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Subchondral bone osteoclasts induce sensory
innervation and osteoarthritis pain
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Joint pain is the defining symptom of osteoarthritis (OA) but its origin and mechanisms remain unclear. Here, we investigated
an unprecedented role of osteoclast-initiated subchondral bone remodeling in sensory innervation for OA pain. We show that
osteoclasts secrete netrin-1to induce sensory nerve axonal growth in subchondral bone. Reduction of osteoclast formation by
knockout of receptor activator of nuclear factor kappa-B ligand (Rankl) in osteocytes inhibited the growth of sensory nerves
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for OA pain.

Introduction

Osteoarthritis (OA) is a common musculoskeletal disease in
adults, and it is estimated that it will affect 78 million people by
2040 (1), leading to disability and reduced quality of life. Joint
pain is the defining symptom of OA, and yet there is little under-
standing of its etiology (2). Currently, OA pain is inadequately con-
trolled by analgesics and nonsteroidal antiinflammatory drugs,
with unsustained pain relief and substantial adverse effects (3).
More recently, humanized nerve growth factor (NGF) mAb has
shown great potential in alleviating pain in patients with severe
OA (4). However, side effects including association with rapid pro-
gression of OA and osteonecrosis in a clinical trial, and autonomic
nervous system toxicity in a preclinical model (5) were detected.
These observations suggest that a better understanding of OA
pain pathomechanisms is essential to develop disease-modifying
therapy for OA pain.
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into subchondral bone, dorsal root ganglion neuron hyperexcitability, and behavioral measures of pain hypersensitivity in

OA mice. Moreover, we demonstrated a possible role for netrin-1 secreted by osteoclasts during aberrant subchondral bone
remodeling in inducing sensory innervation and OA pain through its receptor DCC (deleted in colorectal cancer). Importantly,
knockout of NetrinT in tartrate-resistant acid phosphatase-positive (TRAP-positive) osteoclasts or knockdown of Dcc

reduces OA pain behavior. In particular, inhibition of osteoclast activity by alendronate modifies aberrant subchondral bone
remodeling and reduces innervation and pain behavior at the early stage of OA. These results suggest that intervention of the
axonal guidance molecules (e.g., netrin-1) derived from aberrant subchondral bone remodeling may have therapeutic potential

Evidence from both clinical and preclinical studies suggests
that continuous nociceptive input from the osteoarthritic joint
drives sensitization of both central and peripheral nervous sys-
tems (6, 7). Central sensitization in the spinal cord and dysregu-
lation of the ascending and descending pathways from the brain
through the spinal cord, at least partially explains widespread pain
sensitivity in OA patients (8, 9). Additionally, modulation of an
integrated network among glial cells, neurons, and immune cells
in the dorsal root ganglion (DRG) and central nervous system has
been shown to correlate with arthritis pain (10, 11). On the other
hand, locally in osteoarthritic joints, cytokines, chemokines, and
inflammatory factors, including tumor necrosis factor (TNF) (12),
interleukin-1 (IL-1) (13, 14), IL-6 (15, 16), IL-17 (17, 18), NGF (19-
22), and prostaglandin E2 (23, 24), can lead to hypersensitivity
with exaggerated pain (hyperalgesia) by noxious stimuli or innoc-
uous stimuli that are perceived as painful (allodynia). Peripheral
sensitization has been evaluated by behavioral testing in ample
preclinical models to indicate OA pain (25). As a base for periph-
eral sensitization, multiple tissues including the synovium (26),
ligament (27), osteochondral junction (28, 29), and meniscus (30)
in the joint are densely innervated by perivascular sensory and
sympathetic nerves. Examination of innervation changes in either
animal models of OA or human specimens has reached inconsis-
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tent conclusions, probably because different disease stages were
observed. Twostudiesinthe collagenase-induced modelreported
either a transient (31) or a permanent (32) decrease in synovial
innervation, while another study using surgical destabilization
of the medial meniscus (DMM) and Pkcd-null models reported
increased synovial innervation (26). Neural elements revealed
by gold chloride staining were initially reported to decrease
in osteoarthritic posterior cruciate ligament (PCL) (33), while
another study using immunohistochemistry to detect calcitonin
gene-related peptide (CGRP) showed constant nociceptive sen-
sory innervation in osteoarthritic PCL (27). In particular, perivas-
cular sensory and sympathetic nerve fibers have been observed
breaching the osteochondral junction in OA (28, 29).

