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ABSTRACT
Purpose of Review

Osteocytes directly modify the bone surrounding the expansive lacunar-canalicular system (LCS) through
both resorption and deposition. The existence of this phenomenon is now widely accepted, but is
referred to as “osteocyte osteolysis,” “LCS remodeling,” and “perilacunar remodeling,” among other
names. The uncertainty in naming this physiological process reflects the many persistent questions
about why and how osteocytes interact with local bone matrix. The goal of this review is to examine the
purpose and nature of LCS remodeling and its impacts on multiscale bone quality.

Recent Findings

While LCS remodeling is clearly important for systemic calcium mobilization, this process may have
additional potential drivers and may impact the ability of bone to resist fracture. There is abundant
evidence that the osteocyte can resorb and replace bone mineral and does so outside of extreme
challenges to mineral homeostasis. The impacts of the osteocyte on organic matrix are less certain,
especially regarding whether osteocytes produce osteoid. Though multiple lines of evidence point
towards osteocyte production of organic matrix, definitive work is needed. Recent high-resolution
imaging studies demonstrate that LCS remodeling influences local material properties. The role of LCS
remodeling in the maintenance and deterioration of bone matrix quality in aging and disease are active
areas of research.

Summary

In this review, we highlight current progress in understanding why and how the osteocyte removes and
replaces bone tissue and the consequences of these activities to bone quality. We posit that answering
these questions is essential for evaluating whether, how, when, and why LCS remodeling may be
manipulated for therapeutic benefit in managing bone fragility.
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1. Introduction

Osteocytes perform numerous functions, from coordinating osteoblast/osteoclast remodeling
and mechanosensing (1-3), to regulating mineral homeostasis (4—6), communicating with organs far
from bone (7-9) and directly remodeling the extracellular matrix of bone (10—12). Osteocytes are
terminally differentiated osteoblasts that reside in lacunae, which are interconnected by small channels
called canaliculi (Figure 1A)(1,13). Osteocytes are by far the most abundant cells in the skeleton (>90%)
and can survive decades (1). Osteocytes coordinate bone resorption and bone formation by signaling
that directs the recruitment, proliferation, and differentiation of both osteoclasts and osteoblasts (1-3).
In addition, osteocyte apoptosis in response to fatigue microdamage triggers targeted remodeling to
remove and replace the damaged matrix (14,15). Osteocytes also directly modify the bone surrounding
their lacunar-canalicular system (LCS), though many questions persist about the reasons for this process
and its impacts on bone tissue structure, function, health, and disease (1,4,11). Here, we provide a brief
review of our current understanding of the purpose, the means, and the consequences of LCS
remodeling by osteocytes.

Osteocyte osteolysis, the enlargement of osteocyte lacunae and their canaliculi, has been
discussed in the literature for at least 60 years (16,17). The earliest reports were of perilacunar
expansion in chicks fed low calcium diet or administered parathyroid hormone (PTH)(16,17). Osteocytic
osteolysis was the topic of considerable research interest until Parfitt discounted this process and its
study fell out of favor. Parfitt reasoned against osteocyte osteolysis because of technical limitations with
available approaches and because the idea had been presented together with bone flow theory, which
was refuted (18). While several papers over the next decades reported osteocytic bone resorption or
deposition (19-25), more recent work convincingly demonstrated that osteocytes indeed remove and
replace bone mineral in lactating mice (4,26). Since then, advances in imaging and study design reveal
that osteocytes not only remove and replace bone mineral in the context of extreme challenges to
mineral homeostasis, but also perform these activities under normal conditions (1,3,11,27). This direct
matrix-altering osteocytic activity is currently referred to by many names, including osteocyte osteolysis,
perilacunar remodeling, perilacunar-canalicular remodeling, lacunar-canalicular network remodeling,
and lacunar-canalicular system (LCS) remodeling (11,27). We refer to the process as “LCS remodeling” in
this review, though, as we discuss, the word ‘remodeling’ carries specific historical connotations in the
field of bone and mineral metabolism and the naming of this physiological process will likely require re-
visitation as our understanding of the purposes, means, and consequences of this process matures (28—
30).

The general purposes of LCS remodeling remain unresolved. Osteocytic osteolysis is clearly
important for the systemic mobilization of calcium (4,6,31-35). LCS network geometries change with
aging, disuse, osteoarthritis, and some therapies against metabolic bone disease, which implies that LCS
remodeling is also dysregulated in these conditions (11,36—43). For these reasons, LCS remodeling is
under consideration as a potential mechanism to modulate osteocyte mechanosensitivity or promote
bone tissue fracture resistance. Whether these impacts are achieved and, if so, whether they are
specifically directed by the osteocyte or secondary to calcium mobilization are unresolved. Here, we
summarize the known and proposed purposes of LCS remodeling and their potential impacts on the
skeleton.

Many fundamental questions exist about what components of the bone mineral-organic
composite osteocytes can resorb and rebuild. The greatest certainty is that osteocytes can readily
demineralize and later remineralize bone, although many questions remain about the location, spatial
extent, timescales, and impacts of these processes. There are even more questions about whether and
how the osteocyte removes and replaces extracellular matrix (ECM), including collagen and



96
97

98
99
100
101

102
103

104
105
106
107
108
109
110
111
112
113
114
115

116
117
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132
133
134
135
136
137
138
139
140

noncollagenous proteins. These impacts to LCS bone mineral and matrix have the potential to influence
bone quality from the scale of tissue toughening mechanisms to whole bone fracture resistance.

In this review, we highlight the current progress in understanding the purpose or purposes of
LCS remodeling and its consequences to bone mineral, matrix, and multiscale bone quality. We also
review key challenges and new approaches for surmounting long-standing questions about the
osteocyte and its many possible impacts.

1. Purpose of osteocytic lacunar-canalicular system (LCS) remodeling

LCS remodeling is most prominently observed during systemic mobilization of calcium for
reproductive purposes (4,5,10,35,44). Osteocytes actively resorb both perilacunar and pericanalicular
matrix to meet the demands of milk production in mammals (4). Osteocytic bone resorption is a faster
strategy for mobilizing calcium than recruiting and differentiating osteoclasts and occurs over a much
larger surface area. To wit, the LCS surface is several orders of magnitude greater than the surface along
Haversian systems available to osteoclasts and osteoblasts (26). Interestingly, canalicular width is also
increased soon after fracture at non-fractured skeletal sites in mice, indicating a potential role of LCS
remodeling in systemic calcium mobilization to assist the formation of a fracture callous (45). Following
the removal of resorption pressure (e.g., cessation of either lactation of eggshell production), mineral is
re-deposited, enabling peri-osteocytic matrix homeostasis (4,6,10,32). We will discuss existing data on
the nature of the re-deposited matrix below, but whether matrix re-deposition is actively coupled or
merely passive homeostasis secondary to lifting of the resorption pressure remains unknown.

