilage
model is defective, cortical bone development is delayed. An
example of this is in the syndrome of osteopetrosis, caused
either by a lack of osteoclasts or by defective osteoclast
activity. Severe osteopetrotic mouse models exhibit thin cor-
tical bone soon after birth, and a marrow space filled with
abundant trabecular bone mainly comprising mineralized
cartilage. This is particularly evident in the src null mouse,
which has extensive marrow spaces, even in the diaphy-
seal cortex, indicating a lack of cortical consolidation [10].
Even in conditions with mild osteoclast defects, such as the
Cathepsin K null mouse, high cortical porosity is observed
in early adulthood [11]. Initially this seems confusing: we
would expect osteoblasts to mediate consolidation of the cor-
tical structure. The effect of osteoclast suppression suggests
cortical consolidation is driven by remodelling: the osteo-
blasts responsible for closing cortical pores may depend on
prior resorption of the cortex by osteoclasts. Such a concept
is supported by delayed formation of the bone collar and
cortical consolidation in VEGF-deficient mice which have
reduced osteoclast invasion due to defective vascular forma-
tion [12]. In contrast to the intracortical environment, src
null mice exhibit normal periosteal diameter; this indicates
bone width during embryogenesis is determined by model-
ling and is independent of osteoclast function [5].

Bone shape is at least partially determined by muscle
forces experienced by the developing bone in utero. Mus-
cle contractions of the developing embryo produce signals
responsible for the formation of attachment sites, and bone
curvature, as revealed by studies of mice lacking striated
muscle (Myf5~~: MyoD™") [13]. The maternal muscula-
ture is also important; in the absence of intrauterine muscle
forces, embryos form bones with normal periosteal diameter,
but the normal pattern of oval development, caused by for-
mation of struts in a preferential direction is disrupted and
the bone retain a circular cross-section [5].

Few studies of embryonic bone have assessed the cross-
sectional area of skeletal elements, so very little is known
about how radial bone growth is controlled in utero. We
recently described a mouse model that develops wide bones
of normal length during embryonic development [14].
Bone width can therefore be controlled independently of
bone length in utero. While the communication pathway
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underlying this phenotype remains unknown, it is associ-
ated with accelerated mineralization due to impaired PTHrP
production by the maternal decidua (the interface between
the placenta and the uterine wall).

Few human syndromes have been described with specific
defects in cortical development during embryogenesis. One
possible example is infantile cortical hyperostosis (OMIM
114000), also known as Caffey disease, a rare disease affect-
ing various skeletal elements and contiguous connective tis-
sue [15]. Although a lethal prenatal form has been reported,
the disease is usually self-limiting, and periosteal new bone
formation leads to hyperostosis of the affected bones and
swelling of the overlying soft tissue. Histologically, local
inflammation along with subperiosteal new lamellar bone
formation was observed. Autosomal dominant form of the
disease is caused by a heterozygous missense mutation
(R836C) in the type I collagen (COLIAI) gene. There are
several type I collagen disorders, including osteogenesis
imperfecta, but only Caffey disease is characterized by
increased cortical bone formation. The underlying cause
remains unknown.

Thus, bone width, cortical shape, and cortical bone
porosity are controlled by multiple mechanisms during
embryogenesis, from both the embryo and the maternal
environment. Within the developing embryo, these include
influences of chondrocyte development, osteoclast forma-
tion, vascularization, and muscle activity. The mother also
influences embryonic development through intrauterine
muscle contractions, by controlling the supply of calcium
to the developing embryo, and preliminary studies now sug-
gest some level of control of embryonic bone width through
the decidua.

Consolidation of cortical bone during bone
growth

During postnatal bone growth, cortical structure continues
to evolve through three processes: consolidation of trabecu-
lar bone (i.e., corticalisation), transformation of the cortical
structure from woven to lamellar bone, and accumulation of
mineral by secondary mineralization.

During corticalisation, thin bony trabeculae arising from
the growing cartilaginous growth plate coalesce at the
periphery of the metaphysis to form the thickening corti-
cal shell (Fig. 2) [16, 17]. At the junction of the growth
plate and the nascent cortical bone is the groove of Ranvier,
which provides both osteoblasts to the growing cortex and
chondrocytes to the expanding growth plate. Thus, trabecu-
lar development at the metaphysis during childhood, rather
than metaphyseal cortical morphology, is likely to deter-
mine cortical morphology in adulthood, thereby determin-
ing fragility and risk of fracture. For example, healthy girls
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and pre- and postmenopausal women with thinner or fewer
trabeculae exhibit lower cortical area and higher cortical
porosity [18, 19]. Cortical morphology during growth is
generally correlated with longitudinal growth velocity, and
differs according to the stage of puberty [20].

The replacement of woven bone with lamellar bone
occurs by both modelling and remodelling in the cortex [16].
As the cortical bone becomes consolidated, it passes through
a transitional state of “coarse, irregular whorls or convolu-
tions” of compact bone, described by Enlow in 1962 [16].
This bone is gradually replaced with lamellar bone during
asymmetric growth: new lamellar bone is deposited on both
inner (endocortical) and outer (periosteal) surfaces of the
cortex, depending on mechanical forces. On the opposite
side of the cortex, woven endochondral bone and mineral-
ized cartilage are resorbed by osteoclasts, leaving a central
core of woven bone and cartilage (see Fig. 1). This asymmet-
ric process is termed “modelling drift”, and is responsible
for both bone enlargement and changes in bone shape during
growth [21, 22] as well as age-associated changes in bone
shape [23]. There may be multiple mechanisms of control
for this, including: (1) signals from osteoclasts transmit-
ted to osteoblasts on the other side of the cortical structure,
termed osteotransmitters [24, 25], (2) independent responses
of osteoblasts and osteoclasts to the mechanical loads they
are experiencing, or (3) responses of mechanosensitive
osteocytes sending specific signals in different directions to
induce formation and resorption where it is needed.

