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A B S T R A C T

Osteoporosis is an aging-related disease of reduced bone mass that is particularly prevalent in post-menopausal
women, but also affects the aged male population and is associated with increased fracture risk. Osteoporosis is
the result of an imbalance whereby bone formation by osteoblasts no longer keeps pace with resorption of bone
by osteoclasts. Osteocytes are the most abundant cells in bone and, although previously thought to be quiescent,
they are now known to be active, multifunctional cells that play a key role in the maintenance of bone mass by
regulating both osteoblast and osteoclast activity. They are also thought to regulate bone mass through their role
as mechanoresponsive cells in bone that coordinate adaptive responses to mechanical loading. Osteocytes form
an extensive interconnected network throughout the mineralized bone matrix and receive their nutrients as well
as hormones and signaling factors through the lacunocanalicular system. Several studies have shown that the
extent and connectivity of the lacunocanalicular system and osteocyte networks degenerates in aged humans as
well as in animal models of aging. It is also known that the bone anabolic response to loading is decreased with
aging. This review summarizes recent research on the degenerative changes that occur in osteocytes and their
lacunocanalicular system as a result of aging and discusses the implications for skeletal health and homeostasis
as well as potential mechanisms that may underlie these degenerative changes. Since osteocytes are such key
regulators of skeletal homeostasis, maintaining the health of the osteocyte network would seem critical for
maintenance of bone health. Therefore, a more complete understanding of the structure and function of the
osteocyte network, its lacunocanalicular system, and the degenerative changes that occur with aging should lead
to advances in our understanding of age related bone loss and potentially lead to improved therapies.

1. Introduction

Osteoporosis is an aging related disease of reduced bone mass that is
particularly prevalent in post-menopausal women, but also affects the
aged male population (reviewed in [1,2]). In the United States, ap-
proximately 1.5 million fractures per year result from osteoporosis [3].
Worldwide, osteoporotic fractures result in the loss of an estimated 5.8
million Disability Adjusted Life Years due to the increased morbidity
and mortality associated with fracture, particularly of the hip [4]. With
the expanding aged population resulting in a projected 6.26 million hip
fractures per year by 2050 [5], it is clear that a comprehensive un-
derstanding of the factors contributing to bone fragility is of utmost
importance.

Osteoporosis is the result of dysregulated bone remodeling, where
the laying down of new bone by osteoblasts no longer keeps pace with
resorption of bone by osteoclasts. Osteocytes are the most abundant
cells in bone and, although these cells were previously thought to be
quiescent, they are now known to be active, multifunctional cells that

play a key role in maintenance of bone mass through regulation of both
osteoblast and osteoclast activity (for reviews see [6–9]). The osteocyte
is therefore poised to be a key therapeutic target for the treatment of
osteoporosis. Osteocytes express sclerostin, a natural inhibitor of Wnt/
β-catenin signaling, which is a major pathway that promotes bone
formation [10,11]. Clinical trials using anti-sclerostin antibodies have
shown considerable promise in treating osteoporosis and increasing
bone mass [12–15]. However, this initial enthusiasm has been tem-
pered by recent reports of potential cardiovascular adverse events
[16,17], therefore further research is needed before these drugs can be
FDA approved for clinical use. Another means by which osteocytes
control bone mass is by regulating bone resorption. They express M-CSF
and recent studies suggest that they provide a major source of RANKL,
both of which promote osteoclast formation [18–20]. Additionally,
osteocytes are thought to regulate bone mass through their role as the
major cell type responsible for mechanotransduction and coordination
of adaptive responses to mechanical loading [21–28]. Studies in mice
and rats have shown that the bone anabolic response to loading is
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decreased with age [29,30] and in vitro studies suggest impaired me-
chanresponsiveness in bone cells from osteoporotic patients [31]. Using
low magnitude loading by whole body vibration, Kiel et al. showed no
significant effect on femoral bone mineral density in elderly men and
women [32], in contrast to earlier studies that showed beneficial effects
in younger women [33]. This age-related impairment in the anabolic
response to mechanical loading may further compromise skeletal
homeostasis. Overall, a new view of the osteocyte is emerging as a
central orchestrator within the skeleton that can integrate mechanical,
hormonal and growth factor inputs to regulate bone mass.

Since osteocytes are such key regulators of osteoblast and osteoclast
activity, maintaining the health of the osteocyte network is critical for
maintenance of bone health. Therefore, a more complete understanding
of the structure and function of the osteocyte network, its lacunoca-
nalicular system, and the degenerative changes that occur with aging
should lead to improvements in our understanding of age related bone
loss and potentially lead to improved therapies. This article will briefly
review imaging approaches used to study osteocytes and their lacuno-
canalicular system and will then discuss what is currently known con-
cerning the degenerative changes that occur in this system with aging,
the underlying mechanisms for these changes, as well as the implica-
tions for skeletal health and homeostasis.

2. Osteocytes and the lacunocanalicular system

Osteocytes are terminally differentiated osteoblasts and comprise
over 90% of all bone cells. They have a highly dendritic morphology
and are located in a unique environment, embedded within the mi-
neralized bone matrix, where they can be viable for decades (reviewed
in [6–9]). The osteocyte cell bodies are housed within a network of
lacunae that are interconnected by numerous canaliculi, through which

the osteocyte dendritic processes run (see Fig. 1). Together, the osteo-
cyte lacunae and canaliculi comprise the lacunocanalicular system. This
system allows for the flow of canalicular fluid in the lacunocanalicular
space that carries nutrients and signaling factors to and from the os-
teocytes via the circulation. It also allows signaling between osteocytes
and is connected to the marrow space. The intimate connection of the
lacunocanalicular system with the vasculature has been elegantly de-
monstrated by dye injection studies, which have shown permeation of
the canalicular space with dye only minutes after injection into the
circulation [34]. These types of studies have shown that dye mole-
cules< 40 kDa can rapidly reach the lacunocanalicular space from the
bloodstream but that molecules> 70 kDa take much longer and mo-
lecules as large as 440 kDa do not enter [35,36]. As discussed later in
this review, the flow of canalicular fluid around osteocytes during
mechanical loading of bone may provide an important stimulus to the
osteocyte and/or its dendrites to mediate mechanotransduction (re-
viewed in [35,37–40].

