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Electrical stimulation at the dorsal root ganglion preserves
trabecular bone mass and microarchitecture of the tibia
in hindlimb-unloaded rats
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Abstract
Summary This study seeks to investigate the effect of electri-
cal stimulation (ES) at dorsal root ganglion (DRG) on disuse
bone loss in a rat model. Hindlimb unloading for 14 days
resulted in significant bone loss in rat tibia while rats with ES
at DRG showed a significant reduced bone loss
Introduction Mechanical unloading induces osteoporosis in
both human and animals. Previous studies demonstrated that
electrical stimulation (ES) to dorsal root ganglion (DRG)
could trigger secretion of calcitonin gene-related peptide
(CGRP) which plays an important role in bone modeling
and remodeling. This study seeks to investigate the effect of
ES to DRG on disuse bone loss in a rat model.
Methods Twenty-four rats were randomly assigned in three
experimental groups: cage control (CC), hindlimb unloading
(HU), and hindlimb unloading with ES (HUES). ES was
applied via implantable micro-electrical stimulators (IMES)
to right DRGs at vertebral levels L4–L6 in HUES group.
Results Hindlimb unloading for 14 days resulted in 25.9 %
decrease in total bone mineral content (BMC), 29.2 % de-
crease in trabecular BMD and trabecular microarchitecture
and connectivity were significantly deteriorated in the proxi-
mal tibia metaphysis in HU group, while rats with ES at DRG
showed significant reduced bone loss that there was 3.8 %
increase in total BMC, 2.3 % decrease in trabecular BMD, and
significant improvement in trabecular microarchitecture.
There was a concurrent enhancement of expression of CGRP
in stimulated DRGs.

Conclusions The results confirm the effect of ES at DRG on
enhancing CGRP expression and suggest potential applica-
tions of IMES for the prevention and treatment of disuse bone
loss.

Keywords Bonemineral density . CGRP . Disuse
osteoporosis . Dorsal root ganglion . Electrical stimulation

Introduction

Bone is a metabolically active tissue that adapts its structure
and mass in response to mechanical stimuli. Disuse or reduc-
tion in mechanical loading causes an imbalance in bone turn-
over, with bone resorption favored over bone formation, and
thus a rapid loss of bone mass, which results in disuse osteo-
porosis. It has been well documented in both humans and
animal models that bone loss following unloading of the
weight-bearing bones [1–3], for instance, decrease in trabec-
ular bone mass in the tibia in astronauts following 4 weeks to
several months spaceflight [4], bone loss in rats subjected to
hindlimb unloading for 2 weeks [5]. Lecoq et al. [6] compared
the bone loss in female rats induced by hindlimb unloading,
ovariectomy, and the combined effect of both treatments.
Their results showed that hindlimb unloading induced a great-
er degree of bone loss than estrogen deprivation.

While it has been long appreciated that mechanical force is
one of the crucial regulators of bone remodeling and repair,
the actual mechanism by which physical force is converted
into intracellular biological signal(s) remains largely unex-
plained. Calcitonin-gene-related peptide (CGRP) is a sensory
neuropeptide that shares the same encoding gene complex as
calcitonin. Calcitonin is produced when the gene is expressed
in C cells in the thyroid, while CGRP is produced when the
same gene is expressed in sensory neurons located in the
dorsal root ganglion (DRG). CGRP is then transported
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peripherally and co-stored in large electron-dense storage
vesicles, the accumulation of which constitutes varicose en-
largements of the sensory axon [7]. Numerous in vitro studies
have suggested that CGRP modulates the activities of bone
cells [8–10], including both osteoblasts and osteoclasts.
CGRP causes a 30 to 500-fold increase in osteoblastic cyclic
adenosine monophosphate (cAMP) by interacting with oste-
oblast specific CGRP receptors, thus stimulating osteogenesis
[8]. CGRP also acts directly on osteoclasts to inhibit bone
resorption [9]. These in vitro bone metabolism-associated
properties of CGRP, together with morphologic evidence of
CGRP-containing fibers in bone, suggest the modulatory roles
of osseous CGRP-containing fibers and their specific func-
tion. The modulatory effect of CGRP-containing fibers on
bone metabolism has been studied by Zaidi et al. [7], who
reported that high doses of CGRP significantly inhibited bone
resorption in rats. Moreover, another study demonstrated that
transgenic mice with osteoblasts expressing CGRP had higher
trabecular bone density and bone volume than those in trans-
genic negative controls [9].