It should be noted that large mammals, including humans,
develop Haversian systems after the initial period of cortical
consolidation. Haversian systems are an organised structure
within the cortex of larger bones, characterised by bundles of
longitudinal cylinders each containing central blood vessels
surrounded by concentric layers of lamellar bone. During
development, human metaphyseal bone, like murine bone,
is composed of thin, porous, non-coalesced bone [26]. This
is one reason why the border with the growth plate is a site
of greater bone fragility in children [26]. The key difference
in cortical development between small (non-Haversian) and
large (Haversian) bone occurs after the transitional “coarse
compact” bone phase. This suggests large and small mam-
mals share similar initial steps in cortical bone development,
and there may be similar signalling pathways at play.

After the woven and “coarse compact” bone phase,
remodelling into lamellar Haversian systems occurs on
intracortical surfaces (i.e., within the cortical structure). In
adulthood, these Haversian systems continue to be remod-
elled, with intracortical blood vessels providing osteoclast
and osteoblast precursors in osteonal cutting cones [16,
27]. It is often surmised that rodent bone is stagnant, and
does not remodel after cortical shape is established, since
it lacks Haversian systems. However, rodent cortical bone
is heavily vascularised with trans-osteal (or transcortical)
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vessels [28, 29]. Since these vessels house both osteoclasts
[29] and osteoblast progenitors [30], the murine cortex may
also be remodelled on intracortical surfaces, even after con-
solidation. Consistent with this suggestion, murine bone
continues to accrue mineral after the lamellar structure has
formed [31].

Defects in cortical consolidation
in the postnatal skeleton

How is cortical consolidation controlled? Certainly, osteo-
clast activity is required, since, as discussed above, osteo-
petrotic models exhibit delayed cortical consolidation.
Chondrocytes may also play a role, since chondrocyte dif-
ferentiation at the growth plate determines the generation
of new bone at the metaphysis. Another contributor is the
osteocyte. Delayed formation of dense cortical bone in the
presence of normal chondrocyte differentiation was noted
in mice lacking a cytokine suppressor (SOCS3-suppressor
of cytokine signalling 3) in osteocytes and late osteoblasts
[32]. In these mice, a consolidated cortical structure did not
form in the metaphyseal region until after 12 weeks of age.
SOCS3 is an intracellular protein which attenuates STAT3
intracellular signalling, and in its absence, STAT3 phospho-
rylation downstream of locally acting cytokines, including
IL-6, IL-11, and oncostatin M, is hyperactivated. Cortical
consolidation therefore requires suppression of STAT3 sig-
nalling in osteocytes and late osteoblasts. In the mice with
hyperactive STAT3 signalling in osteocytes, osteoclast for-
mation was elevated specifically within the cortical struc-
ture; this prevented cortical consolidation and delayed the
accrual of lamellar bone, leading, ultimately to reduced bone
strength [31, 32]. Thus, osteocyte signalling, particularly
through STAT?3, must be suppressed for cortical bone to
mature normally. The finding that osteoclast formation was
normal in the trabecular compartment indicates separate
mechanisms of control between the cortical and trabecular
bone compartments.

In contrast to the impairment in cortical consolidation
when STAT3 signalling in osteocytes was elevated, corti-
cal bone was unaffected when STAT3 was hyperactivated
in the osteoclast lineage (again by deleting SOCS3), but tra-
becular bone mass was reduced due to osteoclast formation
in that compartment [33]. This reinforces the concept that
osteoclast formation is controlled separately in trabecular
and cortical bone, and that cortical consolidation requires a
sufficiently low level of remodelling for it to progress in a
timely manner.

A high level of cortical porosity was also observed in
an earlier study of Jansen’s metaphyseal chondrodysplasia
(OMIM 156400), a rare bone skeletal disease caused by
activating mutations of parathyroid hormone 1 receptor

(PTHIR). It is characterized by severe short stature, short,
bowed limbs with cortical bone erosion, and rickets-like
metaphyseal dysplasia, clinodactyly, prominent upper face
and small mandible [34]. When a Jansen’s-type mutation
was targeted to osteoblasts in a genetically altered mouse
model, porous, thin cortical bone, and high trabecular
bone mass was observed [35]. This was explained by high
levels of both bone formation and bone resorption on both
trabecular and endocortical surfaces. Surprisingly, when
this mutation was introduced to osteocytes, using Cre-
targeting, the phenotype was exaggerated to the extent that
the marrow space was full of unremodelled woven bone,
and there was no clear distinction between trabecular and
cortical bone, a phenotype that persisted until 26 weeks
of age [36]. Further cortical analysis revealed that PTHR1
activation increased cortical remodelling, and increased
periosteal bone formation, leading to thickened, uncon-
solidated woven cortical bone in 12-week-old mice, and
increased bone width [37]. This phenotype is, in some
ways, similar to the mice with osteocyte targeted SOCS3
deletion; both exhibit immature woven cortical bone,
suggesting both STAT3 and PTH1R signalling must be
suppressed for cortical bone to mature fully, but of the
two, only PTHI1R activation increases periosteal bone
formation.

