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Abstract

The majority of bone cell biology focuses on activity on the surface of the bone with little attention
paid to the activity that occurs below the surface. However, with recent new discoveries, osteocytes,
cells embedded within the mineralized matrix of bone, are becoming the target of intensive
investigation. In this article, the distinctions between osteoblasts and their descendants, osteocytes,
are reviewed. Osteoblasts are defined as cells that make bone matrix and osteocytes are thought to
translate mechanical loading into biochemical signals that affect bone (re)modeling. Osteoblasts and
osteocytes should have similarities as would be expected of cells of the same lineage, yet these cells
also have distinct differences, particularly in their responses to mechanical loading and utilization
of the various biochemical pathways to accomplish their respective functions. For example, the Wnt/
B-catenin signaling pathway is now recognized as an important regulator of bone mass and bone cell
functions. This pathway is important in osteoblasts for differentiation, proliferation and the synthesis
bone matrix, whereas osteocytes appear to use the Wnt/B-catenin pathway to transmit signals of
mechanical loading to cells on the bone surface. New emerging evidence suggests that the Wnt/p-
catenin pathway in osteocytes may be triggered by crosstalk with the prostaglandin pathway in
response to loading which then leads to a decrease in expression of negative regulators of the pathway
such as Sost and Dkk1. The study of osteocyte biology is becoming an intense area of research interest
and this review will examine some of the recent findings that are reshaping our understanding of
bone/bone cell biology.
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Osteocytes compose over 90-95% of all bone cells in the adult skeleton and are thought to
respond to mechanical strain to send signals of resorption or formation (70). Osteocytes are
usually regularly dispersed throughout the mineralized matrix especially in cortical bone.
These cells are connected to each other and cells on the bone surface through dendritic
processes that occupy tiny canals called canaliculi (For review see (17)). Not only do these
cells communicate with each other and with cells on the bone surface but their dendritic
processes are in contact with the bone marrow (59) giving them the potential to recruit
osteoclast precursors to stimulate bone resorption (133)(12) and to regulate mesenchymal stem
cell differentiation (48).
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Osteocytes as coordinators of skeletal responses to mechanical loading

In the absence of loading, bone is lost and in the presence of loading, bone is either maintained
or increased. The skeleton is unique in its ability to adaptively remodel in response to its
perception of mechanical loading or lack of loading or disuse (reviewed in (21)(31)(18).
Adaptive remodeling is defined as the constant remodeling of the bone in order to resist and
withstand average daily loads. The cells of bone with the potential for sensing mechanical
strain and translating these forces into biochemical signals include bone lining cells, osteoblasts
and osteocytes. Due to their distribution throughout the bone matrix and extensive
interconnectivity, osteocytes are thought to be one if not the major bone cell type responsible
for sensing mechanical strain and orchestrating signals of resorption and formation. The
osteocyte appears to be capable of relating the intensity of strain signals and the distribution
of the strain throughout the whole bone into signals to regulate (re)modeling (70). Recently it
has been shown that targeted deletion of osteocytes results in bone loss and bone with targeted
deletion of osteocytes does not respond to unloading. These studies show that osteocytes are
necessary to maintain bone mass in response to normal load, but in the absence of load send
signals of resorption (113).

Role of the Wnt pathway in bone cell function

The Wnt signaling pathway was known to be important in the development and patterning of
the skeleton since the early-mid 1990s when studies demonstrated that Wnt-3a mutations
resulted in altered mouse axial development (42). A few years later it was shown that the low-
density lipoprotein receptor-related protein 6 (Lrp6) knockout (Lrp67") mouse had
developmental abnormalities that phenocopied many of the defects observed in mice carrying
mutations in Wnt-3a, Wnt-1 or Wnt-7a genes (97). Mutations in human LRP5 were then shown
to resultin low or high bone mass and clearly demonstrated the importance of the Wnt/p-catenin
signaling pathway in the regulation of adult peak bone mass (40)(74)(19).

