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A B S T R A C T

Objectives: The aim of this study was to investigate the effects of low-intensity pulsed ultrasound (LIPUS) in a post-
traumatic osteoarthritis (OA) rat model and in vitro.
Methods: Thirty-eight male, four-month-old Sprague Dawley rats were randomly assigned to Sham, Sham þ US,
OA, and OA þ US. Sham surgery was performed to serve as a negative control, and anterior cruciate ligament
transection was used to induce OA. Three days after the surgical procedures, Sham þ US and OA þ US animals
received daily LIPUS treatment, while the rest of the groups received sham ultrasound (US) signals. Behavioral
pain tests were performed at baseline and every week thereafter. After 31 days, the tissues were collected, and
histological analyses were performed on knees and innervated dorsal root ganglia (DRG) neurons traced by
retrograde labeling. Furthermore, to assess the activation of osteoclasts by LIPUS treatment, RAW264.7 cells were
differentiated into osteoclasts and treated with LIPUS.
Results: Joint degradation in cartilage and bone microarchitecture were mitigated in OA þ US compared to OA.
OA þ US showed improvements in behavioral pain tests. A significant increase of large soma-sized DRG neurons
was located in OA compared to Sham. In addition, a greater percentage of large soma-sized innervated neurons
were calcitonin gene-related peptide-positive. Daily LIPUS treatment suppressed osteoclastogenesis in vitro, which
was confirmed via histological analyses and mRNA expression. Finally, lower expression of netrin-1, a sensory
innervation-related protein, was found in the LIPUS treated cells.
Conclusion: Our findings demonstrate that early intervention using LIPUS treatment has protective effects from the
progression of knee OA, including reduced tissue degradation, mitigated pain characteristics, improved sub-
chondral bone microarchitecture, and less sensory innervation. Furthermore, daily LIPUS treatment has a sup-
pressive effect on osteoclastogenesis, which may be linked to the suppression of sensory innervation in OA.
The translational potential of this article: This study presents a new potential for early intervention in treating OA
symptoms through the use of LIPUS, which involves the suppression of osteoclastogenesis and the alteration of
DRG profiles. This intervention aims to delay joint degradation and reduce pain.
1. Introduction

Osteoarthritis (OA) is a chronic degenerative joint disorder associated
with debilitating pain. Symptomatic OA is characterized by several
hallmarks, including degeneration of cartilage, subchondral bone archi-
tectural abnormalities, synovial inflammation, and diverse pain charac-
teristics. Structural dystrophies of the joint tissues are the major
microscopic and macroscopic indicators of OA progression. Pain is
another critical symptom in symptomatic OA, yet the measure and
mechanism of OA pain is very complex, due to the involvement of the
nervous system and biochemical factors within the joint [1]. While there
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are multiple approaches to slowing the progression of OA and mitigating
pain, the pathophysiology of OA progression still remains unclear.

Understanding the role of sensory innervation is crucial in mitigating
the pain arising from OA. Several previous studies have visualized sen-
sory neurons innervating joints in OA animal models, frequently by using
a common sensory neuron marker, calcitonin gene-related peptide
(CGRP). The innervating sensory neurons have their cell bodies located
in the dorsal root ganglia (DRG). More than 70% of total DRG neurons
express CGRP [2,3]. Increased sensory innervation of CGRP-positive
neurons has been reported in the monoiodoacetate (MIA) injection and
destabilized medial meniscus (DMM) models of OA [2,4–6]. It also has
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been reported that a larger soma diameter of DRG neurons expressing
CGRP innervates the diseased joints in the MIA model of OA [7]. Char-
acterizing nociceptive innervation of nerve fibers in OA is important in
understanding OA-related pain, and current literature has begun to
elucidate the characteristics and relationships between sensory inner-
vation, OA-related pain, and joint degradation.

Retrograde labeling of innervated sensory neurons allows for the
evaluation of afferent neurons. The importance of CGRP-positive neurons
has been related to increased osteoclast activity in OA knees [4,8]. Zhu
et al. reported that increased osteoclast activity and expression of the
protein netrin-1 increases sensory innervation and OA pain using animal
models [4]. In the same study, the receptor activator of nuclear factor of
kappa-B ligand (RANKL) knockout transgenic mice did not develop OA or
OA pain symptoms, indicating osteoclast activity is involved in the
symptomatic development. Furthermore, the blockade of netrin-1 in the
transgenic mice resulted in attenuated OA symptoms. Therefore, it is
suggested that the formation of osteoclasts is associated with OA path-
ophysiology and further increases sensory innervation to amplify pain
signals.