Brooks et al. [11] showed that CGRP secretion could be
triggered by electrical stimulation (ES) at dorsal root. CGRP
plays important role in bone formation and remodeling. How-
ever, it is unclear whether ES at the DRG-induced increases in
CGRP secretion can prevent disuse bone loss.

We hypothesized that ES at the DRG triggers increased
CGRP secretion by DRG neurons, reducing disuse bone loss.
Therefore, the primary objective of this study was to deter-
mine the effect of ES at the DRG on CGRP expression and
tibiae bone quantity in hindlimb-unloaded rats. The outcome
of this study will provide the scientific foundation for ES to
sensory nerves to prevent disuse osteoporosis.

Methods

Animals

Twenty-four Sprague Dawley rats (3 months old; weight,
420–450 g) were randomly assigned into three groups (n=8
per group): the cage control (CC), hindlimb unloaded (HU),
and hindlimb unloaded with ES to the DRG groups (ES). All
animals were housed individually in metal cages and were
provided with unlimited access to food and water. The envi-
ronment was maintained with a 12 h day–night cycle at 24 °C.
The protocol of animal care and experiment was approved by
the Animal Ethics Committee of The Hong Kong Polytechnic
University. Electrical stimulation to the DRG of ES rats was
generated by a set of implantable micro-electrical stimulators
(IMES) implanted in the spinal region. The duration of exper-
iments was 2 weeks. After the treatment period, animals were
euthanized by CO2 inhalation. The spinal cord at vertebral
levels L4 to L6 with bilateral DRGs and right tibiae were

harvested and fixed in 4 % paraformaldehyde for 48 h, and
then stored in 70 % ethanol until further use.

Hindlimb unloading protocol

The tail of a rat was suspended using a tail harness that raised
its hindlimbs and kept it in a head-down position (Fig. 1a).
The animals were free to move with their forelimbs. The angle
formed between the body of the rat and the floor of the cage
was 30°, preventing the animals from contacting the ground
and bearing weight on their hindlimbs and providing normal
weight bearing on the forelimbs, unloaded the lumbar verte-
brae but not the cervical vertebrae [12, 13].

Implantation of IMES and stimulation protocol

ES was generated by an IMES developed by the Department
of Aeronautics &Astronautics Engineering, Tsinghua Univer-
sity, China [14, 15]. An IMES unit consists of a body con-
taining the circuit board and a button-type battery, three elec-
trodes, and wires connecting the body and the electrodes
(Fig. 1b). The dimensions of the body are 25 mm×20 mm×
8 mm, and the weight is 5.86 g. In order to resist corrosion of
electrical components in the physiological environment, the
body is coated with poly-para-xylylene (parylene C) and
silicone rubber. The body is connected to three coaxial elec-
trodes. The outer layer of each electrode is a stainless steel

Fig. 1 aHindlimb-unloaded model. b Implantable micro-electrical stim-
ulator. c X-ray showing position of the IMES and electrodes implanted at
right DRGs at the level L4–L6
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tube that serves as a reference pole, while the electrode core is
fitted with a stainless steel wire coated with a layer of
parylene. The uncoated tip of the core serves as the negative
polarity stimulating pole. The implanted stimulator unit is
externally controlled with a remote control unit. Treatment
parameters, including stimulation frequency, pulse duration,
stimulation voltage, and on- and off-times, can be adjusted
with the remote control unit.

