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Abstract
Purpose of Review In perilacunar/canalicular remodeling (PLR), osteocytes dynamically resorb, and then replace, the organic
and mineral components of the pericellular extracellular matrix. Given the enormous surface area of the osteocyte lacuna-
canalicular network (LCN), PLR is important for maintaining homeostasis of the skeleton. The goal of this review is to examine
the motivations and critical considerations for the analysis of PLR, in both in vitro and in vivo systems.
Recent Findings Morphological approaches alone are insufficient to elucidate the complex mechanisms regulating PLR in the
healthy skeleton and in disease. Understanding the role and regulation of PLRwill require the incorporation of standardized PLR
outcomes as a routine part of skeletal phenotyping, as well as the development of improved molecular and cellular outcomes.
Current PLR outcomes assess PLR enzyme expression, the LCN, and bone matrix composition and organization, among others.
Summary Here, we discuss current PLR outcomes and how they have been applied to study PLR induction and suppression
in vitro and in vivo.Given the role of PLR in skeletal health and disease, integrated analysis of PLR has potential to elucidate new
mechanisms by which osteocytes participate in skeletal health and disease.
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Introduction

Osteocytes are highly differentiated cells derived from osteo-
blasts. In some ways, they represent the last frontier of bone
cell biology. With a phenotype specialized for cellular func-
tion within a mineralized extracellular matrix (ECM), osteo-
cytes have been difficult targets for standard cellular and mo-
lecular biology approaches. Nonetheless, technical and scien-
tific advances have provided insight into these cells and their
essential roles in skeletal and systemic homeostasis and dis-
ease [1, 2], including the process by which they continually
remodel the surrounding ECM. To further understand these
dynamic cells, and their role in health and disease, we review
the current approaches used to investigate osteocyte

perilacunar/canalicular remodeling, and discuss key consider-
ations for each of these outcomes.

Perilacunar/Canalicular Remodeling

One of the unique characteristics of osteocytes is their forma-
tion of a highly organized network within a mineralized ma-
trix [3]. Dendrites projecting from osteocyte cell bodies form
gap junctions with dendrites from neighboring osteocytes, as
well as with bone lining osteoblasts and osteoclasts, and vas-
culature. These dendrites extend through canaliculi to form
the lacuna-canalicular network (LCN). Fluid flow through
the perilacunar and canalicular spaces supports osteocyte cel-
lular functions. Osteocytes, in turn, respond to chemical, bio-
logical, and physical cues carried by this fluid with changes in
cellular behavior. These changes include secretion of
osteoclast- and osteoblast-regulating molecules [4–6], by
which osteocytes indirectly impact bone remodeling, as well
as activation or suppression of osteocyte intrinsic perilacunar/
canalicular remodeling (PLR). The latter is the process by
which osteocytes directly resorb and replace the local bone
ECM. In PLR, osteocytes resorb the organic and mineral com-
ponents of perilacunar and pericanalicular ECM through a
combination of matrix metalloproteases (MMPs), ATPase
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proton pumps, and other enzymes, such as cathepsin K and
carbonic anhydrases [7, 8].

Our early understanding of PLR derived almost entirely from
morphologic analyses. Light and electron microscopy first re-
vealed “osteocyte osteolysis,” with enlarged lacunae and rough
borders around osteocytes in bone infection, rickets, or osteoma-
lacia [9–12]. Visualization of perilacunar and pericanalicular fluo-
rochrome labels in bone from parathyroid hormone (PTH)-treat-
ed rats [13] provided early functional evidence for the formation
of new mineralized tissue by osteocytes [14]. Morphological ev-
idence in bone from numerous species, including humans,
snakes, egg-laying hens, rodents, and hibernating bats and
ground squirrels [15–18], highlights the extensive conservation
of osteocyte PLR, especially in the context of metabolic stress.

Although review of these pioneering studies clearly impli-
cates PLR in skeletal homeostasis and disease, interest in PLR
was supplanted by the idea that osteoclasts are the primary
bone-resorbing cell type [15]. In 1977, Parfitt published a paper
disputing ideas advanced by Krook and Belanger in 1970. In
addition to discrediting the idea of “bone flow,” Parfitt argued
that “The belief that osteocytes resorb substantial amounts of
bone rests on invalid conclusions from indirect techniques, var-
ious artifacts of specimen processing and unawareness of the
microscopic characteristics of woven bone.” Given Parfitt’s
stature in the field, his skepticism was sufficient to suppress
research on the role of osteocytes in bone remodeling for years.