Low-intensity pulsed ultrasound (LIPUS), a non-invasive mechanical
stimulus, has shown promising insights in mitigating OA associated pain
and cartilage degradation in animal models and clinical settings. It has
been shown that suppression of osteoclast activity and bone marrow le-
sions alleviates OA pain and symptoms [4,8,9]. LIPUS has been reported
to induce osteoclast apoptosis and inhibit osteoclastogenesis [10,11].
However, LIPUS has also been reported to enhance osteoclast resorptive
activity [12]. With conflicting information in its effect, further investi-
gation into LIPUS stimulation on osteoclasts and further consequences in
OA are necessary. Recent publications support the attenuated progres-
sion of OA in LIPUS treated animals when the intervention was applied in
the relatively early phase of OA pathology [13,14] as well as in mid-late
stage OA pathology [15]. Early intervention of LIPUS after anterior
cruciate ligament transection (ACLT) induced OA in rats showed higher
type II collagen content and lower expression of matrix
metalloproteinase-13 (MMP-13) than non-treated ACLT-induced rats
[13]. However, the effect of early OA intervention using LIPUS on knee
sensory innervation and the involvement of osteoclast suppression in the
progression of OA is largely unknown.

Therefore, the primary objective of this study was to investigate the
effects of daily LIPUS on degenerating joint symptoms and nociceptive
innervation in ACLT model of knee OA. Our secondary objective was to
elucidate the effects of LIPUS on osteoclastogenesis. We hypothesized
that LIPUS intervention in the early phase of OA would mitigate the
progression of the disease with less cartilage degradation, less osteoclast
activity, less innervated sensory neurons, and a different profile of CGRP-
positive DRG neurons.

2. Methods and materials

2.1. In vivo experimental design

All procedures were reviewed and approved by the Institutional An-
imal Care and Use Committee at Stony Brook University. Adult four-
month-old male Sprague Dawley rats were purchased from Charles
River Laboratory. The animals were then randomly assigned to one of the
following groups: (1) Sham surgery with Sham LIPUS (Sham, n ¼ 9), (2)
Sham surgery with LIPUS (Shamþ US, n ¼ 9), (3) OA surgery with Sham
LIPUS (OA, n ¼ 10), and (4) OA surgery with LIPUS (OA þ US, n ¼ 10).
All animals were housed in standard cages with a standard 12 h light/
dark cycle. OA surgery groups (OA and OA þ US) received anterior
cruciate ligament transection (ACLT) surgery on the right knee. The
timeline of the experiment is illustrated in Supplementary Fig. 1. All
animals were euthanized 31 days post-surgery.
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2.2. Daily LIPUS treatment for animals

LIPUS was applied to the medial side of the right knee of the animals
using a Sonicator 740 device (Mettler Electronics Corp) with the wave
parameters of 3.3 MHz pulse frequency, 0.1 W/cm2 peak intensity, and
20% duty cycle. The treatment was applied to Sham þ US and OA þ US
groups starting the 4th day after surgery and continuing until the 31st
day after surgery. The duration of the treatment was 20min/day, 5 day/
week, for 4 weeks. The animals in Sham and OA group were anesthetized
for the same duration on the same days that the other groups received
treatment with the transducers turned off.

2.3. Behavioral analyses

Pain behavioral tests, including Von Frey filament test, static weight-
bearing incapacitance tests, and gait analysis, were performed from
baseline to the end of the study once every week, for a total of 5 times
throughout the study. A set of Von Frey filaments (Bioseb) was used to
measure mechanical allodynia of the animals throughout the course of
development of OA and the treatment as described previously [16]. All
animals were subjected to the test weekly on an ipsilateral limb. The
ascending stimulus method was used on each animal at baseline and
every week post-ACLT [17]. The gait of the animals was measured using
ink-dipped gait analysis method based on a previously publishedmethod.
Both hindlimb prints from each animal were analyzed for stride length,
step length and toe-out angle based on previous published method [18].
Detailed protocols are described in the supplementary methods.