A third pathway in osteocytes that must be suppressed
for full cortical consolidation in both mice and humans is
Notch signalling. Hajdu-Cheney syndrome (OMIM 102500)
is caused by gain-of function mutations in exon 34 of the
NOTCH2 gene [38, 39]. It is a rare multisystem disorder
characterized by acro-osteolysis, osteoporosis, short stature,
specific craniofacial features, neurologic symptoms, cardio-
vascular defects and polycystic kidneys [40]. Osteoporosis in
these individuals is characterised by a highly porous cortex
early in life, with no clear distinction between the cancel-
lous and cortical compartments [41]. This human syndrome
was recapitulated by a mouse model with a heterozygous
Q2319X Notch2 mutation, which showed trabecular and
cortical bone osteopenia, enhanced osteoclastogenesis, and
increased bone resorption [42]. Notably, poor cortical con-
solidation was also observed in three mouse models with
activated Notchl signalling targeted to early stages of oste-
oblast development (Col2.3-Cre; RosaNO‘Ch), mature osteo-
blasts and osteocytes (Oc-Cre; Rosa™"") and osteocytes
(Dmp1-Cre; Rosa*M) [43]. As observed in the two models
discussed above with elevated STAT3 and PTHR1 signal-
ling, the mice with elevated Notchl signalling exhibited a
high level of woven bone, but unlike those other models, and
Hajdu—Cheney syndrome, bone resorption was suppressed
[43]; it is unclear how this could lead to increased cortical
porosity, and histomorphometry within the cortical region
was not reported.
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Impaired cortical consolidation due to elevated osteoclast
activity is also likely to contribute to the highly porous and
thin cortical bone observed in mice with global deletion of
Wntl6 [44, 45]. Indeed, increased osteoclast formation was
observed in these mice on their endocortical surface, a site
of abundant Wnt16 protein localization [44]. The thin cor-
tical bone was observed at 5 weeks of age and maintained
until at least 24 weeks of age, indicating that this pathway
is important both during cortical development and mainte-
nance [44]. Wnt16 null mice exhibited no significant bone
length phenotype, nor any difference in trabecular bone
mass, suggesting Wnt16 regulates cortical bone mass inde-
pendently of trabecular mass. Indeed, this was confirmed in
adult mice, when Wnt16 deletion induced in adult (10 week
old) and aged (47 week old) mice selectively reduced corti-
cal bone mass [46]. Porosity was not reported in this later
study. Wntl6 is also important in determining human cor-
tical structure: in human population-based GWAS studies,
WNTI16 was a determinant of cortical structure and shape,
including forearm cortical thickness and BMD [45], femoral
neck BMD and buckling ratio [47]. Although Wntl16 may
be required to maintain cortical bone independently of tra-
becular bone in a physiological setting, osteoblast-specific
overexpression of human WNT16 in mice increased both
cortical and trabecular bone mass [48]. Pharmacological
approaches to increase WNT16 levels, if feasible, might
therefore be expected to increase both cortical and trabecu-
lar bone mass. Although increased porosity was observed
in the Wntl6 deficient mice, no description of cortical bone
composition, intracortical osteoclast formation, vasculariza-
tion, or distribution of lamellar and cortical bone has been
published.

Wntl6 is a member of the WNT (Wingless-type MMTV
integration site) family, and regulates bone homeosta-
sis through two pathways, termed canonical (f-catenin-
dependent) and non-canonical (f-catenin-independent) sig-
nalling. Wnt16 appears to inhibit osteoclastogenesis through
both mechanisms: it acts indirectly through canonical Wnt
signalling in osteoblasts to increase expression of osteopro-
tegerin (an endogenous RANKL inhibitor), and acts directly
via an inhibitory p-catenin-independent action on osteo-
clast precursors [44]. The importance of osteoblast-derived
Wntl6 was highlighted by targeted deletion of Wnt16 in the
osteoblast lineage, using a Runx2-directed Cre recombinase,
which also resulted in increased osteoclast formation and
thin cortical bone [44]. In contrast, when Wnt16 recombi-
nation was targeted to late osteoblasts and osteocytes (with
DmplCre), only a modest decrease in cortical thickness
was observed, and only with aging [44], suggesting early
stages in the osteoblast lineage are most important in regu-
lating osteoclastogenesis through these pathways.

The interplay between the vascular network and the
developing cortical structure is also important to consider,
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although there is little data yet concerning how this is
controlled. In mice with increased vascularization due to
chondrocyte-targeted overexpression of vascular endothelial
growth factor A (VEGFA), cortical porosity and trabecular
bone mass were both significantly elevated, even when over-
expression was induced in the young adult skeleton [49].
However, this was a complex phenotype since VEGFA also
influences osteoblast differentiation and caused significant
marrow fibrosis. It remains unknown whether and how the
vascular network per se exerts control over the cortical struc-
ture once the skeletal structure has been formed.

Defects in cortical mineralisation
in the postnatal skeleton

While gradual accrual of mineral during maturation of the
cortex may be partially mediated by cortical remodelling, the
gradual increase in mineral content may also reflect second-
ary mineralization of bone. Mineralisation of bone’s ground
substance (osteoid) occurs in two stages: 70% of the mineral
is deposited during an initial rapid phase of mineral accu-
mulation, termed “primary mineralisation” [50]. This is fol-
lowed by a slower phase termed “secondary mineralisation”
which can continue for years [51], either until that region is
resorbed during bone remodelling, or until it reaches maxi-
mal mineral levels. Multiple processes occur during both
primary and secondary mineralization: mineral crystal size
and shape increase, the bioapatite structure becomes more
ordered, carbonate is incorporated into the bioapatite, colla-
gen fibres become more compact and crosslinked, and water
content reduces (these processes are described in detail in
[52]). Such “bone-age” differences in composition can be
observed within the same tissue, either along the radius of
the Haversian osteon, or across the lamellar bone deposited
on the periosteum [51, 53-55].

Remodelling of cortical bone, particularly within Haver-
sian systems, leads to regional variations in the degree of
mineralization at the tissue level; some osteons are younger,
and therefore less mineralized than others. Younger bone,
including immature cortical bone close to the growth plate
is less mineralized than older bone, since more rapid activa-
tion of remodelling and osteoclast-mediated resorption trun-
cates the time available for secondary mineralization [16, 56,
57]. In contrast, when bone remodelling cycles are activated
less frequently, for example, when anti-resorptive therapies
like bisphosphonates are administered, more bone com-
pletes secondary mineralization uninterrupted and reaches
a greater mineralization level [53].