During the time in which PLR was largely overlooked,
osteoclast and osteoblast biology advanced tremendously
through the use of genetically modified mouse models and
other molecular and cellular approaches, leaving our knowl-
edge of osteocyte PLR far behind. More recent application of
these tools to investigate osteocytes has largely resolved the
critiques raised by Parfitt, which were significantly founded
on methodologic limitations. Nonetheless, the field still wres-
tles with the need to identify the most robust PLR outcome
measures. Traditional morphological approaches alone are in-
sufficient to probe the complex biological mechanisms

involved in this process. Several new PLR outcomes have
been described, but which of these are most useful to rigor-
ously and efficiently evaluate PLR remains unclear. Likewise,
given the many questions about PLR itself (Box 1), results
must be carefully interpreted in light of each technical ap-
proach. In this review, we will examine current PLR methods
and how these have been applied to study PLR induction and
suppression in vitro and in vivo.

Motivation to Investigate PLR

Several lines of evidence motivate incorporation of PLR
outcomes as a standard part of skeletal analyses. First,
PLR participates in the crosstalk among osteocytes, oste-
oblasts, and osteoclasts. Many of the same stimuli already
known to regulate osteoclast and osteoblast function also
regulate PLR, including glucocorticoids [19–22], vitamin
D [23], ovariectomy [24–28], PTH [15, 29, 30•], and cal-
cium or phosphate deficiency [7, 14, 31]. In addition,
PLR may be mechanosensitive. Sclerostin and TGFβ,
both of which are required for the anabolic response of
bone to mechanical load, stimulate PLR [32, 33, 34•, 35].
Mice exposed to microgravity may remodel the ECM in a
mechanosensitive, MMP10-dependent manner [36].
However, in mice with immobilized hind limbs, lacunar
properties (size, shape, orientation) are not altered, despite
the corresponding decrease in bone volume and load to
fracture [7, 37, 38]. Careful investigation utilizing a range
of PLR outcomes may help to unravel these apparently
contradictory findings.

Second, the study of PLR will elucidate mechanisms control-
ling metabolic and mechanical homeostasis in the skeleton.
Osteocytes utilize PLR to respond to metabolic stress. The lacta-
tion model is currently used as a gold standard model to study
PLR, since osteocytes stimulate local mineral resorption to meet
the calcium demands of milk production [7, 39]. PLR occurs in
both male and female mouse bone [4], though the sex-dependent
mechanisms that control baseline PLR remain to be defined.
PLR also plays a critical role in maintaining the material quality
of the bone matrix, in part by controlling ECM mineralization
and collagen organization [40, 41]. Though much is known
about the biological control of bone mass, many questions re-
main about the mechanisms that control this important aspect of
bone quality and the ability of bone to resist fracture.

Third, understanding PLR may elucidate new mechanisms
of musculoskeletal disease. As with any essential homeostatic
process, deregulation of PLR is a product as well as a driver of
degenerative disease processes. As for remodeling by osteo-
blasts and osteoclasts, too much or too little remodeling by
osteocytes can be problematic (Fig. 1). PLR is induced in
rickets and osteomalacia [31, 42], but suppressed in aging
[43, 44]. Relative to young bone, bone from aging humans
and mice has many hallmarks of suppressed osteocyte PLR,

Box 1: Major questions about PLR
(1) Resorption vs. deposition: What are the mechanisms controlling the

deposition of new ECM around osteocytes, and how is this coupled to
osteocytic resorption?

(2) Lacunae vs. canaliculi: Do distinct or common processes regulate
osteocytic remodeling at lacunae and at canaliculi?

(3) Acid vs. proteases:Which aspects of PLR depend on acidification of
the osteocyte microenvironment, and which require proteolysis?

(4) Mineral vs. organic: Do distinct or common processes control the
resorption of mineral and organic components of the ECM around
osteocytes?
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including decreased lacunar volume, a diminished LCN,
hypermineralization, and increased bone fragility [45, 46•,
47]. This bone fragility is not fully explained by a loss of bone
mass [48] and is attributed in part to impaired bone extracel-
lular matrix material properties. Mounting evidence impli-
cates an age-dependent defect in osteocyte PLR, which may
in turn further impact the regulation of osteoblast and osteo-
clast function [46, 49–52]. Although the extent to which PLR
is a driver or a side effect of age-related bone fragility is yet
unclear, PLR suppression may play a causal role in many
diseases of bone and bone quality. For example, in
glucocorticoid-induced osteonecrosis, even prior to other
symptoms, glucocorticoid treatment suppresses PLR with dis-
ruption of the LCN, collagen organization, and matrix miner-
alization [21]. These changes in mice parallel those in
subchondral bone from patients with end-stage glucocorti-
coid-induced osteonecrosis of the femoral head [53]. Given
a role for PLR in disease and aging, an improved understand-
ing of PLR may also lead to the identification of new cellular
targets for musculoskeletal therapeutics.