2.4. Ex-vivo micro computed tomography

To investigate if trabecular epiphyseal trabecular bone is altered by
OA pathology and by LIPUS treatment, regions of interest in the sub-
chondral bone of knee samples were scanned by ex-vivo X-ray micro-
computed tomography (μCT40, Scanco Medical). The knee samples
were scanned transversally near the tibial epiphysis using the following
parameters; X-Ray peak potential of 55 kVp, an integration time of 200
ms, scanning intensity of 145 μA and a voxel size resolution of 10 μm3.
Circular ROIs were manually drawn to include the medial subchondral
trabecular bone and further analyzed using the trabecular bone analysis
tools (Gauss sigma:1.2, Gauss support: 2.0, Lower threshold: 362, Higher
threshold:1000). Bone morphology parameters including bone volume
(BV), bone volume fraction (BV/TV), trabecular number (Tb.N.), thick-
ness (Tb.Th.), and separation (Tb.Sp.), and structural model index (SMI)
were analyzed and compared between groups and to the contralateral
limb.

2.5. Histological evaluation of knee joint and quantification of osteoclast
activity

Half of the preserved joint samples (n¼ 5) were decalcified in the mix
of 8% formic acid and 8% hydrochloric acid for a week with the decal-
cification solution mix changed daily. The other half of the samples (n ¼
4–5) were decalcified in 14% EDTA for at least 5 weeks. All decalcified
samples were then paraffin embedded and sagittal sections were cut at 8
μm thickness. Safranin O-fast green straining was performed and an OA
scoring system was used to determine the grade and stage of OA in each
sample [19]. Two distant sections were scored, then the average score
was reported for each sample's final score. The samples decalcified using
EDTA were stained for tartrate-resistant acid phosphatase 5 b (TRAcP5b
or TRAP) activity and osteoclast identification. The protocol was adapted
and modified from a previously reported study using open-source his-
tomorphometry software [20]. Three distant sections were histologically
assessed for osteoclast surface fraction over bone surface (Oc.S/BS) and



Fig. 1. Ameliorated pain behaviors in the LIPUS treated OA animals in paw withdrawal thresholds and hindlimb weight-bearing (A) ACLT induced increased
sensitivity in paw withdrawal thresholds but mitigated responses were seen in the LIPUS treated animals in the 4th week (n.s. Sham vs. OA þ US, OA þ US vs
baseline). (B) Uneven hindlimb weight-bearing was observed in ACLT animals, but the treated animals did not develop continuous uneven weight-bearing. Statistical
differences were calculated with two-way ANOVA; *:p < 0.05, **:p < 0.01, ***:p < 0.001, ****:p < 0.0001, a:p < 0.05 Sham vs. OA, b:p < 0.05 Sham þ US vs. OA,
c:p < 0.05 Sham vs. OA þ US. ns: not significant. Results are shown as mean � SD.
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number of osteoclasts per bone surface (N.Oc/BS).

2.6. Immunofluorescence of DRG and knee joint

To visualize the joint innervated neurons, retrograde fluorochrome
(Fluoro-Gold, Fluorochrome LLC.) was injected in the intra-articular joint
space as previously described [21]. The DRGs were then cryoembedded,
sectioned at 20 μm thickness and stored at �20 �C until further immu-
nofluorescence reaction analyses. Immunofluorescence was performed
against CGRP-positive and FG-positive neurons (Supplementary Fig. 2A).
We first classified all FG-positive neurons and FG- and CGRP-positive
neurons based on their soma size. We further stratified the neuronal
analyses based on their soma areas to understand the alterations better,
based on earlier reported criteria; small (<600um2), medium (>600um2,
<1200um2), and large (>1200um2) [7,22]. Then, finally, based on its
soma size, the percent distribution of FG-positive neurons, the percent
distribution of CGRP-positive neurons per total FG-positive neurons, and
the percent alterations of FG- and CGRP-positive neurons under different
treatment groups were analyzed. Innervated sensory neurons were
visualized and identified under the weight-bearing region using FITC
filter.