The strength of cortical bone can also be influenced, inde-
pendently of bone structure, by the level of mineralisation
achieved. We observed this in a recent study of a mouse with
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osteocyte-targeted deletion of the protein EphrinB2, a ligand
for the EphB4 receptor tyrosine kinase. Although these mice
had bones of normal size, shape and cortical thickness, we
found their cortical bone strength was severely compro-
mised due to a higher level of cortical bone mineralisation
[58]. Although bone formation occurred at a normal rate in
these mice, mineral accrual was accelerated due to a RhoA-
ROCK dependent defect in osteocyte autophagy, which is an
intracellular recycling process. This suggests osteocytes can
control the mechanical competency of bone independently
of bone mass by modifying the composition of their sur-
rounding matrix.

While no human genetic defects of hypermineralisation
with normal bone mass have been described, such defects
could explain why some patients experience fragility frac-
tures even though they do not have clinically diagnosed oste-
oporosis. While areal BMD is used as a standard screening
tool for osteoporosis, it is becoming clear that it has low
sensitivity as a predictor of fracture risk, with recent esti-
mates suggesting most patients with fragility fracture do not
have clinically defined osteoporosis (7 score < —2.5 by areal
BMD) [59]. This suggests there may be a diversity of bone
fragility phenotypes—some can be detected by areal BMD
scans, but others may relate to alterations in mineral content
[60], mineral crystal composition [61], or mild changes in
collagen content or orientation.

It has recently been noted that atypical femoral fracture
(AFF), a rare condition experienced by a subset of patients
receiving bisphosphonate-based therapies for osteoporosis
may also have an intrinsic defect in bone composition with-
out a change in bone shape. When bone from fracture sites
of patients with AFF was assessed by Fourier-transform
infra-red microspectroscopy (FTIRM) it was found to have
a higher mineral:matrix ratio than bone from women with
typical osteoporotic fractures [62]. Additionally, long-term
bisphosphonate treatment leads to a higher degree of min-
eralisation in iliac crest biopsies of patients with AFF com-
pared to patients who did not suffer from AFF [63]. The
underlying cellular defect leading to high mineral deposition
in AFF has not been defined, although a number of patients
suffer AFF in conjunction with undiagnosed osteogenesis
imperfecta, reinforcing the concept that this is a material
defect [64]. These studies raise the questions of whether
AFF is caused by a defect in mineral deposition secondary
to a genetic change like that observed in DmpCre.Efnb2"
mice or caused by an effect of bisphosphonates on osteo-
cyte intracellular dynamics and RhoA-ROCK signalling.
Understanding how this pathway regulates bone minerali-
zation may help provide ways to predict susceptible patients.
Recent family studies have identified a number of putative
genetic changes, including differences in collagen type
I, GGPSI, ATRAID and OFDI, that may give rise to this
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Fig.2 Metaphyseal consolidation of cortical bone. During long bone
maturation, chondrocyte differentiation and hypertrophy occurs at
the epiphyseal growth plates. During hypertrophy, osteoclasts begin
to resorb the mineralised cartilage, leaving remnants of mineralised
cartilage, on which osteoblasts form woven bone, thereby making tra-
beculae in the primary spongiosa. At the periphery of the bone, these
trabeculae become consolidated to form thickened woven bone, with
vascular pores, which may contain both osteoblasts and osteoclasts.
The activity of osteoclasts within these pores must be suppressed for
continued consolidation of the woven bone. Over time, the woven
bone is replaced with lamellar bone, which contains flattened, aligned
osteocytes; this is an asymmetric process. Here it is shown occurring
on the endocortical surface

defect. Mechanistic studies are still in the early stages, and
this has been very recently reviewed in detail [64].

Continuing cortical expansion
and development of bone width

After the embryonic period, as bones growth in length, they
also growth in width (radial growth), to support the increase
in body weight during growth. Bone width is controlled by
multiple processes [26] including: (1) periosteal bone for-
mation at the diaphysis, (2) periosteal bone resorption at
the metaphysis, and at least in theory, (3) radial cartilage
expansion at the epiphysis (Fig. 3).
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Radial expansion at the epiphysis

To date, although there are variations in bone width at the
epiphyseal growth plate, mechanisms controlling postnatal
widening of bone at this site remain undefined. Lineage trac-
ing studies have led to the suggestion that there is a Wnt-
responsive population of fibrocartilage cells that proliferate
at the periochondrial edge of the growth plate (termed the
Groove of Ranvier) [65], but the mechanisms controlling
their proliferation have not been identified. We will there-
fore focus much of this discussion on diaphyseal periosteal
expansion and metaphyseal periosteal resorption.

Periosteal expansion at the diaphysis

In very general terms, periosteal expansion at the diaphysis
involves bone formation on bone’s outer surface (the peri-
osteum) to increase bone width. The cellular layer of the
periosteum (cambium) contains osteoblast progenitors and
osteoblasts in contact with the bone surface; the thickness of
this layer reduces after development, becoming very thin in
adult bone [66]. The cellular layer, and the ability of a sub-
population of periosteal cells to provide a source of osteo-
blast progenitors has been studied extensively in the context
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Fig.3 Mechanisms of cortical expansion. During bone growth there
are multiple processes that determine bone width: A radial expan-
sion at the epiphyseal growth plate increases bone width, B periosteal
resorption by osteoclasts at the metaphysis narrow the bone to fit
the wide growth plate to the narrower diaphysis, and C osteoblast-
mediated periosteal bone formation at the diaphysis
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of fracture healing [67—69], but far less so in the context
of bone growth. Periosteal progenitors, like their endosteal
(bone marrow residing) counterparts are self-renewing and
have a high capacity to differentiate to osteoblasts. Recent
work has shown that both periosteal and bone marrow-resid-
ing osteoblast progenitors are derived during bone devel-
opment from the local mesenchymal lineage within each
element, and are not transported from the vasculature to the
periosteum when the primary ossification centre is estab-
lished [69].