Many questions remain about PLR in homeostatic condi-
tions and how it differs with developmental stage, sex, aging,
and disease. Systematic evaluation of PLR in these conditions
is needed to more fully understand the integral role of osteo-
cytes in skeletal homeostasis and disease.

Critical Considerations for the Study of PLR

Although aspects of PLR are apparent throughout the skele-
ton, the LCN varies among species, anatomical sites, and bone
types. For example, the LCN appears vastly different when

comparing the sparse canaliculi in elderly human trabecular
bone to the robust network of canaliculi in young mouse cor-
tical bone (Fig. 2a, f). In addition to age, several other biolog-
ical factors influence the appearance of the LCN. Cortical
bones in humans, as well as other large mammals, are com-
posed of Haversian systems, or osteons. Osteocytes within
osteons arrange themselves in rings around the central vascu-
lar canal, with their canaliculi often perpendicular to the rings.
Smaller rodents, in contrast, do not have Haversian systems
and their long bones resemble a single large osteon around the
marrow cavity [54], often with internal rings of slightly less
organized lamella and osteocyte canaliculi [55•]. The effect of
structural differences in bone organization on the LCN is like-
wise apparent in trabecular bone, where the diminished lamel-
lar organization corresponds to less aligned canaliculi (Fig. 2c,
f). Accordingly, the LCN is less aligned in the mouse mandi-
ble, which is dominated by trabecular bone, relative to cortical
bone of the mouse femur [19], where osteocytes are spatially
aligned perpendicular to the lamellar plane [19] (Fig. 2e, f).
Even within one bone, proximal to distal and medial to lateral
variations in the LCN are apparent. Therefore, care must be
taken to consistently analyze LCN parameters at the same
region of interest in each bone.

Among the factors that contribute to these anatomic differ-
ences in the LCN are site-specific expression and activity of
the enzymes required for PLR. For example, MMP2 expres-
sion varies across the skeleton, with high levels in the calvaria
and low levels in the long bones [56]. This expression pattern
likely explains the observation that MMP2-deficient mice
have dramatic alterations of the LCN in calvaria compared
to moderate disruption of the LCN in long bones. Likewise,
the LCN, collagen organization, and bone matrix mineraliza-
tion were most affected in mid-cortical bone of MMP13-
deficient mice, which was the site of highest MMP13 expres-
sion [56]. Similar differences in PLR enzyme expression may
contribute to hypermineralization in the endocortical region
compared to the periosteal region of aging cortical bone
[45]. Post-translational control of PLR enzymes may also de-
termine where and how PLR is regulated, since cochlear bone
expresses high levels of MMP13 protein, but the hearing and
cochlear bone of MMP13-deficient mice was normal [57].
This observation is consistent with the presence of unique
mechanisms to control bone remodeling by osteoblasts and
osteoclasts in the cochlea. Undoubtedly, a sophisticated net-
work of transcriptional and post-transcriptional mechanisms
control bone remodeling by osteocytes, as it does for osteo-
blasts and osteoclasts.

Variations in the LCN and PLR within and between bones
highlight the heterogeneity of the osteocyte population.
Though the sources and the reasons for this heterogeneity
remain largely unknown, intriguing possibilities include dif-
ferences in the embryonic origin, exposure to physical stimuli,
metabolic supply/demand, innervation, and others. For

Fig. 1 Homeostatic control of bone mass and quality by osteoblasts,
osteoclasts, and osteocytes. During homeostasis (green region), optimal
cellular activity of osteoblasts and osteoclasts maintains bone resistance
to fracture. Unopposed changes in osteoblast or osteoclast function lead
to changes in bone mass that can cause bone fragility (red regions).
Osteocyte PLR also contributes to the mechanical homeostasis of bone.
As for osteoblasts and osteoclasts, the effect of osteocyte PLR on bone
quality is non-linear. Too much or too little osteocytic PLR can
compromise bone quality
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example, elongated lacunae are observed in cortical bones,
such as the tibia, that undergo loading during locomotion
[58, 59], compared to calvaria [60]. This suggests that loading
and lacunar shape may share a functional relationship, which
potentially contributes to the LCN differences along the cor-
tical regions of long bones [55•]. Mechanistic studies are
needed to establish the causality of these and other observa-
tions. Meanwhile, these observations have important practical
implications for the study of PLR. Attention to species-
specific and anatomically distinct differences in bone must
be considered when studying PLR, especially when extrapo-
lating findings from rodent models to understand human clin-
ical conditions.

