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Disuse osteoporosis is a critical issue in patients with
reduced locomotor function in bed-ridden patients due to
cardiovascular, brain and skeletal diseases. In such
unloading-induced osteoporosis, loss of mechanical stress has
been considered to be responsible for the impairment in
the maintenance of bone mass (Ehrlich and Lanyon, 2002).
Environmental changes in cells in local milieu are transduced
into biochemical signals, which regulate cell growth,
differentiation, shape changes, and survival (Vogel and Sheetz,
2006). In bone, unloading suppresses bone formation and
activates bone resorption; these phenomena are exerted by
many types of bone cells including osteoblast, osteocytes, and
osteoclasts. It has been suggested that these cells in bone are
in the machineries to sense mechanical stress in this tissue
(Liedert et al., 2006; Tatsumi et al., 2007). Candidate molecules
sensing mechanical stresses include ion-channels, integrins and
cytoskeleton molecules. However, exact molecules involved
in these machineries have not been fully understood.

Ion-channels have been extensively investigated, for
example, L-type voltage-sensitive calcium channels have
been suggested to sense mechanical stress on osteoblasts or
osteocytes by in vitro studies (Genetos et al., 2005). Also alpha
subunit of epithelial sodium channels has been investigated
in similar context (Kizer et al., 1997; Pavalko et al., 2003).
However, in vivo roles of these channels in the maintenance of
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bone metabolism have not been clarified. In general,
ion-channels translate chemical and physical stimuli applied on
cells into electrical or biochemical signals within the cells (Voets
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and Nilius, 2003), and in most cases, calcium plays roles in the
signal transduction. In steady states, intracellular calcium levels
are maintained at two to three orders of magnitude lower than
those of extracellular space. Upon stimulation, intracellular
calcium rapidly increases, in part through calcium influx via the
channels across the membrane (Pavalko et al., 2003; Ramsey
et al., 2006), and induces diverse cellular responses.

Transient receptor potential channels (TRPs) are a family of
channels serving as entry point of physical stimuli in several
instances. These stimuli include temperature, touch, pain, and
osmolarity (Clapham, 2003). One of the members, transient
receptor potential vanilloid 4 (TRPV4) is a calcium permeable
nonselective cation channel, and are involved in physical sensing
in various types of tissues. For example, in brain and kidney, it is
involved in osmotic sensation (Liedtke et al., 2000; Liedtke and
Friedman, 2003; Mizuno et al., 2003), and in skin and nervous
system it function in temperature sensation (Todaka et al.,
2004; Lee et al., 2005). In neurons, it appeared to sense
high-threshold heat and pressure (Caterina et al., 1999; Suzuki
et al., 2003b). In vitro studies revealed that TRPV4 is activated
by diverse ranges of physical signals including fluid shear stress
(Gao et al., 2003). These findings led us to hypothesize that
TRPV4 would be one of the candidates for the mechano-sensing
channels acting in bone tissue.

Mice deficient in TRPV4 were previously generated (Mizuno
et al., 2003; Todaka et al., 2004). In these homozygous TRPV4
mutant mice, no apparent bone and growth phenotypes were
detected at least through superficial observations. However,
possibilities that in certain conditions exposing in abnormal
conditions would alter the responses to the mechanical stimuli
have not been tested yet. Therefore, in this study, we
investigated the effects of hindlimb unloading on the mice
deficient in TRPV4 and compared them with wild-type mice.
Bone histomorphometric analyses revealed a possible
contribution of this molecule to rapid loss of bone mass
triggered by continuous loss of mechanical stimuli in vivo.

Materials and Methods
Animals

TRPV4 deficient mice were generated on C57BL/6 background as
described previously (Mizuno et al., 2003). To expand the colony,
heterozygous TRPV4 deficient mice were crossed, and resultant
pairs of homozygous TRPV4 deficient mice, as well as wild-type
(WT) mice were sib-mated. These mice were randomly divided
into control (loaded) and unloaded (tail-suspension) groups. All
animals were housed under controlled conditions at 248C on a
12-h light and 12-h dark cycle. The experiments were approved by
the animal welfare committee of Tokyo Medical and Dental
University.

