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Abstract
Osteocytes are long-lived and far more numerous than the short-lived osteoblasts and osteoclasts.
Immured within the lacunar-canalicular system and mineralized matrix, osteocytes are ideally
located throughout bone to detect the need for, and accordingly choreograph, the bone
regeneration process by independently controlling rate limiting steps of bone resorption and
formation. Consistent with this role, emerging evidence indicates that signals arising from
apoptotic and old/or dysfunctional osteocytes are seminal culprits in the pathogenesis of
involutional, post-menopausal, steroid-, and immobilization-induced osteoporosis. Osteocyte-
originated signals may also contribute to the increased bone fragility associated with bone matrix
disorders like osteogenesis imperfecta, and perhaps the rapid reversal of bone turnover above
baseline following discontinuation of anti-resorptive treatments, like denosumab.
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1. Introduction
“No man is an island, entire of itself; every man is a piece of the continent, a part of
the main; if a clod bee washed away by the sea, Europe is the less, as well as if a
promontory were, as well as if a manor of thy friends or of thine own were; any
man’s death diminishes me, because I am involved in mankind. And therefore
never send to know for whom the bell tolls; it tolls for thee.”

John Donne, Devotions upon Emergent Occasions,
Meditation XVII, 1624.

Osteocytes are by far the more abundant cell type in bone: one thousand times more than
osteoclasts and ten times more than osteoblasts [1]. In difference to these other two cell
types which are short-lived and only transiently present on a small fraction of the bone
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surface, osteocytes are long-lived and deployed throughout the skeleton. In many regions of
the skeleton, osteocytes persist until the bone in which they lie is resorbed, so that their
lifespan is the same as of that bone. Because of their long lifespan, osteocytes are subjected
to the adverse effects of the aging process and therefore are directly relevant to
pathophysiology of the aging of the skeleton.

In a manner analogous to neuronal cells, osteocytes form an elaborate communication
network with each other, endothelial cells of the bone vasculature, and cells of the bone
surface and the marrow, via cytoplasmic process and gap junctions [2]. Because of these
unique features, osteocytes are ideally suited to mediate the homeostatic adaptation of bone
to mechanical forces. Detection of changes in strain by osteocytes leads to changes in
osteoclast and/or osteoblast recruitment by mechanisms which are slowly emerging, that
counteract the change in strain. Indeed, it is abundantly clear by now that osteocytes not
only detect the need for bone regeneration, but they also choreograph the regeneration
process by independently controlling rate limiting steps of bone resorption and formation [3]
(Figure 1).

Osteocytes, but not osteoblasts or their precursors, are the essential cellular sources of
RANKL for osteoclast formation [4, 5]. This particular distinction is important since
osteocytes are downstream from bone formation and therefore RANKL expression in this
cell type cannot explain the coupling of bone formation to bone resorption. Presently, it
remains unclear how osteocyte-derived RANKL reaches osteoclast progenitors to activate
its receptor RANK. However, RANKL is produced as a membrane protein that can be shed
to form a soluble form, sRANKL [6]. Therefore, osteocytes may control osteoclast
formation via the release of sRANKL into the lacunar-canalicular system, which directly
communicates with the bone marrow. A similar process is probably involved in the
regulation of bone formation by osteocytes through the secretion of sclerostin and perhaps
Dkk1 [7, 8]. An alternative possibility is that RANKL, attached to the membranes of
dendritic osteocyte processes extending onto the bone surface, interacts directly with
osteoclast progenitors.

In this brief review, we will summarize emerging evidence that signals arising from
apoptotic and old/or dysfunctional osteocytes are important participants in the pathogenesis
of the most common forms of osteoporosis. In addition we will discuss the possibility that
osteocyte–derived signals may also contribute to the increased bone fragility associated with
congenital matrix disorders like osteogenesis imperfecta, and perhaps the reversal of bone
turnover following discontinuation of anti-resorptive therapies.

2. Involutional osteoporosis
Decreased bone mass is only one of many age-related mechanisms responsible for the
increase of fracture risk in the elderly [1, 9]. Indeed, the risk of hip fracture between the ages
of 50 and 80 years increases 30-fold [9, 10], but only a 4-fold increase can be accounted by
the decline in BMD [11]. Age-related changes in the bone itself clearly contribute to the
increase in fracture risk independently of BMD.