A number of mechanistic questions about the regula-
tion of PLR further complicate our understanding of this
process (Box 1). Most work focuses on the resorption of
perilacunar and pericanalicular bone, while much less is
known about the deposition of new ECM. In some cases,
the induction or repression of PLR enzymes corresponds
to changes in lacunar size or shape, whereas in others,
lacunar size is unchanged, but canalicular networks are
altered. The mechanisms that determine when, where,
and how proteolysis or acidification exerts its effects in

the mineral and/or organic phases of the osteocyte mi-
croenvironment remain unclear. While these processes
initially appeared to be coupled, more recent studies sug-
gest that perilacunar remodeling is distinct from
pericanalicular remodeling [7, 34].

Furthermore, the approaches used to study PLR may
impact the interpretation of the results. If distinct mecha-
nisms control the resorption of the mineral and organic
components of the bone matrix, then the appearance of
the LCN may differ depending on whether the outcome is
performed on mineralized bone (i.e., quantitative backscat-
ter electron imaging) or demineralized bone (i.e., histolog-
ical staining of the LCN). Efforts of the scientific commu-
nity to elucidate the role of PLR in bone homeostasis, and
how PLR is regulated normally and pathologically, will
require attention to the sensitivities of the methods used,
as well as to the diverse regulation of PLR throughout the
skeleton, across species, and with age. The following dis-
cussion considers these issues in light of a number of cur-
rently used PLR outcome measures: PLR enzyme expres-
sion and osteocyte acidification, the geometry of the LCN,
and the management of the organic and mineral-containing
portions of the bone ECM.

Fig. 2 Diversity in the histological appearance of the lacuna-canalicular
network (LCN) across species and bones. Differences in the LCN are
apparent in silver nitrate-stained sections of human (a), rabbit (b), and

mouse (c) trabecular bone. LCN variation also appears among bones, as
shown from mouse cortical bone of the cochlea (d), mandible (e), and
femur (f). Scale bar, 20 μm
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Cell Models to Investigate PLR

Developing a mechanistic understanding of PLR will benefit
from in vitro, cellular, and molecular approaches. In vitro
analysis of PLR requires an appropriate cell culture model as
well as in vitro PLR outcome measures that correspond to
PLR outcomes in vivo. An ideal cell culture model would
recapitulate the mature osteocyte phenotype and respond to
growth factors and hormonal or physical signals that regulate
PLR. The advantages and limitations of currently available
osteocyte-like cell lines have been detailed in other reviews
[61, 62]. The most commonly used osteocyte-like cell lines
are MLO-Y4, MLO-A5, IDG-SW3, OCY454, and SaOS2
cells. MLO-Y4 and MLO-A5 cells are most often used as
early osteocytes and post-osteoblast/pre-osteocyte cells, re-
spectively [62–64].MLO-Y4 cells are highly sensitive to fluid
flow stress, as demonstrated by the increased release of PGE2

and ATP, and are valuable for evaluating the effects of fluid
flow on signaling pathways [62]. MLO-A5 cells, on the other
hand, are useful to investigate the osteoblast-to-osteocyte tran-
sition and in mineralization studies [62]. However, neither of
these cells express late osteocyte markers such as Sclerostin,
which also regulates PLR [32]. Therefore, alternative cell lines
that better represent mature osteocytes may be more relevant
for studies investigating PLR.

IDG-SW3, OCY454, and SaOS2 cell lines express late
osteocyte markers, including Sclerostin. Advantages of IDG-
SW3 cells include expression of Sclerostin and FGF-23 [65],
possible interaction with artificial 3D collagen matrices, and
retention of viability over a 21-day period that may be useful
for long-term PLR analyses [65]. OCY454 are osteocyte-like
cells that respond to mechanical (fluid flow shear stress), cy-
tokine (PGE2), and hormonal (PTH) stimuli and express high
levels of Sclerostin, even without added differentiation factors
[66]. SaOS2, a human osteosarcoma cell line, exhibits
osteocyte-like characteristics, such as high Sclerostin expres-
sion, PTH responsiveness, and in vitro mineralization [67]. A
new osteocyte cell line, OmGFP66 cells, recapitulates impor-
tant aspects of the osteocytic phenotype and behavior, includ-
ing the formation of three-dimensional bone spicules. The
cells are derived frommice that expressed a membrane tagged
GFP variant under control of the DMP1 promoter, facilitating
visualization of cells embedded within the surrounding min-
eral [48]. Since these cells extend dendrites and form lacunar
structures in vitro, they could be useful tools for the study of
PLR. Although each of these immortalized cell lines have
previously been used to study osteocyte behavior, only
MLO-Y4 and OCY454 cells have reportedly been used to
investigate outcomes related to PLR.