PTH is a ubiquitous inducer of LCS remodeling (46). Both lactation and egg production elevate
PTH and PTHrP in the maternal circulation to induce osteocyte osteolysis (47). In mice, mammary gland-
specific deletion of PTHrP abrogates lactation-induced LCS remodeling (48). Exercise-induced LCS
resorption is also mediated by PTH signaling (34). Continuous PTH signaling promotes osteocytic
osteolysis by inducing expression of proton pumps, such as ATPase H+ Transporting VO Subunit D2
(ATP6VOD2), which acidify and demineralize bone matrix and matrix-degrading enzymes including
cathepsins and matrix metalloproteinases that degrade the organic matrix (4,35,49). PTH signaling is
largely systemic, but LCS remodeling can also be regulated locally via osteocytic TGF-B signaling.
Deletion of the TGF-B receptor from osteocytes impairs LCS remodeling, reducing osteocytic expression
of both proton pumps and matrix degrading enzymes (50). We found that osteocyte-conditional
deletion of the mechanosensitive transcriptional regulators, Yes-associated protein (YAP) and
Transcriptional co-activator with PDZ-binding motif (TAZ) similarly disrupted LCS remodeling (51).
Together, these observations suggest that despite diverse signals from both systemic and local factors,
shared mechanisms mediate osteocytic signaling for both mechanotransduction and LCS remodeling.

LCS remodeling may have developmental origins. In canalicular network development,
osteocytes actively arrange collagen and excavate the matrix to form the porous LCS. There is
compelling evidence that disruption of osteocyte LCS development can be rescued by postnatal
activation of LCS remodeling (52). Wang and coauthors showed that osteocyte expression of Osterix
(Sp7) is required for proper dendrite formation and canalicular network development (52). Remarkably,
they found that both the dendrites and canalicular networks could be rescued within three weeks after
an adenoviral gene-therapy to express the Osterix target gene, Osteocrin, injected at the time of
weaning (52). These data demonstrate that postnatal activation of LCS remodeling can dramatically alter
the LCS even in robustly-mineralized cortical bone. Recent transcriptomic data from adult mouse long
bones further support this premise. The osteocyte transcriptome is enriched for genes implicated in
mineral and matrix resorption (e.g., cathepsin K, tartrate resistant acid phosphatase, vacuolar ATPase
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family), demonstrating that osteocytes retain the capacity to modify their surrounding canalicular
architecture in a manner consistent with development (53).

An intriguing potential role of LCS remodeling, which would further integrate LCS remodeling
and mechanoadaptation, is a mechanism to achieve strain amplification to engage remodeling (54-56).
Digital image correlation studies show that strains are amplified near osteocytes, but the reasons for this
result are not clear (57). In particular, it is plausible that osteocytes could engage LCS remodeling to
amplify or dampen mechanical signals by altering the shape of lacunae and canaliculi or the compliance
of the surrounding bone (56). However, whether the osteocyte can actively modulate its own
mechanosensitivity through LCS remodeling is not determined.

Another question is whether LCS remodeling contributes to bone fracture resistance (13).
Genetic mouse models that interfere with TGFB or YAP/TAZ signaling decrease LCS remodeling and
produce a phenotype similar to skeletal aging, including decreased fracture toughness (49,51,58). These
results, together with truncated LCS geometry in aging (37,38,59), suggest that LCS remodeling may
have a role in maintaining bone fracture resistance in youth and that this process is decreased in aging.
However, whether LCS remodeling serves to toughen bone is not determined. The LCS surface area is
enormous, with a surface area on part with a tennis court (215 m?) and an end-to-end length of 175 km
(13). LCS remodeling may thus result in the frequent turnover of an immense quantity of bone and
decrease overall bone tissue maturity (i.e., increases the quantity of bone tissue with lower
mineralization, less crosslinking, and less microdamage), which could serve to increase bone fracture
resistance (11). Additionally, the loss of viable osteocytes and consequent micropetrosis could also
deleteriously impact bone toughness (60-63). Establishing the significance of LCS remodeling to bone
fracture resistance necessitates first determining the specific impacts of LCS remodeling on bone
mineral, matrix, and multiscale bone quality.

While many open questions remain (Box 1), we are excited for the developments that coming
years will bring toward resolving the purposes of LCS remodeling. We anticipate that ascertaining how,
when, and why LCS remodeling may be controlled for therapeutic benefit could have a significant impact
on our understanding and treatment of bone diseases.

2. What are the impacts of LCS remodeling on bone mineral?

Osteocytes very clearly can demineralize bone. Qiu and Bonewald’s seminal work demonstrated
that osteocytes expand their surrounding lacunae in response to lactation in C57BI/6 mice fed low
calcium diet and that weaning reverses the lacunar expansion (4). Demineralization also occurs around
canaliculi (64—66), although the spatial extent to which acids and matrix degrading proteins produced by
osteocytes can affect more distant locations along canaliculi is not known.

Osteocytes also deposit bone mineral. Recovery of LCS architecture after lifting resorption
pressure (e.g., weaning) demonstrates that osteocytes do produce new bone (4,6,49). Perilacunar bone
formation has been visualized in rodents and humans by the systemic injection of calcium-binding
fluorochromes (4,12,40,49,51,67,68). While classically applied to quantify osteoblastic mineral
deposition on bone surfaces, high resolution imaging reveals extensive fluorochrome labeling of both
osteocyte lacunae and canaliculi (Figure 1A). Notably, the perilacunar fluorochrome signal is typically
not visible at light intensity thresholds that are optimal for analysis of osteoblastic surface deposition.
Perilacunar labeling is abundant, including in cases outside of extreme challenges to mineral
homeostasis (12,49,51). In young adult C57BI/6 female or male mice, the majority (60-80%) of cortical
femur and tibia lacunae show a fluorochrome label when administered calcein or alizarin 2 days before
euthanasia (12,51). Lacunae can also show sequential double labels (Figure 1B,C). Because fluorochrome
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labels are present for newly formed bone or newly exposed bone surfaces (i.e., following resorption),
interpreting double labels for osteocyte lacunae requires scrutiny. The presence of sequential double
labels, such as after weaning in lactation studies, is strongly suggestive of perilacunar mineral deposition
(4). Interestingly, osteocyte-specific deletion of the mechanotransducers, YAP and TAZ, or global
MMP13 knockout, decrease the percentage of labeled lacunae (49,51). These data indicate that LCS
mineralization is regulated by osteocyte signaling.

