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osteoblasts. Osteoclast-lineage cells have
also been shown te change the expression
levels of chemokines and chemokine
receptors after stimulation by RANKL. These
chemokines and their receptors probably
regulate the migration of the precursors not
only onto the bone surface but also to other

precursors for fusion in an
autocrine/paracrine manner. RANKL
induces the expression of C-C chemokines
such as CCL2 (or monocyte
chemoattractant protein-1, MCP-1)
(8;11;13), CCL3 (or macrophage

inflammatory protein-1a, MIP-1a) (9;11;26),
CCLS (or regulated on activation, normal T
cell expressed and secreted, RANTES)
(8;11), and CCLS (or MIP-1y) (10;26), as
well as C-X-C chemokines such as CXCL2
(or MiP-2a) (11) and CXCL10 (or interferon-
y-inducible 10-kDa protein, IP-10) (11;12). In
addition, the chemokine receptors CCR1
(7:8;10;26), CCR2 (7;8;13), CCR3 (10), and
CXCR1 (26) are reported to be induced by
RANKL. During osteoclastogenesis, some
chemokines (for example, CCL3, CCL4,
CCL5, CXCL2, and CXCL10) and receptors
{such as CCR2 and CX3CR1) are
downregulated (5-7;11;12). Presumably,
after the cells mature and arrive at their
destinations, these chemoattractants have
served their function and are no longer
needed. Table 1 summarizes the
chemokines and their receptors, which are
reported to be involved in the migration of
osteoclast precursors.

In addition to protein chemokines, we have
clarified that  sphingosine-1-phosphate
(S1P), a lipid mediator enriched in blood,
regulates the migration of osteoclast
precursors. S1P is synthesized in most cells,
but is irreversibly degraded by intracellular
S1P lyase or dephosphorylated by S1P
phosphatase. Therefore, the levels of S1P in
most tissues, including bone marrow, are
relatively low. On the other hand, its
concentration in the blood is extremely high.
In addition, S1P is an amphiphilic molecule
that cannot be expelled easily across
membranes. In this way, a S1P gradient
between the blood and tissues is stably
maintained. S1P transmits signals through
GPCRs, as do chemokines. Mammals

possess five types of S1P receptors, S1P;,
to S1Ps, and macrophage-monocyte lineage
cells express S1P; and S1P, (27-29). S1P,
is coupled primarily to PTx-sensitive Gy,
proteins, and S1P, is coupled to G413, and
Gs. These differences account for the
different biological effects of S1P; and S1P;,
which have opposite effects on osteoclast
precursor migration. Expression levels of
S1P,; are reduced by RANKL stimulation,
dependent on NF-kB, not NF-AT. Osteoclast
precursors show chemoatiracting responses
to a S1P gradient in vitro, which is blocked
by PTx. In addition, S1P treatment of
osteoclast precursors induced an increase in
the active form of Rac (GTP-Rac),
suggesting that Rac and Gai are involved in
the S1P; chemotactic signaling pathway.
Additionally, S1P; agonists promote the
recirculation of osteoclast precursors and
ameliorate ovariectomy-induced bone loss
(14). On the other hand, S1P, has a binding
affinity for S1P that differs from that of S1P,.
‘A higher concentration of S1P is required to
activate S1P,, which induced negative
chemotactic responses to a S1P gradient
and causes the cells to move out of the
bloodstream into the bone marrow cavity
{unpublished observation).

Seeing Is Believing

Typically, chemotaxis has been assayed
using several in vitro systems, including
transmigration assays using Transwell filters
or a Boyden chamber (30). These methods
are convenient for determining quantity and
are highly reproducible. However, these in
vitro assay systems may not accurately
reflect in vivo cellular behavior.