All of these cell lines have specific limitations and none
completely recapitulate osteocyte behavior. For example,
MLO-Y4 and MLO-A5 cells are not fully differentiated,
OCY454 and IDG-SW3 cells need multiple weeks to fully

differentiate [65, 66], and SaOS2 cells are derived from hu-
man osteosarcoma and therefore maintain inherent differences
to endogenous, healthy osteocytes. As a result of these limi-
tations, more investigators are now using a gold standard of
primary osteocytes, which are more representative of in vivo
osteocyte behavior [68]. Several studies demonstrate the abil-
ity of human and mouse primary osteocytes to mimic in vivo
osteocyte behaviors, including aging and cell behavior in 3D,
that are otherwise difficult to capture with the immortalized
lines [30, 50, 69–72]. Thus, despite the labor-intensive and
challenging isolation protocol, primary osteocytes and other
similar cell lines, such as human primary osteocyte-like cells
[32], fulfill many criteria for an ideal in vitro model to study
PLR. A balanced approach might test mechanistic hypotheses
using more tractable osteocyte cell lines, which could then be
validated with primary osteocytes.

Molecular and In Vitro PLR Assays

Osteocytes dynamically resorb the mineralized and organic
components of the bone extracellular matrix through secretion
of proteases and acidification of the microenvironment. These
cell-intrinsic behaviors provide suitable outcomes to study
PLR in vitro, specifically by monitoring the expression of
enzymes implicated in PLR and pH in osteocytic cell lines
or in primary osteocytes.

PLR Enzyme Expression Numerous enzymes have been func-
tionally implicated in PLR through in vivo studies. The “PLR
enzymes” are expressed at the time and site of PLR, and their
expression responds to stimuli that regulate PLR. In many
cases, ablation of these enzymes in mice causes disruption
of the LCN. Specifically, the long bones from lactating mice
have increased mRNA expression of cathepsin K, TRAP
(ACP5/Acp5), and carbonic anhydrase 1 and 2 [7, 32, 73].
Similar to osteoclasts, osteocytes simultaneously express
acid-catalyzed proteases and ATP proton pumps, implying a
coordinated effort by the osteocyte to (1) establish extracellu-
lar pH gradients within the LCN and (2) activate proteolytic
events to resorb the surrounding bone matrix [7, 18, 34•, 74,
75]. Other proteases, such as MMP2, MMP13, and MMP14,
are also expressed by osteocytes and play a critical role in
maintaining the LCN [56, 76, 77]. In cortical bone from mice
with an osteocyte-specific deletion of the TGFβ type II recep-
tor, qPCR revealed a coordinated repression of multiple PLR
enzymes. The same bones had several features consistent with
suppressed PLR, including diminished canalicular networks
and bone quality deficits [34•]. Other conditions that induce or
suppress PLR (i.e., lactation or glucocorticoid treatment, re-
spectively) also show coordinated induction or repression of
PLR genes [7, 21], suggesting that PLR enzymes may share
some common regulatory mechanisms. Since many of these
PLR genes are expressed by bone-resorbing osteoclasts and
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other cell types, parallel use of immunohistochemistry is need-
ed to definitively demonstrate that gene expression differences
in osteocyte-enriched cortical bone mRNA are primarily due
to osteocytes.

Not only are these PLR enzymes robust measures of PLR
in vivo, but they also respond to PLR regulatory stimuli
in vitro. Analysis of PLR enzyme expression using MLO-
Y4, OCY454, and human osteocyte-like cells (hOCy) is a
useful indicator of the extent of PLR induction or suppression
[32, 34•]. For example, TGFβ induces MMP13 and cathepsin
K expression inMLO-Y4 and OCY454, whereas recombinant
human Sclerostin induces ACP5, cathepsin K, and carbonic
anhydrase 2 expression in MLO-Y4 and hOCy [32, 34•]. In
our laboratory, initial analyses of gene and protein expression
typically focus on MMP13 and cathepsin K, followed by
MMP2, MMP14, carbonic anhydrase 2, and various
ATPases (i.e., ATP6V1G1 and ATP6V0D2) if initial results
suggest a role in PLR regulation [7, 34•]. In some cases, car-
bonic anhydrase 2 and the ATPases seem to be regulated dis-
tinctly from the expression of the proteases, suggesting the
possible presence of compensatory mechanisms between the
acidification and proteolytic functions of PLR.

Intracellular Osteocyte AcidificationDuring PLR, osteocytes
undergo acidification using cellular and molecular mech-
anisms that parallel those used by osteoclasts [7, 18, 30•,
34•, 74, 75]. This results in changes in intracellular (pHi)
as well as extracellular pH [30•]. However, the mecha-
nisms by which osteocytes tolerate an acidic microenvi-
ronment remain unknown. Since both osteocytes and os-
teoclasts resorb bone using similar mechanisms, osteo-
cytes may also employ mechanisms that are well known
in osteoclasts [78–80], such as HCO3

−/Cl− exchange [81],
to withstand this challenging microenvironment. Other
cellular adaptations to the acidic environment include skin
cells, which endure acidic conditions that promote attach-
ment of protective resident bacterial flora [82]; fibro-
blasts, which resist the inflammatory acidic microenviron-
ment that activates tissue remodeling [83]; and cells in the
tumor microenvironment that resist acidification during
metastasis [84].