A recent study revealed that BMP signalling in the earli-
est osteoblast progenitors at the periosteum is required to
establish normal postnatal bone width in mice [70]. A nar-
row bone phenotype observed when BMP2 deletion was tar-
geted by PrrxICre was not reproduced if more mature
osteoblast progenitors or mature osteoblasts were targeted
for the same deletion. This suggests that BMP2 action at
the periosteum stimulates osteoblast differentiation, and
commits progenitors in the periosteal niche to differentiate
and expand bone width by periosteal bone formation. The
cortical bone formed in these PrrxICre.Bmp2” mice was
not only narrower (more slender), but was also immature,
retaining cartilage bone remnants [70]. This provides further
evidence that cortical expansion is required for the matura-
tion of cortical bone matrix.

During bone growth, periosteal expansion is usually co-
ordinated with concurrent expansion of the marrow space
through bone resorption on the endocortical surface. If these
processes are matched, cortical thickness remains constant.
During growth, asymmetry of these processes leads to shape
change (termed “modelling drift”). Even though bone forma-
tion and resorption occur on different surfaces, the co-ordi-
nated change in bone shape suggests that activities on the
periosteal and endocortical surfaces are linked. Some years
ago, we proposed a conceptual framework for this commu-
nication in the context of a mouse model with osteoclast-
targeted deletion of gp130 which we were surprised to find
had reduced bone formation on the periosteum, a site lacking
osteoclasts. We suggested that osteoclasts on the endocorti-
cal surface might release signals termed “osteotransmitters”
which are transmitted through the cortical osteocyte network
(either by lacunocanalicular transport, or by a cellular signal
relay) to influence osteoblasts on the periosteal surface [25].
An influence of endocortical osteoclast-derived osteotrans-
mitters is also evident in RANKL-deficient mice (which
lack osteoclasts), when cortical morphology was restored by
marrow transfer from CD4-driven RANKL-transgenic mice
which restored osteoclasts to endocortical, but not periosteal
surfaces [71]. Such a communication mechanism may also
occur in the other direction, for example, when osteoclasts
are stimulated to resorb the periosteum, and bone formation
is stimulated on the endocortical surface [24]. Any com-
munication across the cortex, whether emanating from the
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periosteum or the endocortical surface, could be modified
by osteocytes as they sense the changes in strain across the
bone during growth and activity, so that bone shape adapts,
as needed, to forces experienced by the bone in the growing
individual.

In most mouse models described to date, when cortical
bone formation has been assessed, it is usually regulated in
the same direction as trabecular bone formation. For exam-
ple, bone formation is stimulated on both trabecular and
cortical surfaces in mice with global cathepsin K deletion
[72], global sclerostin deletion [73], or osteocyte-targeted
constitutively active PTHIR [37], as discussed above. Other
models exhibit suppressed bone formation on both trabecu-
lar and periosteal bone surfaces, such as mice lacking recep-
tors for the related cytokines interleukin-11, cardiotrophin-1
or oncostatin M [74-76]. Similarly, mice lacking periostin,
a protein expressed at high levels in the periosteum, exhibit
suppressed bone formation both on periosteal and trabecular
bone surfaces [77]; although periostin may regulate peri-
osteal growth with experimental loading [77] and in bone
regeneration [69], the null mouse phenotype suggests peri-
ostin is not a specific stimulus of the periosteum in the physi-
ological setting.

One example where periosteal and trabecular bone forma-
tion exhibit different phenotypes are mice with osteoblast-
and osteocyte-targeted deletions of gp130 (the receptor for
IL-6 family cytokines); three different models have been
described, which all exhibit low levels of bone formation
on trabecular surfaces, but greater than normal bone forma-
tion on the periosteum, leading to increased bone width [31,
78]. These differences in endocortical and periosteal bone
cell activities might relate to differences in the periosteal and
trabecular microenvironments: trabecular bone is adjacent to
bone marrow, but the periosteal bone surface is surrounded
by the periosteum and is adjacent to muscles. Cytokines
released by muscle adjacent to cortical bone (myokines)
may control the widening of cortical bone [79] by passing
through the cellular periosteum to act on osteoblasts residing
on the periosteal surface [80], but probably lack such access
to trabecular osteoblasts. Modifications in muscle size can
modify bone growth and shape, suggesting that periosteal
cells experience different compressive forces than trabecular
cells [24]. Increased periosteal growth could also occur in
response to poor bone material strength; this was observed
in the two mouse models lacking gp130 in the osteoblast
lineage, since they also exhibited a high level of woven
bone in the cortex, and low collagen production [31, 78].
A more recent study provides confirmation that gp130/IL-6
cytokines have different actions in trabecular and cortical
compartments. Osteocyte-targeted deletion of STAT3, one
of the intracellular molecules through which gp130/IL-6
cytokines act, also resulted in a greater periosteal circum-
ference (indicated by increased bone width), with reduced

bone formation on trabecular surfaces [81]. These mice also
exhibited a reduction in bone strength, suggesting they may
also have a defect in bone quality.

Another example of wide bones associated with poor
quality bone matrix is mice with targeted deletion of the
gap junction protein connexin 43 in osteoblasts [82, 83] in
osteoblast-chondrocyte progenitors [84] or in osteocytes
[83, 85]. Mice with connexin 43 suppression due to expres-
sion of a dominant negative form in osteocytes also showed
greater bone width than controls [86]. The observations in
these mice varied depending on the stage of osteoblast dif-
ferentiation in which connexin 43 was deleted, but there
was no defect in trabecular bone mass. In osteoblasts or
their progenitors, connexin 43 deletion was associated with
more endocortical resorption, leading also to thin cortical
bone, even though the targeted cells were osteoblasts [82,
84]. In those works, the cortical bone was highly porous
and contained both a high proportion of woven bone, and
low mineral content, this is a phenotype of immature corti-
cal bone, due to impaired bone forming ability of connexin
43-deficient osteoblasts. In contrast, when connexin 43 was
deleted in osteocytes, the increase in bone width was not
associated with any change in cortical thickness [83], but
a material defect was observed: increased mineral crystal-
linity and collagen D-spacing [85]. The cortical size defect
was rescued when the C-terminus of connexin 43 was re-
expressed in osteocytes [87], but this intervention did not
rescue the material defect, suggesting that, in these mice at
least, greater bone width was not secondary to a defect in
bone matrix quality.