Tail-suspension experiment for hind limb unloading

Total of 27 female mice were used in the experiments. For tail
suspension, 14 WT and 13 homozygous TRPV4 deficient mice
were divided into two groups and one was subjected to tail
suspension and the other was maintained under normal housing
condition. Experiments were conducted according to the protocol
described previously (Ishijima et al., 2001). Briefly, mice were fed in
a normal cage, keeping their hind-limbs avoid to touch bottom of
the cage. To keep this stature of mice, one end of a metal clip was
attached to the tail using adhesive tape, and the other end of the clip
was hooked to an overhead bar. The height of suspension was set
to have mice at 30 degrees head down tilt.

Two-dimensional (2D) and three-dimensional (3D) micro X-ray
computed tomography (mCT) analysis

2D-mCT analysis was conducted on dissected femora, using mCT
equipment, Musashi (Nittetsu ELEX, Kitakyushu, Japan). To
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evaluate the thickness of primary trabeculae of distal femur,
mid-sagittal images of distal metaphysis were selected in each
sample, and the thickness was measured at defined five points
distributed across the antero-posterior axis of the femur (see
Fig. 2A and the legend). Finally, the averaged value from the
five-point measurement per sample was regarded as a parameter
for longitudinal length of primary trabecular bone.

3D-mCT analysis was conducted using an equipment,
Scan-Xmate-E090 (Comscan Techno Co., Ltd, Sagamihara, Japan)
and a computer software, Tri/3D-Bon (Ratoc System Engineering
Co., Ltd, Tokyo, Japan). Bone volume/tissue volume (BV/TV), as
well as trabecular number (Tb.N), and other microarchitectural
parameters were analyzed in the secondary trabecular regions
from 0.2 to 0.76 mm away from the chondroosseous junction.

Bone histomorphometric analysis

Calcein labeling was conducted to estimate the levels of newly
formed bone within a unit time period according to the methods
described elsewhere (Parfitt et al., 1987; Morinobu et al., 2005).
Briefly, calcein (4 mg/kg body weight) was injected intraperitoneally
2 and 4 days before sacrifice. Femora were fixed in 70% ethanol and
embedded in glycomethacrylate. Sagittal histological sections were
prepared, and the calcein bands were visualized based on confocal
laser microscopy with an excitation wavelength of 488 nm and a
550 nm band-pass filter. Single labeled bone surface (sLS), double
labeled bone surface (dLS) and total bone surface (BS) were
separately measured. Mineralizing surface (MS) per BS was
calculated as (dLSþ sLS/2)/BS. The distance between the parallel
calcein lines was measured to yield mineral apposition rate (MAR
(mm/day)). Bone formation rate (BFR) was calculated as MAR
multiplied by (MS/BS). Histomorphometric analysis was performed
by focusing on the area of 0.31 mm2 (0.56� 0.56 mm) in the distal
end of the femora. In the decalcified section, osteoclast number per
bone surface (N.Oc/BS, N/mm) and osteoclast surface per bone
surface (Oc.S/BS, %) were analyzed based on tartrate-resistent acid
phosphatase (TRAP) staining in sagittal sections of the tibiae.
Staining was performed as described previously (Morinobu et al.,
2005). TRAP positive cells containing one or more nuclei and sitting
on the surface of the trabeculae were identified as osteoclasts. One
section per animal was analyzed for these parameters.

