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Introduction 

One remarkable characteristic of bone microarchitecture 
is the magnitude of the osteocyte network that lies hidden 
inside the mineralized matrix. Dendritic osteocytes connect 
to one another, to blood vessels and to bone surface cells 
enabling a global communication within bone tissue. 
Residing in a fluid-filled interstitium of lacunae and canaliculi, 
osteocytes sense the mechanical load that is being placed 
upon the skeleton during locomotion1. The transmission 
of the loading information from osteocytes is coupled 

with the secretion of factors i.e. sclerostin and RANKL, to 
directly regulate bone matrix turnover by osteoblasts and 
osteoclasts2,3. In the recently discovered multifunctionality 
of osteocytes, ranging from phosphate homeostasis to 
interaction with distant organs, this is just one of many ways 
through which osteocyte network connectivity contributes to 
bone health4. 

With an estimated 215 m2 lacuno-canalicular surface area 
in the human skeleton5, the osteocyte network surface is 
several magnitudes larger than the bone surface consisting 
of osteoclasts, osteoblasts, and bone lining cells. One could 
assume that osteocytes utilize this characteristic feature 
and interact with their local perilacunar and pericanalicular 
matrix. Admittedly, the osteocyte that originates from 
a population of bone-forming osteoblasts might not be 
considered a bone-resorptive cell at a first glance. A closer 
look, however, confirms the inducible predominance of lytic, 
acidic lysosomes as organelles of mature osteocytes, and a 
rough appearance of the lacunar wall in calcium-demanding 
conditions6.

An ample number of scientists have reported enlarged 
osteocyte lacunae in the past century and beyond, with Rigal and 
Vignal indicating active bone matrix dissolution by osteocytes 
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as early as 18817. Around the 1970s, bone resorption by 
osteocytes even seemed as important for the provision of 
calcium as osteoclast-dependent resorption8. Technical 
issues with specimen preparation and the lack of mechanistic 
data may have contributed to the countermovement against 
osteocytic osteolysis9. In fact, especially the description of 
osteolysis only based on large lacunae, as seen with woven 
vs. lamellar bones, or with mineralization defects should be 
avoided. We now understand that both: i) the demineralization 
and ii) the proteolysis of the perilacunar and pericanalicular 
matrix define osteocytic osteolysis but may contribute to a 
varying extent in different conditions.

The process of osteocytic osteolysis may have significant 
effects on bone physiology. The reversible remodelling of 
lacunar shapes and network connectivity could not only 
free calcium from the bone matrix, but could also affect the 
mechanosensation detected by osteocytes and alter bone 
turnover. Furthermore, lacuno-canalicular adaptations may 
contribute to local bone quality characteristics and fracture 
resistance. Within this review we summarize the current 
knowledge on osteocytic osteolysis starting off with its role 
in the physiological processes of lactation, hibernation, and 
mechanical loading, and continuing with its implications in 
several pathological scenarios including immobilization, 
hyperparathyroidism, glucocorticoid treatment, ovariectomy, 
and peri-implant bone loss. We have endeavoured to appraise 
existing evidence, highlight open remaining questions, and 
give an outlook on future directions with regards to the 
clinical importance of this process. 

Methods

We searched electronic databases (PubMed/MEDLINE) 
using MeSH terms “Osteocyte” and “Osteolysis” or 
“Osteocyte” and “Perilacunar Remodeling” or “Osteocyte” 
and “Demineralization” up to November 30th 2017. The 
results of available in vitro and in vivo studies demonstrating 
osteocytic osteolysis in the most common physiological 
and pathophysiological settings, i.e. during lactation, 
immobilization and hyperparathyroidism are reviewed. In 
addition, other settings where osteocytic osteolysis could play 
a role are mentioned. We summarize possible mechanisms 
underscoring the osteocyte regulation of bone mineral/
turnover and address controversies and open questions. 
Although perilacunar osteolysis has also been described in 
many other non-mammalian vertebrates this is beyond the 
scope of this review.