ES was applied to the right DRGs at vertebral levels L4 to
L6, including sensory neurons that innervate the tibial and
common peroneal regions of the right hindlimbs in rats [16].
Implantation of the IMES was carried out under general
anesthesia with an intraperitoneal injection of ketamine
(10 %) and xylazine (2 %; volume ratio, 2:1; dosage, 0.1 ml
per 100 g body mass). The right transverse processes of L4 to
L6 were exposed through a dorsal incision, and 1 mm diam-
eter holes were drilled at the DRG on the right transverse
processes (Fig. 2). After the electrodes were inserted into the
holes, they were sutured to the muscle, fixing their positions.
The body of the stimulator was implanted subcutaneously in
the lower back area in such a way as to create the least motion
restriction for the animal. The electrodes were then connected
to the body. The positions of the electrodes and body were
monitored by X-ray imaging during the treatment period
(Fig. 1c).

The ES signal was a rectangular pulse waveform at con-
stant amplitude [15]. The pulse width, frequency, current, and
voltage of the electrical stimulation applied were 90 μs,
150 Hz, 61.3 μA, and 0.25 V. The stimulation voltage used
in this study was defined as the maximum stimulation voltage
applied without triggering visible muscular contraction in the
innervated muscles since electrically induced muscle contrac-
tions were expected to reduce bone density decline [17]. The
stimulation signals were verified by an in vivo validation
procedure that the stimulation signals were detected by a
recording electrode implanted at the transverse process

2 mm anterior to the site of stimulation. The recording elec-
trode was connected to an oscilloscope (TektronixMSO 4104,
Tektronix Inc.), which measured and recorded the electrical
stimuli detected. Based on our observations, no muscle con-
traction was induced when a stimulation voltage of 0.25 V
was applied, but in vivo electrical signals were still detectable.
In the ES group, each animal was stimulated 20 min per day
for 14 days.

Immunohistochemistry

Harvested specimens of spinal cord and DRG were
rehydrated in 0.01 M phosphate-buffered saline (PBS)
containing 20 % sucrose for 5 h at room temperature.
Then, the DRG samples were sectioned at a thickness of
7 μm on a cryostat. The immunohistochemical staining
was performed following an established protocol [18].
Briefly, the DRG sections were treated in 0.5 % horse
serum (Life Technologies, Carlsbad, CA, USA) for
30 min at room temperature. The sections were then
incubated with rabbit antibody to CGRP (1:50, Abcam,
Cambridge, MA, USA) for 24 h at 4 °C, followed by
incubation with goat anti-rabbit Alexa Fluor 555 fluores-
cent antibody conjugate for visualization (1:1,000; Life
Technologies, Carlsbad, CA, USA). Finally, the sections
were mounted with aqueous-based mounting agent with
4′, 6-diamidino-2-phenylindole (DAPI, Vector Laborato-
ries Inc., Burlingame, CA, USA). The sections were
examined using a fluorescence microscope (Nikon
eclipse 80i; Nikon, Tokyo, Japan) immediately after im-
munostaining. The fluorescence microscope was
equipped with a mercury lamp and appropriate excitation
filters for the red fluorescent signal of CGRP (exCitation
range, 550 to 590 nm) [19] and for the blue DAPI signal
(excitation ∼360 nm) [20].

The captured images of labeled DRG sections were
further analyzed using ImageJ version 1.46r (National
Institutes of Health, Bethesda, MD, USA). To calculate
the number of CGRP+neurons, 100 fluorescent images of
the right side DRGs were selected per animal at random,
and the number of CGRP+neurons was counted. Only
CGRP+neurons with visible nuclei were included in the
count. The total area of CGRP fibers was quantitatively
evaluated. The intensity of the CGRP-signal and the num-
ber of pixels within a region of interest (ROI) were
generated using the built-in histogram function of the
ImageJ software. The area of the ROI was estimated as
the proportion between the number of pixels within the
ROI and the total number of pixels captured. Significantly
enhanced signals (CGRP++) were further defined as sig-
nals with intensities more than 2 standard deviations
higher than the mean ROI intensity. The proportion of
CGRP++ neurons was then estimated.