2.7. In vitro study of cultured osteoclasts and LIPUS treatment

RAW 264.7 cells were seeded in 6-well plates at a density of 80,000
cells. After 24 h, 50 ng/ml of RANKL (R&D Systems, Minneapolis) was
added to induce osteoclast differentiation and daily LIPUS treatment
began. Cell plates were placed in a degassed water chamber 6 mm above
the transducer and were subjected to treatment 20min/day for 7 days
(Frequency: 1 MHz, Intensity: 30 mW/cm2, 20% duty cycle). Control
cells underwent same conditions, with the power turned off. Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin was replaced every other day with
fresh RANKL until the end of the treatment (n ¼ 3/group). Histological
analyses were performed using TRAP staining solution and multinucle-
ated cells were manually counted. Total mRNA was extracted and iso-
lated to determine the osteoclastogenic gene expression levels. Following
daily LIPUS treatment, the media of the cultured osteoclasts were
collected at day 1, 3, 5 and 7, and ELISAs were performed to determine
the amount of netrin-1 and TRAP secretion (Supplementary methods).
11
2.8. Statistical analysis

All statistics were analyzed using GraphPad Prism software (Version
8.02, GraphPad Software Inc., San Diego). For the in vivo study, two-way
repeated measure ANOVA with multiple comparisons tests was used to
analyze behavioral pain tests. All histological, histomorphometric,
immunoreactive analyses, and bone microarchitectural analyses were
performed using two-way ANOVA. For the in vitro study, histological and
qPCR results were compared with Student's t-tests, and ELISA results
were compared with two-way ANOVA. All statistically significant dif-
ferences are noted, where *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.

3. Results

3.1. Ameliorated pain behaviors in the LIPUS treated animals

At baseline, the groups did not have a significant difference in me-
chanical hyperalgesia (Sham 23.5 � 1.6, Shamþ US 23.5� 1.6, OA 23.8
� 1.4, OA þ US 20.5 � 1.8). Both sham and ACLT surgeries caused
hyperalgesia by significantly lowering the withdrawal thresholds from
their own baseline in the measurements on the 1st and the 2nd weeks
post-surgery. On the 3rd week from surgery, the animals in the OA group
showed significantly lower withdrawal thresholds compared to sham
animals as sham received animals recovered (p < 0.01, p < 0.05
respectively compared to Sham and Sham þ US). The responses from OA
þ US animals were not significantly different from Sham or Sham þ US
throughout the study. By the end of the study, OA animals continued to
show significantly lowered withdrawal thresholds from their baseline,
while all other groups were not significantly different from their baseline
measurements (Sham 19.6 � 2.8, Sham þ US 17.4 � 1.6, OA 9.4 � 2.3,
OA þ US 14.9 ± 2.1) (Fig. 1A).

In hindlimb weight-bearing measurements, both Sham and Sham þ
US animals did not differ from baseline to the end of the study. In the
contrast, ACLT animals, both OA and OA þ US, showed significantly
lowered weight-bearing in their ipsilateral limbs a week after the surgery
compared to the baseline (�9%, p< 0.01,�8.4%, p< 0.05 OA and OAþ
US respectively). OA þ US animals showed ameliorated response from
the 2nd week, while OA animals showed continued lowered weight-
bearing until the end of the study but not less than 11% from the



Fig. 2. Histological evaluation of ipsilateral knees (A) Safranin O/Fast Green (SO/FG) staining showed degenerated cartilage with lesions in OA animals, while OA þ
US animals showed less severe developed OA (top row). Magnified image of the red box in the first row (middle row). Increased tartrate-resistant acid phosphate 5 b
activity was observed in OA, and suppression of the activity in OA þ US (bottom row). Scale bar ¼ 100 μm (B) SO/FG scoring showed significantly increased cartilage
degeneration in OA and mitigated symptoms in OA þ US animals (C–D) Osteoclast surface per bone surface (Oc.S/BS) and a number of osteoclasts per bone surface
(N.Oc/BS) showed a significant increase in OA animals and reduced expression in OA þ US. *:p < 0.05, **:p < 0.01, ***:p < 0.001, ****:p < 0.0001, #:p < 0.10.
Results are shown as mean � SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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baseline. In the 1st week post-surgery, OA and OA þ US animals had
significantly lower ipsilateral hindlimb weight-bearing compared the
Sham group (p < 0.01 and p < 0.05, respectively). From the 2nd week to
the end of the study, OA þ US animals' weight-bearing measurements
were not significantly different from Sham animals, while OA animals
continued to have significantly lower weight-bearing (Fig. 1B). Unlike
mechanical allodynia and reduced weight-bearing in ipsilateral hin-
dlimbs of the animals due to ACLT induced OA, gait analyses did not
reveal any significance patterns of the animals based on the surgical
procedure or on the LIPUS treatment (Supplementary Fig. 3).
3.2. Cartilage degradation and osteoclast activity were reduced in knee of
OA þ US animals