Immunohistochemistry

Immunohistochemical analysis was performed on decalcified
sections of the femora, using Vecstatine Elite ABC kit (Vector,
Burlingame, CA). For staining, sections were deparaffinized and
hydrated by serial soak with xylene and ethanol, and then incubated
in 0.3% H2O2 for 30 min. Sections were blocked by 5% goat serum
in PBS for 45 min, and then incubated with polyclonal anti-TRPV4
antibody (Cuajungco et al., 2006) at 1:1,000 dilution, over night at
48C. After washing in PBS, sections were incubated with 1%
biotinylated anti-rabbit IgG antibody for 30 min, and then incubated
with Avidin DH and biotinylated horse radish peroxidase for
30 min. After washing, stain was visualized by incubating with
3,30-Diaminobenzidine, tetra-hydrochloride (DAB) for 5 min.
Counter-stained sections with hematoxylin were mounted and
underwent for microscopic analysis. Background staining was
checked by treating the sections similarly except for the use of first
antibody (i.e., secondary antibody alone). This procedure provided
no obvious staining (data not shown).

RT-PCR analysis

For RT-PCR analysis, dissected femora were soaked with ‘‘RNA
later’’ (Sigma, St. Louis, MO) immediately and frozen at�208C until
use. The tissues were homogenized in Trizol reagent (Invitrogen,
Carlsbad, CA), and total RNA was extracted according to the
manufacture’s protocol. Reverse transcription (RT) was carried
out using 1 mg total RNA in 20 ml volume reaction, containing
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25 mg/ml Oligo(dT)-primer (Invitrogen), 0.125 mM
deoxynucleotide triphosphate mix (TAKARA, Ohotsu, Japan),
10 mM dTT and 200 U of Superscript II reverse transcriptase
(Invitrogen). Complementary DNA was amplified in a 25 ml
reaction mixture containing 2.5 mM deoxynucleotide triphosphate
mix, 10 mM specific primers and 1 unit of rTaq DNA polymerase
(Takara). After an initial denaturation at 948C for 2 min,
amplifications were performed at 948C for 40 sec, 608C for 1 min,
and 728C for 1 min in a GeneAmp PCR system 9700 (Applied
Biosystems, Foster City, CA). The cycle number was determined
so that the PCR product levels were within a linear range. Ethidium
bromoide-stained DNA bands were quantified using an image
analyzer Bio-1D System (Vilber Lourmat, Torcy, France).
Relative mRNA expressions for genes of interest were
calculated by normalizing the obtained band intensities to that of
glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH).
Primer sequences used are as follows; GAPDH, forward, 50-ACC
ACA GTC CAT GCC ATC AC-30, and reverse, 50-TCC ACC ACC
CTG TTG CTG TA-30; TRPV4, forward, 50-TTC ATC AAC TCG
CCC TTC AGA G-30, and reverse, 50-GTT GAG AAC TGT CTC
CAG GTT G-30.

Cell culture

MC3T3-E1 cells were cultured in alpha-minimal essential medium
(aMEM) supplemented with 10% fetal bovine serum (FBS).
RAW264.7 cells were cultured in Dulbecco’s modified eagle’s
medium supplemented with 10% FBS. For osteoclastogenesis
assay, RAW264.7 cells were treated with 100 ng/ml RANKL (R&D,
Minneapolis, MN) or control vehicle for 48 h.

Statistical analysis

To test an existence of interactive effects between the loading/
unloading status and differences in genotypes on bone response,
two-way analysis of variance (2� 2 ANOVA) was performed.
When interactive effect was judged to be statistically significant,
Student’s t-test was used for comparison of two groups except for
trabecular number where Welch’s test was used. Difference was
judged to be statistically significant when P values were less than
0.05. All the numeral data in the results were presented as mean
values� standard deviations (SD).
Fig. 1. TRPV4 deficiency suppresses unloading-induced secondary
trabecular bone loss. Representative 3-dimensional (3D)-mCT images
of the distal metaphyseal regions of femora in loaded and unloaded
groupsofwild-type(WT)andTRPV4deficient (V4KO)mice(A).Scale
bar indicates 400 mm. B,C: Quantification of the 3D images shown in
(A): bone volume/tissue volume (BV/TV) (B), trabecular number
(Tb.N) (C).Openandclosedbars indicate loaded and unloaded groups
respectively (MP < 0.05 and MMP < 0.01). Six to seven mice were used in
each group.
Results
TRPV4 deficiency suppresses unloading-induced
secondary trabecular bone loss