Although there is great interest in identifying specific
modifiers of cortical thickness independent of actions in tra-
becular bone, there are few mouse models reported to date
with a specific increase in cortical thickness. One that has
been described is mice heterozygous for Notum, a secreted
lipase that inactivates WNTs by removing their attached
lipid group essential for activating the Frizzled receptor [88,
89]. Notum™'~ mice exhibit greater bone width and cortical
thickness than controls without a change in trabecular bone
mass [90, 91]. When osteoblast-lineage-specific deletion of
Notum led to a similar phenotype, this led to the conclu-
sion that osteoblast lineage cells are the principal source of
NOTUM that limits cortical thickness [90]. The mechanism
by which cortical thickness is elevated in Norum*'~ mice
seems to involve increased endocortical bone formation,
since bone cross-sectional area was normal. This action
is likely to involve canonical, rather than non-canonical
Whnt signalling, since no disruption in bone resorption was
reported. In the human, two genetic variants in the NOTUM
locus were identified, and although the changes in signal-
ling induced by these variants are not yet defined, but one
was associated with greater bone mineral density, and one
with less [90]. When Notum was genetically inactivated in
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adult mice, whether this was initiated in osteoblast lineage
or in all cells, periosteal bone formation was increased [90].
Pharmacological inhibition of NOTUM in ovariectomized
rats increased cortical thickness by stimulating endocortical
bone formation [91]. Such a pharmacological approach to
thicken the cortex is appealing as a therapeutic approach to
strengthen cortical bone in osteoporosis.

Another recent mouse model has been described with a
progressive phenotype of increasing bone width, however,
unlike Notum ™'~ mice, the newly deposited bone is highly
porous [92]. This was observed in two mouse models lack-
ing both fibroblast growth factor receptors (FGFR) 1 and 2
in mature osteoblasts and osteocytes. These mice exhibited
increased cortical bone remodelling, with abundant bone
resorption, and lamellar bone formation on the endocortical
surfaces, leading to infilling of the tibial cortex, as well as
periosteal bone formation. The authors noted that osteocyte
lacunae within the thickened cortex were frequently empty,
and observed a significant increase in osteocyte apoptosis,
which may be the cause of the increased remodelling of the
cortex. This suggests that both osteocyte activation (through
STAT3, PTHIR and NOTCH pathways) and osteocyte cell
death can cause cortical porosity and cortical thickening.

Cortical thickening of the diaphysis is a characteristic
of Camurati-Engelmann disease (OMIN 131300: CED) or
progressive diaphyseal dysplasia. In these individuals there
is bilateral and symmetrical hyperostosis, which usually
starts at the diaphyses of the femora and tibiae and expands
to the fibulae, humeri, ulnae and radii [93]. Although the
pathology has not been fully elucidated, the narrowing of
the medullary canal with periosteal expansion suggest bone
formation may be increased on both surfaces, and a defect
in osteoclast activity may also play a role. CED is caused by
a mutation in the transforming growth factor (TGF) p1 gene
(TGFB) [94] which leads to increased TGF-beta signalling
[95]. This adds to the growing list of locally acting factors
that, when hyperactive, lead to increased bone formation and
cortical thickening.

Another clinical syndrome with cortical thickening is
Kenny—Caffey syndrome (OMIN 127000, 24460: KCS).
This is quite different to Caffey’s disease, and is a very rare
dysmorphologic syndrome characterized by proportionate
short stature, cortical thickening on the endocortical surface,
with medullary stenosis of tubular bones, delayed closure
of anterior fontanelle, eye abnormalities, and hypoparathy-
roidism [96-98]. There is no evidence that KCS patients
are susceptible to fractures although the causative gene for
KCS type 2 (FAM111A) mutation also causes gracial bone
dysplasia, which is neonatal lethal with brittle bones [97];
no mouse models have yet been developed to explore the
causation of this phenotype.
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Periosteal resorption at the metaphysis

The metaphyseal periosteum is also a site of bone resorption
during growth. Such action is responsible for the even nar-
rowing of the metaphyseal cortex that leads to the formation
of a concave curve meeting the narrow diaphysis [26]. This
morphological process is notably disrupted in human and
murine osteopetroses. The absence of osteoclasts leads to a
characteristic change in bone shape, termed an Erlenmeyer
flask morphology where the metaphysis is uncharacteristi-
cally wide and lacks the concave connection to the diaphysis
[99-101].

An Erlenmeyer flask morphology has also been described
in Pyle’s disease (OMIM 265900), which is characterized by
wide metaphyses, significant thinning of cortical bone, and
fragility fractures. Surprisingly though, Pyle’s disease is not
an osteopetrosis. Pyle’s disease is associated with loss-of-
function mutations in the human SFRP4 gene, and patients
exhibit elevated serum bone formation markers, but normal
serum markers of bone resorption [102]. High trabecular
bone mass, and widened metaphyses were also described in
mice rendered null for the murine Sfrp4 gene [102, 103]. In
the null mice, histomorphometry of trabecular, periosteal
and endocortical surfaces indicated a difference in osteoclast
generation between trabecular and endocortical bone. Oste-
oclast numbers were only elevated on endocortical bone,
thereby explaining the marrow expansion and cortical thin-
ning. Pyle’s disease and Sfip4 null mice provide further clear
evidence that cortical and trabecular bone are regulated by
different mechanisms in the metaphysis.