Quantification of this acidification process in cultured os-
teocytes may provide a valuable functional measure of PLR.
Though quantification of pH changes in the culture media has
proven challenging, intracellular pH (pHi) changes in
osteocytic cell lines represent a useful PLR surrogate. In the
pHi assay, cells loaded with a pH-sensitive dye reveal quanti-
tative changes in pHi through changes in fluorescence mea-
surements. Previous studies using pHi assays revealed that
MLO-Y4 osteocytes decreased pHi in a cell-intrinsic manner
[30•, 32, 34•] in response to Sclerostin and TGFβ, both of
which induce PLR in vivo [34•]. To our knowledge, this is
currently the best available functional in vitro PLR outcome,

particularly when combined with an analysis of PLR enzyme
gene expression. Nonetheless, an important limitation of this
approach is that pHi is affected by multiple processes, includ-
ing hypoxia and mitochondrial respiration [85, 86]. While
hypoxia and mitochondrial function are also related to PLR
[47, 87], more specific assays will be needed to distinguish
whether changes to pH in response to these processes are
independent of or coupled to active PLR.

Visualization of the Lacuna-Canalicular Network

Two-Dimensional Histological Analysis of the LCN
Morphological examination of the LCN provided the first ev-
idence of PLR utilizing histological stains to visualize the
LCN. Common histological stains include H&E, alizarin
red, basic fuschin [88–90], toluidine blue [20, 73], and ploton
silver nitrate stain [13, 19–21, 31, 32, 57, 73]. For example,
H&E and toluidine blue can be used to distinguish empty
lacunae from lacunae containing osteocytes in the section
plane, while ploton silver nitrate stain can be used for qualita-
tive two-dimensional visualization of both lacuna and
canaliculi.

Semi-quantitative lacunae and canaliculi measurements
have been performed and reported in various ways. For
example, lacunae measurements have been reported as per-
cent lacuna-canalicular volume [19], number of lacunae
occupied by osteocytes per bone area [47, 91, 92], number
of empty lacunae per bone area [46•, 47, 91, 93], lacunae
area [3, 13, 19, 91], and lacunae area per osteocyte [31].
Canalicular measurements also have been reported as num-
ber of canaliculi per osteocyte [31, 47], canalicular connec-
tivity [31], canalicular branching [31], and canalicular
length per osteocyte [34, 93]. Lacunar and canalicular mea-
surements have also been summarized and reported as
lacuna-canalicular area [3, 57] as well as other various pa-
rameters [3]. Due to the variations of these measurable LCN
outcomes, there is a need for an established set of lacunar
and canalicular parameters when reporting these results.
There is also wide variation in osteocyte analysis on histo-
logical sections with often low sample size and low number
of images per section which may lead to misinterpretation
of the LCN. These issues are critical to address since PLR
changes to the LCN can be subtle and may be localized. The
variable nature of histological stains for LCN visualization
has slowed the development of accurate automatic measur-
ing software, which has limited the field to manual mea-
surements that are time consuming and subjective to the
grader—adding to uncontrolled consistency across experi-
ments. Nonetheless, a standardized approach for reproduc-
ible staining, consistent selection of regions of interest, ad-
equate biological and technical replicates, and blinded
grading help to overcome these limitations and significant-
ly increase the rigor of LCN histological outcomes.
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Three-Dimensional Visualization of the LCN Traditional two-
dimensional methods of visualizing morphological features of
the LCN are planar and ignore the three-dimensional nature of
the osteocyte network. Reconstructing and understanding the
complex geometries of the osteocyte LCN is critical as it sup-
plies needed clues to the health, arrangement, and activity of
osteocytes involved in PLR. The reliable imaging and recon-
struction of the LCN is a naturally challenging endeavor due
to the density of the canalicular network and the nanoscale
dimensions of these processes within an optically opaque,
three-dimensional material.