To test the hypothesis that TRPV4 would be involved in the
mechanical regulation of bone mass, TRPV4 deficient mice and
wild-type (WT) mice were subjected to hind-limb unloading.
Base line body weight levels were similar between wild-type
and TRPV4 deficient mice. 3D-mCT analysis indicated that
unloading caused sparsity in the architecture of the secondary
trabecular bone as known before (Fig. 1A, WT, unload). In
control (load) TRPV4 deficient mice, mCT pictures revealed
pattern of trabecular bone architecture similar to that of
control WT mice. In contrast to WT, TRPV4 deficient mice did
not reveal any pattern changes induced by hind-limb unloading
(Fig. 1A, KO, unload). Quantification of the 3D-bone volume
per tissue volume indicated that unloading induced reduction by
about 30% (P< 0.01) after 2 weeks in WT (Fig. 1B). The base
line levels of bone volume in control TRPV4 deficient mice were
similar to those in WT mice. Quantification also revealed that
TRPV4 deficiency suppressed the unloading-induced reduction
in the quantified bone volume (Fig. 1B). Further elemental
analysis indicated that the number of trabecular bone was
reduced by about 20% (P< 0.05) due to unloading in WT mice.
TRPV4 deficient mice exhibited similar base line levels of
trabecular number compared to WT, and the level of this
parameter was not reduced in TRPV4 deficient mice even after
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unloading (Fig. 1C). Other micro-architectural parameters
tended to show similar trend but the differences were not
statistically significant (data not shown). Thus, TRPV4
deficiency preserved bone even after unloading.

TRPV4 deficiency suppresses unloading-induced primary
trabecular bone loss

Primary spongiosa region has been analyzed to estimate the
changes in bone juxtaposed to growth plate (Miao et al., 2004;
Xian et al., 2007, 2008). Hind-limb unloading caused reduction
in the longitudinal length (height) of primary trabecular bone
columns juxtaposed to the growth plate in WT mice (Fig. 2A,B
top parts).The base line height of primary trabecular bone
columns juxtaposed to the growth plate in deficient mice was
similar to that in WT mice. In contrast to WT mice, TRPV4
deficiency suppressed the loss of the height of the primary
trabecular bone column induced by unloading (Fig. 2B bottom
parts). Quantification of the changes in the height of primary
trabecular bone revealed reduction by about 40% (P< 0.01) in
WT after unloading, while TRPV4 deficiency suppressed such
loss of the height in the primary trabecular bone after unloading
(Fig. 2C). Therefore, TRPV4 deficiency suppressed unloading-
induced bone loss in both primary and secondary trabecular
regions.

TRPV4 deficiency suppressed unloading-induced
reduction of bone formation

To further understand the bases for such TRPV4
deficiency-induced suppression of bone loss, we examined the



Fig. 3. TRPV4 deficiency suppressed unloading-induced reduction
of bone formation. Bone formation activity was evaluated in vivo as
described in Materials and Methods Section. Calcein bands were
visualized to obtain dynamic histomorphometric parameters.
Representative images from each group are shown (A). Unloading-
induceddecrease inthelevelsofmineralappositionrate(MAR)(B)and
bone formation rate (BFR) (C) in wild-type mice (WT) was not
observed in TRPV4 deficient mice (V4 KO) (MP < 0.05 and MMP < 0.01).
Six to seven mice per each group were used. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