Recent technological progress in
fluorescence microscopy, especially two-
photon excitation-based laser microscopy,
has enabled the visualization of dynamic cell
behavior deep inside intact living organs
(23;24). With two-photon microscopy, we
have observed osteoclast migration by
visualizing murine bone marrow in real-time
in a living body (14). There are limitations to
visualizing the deep tissue of bone, because
the crystallized calcium phosphate in the
bone matrix scatters both visible and
infrared light. However, we have developed
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Table 1. Chemoattractants and repellents for osteoclast precursors. The lines indicate possible interactions
between the ligands and the receptors. OC: osteoclast; BM: bone marrow.

Ligand (ref.)

C-C chemokines

CCL2 (8;11;13) MCP-1
CCL3 (9;11;26) MIP-1a

CCL4 (11) MIP-1p
CCL5 (8:11) RANTES
CCL7 (10;13) MCP-3
CCL9/10 (10;26) MiP-1y
CCL12 (10) MCP-5
CCL19 ELC
cCL21 SLC
CCL22 (10) MDC
CCL25 (10) TECK
ccL2y CTARK
CCL28 MEC
C-X-C chemokines

CXCL2 (11) MiP-2a
CXCL10 (11;12) IP-10 :
CXCL11 (11) IP-GI-TAC
CXCL12 (5;6) SDF-1a/f
CXCL13 (10) BCA-1
C-X3-C chemokines

CX,CL1 (7) Fractalkine
Lipid mediator

S1P

WA

W

Receptor (ref.)

CCR1 (7;8;10;26) homing
CCR2 (7;8;13) homing
CCR (10) 2
CCR4 ?
CCR5 (8;10;26) homing
CCRY (10) ?
CCR8 ?
CCR10 (10) ?

CXCR2 (11) OC maturation
CXCR3 (12) OC maturation
CXCR4 (5:8)  BM homing
CXCRS ?

CX,CR1 (7;10)  homing, attachment

S1P, (14) re-circulation

a novel intravital imaging system for
visualizing the living bone marrow cavity
with high spatiotemporal resolution. We
chose the skull of a mouse as the
observation site because it is about 100 um
thick, which is within the range of two-
photon microscopy (31). Monocytes present
in the bone marrow cavity, including
osteoclast precursors, are generally
stationary. However, a subset of these cells
becomes motile shortly after the intravenous
application of SEW2871, a selective S1P1
agonist, with some of the mobilized cells
entering the blood circulation. Thus, S1P1
agonists promote the recirculation of
osteoclast precursor monocytes from the
bone surface into the blood, thereby
repressing osteoclastogenesis (14;15).

Intravital imaging is making a great
contribution to visualizing these animated
processes in vivo. It provides spatiotemporal
information in a living body, which cannot be
procured by other methods. This approach
has revealed active features of both
physiological bone homeostasis and
pathological bone destruction. Nevertheless,
intravital microscopy imaging has several
limitations. First, two-photon microscopy has
a penetration depth of up to 200 um in hard
tissues, and thus deeper tissues cannot be
observed. Given this resolution limitation,
the technique is applicable only in small
animal models such as mice and rats, and
not in humans. Second, owing to the wide
scattering of light on the skin, it is necessary
to exteriorize the target organ, and it is
difficult to observe tubular bones. To
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overcome these limitations, technical
innovations in fluorescent probes and optical
systems are needed, including improved
emission light and resolution.

In the future, in addition to its use in viewing
morphology and motion, intravital imaging
will be applied to functional analyses. This
wil  be possible by using new

photoresponsive fluorescent proteins that
change fluorescence upon absorbing light
energy of specific wavelengths, e.g.,
photoactivation (acquiring fluorescence) and
photoconversion (changing the wavelength
of the emitted light) (32;33), and light-
sensing devices such as photo-activating
GPCRs (34;35).