3. Approaches for visualizing the osteocyte network and
lacunocanalicular system

Because they are embedded within the mineralized bone matrix,
osteocytes are not readily accessible and our understanding of their role
in bone remodeling and age-related bone loss is incomplete. Imaging of
osteocytes in bone in situ is challenging due to the need to develop
techniques for sectioning and imaging of undecalcified specimens or
techniques for decalcifying samples to facilitate use of conventional
sectioning and imaging methods. Advanced imaging techniques are
starting to provide new insight into the structure and function of os-
teocytes and combining these with in vivo and transgenic mouse
models to integrate structural information with quantitative

lacunar space

canalicular
space

Fig. 1. Schematic representation of osteocytes and
lacunocanalicular system. An embedded osteocyte is
shown located within its lacuna, illustrating its
dendritic processes passing through the bone matrix
(grey shading) within narrow tunnels termed cana-
liculi. The osteocyte's dendritic processes inter-
connect with other osteocytes and surface osteo-
blasts. Note that some osteocyte processes may
extend beyond the osteoblast layer to potentially
interact with cells in the marrow and that osteocyte
dendrites are also in intimate contact with the vas-
culature. Modified and reproduced from Dallas et al.
[7] with permission.
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biochemical data has the potential to provide a more in depth under-
standing of osteocyte function and the effects of aging. Here, we pro-
vide a brief review of some of the available methods for imaging os-
teocytes and their lacunocanalicular system, but the reader is referred
to other recent articles for a more in depth discussion of osteocyte
imaging methods [40–42].

The majority of studies that have examined changes in osteocyte
networks with aging have used methods that are imaging the lacuno-
canalicular network rather than directly imaging the osteocytes them-
selves. Changes in the lacunocanalicular network have then been used
to infer age-related changes in osteocytes and in their dendrite con-
nectivity. The lacunocanalicular system has been imaged using light
microscopy based methods such as basic fuchsin, procion red or FITC
staining of undecalcified bone sections, which can be combined with
widefield epifluorescence microscopy or confocal microscopy [43–45].
Standard light microscopy/histomorphometric methods of quantitation
have the limitation that they are inherently two-dimensional. In con-
trast, confocal microscopy has the advantage that optical sectioning can
be used to acquire images at multiple focal planes through the specimen
thickness, which can then be stacked together to generate 3D rendered
images of the lacunocanalicular networks [46–48] (reviewed in [41])
(see Fig. 2A, B). A disadvantage is that the focal plane depth is limited
to 100–150 μm, unless combined with clearing methods such as clarity
imaging or clearing with TDE (2,2′-thiodiethanol) mounting buffer
[47,49,50] together with use of long working distance lenses. Also,
there may be image artifacts, such as attenuation of signal with in-
creasing focal plane depth or aberrations caused by refractive index
mismatch. Additionally, while confocal imaging can distinguish cana-
liculi and can be reliably used for quantifying canalicular number, it is
less accurate for volumetric measurements of canaliculi due to in-
adequate resolution for these small diameter structures. Another widely
used method for imaging the lacunocanalicular network is acid-etching
of resin embedded bone (which provides a relief cast of the lacunoca-
nalicular system). This is combined with scanning electron microscopy
to provide high resolution images of the lacunocanalicular system
[51–53] (see Fig. 2C).

The application of high resolution micro-computed tomography
(CT) methods and synchrotron radiation-based CT to bone imaging has
now made it possible to image osteocyte lacunae in bone samples non-
invasively to generate 3D images and quantify lacunar volumes and
morphology [54–57]. These methods do not usually resolve the cana-
liculi, however, Pacureanu et al. developed an enhanced protocol for
synchrotron based CT imaging that improved the spatial resolution so
that the larger canaliculi could also be imaged in human femoral
samples [58]. An advantage of the CT-based methods is that they allow
analysis of larger sample sizes of osteocyte lacunae (thousands as op-
posed to hundreds) compared to microscopy based methods.

The above methods are all techniques for imaging the lacunocana-
licular system rather than the osteocytes themselves. For imaging os-
teocytes directly, standard histological or immunostaining methods can
be used. Additionally, Bodian stain, which is known as a stain for
neuronal cells, can be used to image osteocyte networks [59]. Standard
transmission electron microscopy (TEM) and scanning electron micro-
scopy (SEM) can be used for examining osteocyte ultrastructure and
techniques such as serial block face sectioning and serial focused ion
beam scanning electron microscopy (FIB/SEM) can be used to add 3D
capabilities to EM-based imaging of osteocytes and their lacunae/ca-
naliculi [42,60] (reviewed in [41]) (see Fig. 2D). However, these
methods can only sample a relatively small number of osteocytes, ty-
pically no more than 10 to 20. A widely used approach for confocal
imaging of osteocytes developed by Kamioka and colleagues uses
phalloidin staining of the actin cytoskeleton [61,62]. Our group has
adapted these approaches to develop multiplexed confocal imaging
methods for imaging osteocytes combined with using fixable tracer
dyes that permeate the lacunocanalicular system [47]. These ap-
proaches have allowed us to simultaneously image several aspects of

the osteocyte, such as its cell membrane, nucleus and cytoskeleton,
together with the lacunocanalicular fluid space in three dimensions (see
Fig. 2E). This has enabled us to examine the effects of aging on the
osteocytes themselves as well as their lacunocanalicular networks in
aged male and female mice and obtain volumetric data on both the
osteocytes and their lacunae in the same specimens [48]. All of the
above approaches have been used in various combinations for studies
from several laboratories examining the effects of aging on the osteo-
cyte and lacunocanalicular networks, as discussed in the following
sections.