The ipsilateral knees of Sham and ShamþUS groups showedminimal
cartilage degradation after four weeks of treatment and resulted in low
12
OARSI scores. OA group, however, showed lesions in cartilage, enlarged
chondrons, and delaminated proteoglycan content in mid zone and deep
zone, which resulted in a significantly higher OARSI grade than Sham
and Sham þ US (p < 0.0001). OA þ US showed ameliorated histological
symptoms after 4 weeks of US treatment (3.16 � 0.68), significantly
different from the OA group (p < 0.0001). Compared to their contra-
lateral limbs, both OA and OA þ US groups showed significantly higher
scores (p < 0.0001, p < 0.05, respectively) (Fig. 2A and B).

Osteoclast active surface percentage (Oc.S/BS) in the ipsilateral knees
of OA group was 5.48%, 7.27%, and 6.41% greater than that of Sham,
Sham þ US, and OA þ US groups (p ¼ 0.08, p < 0.01, and p < 0.05,
respectively) (Fig. 2C). The ipsilateral knees of OA group had signifi-
cantly higher osteoclast active surface percentage than their contralateral
knees (p < 0.05), while no other animal groups showed any differences
compared to their contralateral knees. The number of osteoclasts per
bone surface (N.Oc/BS) in the ipsilateral OA group was significantly



Fig. 3. Micro-computed tomography of subchondral trabecular bone below weight-bearing point (A) Representative segmented image of Sham, Sham þ US, OA, OA
þ US and contralateral subchondral bone in cylindrical regions of interest. Scale bar: 500 μm (B–G) Microarchitecture analyses of bone volume fraction, connectivity
density, structural model index, trabecular number, trabecular thickness and trabecular separation. OA animals showed osteoporotic bone microarchitecture, except in
trabecular thickness, compared to its contralateral. OA þ US did not have significantly different microarchitecture parameters compared to contralateral except in
structural model index. *:p < 0.05, **:p < 0.01, ***:p < 0.001. Results are shown as mean � SD.
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higher than Sham þ US and OA þ US (p < 0.01, p < 0.05) (Fig. 2D).
Again, only the ipsilateral knees of OA group had a higher number of
osteoclasts than their contralateral knees (p < 0.05).
3.3. OA showed osteoporotic microarchitecture while OA þ US mitigated
symptoms

Representative reconstructed images of the weight-bearing sub-
chondral bone in ipsilateral limbs are shown in Fig. 3A. The subchondral
bone in knees from the OA group showed significantly lower bone vol-
ume fraction, as well as greater structural model index and trabecular
separation compared to that of contralateral limbs (Fig. 3B, D, F). Con-
nectivity density and trabecular numbers showed slight but not signifi-
cant trends of decrease compared to that of contralateral knees (p¼ 0.06,
p¼ 0.09 respectively) (Fig. 3C, F). Neither Sham and Shamþ US showed
a statistical difference in any analyses.
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3.4. Increased innervation of large-sized neurons and possible mitigated
effect by LIPUS treatment

The soma size of the DRG neurons that were retro-traced was
analyzed to determine whether the diseased knees have a higher per-
centage of sensory innervation and to understand the profiles of the in-
nervations. All somas were analyzed by their size in both FG-positive
percentage and FG- and CGRP- positive percentage (Fig. 4A and B). The
total number of cells analyzed that were FG-labeled was 1263. After
stratifying the size of the neurons into three sub-categories based on their
size, Sham animals showed a significantly larger percentage of FG-
positive cells (mean percentage, 71%) in small sized neurons than ani-
mals from Sham þ US, OA, and OA þ US (52%, 52%, 57%, respectively)
(Fig. 4C). The percentages of large soma DRG neurons present in OA
group (12.8%) were significantly higher than that of Sham and Sham þ
US groups (2.9% and 3.8%), while no significant difference was found in



Fig. 4. Increased retrograde-labeled cells in DRG of ACLT induced OA animals in large-sized neurons and slightly reduced by the effect of LIPUS treatment (A–B) The
percentage of FG-positive and FG-positive CGRP-positive neurons is based on its soma size (C) The percentage of FG-positive neurons based on its soma size stratified
by subgroups, small (<600 μm2), medium (>600 μm2, <1200 μm2), and large (>1200 μm2) (D) the percentage of CGRP-positive neurons in total FG-positive neurons
(E) the percentage of FG-positive and CGRP-positive neurons (statistical differences only shown vs. Sham). *:p < 0.05, **:p < 0.01, a:p < 0.05 vs. Sham small, b:p <

0.05 vs. Sham medium, c:p < 0.05 vs. Sham large. Results are shown as mean � SD.
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OA þ US group (6.2%). A similar trend was also found in the total
number of FG-positive neurons (Supplementary Fig. 3B).