Fig. 2 Locations of holes drilled on transverse processes for insertion of
electrodes
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Peripheral quantitative computed tomography (pQCT)

Tomographic scans of tibias were performed in vivo before
treatment and ex vivo after harvesting the bone samples using
a peripheral quantitative computed tomography (pQCT) scan-
ner with software version 5.2 (Stratec XCT2000, Norland,
USA). Each tibia was cross-sectionally scanned at 2, 3, and
4 mm from the proximal end of the bone, regions rich in
cancellous bone. Another three slices were scanned at the
midpoint of the total length of the tibia. Standardized analyses
for either the metaphyseal region (contour mode 3, peel mode
2; outer attenuation threshold, 0.214 g/cm3; inner attenuation
threshold, 0.605 g/cm3) or diaphyseal region (separation 1;
attenuation threshold, 0.605 g/cm3) were applied to each slice
obtained [21]. The total bone mineral content (BMC) and
total, cortical, and cancellous bone mineral densities (BMD)
were measured in the metaphyseal region, and cortical BMC
and BMD were measured in the diaphyseal region. The pa-
rameters in the slice with the highest total BMD values at each
site were used for further analyses.

Micro-computed tomography (μCT)

The harvested tibiae were scanned with a high resolution μCT
(μCT-40, SCANCO Medical AG, Bassersdorf, Switzerland).

The basic parameters were set as following: voltage 70 kV,
current 114 μA, and integration time 170 ms. The proximal
metaphysis of the tibias was scanned at a resolution with an
isotropic voxel size of 19 and 38 μm, respectively. In order to
suppress the noise in the results, all images were evaluated
with a constrained 3D Gaussian filter (filter width, σ=1.2;
filter support, S=2). The volume of interest (VOI) at proximal
metaphysis was defined as the 200 μm region beginning at
100 μm below the growth plate. The threshold value for
proximal metaphysis was 250 mg/cm3. All scans were recon-
structed with the same parameters for different portions. The
quantitative analysis of trabecular bone microarchitecture in-
cluded the following indices at the proximal metaphysis: bone
volume fraction (BV/TV), connectivity density (Conn.D),
structural model index (SMI), trabecular number (Tb.N),
thickness (Tb.Th), and separation (Tb.Sp).

Statistical analysis

Statistical analysis was performed using SPSS ver.20 (IBM,
Armonk, NY, USA). The results are presented as mean±
standard deviation. Percentage changes in bone quality pa-
rameters between pre- and post-treatment measurements in
each group were calculated using Eq. 1:

Change in bone quality parameter %ð Þ ¼ 100%� bone quality parameter at day 14‐bone quality parameter at day 0

bone quality parameter at day 0
ð1Þ

To determine whether stimulation to the DRG had an effect
on bone mass and structure, intergroup differences in BMC
and BMD changes measured in the right tibiae and structural
parameters were evaluated using one-way ANOVAwith LSD
post-hoc tests. Statistical significance was accepted as
p<0.05.

Results

pQCT

The total BMC in the proximal right tibia increased in the
CC and ES groups, while it decreased in the HU group.
Comparing the percentage change in parameters measured
from the right tibiae among the three groups, significant
bone loss in terms of reduced total BMC, as well as total
and trabecular BMD, was observed in the proximal tibiae
in the HU group compared with the CC (p<0.05) and ES
groups (p<0.05), while there was no significant difference

in these measurement between CC and ES groups
(p>0.05). There was no significant difference in cortical
BMD and BMC of diaphysis among the three groups
(p>0.05; Fig. 3).

microCT

Upon 2 weeks of hindlimb unloading, it is shown by one-way
ANOVA and post-hoc LSD tests, significantly reduced BV/
TV (p=0.038), Conn.D (p=0.008), Tb.N (p=0.034), and
increased Tb.Sp (p=0.044) in the HU group compared to the
CC group. In addition, larger SMI (p=0.011) was estimated in
the HU group indicating increased rod-like structure of tra-
beculae upon unloading (Table 1). In the ES group, reduced
deterioration of micro-architecture at the trabecular compart-
ment of proximal tibial metaphysis was observed. Although
significantly lower Conn.D (p=0.032) and larger SMI (p=
0.044) were found in the ES group compared to the CC group,
no significant difference in other micro-structural parameters
existed between the ES and CC groups (Table 1).
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Immunohistochemistry