[Ostealast]

Bone surface

[Osteoblasts]

Fig. 1. Several chemoattractants control the behavior of monocyte/macrophage-lineage osteoclast
precursors. Bone-attraction molecules such as CXCL12 attract osteoclast precursors into the bone marrow
cavity from the bloodstream. Then, bone-attachment inducers such as CX3CL1 recruit and attach the
precursors to the bone surface, where they resorb bone. Finally, paracrine effectors such as CCL2 and
CCL5 cause the precursor cells to fuse with each other. Circular-attraction molecules such as S1P drive the
cells out of the bone marrow cavity and into the bloodstream. To maintain bone homeostasis, these
processes regulate the number of osteoblastic stromal cell-derived osteoclast precursors on the bone
surface that are available for stimulation by M-CSF, RANKL, or Eph.

Conclusion development of osteoclasts and the

maintenance of bone homeostasis. Several

Osteoclastogenesis can be considered to
occur in three steps: 1) recruitment of
precursors; 2) cell fusion; and 3) bone
resorption. Of these, cell recruitment is the
most dynamic step and the most dependent
on the microenvironment of the bone
marrow cavity. The results achieved so far
are summarized in Fig. 1. Briefly, the
regulation of monocyte-lineage osteoclast
precursor migration is critical for the

chemokines recruit osteoclast precursors to
sites of resorption, and cause them to fuse
with each other, and other circular-attraction
molecules such as S1P drive osteoclast
precursors out of the bone marrow cavity.
Given the importance of temporospatial
information in elucidating these processes,
intravital imaging has made a huge
contribution. For example, this new
technique * has revealed that several
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chemoattractants act in concert to shepherd
osteoclast precursors to appropriate sites.
Controlling the recruitment and migration of
osteoclast precursors can be a promising
new therapeutic target for bone diseases. In
addition, intravital imaging will afford new

opportunities  for

studying both the

physiology and pathology of bone.
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Intravital two-photon imaging: a versatile tool for
dissecting the immune system

Taeko Ishii, Masaru Ishii

ABSTRACT

During the past decade, multi-photon or ‘two-
photon’ excitation microscopy has launched a new
era in the field of biological imaging. The near-
infrared excitation laser for two-photon micros-
copy can penetrate thicker specimens, enabling the
visualisation of living cell behaviour deep within
tissues and organs without thin sectioning. The
minimised photobleaching and toxicity enables
the visualisation of live and intact specimens for
extended periods. In this brief review, recent find-
ings in intravital two-photon imaging for the phys-
iology and pathology of the immune system are
discussed. The immune system configures highly
dynamic networks, where many cell types actively
travel throughout the body and interact with each
other in specific areas. Hence, real-time intravital
imaging may be a powerful tool for dissecting the
mechanisms of this dynamic system.

The most unique characteristic of the immune
system is its highly dynamic nature. A variety of
cell types, such as lymphocytes, macrophages and
dendritic cells (DCs), are continuously circulat-
ing throughout the body, migrating through the
peripheral tissues and interacting with each other
in their respective niches. Conventional methodol-
ogies in immunology, such as flow cytometry, cell
or tissue culture, biochemistry and histology, have
brought tremendous achievement within this field,
although the dynamics of immune cells in an entire
animal remain less clear.

Technological progress of fluorescence micros-
copy has enabled us to visualise the intact bio-
logical phenomenon that has been uninvestigated.
Among the advancements, the recent emergence
and prevalence of two-photon, excitation-based,
laser microscopy has revolutionised the research
field, such that the dynamic behaviour of cells deep
inside living organs can be visualised and analysed.