The percentage of CGRP-positive neurons in total FG-positive cells
was then analyzed to understand whether there is a peptidergic shift in
DRG neurons (Fig. 4D). In the small- and medium-sized neurons, there
was not a statistical difference between groups. However, in large-sized
neurons, more than 80% of FG-positive cells in OA and OA þ US were
CGRP-positive, while less than 40% of FG-positive cells were CGRP-
positive in Sham and Sham þ US (p < 0.05).

Then the percentage of CGRP-positive and FG-positive was calculated
to understand the profile (Fig. 4E). Sham had a significantly higher
percentage of small-size compared to the rest of the groups (76.5% vs.
51.16%, 47.96%, and 52.08%, p < 0.05). OA group showed a significant
increase in large-size neurons (Sham 2.53% vs. OA 16.78%, p < 0.05).
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However, OA þ US group did not show a statistical difference in the
percentage of large-size CGRP-positive and FG-positive neurons when
compared to Sham, Sham þ US, and OA groups. Finally, sensory inner-
vation was visualized in the subchondral bone marrow of ipsilateral knee
(Fig. 5). While CGRP-positive sensory neurons were easily visualized in
the knees of OA animals, they were not present in the knees of Sham,
Sham þ US, and OA þ US animals.

3.5. LIPUS suppresses osteoclastogenesis in vitro

Histological evaluation revealed that daily LIPUS treatment signifi-
cantly suppressed the formation of TRAP positive multi-nucleated oste-
oclasts (p < 0.01, Fig. 6A and B). Furthermore, LIPUS significantly
reduced osteoclast-specific expression of NFATc-1, cathepsin-K, and TRAP



Fig. 5. Representative images of immunofluorescence for calcitonin gene-related peptide-positive (CGRP-positive) in subchondral bone marrow Immunofluorescence
staining of CGRP-positive fibers in (A) Sham (B) Sham þ US (C) OA, and (D) OA þ US. OA animals showed increased CGRP-positive fibers (arrowhead) in subchondral
bone marrow space. Scale bar: 100 μm.
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(p < 0.05), while there were no significant differences in osteopontin and
COX-2 (Fig. 6C). In addition, protein analysis via ELISA showed signifi-
cant reduction of TRAP secretion after day 5 that continued to day 7 of
LIPUS treatment (p < 0.01 and p < 0.001, respectively, Fig. 6D). Inter-
estingly, LIPUS significantly reduced the mRNA expression of the axonal
guidance protein and netrin-1 (p < 0.05, Fig. 6C). To further investigate
the role of netrin-1 in osteoclast activity, secretion of netrin-1 was
monitored via ELISA. There was a significant secretion reduction by day
5 which was further reduced by day 7 (p < 0.05, Fig. 6E).

4. Discussion

OAis a degenerative disease with multifactorial symptoms and
debilitating pain. Suppression of OA symptoms is limited due to the
involvement of many tissue types and their heterogeneity. This study
evaluated the potential of using daily LIPUS treatment as a preventative
modality for the symptoms of OA induced by ACLT in a rat model. ACLT
created a symptomatic OA animal model in four weeks, with histological
degradation of cartilage, high percentage of osteoclast activity, osteo-
porotic subchondral bone microarchitecture, pain-related behaviors, and
higher sensory innervation. With early intervention using LIPUS, the
symptoms of OA were maintained or reversed to prevent the develop-
ment of OA. In addition, our results suggest that LIPUS treatment sup-
presses osteoclastogenesis and secretion of netrin-1, which may help
explain the pain mitigation seen in vivo. To our best knowledge, this is the
first study to evaluate the effect of LIPUS on phenotypic alterations of
knee innervating DRG neurons. Moreover, this is the first study to
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investigate the effect of LIPUS on osteoclast suppression in a rat animal
OA model as well as in vitro.