4. Changes in osteocytes and the lacunocanalicular system with
aging

The changes to bone mass and geometry that occur with aging have
been well documented in human patient studies and are paralleled by
similar changes in aged animal models. In aging men and women, bone
mineral density, cortical bone thickness and trabecular bone volume
decrease with increasing age and there is a dramatic increase in cortical
bone porosity, which is more pronounced in post-menopausal women
and leads to increased fragility [3,63,64]. In animal models, analogous
reductions in trabecular bone volume, cortical bone thickness and bone
strength occur in association with aging, with females affected more
severely than males [65–67]. Mouse aging models also show expanded
cortical diameter and increased cortical porosity, analogous to the
porosities seen in humans, which appears to be more prominent in fe-
male mice than males [48,68]. Accompanying these changes in bone
volume and bone geometry are changes in the osteocyte lacunocanali-
cular system. For the purposes of this review, we have subdivided these
into age-related changes to the lacunae, to the osteocytes themselves
and to canaliculi/dendrite connectivity, although clearly these are all
interrelated.

4.1. Age Related Lacunar Changes

Changes in osteocyte lacunar density with aging have been studied
using a variety of the imaging methodologies described above. In a
2010 study by Busse et al., lacunar density of femurs from human organ
donors with ages ranging from in the teens to the nineties was measured
by histomorphometry. Their study showed that the osteocyte lacunar
density decreased linearly in both males and females for periosteal and
endosteal regions of the bone, with the effect more pronounced in the
endosteal compartment [69]. These findings have been confirmed by
other studies in women and men, which have reported significant re-
ductions of between 15 and 30% in osteocyte lacunar density in aged
compared to young bone [70–73]. A recent study by Ashique et al. [46]
using FITC staining in conjunction with confocal imaging in femoral
samples from young (20–23 yr) and aged (70–86 yr) females similarly
reported an approximately 20% decline in lacunar number per bone
area with aging. In contrast, a later synchrotron-based micro CT study
from the same group using human femurs from adults of ages 20–86
reported no significant relationship between age and lacunar density
[74], although these authors did find a downward trend in lacunar
density with aging. They proposed that the discrepancy between this
study and prior studies may be because the synchrotron-based method
allows the analysis of a much higher number of lacunae (thousands as
opposed to hundreds) in the patient samples and therefore may provide
a more accurate sampling. Additionally, the variation between in-
dividuals was high. Interestingly, in addition to measuring lacunar
density, the synchrotron-based technique can provide volumetric in-
formation, and the same study found that there was a significant re-
duction in lacunar volumes in the femurs of aged women, such that the
lacunae were approximately 30% smaller and were less flattened (i.e.
more spherical) compared to those in the young specimens.

Rodent models seem to recapitulate the decrease in lacunar density
with advanced aging that is seen in humans. Heveran et al. compared
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male C57BL/6 mice between the ages of 6 and 24months using con-
focal-based imaging combined with automated 3D volumetric analysis
[75]. Their data confirmed decreased lacunar density and surface area
in aged mice and an increase in spacing between lacunae. Their study
also showed similar volumetric changes, including reduced lacunar size
and a change to a less flattened and more spherical lacunar mor-
phology. In contrast, Hemmatian et al., using micro computed tomo-
graphy in the fibulae of 5 and 23month old female mice, showed no

significant difference in lacunar density overall, and actually found a
statistically significant increase with age in the middle region of the
fibula, but not the posterior or anterior regions [57]. This suggests that
the variation of lacunar density with age may be dependent on the
specific bone and on the location within the bone, and likely varies
between bones within the same animal. The study by Hemmatian et al.
also confirmed age-related volumetric changes in the lacunae, including
reduced lacunar size and a more spherical morphology.

20 m

B1

A1

C

A B

10 m

D

E

Fixable TxR-dextran
DAPI
Phalloidin

Fig. 2. Methods for imaging osteocytes and the lacunocanalicular system. A) Confocal image of FITC stained, undecalcified mouse femur, showing the lacunoca-
nalicular system (maximal Z-projection, 40 planes with 0.126 μm Z plane separation, 100× oil objective, 1.7× digital zoom). The image in A1 shows an enlarged
image of the boxed area in A), bar= 10 μm. B) 3D rendered view of the lacunocanalicular system shown in A) (250 planes, 0.126 μm Z plane separation),
bar= 10 μm. The image in B1 shows an enlarged image of the boxed area in B). C) Acid-etch resin embedded SEM image of an osteocyte lacuna and its canaliculi,
bar= 5 μm. D) 3D representation of osteocyte lacunocanalicular networks imaged using serial FIB/SEM with the lacunae indicated in yellow and the canaliculi
indicated in green, bar= 1 μm. E) Multiplexed confocal imaging of osteocytes and their lacunocanalicular system in mouse femur using combined staining with
phalloidin, DAPI and fixable Dextran. Top row shows maximal Z-projected confocal images of fixable Texas Red-Dextran [red] to show the lacunocanalicular
network, DAPI [blue], to show the nuclei and Alexa Fluor 488-phalloidin [green], to show the actin cytoskeleton of the osteocytes (50 planes with 0.13 μm Z plane
separation, 100× oil lens, 1× digital zoom). Lower panel shows a 3D rendered view of the same field (242 planes 0.13 μm Z plane separation). Note that the labeling
of the lacunae with fixable dextran (red) extends out beyond the limits of the osteocyte cell body and that the dendrites can be seen to traverse across the lacunar
space, bar= 20 μm. Panel D) is reprinted from Schneider et al. [42] and panel E) is modified and reprinted from Kamel-ElSayed et al. [47] with permission. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Micropetrosis