Osteocytes likely express mineralization promoters and inhibitors, but the details of their
specific control over local mineralization are largely unknown. Most bone mass is spatially associated
with regions of high canalicular density (66), which suggests osteocyte mineralization promotion.
Osteocytes also participate in mineralizing osteoblast-produced osteoid (64) . Meanwhile, there is a
‘halo’ zone of lower mineralization immediately adjacent individual canaliculi that suggests local mineral
inhibition (64). Additionally, lacunar infilling with mineral (i.e., micropetrosis) is a characteristic of aged
human bone with fewer viable osteocytes that likely produce fewer mineral inhibitors (60—63). These
data suggest that osteocyte-produced mineralization inhibitors and promotors influence the location
and quantity of mineralization. The specific identities of mineralization inhibitors for early and mature
osteocytes are not understood. Also uncertain is whether osteocyte-produced extracellular vesicles
(EVs) participate in regulating local bone mineralization. EVs travel through the LCS and can affect
structures as far afield as the brain (8,9,69). Matrix vesicles (MVs) secreted by osteoblasts are directly
shown to promote mineral nucleation from within the MV and can also bind to collagen (70). Whether
osteocytes secrete matrix vesicles to nucleate mineral along the LCS is undetermined.

The maturation dynamics of bone formed by the osteocyte are also uncertain. In osteoid formed
by osteoblasts, primary mineralization takes 7-10 days and accounts for 70% of bone mineral (71,72).
Osteoblast-formed bone also matures with regards to crystal perfection and carbonate substitution
(73,74), but whether this is true of osteocyte-deposited bone has not been reported. Since bone
mineralization and demineralization appear to be frequently activated by osteocytes, it is possible that
matrix close to a healthy osteocyte infrequently achieves a highly mature state. Supporting this idea,
synchrotron phase contrast studies from human and sheep bone show mass gradation around lacunae
and canaliculi. The lowest mass (i.e., mineral) content is directly adjacent to the walls of lacunae and
canaliculi and a peak is reached 200-400 nm away (66). Additional work demonstrates that mineral
thickness is higher close to lacunar and canalicular walls within areas of dense osteocyte networks (75).
These findings prompt comparisons with the ‘lacunar brush border’ of incompletely dense, needle-like
minerals at the fringe of osteocyte lacunae witnessed nearly 50 years ago in electron micrographs by
Bonucci and Gherardi (23). Together, these studies suggest that bone tissue maturation local to the LCS
is likely, but the dynamics of this process and the connections to osteocyte resorption and deposition
activity are much less certain.

While rough estimates of the relative amount of calcium mobilized by LCS remodeling relative to
osteoclastic resorption exist, precise measurements are needed to understand the role of the osteocyte
in participating in systemic mineral homeostasis in reproduction, health, aging, and disease. The most
fundamental questions include how osteocytes regulate peri-LCS mineralization, where and when bone
mineralization and demineralization occur, and over which spatial and timescales LCS bone matures
(Box 1).

3. What are the impacts of LCS remodeling on organic bone matrix?

Osteocytes have the ability to degrade organic matrix, as indicated by the lack of lacunar
expansion for lactating MMP13-null mice (49). Demineralized bone is found around lacunae, as can be
observed from histological studies. In a comparison of Wistar rats treated with either 4 weeks of
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subcutaneous PTH or vehicle, the vehicle rats show a thin band of matrix surrounding cortical tibia
osteocyte lacunae positive for both hematoxylin and toluidine blue. These bands appeared as prominent
perilacunar belts in PTH-treated rats, which also showed lacunar expansion (21). However, it is unclear
whether this tissue was residual matrix after mineral resorption or instead new osteoid produced by
osteocytes.

Whether osteocytes produce osteoid is currently debated. Several lines of evidence support that
osteocytes likely have this ability. Multiple studies from mouse long bones show abundant transcripts
for ECM production, including type 1 collagen (Col1al, Colla2), osteocalcin (Bglap), and osteonectin
(Sparc) (53,76). In some cases, the expression of these ECM genes (e.g., Collal, Bglap) can be even
higher for osteocytes than for osteoblasts, such as shown in a recent laser capture microscopy analysis
of rat vertebrae (77). Additional evidence for the osteocyte production of osteoid comes from
fluorochrome labeling and histological studies. Serial double labeling has been reported for osteocyte
lacunae from post-lactation mice, which implies the formation of osteoid (Figure 1 B-C)(4). Serial
osteopontin bands around lacunae were seen for Wistar rats, also suggesting serial matrix formation
events (20). Radiolabeling studies showed [3H] proline-labeled collagen around cortical lacunae from
egg-laying hens during a period of calcium repletion (32,78,79). The irregular edges around these
lacunae suggested, but did not confirm, prior bone removal. In humans, osteocyte-centered histological
measurements were compared for Villanueva osteochrome-stained transiliac bone biopsies from
hemodialysis (CKD) and osteoarthritic (OA) groups (40). Both CKD and OA groups showed osteoid-
positive lacunae, but the number density of osteoid-positive lacunae was much greater for CKD patients
with high PTH than either CKD-low PTH or OA. Dallas and colleagues recently developed a mouse model
in which the topaz variant of green fluorescent protein (GFPtpz) was inserted into the mouse pro a2(l)
collagen N-terminus with expression driven by the 3.6-kb type | collagen promoter (35,80). These mice
exhibit bright bands of GFP signal around osteocytes (80). Lactating mice, fed a low-calcium diet to
maximize skeletal calcium mobilization, had significantly reduced collagen-GFP signal (35). On recovery,
serial bands of GFP-collagen appeared in the perilacunar matrix (S. Dallas, personal communication).
While these several studies provide evidence for osteocyte ECM production, there is still considerable
uncertainty about what osteocyte produces and when. Very few osteocyte investigations considered
organic matrix, perhaps because this information is not readily available using methods commonly
utilized to study LCS geometry (e.g., high resolution CT).

If osteocytes do produce osteoid, several questions become pertinent. There may be important
compositional and functional differences between osteocyte- and osteoblast-produced osteoid. It would
be valuable to discern which osteocyte-produced proteins are incorporated into mineralizing osteoid
produced by osteoblasts versus into new matrix around osteocytes. The maturation of the collagen
matrix is also of interest. Does LCS bone resorption and deposition decrease the maturity of the collagen
matrix, and would insufficient turnover decrease the quality of this matrix? Whether osteocytes directly
influence or regulate the post-translational modifications of proteins in bone extracellular matrix is
unknown. It is possible, but not yet shown, that the osteocyte could participate in the regulation of
enzymatic and nonenzymatic collagen crosslinking and therefore impact collagen maturity. Answering
these questions will require focused investigations at measurement scales relevant to osteocyte bone
resorption and reformation (i.e., hundreds of nanometers) (Box 1).