Subchondral bone may also be an important source of pain in
OA; specifically, subchondral bone marrow edema-like lesions visu-
alized by magnetic resonance imaging (MRI) highly correlated with
OA pain (34, 35). Zoledronic acid, a drug that inhibits osteoclast
activity, was effective in reducing osteoarthritic knee pain and bone
marrow edema-like lesion size (36). Analysis of a comprehensive
data set from the NIH Osteoarthritis Initiative showed that bisphos-
phonate users experienced significantly reduced knee pain at 2 and 3
years (37). Increased subchondral bone remodeling occurs during OA
progression (38). We reported previously that aberrant subchondral
bone remodeling initiates joint articular cartilage degeneration (39).
Specifically, elevated osteoclast activity activates excessive TGF-$1
production to recruit mesenchymal stem cells in the marrow, where
they undergo aberrant subchondral bone formation. Systemic or local
administration of TGF-Bl-neutralizing antibody (1D11) attenuated
OA progression by targeting subchondral bone pathological features
(40). The subchondral bone changes in the early stage of OA further
suggest a potential pathogenesis of OA pain.

In the mammalian nervous system, wiring of neuronal axons
into tissues is directed by specific cues in the extracellular environ-
ment, a process called axon guidance (also called axon pathfind-
ing). Guidance cues come in 4 types: netrins, Slits, ephrins, and
semaphorins. These signals can be fixed in place or diffusible, and
they can attract or repel axons. Neurite outgrowth includes elonga-
tion and branching (41), and is required by both attractive and repul-
sive cues to control, respectively, axon outgrowth and disassembly
of adhesive structures together with cytoskeletal dynamics (42, 43).
Interestingly, researchers using a combination of genetic and bio-
chemical methods have found that axon guidance molecules, such
as semaphorins, netrins, and ephrins, are also involved in differen-
tiation and communication between osteoclasts and osteoblasts
(44-51) essential for bone formation and skeletal homeostasis.
Semaphorin 3A (Sema3A) has also been shown to regulate bone
remodeling indirectly by modulating sensory nerve innervation
(45). Here, we investigated the role of osteoclast-initiated subchon-
dral bone remodeling in sensory innervation for pain hypersensitiv-
ity during OA progression. We found that an increase in osteoclasts
in early OA was strongly related to the appearance and persistence
of sensory nerves in the subchondral bone, with evidence for a role
of osteoclast-derived netrin-1in mediating OA pain.

Results
Sensory nerve innervation in subchondral bone correlates with osteo-
clast activity during OA progression. We first examined the poten-
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tial role of osteoclasts in sensory innervation in subchondral
bone, because we have shown an increase in osteoclasts at the
early stage of OA and angiogenesis induced by preosteoclasts (39,
52). Mouse anterior cruciate ligaments (ACLs) were transected
to create an ACL transection (ACLT) OA model. The ACLT OA
joints were harvested at different time points for immunohisto-
logical analysis of subchondral bone. At 2 weeks after surgery, we
observed decreased proteoglycan staining (red) and a rough sur-
face in articular cartilage, suggesting cartilage matrix degenera-
tion. At 4 weeks after surgery, there were small cartilage lesions
across the tibial articular cartilage with big lesions deep within
calcified cartilage at 8 weeks (Figure 1A). Tartrate-resistant acid
phosphatase-positive (TRAP-positive) osteoclasts were increased
in subchondral bone as early as 1 week after ACLT surgery and
were maintained at a high level for 2 weeks (Figure 1, A and B).
Osteoclastic bone resorption generated large bone marrow cavi-
ties at 8 weeks (Figure 1A). We then examined the neurons that
innervate subchondral bone. Both posterior and anterior areas of
tibial subchondral bone were imaged and analyzed (Supplemental
Figure 2, whole-joint CGRP immunostaining; see supplemental
material available online with this article; https://doi.org/10.1172/
JCI121561DS1). Immunostaining of CGRP, a potent vasodilator
that causes pain sensitization, showed aberrant distribution of pep-
tidergic nociceptive nerve fibers adjacent to the trabecular bone
surface beginning 1 week after surgery. The numbers and density
of nerve endings remained increased at 8 weeks after ACLT sur-
gery (Figure 1, A and C). Very few TRAP* osteoclasts and CGRP*
sensory nerve endings in subchondral bone were observed in sham
groups at corresponding time points (Supplemental Figure 1, A and
D). Based on a newly proposed classification of sensory neurons
(53), we also stained another 3 markers of nociceptive neurons:
NF200, P2X2, and PIEZO2. Interestingly, the density of P2X2
and PIEZO2 was also increased, while NF200 remained constant
in subchondral bone marrow of ACLT mice (Supplemental Figure
3, A and B). Staining for PGP9.5 and B tubulin to detect other sub-
sets of neuronal fibers in subchondral bone marrow showed min-
imal alterations by ACLT surgery (Supplemental Figure 3, A and
B). Together, these results suggest that the overall innervation of
different subgroups of nociceptive neurons is increased in osteo-
arthritic subchondral bone. Because it has been shown that car-
tilage degeneration and subchondral bone destruction seem to
develop preferentially at the posterior part of the knee (54), we
further analyzed the distribution of CGRP* nerves in the 2 differ-
ent compartments of subchondral bone. Interestingly, no signifi-
cant difference was observed between the posterior and anterior
compartments (Supplemental Figure 3C).