In many areas of the skeleton osteocytes survive until the bone in which they lie is resorbed,
so that their lifespan is the same as the age of that bone. In areas of very low turnover,
osteocytes may die by apoptosis, leaving lacunae which appear empty in histologic sections
[12], but which may contain the remnants of osteocytes which have not undergone
phagocytosis [13], but are lost during section preparation. Almost fifty years ago, Harold
Frost was the first to conceive that the lifespan of osteocytes is relevant to the
pathophysiology of osteoporosis [14]. He noted that osteocyte death in rib cortical bone,
inferred from the presence of an empty lacuna, increased in prevalence with age and was
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followed by hypermineralization of perilacunar bone and later by filling of canaliculae with
mineralized connective tissue. Such changes are collectively referred to as micropetrosis and
probably lead to increased brittleness of bone [15]. From these and other data Frost
estimated the natural lifespan of osteocytes at about 25 years [16]. It is generally believed
that only in cortical bone would osteocytes be left undisturbed by remodeling long enough
for this intrinsic lifespan to be exceeded, but this view disregards the effect of distance from
the surface on the probability of remodeling, and hence mean bone age [17]. In human
cancellous bone, this effect is minor in bone less than 50 μm from the surface, but as the
depth increases this effect increases rapidly, so that bone more than 75 μm from the surface
is essentially isolated from surface remodeling and will be at least as old as the years of age
of the subject since skeletal maturity; since during growth trabeculae increase in thickness
by remodeling with positive balance, the age of such bone could be even greater [18].

Even in normal human iliac cancellous bone, a substantial proportion is more than 20 years
old [17] so it is not surprising that osteocyte death (inferred from an empty lacuna) has been
demonstrated. In superficial bone (<25 μm from the surface) obtained from healthy women
the density (number/unit area) of total lacunae, osteocytes and empty lacunae does not
change with age because bone in which some osteocytes have died is replaced by bone
containing a full complement of osteocytes [12]. The data suggest that rather than having a
fixed lifespan, osteocytes die by a stochastic process occurring at a fractional rate of about
2.5%/y. Consequently, in deep bone (more than 45 μm from the surface) that is rarely or
never remodeled, osteocyte density declines exponentially with age, approaching an
asymptotic value which at age 75 is about 40% of the value at age 20 [19]. Evidently
osteocyte death is dependent on the age of the bone, not on the age of the subject. In deep
bone total lacunar density is lower than in superficial bone and falls substantially with age,
so that micropetrosis, the only process that could lead to obliteration of lacunae, occurs in
cancellous as well as in cortical bone [12]. There is a close spatial relationship between
empty lacunae and microscopic fatigue damage [20] but it is unclear which occurs first,
although both are the expected consequences of excessive bone age [21].

3. Contribution of osteocyte death to increased bone fragility with old age
The age related decline in osteocyte number is accompanied by reduced bone strength, both
in patients with vertebral fracture [22] and in healthy mice [23]. Notably, ablation of
osteocytes in young mice recapitulates at least some of the effects of old age on bone and
rapidly leads to decreased bone strength, microfractures, and osteoporosis [24]. Several
mechanisms likely contribute to this relationship, and increased release of RANKL triggered
by the death of osteocytes may be one of them. Consistent with this, reduced osteocyte
density in central cancellous bone is associated with increased surface remodeling [19],
which is an independent contributor to bone fragility [25]. Additionally, osteocyte death
with advancing age leads to a decline in bone vascularity and hydration, which reduces bone
strength by mechanisms not yet fully understood, but which probably include changes in
crystallinity and promotion of micropetrosis [15, 26]. Conversely, protection of osteocytes
from the adverse affect of aging on their apoptosis in the mouse maintains bone crystallinity,
vasculature volume, circulation of interstitial fluid, and strength [26].

4. Osteocytes and cortical porosity
The term osteoporosis, coined by the French pathologist Jean Georges Chretien Frederic
Martin Lobstein ‘the Younger’ (1777–1835), is derived from the Greek words osteo (bone)
and poros (little hole), referring to the cavities which were observed by the pathologist in
certain patients’ bones [27]. An increase in cortical porosity with age was first noted in
histologic studies reported by Amprino and Bairati in 1936 in an Italian publication, and
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radiologically by Meema in 1969 [28]. One of the authors of the present article (MP) was
the first to explicitly identify increased cortical porosity as another factor in bone fragility
[29]. He noted the similarity of bone fragility occurring during the high turnover of the
adolescent growth spurt and early post-menopause. This argument was further developed in
a later paper [30]. Until recently, the contribution of cortical porosity to the decreased bone
strength and increased fragility had been underappreciated because of technical limitations
for its detection. All these years, much more attention was placed instead on the more
readily measurable bone mineral density (BMD). It was not until the recent development of
high resolution peripheral CT that it was shown for the first time that cortical porosity may
be responsible for a substantial amount of the loss of bone and the resultant structural
deterioration that occurs after the age of 65 [31, 32].