However, the explanation for the bone widening in the
Sfrp4 null mice remains obscure since bone formation was,
in contrast to the patients, lower on periosteal surfaces than
in control mice. The Sfrp4 null mouse phenotype of widened
metaphyses was not observed at birth, but developed by 2
weeks of age [103], so this phenotype may involve radial
expansion of the chondrocyte population (see above). How-
ever, at this stage, there is no evidence yet that the Erlen-
meyer flask morphology of patients with Pyle’s disease or
Sfrp4 null mice is caused by reduced periosteal resorption
at the metaphysis. sSFRP4 is a soluble Wnt decoy receptor
and inhibits both canonical and noncanonical Wnt signal-
ling, and this phenotype therefore strengthens the hypoth-
esis made on the basis of the Wnt16 null mouse phenotype:
canonical Wnt signalling may promote trabecular bone for-
mation while non-canonical Wnt signalling erodes cortical
bone. Consistent with this distinction between trabecular
and cortical influences, Wntl6 null bones, in contrast to
Sfrp4 null bones, exhibit smaller cross-sectional area [45],
and lower periosteal bone formation rate [104]. A recent
report, using cell culture, demonstrated that both osteoblast-
expressed and osteoclast-expressed sSFRP4 regulate osteo-
clastogenesis, and the increased endocortical resorption in
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sFRP4-deficient mice was caused by noncanonical Wnt/
Ror2/Jnk signalling activation in osteoclasts [105]. In short,
sFRP4 inhibits bone formation on trabecular bone surfaces
through canonical signalling while inhibiting osteoclas-
togenesis on the endocortical surface of bone through non-
canonical Wnt signalling.

The above examples show that widening of cortical bone
can stem from chondrocytes at the epiphysis, osteoblasts at
the periosteal metaphysis and diaphysis, and by osteoclasts
at the metaphysis (Fig. 3). The degree to which osteoblast
activity is matched by osteoclasts at the endocortical surface
determines whether cortical bone is thick or thin, and there-
fore whether the bone is strong or weak.

Sexual dimorphism in bone width, shape,
and cortical development

Men have wider bones than women even after correcting
for bone length; this leads to exponentially greater bone
strength in men. Clinical data have identified very small
sex differences in bone width in utero [106] and during the
pre-pubertal period [107], but major sex differences appear
at the peri-pubertal period [108]. Young adult men have a
25-33% larger cross-sectional bone area and 18-21% more
bone mass than young adult women, and this is maintained
throughout life [109]. Notably, trabecular volumetric bone
mineral density (vBMD) was greater in men at all sites
measured, while despite the difference in cross-sectional
area, cortical vBMD was similar between sexes. A major
difference contributing to bone strength was identified using
peripheral quantitative CT (pQCT): although cortical thick-
ness at the age of peak bone mass was similar, bone cross-
sectional area and medullary area were larger in young men
than young women [110]. This wider distribution of mineral
is a mechanically superior arrangement of bone. Such sex
differences arise mainly during puberty when cortical bone
expansion is greater in men than women [111] due to the
later pubertal timing and therefore, extended longitudinal
growth in boys before puberty [107]. Thus, puberty is a criti-
cal period for establishing sexual dimorphism in bone mass
and geometry.

Rodent models also have sexual dimorphism in corti-
cal dimensions. Whether this is also due to a difference in
pubertal timing has not been established, but since female
mice and rats have narrower bones than males due to a
shorter growth period [112-114], the use of these models
to study this sexual difference is warranted. Several mecha-
nism of sex steroid regulation in cortical bone have been
revealed by the use of knock out (KO) mice for estrogen
receptor (ER) isoforms «, f and the androgen receptor (AR),
but these studies were complicated by compensatory eleva-
tions in serum testosterone and estradiol [115]. Nevertheless,

gonadectomy and sex-steroid treatment studies showed that
ERa is the dominant mediator of estrogen actions in bone
and the role of ERp is limited [116]. Androgens such as
testosterone can be converted to estrogens through aromati-
zation; this means they can act through both AR and ERa,
and periosteal expansion in male mice depends both on both
receptors. This was suggested by partially reduced testos-
terone action on periosteal bone formation when adminis-
trating an aromatase inhibitor in orchiectomized wild mice
[117]. Cortical bone in male mice became thinner when ERa
was deleted in the osteoblast lineage, including in precur-
sors using PrrxI-Cre, but there was no cortical phenotype
when this deletion was targeted to mature osteoblasts and
osteocytes using Osteocalcin-Cre, Collal-Cre or Dmpl-
Cre [118]. This indicates that ERa in osteoblast precursors
increases cortical bone thickness in young male mice. On
the other hand, the AR-expressing cell through which non-
aromatised testosterone stimulates cortical bone expansion
in male mice remains largely unknown [111]. In females,
ERa in osteoblast progenitors may be responsible for cor-
tical bone mass accretion by inhibiting endocortical bone
resorption and stimulating periosteal bone formation; this is
supported by the report that ERa deletion in osteoblast pro-
genitors did not show the expected increase in endocortical
osteoclast numbers nor loss of endocortical bone following
ovariectomy [118].

There are several reports that growth hormone (GH) and
insulin-like growth factor (IGF1) may play an important
role in sexual dimorphism in both longitudinal growth and
periosteal bone expansion [111, 119, 120]. When puberty
arises, the GH pulse amplitude rises and IGF-1 increases,
so both may contribute to longitudinal and transverse bone
growth. This happens later but continues longer in men than
in women, which results in sexual dimorphism (as discussed
above). This GH secretion pattern may be important for sex
differences in periosteal expansion since male mice with
conditional GH receptor knockout mice in osteoblasts had
narrower bones, which may be interpreted as a female-like
bone geometry [121]. Whether GH and IGF1 influence bone
width independent of their effects on longitudinal growth has
not been specifically explored.