Several methods, previously and more extensively
reviewed [20, 60, 94], have focused on capturing the LCN
in three dimensions. With the advent of confocal microscopy,
it has become more feasible to view the LCN in three dimen-
sions [46, 95•], while advancements in tissue clearing are
pushing the limits of tissue penetration [96, 97]. Confocal
methods have allowed for the reliable collection of osteocyte
lacunar parameters, including lacunar density, lacunar shape
[51], osteocyte surface area and volume [98], volume fraction
of the LCN [99], canalicular density, canalicular number per
osteocyte, canalicular volume, and canalicular length [100],
among many others. Light microscopy, however, is limited by
diffraction aberrations that may skew quantitative efforts es-
pecially at the nanoscale dimensions of osteocyte canaliculi,
so care must be taken when observing these features [101].
Multi-photon microscopy has been employed to overcome
some of these limitations and has also been successful in fur-
ther increasing the penetration depth of light microscopy [98,
102]. Despite advancements, these techniques are time con-
suming, data expensive, and only capture a small window of
the LCN. Even with these drawbacks, light-based microscopy
remains one of the most common and best used tools in the
study of the osteocyte LCN in three dimensions and provides
a practical and manageable tool with which to study PLR-
related changes in osteocyte function [58, 103, 104].

Given the broad range of parameters reported about the
LCN in both two and three dimensions, we suggest a stan-
dardization to the reporting of these details [105]. A term
representative of the whole LCN should be first supplied,
i.e., “LCN area/bone area” in 2D and “LCN volume fraction”
in 3D. Terms dissecting the differences of the osteocyte cell
bodies or lacunae from the canaliculi are also ideal and include
lacunar area (2D) and volume (3D), lacunar number densities
(2D/3D), canalicular length (2D/3D) and tortuosity (3D), and
canaliculi per osteocyte or canalicular density.

Evaluation of the Bone Extracellular Matrix

PLR plays a critical role inmaintaining bone quality, at least in
part through its effects on the organic and mineral components
of the bone extracellular matrix [106]. The unique physical
features of collagen and mineral afford opportunities to

monitor their composition and organization in bone and how
they are affected by PLR induction or suppression.

Organic Extracellular Matrix Observation of collagen organi-
zation provides clues to osteocytic action. Collagen birefrin-
gence is a property that can be assessed using polarized light
microscopy because of collagen’s naturally ordered structure.
Staining with picrosirius red, an anionic dye that binds to
cationic collagen fibers, enhances this birefringence under po-
larized light [107, 108]. Using this technique, we and others
find that PLR suppression due to MMP deficiency, glucocor-
ticoid treatment, or aging [21, 56] disrupt the normally aligned
lamellar arrangement of collagen. In some but not all cases,
PLR suppression in mouse models or in human disease cor-
relates with reduced collagen alignment and reduced bone
quality [34•]. Indeed, these changes in collagen organization
with PLR suppression are apparent even in situations where
remodeling by osteoclasts and osteoblast is sufficiently intact
to retain normal bone mass. The causal relationship between
PLR and collagen organization remains an area of active
investigation.

Mineralized Extracellular Matrix Osteocytes also actively en-
gage in the management of mineral. Mineral resorption by
osteocytes has been confirmed in studies of lactation, PTH
treatment or regulation, and disease models such as chronic
kidney disease, vitamin D deficiency, and hypophosphatemia
[7, 31, 42, 109]. While several enzymes are thought to be
active in the process of mineral regulation, most evidence of
lacunar resorption focuses on the idea that osteocytes dynam-
ically regulate the pH within the perilacunar fluid between the
cell membrane and the bone mineral surface to exert control
over the mineral environment [30•]. In addition, multiple im-
aging techniques reveal swelled osteocyte lacunar size during
resorption events (i.e., lactation) and lower bone mineral den-
sity. These effects are rapidly reversed once resorption pres-
sure is lifted (i.e., weaning), implying osteocyte-specific de-
position of mineral [30•].

In vivo administration of small fluorescent molecules that
associate into newly formed bone has long been used for spa-
tiotemporal visualization of bone mineralization at periosteal
and endosteal surfaces. Fluorescent labels also confirm osteo-
cytes’ ability to participate in bone formation [14]. Double
fluorochrome labeling has been a useful approach to assess
the dynamics of bone formation by osteoblasts and the calcu-
lation of the bone formation rate [7, 46•, 55•]. However, the
timing of fluorochrome administration has yet to be optimized
for the reproducible visualization of osteocyte-specific miner-
al deposition in homeostatic PLR. For example, fluorescent
labeling in post-lactating mice shows osteocyte-specific depo-
sition of mineral [7]; however, virgin and non-lactating con-
trols did not show double labelling. These findings imply that
lactation represents a significant change to osteocyte
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remodeling behavior and not homeostatic PLR and that this
technique may not be tuned enough to observe rapid changes
in matrix deposition and resorption.

Other methods that have been used to observe the miner-
alization state around lacuna and osteocyte canaliculi [7, 42]
include X-ray computed tomography imaging, X-ray diffrac-
tion and absorption, and several forms of electronmicroscopy.
These methods rely on differing attenuation of signal from
radiation sources by the different elemental constituents with-
in the bone. Changes in the mineralization of the perilacunar
and pericanalicular bone matrix indirectly give important in-
sight into osteocyte function. Nonetheless, these methods are
insensitive to changes in cells or the matrix that occur only in
the organic phase. Care must be taken to integrate information
derived from radiographic approaches with that derived from
cellular and histological outcomes.