An interesting feature that occurs in association with decreased
numbers of lacunae in aged human bone is “micropetrosis”, originally
identified by Frost in 1960 from acid fuchsin stained ground sections of
human bone [76]. This is a process by which a lacuna that has become
empty due to the death of an osteocyte fills in with mineral [69,76–78]
(see Fig. 3). These micropetrotic lacunae are more readily identified
from electron microscopy images as they are hypermineralized, making
them more electron dense, and therefore distinct from surrounding
bone. Busse et al. [69] showed that decreased lacunar density was ac-
companied by an increase in the number of hypermineralized (micro-
petrotic) lacunae in aging bone in men and women, which they at-
tributed to a failure of normal bone remodeling with age. In a 2012
study, Carpentier et al. reported that hypermineralized lacunae were
increased in osteoporotic samples, supporting the idea that micro-
petrosis might be an important component of dysfunctional bone re-
modeling in osteoporosis [77]. A later study by Milovanovic et al. [78]
showed that hypermineralized lacunae increased with age in human
femurs. They further showed that mineralization of the osteocyte la-
cunae and their canaliculi occurs via a mineralization process that is
distinct from normal bone formation and involves accumulation and
fusion of nanospherites in the absence of a collagen matrix. The filling

in of lacunae with mineral may result in impaired canalicular fluid flow
and the hypermineralization could potentially increase the brittleness
of the bone. It has also been suggested that impaired canalicular fluid
flow may impede detection of microdamage, which is important in
initiating remodeling responses to repair damaged bone [69]. Micro-
petrosis appears to be a phenomenon specific to human aged bone and
does not seem to occur in rodent models [69,76]. One potential ex-
planation is that this process may take years to complete and therefore
is not seen in rodent systems due to their shorter lifespan, however, this
remains to be determined.

4.3. Age related changes to osteocytes

Measurements of changes in lacunar properties have been in-
formative and useful as a surrogate for examining the osteocytes di-
rectly. However, these lacunar measurements may not always accu-
rately reflect the changes to the cells themselves, as lacunae can be
unoccupied and the osteocyte may not occupy the full volume of its
lacuna. In a microscopy study of iliac crest biopsies from 94 women
ages 20–73 years old, Qiu et al. showed decreased osteocyte density and
lacunar density with age [43], with the density of osteocytes being
dependent on the distance from the bone surface. In their study, the
lacunar number was consistently higher than osteocyte number, re-
flecting the presence of empty lacunae and the percentage of empty
lacunae was also found to increase with age.

Our own work in aged male and female C57BL/6 mice showed a
20–30% decline in osteocyte density in the femurs of 22month old mice
compared to 5month old animals [48]. Histomorphometric data further
showed that even in relatively young mice at 5months of age there is a
small percentage of lacunae (< 2%) that are not occupied by an os-
teocyte. This number increases significantly to about 3% in the females
at 22months but did not significantly increase in males. Piemontese
et al. reported similar increases in empty lacunae in both endosteal and
periosteal bone in mice between 7 and 21months [68]. Another study
in mice reported percentages of empty lacunae as high as ~22–23% in
young and ~32–34% in aged mice [79] but, based on our experience,
this may be due to shrinkage of osteocytes during processing for par-
affin embedding leading to overestimation and we believe the lower
values obtained from plastic sectioning to be more reliable. In our
study, multiplexed confocal imaging was also used, combined with
fixable tracer dyes that allowed us to simultaneously obtain 3D images
of both the osteocytes and their lacunae in young and aged mice [48],
which was previously only possible by TEM. Volumetric measurements
on the osteocyte cell bodies and their corresponding lacunae revealed
gender differences (see Fig. 4). Both males and females showed an
approximately 15–20% reduction in cell body volume, but only males
showed a corresponding reduction in lacunar volume. These data imply
that the female osteocytes “shrink” inside their lacunae by reducing
their cell body but not lacunar volume, thereby increasing their lacu-
nocanalicular fluid volume. In contrast, the male osteocytes showed
reductions in both their cell body and lacunar size without significantly
altering the lacunar fluid volume. These sex dependent differences in
lacunar fluid volumes could result in differences in mechanosensitivity,
as the lacunar and canalicular fluid flow shear stresses may be different
in males and females. Such effects could be missed in analyses that only
consider the lacunar volumes.

Overall, while there is still some degree of controversy among stu-
dies from different laboratories, the preponderance of data in human
and animal studies seem to support an age-related decline in lacunar
density and osteocyte density of approximately 20–30%. It is also no-
teworthy that Rolvien et al. [80] showed an age related decrease in
lacunar density as well as evidence of micropetrosis even in the audi-
tory ossicles, making it seem likely that decreased lacunar density is a
ubiquitous hallmark of bone aging in humans. The majority of studies
also support that there is a reduction in osteocyte cell volume that may
be combined with reduced lacunar size and a change with aging to a

Fig. 3. Micropetrosis of osteocyte lacunae in aged mice. A) Backscattered SEM
image of aged human osteoporotic bone showing normal osteocyte lacunae
(black arrow) and mineralized micropetrotic lacunae (white arrow),
bar= 50 μm. B) Higher power backscattered SEM image showing normal
(black arrow) and mineralized (white arrow) lacunae, bar= 10 μm. The mi-
cropetrotic lacunae are hypermineralized compared to the surrounding matrix
and therefore appear lighter than the surrounding matrix. Panels A) and B) are
reproduced from Figs. 3 and 1, respectively, from Milovanovic et al. [78] with
permission.
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less flattened, more spherical morphology.

4.4. Age related changes to canaliculi and dendrites

In addition to the age-related decline in the number of lacunae and
osteocytes per bone volume, several studies have shown a dramatic loss
of osteocyte dendricity with aging that may further compromise the
connectivity of osteocyte networks (see Fig. 5). Using acid-etching/SEM
of resin embedded bone Milovanovic et al. showed an approximately
30% decrease in canalicular number per osteocyte in the femurs of aged
(70–95 yr) compared to young (20–40 yr) women [51] (Fig. 5A, B). The
canaliculi also had fewer branches and frequently did not cross cement
lines, in contrast to samples from younger individuals. A similar re-
duction in osteocyte dendrite number was found using histomorpho-
metry combined with a silver staining based method in young
(3month) compared to aged (24month) mouse femurs [81]. Recent
studies from our laboratory in aging male and female C57BL/6 mice
using multiplexed confocal imaging examined both the osteocyte den-
drites and their corresponding canaliculi in the same specimens [48]. A
27% reduction in the number of dendrites per osteocyte was observed
in 22month old male femurs compared to 5month old animals and a
45% reduction was observed in females (Fig. 5C, D). The study further
showed that in males, the percent reduction in canalicular number was
comparable to the reduction in dendrites, but females showed only a
26% reduction in canalicular number, which was much less severe than
the reduction in dendrites [48]. This suggests that measuring changes in
canalicular number in females may considerably underestimate the
actual loss of dendrite connectivity between osteocytes. Moreover, in
terms of absolute numbers of canaliculi and dendrites per osteocyte, we

