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Osteocyte regulation of bone mineral: a little give and take
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Abstract Osteocytes actively participate in almost every
phase of mineral handling by bone. They regulate the min-
eralisation of osteoid during bone formation, and they are
also a major RANKL-producing cell. Osteocytes are thus
able to liberate bone mineral by regulating osteoclast differ-
entiation and activity in response to a range of stimuli,
including bone matrix damage, bone disuse and mechanical
unloading, oestrogen deficiency, high-dose glucocorticoid
and chemotherapeutic agents. At least some of these activ-
ities may be regulated by the osteocyte-secreted product,
sclerostin. There is also mounting evidence that in addition
to regulating phosphate homeostasis systemically, osteo-
cytes contribute directly to calcium homeostasis in the ma-
ture skeleton. Osteocyte cell death and the local loss of
control of bone mineralisation may be the cause of focal
hypermineralisation of bone and osteopetrosis, as seen in
aging and pathology. The sheer number of osteocytes in
bone means that a little give and take’ in terms of regulation
of bone mineral content translates into a powerful whole
organism effect.
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Introduction

Osteocytes (OY) are the predominant bone cell type, com-
prising 90-95% of all bone cells and are also the most long
lived, with a life span of up to 25 years (reviewed in Ref.
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[1]). Each osteocyte possesses numerous, up to 50, long and
branched cellular processes that extend throughout the bone
by virtue of a network of interconnecting canaliculi (Fig. 1).
OY processes contact each other, and possibly other cell
types, by means of specialised nodal structures termed gap
junctions, comprising connexins (mainly connexin 43) and
integrins, which facilitate the intercellular transport of small
signalling molecules such as prostaglandins and nitric oxide
[2]. In cross-sections of human cortical bone, the distance
between canaliculi is typically around 4 pm [3] and OY
processes, if not OY cell bodies, are never far from the other
bone cell types including lining cells, osteoblasts, bone
endothelial cells and bone resorbing osteoclasts. Indeed,
the number of canaliculi contacting the under surface of
each lining osteoblast was calculated in rabbit bone to be
between 8 and 20 per cell, the number of contacts increasing
with the age of the animal [4]. Kamioka et al. observed in
mouse calvariae that more mature OY were extensively
connected to immature or osteoid osteocytes, OY most
recently embedded in mineralising osteoid, and it was these
cells that retained contact via their processes to the surface
osteoblasts [5]. In that study, a limited number of OY
processes (about 3%) were also observed to extend through
to the vascular side of the lining cell layer providing the
potential to ‘talk to’ mesenchymal and haemopoietic cells
resident in the marrow [5]. The OY syncytium is therefore
ideally placed to both sense and communicate requirements
for mineral homeostasis, skeletal loading, as well as insults
inflicted upon it.

Evidence now suggests that OY participate in almost
every phase of mineral handling by bone. In an anabolic
sense, OY activities result in mineralisation of osteoid laid
down by osteoblasts, and the rate and extent of this miner-
alisation is also regulated by OY. In a catabolic sense, OY
are a major RANKL-producing cell in bone and are able to
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Fig. 1 Osteocyte connectivity. SEM image of resin-embedded and
acid-etched rat tibial bone, demonstrating the elongated osteocyte
lacunae and the associated network of highly branched canaliculi
providing many potential channels for communication between OY
and other bone cell types. Image generated originally by K. McKenzie,
University of Aberdeen and is downloadable from http://www.flickr.
com/photos/wellcomeimages/5814814672/

liberate bone mineral by inducing osteoclast differentiation
and activity in response to a range of stimuli, including bone
matrix damage, bone disuse and unloading, oestrogen defi-
ciency, high-dose glucocorticoid and chemotherapeutic
agents. OY are a major cellular source of the hormone
fibroblast growth factor (FGF) 23, which acts on the kidney
(via co-receptors FGF-R1 and klotho) to regulate phosphate
homeostasis; this activity of OY has been reviewed else-
where [6] and is not considered further here. In addition,
however, there is mounting evidence that OY manage cal-
cium homeostasis in the mature skeleton by extracting cal-
cium from the peri-lacuna space to meet a calcium challenge
and replacing it when circulating calcium demands are met.
Loss of OY viability in addition to stimulating osteoclastic
resorption may also be the cause of hypermineralisation of
bone and, as seen in aging and pathology, OY and their
lacunae being replaced by mineral. This review aims to
summarise these diverse actions of OY in terms of the
regulation of bone mineral homeostasis.