Maturation of the cortical structure also differs between
male and female mice. Since female mice have a higher level
of trabecular bone remodelling than males throughout life, it
seems reasonable that cortical bone remodelling would also
be maintained at a higher level in female mice. This has not
been studied extensively, but our work in DmpICre.Socs3"
mice showed a more severe phenotype in female animals,
which exhibited a further delay in cortical consolidation than
males [31, 32]. This difference was sex-steroid dependent,
and the sex difference was, at least in part, due to elevated
IL-6 signalling in male mice, since the male skeleton took
on the appearance of female bone if IL-6 was deleted [32].
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Trabecularisation of the cortex
with age and pathological examples
of trabecularisation

Approximately 80% of fractures in older individuals are non-
vertebral, and mainly occur in cortical bone [122]. Approx-
imately 70% of all age-related appendicular bone loss is
cortical, and most of this occurs by intracortical remodel-
ling (i.e., bone remodelling within the cortical bone). Such
intracortical remodelling with ageing forms cavities in the
cortex producing porosity. As the resorption progresses with
age, cortical bone becomes more porous [123], eventually
taking on the appearance of trabecular bone [122], leading
to the term “trabecularisation”. This increased porosity is
regional, with most bone loss occurring along the neutral
axis of the cortex, where bending stress, and the need to
retain a strong cortex is lowest [124]. Increased porosity is
caused by an imbalance in the normal process of intra-cor-
tical bone remodelling that renews the cortical bone within
cutting cones. With ageing, bone resorption exceeds forma-
tion, leading to bone loss within intracortical pores [125].

Increased cortical porosity also occurs in ageing mice.
In this case, it occurs at the same time as cortical thinning,
caused by endocortical resorption [126]. The number and
interconnectivity of vascular channels increases with age,
and closely spaced clusters of pores develop and merge
from capillary branches of the vascular channel [127]. These
events also lead the cortex adjacent to the bone marrow to
take on a trabecular bone-like structure, again, similar to
observations in human bone.

Although the underlying cellular and molecular mecha-
nisms responsible for the emergence of age-related cortical
porosity are unknown, some of the pathways required for corti-
cal consolidation may be involved, such as increased osteocyte
signalling (STAT3, PTHIR) or increased osteocyte apopto-
sis (downstream of FGFR1/2 deletion). Another possibility
is that cortical porosity emerges when the normal process of
osteocyte cell death is disrupted. This was suggested when
Bak and Bax, two pro-apoptotic members of the Bcl2-family
of proteins, were conditionally deleted in the osteoblast lineage
(using Osx1-Cre). This led to greater trabecular bone mass and
increasing cortical porosity with age due to increased intra-
cortical remodelling [128]. These mice exhibited decreased
apoptosis of osteoblasts, and increased numbers of “dysmor-
phic” osteocytes characterised by condensed cytoplasm and
darkened nuclei without clear nucleoli; surprisingly these
dysmorphic osteocytes were observed in the periosteal zone
of the cortex, which lacked the high level of bone remodelling
[128]. Both RANKL and VEGFA mRNA levels were high
in bones from these mice, possibly due to higher numbers of
blood vessels and osteoblasts within the cortical samples. The
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mechanism responsible for the increased porosity therefore
remains obscure.

The emergence of cortical porosity also occurs in patho-
logical conditions, including chronic kidney disease (CKD).
CKD leads to rapid cortical bone loss, including cortical
thinning and increased porosity, which has been attributed
mainly to secondary hyperparathyroidism and subsequent
elevated remodelling [129]. When experimental CKD was
induced in young mice, using an adenine-rich diet, cortical
porosity also developed [130] providing a model by which to
study the pathogenesis of this condition. Using this model,
the authors suggested elevated porosity was caused by
reduced osteocyte apoptosis and increased RANKL expres-
sion by osteocytes. However, although this is an appealing
model, osteoclast precursors must make direct contact with
RANKL-expressing cells, which functions primarily as a
membrane-bound protein [131], and it is difficult to see how
the RANKL-expressing osteocytes would make contact with
osteoclast precursors. Furthermore, osteocytes, even when
cultured directly with osteoclast precursors do not fully sup-
port osteoclast formation [132, 133].

A rare instance in which cortical porosity emerges is
Gorham-Stout disease (GSD, also known as vanishing bone
disease). This is characterized by the presence of lymphat-
ics in bone, with bone loss and its replacement with fibrous
tissue [134]. GSD is mostly diagnosed in children and young
adults. It can affect any bone in the body but most frequently
affects the maxilla, mandible, clavicle, ribs, cervical verte-
brae, pelvis and femur. Bone of patients with GSD gradu-
ally disappears. Recently, to recapitulate GSD, a mouse
with osteoblast-lineage targeted overexpression of vascular
endothelial growth factor-C (VEGF-C), a principal driver of
lymphangiogenesis, was generated [135]. These mice devel-
oped pathological lymphatics within in their bones (where
they are not normally located). This resulted in significantly
more porous and trabecularised cortical bone than control
mice [135]. Again, this upholds the model that increased
signalling by the osteoblast/osteocyte lineage an stimulate
cortical remodelling and initiate cortical pore expansion
through multiple mechanisms.

Concluding statements

To conclude, cortical bone structure is determined by distinct
processes at specific stages of life. The cortical structure is
first shaped by embryo- and maternal- specific influences
during embryogenesis. During growth, cortical composi-
tion changes as it consolidates, expands, and is shaped in
the metaphyseal region. Cortical consolidation, both during
embryogenesis and in growth involves closure of cortical
pores by osteoblasts, and this process requires prior resorp-
tion. Periosteal expansion occurs by osteoblast-mediated
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bone formation, but is also influenced by cortical remodel-
ling: if the material strength of the bone is compromised, as
in mice retaining a high proportion of woven bone, cortical
width expansion may occur to compensate. Such control of
cortical thickness and shape requires co-ordination of osteo-
blast and osteoclast activities across the cortical bone itself,
and osteocytes may be involved in this. With age, cortical
porosity emerges in both rodents and humans, but the major
signals that cause this remain unknown. Further study of
each of these stages of cortical development, growth, and
degeneration are needed to understand how this multicellu-
lar process is controlled and can be manipulated to improve
human health.
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