Recent studies from the laboratory of Robert Jilka have provided genetic evidence for a
cause-and-effect relationship between the apoptosis of osteocytes and cortical porosity [33].
In this work, the investigators used mice that are deficient for both Bak and Bax, two genes
indispensable for apoptosis, selectively in osteoblasts and osteocytes. In two different
models (one using an osteocalcin Cre deleter, and the other using an osterix Cre deleter),
there was a substantial increase in trabecular bone mass that was maintained up to 22
months of age. This finding provides the first genetic demonstration that attenuation of
osteoblast apoptosis can indeed increase the working lifespan of this cell type and lead to
bone anabolism - a concept suggested by several earlier studies [34, 35]. Unexpectedly,
however, the Bak/Bax-deficient mice also exhibited a 7-fold increase in pore formation
throughout the femoral cortex by 22 months of age, increased expression of RANKL and
numerous osteoclasts within the pores. Notably, at the same age, cortical porosity in the wild
type controls was limited to the distal metaphysis. More strikingly, in both Bak/Bax-
deficient and wild type mice, the pores were adjacent to dysmorphic osteocytes, the number
of which was far greater in the Bak/Bax-deficient mice. These findings demonstrate that
abrogation of apoptosis prolongs the working lifespan of short-lived osteoblasts, but it
exaggerates the adverse effects of aging on long-lived cortical osteocytes. Moreover, they
strongly suggest that distress signals from age-damaged osteocytes and a focal increase of
RANKL production are the likely culprits of cortical porosity.

5. Failure of osteocyte autophagy with age
“Autophagy”, the Greek word for self-eating, is a highly conserved process that is mediated
by lysosomes and is critical for cellular defense against stressful stimuli. Autophagy is
particularly important for terminally differentiated long-lived cells, such as osteocytes, in
which damaged components are not diluted by cell replication and need to be eliminated
before becoming toxic. During authophagy, large structures such as organelles (i.e.
mitochondria) and unwanted or damaged proteins are recycled. During periods of starvation,
autophagy provides amino acids that are essential for survival. Autophagy is stimulated by
numerous stressors including oxidative stress, impaired mitochondria function, hypoxia, as
well as caloric restriction [36–38]. Autophagy prevents diseases. Failure of autophagy (i.e.
the inability to mount an autophagic response), on the other hand, is responsible for the
ultimate demise of long-lived, post-mitotic cells in many organs, including brain, heart,
muscle, and kidney. Indeed, autophagy failure is linked to degenerative diseases of the
nervous system, like Alzheimer’s and Parkinson’s disease, as well as heart failure and
cancer [39].

Failure of osteocyte autophagy, resulting from long-term increase in oxidative stress, may be
yet another age-related mechanism contributing to the pathogenesis of involutional
osteoporosis. Indeed, a compromised autophagic response by osteocytes and the resulting
apoptosis could well be the trigger of pathologic remodeling and the increased cortical
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porosity associated with old age. It was recently shown in vitro that osteocyte autophagy
increases in response to stresses, such as growth factor starvation, hypoxia, and
glucocorticoids [40]; and that increased autophagy plays a protective role against
glucocorticoid-induced cell death [41]. In addition, unpublished work from Dr. O’Brien’s
laboratory in our group has revealed that expression of autophagy-related genes is lower in
the cortical bone of 20-month-old, compared with 6-month-old, mice [40]. This is associated
with an increase in the amount of mitochondrial DNA, which is a consequence of reduced
turnover of mitochondria. To directly address whether autophagy is functionally important
in osteocytes, O’Brien and colleagues went on to delete ATG7, a gene that is essential for
autophagy, from osteocytes using the DMP1-Cre transgene, which is active predominantly
in osteocytes. Similar to the results from aged mice, the reduction in autophagy in the
conditional KO mice was associated with an increase in the levels of mitochondrial DNA
isolated from cortical bone. Moreover, BMD was significantly lower, compared to littermate
controls, in the spines and femurs of both male and female conditional KO mice beginning
at 4 months of age and continuing to at least 6 months of age without differences in body
weight between genotypes. Micro-CT analysis revealed low cancellous bone volume, low
cortical thickness, and high cortical porosity in 6-month-old conditional KO mice compared
with control littermates. At this age, osteoclast number, osteoblast number, bone formation
rate, and wall width were also lower in the conditional KO mice. In addition, oxidative
stress was higher in the bones of conditional KO mice as measured by reactive oxygen
species levels in the bone marrow of the femur and by p66shc phosphorylation in vertebral
bone. Strikingly, all these changes including this low bone mass and low rate of bone
turnover are similar to those observed in aged wild type mice. Hence, these results
demonstrate that loss of autophagy in osteocytes leads to low bone mass associated with low
bone remodeling and suggest that a decline in osteocyte autophagy with age contributes to
the low bone mass associated with aging.