Osteocytes organise bone mineral deposition

The process of mineralisation of osteoblast synthesised os-
teoid is intimately linked with OY differentiation from
osteoblasts [1, 7]. Agents that promote the transition of
osteoblasts to OY, such as vitamin K [8], vitamin D [9] or
strontium [10] also increase the mineralisation of osteoblasts
in culture. Franz-Odendaal et al. [1] comprehensively
reviewed current knowledge of the process by which OY
become embedded into osteoid and subsequently sur-
rounded by mineralised bone matrix. Although the process
is only partly understood, and its regulation remains to be
elucidated, these authors describe a remarkable change in
morphology and gene expression that occurs during the
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osteoblast-OY transition. The details of this transition are
likely dependent on the mode of ossification - intramembra-
nous, perichondral or endochondral - and on the type of bone
being generated - woven or lamella bone [1]. The mineralisa-
tion of lamella bone has been difficult to study but it is
becoming clear that mineralisation accompanies this transition
of osteoblast to OY. A study by Barragan-Adjemian et al. [7]
utilised the MLO-AS5 cell line, described as late osteoblasts/
early osteocytes, and which mineralise as they differentiate in
culture, to explore the process. They found that mineral was
laid down along and within type I collagen fibres surrounding
these cells, in small mineralised spherical structures, similar to
those described at the mineralisation front in bone, and termed
‘calcospherulites’ [11, 12]. Calcospherulites are thought be
represent clusters of mineral-containing matrix vesicles [11].
These mineralised structures are initially associated with the
dendritic processes of the developing OY-like cells and even-
tually increase in size, coalesce and surround the mineralising
cells [7]. The authors noted that these events were consistent
with those they observed at the mineralisation front in murine
lamella bone.

As discussed by Murshed et al. [13], mineralisation is
prevented in all non-mineralising tissues by the ubiquitous
expression of the powerful mineralisation inhibitor, pyro-
phosphate (PPi). These authors argued that bone is unique in
expressing both type I collagen and tissue non-specific
alkaline phosphatase (TNAP), which hydrolyses PPi and
provides the inorganic phosphate (Pi) for hydroxyapatite-
like (calcium and phosphate) mineral formation [14].
Murshed et al. further showed that ectopic extra-cellular
matrix (ECM) mineralisation could be induced by engineer-
ing the expression of TNAP in a type I collagen rich tissue,
the skin [13]. While adequate levels of Pi, together with type
I collagen, may be necessary for ECM mineralisation, they
appear not to be sufficient for mineralisation in bone. The
molecular regulation of mineralisation in bone is complex and
seems to involve a large number of molecules, which function
to regulate the availability of calcium and phosphate to pre-
cipitate in hydroxyapatite crystals, and to regulate crystal
growth. For example, Midura et al. [15] have pointed to an
essential role for bone acidic protein-75 (BAG-75) and bone
sialoprotein-1 (BSP-1) in mineralisation. BAG-75 and BSP-1
are enriched within the calcospherulites in mineralising bone
and it appears that enzymically cleaved products of these
proteins are required for mineralisation, since inhibition of
the enzyme, SKI-1, which produces this cleavage, also blocks
mineralisation in cultures of UMR106-01 osteoblastic cells
[16]. Mineralisation is also controlled by a number of factors
produced by osteoblasts and osteocytes. As reviewed [17],
among these are a group of extracellular matrix proteins, small
integrin-binding ligand, N-linked glycoproteins (SIBLINGs),
which include matrix extracellular phosphoglycoprotein
(MEPE), osteopontin (OPN), dentin matrix protein 1
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(DMP1) and bone sialoprotein. MEPE and several other SIB-
LINGs, including OPN [18] contain an acidic serine aspartate-
rich MEPE-associated motif (ASARM) [19]. In the cases of
MEPE and OPN, this motif, when enzymically released in the
form of a phosphorylated peptide, physically associates with
mineral crystals and negatively affects mineralization
[17-20]. The protein phosphate-regulating gene with homol-
ogies to endopeptidases on the X-chromosome (PHEX) is
made abundantly by OY and promotes mineralisation, firstly
by binding to MEPE and preventing ASARM peptide gener-
ation [21] and secondly, by cleaving the otherwise protease-
resistant MEPE-ASARM peptides, releasing their inhibitory
effect on mineralisation [21-24]. It is noteworthy that
ASARM peptides are chiefly responsible for the in vitro
mineralization defect in HYP mice [24], a murine equivalent
of human X-linked hypophosphatemia, both conditions aris-
ing because of a defect in the PEX/PHEX locus [24, 25]. A
further detailed description of biomineralisation is beyond the
scope of this review, however, some of the other factors with
proposed roles in the promotion or inhibition of bone miner-
alisation are listed in Table 1 and are the subject of a compre-
hensive review by Gorski [26]. The point that we wish to
make here is, as also proposed by Irie et al. [27], that the
differentiation of OY and the process of mineralisation are
inseparably linked so that mature OY only appear in

Table 1 Osteocyte regulators of mineralisation

Molecule Promoter (P) or inhibitor Reference
(I) of mineralisation

ANK I [119]
Annexins 2, 5 and 6 P [120]
Asporin P [121]
BAG-75 P [122]
Biglycan P [123]
BSP-1 P [124]
Decorin I [121]
DMP1 P [125]
MEPE/MEPE-ASARM I [24]
NPP1 I [126]
PHEX P [21]
Pit-1 P [127]
PPi I [128]
Sclerostin I [17]
Stanniocalcin P [127]
TNAP P [129]
Type I collagen P [13]

BSP-1 bone sialoprotein 1, MEPE matrix extracellular phosphoglyco-
protein, ASARM acidic serine aspartate-rich MEPE-associated motif,
NPP1 nucleotide pyrophosphatase phosphodiesterase 1, PHEX
phosphate-regulating gene with homologies to endopeptidases on the
X-chromosome, PPi pyrophosphate, TNAP tissue non-specific alkaline
phosphatase

association with mineralisation and mineralisation is depen-
dent on the maturation of OY. After the initial phase of bone
formation and mineralisation, the process of ‘secondary min-
eralisation’, which more slowly adds an additional 10% or so
of mineral, takes place [28]. The mechanism of this latter
process is not well understood.

