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Purpose: Transient receptor potential vanilloid 1 (TRPV1) is a ligand-gated nonse-
lective cation channel, which can be activated by capsaicin and other noxious stim-
uli. Recently, an association between bone pain and TRPV1 has been reported.
However, the influence of osteoporosis on TRPV1 in the sensory system innervat-
ing the femur has not been reported. Materials and Methods: TRPV 1-immunore-
active (ir) in dorsal root ganglia (DRG) neurons labeled with neurotracer [Fluoro-
Gold (FG)] innervating the femurs of Sprague Dawley rats were examined in
control, sham, and ovariectomized (OVX) rats. We evaluated osteoporosis in the fe-
murs and compared the proportion of TRPV1-ir DRG neurons innervating femur
between the 3 groups of rats. Results: OVX rats showed osteoporotic cancellous
bone in the femur. FG labeled neurons were distributed from L1 to L6 DRG, but
there was no significant difference in the proportion of labeled neurons between the
3 groups (p>0.05). The proportions of FG labeled TRPV1-ir DRG neurons were
1.7%, 1.7%, and 2.8% of DRG neurons innervating the femur, in control, sham-op-
erated, and OVX rats, respectively. The proportion of TRPV 1-ir neurons in DRG
innervating the femur in OVX rats was significantly higher than that in control and
sham-operated rats (»p<0.05). Conclusion: Under physiological conditions, DRG
neurons innervating femurs in rats contain TRPV1. Osteoporosis increases the
numbers of TRPV1-ir neurons in DRG innervating osteoporotic femurs in rats.
These findings suggest that TRPV1 may have a role in sensory perception of osteo-
porotic femurs.
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INTRODUCTION

Although skeletal pain plays a major role in reducing the quality of life for patients
suffering from osteoporosis, osteoarthritis, Paget’s disease, sickle cell anemia, and
bone cancer, little is known about the mechanisms that generate and maintain this
pain. Elderly patients with thoracic and lumbar vertebral fractures caused by os-
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teoporosis often experience back pain. On the other hand,
Paget’s disease of bone is a common disease characterized
by focal areas of increased and disorganized bone turnover.!
Some patients are asymptomatic, whereas others develop
complications such as pain.' In this regard, high turnover of
mineralized bone in such patients has the possibility to in-
duce bone pain. However, whether osteoporosis causes
pain in the absence of acute or chronic fractures is un-
known.

Leg bones including the femur or tibia from animals have
often been used to explore the mechanism of pain from
bone.>” The mechanism of pain from normal bone, aging
bone, inflammation, fracture, and bone cancer has been ex-
plored.”¢ For the normal mouse femur, the sensory and
sympathetic innervation of mineralized bone, bone marrow,
and periosteum have been reported.> Thinly myelinated and
unmyelinated peptidergic sensory fibers from nociceptive
neurons are observed in the femur? Nerve growth factor-
dependent sensory and sympathetic nerve fibers undergo
profuse sprouting and form neuroma-like structures as tu-
mor growth progresses within bone during bone cancer.?
This pathological remodeling of the peripheral nervous sys-
tem participates in driving cancer pain.* During aging, bone
quality shows a significant age-related decline, but the den-
sity of peptide containing sensory nerve fibers that inner-
vate the bone remain remarkably unchanged.® Thus, while
bone mass, quality, and strength undergo a significant de-
cline with age, the density of nociceptive sensory nerve fi-
bers remains largely intact.®

Transient receptor potential vanilloid 1 (TRPV1) is a li-
gand-gated nonselective cation channel, which can be acti-
vated by capsaicin and other stimuli such as noxious heat
and low pH.” TRPV s have attracted attention in acute in-
flammatory nociception research, and their role in chronic
inflammatory pain has begun to attract more interest.3* A re-
cent study showed that TRPV 1s are involved in bone pain.'
A TRPV1 antagonist significantly reduced pain and im-
proved weight-bearing in a murine model of bone pain.'
Examination of TRPV1 expression is therefore warranted in
investigations of nociceptive innervation. Whether osteopo-
rosis influences TRPV s in the sensory system innervating
bone has not been reported.