showed that the canaliculi outnumbered primary dendrites by ~1.2–1.4
fold in young mice and by ~1.5–1.7 fold in aged mice, indicating that
many canaliculi are not occupied by a dendrite and that canalicular
occupancy decreases with age. Timecourse studies in the female mice
revealed a linear decline in dendrite number per osteocyte between 5,
12, 18 and 22months of age and showed a negative linear correlation
between age and dendrite number. Interestingly, osteocyte dendrite
number correlated positively with cortical thickness and negatively
with cortical bone perimeter, indicating that maintenance of osteocyte
connectivity may be important in preventing bone loss on the endosteal
surface and limiting bone expansion on the periosteal surface. In ad-
dition to reduced osteocyte density and decreased dendrite number, we
observed that the aged bones had more interfaces (cement lines from
bone remodeling), across which the dendrites did not appear to extend.
Similar to the porosities seen in aged humans, we observed increased
cortical porosity, particularly in females, due to intracortical re-
modeling [48]. This further reduced osteocyte connectivity by creating
“islands” of osteocytes that were disconnected from other osteocytes.

Overall, there appears to be good agreement between the above
studies that aging is associated with a decline in canalicular number of
around 30% in males and females in humans and in rodent models. The
mouse studies suggest that this is accompanied by a decline in dendrite
number that may even be more severe than the loss of canaliculi,
particularly in females.

5. Implications of the age related changes in the
lacunocanalicular system and decline in osteocyte connectivity

Following on from the above discussions, if aging is associated with
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Fig. 4. Multiplexed imaging and volumetric quanti-
tation of osteocyte cell body and lacunae in young
and aged mice. A) Multiplexed confocal imaging of
the osteocyte cell body and lacunae in mouse femur
using combined staining with fixable Texas Red-
Dextran [red] to show the lacunocanalicular net-
work, DAPI [blue], to show the nuclei and DiO
[green], to show the cell membrane (single Z plane,
40× oil objective, 4× digital zoom), bar= 10 μm.
B) Examples of 3D renderings of osteocyte cell bodies
labeled with DiO and lacunae labeled with fixable
Tx-Red-Dextran for volumetric calculations, with
merged image shown on the right, bar= 10 μm. C)
quantitation of osteocyte cell volume in the distal
region of the femur in young and aged mice with
quantitation of the corresponding lacunar volume
and lacunar fluid space volume (data are
mean ± SEM, *= p < 0.05, ANOVA/Tukey's;
n=5). Panels B) and C) are reproduced from Tiede-
Lewis et al. [48]. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)
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an approximately 20–30% decrease in lacunar or osteocyte density and
this is combined with a ~30% decline in canalicular or dendrite
number per osteocyte, one can infer that the overall loss in connectivity
of the entire osteocyte network may be as high as ~50%, which could
have profound implications for skeletal health. Since osteocyte den-
drites, as opposed to the cell body, are thought to be critical for me-
chanotransduction [82–84], reduced dendrite connectivity may be
partly responsible for the attenuated bone anabolic response to me-
chanical loading with aging [29,30,32]. Theoretically, this could be due
to both a reduced number of dendrites available to sense and integrate
information from strain inputs, as well as impaired fluid flow through
canalicular networks that are poorly connected to each other, with
groups of osteocytes isolated from each other. Fewer dendritic con-
nections between osteocytes could also affect the osteocyte signal
propagation that occurs in response to loading [85], further attenuating
load-related bone anabolic responses.

Changes in the lacunae may also affect mechanotransduction.

Nicolella et al. showed that changes in lacunar morphology altered the
local strains experienced by osteocytes [86] and micropetrotic lacunae
may provide a barrier to lacunar fluid flow between osteocytes. Fur-
thermore, changes in lacunar fluid volumes due to shrinkage of the
osteocyte lacunae and/or cell bodies could lead to alterations in fluid
flow shear stress that could impact mechanotransduction. Interestingly,
in a mouse model, osteocytes have been shown to alter their lacunar
size, shape and even alignment in response to hindlimb unloading [87],
raising the intriguing possibility that reduced physical activity and as-
sociated reduced mechanical loading in the aged population could
provide a stimulus for lacunar remodeling. Although the implications of
the age related changes in osteocyte lacunar morphology are still not
fully understood, it is noteworthy that other disease models also exhibit
differences in lacunar volume and morphology, such as diabetes mel-
litus [88] and osteogenesis imperfecta [89], further suggesting that
lacunar morphology as well as number may play an important role in
bone health. An increase in lacunar size has also been shown in

Young Aged

C young aged D

Fig. 5. Degeneration of the osteocyte and lacunocanalicular network with aging. Scanning electron micrographs of resin embedded acid-etched osteonal bone from
A) young and B) aged human bone samples. The right panel in each image pair shows a magnified view of a single osteocyte lacuna. Note that the young osteon is
larger, with more osteocyte lacunae that are interconnected extensively via numerous canaliculi. The magnified images show that more canaliculi radiate from the
osteocyte lacuna in the young case than the aged case. The numbers below show quantitation of the number of osteocyte canaliculi per lacuna in young (n=9) vs.
aged (n=11) bone samples (** p < 0.001). C) Confocal 3D rendered images of osteocyte networks stained with alexa-488 phalloidin [green] and DAPI [blue] in
young (5month old) compared to aged (22month old) female C57BL/6 mice. Note the dramatic loss of osteocyte connectivity. D) Quantitation of osteocyte number
and dendrite number from phalloidin/DAPI stained sections in the femurs of young and aged male and female C57BL/6 mice (data are mean ± SEM, *= p < 0.05,
ANOVA/Tukey's) (males n=6, females n=5). Panels A) and B) are reproduced from Milovanovic et al. [51], with permission. Panel C) is a still frame from a movie
published in Tiede-Lewis et al. [48] and panel D) is reproduced from Tiede-Lewis et al. [48]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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lactating mice, due to osteocyte mediated perilacunar resorption [90].
This has been shown to result in a 13% reduction in the elastic modulus
of the bone tissue, which returned to normal after lactation, suggesting
that osteocyte mediated perilacunar remodeling can change the me-
chanical properties of the bone [91].