Results and discussion

Evidence of osteocytic osteolysis during lactation

Lactation in mammals is associated with a marked skeletal 
resorption to support milk production. In rodents, bone 
mineral content (BMC) or density (BMD) are reduced up to 
25-30% as measured by dual-energy X-ray absorptiometry 
(DXA)10, whereas bone materials properties (i.e. strength and 

toughness) are also severely compromised11. These effects 
are further enhanced through a calcium-restricted diet12, 
and a larger number of suckling pups13 (Figure 1). In lactating 
women, lumbar spine BMD decreases by 5% to 10% during 
3 to 6 months of lactation14, and lactation is positively 
correlated with vertebral fractures15. The sophisticated 
hormonal interplay regulating the maternal skeletal and 
mineral physiology during pregnancy, lactation, and weaning 
period has been elucidated in a recent extensive review16.

The enhanced resorption of the maternal skeleton during 
lactation is further supported by measurements of bone 
turnover markers, bone structure by high-resolution imaging, 
bone material properties and histomorphometric analyses. 
The classical mechanism of enhanced bone resorption is 
osteoclast-driven and affects primarily trabecular bone and 
endocortical surfaces17,18. However, if osteoclast-mediated 
bone resorption was the sole mechanism at play, then 
the inactivation of osteoclasts through a bisphosphonate 
would be expected to fully attenuate the decline in BMD 
during lactation. Since experimental data showed only a 
partial blocking of bone loss in lactating mice treated with 
pamidronate19,20, it was hypothesized that an alternative 
osteolytic mechanism exists. 

In a study using backscatter scanning electron microscopy 
(BSEM), we showed that lactating mice are characterized 
by significantly larger osteocyte lacunae in the tibia, femur, 
and vertebra, as compared with virgin controls21. This 
difference ceased to exist after 7 days of forced weaning, 
indicating that lactation provoques a transient osteocytic 
perilacunar remodeling, in contrast to previous data in 
rats22. Furthermore, we identified osteoclast-specific marker 
expression by osteocytes during lactation21. A targeted 
deletion of parathyroid hormone (PTH) receptor 1 (PTHR1) 
prevented osteocyte-specific remodeling and upregulation 
of osteoclast markers, whereas treatment with PTH related 
peptide (PTHrP) led to the opposite effects, demonstrating 
the importance of PTHrP signaling through the osteocyte 
PTHR121. This is in accordance with the known upregulation 
of PTHrP into the systemic circulation and into milk during 
lactation19,23-25. Since PTHR1 signaling also induces 
the production of Receptor Activator of NF-κB Ligand 
(RANKL)26,27, and osteocytes are major contributors of 
RANKL production28, it seems possible that during lactation 
osteocytes participate in both, a direct remodeling of their 
environment and a stimulation of osteoclast-mediated 
resorption through upregulation of RANKL29. Conversely, 
after conditional knock-out of the PTHR1 in osteocytes, a 
low-calcium diet translated into an impaired homeostatic 
calcemic response, i.e. hypocalcemia in mice, indicating that 
osteocytes are involved in mineral mobilization30. Providing 
further insight into the mechanism through which osteocytes 
achieve perilacunar remodeling and calcium mobilization, we 
showed that osteocytes generate a mild acidic environment 
through expression of the proton pump in an analogous 
manner to osteoclasts, and that this cell-induced acidification 
is modulated through PTHrP31. The study further emphasized 
the important role of osteocyte viability. Osteocytes 
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appear to withstand mild acidic conditions longer than 
other cell types investigated31. This aspect is of functional 
importance, as osteocytes do not form a sealed resorption 
pit like osteoclasts do, so they must be protected from the 
acidic milieu which ensues during osteocytic osteolysis. The 
mechanisms responsible for this protection are unknown.

Lactation in rodents and humans is physiologically 
characterized by a surge in prolactin production and a decline 
in estradiol and progesterone19,32,33. In spite of the fact that 
low estrogen concentrations probably contribute to the 
enhanced bone resorption noted during lactation16, the extent 
of this contribution is not adequately clarified. Although the 
simulation of an estrogen-deficient state through ovariectomy 
in rodents results in bone loss, lactation is associated 
comparatively with a much more prominent and rapid decline 
in bone mass and mineral content34. The effects of estrogen 

withdrawal in osteocyte viability are consistent with studies 
showing enhanced osteocyte apoptosis in humans and 
rodents35-37. In a study investigating the impact of estrogen 
loss on the osteocyte lacunar-canalicular network, Ciani et 
al. reported an increased solute transport around osteocytes 
of the proximal tibia of ovariectomized rats probably because 
of an enhanced lacunar-canalicular porosity38. Prolactin 
levels surge during early lactation initiating milk production 
and prolactin is a known stimulator of PTHrP production39. 
During recent years evidence has emerged for a direct 
action of prolactin in bone cells. Using a model of anterior 
pituitary transplantation to induce hyperprolactinemia, 
Seriwatanachai et al. showed that prolactin enhances 
bone turnover by downregulating osteoprotegerin, while 
concurrently upregulating RANKL production40. A possible 
direct regulatory role for prolactin in bone modeling was 