6. Post-menopausal osteoporosis
The decline of estrogen production at menopause leads to loss of bone that is associated with
an increase in the bone remodeling rate, increased osteoclast and osteoblast numbers, and
increased resorption and formation, albeit unbalanced. Conversely, estrogen replacement
decreases bone resorption, restrains the rate of bone remodeling, and helps to maintain a
focal balance between bone formation and resorption. These effects result from influences
on the birth rate and lifespan of osteoclast and osteoblast lineage cells that are mediated via
direct actions of estrogens on these two cell types as well as indirect actions mediated via
cytokines produced by osteocytes, osteoblastic/marrow stromal cells, and perhaps T and B
lymphocytes, macrophages, and dendritic cells [42–44].

Consistent with evidence for a direct anti-apoptotic effect of estrogens on osteocytes [45,
46], estrogen deficiency increases the prevalence of osteocyte apoptosis in both cancellous
and cortical bone in animals and humans [47–49]. Importantly, in a recent study in mice, the
increased osteocyte apoptosis caused by loss of estrogens was regional, rather than uniform,
in the bone cortex; and the location of the apoptotic osteocytes was tightly correlated with
the areas where endocortical resorption was subsequently activated [50]. This observation is
in line with the idea that apoptotic osteocytes, or more likely the live neighbors of the dead
cells, produce factors that increase osteoclast formation and recruitment in their vicinity,
leading to the resorption and thereby removal of the dead cells. These latest findings
together with the demonstration of the essential role of osteocyte-derived RANKL in
osteoclastogenesis and bone remodeling, also support the long-held view that at least some
remodeling is a targeted, as opposed to stochastic, process in which cells that can sense
mechanical damage and/or the death of their neighbors are beacons for the excavation and
repair of a specified area of bone and the removal of the dead cells [3].
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7. Glucocorticoid- induced osteoporosis
Glucocorticoid excess, similar to the osteoporosis of old age, decreases bone strength
disproportionately to its adverse effect on bone mass; and frequently presents with fractures
as early as three months following the initiation of therapy with these agents and before any
detectable decline on bone mass [51]. Extensive evidence implicates an increase in the
prevalence of osteocyte apoptosis in the rapid increase of fracture incidence in patients with
this condition [52].

Glucocorticoids strongly and rapidly stimulate osteoblast and osteocyte apoptosis directly,
and also suppresses osteoblastogenesis while increasing the lifespan of osteoclasts [13, 53–
55]. Glucocorticoids, like loss of mechanical strain, increases osteocyte apoptosis by
interfering with focal adhesion kinase-mediated survival signals, thereby leading to anoikis
[56]. Endogenous glucocorticoid production and sensitivity to the effects of glucocorticoids
increase with age, apparently contributing to the effects of old age in the development of
osteoporosis. Increased sensitivity to glucocorticoids is the result of increased bone
expression of 11beta-hydroxysteroid dehydrogenase (11beta-HSD) type 1, the enzyme that
activates glucocorticoids. In both aging and pharmacologic hyperglucocorticoidism,
increased apoptosis of osteocytes can account for the loss of bone strength that occurs before
the loss of bone mineral density and the mismatch between bone mineral density and the risk
of fracture in patients with glucocorticoid-induced osteoporosis [26, 57, 58]. Specifically,
and similar to aging, in glucocorticoid excess the volume of the bone vasculature and solute
transport from the peripheral circulation to the lacunar-canalicular system is decreased,
leading to decreased skeletal hydration [26]. The molecular underpinning of these effects is
decreased angiogenesis resulting from decreased VEGF production by osteoblasts/
osteocytes, as well as decreased VEGF action. These changes represent a chain of
interconnected pathogenetic mechanisms as indicated by anatomical evidence that the
cellular processes of osteocytes are in direct contact with the bone vasculature. Together
with evidence that dehydration of bone decreases strength, these new insights reveal that
endogenous glucocorticoids increase skeletal fragility in old age as a result of cell
autonomous effects on osteocytes leading to interconnected decrements in bone
angiogenesis, vasculature volume, and osteocyte-lacunar-canalicular fluid.