To evaluate whether sensory nerve innervation in subchondral
bone is associated with OA pain, we analyzed DRG neuronal activ-
ity in Pirt-GCaMP3 mice. In Pirt-GCaMP3 mice, the entire coding
region of the phosphoinositide-interacting regulator of TRP (Pirt)
gene (55), which is expressed predominantly in nociceptive neu-
rons, was replaced with a Ca?" indicator (GCaMP3) in frame with
the Pirt promoter so that DRG neurons expressed the genetically
encoded Ca?-sensitive indicator (56). This mouse model allows for
the detection of increased peripheral neuronal activity in primary
sensory neurons in the DRG. We observed significantly increased
numbers of activated DRG neurons in response to mechanical
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Figure 1. CGRP* sensory nerves in subchondral bone increased along with an increase in osteoclast activity and DRG neuron hypersensitivity during OA pro-
gression. (A) Safranin orange/fast green (SO/FG) staining (first row), TRAP staining (second row, magenta), and immunofluorescence analysis of CGRP* sensory
nerve fibers (third row, green) in mouse tibial subchondral bone after ACLT surgery at different time points. Scale bars: 500 pum (first row), 100 um (second row),
and 50 pm (third row). Excitability (fourth row) of L4 DRG in Pirt-GCaMP3 mice at different time points after surgery. Scale bar: 100 um. n = 7 per time point (see
neuronal hyperactivity in Supplemental Videos 1-6). (B and C) Quantitative analysis of density of TRAP* and CGRP* sensory nerves in subchondral bone marrow.
*P < 0.05 compared with the sham-operated group at the corresponding time points. n = 7 per time point. (D) Quantification of activated DRG neurons. *P < 0.05,
**P < 0.01 compared with the sham-operated group at the corresponding time points. n = 7 per group. (E) Representative photomicrographs of CGRP and Dil
double-labeled neurons in L4 DRG. Scale bar: 50 um. n = 6 per group. (F) Percentage of L4 DRG neurons retrogradely labeled with Dil in all CGRP* neurons 10 weeks
after sham or ACLT surgery. **P < 0.01 compared with the sham-operated group at the corresponding time points. Statistical significance was determined by
multifactorial ANOVA, and all data are shown as means * standard deviations.
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force generated by a rodent pincher analgesia meter on the knee
at 1 week after ACLT surgery, which had increased to 70 + 5 neu-
rons at 4 weeks and remained steady at 8 weeks (Figure 1, A and D).
In contrast, an average of 5-8 neurons were activated by the same
mechanical force in sham-operated mice (Supplemental Figure 1,
B and C). Similar neuronal hyperexcitability in a DMM OA mouse
model was also recently reported by Miller and colleagues (57).

To validate the increased number of DRG neurons respond-
ing to knee pinch through CGRP* sensory innervation in sub-
chondral bone, we conducted a retrograde labeling experiment
using 1,1'-dioctadecyl-3,3,3',3"-tetramethylindocarbocyanine per-
chlorate (Dil) in rats (rats were used instead of mice because of
the technical difficulty of injecting dye into subchondral bone in
mice). Indeed, the number of CGRP* neurons labeled with Dil in
L4-L5 DRG neurons in the ACLT group was significantly greater
than that in the sham-surgery group (Figure 1, E and F, and Supple-
mental Figure 10). The number of IB4* neurons labeled with Dil
was not significantly different between the 2 groups (Supplemen-
tal Figure 3, D and E). The total number of neurons labeled with
Dil in the sham group was 25 + 5 (~5.2% were CGRP"). The total
number of neurons labeled with Dil in the ACLT group was 31 * 3
(~78.3% were CGRP") (Figure 1, E and F).

To define the specific type of neurons that responded to knee
pinch, we assessed the size distribution of the neurons activated
by knee pinch during the time course of OA development. Before

responding to both knee
pinch and capsaicin. Scale
bar: 250 um. (C) Number of
DRG neurons responding
to knee pinch or capsaicin.