Whts are secreted glycoproteins that are also post-translationally modified by the addition of
lipid (palmitate), which is required for activity. There are 19 known Whnt proteins (genes) in
vertebrates and there are currently 4 different signaling pathways through which any given
Whnt protein can act. The best studied of these pathways is often referred to as the canonical
pathway, but for clarity sake we will refer to it by its more proper designation as the Wnt/B-
catenin signaling pathway. The three other Wnt signaling pathways that have been described
in the literature include the planar cell polarity (PCP) pathway (83), the Wnt/Ca*2 pathway
(67) and a Protein Kinase A pathway involving CREB (23).

The Wnt/B-catenin pathway is activated by the binding of the appropriate Wnt to a co-receptor
complex involving either Lrp5 or Lrp6 (or Arrow in Drosophila) and one of the frizzled family
member that belong to the class of 7 transmembrane spanning proteins. Binding to the co-
receptor complex leads to the activation of Dishevelled (Dsh) by phosphorylation mediated by
frizzled and likely involving the protein kinases casein kinase 1 (95) and 2 (127) and/or PAR-1
(112). Activation of Dsh leads to the downstream phosphorylation of Glycogen Synthase
Kinase-3p (GSK-3p) at the serine-9 residue. GSK-3p is a key component of a large
“degradation” complex of proteins responsible for controlling free intracellular levels of B-
catenin. The alpha isoform (GSK-3a) can also be phosphorylated (at serine-21) and may also
play a role in controlling B—catenin levels (80)(7). Normally GSK-3B is responsible for the
phosphorylation of B-catenin, which leads to its ubiquitination and degradation by the 26S
proteosome complex (1).

Normally the free intracellular levels of B—catenin are kept low by the activity of the above
mentioned degradation complex which consists of the scaffold protein axin which binds
GSK-3p, the adenomatous polyposis coli (APC) protein, Protein Phosphatase 2A (PP2A), B—
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catenin and several other proteins (85)(53)(51)(53)(46)(13)(130)(108)(34)(35). Binding of
Whnt to Lrp5 and frizzled, in addition to Dsh activation, also results in the phosphorylation of
the cytoplasmic tail of Lrp5, likely mediated by Casein kinase 1y (CK-1y) (29), the binding of
FRAT-1 to this tail and ultimately its association with axin. Axin binding to Lrp5 and the
inhibition of GSK-3p results in the collapse of the degradation complex and the release of non-
phosphorylated B-catenin into the cytoplasm where is can subsequently translocate into the
nucleus to affect gene transcription. Recent studies by Niehrs and colleagues have shown that
Whnt induces the coclustering of Lrp6/frizzled and Dsh and this helps to facilitate
phosphorylation of the Lrp6 cytoplasmic tail by CK-1y (15).

Once stabilized p—catenin accumulates in the cytoplasm and then translocates into the nucleus
to affect gene transcription by a mechanism that is not well understood. Once in the nucleus
B-catenin interacts with the Tcf/Lef family of transcription factors to regulate the expression
of a number of genes important to the differentiation, proliferation, apoptosis and functionality
of bone cells. Evidence has also been presented for an interaction with the FOXO family of
transcription factors that are important in cellular responses to oxidative stress (33)(4). There
is a large number of proteins (see http://www.stanford.edu/~rnusse/ for a detailed listing) that
participate in the transcriptional regulation initiated by B-catenin. It is currently thought that
f-catenin regulates target gene transcription by mediating the formation of a larger complex
that induces a change in chromatin structure (11).

In vitro models of mechanical strain

The parameters of in vivo mechanical loading of bone that results in bone formation and/or
bone resorption are fairly well established (106)(107). However, how this external loading
signal in bone is transmitted at the cellular level is not well established and can be controversial.
Clearly, the bone matrix is undergoing tissue deformation, but to what extent and how is not
clear. It is also not clear whether this tissue deformation is transmitted to the osteocyte cell
membrane through tethering elements causing cell body and/or dendrite deformation or
through perturbation of the bone fluid or both (See Figure 1).

