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Generation and function of osteocyte dendritic processes
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Osteocytes in vivo possess a distinctive morphology — that
of dendricity — connecting osteocyte to osteocyte creating
the osteocyte syncytium and also connecting osteocytes with
cells on the bone surface (see Figure 1). It is thought that
bone fluid surrounding the dendrite within the canaliculi is
responsible for the transmission of mechanical strain
through fluid flow shear stress. Dendrites may be essential
for osteocyte function, viability, and response to load.

The cell processes of osteocytes are connected with each
other via gap junctions', thereby allowing direct cell-to-cell
coupling. Osteocytes and MLO-Y4 osteocyte-like cells®
express large amounts of Connexin 43, the component of gap
junctions. But as these cells are only in contact through the
tips of their dendritic processes, this raises the question,
what is the function of Cx 43 located on the rest of the cell
membrane? Recently it has been shown that connexins can
complex and function in the form of un-apposed halves of
gap junction channels called hemichannels. These channels
are localized at the cell surface, independent of physical con-
tact with adjacent cells’. Recently evidence of functional
hemichannels formed by Cx43 has been reported in neural
progenitors and neurons, astrocytes, heart, and especially,
osteoblasts and osteocytes. The opening of hemichannels
appears to provide a mechanism for ATP and NAD™ release,
which raises intracellular Ca®* levels and promotes Ca**
wave propagation in astrocytes, bone cells, epithelial cells,
and outer retina. Hemichannels expressed in bone cells such
as MLO-Y4 cells appear to function as essential transducers
of the anti-apoptotic effects of bisphosphonates* and act as a
portal for the extracellular release of PGE2 in osteocytes
upon exposure to fluid flow shear stress’. Therefore, in
osteocytes, gap junctions at the tip of dendrites appear to
mediate a form of intracellular communication and
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Figure 1. The osteocyte lacuno-canalicular network. Osteocyte cell
processes pass through the bone in thin canals called canaliculi
connecting osteocytes with each other (top image) and with cells
on the bone surface (lower image). Osteocytes are thought to func-
tion as a network of sensor cells in bone that can mediate the
effects of mechanical loading through their extensive communica-
tion network. The images are scanning electron micrographs of
resin embedded acid etched mouse bone samples.
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hemichannels along the dendrite appear to mediate a form
of extracellular communication.

Osteocytogenesis has been thought to be a passive process
whereby some osteoblasts become passively encased in
osteoid that passively mineralizes. However, Holmbeck and
colleagues® have shown osteocytogenesis to be an active
invasive process requiring cleavage of collagen and poten-
tially other matrix molecules. Osteocytes in null mice for the
metalloproteinase MT1-MMP have significantly reduced
number and length of dendritic processes. MT1-MMP is a
membrane-anchored proteinase that can cleave collagens
type L, II, and I11, fibrin, fibronectin, and other matrix mole-
cules. In this mouse model, the almost complete lack of den-
dritic processes did not appear to affect viability or density of
osteocytes in contrast to studies by Zhao and co-workers’
where osteocytes in a mouse model of collagenase resistant
type I collagen did show increased apoptosis. However, it
was impossible to determine the effect of a lack of dendritic
processes on either osteocyte function or effects on the
skeleton as the MT1-MMP null mouse exhibits multiple
defects such as dwarfism due to a lack of MT1-MMP in other
skeletal tissues®. These investigators also showed an increase
in dendricity of osteocytes in mice between 3 and 4 months
of age suggesting that the embedded osteocyte can generate
new canaliculi containing new dendrites. Our preliminary
studies also suggest increased dendricity with age.

The early formation of dendrites by embedding osteoid-
osteocytes is polarized towards the mineralization front to
which cellular processes are oriented. Cellular processes
towards blood vessels only began to appear when the miner-
alization begins to spread around the cell’. Osteocyte den-
dricity changes depending on orientation and with static and
dynamic bone formation". In undiseased bone, osteocyte
connectivity is high and the processes are oriented in the
direction of the blood supply". In osteoporotic bone there is
a marked decrease in connectivity as well as disorientation of
the dendrites which increases in severity. In contrast, in
osteoarthritic bone, a decrease in connectivity is observed,
but the orientation is intact. In osteomalacic bone, the osteo-
cytes appear viable with high connectivity, but the processes
are distorted and the network chaotic''. Changes in osteocyte
dendricity could not only have a dramatic effect on osteocyte
function and viability, but also on the mechanical properties
of bone. An equilibrium must be met between number and
branching of dendrites to preserve function and viability ver-
sus the number that would decrease bone strength.