Figure 1. Effects of low calcium diet on osteocyte lacunar size.  Backscattered electron microscopy was used to visualize osteocyte 
lacunae in the midshaft femoral cortex of 14 week old C57Bl/6N virgin, lactating (12 days) and post-lactating (7 days) mice (unpublished 
data from Jähn et al., JBMR 2017). (a) No significant differences in osteocyte lacunar size with lactation due to the small litters with 
C57Bl/6N mice (3-6 pups/litter). This is in contrast to the 10-12 pups/litter of CD1 mice inducing significant changes in osteocyte 
lacunar size (Qing et al., JBMR 2012). (b) Low calcium diet during lactation of C57Bl/6N mice leads to significant bone loss and 
significantly enlarged lacunae. (c) In this low calcium model with lactation, endosteal bone appears removed by osteoclastic resorption 
in addition to an increase in osteocyte lacunar size. This bone is replaced endosteally 7 days post-lactation. The 7 days post lactation 
was not sufficient time for complete reversal of bone loss particularly at the endocortical bone surface (bottom surface in the images). 
The poorly mineralized bone matrix (dark grey) with the presence of large lacunae suggests a less mature, less mineralized bone matrix. 
These observations imply that, in addition to the trabecular bone loss, bone loss during lactation is mainly occurring at the endosteal 
surface of cortical bone.
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investigated by inhibiting prolactin in bromocriptine-treated 
pregnant and lactating rats41. Further studies are warranted 
to elucidate whether prolactin is directly implicated in 
osteocyte-driven perilacunar remodeling.

Another hormone which has been implicated in the 
pathophysiology of enhanced bone resorption during 
lactation is calcitonin. Although serum measurements of 
calcitonin concentrations in rodents and humans have not 
yielded thoroughly consistent data, most studies reported 
high calcitonin concentrations during lactation42-45. Since 
calcitonin inhibits lactation by suppressing prolactin release 
by the pituitary46,47, a protective role for the maternal 
skeleton has been envisaged through a negative feedback-
loop to reduce the production of PTHrP in the mammary gland 
during lactation16,44. Intriguingly, lactating calcitonin receptor 
global knockout mice did not show a difference in osteoclastic 
bone resorption, but depicted a larger osteocyte lacunar 
area in cortical bone as compared to littermate controls, 
providing evidence for a protective role of the calcitonin 
receptor through inhibition of osteocytic osteolysis48. This is 
in accordance with previous data describing a protective role 
for calcitonin inhibition of periosteocytic demineralization in 
disuse osteoporosis49, or familial bone dysplasia50.

A recent study identified matrix metalloproteinase 
13 (MMP-13) as an essential factor for lactation-
induced osteocyte perilacunar remodeling51. MMPs are 
multifunctional proteins, which mainly act as coupling 
factors of bone remodeling under physiological conditions, 
whereas their overexpression usually results in enhanced 
bone resorption and osteolysis52. Using MMP-13 deficient 
virgin and lactating mice and their wild-type littermates, 
Tang et al. showed that MMP-13 is indispensable for 
osteocyte perilacunar remodeling and its loss results in 
compromised bone quality and strength51. An upregulation 
of osteocyte mRNA and protein expression of MMP-
13 was further confirmed in a mouse model of X-linked 
hypophosphatemia (XLH), which is also characterized by 
larger osteocyte lacunae in both the tibia and calvaria53. 
Finally, MMP-13 expression was reduced in mice with 
conditional osteocyte deletion of the TGF-β receptor II, 
which also depicted impaired perilacunar remodeling and 
impaired bone quality, indicating that TGF-β signaling is 
involved in these processes54.

While osteoclast-mediated bone resorption is primarily 
localized in trabecular bone and endocortical surfaces, 
osteocytic osteolysis occurs both in trabecular and cortical 
bone16,29,55,56. Using BSEM, Raman microspectroscopy, and 
microindentation in lactating mice, Kaya et al. showed that 
the increased volume of lacunar and canalicular space also 
translates into a decrease in elastic modulus, although the 
overall matrix mineral content remains unaltered57.