Tissue Strain, Substrate deformation, Cell deformation

Attempts have been made to correlate the magnitude of bone strain as measured by strain gages
to magnitude of either substrate stretching or shear stress on bone cells in cultures with little
success. This is most likely due to the fact that bone is inhomogeneous and that strain gages
average strain over large areas of bone. It has been shown that at the level of osteocytes, the
surrounding bone matrix is heterogeneous resulting in magnified local tissue strains (88)(87).
It was shown that application of 2000 microstrain macroscopically to a piece of bone resulted
in greater microscopic strain surround osteocyte lacunae of over 30,000 microstrain (87).
Osteons, canaliculi, and lacunae are potential stress concentrators (27). It was found that
perilacunar tissue strain levels in many lacunae exceed global applied strain.

Recently, it has been shown that the perilacunar matrix surrounding osteocytes can be modified
by specific pharmacological treatments such as PTH (114) or glucocorticoids (69). Models
taking into account these perilacunar changes showed that maximum strain increases with a
decrease in perilacunar tissue modulus and vice versa (100). This model supported previous
findings using bone tissue that application of average macroscopic strains similar to strain
levels measured in vivo can result in significantly greater perilacunar tissue strains and
canalicular deformations.
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Fluid Flow Shear Stress

It is generally well accepted that bone fluid flows through the lacuno-canalicular system
generating shear stress. Originally steady or laminar fluid shear stress was used in vitro to
mimic in vivo shear stress (103)(128), this was followed by pulsatile fluid flow (49), followed
by oscillatory flow (54). Several research groups have developed both analytical and numerical
models in an attempt to predict fluid flow derived shear stresses in bone (124)(123)(122)
(110)(44)(5). However, as with any model, predicted numbers are not absolutely accurate. It
is difficult to take into account the number of dendrites per cell, the number of bifurcations per
dendrite, and the changes in lacunar and canalicular number with age and the configuration of
osteocytes within the lacunar-canalicular system. These parameters are not completely
characterized and appear to vary depending on bone type. The predicted levels of shear stress
resulting from these models could vary up to 2-3 fold or greater from actual physiological
levels. At present, it is proposed that the steady state component of flow is 0.5 to 2 dynes/
cm? and that the alternating component is 8 dynes/cm? (121). This is based on their theory that
transport is due to mechanical loading of the bone and not through pulsatile extravascular
pressure (66)(65). They propose that muscle contractions are responsible for basal transport of
nutrients to the osteocytes and that stresses due to exercise can be superimposed. These
theoretical models are continually being modified based on new information. The limitations
of applied in vitro fluid flow shear stress to cell cultures must always be considered when
interpreting data or extrapolating back to in vivo conditions.

Movement of cell body and dendritic processes

For decades, the osteocyte has been viewed as an inactive, quiescent cell type and has been
referred to as a “placeholder” in bone. However, Dallas and colleagues have shown that
osteocyte embedded in bone can extend and retract their dendritic processes and that their cell
body undergoes deformation. Calvarial explants from transgenic mice with green fluorescent
protein (GFP) expression targeted to osteocytes were used (56) for time lapse dynamic imaging
to image living osteocytes within their lacunae (118). Far from being a static cell, the osteocyte
was found to be highly dynamic. Osteocyte dendrites, rather than being permanent connections
between osteocytes and between osteocytes and surface cells, may be capable of redirecting
signaling between cells similar to the “switchboard” principle. Giving the evidence for the
motility of osteocyte dendrites, the models involving tethering in mechanosensation may need
revisiting because these tethers would have to either be transient or constantly being broken
and remade through some active process.

The potential role of ciliain bone cell mechanotransduction

Single cilia are present on primary bone cells and osteoblast and osteocyte cell lines and PKD1
and PKD 2, components of cilia with known mechanosensory proteins in the kidney, do play
arole in normal bone structure (129). It remains to be determined if PKD1 and PKD2 function
in a similar manner in both kidney and bone (86). Recently, Jacobs and colleagues have shown
that primary cilia in bone cells do not mediate calcium flux in response to fluid flow, therefore
the mechanism used by cilia in bone cells is distinct from that of kidney cells (76). Reducing
the number of cilia reduces the induction of osteopontin in MC3T3 osteoblast cells, the
induction of prostaglandin in both MC3T3 and MLOY4 osteocyte cells, and the increase of
COX2 and OPG/RANKL ratio in MLOY4 cells in response to fluid flow shear stress. These
authors suggest that regulation of the OPG/RANKL ratio is one means by which formation
and resorption can be maintained in equilibrium.