The purpose of the current study was to investigate
TRPV1-immunoreactive (ir) Fluoro-Gold (FG)-labeled dor-
sal root ganglion (DRG) neurons innervating the femur of
control, sham, and ovariectomized (OVX) Sprague Dawley
(SD) rats with osteoporosis.

MATERIALS AND METHODS

Osteoporosis model

All rats were housed in a vivarium at 21°C on a 12 h light/
dark cycle (08:30-20:30) and allowed access to food pellets
and to tap water ad libitum. Experiments were performed
with permission of the ethics committee of the Graduate
School of Medicine, Chiba University, following the Nation-
al Institutes of Health guidelines for the care and use of labo-
ratory animals (1996 revision). As a model of osteoporosis,
female SD rats weighing from 300 to 500 g at 35 weeks of
age, that had been OVX at 5 weeks, were prepared (OVX
group; CLEA, Tokyo, Japan) (n=10). The other 2 groups
were a sham surgery group that had only their ovary ex-
posed, and a control group with no ovarian surgery (n=10,
each). We confirmed an osteoporotic state by hematoxylin
and eosin (HE) staining of the right femur. HE staining of
lumbar specimens was performed in an orthodox manner.

Retrograde Fluoro-Gold labeling for detection of DRG
neurons innervating the left femur

Thirty female SD rats were used in this study. Rats were
anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and
treated aseptically throughout the experiments. For each rat,
a longitudinal incision 1 cm long and 5 mm depth was made
using a surgical knife, and the left femur was exposed under
a microscope. The neurotracer FG (Fluorochrome, Denver,
CO, USA) was applied to the inside of left femurs (mineral-
ized bone) in all 30 rats to label DRG neurons innervating
the left femur. The incision was immediately sealed with cy-
anoacrylate adhesive to prevent leakage of FG, and the skin
was closed.

Immunohistochemistry for TRPV1

Fourteen days after the surgery, rats were anesthetized with
sodium pentobarbital (40 mg/kg, i.p.) and transcardially
perfused with 0.9% saline, followed by 500 mL of fixative
solution comprising 4% paraformaldehyde in phosphate
buffer (0.1 M, pH 7.4). Left DRG from L1 to L6 were re-
sected and the specimens immersed in the same fixative so-
lution overnight at 4°C. After storing in 0.01 M phosphate
buffered saline (PBS) containing 20% sucrose for 20 hours
at 4°C, each ganglion was sectioned at 10 um thickness on
a cryostat, and mounted on poly-L-lysine-coated slides. En-
dogenous tissue peroxidase activity was quenched by soak-
ing the sections in 0.3% hydrogen peroxide solution in 0.01
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M PBS for 30 minutes. The specimens were then treated
for 90 minutes at room temperature in blocking solution
consisting of 0.01 M PBS containing 0.3% Triton X-100
and 3% skim milk. To stain TRPV1, the DRG sections
were processed for TRPV1 immunohistochemistry using a
rabbit antibody to TRPV1 (1:500; Calbiochem, San Diego,
CA, USA) diluted in blocking solution, and incubated for
20 hours at 4°C. Sections were incubated with goat anti-
rabbit Alexa 488 fluorescent antibody conjugate for visual-
ization (1:400; Molecular Probes, Eugene, OR, USA). Af-
ter each step, the sections were rinsed three times in 0.01 M
PBS, and were examined using a fluorescence microscope.
The total number of DRG neurons, FG-labeled neurons,
and FG-labeled and TRPV1-ir neurons were counted. The
number of neurons per 0.45 mm? was counted at 400x
magnification using a counting grid.

Statistical analysis

The proportions of FG-labeled and FG-labeled TRPV 1-ir
neurons of total neurons in each DRG were compared using
Welch’s unpaired t test. The distribution of the FG-labeled
DRG neurons and FG-labeled TRPV1-ir DRG neurons was
analyzed using a nonrepeated measures ANOVA with Bon-
ferroni post hoc correction. p<0.05 was considered statisti-
cally significant. Results are reported as means+SEMs.