Osteocytes regulate bone formation, including mineral
deposition

Bone formation, the laying down and mineralisation of
osteoid, occurs either during new bone formation (model-
ling) or following a resorptive episode (remodelling). Many
factors that promote bone formation in situ have been rec-
ognised, and the Bone Morphogenetic Protein (BMP)
(reviewed in Ref. [29]) and wingless integration (Wnt)
(reviewed in Ref. [30]) signalling pathways are major con-
tributors here. It is equally important to understand the
negative regulation of this process, which is required to
produce the correct amount of bone. Thus, negative
regulators of BMP signalling (inhibitors include Noggin,
Follistatin, Chordin family, Twisted gastrulation, Dan/
Cerberus family, Gremlin) [29, 31] and the Wnt family
of molecules (inhibitors include secreted frizzled-related
proteins (sFRPs 1, 2, 3, 4, 5 and FrzB), Wnt inhibitory
factor 1, cerberus, Dickkopf 1 and sclerostin) [32], have
been identified. In particular, sclerostin, the SOST gene
product, has gained attention because of its strong asso-
ciation with bone formation and bone mass. Human
conditions, in which loss of function of SOST occurs (sclero-
steosis [33]) or SOSTis under-expressed due to a mutation in a
distal enhancer region (Van Buchem’s disease [34-36]) are
characterised by high bone mass. Genetically engineered
SOST deficiency in mice also results in a high bone mass
phenotype [37]. Sclerostin is of particular relevance here as it
is made almost exclusively by OY in bone [38—40]. Sclerostin
is also produced by hypertrophic chondrocytes in the growth
plate [41] and by articular chondrocytes [42]. The above
findings indicate an important role for sclerostin in the regu-
lation of bone mass and sclerostin has now been identified as a
target for anabolic treatment of bone, with neutralizing anti-
body and small molecule inhibitor approaches being pursued
[43]. Accumulating evidence [38, 44—47] suggests that scle-
rostin acts by inhibiting canonical Wnt signalling by binding
to the Wnt co-receptors, low-density lipoprotein receptors
(LRPs) 5 and 6 [48, 49], and probably LRP 4 [50, 51]. Leupin
and colleagues reported in abstract [52] that in addition to
LRPs 4, 5 and 6, other molecules including glypicans may
also have sclerostin receptor properties. Sclerostin also
appears to inhibit bone morphogenetic protein signalling
[38, 53], and we have reported that recombinant human scle-
rostin (thSCL) stimulated a p42/p44 mitogen-activated
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protein kinase response in human primary osteoblasts [54],
suggesting an additional pathway(s) of action.

It is likely that sclerostin has multiple activities (see
below). However, to identify the cell type responsive to
sclerostin during bone formation, we have tested the
hypothesis that sclerostin regulates the behaviour of cells
actively involved in mineralization in adult bone, namely
cells in the osteoblast—osteocyte transition. Differentiat-
ing cultures of human primary osteoblasts under miner-
alising conditions were found to be exquisitely sensitive
to thSCL from the beginning of in vitro mineralization
[17]. Treatment of human osteoblasts differentiated to a
pre-OY stage with thSCL markedly increased their ex-
pression of the pre-osteocyte marker, E11 and suppressed
expression of the mature OY markers, DMP1 and SOST,
implying inhibition of osteoblast-OY transition. Concom-
itantly, thSCL increased MEPE expression and decreased
PHEX expression, suggesting regulation of mineralisation by
sclerostin through the PHEX/MEPE-ASARM axis [24]. In-
deed, we found that mineralization by human osteoblasts was
strongly inhibited by synthetic tri-phosphorylated ASARM
peptides. Consistent with MEPE-ASARM being important
in mineralisation and in the mechanism of sclerostin action,
antibody-mediated neutralization of endogenous MEPE-
ASARM or co-incubation with a PHEX peptide, SPR4, that
effectively neutralises MEPE [24], both antagonised the effect
of thSCL on mineralization [17]. These results suggest that
sclerostin acts through regulation of the PHEX/MEPE axis, at
least at the early osteocyte stage, and serves as a ‘master’
regulator of physiological bone mineralization.