ADVANTAGES OF TWO-PHOTON IMAGING

Here we briefly describe the advantages of the two-
photon microscopy compared with conventional
(single-photon) confocal microscopy.' In confo-
cal microscopy, upon excitation, a fluorophore
molecule absorbs energy from a single photon
and thereafter releases the energy as an emission
photon. In contrast, in two-photon excitation, a
fluorophore absorbs two photons simultaneously.
Such an event rarely occurs, and can only occur in
areas of high photon density. Based on this prin-
ciple, two-photon microscopy can spatially confine
the excitation area to the focal point of an objec-
tive lens, which concentrates photons into a very
small area. The spatiotemporally restricted exci-
tation provides many advantages over confocal
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microscopy for biological imaging. First, bright and
high-resolution images can be obtained of regions
deep inside tissues and organs. Because near-infra-
red lasers for two-photon excitation can penetrate
deeper with less absorption or scattering than vis-
ible or UV light as used with confocal microscopy,
objects can be visualised at a depth of 100-1000 pm
with two-photon microscopy, whereas areas
<100 pm are accessed with confocal microscopy.
This capacity is especially useful for dissecting live
tissues and organs. A broader range of tissue can
be seen using conventional microscopy if the speci-
men is fixed and thin-sectioned, but the cells in
the section are dead and not moving. To visualise
the cells moving in live specimens, the areas to be
analysed are sometimes lying deep inside. In such
cases, two-photon excitation microscopy enables
one to see the inside from the surface without fixa-
tion or thin-sectioning. In addition, excitation with
near-infrared lasers can minimise photebleaching,
the destruction of fluorophores and phototoxicity-
induced tissue damage, which is beneficial for live
imaging over an extended period of time.

Another advantage of two-photon microscopy
is the non-linear optical effects such as second-
harmonic generation. > Owing to the intensity of
the laser passing through a highly polarised mate-
rial, second-harmonic emission at precisely half the

wavelength of the original light is generated. Using 1

near-infrared lasers for two-photon excitation, the
second-harmonic emission is in the range of the vis-
ible wavelength. Because many intrinsic biological
structures, including collagen fibre, muscle, brain,
cornea and bone, induce this kind of effect, these
structures can be visualised without labelling them
with exogenous probes.

Two-photon excited in vivo real-time imaging
has revolutionised biology. In the following sec-
tions, we summarise findings in the field of immu-
nology, focusing on the physiology and pathology
of the immune system.

IMAGING OF THE IMMUNE SYSTEM

Lymphoid tissues

One of the first applications of two-photon imag-
ing of the immune system was an explanted
lymph node.® It was reported that naive T cells
showed higher mobility than B cells in an intact
lymph node, and that their speed was as rapid as
25 pm/min. These results challenged the previous
belief that T cells were immobile without antigen
stimulation. Further observations have modified
the ‘random-walk model’ of T cells to a model of
‘organised migration’, probably because unstained
objects such as other cells, stroma and the reticular
network could not be detected.3” &
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adhesion molecules, such as P-selectin, E-selectin and L-selectin,
as well as integrins. The paths of neutrophil emigration are
still controversial. There are two possible routes: a paracellular
route, in which neutrophils emigrate at cell—cell junctions, and a
transcellular route, in which they emigrate through the endothe-
lial cells.

In addition to neutrophils, monocytes and macrophages
also circulate through the vascular system, crawling over the
endothelial cell surface.”” Their attachment depends on inter-
actions between CXj-chemokine receptor 1 (CX;CR1) and
CX,-chemokine ligand 1 (CX,CL1) and between lymphocyte
function-associated antigen 1 (LFA1) and intercellular adhesion
molecule 1 ICAM1).

Autoimmune models
Antigen-specific pathogenic T cells have been visualised to
migrate through the spinal cord in a murine encephalitis model,

[T EIA.'8 At this site, T cells can be highly motile and arrest anti-

gens upon recognition in the same manner as seen in lymph
nodes. In a type I diabetes model using NOD mice, the inter-
action between antigen-specific T cells and DCs was observed
in a draining lymph node.?? Islet antigen-specific CD4CD25~
T helper cells (Th cells) and regulatory T cells (Treg cells) homed
to similar areas of the lymph node and their movement patterns
were indistinguishable from each other—that is, they both
swarmed and arrested in the presence of antigens. No stable

interaction between Th cells and Treg cells was seen, but Treg.

cells directly interacted with DCs and inhibited Th cell activa-
tion via DCs.