We propose that a molecule known as E11/gp38 plays a
role in the formation of dendritic processes (Figure 2). The
earliest description of the gene for E11 was in 1990 as an
unknown phorbal ester inducible gene in MC3T3 osteoblast-
like cells, called OTS-8". Since that time this gene/protein
has become known by several names depending on tissue
expression. It is expressed in the choroid plexus, ciliary
epithelium of the eye, intestine, kidney podocytes, thyroid,
esophagus, type I alveolar lung cells, lymphatic endothelium
and osteocytes in bone. The gene cloned from murine
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Proposed Role For E11 In Dendrite Formation

Figure 2. Proposed role for E11 in the formation of dendrites in
response to fluid flow shear stress. We propose that E11 associates
with membrane proteins such as CD44 and with cytoplasmic mol-
ecules such as the ERM complex to generate cellular projections.
CD44 is an integral membrane glycoprotein that has the capacity
to bind multiple extracellular matrix molecules including
hyaluronate, collagen, and fibronectin and has been shown to be
highly expressed in osteocytes. ERMS, ezrin, radixin, and moesin
are part of a protein complex that acts as a universal linker
between the actin cytoskeleton and integral proteins of the plasma
membrane. Together these molecules may work together to extend
dendritic processes of osteocytes in response to strain.

peripheral lymphoid tissue was called Gp38", from rat type
I epithelial alveolar lung cells, “Tlalpha’™, the protein as
RTI40%, and in mouse kidney, as ‘podoplanin’ as it localizes
to the foot processes of podocytes'. Expression occurs on
the apical surface of lung epithelial cells which are the thin,
flat, polarized cells that form the air-blood barrier'*".
Deletion of this gene results in mice that die at birth due to
respiratory failure as their lungs cannot be inflated to normal
volumes'®, due to a failure of type II alveolar lung cells to dif-
ferentiate into type I alveolar lung cells.

There has been considerable speculation regarding the
function of E11. As the molecule is highly negatively charged
and resistant to proteases, it may provide a physical barrier
protecting cells from environmental agents'. The fact that
E11 is found in cells that are exposed to an external or inter-
nal fluid compartment further supports this hypothesis.
Accumulating evidence suggests that the major function of
E11/gp38 may be in the formation of dendritic processes.
Antibody to podoplanin (E11) causes rapid flattening of
podocytes and proteinuria suggesting that the molecule
maintains the shape of the podocyte foot processes®.
Ectopic overexpression of the gene in keratinocytes induces
plasma membrane extensions® and overexpression in
endothelial cells promotes formation of long and thin tube-
like structures on Matrigel”, major reorganization of the



actin cytoskeleton and relocalization of ezrin to cell projec-
tions®. The molecule co-localizes with ezrin, radixin, and
moesin, ERMs?!, molecules that are concentrated in cell-sur-
face projections where they link the actin cytoskeleton to
plasma membrane proteins and are involved in cell motili-
ty”. E11/gp38 was also found to be physically associated with
CD44 in tumor vascular endothelial cells***. Together, this
data suggest that E11/gp38 associates with CD44 and the
ERMs to induce and regulate the formation of dendritic
processes. In osteocytes, the ‘gp38/podoplanin/Tlalpha’
molecule is known as E11, the name given by Wetterwald
and co-workers®. The E11 antigen was only found on the
dendritic processes of osteocytes, not on osteoblasts in vivo®.
Overexpression in an osteoblast-like cell line led to the gen-
eration of extended cytoplasmic processes®. Other than this
information, very little is known about the function of E11 in
mineralized tissues.

We have performed studies reproducing previous observa-
tions that E11 is expressed in osteocytes and not osteoblasts
and have generated E11 null mice that die at birth. We have
also shown that E11 is regulated by mechanical strain both in
vivo and in vitro®. MLO-Y4 cells express large amounts of
E11 protein and gene expression is increased in response to
fluid flow shear stress. We had shown previously that fluid
flow shear stress increased dendrite lengthening® and now
have data showing that this increase in dendrite formation
can be blocked using siRNA to E11. In the mouse ulna load-
ing model, E11 expression is elevated not only in osteocytes
near the cell surface, but also in cells embedded deep in the
bone matrix”. The fact that dendrite formation is an active,
not passive process, suggests that E11 may be critical for the
generation of dendritic processes not only upon embedding
in osteoid but also while the cell is embedded in a mineralized
matrix. Therefore, dendrite formation may be essential for
normal bone function.
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