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Cellular function of osteocytes in normal and ak/otho-deficient mice
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ABSTRACT : During the last decade, osteocyte-derived factors ie., sclerostin, dentin matrix protein-1, fibroblast growth
factor 23 (FGF23) that reduces serum phosphate concentration by mediating FGF receptor lc/aklotho in the kidney,
have been highlighted for osteocytes” fine-turned regulation on bone remodeling and phosphate homeostasis. Osteocytes
are interconnected through gap junctions between their cytoplasmic processes, and thereby, build upon the functional
syncytia, referred to as the osteocytic lacunar-canalicular system (OLCS). Osteocytes appear to communicate surrounding
osteocytes and osteoblasts by means of two possible pathways of molecular transport throughout the OLCS : One is
a passageway of their cytoplasmic processes, and the other is a pericellular space in the osteocytic canaliculi. The
regularly-oriented OLCS in mature compact bone appears to efficiently serve for molecular transport, mechanosensing
and targeted bone remodeling that would erase microdamages in bone. In a disrupted signaling state of FGF23/aklotho,
serum concentration of phosphate would be markedly-elevated. Despite highly-elevated serum phosphate, ak/otho-deficient
mice revealed defective mineralization in bone matrix. OLCS in aklotho-deficient mice were irregularly-distributed and
the connectivity of cytoplasmic processes of osteocytes was very poor, so that osteocytes did not seem to form functional
syncytia. Therefore, osteocytes’ function cooperated with other bone cells, rather than serum concentration of calcium/
phosphate, and this seems to play a central role in maintaining bone mineralization. In this review, the biological function
of the regularly-arranged OLCS in a normal state will be introduced, as well as dysfunctional osteocytes in aklotho-

deficient state, using animal models.
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Osteocytes connect to neighboring ones and osteoblasts

Introduction . .
on the bone surfaces by their cytoplasmic processes

Osteocytes establish a communication network among
osteoblasts and themselves and play a central role
to regulate bone metabolism, in order to adjust bone
architecture against mechanical stress”. Osteocytes exist
inside osteocytic lacunae and extend fine cytoplasmic
processes that run through osteocytic canaliculi in bones.

interconnected with gap junctionz). Osteocytic cytoplasmic
processes allow small molecules to pass through the gap
junction from one osteocyte to the others. In addition,
the pericellular space, also referred to as an annular
space, in the osteocytic canaliculi may serve as an
alternative transport pathwayg). By means of these two
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distinct pathways, osteocytes can communicate each
other and function as syncytium by molecular transport
and mechanotransduction, so that the osteocytic
communication system using cytoplasmic processes and
their canaliculi is called osteocytic lacunar-canalicular
system (OLCS)4' 9

Proper function of the OLCS appears to depend on its
anatomical arrangement and extent : The distribution of
connected cytoplasmic processes of osteocytes represents
the functional area of OLCS. The geometrical regularity
of distribution of the cytoplasmic processes indicates
the efficiency of OLCS'’s function, and also appears to be
related to the maturity of the bone matrix. In immature
woven bones, the osteocytic cytoplasmic processes are
randomly-oriented and often disconnected, so that the
osteocytes could not form a functional group in woven
bones. In contrast, mature bones, e.g., cortical bones
are composed by regularly-interwoven collagen bundles
and a well-mineralized matrix, in which the osteocytic
cytoplasmic processes are geometrically well—arranged@.
While the longitudinal axis of the osteocytes parallels
the direction of the collagen fibrils in cortical bone, their
cytoplasmic processes are perpendicular to them, and
orderly hold the collagen bundles with a certain interval.
This may enable the osteocytes to recognize the direction
and degree of mechanical loading in cortical bone, by
sensing bending, stretch and compression of collagen
bundles.