FUTURE CHALLENGES

The greatest strength of intravital imaging, the ability to obtain
spatiotemporal information in a living body, is not feasible by
other methods. This approach has revealed and continues to
reveal dynamic features of the immune system including the
physiological and pathological process. However, there are
several limitations to two-photon microscopy imaging. First,
although it has a more extensive penetration depth, it can only
image up to 800-1000 pm in soft tissues such as the brain and up
to 200 pm in hard tissues such as bone and therefore is not appli-
cable to humans but rather only to small animal models such
as mice and rats. Owing to the wide scattering of light by the
skin, it is necessary to exteriorise the target organ, and there is a
possibility that operative invasion and changes in oxygen con-
centration and humidity might influence cellular behaviour. To
resolve these concerns, technical innovations in fluorochrome
and optical systems are expected, including improvements to
light emission and resolution.

In the future, intravital microscopy will be applied to both
observation and functional analysis. Newly developed fluores-
cence tools, such as cell cycle indicators,?® and light-sensing
devices, such as light-induced G protein activators, are being
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introduced.?! These new approaches are continuing to expand
the capacity of in vivo imaging.

CONCLUSIONS

In the past decade, two-photon microscopy has expanded the
horizon of intravital imaging. This new technique enables the
visualisation of complicated systems of the living body, in which
multiple cells are involved. Some technical limitations remain;
however, it seems that the range of application is continually
increasing.
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The Role of Sphingosine 1-Phosphate in Migration
of Osteoclast Precursors; an Application of
Intravital Two-Photon Microscopy

Taeko Ishii, Yutaka Shimazu, Issei Nishiyama, Junichi Kikuta, and Masaru Ishii*

Sphingosine-1-phosphate (S1P), a biologically active lyso-
phospholipid that is enriched in blood, controls the traf-
ficking of osteoclast precursors between the circulation
and bone marrow cavities via G protein-coupled receptors,
S1PRs. While S1PR1 mediates chemoatiraction toward
S1P in bone marrow, where S1P concentration is low,
S1PR2 mediates chemorepulsion in blood, where the S1P
concentration is high. The regulation of precursor recruit-
ment may represent a novel therapeutic strategy for con-
trolling osteoclast-dependent bone remodeling. Through
intravital multiphoton imaging of bone tissues, we reveal
that the bidirectional function of S1P temporospatially
regulates the migration of osteoclast precursors within
intact bone tissues. Imaging technologies have enabled in
situ visualization of the behaviors of several players in
intact tissues. In addition, intravital microscopy has the
potential to be more widely applied to functional analysis
and intervention.

INTRODUCTION

Bone is a highly dynamic organ that is continuously tumed over
during growth, even in adults. During bone remodeling, homeo-
stasis is regulated by the balance between bone formation by
osteoblasts and bone resorption by osteoclasts (Harada et al.,
2003; Teitelbaum et al., 2003). However, in pathological condi-
tions such as osteoporosis, osteopetrosis, arthritic joint destruc-
tion, and bone metastasis, this equilibrium is disrupted. Since
osteoclasts are excessively activated in osteolytic diseases, the
inhibition of osteoclast function has been a major therapeutic
strategy. Bisphosphonates, the most widely used group of anti-
osteoporosis drugs, bind to hydroxyapatite, enter osteoclasts
via endocytosis, and induce osteoclast apoptosis (Russell et al.,
2007). Recently, the inactivation of. osteoclasts, as opposed to
their elimination, has generated interest as an altemative treat-
ment strategy (Deal, 2009; Yasuda et al., 2005). One promising
regulation point is the recruitment of osteoclast precursors. In
addition to several chemokines that are known regulators of
migration, including CXCL12 (Yu et al., 2003) and CXsCL1

(Koizumi et al., 2009), we have shown that sphingosine 1-
phosphate (S1P), a lysophospholipid abundant in the plasma,
plays an important role as both a chemoattractant and a
chemorepellent (Ishii et al., 2009; 2010). In this review, we
summarize the bidirectional regulation of osteoclast precursor
migration by S1P and briefly describe intravital bone imaging in
living animals.