8. Immobilization-induced osteoporosis
The mechanostat function of the osteocyte is dependent on interaction with the ECM.
Osteocytes interact with the extracellular matrix (ECM) in the pericellular space through
discrete sites in their membranes, which are enriched in integrins and vinculin [59, 60], as
well as through transverse elements that tether osteocytes to the canalicular wall [61]. Fluid
movement in the canaliculi resulting from mechanical loading might induce ECM
deformation, shear stress, and/or tension in the tethering elements. The resulting changes in
circumferential strain in osteocyte membranes might be converted into intracellular signals
by integrin clustering and integrin interactions with cytoskeletal and catalytic proteins at
focal adhesions [62, 63]. Mechanical forces transduce signals through integrins and a
signalsome comprising actin filaments, microtubules, the focal adhesion kinase FAK, and
Src kinases, resulting in activation of the ERK pathway and attenuation of osteocyte
apoptosis [64]. Similarly, physiological levels of mechanical strain imparted by pulsatile
fluid flow prevent apoptosis of cultured osteocytes [65].

Conversely, reduced mechanical forces increase the prevalence of osteocyte apoptosis [66].
Within 3 days of tail suspension, mice or rats exhibit an increased incidence of osteocyte
apoptosis in both trabecular and cortical bone. This change is followed 2 weeks later by
increased osteoclast numbers and cortical porosity, reduced trabecular and cortical width,
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and decreased spinal bone mineral density and vertebral strength. Importantly, whereas in
ambulatory animals apoptotic osteocytes are randomly distributed, in the unloaded rodents
apoptotic osteocytes are preferentially sequestered in endosteal cortical bone, the site that is
subsequently resorbed. Moreover, treatment with an apoptosis inhibitor blocks both the
unloading-induced apoptosis and the increased intracortical resorption [67]. The effect of
unloading on osteocyte apoptosis and bone resorption is reproduced in transgenic mice in
which osteocytes are refractory to glucocorticoid action, indicating that stress and
hypercortisolemia cannot account for these effects [66]. Hence, diminished mechanical
forces eliminate signals that maintain osteocyte viability, thereby leading to apoptosis.
Intriguingly, a ligand-independent function of the estrogen receptor is indispensable for
mechanically-induced ERK activation and attenuation of osteocyte apoptosis [68],
consistent with reports that mice lacking the estrogen receptors α and β exhibit poor
osteogenic response to loading [69].

The mechanism(s) by which reduced mechanical forces trigger osteocyte apoptosis remain
unclear, but a decrease in nitric oxide (NO) and prostaglandins are most likely involved
[70]. In support of this view, mechanical stimulation increases the production of NO by
osteocytes [71–73]. Mechanical stimulation of chicken and canine bone also increases the
production of prostaglandin E2 (PGE2) [74, 75], an agent with known antiapoptotic
properties [76].

9. A role of osteocytes in diseases of abnormal bone matrix
Signals for osteocyte survival must also be provided by the ECM itself. In agreement with
this view, loss of survival signals from the ECM causes osteoblastic cell apoptosis or
“anoikis”, and neutralizing antibodies to the ECM protein fibronectin induce osteoblast
apoptosis [77]. In addition, transgenic mice expressing collagenase-resistant collagen type-I
exhibit a striking increase in the prevalence of osteocyte and osteoblast apoptosis [78].
Collectively, these lines of evidence suggest that exposure of cryptic sites of ECM proteins
by matrix metalloproteinases is required for the maintenance of cell-ECM interactions that
result in “outside-in” integrin signaling that preserves osteocyte viability. This scenario is
consistent with in vitro evidence that physiological levels of mechanical strain promote
survival of osteocytes via an integrin-mediated mechanism [64]. In view of this, it is
reasonable to suspect that osteocytes residing in the bone of patients with matrix
abnormalities sense the defective matrix and generate signals to repair it, futile as this
response may be. One such condition may well be osteogenesis imperfect (OI).