4. What are the effects of LCS remodeling on bone quality?

LCS remodeling alters perilacunar bone quality and impacts tissue-level material behavior (11).
Most investigations of LCS remodeling on bone quality have employed microscale tools (e.g., Raman
spectroscopy, backscattered SEM, nanoindentation) to assess the gradation of bone stiffness or
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composition with distance from lacunae. In young adult mice, bone properties are usually similar
between bone 1-5 micrometers from lacunae and farther away (e.g., 7-15 um)(10,34,81). In
circumstances that challenge mineral homeostasis, such as lactation, kidney disease, glucocorticoid
treatment, or PTH administration or endogenous expression from exercise, bone close to osteocyte
lacunae is less mineralized or less stiff than at farther distances (4,34,81,82). However, outside of these
contexts, resolving the impact of LCS remodeling on the surrounding tissue requires zooming in by at
least an order of magnitude (11). Synchrotron phase contrast and transmission electron microscopy
studies show that bone composition near the LCS is graded at the scale of hundreds of nanometers (66).
In these studies, the lowest mineralization was seen immediately adjacent to lacunar and canalicular
walls, which increased to a peak value 200-400 nm away. These gradations were reduced for lacunae
from necrotic, glucocorticoid-treated bone compared with healthy mandibles, suggesting that osteocyte
health may influence LCS bone material properties (66).

We recently found a more direct connection between osteocyte LCS activity and local bone
quality (12). We mapped bone modulus at nanometer-scale resolution using atomic force microscopy
(AFM) in defined regions around fluorochrome labeled and nonlabelled lacunae in the cortical femur for
5 mo and 22 mo C57BI/6 female mice. A similar profile of modulus versus distance from LCS walls was
found from these AFM maps as for mineral gradation seen in prior synchrotron studies (12,66). Modulus
initially increased from a minimum value along the lacunar wall to a maximum value 200-400 nm away.
Labeled and non-labelled lacunae had a similar shape of gradation (i.e., similar initial rise and also
location of peak value), but for labeled lacunae at both ages the gradation was shifted downwards
towards lower moduli. Of note, perilacunar modulus gradation depends on hydration. For dehydrated
bone, perilacunar modulus gradation closely corresponds to those seen in synchrotron microscopy and
likely indicates gradation in mineralization. For hydrated bone, there is also a sharp modulus increase
over the first 400 nm from the lacunar wall, followed by a gradual increase to a peak modulus at
approximately 1 micrometer away. Notably, this characteristic length corresponds with the distance
from which 60% of bone mineral is located from the nearest lacunar or canalicular surface (75). An
interesting question is if mineral and modulus gradations local to osteocytes influence strain
experienced by the osteocyte. The more compliant tissue close to the LCS would be expected to amplify
strain (56). Control over material gradation near the LCS may constitute a mechanism by which
osteocytes regulate strain amplification. If this mechanism exists, and if it is impaired with decreased
osteocyte viability in aging, are unresolved questions.

Several persistent questions need to be resolved about the impacts of LCS remodeling on bone
quality. It is important to identify which tissue-scale toughening mechanismes, if any, are specifically
impacted by LCS remodeling. Measurement of how much mineral and matrix are each resorbed and
replaced by the osteocyte, and how these activities vary with skeletal location, sex, and across the
lifespan, are needed to assess whether LCS remodeling 'adds up' as a mechanism by which the osteocyte
can promote bone fracture resistance (Box 1).

6. Discussion

Fundamental questions about the role and impacts of LCS remodeling on bone currently limit
our ability to interact with this system for therapeutic benefit. These questions are also implicit in the
lack of consensus about what to call this physiological process. Since Belanger coined the term
'osteocytic osteolysis', the names used to describe this phenomenon have evolved and now include
perilacunar remodeling, perilacunar-canalicular remodeling, lacunar-canalicular network remodeling,
and lacunar-canalicular system remodeling. Notably, whether ‘remodeling’ is an appropriate description
of the bone resorption and deposition activities of the osteocyte is unresolved. Remodeling, as
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understood from the perspective of conventional bone histomorphometry, implies the coupled removal
and replacement of bone tissue by the basic multicellular unit (29,30,83). While we now agree that the
osteocyte performs bone resorption and replacement, whether these activities are coordinated has not
been demonstrated and the nature of the re-deposited matrix is under debate. 'Modeling' may be more
appropriate, which refers to the uncoordinated removal or deposition of bone. This process serves to
adapt and optimize the shape of bone in response to changing loading demands (or disuse) (30). It could
be that LCS remodeling should be thought of as serial modeling activities. Another candidate is
‘turnover’, indicating that bone is removed and replaced, but without the coordination of remodeling
nor the specific functionality of modeling. This wording is conventionally used in the context of mineral
exchange (30). At the moment, 'LCS turnover' is probably the most conservative description for these
osteocyte bone resorption and formation process, but the name can and should evolve with our
understanding of why, when, and how the osteocyte interacts with its surrounding mineral and matrix.

Most of the persistent knowledge gaps about the osteocyte can be classified in two categories
with unique technical challenges. The first category is centered on how the osteocyte affects its local
environment over space and time. While monitoring the size and shape of lacunae and canaliculi is
useful for revealing large phenotypes (i.e., LCS expansion in lactation or truncation in aging) and is
tractable via many common tools, this approach does not answer questions about how and when bone
is resorbed or formed by osteocytes. A smaller lacuna could result from bone formation or, alternatively,
but the cessation of resorption. Bone histomorphometry techniques are in many cases well-suited to
improve our understanding about the temporal and spatial dynamics of LCS bone resorption and
deposition. Also unresolved is how LCS remodeling impacts surrounding bone maturity and material
properties. We now understand the need to ‘zoom in’ to witness the impacts of the osteocyte on its
surrounding bone. Highly resolved tools, such as AFM, are useful for making progress in this space. We
note that AFM on bone is technically challenging, requiring very smooth surfaces and stiff cantilevers
(11,12). Performing AFM on hydrated bone introduces additional testing considerations (12).