Osteocytes are not Osteoblasts

The differences between markers, morphology, and function of the polygonal matrix producing
osteoblast and the embedded, dendritic osteocyte are dramatic, yet the practice of using
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osteoblast cell lines to represent osteocytes continues. The osteoblast is unlikely to be subjected
to fluid flow shear stress in vivo and if so, the form and magnitude would be distinctly different
from what occurs in the osteocyte lacunocanalicular system. The osteoblast may be more likely
to be subjected to tissue deformation as represented by substrate stretching. The polygonal
shape of the osteoblast would respond differently and result in significant differences with
regards to cell deformation compared to an osteocyte. Also, the osteoblast lacks dendritic
processes that may play a significant role in mechanosensation (117) and osteoblasts make up
under 5% of the total number of cells on the bone surface in the adult animal.

All eukaryotic cells in general are sensitive to mechanical forces (94). For many years, it was
acceptable to use osteoblast cell lines as surrogates for osteocytes due to difficulties in isolating
these cells from bone and the absence of osteocyte-like cell lines. Isolation of primary
osteocytes is difficult yielding small numbers and a heterogeneous population. Regardless of
how difficult or tedious the isolation, several investigators used primary osteoblasts and
osteocytes to show significant differences in markers, function, sensitivity and response to
mechanical strain (89)(90)(81)(82). For example, it has been shown the primary osteoblasts
are less sensitive than primary osteocytes to shear stress (39)(64) that shear stress induced less
of a calcium response in a single primary osteocyte than a single primary osteoblast,(60), that
shear stress induced prostaglandin production in osteocytes is inhibited by cyoskeletal
disruption, but not in osteoblasts (79), different ion channels are involved in osteoblast as
compared to osteocytes’ response to strain (101), stress fiber organization is delayed in
osteocytes compared to osteoblast-like cells in response to fluid flow (98), and osteocytes have
a gene expression profile distinct from osteoblasts (45).

In spite of this data, many investigators continue to use osteoblast cell lines to study
mechanosensation, mainly because of availability and ease of use. The introduction of the
osteocyte-like MLO-Y4 cell line has allowed investigators access to a cell line with properties
of the osteocyte (61). Like primary osteocytes, this cell line is extremely sensitive to shear
stress (96), has a dendritic morphology, expresses high amounts of CD44 and Cx43 similar to
primary osteocytes (50)(43), and high amounts of E11/gp38, a marker of the early osteocyte
(132). Like avian osteocytes, this cell line will support osteoclast formation in the absence of
any osteotropic factors (133) and also when damaged in 3D culture will support osteoclast
formation (68). This cell line has been shown by numerous investigators to also support not
only osteoblast function such as differentiation and matrix formation, but also support
mesenchymal stem cell differentiation (48). The field would benefit from the generation of a
cell line with the properties and function of the mature osteocyte.

The role of Wnt signaling in response to load

The original analysis from studies of the High Bone Mass kindred suggested that affected
family members had an inappropriate bone formation response to normal physiologic loads
(55) as if the bone “mechanostat” (36) had been set differently. The HBM transgenic mice that
carry the LRPG171V cDNA driven by the 3.6kb Col1A1 promoter have been shown to
recapitulate the phenotype observed in the skeleton of the affected members of the kindred
(8) and interestingly it was noted that these mice had decreased osteoblast and osteocyte
apoptosis. This result is consistent with not only building a denser skeleton (longer-lived
osteoblasts), but also having made an appropriate adjustment to maintain the increased bone
density (longer-lived osteocytes). These findings implied an important role for Lrp5 and the
Whnt/B-catenin signaling pathway relating to osteocyte/osteoblast apoptosis.