Bone disease, on the other hand, may significantly
affect the arrangement of the OLCS. In osteomalacia,
haphazardly-connected, irregular OLCS are seen, and in
the late stage of osteoporosis, a remarkable compromise
of connectivity and regularity of that system is presents).
Once bone metabolism is worsened, the anatomical
regularity of osteocytic arrangement would be disrupted,
leading to dysfunction of the osteocytic network.
Thus, OLSC appears to fail to show proper function in
pathological states of bone metabolic disease.

Recently, osteocytes-derived molecules - sclerostin,
fibroblast growth factor (FGF) 23, and dentin matrix
protein -1 (DMP-1) - have been highlighted for their
distinctive function in bone. Among these molecules,
FGF23 has been shown to regulate serum concentration
of phosphate : Osteocytes secrete FGF23, which
would be circulated to kidney and inhibit phosphate
reabsorption in proximal renal tubules, by binding to the
receptor complex of FGF receptor lc (FGFRI1c)/aklotho.

Without aklotho function, it causes hyperphosphatemia

accompanied with senescence-associated phenotypes such
as osteoporosis, skin atrophy, vascular calcification and
so forth. Therefore, it seems of interest to examine the
osteocytes’ function in ak/otho-deficient states.

In this review, from the histological viewpoint, we will
introduce the cellular function of the regularly-arranged
OLCS in a normal state, as well as dysfunctional

osteocytes in aklotho-deficient state, using animal models.

1. Possible function on sensing mechanical stress in

OLCS

One accepted concept for osteocytic function places these
cells as transducers of mechanical strains into biochemical
signals that affect communication among osteocytes and
between osteocytes and osteoblasts®® " ¥ An intact OLCS
seems crucial for molecular transport among osteocytes,
and may be important for mechanosensing and bone
remodeling control. Bone remodeling appears, at least,
to serve for two different aspects : skeletal adaptation
to the microenvironment including mechanical stress,
and repairing of load-related microdamagesg' 0 Bone
remodeling caused by these two aspects require site-
specificity in bone, the concept of which is named

»9

“targeted bone remodeling ) The proposed cellular

mechanism of targeted bone remodeling regards

. . 11)
osteocytes as sensors for microdamages in bones .
Once microdamages take place, osteocytes and their
cytoplasmic processes would be injured, triggering
the resorption of the damaged regionlz' B There are
many reports on osteocytic apoptosis and accumulated
microdamages as important factors for initiating

419 1t seems likely

new site-specific remodeling
that osteocytic apoptosis and microdamages disturb
the signals carried throughout the OLCS, leading to
signaling misinterpretation by osteocytes and osteoblasts
and initiation of targeted bone remodeling. Recently,
osteocytes have been reported to synthesize receptor
activator of NF«kB ligand (RANKL)16), and thereby,
osteocytes affected by microdamages would synthesize
RANKL, consequently inducing osteoclastic migration and
subsequent bone resorption in the microdamaged sites,
Le., targeted bone remodeling. However, it is necessary
to investigate how these molecules would initiate and
control targeted bone remodeling.

Osteocytes embedded in remodeled mature bones
are flattened and extend their cytoplasmic processes
perpendicularly to the longitudinal axis of bone surfaces

(Fig. 1). Using biomechanical simulation analyses, not only
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Fig. 1 Silver impregnation for localization of osteocytic

lacunar-canalicular system (OLCS)
A panel A shows an irregular distribution of osteocytes (ocy)
and their lacuna-canalicular system (OLCS) in the primary
trabeculae, while a panel B reveals the OLCS in the secondary
trabeculae. Note an irregularly-arranged OLCS in the inner
portion (encompassed by doted lines) and well-oriented OLCS
in the superficial layer of trabeculae in panel B. A panel C is a
cortical bone featuring well-arranged OLCS : Osteocytes (ocy)
are localized parallel to the longitudinal axis of trabeculae,
while extending their cytoplasmic processes perpendicularly to
the bone surface.
ob : osteoblast, bm : bone marrow
Bar, 20 um