S1P and its receptors '

S1P is a bioactive sphingolipid metabolite that regulates diverse
biological functions including cell proliferation, motility, and sur-
vival (Cyster, 2005; Rivera et al., 2008; Rosen et al., 2005;
2007). Sphingolipids are essential plasma membrane constitu-
ents composed of a serine head group and one or two fatty
acid tails. They are easily metabolized and converted to sphin-
gosines, which are ATP-dependently phosphorylated by sphin-
gosine kinases 1 and 2 (SPHK1 and SPHK2) in most cells,
yielding S1P (Hannun et al., 2008). SPHKs, which are regu-
lated by a variety of growth factors, hormones, and cytokines,
control S1P’s acute reactive generation and homeostasis in the
circulation (Hannun et al., 2008). Immediately after its synthesis,
free S1P is irreversibly degraded by intracellular S1P lyase or
dephosphorylated by S1P phosphatases. As a result, the levels
of S1P in most tissues, including bone marrow, are relatively
low. In contrast, large amounts of S1P are continuously pro-
duced in the plasma, especially by erythrocytes, and the serum
concentration of S1P is extremely high (several hundred
nanomolar to low-micromolar range). Most S1P in the circula-
tion is bound to high-density lipoprotein (HDL) and albumin,
which serve as stable reservoirs and efficiently deliver S1P to
epithelial cell-surface receptors (Argraves et al., 2008). In addi-
tion, because S1P is an amphiphilic molecule that cannot easily
cross membranes, an S1P gradient between the blood and
tissues is maintained.

S1P signals via five 7-transmembrane receptors or G protein-
coupled receptors (GPCRs), S1PR1 to S1PRS5, previously re-
ferred to as endothelial differentiation gene (Edg) receptors
(Rivera et al., 2008; Rosen et al., 2007). Because of the differ-
ent distribution of these receptors and their different coupling to
signal-transducing G proteins, S1P shows a broad range of
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Table 1. S1P receptors and phenotypes of their genetic deletion

S1P Receptors S1PR1 S1PR2 S1PR3 S1PR4 S1PR5
Coupling G proteins ~ Gio Gi Gi G Gio
Gq Gy Gz Gians
Gs Gs
G12/13 G12/13
Distribution Ubiquitous Ubiquitous Spleen, heart, lung, Thymus, spleen, Brain, spleen,
Highest expressed thymus, kidney, lung, peripheral peripheral
in embryonic brain testis, brain, leukocytes leukocytes
Expressed high in skeletal muscle
adult heart and lung
Phenotypes of gene  Embryonic lethal Vestibular defects Disruption of alveolar  Ddisorder of mega- R
: ) S e educed number
deletion (mouse) (e12.5-e14.5) Hearing loss epithelial junctions karyocyte of NK cells
Seizures (C57BL/6 only) differentiation

Perinatal lethal (reduce litter size)
Survivours show no phonotype

Rho activation
Vasoconstriction
angiogenesis
Wound healing
Kono et al. (2007)

Matloubian et al. Serriere-Lanneau
(2004) et al. (2007)

Biological function Rac activation

References Liu et al. (2000)

Cardioprotection by
HDL

Nofer et al. (2004)
_ Gonetal. (2005)

Golfier et al. (2010) Walzer et al.
(2007)

Cyster et al. (2005), Rivera et al. (2008), Rosen et al. (2005; 2007).

bioactivities (Table 1). S1PR1 is ubiquitously expressed and
primarily coupled to PTX-sensitve Gy, proteins, whereas
S1PR2 and S1PR3, whose distributions are more limited, are
coupled to Gizns as well as Gg, Gs, and Gi. The expression of
S1PR4 and S1PR5 is much lower than that of SIPR1, S1PR2,
and S1PR3, and their functions remain to be elucidated. How-
ever, it has been reported that they are coupled to Gy, and
Gizna.