A second category of questions is about the connection between osteocyte health and behavior
on LCS remodeling. Because decalcification is necessary to assess osteocyte viability and protein
production and is usually incompatible with studying the material properties of bone tissue, there are
many longstanding questions about how osteocyte health and behavior influence LCS remodeling and,
as a consequence, tissue properties. Our best tools are currently focused on affecting ensembles of
osteocytes through genetic or pharmacological interventions and then assessing many of these cells. In
complex processes such as aging, where osteocytes may be healthy, apoptotic, or senescent, the specific
states of health of individual cells may differently affect LCS remodeling. Surmounting this major
technical challenge is needed to link structure and function and accelerate our understanding of why
and how osteocytes modify, or fail to modify, their surroundings.

While the prominence of studying LCS remodeling as a scientific pursuit has waxed and waned
over the decades, now is a particularly exciting time to be studying this phenomenon. Many open
questions regarding the purpose, the nature, the dynamics, and the impacts of LCS remodeling on bone
tissue remain. We posit that answering these questions will be essential to ascertain whether, how,
when, and why intervention in LCS remodeling may be exploited for therapeutic benefit. While our
understanding to date of this scientifically fascinating and physiologically important phenomenon
remains nascent, with the critical mass of researchers interested in this topic, new tools and models
available, including cross-species comparative biology, we are enthusiastic about the insights the coming
years will bring and their future impact on skeletal medicine.



369
370
371
372
373
374

375
376
377

378
379

380

381
382
383
384
385
386
387
388
389
390

391

ACKNOWLEGMENTS

The authors thank Ghazal Vahidi for generating confocal laser scanning microscopy images of osteocyte
lacunar-canalicular networks. Funding for this work was provided through NSF CMMI2120239 (CMH);
NIH RO3AG068680 (CMH); NSF CMMI11548571 (JDB), NIH R21AR071559 (JDB). Any opinions, findings,
and conclusions or recommendations expressed in this material are those of the author(s) and do not
necessarily reflect the views of the funders.

ETHICS DECLARATIONS
Conflicts of Interest

The authors declare no conflicts of interest.

Figure 1. Osteocytes reside in the highly-connected lacunar-canalicular system (LCS) and can exhibit
progressive mineral deposition. A) Osteocyte-resident lacunae and canaliculi, visualized by basic fuchsin
staining (magenta). Calcein labels (yellow) indicate exposed perilacunar and canalicular mineral, either
from mineral resorption or new deposition. B) Mice administered with sequential fluorochome labels -
calcein (yellow) and alizarin (cyan) - identify double-labeled lacunae and labeled canaliculi (scale bar 10
pum). A calcein label was administered 2d before euthanasia. Three dimensional reconstructions, shown
here in maximum-intensity projection, demonstrate serial ‘shells’ of new bone. C) A single confocal slice
demonstrates separately-labeled rings of sequentially-deposited mineral (B-C scale bar 5 um). Alizarin
and calcein labels administered 8d and 2d before euthanasia, respectively. All images from 5-month
female C57BI6/) mice. Image credit Ghazal Vahidi, Montana State University.
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What is the
purpose?

What are the
impacts on bone
matrix?

Osteocyte lacunar canalicular remodeling: persistent questions

What are the
impacts on bone
mineral?

What are the
impacts on bone
quality?

= Are LCS bone
resorption and
replacement
processes coupled?

= Does LCS
remodeling improve
osteocyte
mechanosensitivity?

= Does LCS
remodeling improve
bone fracture
toughness?

How do osteocytes
promote and inhibit LCS
bone mineralization?
When and where do
mineralization and
demineralization occur?
Over which spatial and
timescales does LCS
bone mature?

Do osteocytes produce
osteoid?

How are osteocyte-
produced factors
incorporated into
mineralizing versus
mature bone matrix?
How does peri-LCS
matrix mature and to
what extent?

How much mineral and
matrix are removed and
replaced by the
osteocyte?

What tissue-scale
toughening mechanisms
are impacted by LCS
remodeling?

How does aging influence
LCS remodeling activities?

Box 1: Persistent questions about osteocyte lacunar-canalicular remodeling and the impacts of this

physiological process on bone tissue.

11




397

398
399

400
401

402

403
404
405

406
407
408
409

410
411

412
413
414

415
416

417
418

419
420
421

422
423

424
425
426
427

428
429

REFERENCES

10.

11.

Bonewald LF. The amazing osteocyte. Journal of Bone and Mineral Research.
2011;26(2):229-38.

Schaffler MB, Cheung WY, Majeska R, Kennedy O. Osteocytes: Master orchestrators of
bone. Calcif Tissue Int. 2014;94(1):5-24.

Alliston T. Biological regulation of bone quality. Curr Osteoporos Rep. 2014;12(3):366-75.

*Qing H, Ardeshirpour L, Divieti Pajevic P, Dusevich V, Jdhn K, Kato S, et al. Demonstration
of osteocytic perilacunar/canalicular remodeling in mice during lactation. Journal of Bone
and Mineral Research. 2012 May;27(5):1018-29.

This seminal paper revitalized a discussion in the community regarding the existence and
nature of osteocyte lacunar canalicular system remodeling and demonstrated both
resorption (by increase in lacunar size) and deposition (by double fluorochrome-labeling)
by osteocytes in response to lactation in mice.

Wysolmerski JJ. Osteocytes remove and replace perilacunar mineral during reproductive
cycles. Bone. 2013;54(2):230-6.

*Li Y, de Bakker CMJ, Lai X, Zhao H, Parajuli A, Tseng WJ, et al. Maternal bone adaptation
to mechanical loading during pregnancy, lactation, and post-weaning recovery. Bone.
2021 Oct 1;151.

This paper demonstrates that lactation-induced LCS remodeling alters the bone response
to mechanical load adaptation.

Bonewald LF, Wacker MJ. FGF23 production by osteocytes. Pediatr Nephrol. 2013;28:563—
8.

Jiang Y ling, Wang Z xing, Liu X xi, Wan M dan, Liu Y wei, Jiao B, et al. The Protective
Effects of Osteocyte-Derived Extracellular Vesicles Against Alzheimer’s Disease Diminished
with Aging. Advanced Science. 2022;2105316:1-19.

Dallas SL, Prideaux M, Bonewald LF. The osteocyte: An endocrine cell . .. and more.
Endocr Rev. 2013;34(5):658-90.

Kaya S, Basta-Pljakic J, Seref-Ferlengez Z, Majeska R, Cardoso L, Bromage T, et al.
Lactation-induced changes in the volume of osteocyte lacunar-canalicular space alter
mechanical properties in cortical bone tissue. Journal of Bone and Mineral Research.
2017;32(4):688-97.

Vahidi G, Rux C, Sherk VD, Heveran CM. Lacunar-canalicular bone remodeling: Impacts on
bone quality and tools for assessment. Bone. 2021;143:115663.