Fig. 2. TRPV4 deficiency suppresses unloading-induced primary
trabecular bone loss. Longitudinal length of primary trabecular bone
was quantified based on measurement at five separate points as
indicated in the mCT image shown in (A). Sagittal sections of the
femora were used. Representative images of the primary trabecular
bone of each group are shown (B). The distance between the parallel
lines indicate the height of the primary trabecular bone (B).
Unloading reduced the longitudinal length of primary trabecular bone
in wild-type mice (WT), while such reduction was not observed in
TRPV4 deficient mice (V4KO) (B,C) (MMP < 0.01). Six to seven mice
were used per each group. Scale bar indicates 200 mm. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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dynamic bone formation parameters based on the analysis of
calcein double-labeling as described in Materials and Methods
Section (Fig. 3A). This analysis provides in vivo estimation of
osteoblastic activity with respect to accumulation of bone mass.
Mineral apposition rate (MAR) was reduced by about 30%
(P< 0.05) due to unloading in WT. TRPV4 deficiency did not
alter the baseline levels of MAR, however it suppressed the
reduction in MAR levels induced by unloading (Fig. 3B). Bone
formation rate (BFR) was reduced by about 50% (P< 0.01)
due to unloading in WT. TRPV4 deficiency per se did not alter
the levels of BFR in loaded condition. In contrast to WT, TRPV4
deficiency suppressed the decrease in BFR induced by unloading
(Fig. 3C). Mineralizing surface analysis did not reveal statistically
significant differences among the groups (data not shown).
These data indicate that though TRPV4 is not involved in the
maintenance of base line bone mass, at least one of the targets of
TRPV4 action during the changes caused by mechanical stimuli
is bone formation.
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TRPV4 deficiency suppressed unloading-induced
increase of osteoclasts in primary trabecular bone

Since bone mass levels are determined by bone formation as
well as bone resorption activities, we examined the effects of
TRPV4 deficiency on bone resorption in these mice.
Quantification of TRAP positive cells at the primary trabecular
regions indicated unloading-induced increase by about 30%
(P< 0.05) in the number of TRAP positive cells in WT
(Fig. 4A,B). TRPV4 deficiency per se did not alter TRAP positive
cell number in the control loaded mice (Fig. 4B). In contrast to
WT, TRPV4 deficiency suppressed unloading-induced increase
in the number of TRAP positive cells in the primary trabecular
regions (Fig. 4B). Unloading induced increase by about 50%
(P< 0.01) in the osteoclast surface at the primary trabecular
regions and TRPV4 deficiency also suppressed such alteration
due to unloading (Fig. 4C). In the secondary trabecular bone,
osteoclast number and osteoclast surface were not significantly
altered by unloading in WT or TRPV4 deficient mice (data not
shown). Thus, TRPV4 is involved in the unloading-induced
regulation of osteoclastic activity in the primary trabecular
region.



Fig. 4. TRPV4 deficiency suppressed unloading-induced increase of
osteoclasts in primary trabecular bone. Primary trabecular regions of
the epiphyses of tibiae were examined for osteoclasts based on TRAP
staining (magnification 200T: A). Scale bar indicates 50 mm.
Unloading-induced increase in the levels of N.Oc/BS (B) and Oc.S/BS
(C) was not observed in TRPV4 deficient mice (MP < 0.05, MMP < 0.01).
Six to seven mice per group were used.

Fig. 5. TRPV4 is expressed in osteoblasts and osteoclasts. RNA was
prepared from femora of mice and was subjected to RT-PCR analysis.
Femorawereeitherusedasawholeboneorweredividedintothethree
regions including epi/metaphyseal (blue rectangle), cortical (orange
rectangle) and bone marrow (red arrow) compartments (A, upper
part).TRPV4mRNAwasexpressed inepi/metaphyseal region (blue)at
the levels similar to those in whole bone, while expression of TRPV4
mRNA in cortical (orange) or bone marrow (red) region was less
compared to other regions (A, lower part). TRPV4 expression was
examined in osteoblasts (B, arrows) and osteoclasts (C, arrowheads)
based on immunohistochemistry of the femora (magnification 200T).
TRPV4 expression in osteocytes was at low level (B, open arrows).
Scale bar indicates 20mm. D: TRPV4 mRNA expression in cell lines was
examinedbasedonRT-PCR.TRPV4mRNAwasobservedinMC3T3-E1
osteoblastic cell line. TRPV4 mRNA expression levels in RAW264.7
macrophage cell line were low, but RANKL treatment enhanced the
expression levels (MMP < 0.01). Three wells were used per each group.
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TRPV4 is expressed in osteoblasts and osteoclasts