bone-lining osteoblasts, but also regularly-arranged OLCS
are necessary for normal bone remodeling adapted for
mechanical stress'”. In cortical bone, flattened osteocytes
are found among collagen bundles, which run parallel to
each other and, therefore, may not disturb the seam of
collagen bundles in bones. Orderly-distributed osteocytes
and their cytoplasmic processes, when geometrically
harmonized with the surrounding collagenous
architecture, may be very effective in recognizing
mechanical loading7). In addition, a regular OLCS may
efficiently transport small molecules from one osteocyte
to others, and to osteoblasts as well”. On the other hand,
irregularly-distributed osteocytic cytoplasmic processes
may not be so efficient when it comes to recognizing
the direction and the intensity of mechanical loading.
The notion that bone remodeling occurs as the skeleton
adapts itself to its mechanical environment supports our
idea that osteocytes develop a well-organized OLCS as

normal bone remodeling progresses.

2. Osteocytes-derived factors and their involvement in
bone metabolism
Osteocyte-derived factors have been recently
highlighted, because these factors may reflect osteocytic
function responding to mineralization in the peripheral
bone matrix, regulation of bone remodeling and mineral

balance in serum and so forth. DMP-1 is known as a

bone matrix protein synthesized in osteocytes, and has
been assumed to play a pivotal role in mineralization
of peripheral bone matrix, due to its high calcium-
binding affinitylg). Another osteocyte-derived molecule,
sclerostin, is a glycoprotein encoded by the sost gene,
and was reported to bind the LRP5/6 receptor, thereby
antagonizing Wnt signaling and increasing B-catenin
degradationw). Sclerostin secreted by osteocytes may
pass through the osteocytic canaliculi and inhibit bone-
lining osteoblasts. FGF23, which is also synthesized by
osteocytes, modulates serum phosphate concentration, by
co-operating with the kidneyzo). Thus, recently highlighted
factors such as DMP-1, sclerostin and FGF23 would
provide clues for better understanding for osteocytic
function.

Sclerostin was reported to be abundantly synthesized
in the mature bone which contains regularly-oriented
OLCS, rather than in immature bone: This molecule was
observed abundantly in the mature cortical bone, but
not in the metaphyseal primary trabeculae beneath the
growth plate of mouse femora (Fig. 2). We have examined
the distribution of OLCS and sclerostin in long bones of
an osteoporosis mouse model lacking osteoprotegerin
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Fig. 2 Immunolocalization of sclerostin and FGEF23

Panels A-C demonstrates triple staining of sclerostin (brown
color), alkaline phosphatase (blue) and tartrate-resistant acid

phosphatase (red), while panels D-F show immunolocalization
of FGF23 (red). Panels A, D are the primary trabeculae, B,
E are obtained from secondary trabeculae, and C, F show
cortical bone. Cortical bone seems to possess many osteocytes
(ocy) immunoreactive for both sclerostin (C) and FGF23
(F), compared to the primary (A, D) and secondary (B, E)
trabeculae.

Bar, 30 um
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(OPG)ZI), which is a decoy receptor for RANKL?. Opg-
deficient mice showed accelerated bone remodeling
and an irregular distribution of OLCS. While DMP-
1 was found in all osteocytes in the opg-deficient bone,
sclerostin-immunoreactivity was significantly diminished
even in the cortical bone of opg-deficient mice. Thus,
sclerostin appears to be synthesized specifically once
osteocytes possess a regular OLCS, for example in
normal, mature cortical bone.

FGF23 serves as a phosphaturic agent that inhibits
la-hydroxylase, ze., 1a, 25(0OH),D; production, and the
function of sodium/phosphate co-transporter II, which
inhibits reabsorption of phosphates in the proximal renal
tubules™ **. Although £g£23 mRNA is found in several
tissues, this molecule is most abundantly expressed in
osteocytes. Investigations on the biological functions
of FGF23 have broadened the understanding of the
systemic regulation of phosphate homeostasis, as well
as the knowledge about maintaining mineralization in
the bone matrix”™. FGF23 appears to be synthesized
mainly by osteocytes forming regularly-distributed
OLCS in mature bone that had been remodeled” (Fig.
2). Alternatively, intense FGF23-immunopositivity in
immature primary trabeculae with irregular OLCS could
not be verified. Mature bone could, therefore, serve as an
organ regulating serum phosphorus levels by secreting
FGF23.