S1P receptors have key roles in the regulation of cellular mo-
tility. S1PR1 activates Rac through Gi and promotes cell migra-
tion and intercellular connection, whereas S1PR2 activates Rho
signaling via G213, thereby counteracting the effects of S1PR1
and inhibiting Rac activity (Takuwa, 2002). These differences
account for the different biological functions of S1PR1 and
S1PR2, which produce opposite effects on migration to-
ward/against S1P gradients in vitro (Okamoto et al., 2000).

Osteoclast precursors and S1P

Osteoclasts are derived from macrophage/monocyte-lineage
cells that express both STPR1 and S1PR2 (Ishii et al., 2009).
As described above, STPR1 and S1PR2 have opposite effects
on the migration of osteoclast precursors. Osteoclast precur-
sors are chemoattracted to S1P in vitro, a response that is
blocked by PTX. In addition, treatment with S1P increases os-
teoclast precursor levels of the active form of Rac (GTP-Rac),
suggesting that Rac and Gi are involved in S1PR1 chemotactic
signaling in osteoclast precursors. On the other hand, S1PR2
requires a higher concentration of S1P for activation and in-
duces negative chemotactic responses, “chemorepulsion,” to
S1P gradients. S1PR2 activation causes cells to move from the
bloodstream into bone marrow cavities (Ishii et al., 2010). As in
leukocytes, the migration of osteoclast precursors is regulated
by chemokines. Like the S1PRs, chemokine receptors are
GPCRs and signal via Gi components. One of the best-known

chemoattractants for osteoclast precursors is CXCL12 (also
known as stromal derived factor-1), a CXCR4 ligand (Yu et al.,
2003). CXCL12 is constitutively expressed at high levels by
osteoblastic stromal cells and vascular endothelial cells in bone,
whereas CXCR4 is expressed on a wide variety of cells types,
including circulating monocytes and osteoclast precursors.
CXCL12 has chemotactic effects on osteoclast precursors,
which express large amounts of CXCR4.

Recently, another chemokine, CX3CL1 (also known as frac-
talkine), which functions as a membrane-bound adhesion mole-
cule, was shown to act as a chemoattractant after its cleavage
by ADAM10 and ADM?7. Expressed by osteoblastic stromal
cells, it was reported to be involved in both the recruitment and
attachment of osteoclast precursors (Koizumi et al., 2009).
Expression of both chemokine receptors and S1PRs is reduced
by RANKL stimulation, dependent on NF-kB, but not on NF-AT.
Presumably, after cells mature and arrive at their ultimate desti-
nations these chemoattractants are no longer needed.

Application of intravital imaging to the analysis of cell
behavior in bone

To study the behavior of osteoclasts and their precursors in vivo,
we developed a new intravital two-photon imaging system for
use in the analysis of bone tissues (Fig. 1) (Ishii et al., 2009;
2010). Recent advances in microscope, laser, and fluorophore
technology have made it possible to visualize living cells in
intact organs and to analyze their mobility and interactions in a
guantitative manner.

As calcium phosphate, the main structural component of the
bone matrix, can scatter laser beams, it was difficult to access
the deep interior of bone tissues, even using a near-infrared
laser. We decided to use parietal bone in which the distance
from the bone surface to the bone marrow cavity is 80-120 pm
(within the appropriate range for two-photon microscopy). We
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kines attract them to bone surfaces. After they enter a low-S1P
environment such as bone marrow, S1PR1 is transported back
to the cell surface, and osteoclast precursors retum from bone
tissues to blood vessels as a result of chemotaxis to an S1P
gradient.