At day 14 of experiment, CGRP+neurons in the DRG were
visualized by immunohistochemistry. On the right side, ac-
cording to the results of one-way ANOVA and post-hoc LSD
test on the proportion of CGRP+neuron in DRG, HU group
was significantly lower than both CC (Fig. 4a–c; p<0.05) and
ES group (Fig. 4g–i; p<0.05), while there was no significant
difference between the ES and CC groups (p>0.05) (Table 2).
However, the proportion of CGRP+neuron in left DRG of CC
was significantly higher than that of both HU and ES (one-
way ANOVA with post-hoc LSD test, p<0.05; Table 2),
whereas no difference in proportion of CGRP+neuron existed

between left DRG of HU and ES (Fig. 5). Evaluation of the
intensity of CGRP signals showed that CGRP++ neurons
(Fig. 4h) presented only in right DRGs of ES group but not
in CC and HU groups nor left DRGs of ES group. The
proportion of CGRP++ neurons in ES group was 15.5±
5.6 %, accounted for 91.2 % of CGRP+neurons. The en-
hanced CGRP signal complied with the occurrence of DAPI
signals (Figs. 4g–i and 5g–i), where DAPI bound DNA and
produced fluorescent signals upon excitation.

Discussion

The neuroplasticity of CGRP expressing neurons in the DRG

The results of this study demonstrate the expression of CGRP
in the L4–L6 DRGs reduced when there is absence of me-
chanical loading to the hind limbs, and can be enhanced by
electrical stimulation at DRG. This finding suggests the
neuroplasticity and electro-excitability of CGRP expressing
sensory neurons. In a study by Brooks et al. [11], electrical
stimulation was applied on rat spinal cord slices in vitro. Using
stimulation parameters of 20 V, 0.5 ms, and 10 Hz, they were
able to reliably evoke release of CGRP-like immunoreactivity.
Their parameters differed from those adopted in the present
study (0.25 V, 90 μs, 150 Hz, and 61.3 μA) suggesting that

Fig. 3 Percentage change in
bone mass measurements of right
tibiae. CC cage control, HU
hindlimb unloaded, ES hind limb
unloaded with electrical
stimulation at DRG. *p<0.05

Table 1 Micro-architectural parameters of proximal metaphysis of right
tibia

CC HU ES

BV/TV (%) 20.51±4.46 11.74±6.53a 13.46±4.03

Conn.D (#/mm3) 81.84±20.38 33.21±25.38a 45.71±12.67a

SMI(#) 2.17±0.20 2.70±0.32a 2.56±0.15a

Tb.N (#/mm) 3.80±0.83 2.80±0.94a 3.07±0.66

Tb.Th (μm) 0.078±0.002 0.072±0.007 0.073±0.006

Tb.Sp (μm) 0.26±0.067 0.38±0.130a 0.33±0.091

Values were means±SD
a Significant difference (p<0.05) against cage control
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excitation of CGRP+neurons can be achieved using a wide
range of stimulation parameters. To our knowledge, this is the
first report using IMES to provide electrical stimulation to the
DRG for preventing bone loss. Noninvasive electrical stimu-
lation has poor spatial resolution [22]. By comparing the
occurrence of enhanced CGRP signals, the enhancement of
CGRP expression was localized only in the stimulated DRG,
not in non-stimulated DRG. These results suggest that IMES
can achieve precise electrical neurostimulation. Precise
neurostimulation has applications for both the basic under-
standing of neural functions and in the clinic as a diagnostic or

therapy. In addition, comparing the CGRP expression be-
tween right (Fig. 4) and left DRGs (Fig. 5), enhanced CGRP
signal could not be observed in the left DRG in the absence of
electrical stimulation. This suggested further that the effects
on CGRP expression were localized only to region affected by
stimulation.