3. Histological abnormalities of osteocytes in ak/otho-

deficient mice

aKlotho was originally found to be involved in multiple
aging phenotypes and age-related disorders. In a normal
state, the biological functions of aklotho has been reported
to regulate serum calcium and inorganic phosphate
homeostasis, serving as a co-factor for the FGFRlc in
FGF23 signaling : Secreted FGF23 binds to the receptor
complex of FGFR1c/aklotho expressed in the kidneyzws)
(Fig. 3). The signaling linked to aklotho/FGF23 is
predominantly found in the proximal renal tubules, where
it inhibits phosphate reabsorption and la-hydroxylase
activity, thereby reducing serum phosphate and
activation of la, 25(0OH),D;. Mutations of the aklotho
promoter region in mice, thus called 4274/ mice, result in
hypercalcemia and hyperphosphatemia, accompanying
a syndrome that seems to considerably accelerate the
multiple age-sensitive traits such as osteoporosis, skin
atrophy, vascular calcification, pulmonary emphysema,

gonadal dysplasia, and defective hearing in mice - all of

phosphate
components

luminal (apical)
membrane
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Fig. 3 Endocrine manner of FGF23 on serum concentration
of phosphate

FGF23 secreted by osteocytes circulates to reach the proximal

renal tubules and binds to FGFR1c/aklotho receptor complex,

consequently inhibiting phosphate reabsorption by NaPIla/IIc.

which also appear in human aging.

Hence, bone abnormalities seen in k//k/ mice may
result from the highly elevated serum phosphate as a
consequence of the defective aklotho/FGF23 axis. We
have histologically examined kl/kl mice®. Despite of
high concentrations of serum calcium and phosphate, the
metaphyseal trabeculae showed defective mineralization,
representing an osteomalatic feature rather than
osteoporosis (Fig. 4). OLCS in kl/kl mice was irregularly-
distributed and the connectivity of cytoplasmic processes
of osteocytes was very poor, so that osteocytes did
not seem to form functional syncytia, which may lead
to a disrupted transport of small molecules though
osteocytic cytoplasmic processes and canaliculi, as well
as defective sensing of mechanical loading. Electron
probe microanalysis demonstrated uneven distribution

of calcium and phosphorus in metaphyseal trabeculae
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Fig. 4 Histochemical alteration of trabeculae in kl/kl mice
Panels A and B reveal von Kossa staining on kl/kl
metaphyseal trabeculae. Panel B is a highly magnified image
of the square of A. Many osteocytes (ocy) can be seen in broad
unmineralized areas (blue color), rather than mineralized bone
matrix (black) of the kl/kl trabeculae (B). Many osteocytes (ocy)
exhibit an intense DMP-1 in kl/kl trabeculae.

Bar, A :50 um, B : 15 um, A : 25 um
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of k//kl mice. In addition, some osteocytic lacunae
were filled with a huge amount of matrix Gla proteins
(MGP), DMP-1 and osteocalcin, the others had been
occupied with numerous mineralized crystals, by which
osteocytes seemed to be dead®. These findings suggest
that osteocalcin, DMP-1 and MGP are ectopically and
excessively synthesized in osteocytes as a consequence
of disrupted FGF23/aklotho system. It is feasible,
therefore, that the elevated concentration of serum
calcium and phosphate could not physicochemically
accelerate mineralization in bone. This implies that bone
mineralization is achieved by biological function of bone
cells including osteocytes, but not physically by calcium

and phosphate concentration in serum.