The reversibility of bone mass and structure changes after 
cessation of lactation is of particular clinical importance. 
In mice, weaning is associated with a decline in osteoclast 
numbers and up-regulation of osteoblasts and their 
precursors21,58, whereas osteocyte lacunar size returns 
to normal and becomes similar to virgin littermates59. 

These changes markedly improve bone mass and 
microarchitecture16. In a study by Brembeck at al.,82 women 
were followed up to 18 months postpartum. In women who 
had stopped breastfeeding by 9 months and experienced at 
least 9 months of recovery no significant decreases in BMD 
in trabecular or cortical bone were noted as compared to 
non-lactating controls. Since this study did not include pre-
lactation/pregnancy data of the lactating women investigated, 
it is not possible to determine to what degree these women 
had recovered to their pre-pregnancy bone mineral status60. 
Despite the fact that existing epidemiological studies report 
no permanent BMD reduction and no increased fracture risk, 
differences in study design and study populations need to be 
taken into considearation61-63. Although existing data tend 
to support the notion that lactation in rodents and humans 
is not associated with long-term negative effects for the 
maternal skeleton64, further studies, especially examining 
the effects of repetitive lactation, are warranted in order to 
better characterize the effect of pregnancy and lactation on 
female skeletal health.

Osteocytic osteolysis in immobilization and mechanical 
loading

The impact of immobilization on bone mass and bone mineral 
has been well documented with studies reporting a decline in 
BMD and bone strength65,66. Nevertheless, the direct effect of 
immobilization on osteocyte lacunar properties is a subject 
of controversy. After initial reports of osteocytic osteolysis in 
rats immobilized for 10 days by spinal cord severing67, in arctic 
squirrels during hibernation68, and in monkeys subjected 
to microgravity through spaceflight69, subsequent studies 
yielded discrepant results. In our tail-suspension unloading 
mouse model, no osteocytic remodeling was observed 
despite documented bone loss21, and comparable results were 
noted in a more recent study using a model of botox-induced 
immobilization70. Conversely, the canalicular diameter and 
expression of matrix metalloproteinases (MMP) 1, 3, and 10 
are increased in female mice subjected to microgravity on a 
space shuttle mission, indicating active osteocytic osteolysis 
in this model71. Using a model of hindlimb suspension, Lloyd 
et al. demonstrated that mechanical unloading in rodents 
leads to osteocytic osteolysis in cortical bone and could 
be reversed through deletion of connexin 43, a pivotal gap 
junction protein in bone72. Furthermore, in a model of sciatic 
neurectomy as a means to induce severe osteoporosis in 
rats, a significant enlargement of osteocyte lacunae was 
depicted by using two-photon excitation microscopy, and 
local acidification was noted using a fluorescent pH sensor73. 
A possible explanation for these discrepant results could lie 
in the fact that in most studies two-dimensional techniques 
were used for the depiction and analysis of osteocytes, which 
entails a method-eminent risk of errors, since osteocytes 
are three-dimensional objects74. Alternatively, different 
mouse strains and the age of mice used and/or the different 
unloading models applied could have contributed to different 
results.
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A protein which regulates re-shaping of osteocyte lacunae 
under unloading conditions is sclerostin, well-described 
to stimulate osteocyte-driven osteoclast activity through 
RANKL75. Initial reports implicated sclerostin in the decrease 
of pH in human and murine osteocyte-like cells76, and the 
expression of sclerostin was found to be upregulated in 
osteocytes after sciatic neurectomy77. Lately the application 
of recombinant sclerostin in a bone tibial culture system of 
osteocytes devoid of other cell types also led to an increase 
of osteocyte lacunar size and upregulation of bone resorption 
marker genes78. Taken together these observations indicate 
that sclerostin acts not only as a potent antagonist of bone 
formation, but also as a promotor of bone resorption. The 
differential mechanical loading information perceived by an 
osteocyte does appear to induce the structural rearrangement 
of its lacunae. As seen with immobilization and the classical 
absence of high impact loads, a dose response curve might 
exist as it does for osteoclast and osteoblast-dependent bone 
turnover. Whether catabolic loading regimes, general health 
status, or age affect such responses has to be determined. 