Osteocytes essential in osteoclastic breakdown of bone
mineral

Osteoclast resorption of bone in the post-developmental
skeleton appears to be largely controlled by OY. This is
exemplified by two recent studies, in which the ability of
OY to support osteoclastic activity was genetically
inhibited, by conditionally deleting RANKL expression un-
der control of the Dmp1 promoter [55, 56]. This is discussed
further below. OY regulate osteoclast activity in both phys-
iological and pathological resorption, although resorption in
some non-physiological situations, such as that of non-vital
bone graft [57], proceed via mechanisms that are still un-
clear. Osteoclastic resorption is essential for bone growth
and morphogenesis and tooth eruption during development
although OY may not play a significant role in these pro-
cesses [55, 56]. In young animals, osteoclasts also appear to
have an important role in calcium homeostasis, which is
probably reduced to a minor role in the mature skeleton.
This is exemplified by the fact that calcitonin, a potent
inhibitor of osteoclastic resorption, is a regulator of
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extracellular fluid calcium in young and growing animals,
in which rapid bone modelling and remodelling are required
for development of the skeleton while its calcium-lowering
effect is less marked with increasing age [58]. In the post-
developmental skeleton, osteoclast activity is essential for
the repair of bone matrix damage, and to remove fracture
callus. For each of these osteoclastic roles, the factors that
determine at which skeletal sites osteoclast recruitment and
activation will take place, representing the molecular ‘area
code’ proposed by Parfitt [59], are not fully understood.
However, for a number of skeletal influences that result in
increased local or systemic resorption, OY appear to have a
central mediating role (Fig. 2), as will be discussed below.

A link between osteocyte apoptosis and bone resorption
induced by bone microdamage

The first such influence is bone microdamage, which acts as
a signal for removal and renewal of damaged bone matrix.
That microdamage within the bone matrix would disrupt
OY canaliculi, causing OY apoptosis, is intuitively obvious,
given the high density of OY in both cortical and cancellous
bone [60]. However, this link has been formally demonstrated
by numbers of investigators [61, 62]. Franssen et al. [63]
showed that the orthopaedic procedure of K-wire drilling
resulted in empty OY lacunae, as a function of the distance
from the drill hole. It has been further shown that experimen-
tally induced microdamage resulted in a transient burst of OY
apoptosis, which was followed several days later by co-
localised osteoclastic invasion [64]. Osteotomy in chicken
radii resulted in rapid OY apoptosis, which temporally pre-
ceded an increase in osteoclast presence at the same sites [65].
Experiments, in which microdamage was induced by fatigue
loading of rat ulnae, showed that OY apoptosis and the asso-
ciated intra-cortical bone remodelling were largely a function
of linear cracks in the bone matrix, rather than diffuse
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Fig. 2 The central role of the osteocyte in both bone anabolism and
catabolism
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microdamage, the latter having little effect on OY viability
[66]. Strong evidence that OY apoptosis is causal of
microdamage-induced bone remodelling has been provided
by experiments, in which induction of microdamage in rats
was preceded by administration of a pan-caspase inhibitor
[67]. Continuous exposure to the inhibitor completely blocked
both OY apoptosis and activation of bone resorption. Verborgt
et al. [68] investigated the mechanisms, by which OY apopto-
sis occurs in highly specific spatial association with micro-
damage and subsequent osteoclastic remodelling. They
showed that apoptosing OY close to the site of microdamage
express the pro-apoptotic protein Bax, while the anti-apoptotic
protein Bcl-2 is expressed by adjacent OY further from the
damaged zone. The authors proposed that these mechanisms
serve to confine OY apoptosis to sites of microdamage and to
also provide spatial guidance for the resorption processes that
occur in association with OY apoptosis after episodes of micro-
damage in bone.

A link between osteocyte apoptosis and osteoclastic
resorption due to unloading of bone

The second influence coupling OY apoptosis to osteoclast
activation is the lack of sufficient loading of the bone. As
reviewed by Noble [62], OY are exquisitely sensitive to
loading, and respond both in vitro and in vivo by dramati-
cally changing their expression of a profile of molecules.
However, it is also the case that OY viability is dependent on
bone loading, probably because loading provides the motive
force for interstitial fluid movement along OY canaliculi.
Cyclical mechanical stimulation of bone in a bioreactor ex
vivo maintained OY viability compared with unloaded bone
samples [69]. Noble and co-workers [64] demonstrated a
biphasic OY response to loading, with the results dependent
on the strain magnitudes achieved in the loading. Lower
strains were protective of OY, while higher magnitude
strains produced matrix damage and OY apoptosis. Depriv-
ing turkey ulnae of mechanical loading greatly reduced
diffusion of interstitial fluid, and rapidly induced osteocyte
hypoxia [70]. In a model of weightlessness induced in mice
by tail suspension there was an increased prevalence of
apoptotic OY in both cortical and cancellous bone [71]. This
was followed by reduced BMD due to increased osteoclast
number and activity. These data strongly suggested that OY
apoptosis was spatially associated with the induction of oste-
oclastic resorption by unloading. This link between OY
apoptosis and osteoclast-mediated resorption was sup-
ported by experiments in transgenic mice, in which OY
can be ablated in an inducible manner post-natally: the
increase in osteoclast number seen in control mice during
mechanical unloading was suppressed in OY-ablated
mice [72].