4. Possibility on autocrine/paracrine manners of
aklotho/FGF23 in osteocytes

There exist two kinds of klotho-deficient mice: the
one is a k//k/ mouse induced by missense mutations in
the promoter region of eklotho gene, and the other is
a mouse with a deletion of the aklotho gene (aklotho”
mice) generated by gene targeting technique. These
two mice show the same abnormality in their bones. We
raised questions which elevated serum concentration
of inorganic phosphate or disrupted signaling linked
to aklotho/FGF23 is a predominant regulator for
senescence-related degeneration in bones. In order to
provide a clue for understanding this issue, we have
examined histological alteration in mandibular bone of &2/
ki mice and aklotho”” mice fed with phosphate insufficient
diet”™.

As a consequence, when fed with a low phosphate
diet, &7kl mice improved the osteocytic abnormalities
in bone, but, aklotho”™ mice failed to normalize these
abnormalities. When fed with low phosphate diet, the
gene expression of eklotho was increased in kidney and
bones of kl/k/ mice but not in aklotho”” mice, while the
expression of FGFR1c was almost the same between &7/
k/ mice and ak/otho mice regardless of low phosphate
diet. We assume the possibility that a low phosphate
concentration in serum may accelerate transcriptional
activity of aklotho gene in kL/k/ mice. It seems likely,
therefore, that histological abnormalities of osteocytes in
ki/kl mice have been improved by the rescued expression
of aklotho in bones and kidney, rather than merely low
concentration of serum phosphate. In contrast, since
aklotho”” mice have been deprived of the aklotho gene,

a low phosphate diet did not seem to rescue the aklotho

gene expression.

To assess the chronological participation of FGF23
in bone metabolism, we have examined the FGF23-
immunolocalization in femora at from embryonic to
adult stages. As a result, FGF23 was observed mainly
in osteoblasts in the embryonic and neonatal stages, but
chronologically expressed in osteocytes in the young
adult stageszg). For23 mRNA was weakly expressed in the
embryonic and neonatal stages, while 7gfz/c and aklotho
was strongly expressed in the age-matched femora. At
the adult stages, conversely, fg/Z23 expression became
intense while 7gfr/c and aklotho expression were reduced
in the bone. Thus, it is possible that FGF23 would act
in an autocrine/paracrine fashion, and therefore, the
histological malformation in osteocytes and surrounding
bone matrix in disrupted FGF23/aklotho states
appears to be, at least in part, due to not only increased
concentration of phosphate, but also to defective FGF23
signaling in the bone. However, further investigation
appears necessary for elucidating more detail cellular

mechanism.

Conclusion

The regularly-arranged osteocytic lacunar canalicular
system, OLCS is a functional syncytia regulating
molecular transport and mechanical sensing (Fig. 5).

Osteocytes appears to participate in regulation of serum

targeted bone remodeling
secretion of FGF23, sclerostin, RANKL, OPG

bone surface (ostoblasts)

neighboring
osteocytes

molecular transport
mechanosensing
mechanotransduction
Ca/Pi maintenance

Fig. 5 Schematic design of assumed functions of an osteocyte
The regularly-arranged osteocytes build up a functional
syncytia regulating molecular transport and mechanical
sensing. Osteocytes appears to participate in regulation of
serum concentration of phosphate by mediating the FGF23/
aklotho system, as well as of bone remodeling by synthesizing
sclerostin, RANKL and osteoprotegeirn (opg). A physiological
state of osteocytes appear to be necessary for normal bone
remodeling, mechanosensing, molecular transports and so
forth.
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concentration of phosphate by mediating the FGF23/
aklotho system. However, in a aklotho-deficient state,
an elevated concentration of calcium/phosphate did
not result in accelerated mineralization, but induced
defectively-mineralized bone matrixes. Therefore,
bone cells including osteocytes, rather than serum
concentration of calcium/phosphate, would regulate bone

mineralization.
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