In contrast to unloading and immobilization, the 
application of mechanical force has mostly been linked to 
enlargement of osteocyte lacunae to date79-82. Possible 
explanations include, on the one hand, an enhancement of 
bone resorption via mechanical loading, whereby osteocytes 
are either stimulated by the mechanical deformation of the 
perilacunar bone matrix or by fluid flow which is created by 
shear stresses acting on the osteocyte cell processes79-81. 
On the other hand, mechanical loading also induces new 
bone formation, and previous studies have described larger 
osteocyte lacunae in sites recently formed due to loading82.

Evidence of osteocytic osteolysis in hyperparathyroidism

The notion that PTH as a major calciotropic hormone 
instigates osteocytes to mobilize calcium through removal 
of perilacunar mineral was developed in the 1970s when 
evidence of metabolic osteocyte activation combined with 
acute calcium plasma concentrations were reported when 
PTH was administered to thyroparathyroidectomized rats67,83. 
With the development of more sophisticated techniques in 
later years these initial findings were reproduced and peri-
canalicular demineralization was demonstrated in detail using 
contact microradiography and synchroton X-ray tomography 
in rodents which were continuously treated with PTH84,85. 
Similar morphological changes occur in patients suffering 
from hyperparathyroidism based on histological evaluation 
of iliac crest biopsies86,87, as well as in patients with renal 
osteodystrophy88 or hemodialysis patients through the use 
of light and electron microscopy89.

Osteocytic osteolysis and vitamin D

Vitamin D is another pivotal calciotropic hormone 
closely intertwined with osteocytes. Active vitamin D 
[1,25(OH)

2
D

3
] is primarily produced by the kidney and 

induces osteocyte production of fibroblast growth factor 23 

(FGF23), a potent phosphaturic hormone90. However, some 
interactions between vitamin D and osteocytes are less well 
defined. Evidence exists that osteocytes can also produce 
1,25(OH)

2
D

3
90, but its action is poorly understood. Another 

subject of active investigation is whether 1,25(OH)
2
D

3
 

influences perilacunar remodeling. Initial reports on 
thyroparathyroidectomized rats fed a normal diet and 
administered 1,25(OH)

2
D

3
 in various dosages failed to 

demonstrate an effect of active vitamin D on the contour 
of osteocyte lacunae91. Conversely, vitamin D deficient 
humans showed signs of enlarged osteocyte lacunae in 
histological images92. Using advanced 3D high-resolution 
techniques, we reported that individuals afflicted with 
vitamin D deficiency and surface osteoidosis had a 14% 
higher osteocyte lacunar volume than healthy controls74. 
Mice lacking the vitamin D receptor presented with fewer 
osteocytes, which were characterized by enlarged lacunar 
area93. Individuals with low vitamin D serum concentrations 
showed also a higher number of empty osteocyte lacunae in 
iliac crest bone cores93. In addition, the surviving osteocytes 
presented with increased expression of Cathepsin K 
indicating active osteolysis. These findings highlight a role 
of vitamin D signaling in osteocyte number, viability and 
morphology74,93, but the molecular mechanisms remain 
unclear.

Osteocytic osteolysis in other settings

Osteocytic osteolysis in glucocorticoid-induced osteoporosis

Glucocorticoid-induced osteoporosis constitutes the 
most common form of secondary osteoporosis and is 
characterized by a rapid loss of bone mass, especially in the 
trabecular compartment94. Although traditionally attributed 
to glucocorticoid actions to inhibit bone formation and 
transiently increase bone resorption94, existing data also 
provides evidence for morphological changes of osteocytes 
and the presence of hypomineralized bone in the osteocytic 
microenvironment under glucocorticoid treatment95. 
Using synchrotron microCT und BSEM in a mouse model 
of induced hypercorticosteronaemia and osteoporosis, 
Karunaratne et al. showed a reduction of bone quality due 
to disruption of intracortical architecture and osteocytic 
osteolysis96. Furthermore, highlighting the role of MMPs in 
the process of osteocytic osteolysis, Sun et al. demonstrated 
intense immunoreaction of MMP-2 and MMP-13 in the 
enlarged osteocytic lacunae of prednisolone-treated mice97. 
Conversely, a recent study in osteonecrosis demonstrated a 
glucocorticoid-induced suppression of osteocyte perilacunar 
remodeling in rodents and humans, underling the potential 
differential modulation of osteocytic osteolysis by 
glucocorticoids in the setting of established bone disease98. 