12



430
431
432
433

434
435

436
437

438
439
440

441
442
443

444

445
446

447
448

449
450

451

452
453
454

455
456
457

458
459
460

461
462

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

*Rux CJ, Vahidi G, Darabi A, Cox LM, Heveran CM. Perilacunar bone tissue exhibits sub-
micrometer modulus gradation which depends on the recency of osteocyte bone
formation in both young adult and early-old-age female C57BI/6 mice. Bone.
2022;157:116327.

This paper showed that osteocyte lacunae are surrounded by graded bone modulus and
that this gradation depends on the bone mineralization activity of individual osteocytes.

Buenzli PR, Sims NA. Quantifying the osteocyte network in the human skeleton. Bone.
2015;75:144-50.

Cardoso L, Herman BC, Verborgt O, Laudier D, Majeska RJ, Schaffler MB. Osteocyte
Apoptosis Controls Activation of Intracortical Resorption in Response to Bone Fatigue.
Journal of Bone and Mineral Research. 2009;24(4):597-605.

Kennedy OD, Laudier DM, Majeska RJ, Sun HB, Schaffler MB. Osteocyte apoptosis is
required for production of osteoclastogenic signals following bone fatigue in vivo. Bone.
2014;64:132-7.

Bélanger LF. Osteocytic osteolysis. Calcif Tissue Res. 1969;4(1):1-12.

*Belanger LF, Migicovsky BB. Histochemical evidence of proteolysis in bone: the influence
of parathormone. Journal of histochemistry & cytochemistry. 1963;11(6):734-7.

This early paper established key experimental evidence of osteocytic bone resorption and,
together with [Ref. 16] coined the term “osteocyte osteolysis.”

Parfitt A. The cellular basis of bone turnover and bone loss: a rebuttal of the osteocytic
resorption--bone flow theory. Clin Orthop Relat Res. 1977;127:236—47.

Baylink DJ, Wergedal JE. Bone formation by osteocytes. Am J Physiol. 1971;221(3):669-78.

Mckee MD, Nanci A. Osteopontin at Mineralized Tissue Interfaces in Bone, Teeth, and
Osseointegrated Implants: Ultrastructural Distribution and Implications for Mineralized
Tissue Formation, Turnover, and Repair. Microsc Res Tech. 1996;33:141-64.

Tazawa K, Hoshi K, Kawamoto S, Tanaka M, Ejiri S, Ozawa H. Osteocytic osteolysis
observed in rats to which parathyroid hormone was continuously administered. J Bone
Miner Metab. 2004 Nov;22(6):524-9.

Krempien B, Ritz E. Effects of parathyroid hormone on osteocytes. Ultrastructural
evidence for anisotropic osteolysis and involvement of the cytoskeleton. Metab Bone Dis
Relat Res. 1978;1:55-65.

Bonucci E, Gherardi G. Osteocyte Ultrastructure in Renal Osteodystrophy. Virchows Arch
A Path Anat and Histol. 1977;373:213-31.

13



463
464

465
466
467

468
469

470
471

472
473

474
475
476

477
478

479
480
481

482
483

484
485
486

487
488
489
490

491
492

493
494
495

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Haller AC, Zimny ML. Effects of Hibernation on Interradicular Alveolar Bone. J Dent Res.
1977;56(12):1552-7.

Alcobendas M, Baud CA, Castanet J, Formations Squelettiques ER. Calcified Tissue
International Structural Changes of the Periosteocytic Area in Vipera aspis (L.) (Ophidia,
Viperidae) Bone Tissue in Various Physiological Conditions. Vol. 49, Calcif Tissue Int. 1991.

Qing H, Bonewald LF. Osteocyte remodeling of the perilacunar and pericanalicular matrix.
Int J Oral Sci. 2009;1(2):59-65.

Yee CS, Schurman CA, White CR, Alliston T. Investigating Osteocytic
Perilacunar/Canalicular Remodeling. Curr Osteoporos Rep. 2019;17(4):157-68.

Raisz LG. Physiology and pathophysiology of bone remodeling. Clin Chem. 1999;45(8
11):1353-8.

Hughes JM, Castellani CM, Popp KL, Guerriere KI, Matheny RW, Nindl BC, et al. The central
role of osteocytes in the four adaptive pathways of bone’s mechanostat. Exerc Sport Sci
Rev. 2020 Jul 1;48(3):140-8.

Robling AG, Castillo AB, Turner CH. Biomechanical and Molecular Regulation of Bone
Remodeling. Annu Rev Biomed Eng. 2006;455—-98.

Wysolmerski JJ. Osteocytic osteolysis: time for a second look? Bonekey Rep [Internet].
2012;1(October):229. Available from:
http://www.nature.com/doifinder/10.1038/bonekey.2012.229

*Teti A, Zallone A. Do osteocytes contribute to bone mineral homeostasis? Osteocytic
osteolysis revisited. Vol. 44, Bone. 2009. p. 11-6.

This paper provides details of earlier experiments by the authors of radiolabeling collagen
in egg-laying hens in a period of calcium repletion, which provides evidence of osteocyte
bone matrix formation.

Kaya S, Basta-Pljakic J, Seref-Ferlengez Z, Majeska RJ, Cardoso L, Bromage T, et al.
Lactation Induced Changes in the Volume of Osteocyte Lacunar-Canalicular Space Alter
Mechanical Properties in Cortical Bone Tissue. Journal of Bone and Mineral Research .
2017;32(4):688-97.

Gardinier JD, Al-Omaishi S, Morris MD, Kohn DH. PTH signaling mediates perilacunar
remodeling during exercise. Matrix Biology. 2016;52-54:162-75.

*)ahn K, Kelkar S, Zhao H, Xie Y, Tiede-Lewis LAM, Dusevich V, et al. Osteocytes Acidify
Their Microenvironment in Response to PTHrP In Vitro and in Lactating Mice In Vivo.
Journal of Bone and Mineral Research. 2017;32(8):1761-72.

14



496

497
498
499

500
501
502
503

504
505
506

507
508
509

510
511
512

513
514
515

516
517

518
519
520

521
522
523

524
525
526

527
528
529

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

This paper demonstrates that osteocytes have the capability of acidifying lacunae.

Hemmatian H, Laurent MR, Bakker AD, Vanderschueren D, Klein-Nulend J, van Lenthe GH.
Age-related changes in female mouse cortical bone microporosity. Bone.
2018;113(April):1-8.

Heveran CM, Rauff A, King KB, Carpenter RD, Ferguson VL. A new open-source tool for
measuring 3D osteocyte lacunar geometries from confocal laser scanning microscopy
reveals age-related changes to lacunar size and shape in cortical mouse bone. Bone.
2018;110:115-27.