In the current study, ACLT animals showed osteoarthritic symptoms,
including hyperalgesia and uneven weight loading behaviors, decreased
cartilage integrity, osteoporotic subchondral bone, and increased sensory
innervation within four weeks of the surgical procedure. Barbosa and
colleagues reported similar results that ACLT induces signs of OA in rats
regarding its pain, functional impairment, and synovial inflammation in
thirty days compared to longer developed OA [23]. Mechanical allodynia
and weight-bearing of ipsilateral hindlimbs were significantly affected by
ACLT in two weeks. However, the LIPUS treated OA-induced animals
showed blunted pain responses by the fourth week. This reveals the
capability of LIPUS in preventing and mitigating OA-related pain
behavioral symptoms. Although there was successful mitigation of pain
symptoms, gait analysis revealed no correlation to the development of
pain. One possible explanation could be that the measures of gait in the
ink-dipped method are limited in terms of missing temporal elements. A
more precise method such as digitalized Cat-Walk analysis may be
needed to test the further development of OA symptoms.

Numerous studies have described the possible involvement of CGRP-
positive innervated neurons in developing weight-bearing pain.
Although many studies of CGRP and OA pain used MIA animal models, a
few studies highlighted the similar occurrence of CGRP-positive inner-
vation in OA knee and altered nociceptive characteristic in joint insta-
bility animal models [4,24,25]. The increased number of nociceptive
neurons in subchondral bone was also found to be localized in osteo-
chondral channels, which are vascular channel breaks in the tidemark



Fig. 6. LIPUS suppresses osteoclastogenesis and netrin-1 secretion (A) Representative images of TRAP-stained osteoclasts, scale bar: 200 μm (B) Quantification of
TRAP-positive multinucleated cells shows inhibition of osteoclast formation following 7 days of LIPUS treatment (C) LIPUS significantly inhibits osteoclastogenic gene
expression levels (D–E) LIPUS reduces TRAP and netrin-1 secretion measured in cell media over time measured via ELISA. *:p < 0.05, **:p < 0.01, ***:p < 0.001,
TRAP: Tartrate-resistant acid phosphatase, Results are shown as mean � SD.
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between subchondral bone and the deep layer of cartilage below the
weight-bearing point [24,26]. The innervation of large CGRP-positive
retrograde labeled DRGs in OA knee was reported in the MIA model of
OA [2,7]. The high percentage of DRG neurons of large soma size may
also indicate a different pain sensitization profile compared to newly
introduced pain in OA. The difference in the soma size might be coupled
to a different sensitization profile to the introduced chronic pain, and
further affected pain behaviors, as reported in earlier report [27]. A
significantly lower percentage of CGRP-positive large size neurons in
Sham animals contrasts with a higher percentage of CGRP-positive in the
innervated neurons in OA animals (Fig. 4G). OA animals treated with
LIPUS treatment showed a 59.3% decrease in CGRP-positive FG-positive
neurons, possibly explaining the mitigated pain sensation.

The correlation of the expression of osteoclasts and OA pathology
with pain symptoms was discussed in several studies in preclinical
studies [4,28] and a clinical study [29]. A similar trend was observed in
our study as well, in which ACLT-received animals had a higher osteo-
clast activity with high pain symptoms compared to both the contralat-
eral and sham controls (Fig. 2). Interestingly, LIPUS treatment
suppressed osteoclast activity and osteoclastogenesis significantly in vivo
and in vitro. It has been reported that LIPUS stimulation increases pros-
taglandin E2 (PGE2) secretion from osteoblasts, which inhibits osteoclast
formation [30]. More recently, a mechanosensitive calcium-activated
chloride channel, anoctamin-1 (Ano1), was downregulated in response
to mechanical stimulation in osteoclasts and inhibited their activity [31].
Taken together, it is likely that LIPUS may directly and indirectly inhibit
osteoclasts through Ano1 and osteoblast PGE2 production, respectively,
that will be evaluated in future studies. In addition, there is great interest
in whether the beneficial treatment effect of LIPUS in cartilage tissue was
triggered upon focal adhesion kinase and kindlin-2 as the key cartilage
integrity proteins [32,33]. The micro-CT analyses conveyed the result of
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the suppression of the catabolic activity, indicating that LIPUS acted as a
preventative measure of high bone resorption in OA possibly suppressing
the formation of bone marrow lesions. The suppression of the catabolic
activity in OA by bisphosphonates was successful in reducing pain
behavior in an OA animal model [8] and a clinical study [34] as well. In
addition, the catabolic activity measured by serum TRAcP5b level was
positively correlated with knee OA pain in a clinical setting [35]. As the
study delineated, the suppression of the osteoclast activity by the LIPUS
treatment is essential information for the pain mitigating mechanism in
early OA. Expanding the depth of analyses to other biomarkers of bone
resorption, i.e., RANKL/OPG ratio and circulating cathepsin K, is needed
to eliminate the possibility that the increased TRAcP5b activity is from
macrophages or other dendritic cells in vivo. Interestingly, LIPUS did not
result in a higher bone mass or suppression of osteoclast activity in Sham
þUS animals, showing a possible interaction of the diseased state and the
effect of LIPUS may exist. Similarly, LIPUS brought a higher anabolic
potential in osteoporotic bone than healthy in fracture healing [36] and
in retaining bone microarchitecture in disuse animal model [37]. Thus,
the mechanism of LIPUSmay act better against the abnormal condition of
high catabolic activity.