Ma and colleagues have reported that osteocyte density is correlated
with the biomechanical quality of bone [92] and studies in human bone
also suggest that a dense osteocyte network is correlated with better
bone material quality [93]. Studies by Vashishth et al. have linked re-
duced osteocyte viability and density with accumulation of micro-
damage and microcracks [73], suggesting that a healthy osteocyte
network may be important in initiating remodeling responses and/or
resisting damage in order to maintain healthy and mechanically robust
bone. However, it remains to be clarified whether the osteocyte cell
death occurs in response to microdamage or whether the microdamage
occurs after loss of osteocyte viability, or both. Either way, the accu-
mulation of microdamage and/or lack of repair in areas of aged bone
with reduced osteocyte viability may compromise the mechanical in-
tegrity of the tissue, resulting in increased bone fragility.

Reduced numbers of viable osteocytes may also have effects on bone
remodeling, as osteocytes regulate osteoblast activity through produc-
tion of sclerostin, a natural inhibitor of Wnt/β-catenin signaling, and
regulate osteoclast activity through production of RANKL. Piemontese
et al. have shown that osteocyte cell death is associated with increased
expression of RANKL and they proposed that this may be a trigger for
intracortical remodeling [68]. In support of this, Cabahug-Zuckerman
et al. showed that osteocyte apoptosis in response to hindlimb un-
loading in mice is required for induction of RANKL expression in os-
teocytes and stimulation of bone resorption [28]. Evidence is therefore
accumulating that loss of osteocyte viability may disrupt the bone re-
modeling balance in favor of bone resorption.

6. Mechanisms responsible for age related changes in the
lacunocanalicular network and in osteocyte connectivity

The above discussions have provided an overview of the changes in
the osteocyte lacunocanalicular system that occur with aging and their
implications for bone homeostasis, however, the mechanisms under-
lying these age-related changes are still not fully determined.
Timecourse studies from our laboratory have suggested that the decline
in osteocyte dendrite number in aged female mouse femurs precedes
the decrease in osteocyte number [48]. Therefore, loss of dendrite
connectivity could be a trigger for subsequent loss of cell viability. This
is analogous to neurodegeneration, whereby dendrite and/or axonal
pruning is thought to precede loss of cell viability [94,95]. Decreased
osteocyte connectivity through a combination of cell death and loss of
dendrites could then lead to a further downward spiral in osteocyte cell
viability, as essential nutrients and survival factors are obtained by
osteocytes though their canalicular fluid and signaling factors are
transferred through cell-cell contact via the dendrites. As more and
more osteocytes are lost and their connectivity is further decreased, this
may lead to increased stress on the remaining osteocytes and further
loss of viability.

Osteocyte apoptosis can be induced by many different stimuli, in-
cluding microdamage [96,97], disuse [98], excess glucocorticoids
[99–101], estrogen deficiency [102–105] and oxidative stress [81,104],
any of which could potentially contribute to the age-related decline in
osteocyte number. Oxidative stress, which occurs due to over-
production of reactive oxygen species (ROS) and resultant induction of
mitochondrial DNA damage, is known as an important mechanism of
aging in many cell systems [106–108] and accumulating evidence
supports a role for oxidative stress in bone aging [81,104]. Almeida
et al. showed an age related increase in the levels of ROS in the bone
marrow of C57BL/6 mice between 4 and 31months of age [104]. This
was accompanied by a decrease in glutathione reductase, an enzyme
that protects against oxidative stress. They also found increased

phosphorylation of p53 and p66shc, suggesting activation of signaling
pathways associated with ROS-induced apoptosis. These changes were
associated with increased apoptosis of osteoblasts and osteocytes, sug-
gesting that oxidative stress could be an important trigger for osteocyte
degeneration with aging. Interestingly, loss of estrogens in females or
androgens in males via gonadectomy mimicked these changes in oxi-
dative stress pathways [104]. This indicates that oxidative stress may
mediate the effects of sex steroid deficiency on osteocyte viability and
suggests that estrogen deficiency in post-menopausal women may fur-
ther exacerbate the increase in oxidative stress that occurs with normal
aging.

Kobayashi et al. showed a similar increase in superoxide, a reactive
oxygen species, in mice at 24months of age compared to 2months.
They also performed an osteocyte targeted deletion of mitochondrial
superoxide dismutase (Sod2) and showed that these mice had elevated
levels of superoxide together with a low bone mass phenotype resem-
bling accelerated aging [81]. Loss of Sod2 also resulted in degeneration
of the lacunocanalicular network, decreased osteocyte numbers and
reduced osteocyte connectivity. The bone loss was due to increased
bone resorption and decreased bone formation and was associated with
increased osteocyte expression of RANKL and sclerostin. Overall, the
data make a compelling case for an important role for oxidative stress in
age related bone loss and potentially in degeneration of the osteocyte
network.

Autophagy is another pathway that may play a role in skeletal
aging. This is a “self-devouring” (autophagocytotic) pathway that is
activated as an adaptive response to stress to maintain cell viability and
function by degrading and recycling damaged organelles and macro-
molecules (reviewed in [109]). This pathway serves to promote the
health and viability of long lived cells and it therefore makes sense that
the pathway would be relevant in osteocytes. A recent study by Onal
et al. has shown that mice lacking Atg7 in osteocytes (a key protein in
the autophagy pathway) showed a bone phenotype as early as 6months
that mimics the changes that occur with aging [110]. This included
decreased trabecular bone volume and cortical thickness as well as
increased cortical porosity. Suppression of autophagy by deletion of
Atg7 in the osteoblast lineage also reduced osteocyte dendricity [111],
suggesting a potential role for autophagy in maintenance of osteocyte
viability and connectivity.