A link between osteocyte apoptosis and osteoclastic
resorption due to oestrogen deficiency

Oestrogen acts through numerous mechanisms to maintain
bone health and bone loss after the menopause is contributed
to by oestrogen deficiency. Similarly, oestrogen deficiency is
an important driver of osteoporosis induced by ovariectomy in
numerous animal studies. It has been reported that oestrogen
withdrawal in pre-menopausal women, induced by analogues
of gonadotropin-releasing hormone, was accompanied by OY
apoptosis [73]. To investigate the spatial and temporal links
between OY apoptosis produced by oestrogen deficiency and
the subsequent bone resorption, experiments were performed
in ovariectomised mice, described by Emerton et al. [74]. Their
work showed that ovariectomy caused site-specific OY apo-
ptosis, as measured by caspase-3 activation in the femoral
cortex, with substantial OY apoptosis limited in the femoral
mid-diaphyseal cortex to the posterior of the bone. Morpholo-
gy of QY at these sites was severely deranged. Whereas OY
apoptosis was maximally seen by 3 days after ovariectomy,
endocortical resorption, which occurred solely at surfaces ad-
jacent to regions of OY apoptosis, did not occur until 14 days
post-ovariectomy. A clear link between OY apoptosis and
osteoclast resorption was demonstrated by co-treating animals
with a pan-caspase inhibitor, which suppressed OY apoptosis
and completely prevented the ovariectomy-induced increase in
osteoclastic activity. Similar links between OY death and
osteoclast activity have been described in other scenarios,
which include chemotherapy-induced OY apoptosis [75] and
ischaemia (reviewed in Ref. [76]). However, osteocyte cell
death due to glucocorticoid excess does not appear to provoke
an osteoclastogenic response [77, 78].

Mechanisms for osteocyte apoptosis-mediated osteoclastic
resorption: RANKL

From the above, it can be concluded that pathophysiological
resorption is likely to be largely stimulated by OY apoptosis,
although it remains unclear whether initiation of physiological
resorption is predominantly stochastic or also determined by
sites of OY death. Evidence for the latter explanation is the
association of apoptotic OY with osteoclasts seen in normal
bone tissue. Bronckers et al. [79], in an excellent and insight-
ful paper, described OY death in deeper layers of normal
hamster jaw bone at sites of intense resorption. Although
viable OY were plentiful around osteoclasts, proportionately
more apoptotic OY, as defined by fragmented DNA, were in
contact with osteoclasts. The authors speculated that ‘it is
conceivable that osteocytes, if undergoing programmed cell
death, transmit signals through the canaliculi to the endosteal
surface to recruit or activate osteoclasts. Alternatively, cell
death may interrupt the secretion of factors made by the
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osteocytes to modulate osteoclast activity’. Since the time of
that report, the central molecule that causes differentiation and
activation of osteoclast precursors has been identified as
RANKL (reviewed in Ref. [80]). RANKL binds to its cognate
receptor, RANK, on myeloid osteoclast precursors and there-
by promotes osteoclast differentiation and bone resorbing
activity [81]. OPG, a secreted member of the TNF receptor
superfamily, is a natural potent antagonist of RANKL [82].
While it is clear that both osteoblasts and osteocytes, as well as
other cell types, express RANKL [80], until recently, it was
unclear which cells of the osteoblastic lineage in bone express
RANKL in a manner that leads to osteoclastic resorption.
However, two groups have now independently shown that
conditional deletion of the RANKL gene selectively in OY,
under the control of the Dmpl promoter, prevents bone re-
sorption leading to osteopetrosis [55, 56]. Nakashima et al.
[55] showed that isolated populations of OY express much
more RANKL than osteoblasts and have a much greater
capacity to induce osteoclast formation from precursor cells.
Xiong et al. [56] showed that RANKL deletion in OY prevents
bone resorption due to mechanical unloading. These data are
consistent with observations in OY-ablated mice, in which
massive bone resorption was seen several days after induction
of OY ablation, in association with dramatically increased
RANKL expression in the bone [70, 72]. That OY death is
associated with increased (relative) RANKL expression and
increased osteoclast formation is supported by studies where
the OY-like cell line MLO-Y4 was damaged by mechanical
means [83] or induced to undergo apoptosis by serum starva-
tion [84]. Kogianni et al. [85] reported that apoptotic bodies
derived from MLO-Y4 cells provided stimulus for osteoclast
differentiation independently of RANKL, however the re-
sponsible mechanism was not described. It is important to
note that living OY also are capable of supporting osteoclasto-
genesis. For example, we have shown that exposure of human
primary OY-like cells to polyethylene particles, a known
stimulus for periprosthetic osteolysis, produced a catabolic
phenotype in the cells, characterised by increased expression
of RANKL (which also occurred in MLO-Y4 cells exposed to
PE particles), M-CSF and IL-8 [86]. Further, as discussed
below, we have also found that sclerostin increases OY sup-
port of osteoclast formation and activity, in the absence of
increased rates of apoptosis [87]. However, it does appear that
QY in the path of a resorbing osteoclast may be engulfed and
degraded by the osteoclast [79, 88], although the extent and
nature of the signalling between these two cell types is cur-
rently under-studied. It is also important to remember that OY
apoptosis triggers bone remodelling, so in addition to being
important harbingers of resorption, the extent of OY apoptosis
may be indicative of bone formation to follow. Indicative that
this may be the case is shown in a study by Zarrinkalam et al.
[89], who reported that while the histomorphometric parame-
ters of bone formation BV/TV, Tb.Th, OS/BS, BFR and MAR
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correlated positively with the total number of occupied (via-
ble) OY lacunae in sheep bone, they equally strongly corre-
lated negatively with the numbers of empty lacunae, which
were presumably representative of apoptotic OY.