LIPUS has been widely applied for bone fracture healing and non-
unions as a non-invasive mechanical stimulus. However, its coupling
effect with CGRP has been reported in a spinal fusion study where LIPUS
promoted CGRP-mediated spinal fusion and ectopic bone formation [38].
This contradictory effect of LIPUS from the current study may arise from
different transmitting frequencies of the ultrasound (3 MHz vs. 1.5 MHz).
Currently, it is challenging to predict CGRP expressing sensory innerva-
tion responses to mechanical stimulus, especially when the neurons are
surrounded by bone tissue, which will enhance the anabolic pathway. In
a study from Lam and colleagues, accelerated fracture repair by LIPUS
was inhibited in rats with neural injury [39]. This may indicate a
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differential effect of LIPUS on bone depending on the intactness of its
innervation. Our understanding of the different responses in
CGRP-positive neurons is still limited and future studies need to elucidate
the contradictory effect of LIPUS. Analyzing pain mechanisms with mo-
lecular pathways such as the nerve growth factor – tropomyosin receptor
kinase A (NGF-TrkA) signaling pathway, one of the mediators of OA pain
signaling [25,40,41], could be targeted to understand how LIPUS directly
or indirectly affects sensory innervation. Our results suggest that
communication between osteoclasts and sensory neurons may be a
possible mechanism of LIPUS innervation mitigation in OA. Netrin-1
secretion by increased activity of osteoclasts in subchondral bone
resorption induced sensory innervation and OA pain, while knockout of
netrin-1 in osteoclasts reduced OA pain behavior [4]. In this study, we
showed that LIPUS mitigated the activity and formation of osteoclasts,
resulting in reduced netrin-1 secretion and sensory innervation. This
reduction in netrin-1 secretion may give some mechanistic insight into
the reduced OA innervation under LIPUS treatment seen in vivo. How-
ever, a more detailed analysis of the molecular signaling pathway
involvement is necessary to gain new insights into the primary and sec-
ondary mechanotransductive effects of CGRP-positive innervation upon
LIPUS treatment.

There are several limitations to the current study. First, the retrograde
labeling only traced neurons in the intra-articular space of knee joints,
and was not targeted to the subchondral bone, where sensory innervation
was visualized and analyzed. Thus, the retrograde labels might have been
traced to other innervated tissues, such as synovium. However, a strong
inflammatory response might arise when injecting retrograde labels into
subchondral bone since it involves drilling a hole [7]. Therefore, this
spike in inflammation may be a problem, especially within a relatively
short duration of the experiment. Second, the study did not examine the
mechanism by which LIPUS suppresses osteoclast activity and inhibits
sensory innervation. Further studies with transgenic animal models
would be necessary for a deeper understanding of these mechanisms.
Third, the study did not analyze the direct effects of LIPUS on neurons
through mechanosensitive channels such as voltage-gated sodium
channel (NaV) and transient receptor potential cation channels (TRPs)
[42,43]. Though this study is to comprehend the alterations of innerva-
tion in OA and with respect to the interaction between bone cells, the
direct effects should not be neglected.

In summary, the present study collectively shows that LIPUS has
mitigative characteristics in early symptomatic OA development and
pain related sensory innervation in a rat model of post-traumatic OA.
Therefore, these findings may contribute to a better understanding of the
use of LIPUS in early symptomatic OA treatment in the clinical setting.
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