The effect of imes on disuse bone loss

Bone loss in bones of lower limbs following unloading is well
documented. It was demonstrated that the impact of short
period unloading and electrical stimulation at the DRG on
the bone mass and microarchitecture in rats. After 14 days of
hindlimb unloading, dramatic declines in total BMC and
trabecular BMD occurred in the proximal tibia metaphysis.
These results agreed with the findings reported in previous
studies [6, 21] that a fast decrease in BMD of cancellous bone
occurs following hindlimb unloading. The bone loss in tra-
becular bone at the microarchitectural level was illustrated by
a significant decrease in BV/TV, Conn.N, and Tb.N, and
increase in Tb.Sp and SMI. The most significant change was

Fig. 4 Immunofluorescent
images of right DRG (×200). a, b,
and c show fluorescent signals in
control (CC) DRG, whereas d, e,
and f show signals in DRG of
hindlimb-unloaded (HU) group.
g, h, and i show fluorescent sig-
nals in electrical stimulated (ES)
DRG. DAPI-labeled nuclei sig-
nals (a, d, and g). CGRP-
immunoreactive signals (b, e, and
h). Combined images of DAPI
and CGRP signals (c, f, and i).
Arrows indicate CGRP++ signals

Table 2 Average proportion of CGRP+neuron in DRG

CC HU ES

CGRP+neuron in right DRG [%] 17.8±1.2 14.8±0.6a 18.8±1.7b

CGRP+neuron in left DRG [%] 18.0±0.03 14.7±0.01a 14.5±0.02a

Values were means±SD
a Significant difference (p<0.05) against cage control
b Significant difference (p<0.05) against hindlimb unloaded
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the 59.6 % decrease in Conn.N which is one of the most
important characteristics in explaining variance in trabec-
ular strength. In evaluating the effects of electrical stim-
ulation at the DRG on the bone loss, the decreases in
trabecular BMC and BMD in the ES group were signif-
icantly less than those in the HU group. Microstructural
parameters including BV/TV, Tb.N, and Tb.Sp were sig-
nificantly improved. Conn.N decreased 44.1 % in ES
group, less than the 59.6 % decrease in HU group, but
there was no significant difference. The overall outcome
suggests that electrical stimulation to the DRG can ef-
fectively prevent deterioration of bone quality caused by
unloading. There is association between enhancement of
CGRP expression in the DRG and improvements in the
bone quality in the ipsilateral hindlimb of rats in the ES
group sugges t s the bo th t rabecula r mass and
microarchitecture can be well preserved by ES at DRG
during unloading period.

In summary, this study has shown that electrical stim-
ulation to the DRG via IMES can mitigate disuse bone
loss. Promising results of precise stimulation to DRG
with IMES, an effectiveness in reducing disuse bone

loss, and further evidence that CGRP+sensory nerves
that play an important role in maintaining bone quality
were demonstrated. The results suggest potential applica-
tions of IMES for the prevention and treatment of mus-
culoskeletal diseases. However, there are limitations to
the current study. The animals in this study were treated
for only 14 days. Further investigation into the long-term
effects, as well as the side effect, of the IMES treatment
is needed. The present study shows, but cannot explain
why, DRG stimulation can enhance CGRP expression in
DRG and reduce bone loss on both the ipsilateral
hindlimb concurrently. Further study is required to ex-
plore the underlying mechanisms.
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Fig. 5 Immunofluorescent
images of left DRG (×200). a, b,
and c show fluorescent signals in
control (CC) DRG whereas d, e,
and f show signals in DRG of
hindlimb-unloaded (HU) group.
g, h, and i show fluorescent sig-
nals in electrical stimulated (ES)
DRG. DAPI-labeled nuclei sig-
nals (a, d, and g). CGRP-
immunoreactive signals (b, e, and
h). Combined images of DAPI
and CGRP signals (c, f, and i).
Absence of CGRP++ signals in
ES group (g, h, and i)
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