Osteoclast activation by osteocytes: sclerostin

As discussed earlier, sclerostin was first identified as an anti-
anabolic agent in bone [38], however, accumulating evidence
also suggests a catabolic role. For example, ovariectomised
rats treated with neutralizing antibody to SCL showed protec-
tion against bone loss and this was associated with a marked
decrease in osteoclast surface, to below the level seen in sham-
operated animals [90]. Also, in 10-month-old intact female
rats, anti-SCL treatment was associated with a dramatic inhi-
bition of osteoclastic activity [91]. Perhaps more strikingly, a
recent report by Padhi and colleagues [43] of a phase-I clinical
trial in healthy human subjects showed that a single subcuta-
neous or intravenous dose of a neutralizing antibody to scle-
rostin (AMG 785) resulted in a rapid and significant reduction
of the serum resorption marker, serum C-telopeptide of colla-
gen (sCTx). The initial decrease in sCTX in that study
appeared to precede observed AMG 785-induced increases
in the serum markers of bone formation (N-terminal propep-
tide of type 1 procollagen and bone alkaline phosphatase)
[43]. Together, these findings are consistent with the reported
activity of sclerostin as a Wnt inhibitor [53] and with OPG
being expressed in response to canonical [92] and potentially
non-canonical [93] Wnt signalling. However, it is possible
that sclerostin has a more direct effect on OY support of
osteoclastic activity. Our recent findings suggest that sclero-
stin has paracrine and/or autocrine actions on OY [17, 87].
Recombinant human SCL dose-dependently up-regulated the
expression of RANKL mRNA and to a lesser extent, down-
regulated that of OPG, causing a primarily RANKL-driven
increase in the RANKL/OPG mRNA ratio in both human
bone-derived OY-like cells and in MLO-Y4 cells [87]. More-
over, thSCL-treated MLO-Y4 cells were better able to support
the formation and, to a greater extent (up to sevenfold), the
resorptive activity of osteoclasts derived from either mouse
splenocytes or human peripheral blood mononuclear cell pre-
cursors. The effects of thSCL on both osteoclast formation
and activity were completely abolished by co-addition of
recombinant OPG, demonstrating that RANKL signalling
was essential for the sclerostin effect. It is noteworthy that
rhSCL did not induce apoptosis of MLO-Y4 cells, as deter-
mined by caspase activity assays, demonstrating that the os-
teoclastic response was in this case not driven by apoptosing
osteocytes [87]. If further substantiated, these results create a
new paradigm because they suggest that in situations where
sclerostin is increased, for example due to mechanical unload-
ing [94] or perhaps in response to pro-inflammatory
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cytokines, TWEAK and TNF-« [54], a catabolic response
may occur through OY promotion of osteoclast formation
and activity. The link between sclerostin and RANKL expres-
sion by OY and the potential effects on osteoclast formation
and activity are depicted schematically in Fig. 3.

Osteocytic osteolysis

There is good evidence that OY can contribute directly to
calcium and phosphate mobilization in a process termed
osteocytic osteolysis [95]. Some of this evidence is sum-
marised in recent reviews [96, 97]. In addition, Talmage and
co-workers produced a series of papers, reviewed in Ref.
[98], in which they argued that the minute to minute control
of the extracellular calcium concentration is largely gov-
erned by PTH, acting on cells at the bone matrix interface.
Clearly, a substantial component (around 90%) of this inter-
face comprises osteocytic lacunae and canaliculi. Haller and
Zimny showed expanded OY lacunae, altered OY morphol-
ogy and irregular OY lacunar borders in alveolar bone of
hibernating ground squirrels [99]. Commenting on their

findings, the authors noted that ‘these changes suggest that
minerals are mobilised from bone during hibernation for
utilization elsewhere in the body in order to maintain the
minimal level of metabolism necessary for survival’. This
insightful study suggests that to an extent yet to be deter-
mined, calcium demands, at least in the mature animal, are
addressed by osteocytic release of bone mineral. There have
been few studies to investigate this possibility in mammals
[96], and more work needs to be done, especially using
newly available approaches to measure mineral around OY
three dimensionally. However, since calcium homeostasis is
regulated by PTH, observations by a number of investiga-
tors (reviewed by Tazawa et al. [100] and more recently by
Qing and Bonewald [96]), in rats, are consistent with the
notion that calcium mobilisation can be mediated by OY.
Tazawa and co-workers [100] administered human PTH to
8-month-old rats continuously for 4 weeks, and observed
enlarged OY lacunae in the PTH group (137.0 um? in the
PTH group versus 93.9 pum? in the controls). Recent work
supports those studies and further suggests a role for OY in
calcium homeostasis. Mice, in which the PTH receptor was
ablated specifically in OY, had lower serum calcium levels
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Fig. 3 Cartoon representing the potential role of osteocyte-derived
sclerostin in regulating the expression of OY RANKL and subsequent
control of osteoclast formation and/or the control of osteoclast activity,
for example during remodelling of cortical bone. In this model, scle-
rostin expressed by mature OY in response to a catabolic stimulus such
as mechanical unloading may act in an autocrine manner (curved
dotted arrows), increasing the local expression of RANKL relative to
OPG, or in a paracrine (straight dotted arrows) manner by inducing
such expression in sclerostin-negative OY, including immature OY
immediately below the osteoblastic lining cells and in the lining cells
themselves. An effect of sclerostin and OY-derived RANKL on both
endosteal and intra-cortical remodelling may occur either at the stage