RESULTS

Osteoporotic femur
HE staining of the OVX femur showed thinner bone cortex
and more widely separated bone trabeculae with decreased

density compared with those in the control and sham groups
(Fig. 1).

/ S
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Fig. 1. HE staining of control and OVX femurs. OVX femur samples showed thinner cortex and more widely separated bone trabeculae with decreased den-

FG-labeled DRG neurons innervating the left femur
FG-labeled DRG neurons, indicating where FG was trans-
ported from the femur, were present in DRG from L1 through
L6 (Figs. 2 and 3). There was no significant difference in
the proportion of FG-labeled neurons in the DRG from L1
to L6 among the three groups (Fig. 3).

FG-labeled and TRPV1-ir DRG neurons innervating
the left femur

FG-labeled and TRPV1-ir DRG neurons innervating the
left femur were present in DRG from L1 through L6 (Figs.
2 and 4). There was no significant difference in the propor-
tion of FG-labeled and TRPV 1-ir DRG neurons in the DRG
from L1 to L6 in each group. Of the DRG neurons, the per-
centage of FG-labeled TRPV1-ir neurons was 1.7+0.2%,
1.7+0.3%, and 2.8+0.6% (means+SEMs) in control, sham-
operated, and OVX rats, respectively. The proportion of
TRPV1-ir neurons in DRG innervating femur in OVX rats
was significantly higher than those in control and sham-op-
erated rats (p<0.05) (Fig. 4).

DISCUSSION

In this study, the proportion of FG labeled TRPV1-ir DRG
neurons was 1.7%, 1.7%, and 2.8% of total DRG neurons
innervating the femur in control, sham-operated, and OVX
rats, respectively. The proportion of TRPV1-ir neurons in
DRG innervating femur in OVX rats was significantly high-
er than those in control and sham-operated rats. Thus, we
speculate that TRPV1 is important in sensory innervation
from the osteoporotic femur.

It is not known whether osteoporosis itself is the origin of

pain because patients do not show acute fracture. In clinical

sity compared with samples from the control group. (A) Control. (B) OVX. HE, hematoxylin and eosin; OVX, ovariectomized.
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Fig. 2. Innervation of the left femur. FG-labeled (A, B, and C) and TRPV1 immunoreactive (ir) DRG neurons (D, E, and F) [A and D (control), B and E (sham), and
C and F (OVX) are same sections. Arrows indicate double labeled neurons]. FG, Fluoro-Gold; TRPV1, transient receptor potential vanilloid 1; DRG, dorsal root
ganglia; OVX, ovariectomized.
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Fig. 3. Distribution and proportion of FG-labeled DRG neurons innervating the left femur. FG-labeled DRG neurons were present in DRG from L1 through L6,
and there was no significant difference in the proportion of FG-labeled neurons between the 3 groups. FG, Fluoro-Gold; DRG, dorsal root ganglia; OVX, ovari-
ectomized.
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Fig. 4. Distribution and proportion of FG-labeled and TRPV1-ir DRG neurons innervating the left femur. FG-labeled and TRPV1-ir DRG neurons innervating the
left femur were present in DRG from L1 through L6. The proportion of FG-labeled and TRPV1-ir DRG neurons in OVX rats was significantly higher than those
in control and sham-operated rats (*p<0.05). FG, Fluoro-Gold; TRPV1, transient receptor potential vanilloid 1; DRG, dorsal root ganglia; OVX, ovariectomized; ir,
immunoreactive.
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reports, some authors have reported an association between
osteoporosis and pain.'>!* Iwamoto, et al.'? reported that pa-
tients who had osteoporosis without vertebral fractures, and
who were receiving bisphosphonate, showed a significant
increase in the lumbar bone mineral density (BMD) and a
decrease in the urinary N-terminal telopeptide of type I col-
lagen (NTx) levels with alleviation of back pain. Ohtori, et
al.'* have reported that osteoporotic patients without frac-
ture treated with bisphosphonate showed a significant in-
crease in their lumbar BMD and a decrease of their urinary
NTx levels, and alleviation of back pain. They suggested
that despite the absence of vertebral fractures, bone resorp-
tion may cause pain because of osteoporosis. However, in
the current model, we evaluated the rat femu, and found that
osteoporotic patients generally have no pain in the limbs
without fracture. Further study is needed to explore the re-
lationship between pain and osteoporosis.