Periprosthetic osteocytic osteolysis

Revision surgery of joint prostheses is often necessary 
because of loosening caused by peri-implant bone loss, 
and studies in animals and humans have highlighted 
the role of prosthetic wear particles in this procedure99. 
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Polyethylene wear particles, which are commonly 
used for joint replacement, up-regulate the expression 
of osteoclastic genes in a 3D-culture system of the 
osteocyte-like MLO-Y4 cells100, a finding which was later 
confirmed in vivo in a mouse model of calvarial osteolysis, 
and in patients undergoing total hip replacement therapy 
for osteoarthritis101. These studies established that 
osteocytic osteolysis also contributes to peri-implant 
bone loss, in addition to osteocytic apoptosis induced by 
prosthetic wear particles102-104.

Tumor-associated osteocytic osteolysis

A paucity of data exists on tumor-associated osteocytic 
osteolysis, with Cramer et al. reporting enlarged osteocytic 
lacunae in osteolytic metastases of patients with lung 
cancer105, and Bonucci describing coastal crystals along the 
border of the osteocytic lacunae adjacent to bone metastases, 
a finding which could suggest perilacunar demineralization106. 

More research is warranted to address this issue and to 
elucidate the pathogenetic mechanisms underlining osteocytic 
osteolysis in the setting of malignant bone disease.

Osteocytic osteolysis due to calcium deficiency vs. enlarged 
osteocyte lacunae due to new bone formation

There are several bone turnover changes in human 
cohorts where the analysis of osteocyte lacunar 
morphology may reveal enlarged osteocyte lacunae 
in comparison to controls. Paget’s disease of bone is 
the second most common bone disease, where a local 
high bone turnover situation may result in substantially 
enlarged osteocyte lacunae107. Here, rapid formation of 
new bone tissue may lead to the formation of immature 
bone with a high osteocyte lacunar area, which is quite 
distinct from the process of active perilacunar matrix 
removal by the osteocytes (Figure 2). In addition, suture 
fusion in human cranial sutures is a process associated 

Figure 2. Pagetic bone is representative of larger osteocyte lacunae not dependent upon osteocytic osteolysis. Backscattered 
electron microscopy images of human iliac crest biopsies from a bone-healthy-age matched control (a) and a patient with Paget’s disease 
of bone (b, c). (b) Enlarged lacunae in Pagetic bone (c) Areas of less mineralized woven bone most likely caused by high pathological bone 
turnover typical of Paget’s Disease. (Images a-c adapted from Zimmermann EA, … Busse B. Modifications to Nano- and Microstructural 
Quality and the Effects on Mechanical Integrity in Paget’s Disease of Bone. JBMR 2015;30;264–73). (d) Histological image of a human 
cranial suture during fusion (Mason Goldner trichrome staining) showing the presence of both woven and lamellar bone. (e) Backscattered 
electron microscopy images of a specimen from an infant with a patent cranial suture demonstrating large osteocyte lacunae due to the 
woven bone for comparison to the specimen from an infant with premature fusion due to cranial synostosis showing lamellar bone with 
relatively smaller osteocytes. (Images d-e adapted from Regelsberger J, … Busse B. Changes to the cell, tissue and architecture levels in 
cranial suture synostosis reveal a problem of timing in bone development. ECM Journal 2012;24;441-58).
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with changes in bone turnover108. During suture fusion, 
osteocyte lacunar volume is higher than in cases where 
the cranial sutures are already fused108. Therefore, large 
lacunae might reflect a relative calcium deficiency due 
to a high demand for calcium during rapid formation of 
bone109,110, in contrast to smaller lacunae that can be found 
in more mature bone packets.

Evidence that osteocytes have matrix deposition and 
mineralization ability

The significant role of osteocytes in the mineralization 
process is well-contested and accompanies the transition 
of osteoblasts to osteocytes and the expression of genes 
promoting mineralization, such as dentin matrix protein 
1 (DMP1) and the phosphate-regulating gene with 
homologies to endopeptidases on the X-chromosome 
(PHEX)111. More recently, Phospho1, a soluble cytosolic 
phosphatase, has been identified as a pivotal regulator 
of skeletal mineralization and mice lacking PHOSPHO1 
are characterized by a hypomineralized matrix and an 
increased osteocytic lacunar and vascular porosity, 
suggesting that osteoblast-to-osteocyte transition may 
be accelerated in the absence of PHOSPHO1112. Another 
recent study has highlighted the role of ecto-nucleotidase 
pyrophosphatase/phosphodiesterase 1 (NPP1) to regulate 
tissue mineralization113. Although osteoclast formation 
and resorptive activity are unaffected by NPP1 deletion, 
mice lacking NPP1 displayed fewer and small osteocyte 
lacunae, probably because of a localized increase in the 
amount of matrix mineralisation, which could have a 