The Wnt pathway clearly plays an important role in bone cell differentiation, proliferation and
apoptosis as shown by a number of studies (reviewed in (126)(47)(16)). Recent work has further
demonstrated that Lrp5 and the Wnt/B-catenin signaling pathway are absolutely required for
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bone formation in response to mechanical loading (55)(109)(104)(71). Wnt induces the
coclustering of Lrp6/frizzled and Dsh called “signalsomes” that facilitate phosphorylation of
the Lrp6 cytoplasmic tail by CK-1y (15).These “signalsomes” are partially positive for
Caveolin, which Rubin and colleagues have shown may play a role in regulating cytoplasmic
B-catenin levels in response to mechanical load/strain in osteoblasts (75). Some recent data
presented by Lanyon and co-workers (6) suggests that the estrogen receptor alpha isoform (ER-
o) may play a role in shuttling B-catenin into the nucleus in response to mechanical strain in
osteoblasts. This may in part explain how estrogen regulates bone mass through a functional
intersection through ER-a with Wnt/B—catenin signaling.

Regulation of the Wnt/B-catenin signaling pathway is vested largely in proteins that either act
as competitive binders of Wnts, notably the sFRP family of proteins, or act at the level of Lrp5;
including the osteocyte specific protein, sclerostin (the Sost gene product) (73)(32), Wise
(52) and the Dickkopf (Dkk) proteins, particularly Dkk-1 and Dkk-2 (20)(14)(72). Sclerostin
has been shown to be made by mature osteocytes and inhibits Wnt/B-catenin signaling by
binding to Lrp5 and preventing the binding of Wnt (116)(99)(32). Dkk-1 though expressed in
many cell types is highly expressed in osteocytes (72). Dkk1 has been shown to also bind to
Lrp5 and in studies with the various mutations in Lrp5 that give rise to high bone mass it has
been shown that these mutations reduce the ability of Dkk-1 to bind Lrp5 (3). Dkk-1 inhibits
Whnt activation of the pathway by binding to Lrp5/6 and a transmembrane protein, Kremen.
The tertiary complex that is formed is internalized and thus Irp5 is removed from the cell surface
and unable to bind Wnt (78). Mutations in Sost and Dkk-1 in humans and/or mice have been
shown to result in increased bone mass (10)(9)(111)(84) consistent with a role of the Wnt/p-
catenin signaling pathway in bone mass regulation. Clinical trial studies using antibodies to
sclerostin have also been shown to result in increased bone mass, suggesting that targeting of
these negative regulators of Wnt/p-catenin signaling pathway might be anabolic treatments for
diseases such as osteoporosis (93)(92). Finally, mechanical loading has been shown to reduce
sclerostin levels in bone (105) suggesting that one of the targets of the pathways that are
activated by the early events after mechanical loading are the genes encoding these negative
modulators of the Wnt/B-catenin signaling pathway. Downregulation of these genes and
reduced protein levels could create a permissive environment in which Wnt proteins that might
be present or whose expression was induced by loading could then activate the pathway.

Wnt signaling in osteocytes, crosstalk with the prostaglandin pathway

Considerable progress has been made in terms of understanding the role of Wnt/B-catenin
signaling in osteogenesis and particularly in osteoblast biology, however much less in known
about the function of this pathway in the osteocyte. However, new data is emerging (much of
which is currently only been published in abstract form) that identifies the Wnt/f3-catenin
pathway as a critical regulator of osteocyte biology, particularly as relates to bone
responsiveness to mechanical loading.

Fluid flow-induced shear stress stimulates gap junction-mediated intercellular communication
and increases Cx43 expression by the release of prostaglandin (25). PGE; in turn functions in
an autocrine fashion to activate EP, receptor signaling, including increased intracellular cAMP
and activated PKA (24). Connexins not only form gap junctions but can function as un-apposed
halves of gap junction channels called hemichannels, not requiring physical contact with
adjacent cells (41). Not only osteocytes but also neural progenitors and neurons, astrocytes,
heart, and osteoblasts have functional hemichannels formed by Cx43. The opening of
hemichannels appears to provide a mechanism for ATP and NAD™ release, which raises
intracellular Ca%* levels . Hemichannels expressed in MLO-Y4 cells function as transducers
of the antiapoptotic effects of bisphosphonates (38) and directly serve as a portal or pathway
for the exit of intracellular PGE; in osteocytes induced by fluid flow shear stress (26).
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Therefore, the release of prostaglandin in response to shear stress through hemichannels has
an autocrine effect on osteocytes through the EP2 receptor.