The number of osteoclast precursors on bone surfaces is de-
termined by the balance between the trafficking of osteoclast
precursors to and from the circulation. These data provide evi-
dence that S1P controls the migratory behavior of osteoclast
precursors, dynamically regulating bone mineral homeostasis,
and identify a critical control point in osteoclastogenesis. Based
on our findings, we propose that regulation of the migratory
behavior of osteoclast precursors controls osteoclast differentia-
tion. This control mechanism is summarized in Fig. 2. This criti-
cal control point in osteoclastogenesis may represent an attrac-
tive target for new treatments for osteoporosis. We previously
showed that treatment with FTY720, which is metabolized by
SPHK2 to a compound that acts as an agonist for four of the
five S1P receptors (not S1PR2) (Cyster, 2005; Matloubian et al.,
2004), relieved ovariectomy-induced osteoporosis in mice by
reducing the number of mature osteoclasts attached to bone
surfaces (Ishii et al., 2009). The mechanism of action of S1P is
completely different from that of conventional treatments such
as bisphosphonates, which suppress mature osteoclasts. We
anticipate that the regulation of osteoclast precursor migration
may be a useful clinical strategy in the near future.

FTY720 is-a reversible immunosuppressive agent approved
as a treatment for multiple sclerosis in the United States. It in-
duces lymphopenia by confining lymphocytes to lymphoid or-
gans (Mandala et al., 2002). The precise mechanisms behind
this phenomenon remain controversial, and it is necessary to
determine how FTY720 produces the opposite effect on mono-
cyte-macrophage cells in bone marrow (which are expelled into
the circulation by FTY720).

Future directions for two-photon microscopy

Two-photon intravital imaging has revealed, and continues to
reveal, dynamic features of physiological and pathological
process. Its greatest strength is its ability to provide spatiotem-
poral information in living organisms, which cannot be achieved
using other methods. However, current two-photon microscopy
imaging techniques have several limitations. First, we cannot
see everything in the visual fields in two-photon microscopy.
Although fluorescence labeling and second-harmonic genera-
tion enable us to observe target cells and organs, the lack of a
signal does never reflect an open field, as diverse structures
and cellular components should be present. To avoid misinter-
pretation, we must interpret our observations with caution. Sec-
ond, although two-photon microscopy has greater penetration
depth than conventional confocal microscopy, its penetration
depth is only 800-1000 pum in soft tissues (e.g., brain cortex)
and 200 pm in hard tissues (e.g., bone). Because of these
resolution limitations, it may only be applied to small animals,
such as mice and rats. Moreover, due to the wide scattering of
light by the skin, it is necessary that target organs should be
exteriorized. It is possible that the necessary operative invasion
and changes in oxygen concentration and humidity may influ-
ence cellular behavior. To resolve these problems, technical
innovations in fluorochrome and optical systems, including
improvements in light emission and amelioration of resolution
problems (Ntziachristos, 2010), are needed.

Intravital microscopy has begun to be applied not only to ob-
servational studies, but also to functional analysis and interven-
tions. Recently, several new fluorescence tools have been de-
veloped. These include cell-cycle indicators (Sakaue-Sawano

et al., 2008) and light-sensing devices such as photoactivatable
fluorescent proteins (Victora et al., 2010) and light-induced
activators of G protein-coupled receptors (Airan et al., 2009).

CONCLUSION

As the recruitment of osteoclast precursors during osteoclasto-
genesis is dynamic and dependent on the microenvironment of
the bone marrow cavity, temporospatial information is very
important. Intravital imaging has made a huge contribution to
improving our understanding of these processes. It enables us
to visualize, temporospatially, complicated systems in living
organisms. This new technique has revealed that S1P acts in
concert with several chemoattractants to shepherd osteoclast
precursors to appropriate sites. Controlling the recruitment and
migration of osteoclast precursors represents a promising new
therapeutic strategy for combating bone diseases. Although
their limitations remain to be resolved, the range of applications
for in vivo imaging techniques continues to expand.
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