negative impact on osteocyte function and survival113. 
Thus, an intrinsic feedback mechanism to reverse 
osteocytic osteolysis seems to be at play here, whereby 
osteocytes actively deposit matrix through upregulation 
of DMP1, PHEX, Phospho1, and other proteins essential for 
mineralization. A similar process could characterize the 
post-lactation period.

Summary and outlook 

The removal of perilacunar matrix by osteocytes is now 
a well-accepted process (Figure 3). Osteocytes are able to 
acidify their lacunar-canalicular space through the production 
of protons via the carbonic anhydrase 2 and the release of 
protons via the proton pumping vacuolar ATPases. While this 
serves to demineralize the bone matrix and free calcium, 
MMP-13, tartrate resistance acid phosphatase and cathepsin 
K remove the organic components of the perilacunar matrix. 
Several scenarios induce osteocytic osteolysis including 
activation of PTHR1 by both its ligands PTH and PTHrP, 
TGFβ signaling, as well as the absence of physiological load 
potentially via increased expression of sclerostin (Figure 
3). On the other hand, calcitonin seems to counteract the 
removal of perilacunar bone matrix by osteocytes mediated 
by its action through the calcitonin receptor. 

Up-coming therapeutic modalities demonstrate that the 
osteocyte is a promising target for the treatment of bone 
diseases. The mechanistic details and the regulatory circuits 
involved in osteocytic osteolysis are still to be determined, 
but an approach to prevent osteocytic osteolysis seems 

Figure 3. Schematic image of an osteolytic osteocyte in its lacuna. The activation of the PTHR1 via PTH or PTHrP, also the action 
of TGFβ on its receptor TGFβR2, as well as the absence of strain and therefore the expression of sclerostin can induce the osteolytic 
state, while calcitonin acts inhibitory. Both the demineralization via acidification involving the Ca2 and the vATPase, and the proteolytic 
degradation via MMP13, TRAP, and CtsK are implicated in the osteolytic activity of osteocytes.
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possible and could prevent local bone loss and deterioration 
of bone quality. So far, the process appears to be mainly 
utilized in pathological conditions, whereas lactation-induced 
osteocytic osteolysis suggests it is originally a normal 
physiological process. A baseline level of activation may exist 
that could serve osteocytes in maintaining their perilacunar 
space, or adapt their lacunar volumes to different loading 
scenarios. The role of demineralization and proteolysis and 
remineralization by osteocytes will need to be investigated 
further, but one could imagine that on this small scale, bone 
is structurally adapted to fit metabolic needs. This would also 
imply a key role for osteocyte-directed production of osteoid 
and mineralization, which needs to be address in the future. 

Osteocyte lacunae are essentially ellipsoid three-
dimensional objects. Using quantitative 2D data may 
lead to incomplete results due to non-consideration of 
osteocyte lacunar orientation, i.e. osteocytes orientation 
in long bones is dependent on both anatomical and 
biomechanical characteristics; osteocyte lacunae short 
axis and long axis are not distributed uniformly in regions 
of interest. When quantifying osteocyte lacunar density and 
osteocyte lacunar volume, utilization of 3D techniques as 
X-Ray nanotomography, high-resolution micro-computed 
tomography, or other methods collecting image stacks for 3D 
reconstruction will provide ideal datasets for quantification. 
Slight changes in the dimensions of osteocyte lacunae 
(i.e. short axis and long axis) will result in large changes in 
osteocyte lacunar volume. 

In summary, recent research in the field of osteocytic 
osteolysis has indicated that this process has significant 
physiological and pathophysiological importance, but further 
studies are warranted to precisely define the mechanisms 
involved in osteocytic perilacunar remodeling and the relative 
contribution of osteocytic osteolysis versus osteoclast-
driven bone resorption. The thorough elucidation of these 
mechanisms will lead to a better understanding of bone 
quality in health and disease.
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