of osteoclast precursor recruitment/chemotaxis, proliferation/differen-
tiation and/or on the activity of mature osteoclasts. Osteocytes may
also ‘talk to’ cells in the bone marrow via a limited number of cell
processes extending into the marrow space [5]. This may result in
effects on bone marrow stromal cell expression of RANKL and OPG
and subsequent regulation of osteoclastogenesis by these cells. Note
that a role for apoptosing OY is not ruled out here as the initial stimulus
for sclerostin expression, perhaps secondarily to microdamage and
local bone unloading, or that the resorbing osteoclast is exposed to
higher RANKL levels during engulfment of the expressing OY. The
rationale for this cartoon is derived from our recent publication [87]
and from the recent work of Nakashima et al. [S5] and Xiong et al. [56]
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than littermate controls in the face of a low calcium diet
[101]. The mechanism, by which OY might participate in
releasing exchangeable calcium from bone into the extracel-
lular fluid, is not understood. A number of early studies, as
noted by Parfitt [102], identified the OY expression of
tartrate resistant acid phosphatase (TRAP). Interestingly,
Tazawa et al. also found TRAP expression by some OY in
their PTH treated animals [100]. Tashjian and co-workers
reported that cells of the osteoblast lineage (they did not
investigate OY per se), responded to PTH, both in vitro and
in calvarial explants, by rapidly acidifying their extracellular
environment [103, 104]. Interestingly, ATP6VOb, a subunit
of the lysosomal proton pump VO which is responsible for
acid extrusion in osteoclasts, was found to be produced and
differentially expressed in MLO-Y4 cells [105]. It has been
reported in abstract that osteocytic peri-lacunar remodelling
may provide calcium for milk production during lactation
[106]. In this study, OY in bone from lactating mice
expressed TRAP, which was rapidly lost after weaning.
Nakano et al. [107] found expression of both TRAP protein
and mRNA in OY located close to osteoclast resorbing
surfaces in rat and canine bones. There is some evidence
that mineral removed from OY lacunae can be replaced
[96], for example as seen by calcein labelling in patients
with secondary hyperparathyroidism following parathyroid-
ectomy [108].

The above data suggest that some features of OY osteol-
ysis may be similar to the machinery used by osteoclasts to
resorb bone mineral, with perhaps the difference that OY
‘resorption’ appears to be self-limiting, compared with the
relatively extensive removal of bone performed by osteo-
clasts. This intriguing question requires to be further ex-
plored because it potentially has therapeutic implications. If
OY can indeed remove bone mineral physiologically, an-
other question is that of the relative contributions to calcium
homeostasis of OY and osteoclasts, as well as other, perhaps
cell-independent mechanisms. In relation to this question,
Parfitt [28] referred to experiments using radiolabelled cal-
cium, which showed ‘immediate rapid uptake at all bone
surfaces accessible to the circulation, regardless of their
cellular activity or degree of mineralisation’. He described
a pool of calcium that is exchangeable with these surfaces,
and which is much greater than can be accounted for by
remodelling (osteoclastic activity) and larger than the com-
ponent that is susceptible to regulation in the kidney by
PTH. He states that, while PTH maintains the plasma calci-
um ‘set point’, this cannot be achieved by regulating (oste-
oclastic) resorption (because this would be too slow and
because resorption blockers, such as alendronate, do not
interfere with long-term calcium homeostasis). He therefore
declared it a ‘mystery’ as to how PTH regulates the bone-
blood calcium equilibrium ‘set point’. We may therefore
conclude that calcium exchange between blood and bone
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may occur both spontaneously, possibly simply along
physico-chemical gradients, as well as what has now been
experimentally demonstrated, an OY-mediated mechanism
driven by PTH [28]. A related concept also discussed by Parfitt
[102], and one not well recognised, is that osteocytes and
osteoclasts may resorb bone sympathetically. For example,
Baylink et al. [109] demonstrated an increase in the volume
of the mean osteocyte lacuno-canalicular size as well as an
increase in osteoclastic resorption volume in response to vita-
min Dy, and suggested that the two cell types work together as
a ‘resorbing unit’ to contribute to the vitamin D-induced
hypercalcaemia.