OI is a genetic disorder characterized by increased bone fragility and low bone mass.
Although mutations affecting collagen type I are responsible for the disease in most patients,
the mechanisms by which the genetic defects cause abnormal bone development have not
been well characterized. One possibility is that abnormal ECM leads to misperception of
strain by osteocytes such that the mechanostat setpoint is too high [79]. Nevertheless,
quantitative static and dynamic histomorphometric analysis of tetracycline-labeled iliac bone
biopsies from children with OI types I, III, and IV revealed that surface-based parameters of
bone remodeling are increased in all OI types, indicating increased recruitment of
remodeling units [80]. Consistent with this, the thickening of secondary trabeculae by
remodeling is severely compromised. Also long bones are narrower because periosteal
apposition is reduced.

Manolagas and Parfitt Page 7

Bone. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10. Above baseline reversal of bone turnover following discontinuation of
antiresorptive treatments

Commonly used drugs for the treatment of osteoporosis are anti-resorptive agents that slow
remodeling in proportion to their anti-resorptive efficacy. The emergence of serious side
effects with the long term use of such agents, however, has raised major concerns about the
optimal duration of such therapies and their long term consequences [81–83]. Moreover, in
all instances, their effects are transient and in the case of the newer and more effective ones,
have in fact a rapid resolution-of-effect with the potential for increasing fracture risk [84].
Considering the preceding discussion it is inexorable that if necessary remodeling is
postponed, microdamage and osteocyte death or dysfunction will accumulate, so that a
period of catch up is required to restore microdamage burden to normal.

11. Concluding thoughts
In keeping with the literary analogy, considerable evidence indicates that the bell tolls for
dead or dysfunctional osteocytes, alerting the rest of the osteocyte network to the need for
removal of the dead cell bodies and/or the repair of the damaged matrix (Figure 2). Removal
of dead osteocytes by osteoclastic resorption is the only option for cells that are entombed
within mineral and are therefore inaccessible to phagocytosis by ordinary macrophages. The
molecular means by which dead or unhealthy osteocytes convey their distress signals to their
alive, healthy neighbors remains completely unknown, but efforts to uncover them seem to
us a very fruitful area of inquiry. Mechanical loading stimulates Wnt signaling and thereby
osteoblastogenesis and bone formation in healthy bone, by decreasing the production of the
osteocyte-derived Wnt antagonist sclerostin [85–87]. At this stage, it is unclear whether
osteocyte death or dysfunction also lead to sclerostin-dependent changes in
osteoblastogenesis and bone formation, but reports of changes in the circulating levels of
serum sclerostin in some disease states has raised this possibility [88]. Nonetheless, a lot
more mechanistic studies and vigorous validation of the sclerostin assays and the biological
relevance of circulating sclerostin to bone metabolism, if any, is needed before firm
conclusions can be drawn about the putative contribution of dead or dysfunctional
osteocytes to compromised bone formation in pathologic states [89]. Albeit, the evidence
that dysapoptotic osteocytes (i.e. osteocytes unable to undergo apoptosis because of lack of
Bak and Bax) cause cortical porosity and lack of osteocyte autophagy recapitulates the low
bone turnover phenotype of old age in the murine skeleton suggests that such efforts will be
worthwhile [33, 40].
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Figure 1.
Model depicting mechanisms by which osteocytes may independently control bone
resorption and bone formation. Osteoclasts (OCs) and osteoblasts (OBs) within a cancellous
bone BMU are shown as being derived from precursors (pOC and pOB). Osteocytes alter
the rate of bone remodeling by controlling osteoclast formation via production of RANKL.
Osteocytes also control the balance between formation and resorption by regulating
osteoblast formation via production of sclerostin. (Reproduced from Jinhu Xiong and
Charles A. O’Brien J Bone Miner Res. 2012;27:499–505)
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Figure 2.
Illustration of the concept that the neighbors of apoptotic osteocytes (caused by microcracks
in the particular instance depicted in the model) receive and propagate distress signals (red
arrow) that trigger the process of the removal of dead osteocytes and the abnormal matrix
that surrounds them. Red arrows connecting osteocytes imply that such signals travel
through the lacunocanalicular system to reach the bone surface and thereby target the area in
need of damage repair. RANKL is shown as a representative of probably several additional
mediators of the repair process. (Modified from Seeman, E. and Delmas, D.P. NEJM
2006;354:2250–2261)
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