Castellone et al (22) have shown that the PGE, mediated group of colon cancer cells was
through a Wnt/p-catenin pathway crosstalk mechanism. The mechanism they put forward
involved binding of PGE; to its EP2 receptor and then the activation of the trimeric G-protein
associated with this receptor. The Gg, subunits activated PI3-kinase, which in turn activated
Akt, which then phosphorylated GSK-3p, thereby inhibiting its phosphorylation of p-catenin.
At the same time the G, subunit bound to Axin and promoted dissociation of the B-catenin
degradation complex. The net result of this concerted action of these G-proteins was to activate
fB-catenin signaling, independent of Wnt binding to the Lrp5/frizzled co-receptor complex.

We have recently shown that mechanical loading of the ulna of the TOPGAL mouse (28),
which carries a LacZ reporter gene driven by three Tcf consensus promoter sequences, results
in activation of B-catenin signaling within 1 hour after a single loading session that was only
detectable in the osteocytes. By 24 hours post loading we observed evidence of Wnt/B-catenin
signaling activation in cells on the bone surfaces, suggesting that a signal produced by the
osteocyte was being propagated to surrounding osteocytes and eventually to the bone surface.
The nature of this signal is unknown at present. These data support the concept that the
osteocyte is the primary sensory cell detecting mechanical loading in bone. In an effort to
understand how B-catenin is so rapidly activated in the osteocyte in response to mechanical
loading, we have recently demonstrated that PGE; and fluid flow shear stress treatment of
MLO-Y4 osteocytes results in increased phosphorylation of GSK-3, B-catenin nuclear
translocation and changes in the expression of B-catenin target genes (57)(58). The release of
PGE; by bone in response to mechanical loading has long been known to be one of the earliest
responses to loading (102). Furthermore, Turner and colleagues (109) have shown that when
they applied mechanical load to Lrp57- mice a normal PGE2 release occurred even though no
bone formation occurred. Their data imply that PGE; release occurs both before and
independent of Lrp5 and Wnt/B-catenin signaling. Increased phosphorylation of Akt has also
been demonstrated in response to mechanical loading of osteoblasts (91).

Other signaling pathways that are important in response mechanical loading may also crosstalk
with the Wnt/pB—catenin signaling pathway. For example activation of integrins leading to
stimulation of integrin-linked kinase, which can phosphorylate GSK- 3 is another intersection
that needs to be explored (30) and potentially any pathway that activates Akt could crosstalk
with the Wnt/B-catenin pathway (37). The estrogen/estrogen-receptor axis may also prove an
important intersection (6). Furthermore, with respect to PGE,, it remains uncertain as to what
upstream events control its release and all of these will need to be understood before we have
an integrated understanding of how osteocytes perceive mechanical loading and translate this
into biochemical signals that ultimately alter the behavior of various bone cells to produce their
response. Also, the potential involvement of the other Wnt signaling pathways (83)(67)(23) in
osteocyte biology or osteocyte responses to mechanical loading is not presently understood.
Examination of other Wnt pathways in osteocyte function is warranted given that fluid flow
has been shown to induce Cox-2 expression in MC3T3-E1 osteoblasts via a PKA signaling
pathway (120)(119) and PKA can be a downstream target of non-canonical Wnts (23). The
BMP signaling pathway and the Wnt/B-catenin pathway appear to crosstalk as has been
described in osteoblast biology. It has been shown that the inhibitory action of sclerostin on
BMP-stimulated bone formation is due to sclerostin binding to Lrp5/6, thereby inhibiting Wnt/
B-catenin signaling (115). Whether these two pathways interact solely at the level of the
osteoblast or may also function in osteocytes is not known. Thus there are a number of pathways
that may be involved in the complex regulation of osteocyte responses to mechanical loading.
Identifying and understanding how these various pathways interact is a major challenge, even
more so in the osteocyte.
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The role of the Wnt pathway in preventing osteocyte apoptosis