A recent paper by Farr et al. [112] has highlighted the possibility
that cellular senescence may play a role in age-related bone loss. This is
a process activated in response to excessive extracellular or intracellular
stress, whereby the cell remains metabolically active but is locked into
cell cycle arrest and stops dividing, preventing the propagation of DNA
damage to future cell generations (reviewed in [113]). Senescent cells
undergo characteristic phenotypic changes, including upregulation of
senescence marker genes, acquisition of a senescence associated se-
cretory phenotype (SASP) as well as telomere shortening. This is
thought to be beneficial in healthy individuals as a protective me-
chanism against malignant transformation. However, senescent cells
accumulate in many tissues with aging and the factors they secrete as
part of the senescence associated secretory phenotype promote in-
flammation, tissue degradation and possibly cancer. The work of Farr
and colleagues showed that expression of senescence associated mar-
kers was increased in bone and marrow cell populations from aged male
and female mice, including osteoblasts and more prominently in os-
teocytes [112]. Osteocytes also showed unravelling of their pericen-
tromeric satellite DNA, another hallmark of senescence. A related study
by Piemontese et al. showed that the loss of cortical bone and increased
bone porosity in aging mice was associated with higher levels of DNA
damage and elevated expression of senescence associated markers in
osteocytes [68]. The targeting of senescent cells and factors associated
with the SASP has become a promising approach for preventing various
age-related diseases and Farr and colleagues went on to show that in-
hibiting senescent cells in mice using genetic approaches or targeting
senescence using “senolytic” drugs, protected the mice from age-related
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bone loss [114].
The oxidative stress, autophagy and cellular senescence pathways

may not be mutually exclusive and are likely interconnected. For ex-
ample, oxidative stress can cause DNA damage, which could in turn
activate cellular senescence pathways and autophagy pathways could
be simultaneously activated in an attempt to maintain cell survival.
Future studies are needed to further understand these complex path-
ways, but the exciting discoveries that have been made so far suggest
that one or all of these pathways could be targeted as treatments for
maintaining osteocyte viability and as a potential treatment for osteo-
porosis.

The mechanisms responsible for the age-related changes in lacunar
morphology are not yet defined, but several studies have shown that
osteocytes are capable of remodeling their perilacunar matrix [90,115].
These studies have shown that during lactation, osteocytes express
genes normally associated with osteoclastic resorption, such as tartrate
resistant acid phosphatase, cathepsin K, Vacuolar-type ATPase depen-
dent proton pumps and MMP-13 [90,115]. Furthermore, Jahn et al.
recently showed that osteocytes can acidify their microenvironment
[116]. Interestingly, in the study by Qing et al., lacunar size was in-
creased in lactating female mice, but was restored post-lactation, sug-
gesting that not only can osteocytes remove mineral from their lacunae,
but they can lay down new bone as well [90]. Using transgenic mice
expressing a GFP-tagged collagen construct, we have found that many
osteocytes are surrounded by bright rings of perilacunar GFP-collagen
fluorescence, which appears to represent cycles of addition and removal
of collagen by osteocytes in their perilacunar matrix [47] (see Fig. 6).
Thus, osteocytes appear to be capable of expressing all the requisite
genes to dissolve mineral and remodel their perilacunar matrix, as well
as to lay down new bone matrix, suggesting that this may be the me-
chanism by which lacunar morphology is changed with aging.

7. Are there parallels between loss of osteocyte connectivity and
neurodegeneration?

Osteocytes are not the only cells that lose their dendrites as a
function of aging. In neuronal cells, dendrite pruning is a hallmark of
aging (for review see [117]). Loss of dendricity has been linked with
impaired nervous system function in disorders such as Parkinson's
disease, Alzheimer's disease, amyotrophic lateral sclerosis (ALS) and
ischemic brain injury [94,118]. Interestingly, osteocytes show many
similarities with neuronal cells. They are both terminally differentiated
cells that are highly dendritic and form complex interconnected net-
works. A recent theoretical article by Buenzli et al. has highlighted the
similarities between osteocyte and neuronal networks by mathemati-
cally estimating their orders of magnitude in the human body [119].
Their calculations suggest that the lacunocanalicular system of the

human skeleton has a total volume of ~35.8 cm3 with an estimated
surface area of ~215m2. They calculate that the lacunocanalicular
system houses an estimated 42 billion osteocytes, which is in the same
order of magnitude as the ~86 billion neurons in the brain [120]. The
cumulative length of osteocyte dendritic processes in bone was esti-
mated at 175,000 km, which falls in a similar range as the total length
of nerve fibers, 150,000–180,000 km, in a typical human brain [121].
They further estimate a total of 23 trillion osteocyte dendritic connec-
tions in the skeleton as compared to approximately 150 trillion neural
cortex synapses [121]. These theoretical calculations show that osteo-
cyte networks are comparable to neural systems in scale and con-
nectivity, but osteocytes show many other similarities with neuronal
cells, including staining with Bodian stain, a histological stain for nerve
fibers that is specific for neurofilament proteins [59]. Additionally,
osteocytes exhibit calcium oscillations and calcium spikes [27,122] and
they express a number of neuronal related genes, including neuropep-
tide Y, cholinergic receptors, the glutamate aspartate transporter
(GLAST), and the receptor associated protein of the synapse Rapsn
[123–125]. Because of the similarities between osteocyte and neuronal
networks, it is intriguing to speculate that there may be common mo-
lecular mechanisms underlying osteocyte degeneration and neurode-
generation. Neurotrophic factors are known to act to maintain dendrites
by interacting with receptors and preventing the pruning back of axons
and dendrites. When these neurotrophic factors decrease, as with aging,
dendrites and/or axons die back and after a critical loss occurs, neu-
ronal apoptosis tends to follow (reviewed in [95,126]). The cell death
and elimination of axons and dendrites is a normal developmentally
regulated process that is important for the proper wiring of the nervous
system and axonal degeneration also occurs in response to injury. It has
been proposed that neurodegeneration in aging and in various “dying
back” neurodegenerative conditions could represent a misregulation of
this normal process. Unpublished studies in our laboratory using a
neurotrophin and receptor targeted qPCR array have shown that an
osteocyte-like cell line, OmGFP66, expresses several genes associated
with neurogenesis and neurite formation, including, nerve growth
factor (Ngf) and its receptor (Ngfr), brain derived neurotrophic factor
(Bdnf), glial cell line derived neurotrophic factor (Gdnf), ciliary neu-
rotrophic factor (Cntf), fibroblast growth factor 9 (Fgf9), Artemin
(Artn) and Neurotrophin 5 (Ntf5), among others, and it will be inter-
esting to determine whether expression of these changes with aging
and/or whether these neurogenesis related genes play a role in osteo-
cyte dendrite formation and maintenance. It will also be interesting to
determine whether damage to osteocyte dendrites via bone micro-
damage may lead to injury related responses similar to those that occur
in damaged neurons.