Tiede-Lewis LM, Hulbert MA, Campos R, Dallas MR, Bonewald LF, Dallas SL. Degeneration
of the osteocyte network in the C57Bl/6 mouse model of aging. Aging. 2017;9(10):2190—
208.

Mazur CM, Woo JJ, Yee CS, Fields AJ, Acevedo C, Bailey KN, et al. Osteocyte dysfunction
promotes osteoarthritis through MMP13-dependent suppression of subchondral bone
homeostasis. Bone Res. 2019;(July):1-17.

Yajima A, Tsuchiya K, Burr DB, Minner DE, Condon KW, Miller CA, et al. Osteocytic
perilacunar/canalicular turnover in hemodialysis patients with high and low serum PTH
levels. Bone. 2018;113(May):68-76.

Fowler TW, Acevedo C, Mazur CM, Hall-Glenn F, Fields AJ, Bale HA, et al. Glucocorticoid
suppression of osteocyte perilacunar remodeling is associated with subchondral bone
degeneration in osteonecrosis. Sci Rep. 2017;7(November 2016):44618.

Britz HM, Carter Y, Jokihaara J, Leppanen O. Prolonged unloading in growing rats reduces
cortical osteocyte lacunar density and volume in the distal tibia. Bone. 2012;51(5):913-9.

Blaber EA, Dvorochkin N, Lee C, Alwood JS, Yousuf R, Pianetta P, et al. Microgravity
Induces Pelvic Bone Loss through Osteoclastic Activity, Osteocytic Osteolysis, and
Osteoblastic Cell Cycle Inhibition by CDKN1a/p21. PLoS One. 2013;8(4).

Lotinun S, Ishihara Y, Nagano K, Kiviranta R, Carpentier V, Neff L, et al. Cathepsin K-
deficient osteocytes prevent lactation-induced bone loss and parathyroid hormone
suppression. J Clin Invest. 2019;130(8):3058-71.

Emami AJ, Sebastian A, Lin YY, Yee CS, Osipov B, Loots GG, et al. Altered canalicular
remodeling associated with femur fracture in mice. Journal of Orthopaedic Research.
2022 Apr 1;40(4):891-900.

Liu XS, Wang L, de Bakker CMJ, Lai X. Mechanical Regulation of the Maternal Skeleton
during Reproduction and Lactation. Vol. 17, Current Osteoporosis Reports. Springer; 2019.
p. 375-86.

15



530
531

532
533
534

535
536
537

538
539

540
541
542

543
544

545
546
547

548
549
550

551
552
553
554
555

556
557
558

559
560

561

562
563

47.

48.

49.

50.

51.

52.

53.

54.

Kovacs CS. Maternal Mineral and Bone Metabolism During Pregnancy, Lactation, and
Post-Weaning Recovery. Physiol Rev. 2016 Apr;96(2):449-547.

VanHouten JN, Dann P, Stewart AF, Watson CJ, Pollak M, Karaplis AC, et al. Mammary-
specific deletion of parathyroid hormone—related protein preserves bone mass during
lactation. Journal of Clinical Investigation. 2003 Nov 1;112(9):1429-36.

*Tang SY, Herber RP, Ho SP, Alliston T. Matrix metalloproteinase-13 is required for
osteocytic perilacunar remodeling and maintains bone fracture resistance. Journal of
Bone and Mineral Research. 2012 Sep;27(9):1936-50.

This paper demonstrates that MMP13 mediates LCS remodeling and links LCS remodeling
to cortical bone matrix collagen organization and material properties

*Dole NS, Mazur CM, Acevedo C, Ritchie RO, Mohammad KS, Alliston T, et al. Osteocyte-
Intrinsic TGF- b Signaling Regulates Bone Quality through Perilacunar / Canalicular
Remodeling. Cell Rep. 2017;21(9):2585-96.

This paper demonstrates that impaired TGF-B signaling creates an aging-like phenotype of
impaired bone fracture toughness and truncated lacunar-canalicular networks.

Kegelman CD, Coulombe JC, Jordan KM, Horan DJ, Qin L, Robling AG, et al. YAP and TAZ
Mediate Osteocyte Perilacunar/Canalicular Remodeling. Journal of Bone and Mineral
Research. 2020;35(1):196-210.

*Wang JS, Kamath T, Mazur CM, Mirzamohammadi F, Rotter D, Hojo H, et al. Control of
osteocyte dendrite formation by Sp7 and its target gene osteocrin. Nat Commun. 2021
Dec 1;12(1).

This paper demonstrates that genetic perturbation of osteocytes can lead to disrupted
LCS development, but is rescuable by gene therapy, demonstrating that post-natal re-
activation of LCS remodeling can restore developmental defects to the LCS. These data
provide compelling evidence of a link between the developmental programs that give rise
to the LCS and later LCS remodeling.

*Youlten SE, Kemp JP, Logan JG, Ghirardello EJ, Sergio CM, Dack MRG, et al. Osteocyte
transcriptome mapping identifies a molecular landscape controlling skeletal homeostasis
and susceptibility to skeletal disease. Nat Commun. 2021 Dec 1;12(1).

This paper demonstrates that the murine osteocyte transcriptome has signatures of both
bone resorption and organic matrix formation.

Nicolella DP, Feng JQ, Moravits DE, Bonivitch AR, Wang Y, Dusecich V, et al. Effects of
nanomechanical bone tissue properties on bone tissue strain: Implications for osteocyte

16



564
565

566
567

568
569
570

571
572

573
574
575

576
577
578

579
580
581

582
583
584

585
586
587

588
589
590

591
592
593

594
595

596
597

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

mechanotransduction. Journal of Musculoskeletal Neuronal Interactions. 2008;8(4):330—
1.

Bonivtch AR, Bonewald LF, Nicolella DP. Tissue strain amplification at the osteocyte
lacuna : A microstructural finite element analysis. J Biomech. 2007;40:2199-206.

Sang W, Ural A. Quantifying how altered lacunar morphology and perilacunar tissue
properties influence local mechanical environment of osteocyte lacunae using finite
element modeling. ] Mech Behav Biomed Mater. 2022 Nov;105433.

Nicolella DP, Moravits DE, Gale AM, Bonewald LF, Lankford J. Osteocyte lacunae tissue
strain in cortical bone. 2006;39:1735-43.

Dole NS, Yee CS, Mazur CM, Acevedo C, Alliston T. TGF Regulation of
Perilacunar/Canalicular Remodeling Is Sexually Dimorphic. Journal of Bone and Mineral
Research. 2020;35(8):1549-61.