X-ray-based imaging is the most common method used to
observe changes in the mineralized portions of bone due to its
high energy and very low wavelengths. Micro-computed to-
mography (μCT) scanners with voxel sizes of a few microns
can identify osteocyte lacunae. More advanced μCT imaging
is beginning to push the resolution of these techniques from
the microscale (500 nm) into the nanoscale (50 nm) [110,
111], which is needed to resolve individual canaliculi (200–
350 nm). These nanoscale approaches are for small specimens
(16 μm2 field of view). Synchrotron-generated CT (SRμT)
techniques can reliably capture larger segments of the LCN
(40 mm2) and provide qualitative and quantitative outcomes
of matrix mineralization and lacunar size and shape [34, 57].
The best SRμT beamlines can resolve detail down to the can-
alicular level (30–40 nm with a field of view of as much as
75–80 μm2) [112]. However, these SRμTapproaches are time
consuming and computationally intensive, and require spe-
cialized use of synchrotron light sources not accessible to all
researchers [20, 103, 104]. Especially since access to these
resources is limited, we advocate adoption of online digital
data-sharing practices to make these valuable and large
SRμT datasets publicly available through established reposi-
tories including the Materials Data Repository hosted by
National Institute of Standards and Technology (NIST), or
other third-party repositories, i.e., TomoBank [113]. This ap-
proach would expand access to any investigator to develop
and apply new analytical tools to answer the many remaining
questions about PLR.

Several other specialized electron microscopy and X-ray
techniques have also been used to study the osteocyte LCN.
Some of these include ptychographic X-ray CT, transmission
X-ray microscopy (TXM) CT, serial-focused ion beam SEM
(serial FIB SEM), serial block-face SEM (SBF SEM), back-
scatter SEM, surface relief (acid etching) SEM, and others as
extensively reviewed elsewhere [20, 39, 60, 114, 115]. Even
as the field advances through application of these approaches,
additional investigation is needed to understand how changes

in these imaging parameters relate to changes in the cellular
function of osteocytes at homeostasis, in metabolic stress, and
in disease.

Future Directions

Answering the many questions about osteocytic perilacunar/
pericanalicular bone remodeling (Box 1) will require the sys-
tematic and integrated application of approaches described
here, as well as new and more sophisticated in vivo and
in vitro outcomes. In particular, additional research is needed
to elucidate the cellular mechanisms responsible for morpho-
logical changes that are apparent using histologic and radio-
graphic approaches. Such studies may reveal distinct function-
al roles for perilacunar vs. pericanalicular remodeling, peri-
osteocytic acidification vs. proteolysis, or remodeling of the
mineral vs. organic phases of the peri-osteocytic bone matrix.

Improvements to current methods that could be particularly
helpful include robust algorithms to facilitate efficient and
quantitative analysis of the LCN in 2D and in 3D. Though
many groups have worked intensively to achieve automated
detection and quantification of the LCN, this goal remains
elusive at this time. Standardized use of common LCN param-
eters would facilitate comparison across studies.

Continued advances in imaging will provide a critical foun-
dation for asking more mechanistic questions. This includes
more widespread availability of μCT with nanometer length
scale resolution, so that lacunar and canalicular networks can
be visualized and quantified across larger fields of view.
Utilization of fluorescent stains, reporter proteins [116], and
immunofluorescence, along with specimen clearing and ad-
vanced microscopy, would improve our ability to relate struc-
tural features to important biological outcomes. Approaches to
monitor pH at high spatiotemporal resolution in vivo and
in vitro would complement current outcomes. These ap-
proaches could be applied to discern cellular or molecular
changes in vivo upon PLR induction and suppression, partic-
ularly in the presence of gain and loss of function perturba-
tions, or disease-inducing or resolving interventions.

Finally, application of unbiased approaches such as
RNAseq and mass spectrometry may be helpful in the identi-
fication of specific new RNA or serum markers of PLR. An
ideal marker would be osteocyte specific, have a functional
role in matrix remodeling, and be dynamically regulated with
PLR. Not only would these markers improve the precision of
research efforts to understand PLR, but they could also sup-
port the identification of new diagnostics of skeletal disease or
therapeutic interventions to prevent it. Given the role of PLR
in skeletal metabolism, bone fragility, joint disease, and aging,
our collective efforts to better understand osteocytic remodel-
ing could have significant clinical impact.

Several protocols discussed herein may be found at the
Alliston Laboratory website: https://allistonlab.ucsf.edu
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