Some of the same mechanisms discussed above in relation to os-
teocyte apoptosis have been shown to play a role in neuronal disorders.

10 m

A B

Fig. 6. Evidence of osteocyte perilacunar matrix formation. A) Confocal image from femoral cortical bone from a transgenic mouse expressing a GFP-tagged collagen
construct. Note that there are numerous osteocyte lacunae surrounded by bright rings of GFP-collagen fluorescence, suggesting that the osteocytes may be able to add
collagen to their perilacunar matrix, bar= 20 μm (single Z-plane, 100× oil objective), bar= 20 μm. B) Enlarged image of a single osteocyte lacuna from a GFP-
collagen mouse showing interfaces around the lacuna that suggest GFP-collagen addition and removal, bar= 10 μm.

L.M. Tiede-Lewis and S.L. Dallas Bone 122 (2019) 101–113

109



For example, mitochondrial health plays a key role in neuronal health
and oxidative stress is thought to play a role in the development of
Parkinson's disease and Alzheimer's disease [107,127]. Furthermore,
mutations in superoxide dismutase 1 are responsible for some forms of
ALS [128]. The resulting mitochondrial dysfunction may induce neural
degeneration by causing a cellular energy crisis. Dysregulated autop-
hagy has been linked to synaptic pruning defects [129] and neurite and
axonal degeneration [130]. Additionally, Rapamycin, which has been
shown to induce neuronal autophagy [131] and protect against neu-
ronal death in Parkinson's disease models [132], has been shown to
protect against bone loss in aged rats by increasing autophagy and
decreasing apoptosis in osteocytes [133]. Zonisamide, a drug used in
treating epilepsy and Parkinson's disease, was shown to promote
neurite elongation in primary motor neurons and increase axon size in
sciatic nerve autograft in mice and was protective against oxidative
stress [134]. Similar approaches could be investigated as a potential
means of preserving osteocyte connectivity and improving bone health
and future cross disciplinary research between bone biologists and
neurobiologists could therefore prove to be a productive avenue of
research.

8. Summary and perspective

It is clear that aging is associated with loss of bone mass, in-
tracortical remodeling and increased bone fragility and accumulating
evidence suggests that the age related degeneration of the osteocyte
network and its lacunocanalicular system may play a role in this de-
terioration of bone quality. If, as we suspect, loss of dendricity provides
a trigger for loss of osteocyte viability, this raises the question as to
whether therapeutic interventions directed towards maintaining den-
dritic connections may improve osteocyte viability and skeletal health.
Also, is the loss of osteocyte dendrites an irreversible process or can
dendrites can be regenerated? Since not all canaliculi appear to be
occupied, it is tempting to speculate that new dendrites could be ex-
tended into unoccupied canaliculi. Some studies also hint at the pos-
sibility for dendrite regeneration as osteocytes are capable of re-
modeling their perilacunar matrix [90,116]. Furthermore, Holmbeck
et al. have reported that osteocyte dendrite formation is an active, in-
vasive process involving collagen degradation by the osteocytes and
their data suggest that more dendrites are formed as bone matures [59].
Future research is clearly needed to identify novel approaches for
maintaining a healthy osteocyte network. Exciting areas of research
include drugs targeting pathways such as oxidative stress and autop-
hagy as well as senolytic drugs that target cellular senescence. It will be
important to determine which of these pathways triggers the loss of
dendricity that appears to precede osteocyte cell death.

Another important question is whether exercise intervention could
have beneficial effects on osteocyte networks, since exercise is known to
reduce the risk of mortality from all causes [135] and has positive ef-
fects on many systems in the body, including the neural, metabolic, and
musculoskeletal systems. An exciting recent study by Kitase et al. has
shown that β-aminoisobutyric acid (L-BAIBA), a factor secreted by ex-
ercising muscles, has protective effects to maintain osteocyte viability
under conditions of oxidative stress by preventing mitochondrial frag-
mentation and depolarization [136]. Their work also showed that
BAIBA protected mice against bone loss induced by hindlimb suspen-
sion. This identifies a naturally produced muscle-derived factor that has
positive effects on the skeleton, and supports the idea that there is a
beneficial molecular crosstalk between muscle and bone. These ob-
servations imply that exercise may have beneficial effects in main-
taining a healthy osteocyte network. Support from this comes from our
own recent studies using voluntary wheel running in 12month old fe-
male C57BL/6 mice [137]. Our data showed that 6months of voluntary
wheel running (harvest age 18months) prevented the loss of osteocyte
dendrite connectivity that occurred in non-exercised mice. However,
this effect was not maintained in the older 10month exercised group

(harvest age 22months), which may be due to a tailing off in the
amount of daily voluntary exercise in the older animals. Optimization
of the wheel running protocols, initiation at an earlier age and/or the
inclusion of more resistance may be useful approaches to enhance the
effects of wheel running.

Clearly, it is an exciting time in age related research and our un-
derstanding of age related changes in the skeleton is advancing rapidly.
Combining innovative methods for imaging of osteocytes and the la-
cunocanalicular system with mouse genetics and studies in aged hu-
mans and animal models should lead to an advanced understanding of
how the health of osteocyte networks regulates bone health and quality.
This may lead to new innovations in treatments for age related bone
loss.
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