Increased activity of the Wnt/B-catenin signaling pathway is well known to be associated with
decreased apoptosis (2) and in many cases is associated with the development of cancers
(131). We have further examined the role of the Wnt/B-catenin signaling pathway in bone with
regard to dexamethasone induced apoptosis of osteocytes, which has been postulated to be the
major mechanism underlying glucocorticoid mediated osteoporosis (125)(77). Our recent
results demonstrate that mechanical loading of the MLO-Y4 osteocytic cell line can protect
against dexamethasone induced apoptosis of these cells (62). The mechanism of this protective
effect of mechanical loading appears to be partially mediated through prostaglandin E2
(PGEy) crosstalk with B-catenin signaling (63). Thus in addition to its role in bone
responsiveness to mechanical loading, the Wnt/p-catenin signaling pathway also plays an
important in osteocyte apoptosis. We have proposed a model (57)(58) (Figure 2) that integrates
these various findings into a pathway for the role of PGE,, Lrp5 and Wnt/B-catenin signaling
in bone.

Concluding Comments

The study of osteocyte biology is rapidly becoming an important area of research in the bone
field as more and more investigators appreciate the importance of this often overlooked bone
cell. There are still many challenges to be overcome. The need to develop more “osteocyte-
like” cell lines is clearly one hurdle that confronts this research. There is still much to be learned
regarding how the osteocyte senses and transmits signals in response to or absence of loading
and orchestrates the activity of other cells. The identity of these signals needs to be determined.
Only the “tip of the iceberg” is visible, revealed by the few studies to date. The osteocyte is
joining the osteoblast and osteoclast as targets for therapeutics to treat or prevent bone disease.
Clearly targeting the Wnt/p-catenin pathway in osteocytes because of its central role in bone
mass regulation and bone formation in response to mechanical loading may prove useful for
designing new paradigms and pharmaceuticals to treat bone disease in the future.
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Figure 1.

Agsimplified diagram of the potential effects of tissue deformation on osteocytes. With the
application of mechanical loading to the bone, bone matrix is deformed. Deformation of the
bone matrix surrounding osteocytes could lead to the perturbation of bone fluid leading to shear
stress. Alternatively or in combination with, tissue deformation could lead to perturbation of
the cell membrane (whether the cell body or the dendritic processes) through tethering elements
thought to be present in the glycocalyx. It is most likely that both contribute to
mechanosensation and mechanotransduction.
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Figure 2.

Triggering and amplification of the Wnt/B-catenin pathway in osteocytes in response to load.
Mechanical load applied to bone (g) is perceived by the osteocyte through an unknown
mechanism, although fluid flow induced through the lacunarcanalicular system may be a
critical component of this perception, ‘step 1. Perception of load (strain) triggers a number of
intracellular responses including the release of PGE,, ‘2’ through a poorly understood
mechanism into the lacunar-canalicular fluid where it can act in an autocrine and/or paracrine
fashion. Connexin-43 hemichannels (CX43 HC) in this PGE, and integrin proteins appear to
be involved. Binding of PGE; to its EP2 and/or EP4 receptor, ‘3’, leads to a downstream
inhibition of GSK-3p, ‘5’ (likely mediated by Akt, ‘4’) and the intracellular accumulation of
free B-catenin, ‘6’. (Integrin activation can also lead to Akt activation and GSK-3 inhibition.)
New evidence suggests that ER may participate in the nuclear translocation of B-catenin, ‘7’
which leads to changes in the expression of a number of key target genes ‘8’. One of the
apparent consequences is the reduction in sclerostin and Dkk1,”9” with increased expression
of Wnt, ‘10’ (which one or ones is unknown). The net result of these changes is to create a
permissive environment for the binding of Wnt to Lrp5-Fz and an amplification of the load
signal, “11°. (See text for more details and references)
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