In the current study, the proportion of TRPV1-ir DRG
neurons innervating osteoporotic femurs in rat, increased
compared with normal femur. In pain studies, it is impor-
tant to consider sensory innervation and neuropeptides, and
inducers of pain such as cytokines. In vertebral bodies har-
vested from patients with back pain, many sensory nerves
show immunoreactivity for neuropeptides involved in pain
transmission, such as substance P and calcitonin gene relat-
ed peptide (CGRP), and substance P-ir and CGRP-ir noci-
ceptors have also been observed.'* In the mouse femur,
CGRP-ir fibers associated with inflammatory pain are pres-
ent throughout the bone marrow, mineralized bone and
periosteum, and dominantly in bone marrow.” Orita, et al."®
have reported elevated TRPV1 and CGRP expression in os-
teoporotic vertebrae in rat. TRPV1 has been reported to
modulate the synthesis and release of CGRP in sensory
nerves by its activation.'®

On the other hand, inducers of pain such as cytokines are
important producers of pain originating from osteoporotic
bone. Generally, bisphosphonates are used for osteoporosis
and they affect pain from osteoporosis. Possible mechanisms
for the improvement of pain through the use of bisphospho-
nates are the inhibition of osteoclast activity and an anti-in-
flammatory effect.!”!® The inflammatory factors associated
with tumor-related osteolysis include tumor necrosis factor-
alpha (TNF-a), interleukin-1, transforming growth factor
(TGF)-a and TGF-B.1% [n vitro and in vivo studies have
shown that bisphosphonates inhibit the synthesis of proin-
flammatory cytokines.'**

In a mouse model of cancer, exogenous TNF-a is shown

to evoke heat hyperalgesia in vivo and sensitize nociceptive
nerve fibers to heat in vitro.! TNF-a. enhances the expres-
sion of the nociceptor-specific heat transducer TRPV1,?! and
it enhances functional thermal and chemical responses of
TRPV1 channels in human synoviocytes.”? The density of
TRPV1-positive nerve fibers is higher in ovaries from wom-
en with complaints of pain from endometriosis than in ova-
ries from control patients.”> TRPV1 expression was found to
be elevated significantly when stimulated with inflammatory
mediators such as prostaglandin E2 and TNF-o.* This sug-
gests that inducers of pain such as cytokines and TRPV1
may contribute to pain transmission in osteoporosis.

There are some limitations in the current study. First, we
demonstrated that TRPV1-ir DRG neurons innervated the fe-
mur. However, we did not examine the function of TRPV1
or perform a quantitative analysis of TRPV1. Second, we
did not evaluate pain from normal or osteoporotic femurs
because pain is difficult to measure accurately. Third, we
did not evaluate BMD, but only used histological measures
to evaluate low bone mass. We previously reported that fe-
male rats ovariectomized at 5 weeks of age, the model used
in the current study, histologically showed osteoporosis and
lower BMD than controls, demonstrated using quantitative
computed tomography by 35 weeks of age.'>** Therefore,
we used the same model in the current study. Fourth, there
was a possibility that microfractures occurred in the miner-
alized bone. Microfractures were not evaluated by HE stain-
ing of the OVX femur, and further study is necessary to
rule out that microfractures occurred.

In conclusion, the present study demonstrated that the
proportion of TRPV 1-ir neurons was higher in DRG neu-
rons innervating osteoporotic femurs than in DRG neurons
innervating normal femurs, suggesting that TRPV1 may
modulate sensory transmission from osteoporotic bone.
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