Osteocyte lacuna hypermineralisation

As reviewed by Roschger et al. [110], bone is formed in
separate ‘bone packets’, which are produced at different
times during discreet modelling and remodelling cycles.
Therefore, bone material is heterogeneously mineralised,
with different packets having a characteristic bone mineral-
isation density distribution (BMDD), in turn reflecting bone
turnover, mineralisation kinetics and bone matrix age.
Kingsmill and Boyde [111] found that mineral density in
the mandible was lowest at sites known to undergo the
greatest net resorption. Interestingly, regions of highest den-
sity corresponded to those predicted to incur the highest
principal strains, suggesting some ability to regulate this
parameter. BMDD changes across various skeletal condi-
tions and disease states, such as osteoporosis, hyperparathy-
roidism and osteogenesis imperfecta, and anti-resorptive
treatment for these, and appears to relate to the rate of bone
turnover [110]. In a model of ischaemic osteonecrosis, ne-
crotic subchondral bone in the femoral head had increased
mean BMDD [112]. This study raised the question of the
mechanism of the increased mineral content and how cell
death might contribute to this. Part of the answer to this
might be the observation of OY lacunae filled with hyper-
mineralised material [113, 114]. These hypermineralised
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Fig. 4 Osteocyte regulation of lacuno-canalicular mineralization
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OY (Frost coined the term ‘micropetrosis’ [115]) may be the
reason for the reported age-related decrease in total OY lacu-
nae number per bone area, since there is a dramatic increase in
mineralised lacunae in older individuals [113]. The cause of
the hypermineralised lacunae is not known but it seems rea-
sonable that OY death is a major contributor. In an interesting
study by Weinstein et al. [78], it was shown that glucocorti-
coid administration to mice caused OY apoptosis, which could
be rescued by co-treatment with OPG-Fc. Intriguingly, the
decreased OY apoptosis due to OPG-Fc was correlated with
preservation of the bone interstitial fluid flow (shown by the
ability of the dye procion red to travel through the bone) and
BMD, suggesting that the two changes were related. This
suggests that any cause of loss of adequate fluid flow through
OY canaliculi, such as glucocorticoid, vascular disease or
bone matrix damage, might lead to OY apoptosis and subse-
quently to mineral replacing the cells. A vascular mechanism
is also suggested by hypermineralised OY being preferentially
found in clusters in a bone packet. However, it remains
unclear as to why OY apoptosis might sometimes lead to
osteoclastic resorption and sometimes to micropetrosis and
increased mineralisation of the surrounding bone. Bell et al.
[114] found that mineralised OY lacunae, if carefully demin-
eralised, revealed the remains of the OY cell skeleton, sug-
gesting that the cells are mineralised during or as a
consequence of cell death. It is noteworthy that healthy OY
maintain an unmineralised peri-lacunar space, suggesting ac-
tive cell-mediated inhibition of mineralisation in this zone. For
example, mineralisation inhibitory ASARM peptides derived
from MEPE or OPN are present in the lacunae of both osteoid
and mature osteocytes [18, 23, 116]. It is possible that upon
OY death, the local concentration of inhibitory ASARM
peptides decreases, possibly due to the unrestrained activity
of the enzyme, PHEX, resulting in the unregulated minerali-
sation of the remaining peri-lacunar matrix. A further expla-
nation may lie in the cessation of production upon OY death
of sclerostin, which we have shown inhibits mineralisation
through the production of MEPE and MEPE-ASARM pep-
tides [17]. Alternatively, Busse et al. [113] suggested a path-
way leading to hypermineralised OY lacunae, whereby OY
death might lead to a deterioration of bone fluid flow and a
decreased ability to detect microdamage, leading to insuffi-
cient and/or delayed repair of the bone matrix. They speculat-
ed that this would in turn result in an accumulation of
microdamage in the bone matrix and increased bone fragility.
Figure 4 summarises the ways in which OY appear to be able
to regulate the peri-osteocyte mineral in bone.

Summary and future directions

We have attempted to summarise some of what is now a
great deal of evidence for a central role for OY in all phases

of mineral handling in the bone. Rather than OY being inert
within the bone, their development is intimately associated
with the formation of the mineralised bone matrix. Bone
mineral formation is also regulated by OY, by their produc-
tion of the inhibitor, sclerostin. Sclerostin may also have a
catabolic role in promoting osteoclastic release of bone
mineral, in a manner that does not require initial OY apo-
ptosis. However, osteoclast development and activation may
also be driven by OY cell death. Finally, there appears to be
amode of OY death that leads to hypermineralisation of OY
lacunae. In order to gain a comprehensive understanding
about the role of OY in the processes discussed here and
those not covered, for example the OY syncytium as an
endocrine organ, it will be necessary to examine more
closely the possible involvement of OY both in in vivo
and in vitro models. In vivo studies are necessarily pains-
taking and require high-resolution histological assessment
and lacunae imaging. The study of OY cell biology to date
has been facilitated to a large degree by the study of a single
murine cell line, MLO-Y4, established in the laboratories of
Bonewald [117]. Like all models, this cell line has some
limitations, for example it expresses extremely low levels of
the mature osteocyte gene, Sost, and does not express the
osteocyte product FGF23. Having said that, it is undoubt-
edly an extremely useful model, and in the majority of cases,
findings using this cell line are consistent with findings in
either primary cells or with in vivo findings and observa-
tions. A more recent osteocyte cell line model, IDG-SW3
[118], will no doubt impact greatly on future research.
Ultimately though, we need to refer to human and/or large
mammal models of these cells, as well as models that
conserve or recapitulate the native three-dimensional con-
formation of the OY under study. We also need to bear in
mind that osteocytes in the bones of large animals, unlike in
rodents, are organised into osteons and it may well be that
this additional degree of hierarchy and positioning imparts
further complexity to the role of these important cells.
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