Schurman CA, Verbruggen SW, Alliston T. Disrupted osteocyte connectivity and
pericellular fluid flow in bone with aging and defective TGF-B signaling. Proc Natl Acad Sci
USA. 2021;118(25):1-11.

Milovanovic P, Zimmermann EA, vom Scheidt A, Hoffmann B, Sarau G, Yorgan T, et al. The
Formation of Calcified Nanospherites during Micropetrosis Represents a Unique
Mineralization Mechanism in Aged Human Bone. Small. 2017 Jan 18;13(3).

Rolvien T, Schmidt FN, Milovanovic P, Jahn K, Riedel C, Butscheidt S, et al. Early bone
tissue aging in human auditory ossicles is accompanied by excessive hypermineralization,
osteocyte death and micropetrosis. Sci Rep. 2018 Dec 1;8(1).

Milovanovic P, Busse B. Phenomenon of osteocyte lacunar mineralization: Indicator of
former osteocyte death and a novel marker of impaired bone quality? Vol. 9, Endocrine
Connections. BioScientifica Ltd.; 2020. p. R70-80.

Busse B, Djonic D, Milovanovic P, Hahn M, Pischel K, Ritchie RO, et al. Decrease in the
osteocyte lacunar density accompanied by hypermineralized lacunar occlusion reveals
failure and delay of remodeling in aged human bone. Aging Cell. 2010;9(6):1065-75.

Ayoubi M, van Tol AF, Weinkamer R, Roschger P, Brugger PC, Berzlanovich A, et al. 3D
Interrelationship between Osteocyte Network and Forming Mineral during Human Bone
Remodeling. Adv Healthc Mater. 2021 Jun 1;10(12).

Nango N, Kubota S, Hasegawa T, Yashiro W, Momose A, Matsuo K. Osteocyte-directed
bone demineralization along canaliculi. Bone. 2016;84:279—-88.

*Hesse B, Varga P, Langer M, Pacureanu A, Schrof S, Mannicke N, et al. Canalicular
network morphology is the major determinant of the spatial distribution of mass density

17



598
599

600
601

602
603
604

605
606

607
608
609

610
611

612
613

614
615
616

617
618
619

620
621

622
623
624

625
626

627
628
629

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

in human bone tissue: Evidence by means of synchrotron radiation phase-contrast nano-
CT. Journal of Bone and Mineral Research. 2015;30(2):346-56.

This paper demonstrates bone mass gradation on the scale of hundreds of micrometers in
the vicinity of lacunae and canaliculi.

Tazawa K, Hoshi K, Kawamoto S, Tanaka M, Ejiri S, Ozawa H. Osteocytic osteolysis
observed in rats to which parathyroid hormone was continuously administered. ) Bone
Miner Metab. 2004 Nov;22(6):524-9.

Baylink DJ, Wergedal JE, Baylink J, J- D. Bone formation by osteocytes. Vol. 221,
AMERICAN JOURNAL OF PHYSIOLOGY. 1971.

Morrell AE, Brown GN, Robinson ST, Sattler RL, Baik AD, Zhen G, et al. Mechanically
induced Ca 2 + oscillations in osteocytes release extracellular vesicles and enhance bone
formation. Bone Res. 2018;(October 2017):1-11.

Hasegawa T. Ultrastructure and biological function of matrix vesicles in bone
mineralization. Histochem Cell Biol. 2018;149(4):289-304.

Murshed M. Mechanism of Bone Mineralization. Cold Spring Harb Perspect Med. 2018;1—-
12.

Ruffoni D, Fratzl P, Roschger P, Klaushofer K, Weinkamer R. The bone mineralization
density distribution as a fingerprint of the mineralization process. Bone. 2007;40(5):1308—
19.

Donnelly E, Boskey AL, Baker SP, van der Meulen MCH. Effects of tissue age on bone
tissue material composition and nanomechanical properties in the rat cortex. J Biomed
Mater Res A. 2010;92(3):1048-56.

Wopenka B, Pasteris JD. A mineralogical perspective on the apatite in bone. Materials
Science and Engineering: C. 2005 Apr;25(2):131-43.

*Kerschnitzki M, Kollmannsberger P, Burghammer M, Duda GN, Weinkamer R,
Wagermaier W, et al. Architecture of the osteocyte network correlates with bone material
quality. Journal of Bone and Mineral Research. 2013;28(8):1837-45.

This paper demonstrates that most bone mineral is located within 1 micrometer of
lacunar and canalicular walls.

Zimmerman SM, Dimori M, Heard-Lipsmeyer ME, Morello R. The Osteocyte Transcriptome
Is Extensively Dysregulated in Mouse Models of Osteogenesis Imperfecta. JBMR Plus.
2019 Jul 1;3(7).

18



630
631
632
633

634
635
636

637
638

639
640

641
642

643
644
645
646

647

648

77.

78.

79.

80.

81.

82.

83.

Nioi P, Taylor S, Hu R, Pacheco E, He YD, Hamadeh H, et al. Transcriptional Profiling of
Laser Capture Microdissected Subpopulations of the Osteoblast Lineage Provides Insight
into the Early Response to Sclerostin Antibody in Rats. Journal of Bone and Mineral
Research. 2015 Aug 1;30(8):1457-67.

Zambonin Zallone A, Teti A, Primavera M v, Pace G. Mature osteocytes behaviourin a
repletion period: the occurrence of osteoplastic activity. Basic Appl Histochem.
1983;27(3):191-204.

Zambonin Zallone AZ, Teti A, Nico B, Primavera M v. Osteoplastic activity of mature
osteocytes evaluated by H-proline incorporation. Basic Appl Histochem. 1982;26(1):65—7.

Kamel-ElSayed SA, Tiede-Lewis LM, Lu Y, Veno PA, Dallas SL. Novel approaches for two
and three dimensional multiplexed imaging of osteocytes. Bone. 2015;76:129-40.

Damrath JG, Moe SM, Wallace JM. Calcimimetics Alter Periosteal and Perilacunar Bone
Chronic Kidney Disease. Journal of Bone and Mineral Research. 2022;37(7):1297-306.

Taylor EA, Donnelly E, Yao X, Johnson ML, Amugongo SK, Kimmel DB, et al. Sequential
Treatment of Estrogen Deficient, Osteopenic Rats with Alendronate, Parathyroid
Hormone (1-34), or Raloxifene Alters Cortical Bone Mineral and Matrix Composition.
Calcif Tissue Int. 2020;106(3):303-14.

Bellido T. Osteocyte-Driven Bone Remodeling. Calcif Tissue Int. 2014;94:25-34.

19



	Copy Cover Page.pdf
	Blank Page
	Blank Page