We further addressed whether TRPV4 per se is expressed in
bone. For this, we examined mRNA expression in the femora.
In the mRNA pool prepared from whole bone (femur), we
detected TRPV4 at relatively high levels (Fig. 5A). TRPV4
expression levels in the metaphyseal/epiphyseal regions were
close to those in the whole bone (Fig. 5A). However, in the
bone marrow regions, the levels were low. In the cortical bone
regions, intermediate levels of expression of TRPV4 were
observed (Fig. 5A). We also asked whether TRPV4 is expressed
in osteoblasts or osteoclasts. In order to address this point, we
examined the TRPV4 expression immunohistologically. TRPV4
signals were positive in the osteoblastic cells lining on the
endosteal surface of the bone (Fig. 5B). TRPV4 signals of
osteocytes embedded in bone were less obvious (Fig. 5B).
Osteoclasts in the primary trabecular regions were also
positive for TRPV4 signals (Fig. 5C). We also tested whether
TRPV4 is expressed in the osteoblastic cell lines. MC3T3-E1
cells are derived from murine calvarial bone and express
osteoblastic marker genes (Sudo et al., 1983). In these cells,
TRPV4 was expressed at relatively high levels (Fig. 5D).
RAW264.7 cells differentiate into osteoclast like cells upon the
treatment with RANKL (Hsu et al., 1999). TRPV4 mRNA levels
were detected in the baseline condition in these cells and the
levels of TRPV4 expression were increased about twofold
(P< 0.01) by the treatment with RANKL (Fig. 5D) in
association with the morphological differentiation of these cells
into osteoclast like cells (data not shown). Thus, TRPV4 is
JOURNAL OF CELLULAR PHYSIOLOGY
expressed in the cells in both osteoblastic and osteoclastic
lineages.

Discussion

We identified that TRPV4 is involved in the unloading-induced
reduction in bone mass. TRPV4 deficiency suppressed
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unloading-induced reduction in bone mass (BV/TV) and bone
formation rate (BFR). TRPV4 deficiency also suppressed
unloading-induced increase in the number of osteoclasts in
primary trabecular bone. These results indicate that TRPV4 is
involved in unloading-induced osteopenia through regulation of
both bone formation and resorption.

The cells that are responsible for the sensation of mechanical
stress have been sought for many years. Osteocytes and
osteoblasts are candidate cells to sense mechanical stress and
to be involved in the mechanical stress dependent regulation of
bone mass. Recent report revealed that targeted ablation of
osteocytes in mice resulted in resistant to unloading-induced
bone loss (Tatsumi et al., 2007). We observed that TRPV4
protein is expressed in osteoblasts but at least not much in
osteocytes in our hand. At this point, we do not exclude a
possibility for a low level TRPV4 expression in osteocytes, and
thus its function in these cells. Interestingly, TRPV4 is expressed
in osteoclasts, a major player of bone resoption. These cells
were also reported to be involved in the response to
mechanical stress (Kurata et al., 2001). Thus, our identification
of TRPV4 to be responsible for unloading-induced bone loss
would shed light on the role of this molecule in several types of
cells acting in the bone microenvironment.

We previously observed that unloading-induced bone loss
was prevented by suppression of sympathetic tone via
destruction of ventromedial hypothalamus (Hino et al., 2006)
or administration of b blockers (Kondo et al., 2005). In fact,
sympathetic tone is involved in bone homeostasis via
suppression of bone formation by osteoblasts and activation of
resorption by osteoclasts (Takeda et al., 2002; Elefteriou et al.,
2005). As TRPV4 was reported to be expressed in sympathetic
nerve fibers (Delany et al., 2001), this nervous system could be
one of the downstream targets involved in the pathway where
TRPV4 deficiency would influence as observed in this paper.

Molecular mechanisms and signaling events before and after
calcium influx via TRPV4 have not been fully understood.
However, previous reports about TRPV4 and other TRP
channels suggested possibility for two mechanisms that could
be involved in bone mass regulation by TRPV4. One is its
function as a stretch activated channel, and the other is related
to signaling through interaction with cytoskeleton molecules
(Corey et al., 2004; Maroto et al., 2005). TRPV4 is activated by
physical stimuli including fluid shear stress, which leads to
calcium influx via stretch and interaction with cytoskeleton
(Gao et al., 2003). Fluid flow modulates structures of
cytoskeleton in the cells to which TRPV4 is bound (Ramadass
et al., 2007). Functional link exists between TRPV4 and
cytoskeleton in that disruption of actin microfilaments
abolishes calcium influx of TRPV4 (Suzuki et al., 2003a). Loss of
mechanical stress in bone affects organization of the actin
filaments (Meyers et al., 2005). Thus, TRPV4 deficiency may
affect unloading-induced bone loss due to the loss of sensation
of mechanical signals being delivered by cytoskeleton.

TRP channels have been reported to be thermosensitive ion
channels. These channels include TRPV1, TRPV2, TRPV3,
TRPV4, TRPM8, and TRPA1, and each channel exhibits distinct
thermal activation threshold (Tominaga and Caterina, 2004).
The sensitive temperature range for TRPV4 is relatively narrow
(threshold �25 to 348C) (Watanabe et al., 2002), but these
channels may comprehensively respond to diverse
temperature. TRPV4 is also reported to serve as a receptor for
the high-threshold heat and pressure stimuli in neurons
(Caterina et al., 1999; Suzuki et al., 2003b). If analogy to such
thermosensitivity could hold true for mechanosensing, several
TRP channels might be involved in sensing mechanical stress in
bone tissue by sharing their roles on various levels of
mechanical stresses. In this case, TRPV4 deficiency may not
alter the base line levels of bone mass, if the threshold range for
the TRPV4 is not for the levels of stress to bone under
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physiologically normal condition (loading) and thus TRPV4
deficient mice only reveal their phenotype upon unloading.
In this regards, TRPV4 would be an indispensable
mechanosensitive channels in bone in the case of
unloading-induced bone loss.

Unloading-induced increase in osteoclast number within
primary trabecular regions was not observed in the absence
of TRPV4. Osteoclastogenesis is regulated through cell–cell
interactions between precursor cells and osteoblasts/stromal
cells and TRPV4 is expressed in both osteoclasts and
osteoblasts. Thus, cell–cell interaction may be affected
by TRPV4 via membrane-bound cytokines. In fact,
osteoclastogenesis is controlled by local factors and cytokines
including M-CSF and RANKL. However, mRNA expression
levels of the cytokines and other marker gene products were
not altered by unloading nor the genotype (data not shown).
Therefore, we assume that the action point(s) of TRPV4 would
be cell autonomous via its regulation of intracellular signaling
events including those regulated by intracellular calcium.

The period for the tail suspension was set to 2 weeks in our
experiments. Whether the reduced response to tail suspension
in theTRPV4 deficient mice would be due to the 2 weeks
regimen remains to be elucidated. However, based on the
current literatures, tail suspension for 2 weeks was used as a
common protocol in many of the published papers (Sakata et al.,
2003; Tanaka et al., 2004; Turner et al., 2006). We also
observed no major difference in the response in 4 weeks
regimen compared to that in the 2 weeks regimen in wild-type
mice (data not shown).

In conclusion, TRPV4 deficiency results in loss of
mechanosensitivity in bone and suppresses unloading-induced
reduction in bone formation and enhancement of bone
resorption.
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