No. of neurons only responding
to knee pinch -

- No. of neurons responding
to knee pinch and capsaicin

J No. of neurons only responding
to capsaicin

ACLT, a few neurons with areas greater than 600 um? were acti-
vated by approximately 20-g knee pinch, consistent with the size of
non-nociceptive neurons. The number of small- to medium-sized
neurons (area < 600 um? increased continuously in response to
knee pinch after surgery and became the majority of activated neu-
rons at 8 weeks, consistent with the size of C- and As-fiber neurons,
which function primarily as nociceptors (Figure 2A).

To examine whether the increased number of DRG neu-
rons responding to knee pinch were the neuronal population
responsible for OA pain, we tested whether they are also cap-
saicin sensitive. We performed both mechanical force-evoked,
as well as capsaicin-evoked in vivo DRG imaging experiments
on the same L4 DRG of the same OA mice. With knee pinch, 54
neurons were activated, 76% of which were also activated by a
direct drop of capsaicin (1 uM) onto the DRG (Figure 2, B and
C). Because capsaicin can activate a subset of primary afferent
neurons associated with both pain and thermoreception, some
large neurons with greater brightness were activated only by
capsaicin (Figure 2B, white arrow).

Together, these findings suggest that an increase in osteoclast-
mediated bone resorption induces sensory innervation in the sub-
chondral bone and hyperexcitability of DRG neurons. The high
correlation between bone remodeling and innervation of nocicep-
tive neurons in subchondral bone suggests that nociceptive neu-
rons could potentially mediate OA pain and be targeted locally.
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Figure 3. Decreased sprouting of CGRP* sensory nerves in the subchondral
bone and pain amelioration in Dmp1-RankIf/f mice. (A) TRAP staining (first
row, magenta) and immunofluorescence analysis of CGRP* sensory nerve
fibers (second row, green) in mouse tibial subchondral bone after ACLT sur-
gery. Scale bars: 100 pm. Third row: Safranin orange and fast green (SO/FG)
staining of articular cartilage in sagittal sections of tibial medial compart-
ment of Rankl™ and Dmp1-Rankl™f mice with or without ACLT surgery. Scale
bar: 500 pm. Fourth row: 3-Dimensional pCT image of tibial subchondral bone
medial compartment (sagittal view) of Rank/"f and Dmp1-Rank/f/f mice with
or without ACLT surgery. Scale bar: 1 mm. n = 9/group. (B and C) Quantitative
analysis of the density of TRAP* osteoclasts and CGRP* nerve fibers in sub-
chondral bone marrow. (D and E) Quantitative analysis of total tissue volume
(TV) (D) and OARSI scores 8 weeks after surgery (E). n = 9/group. (F) In vivo
calcium imaging in whole L4 DRG primary sensory neurons after mechanical
press to knees of Rank/™;Pirt-GCaMP3 and Dmp1-Rankl"";Pirt-GCaMP3
mice. Scale bar: 50 um. n = 10/group. (G) Number of neurons activated by
mechanical press. (H) AF/Fo for neurons in a representative DRG responding
to an approximately 20-g paw pinch in Rank/"/? (black) and Dmp1-Ranki™f
(red) mice after ACLT. (1) Paw withdrawal threshold (PWT) was tested at the
right hind paw of Rankl"f-sham, RankI""-ACLT, Dmp1-Rank//f-sham, and
Dmp1-Rankl/f-ACLT mice. (J) Representative images of ink blotting trial

of Rankl™f and Dmp1-Rankl™f mice after ACLT surgery on right knees. RH,
right hind (orange); LH, left hind (orange); RF, right front (black); LF, left front
(black). (K and L) Percentage RH ipsilateral intensity (K) and percentage RH
ipsilateral contact area (L) were calculated using Image) software. n =10/
group. All data are shown as means + standard deviations. *P < 0.05,

**P < 0.01 by multifactorial ANOVA. NS, no significant difference.

Sprouting of sensory nerves in subchondral bone and OA pain
decreased in DmpI-Rankl"# mice. We next tested whether sensory
innervation is initiated by osteoclasts and associated with OA
pain. Dentin matrix acidic phosphoprotein 1 (Dmpl)-Cre mice
were crossbred with receptor activator of nuclear factor kappa-B
ligand-floxed (Rankl?) mice to knock out Rankl in DMP1* osteo-
cytes. DMP1* osteocytes are the primary source of Rankl for osteo-
clast differentiation (58, 59). Deficiency of Rankl in osteocytes
leads to a decrease in osteoclast number and a severe osteope-
trotic phenotype (58, 59). TRAP* osteoclasts were decreased in
the subchondral bone surface in Dmpl-Rank™?-ACLT mice rela-
tive to Rankl#-ACLT controls (Figure 3, A and C). Importantly,
the density of CGRP* neurofilaments was markedly decreased
in Dmpl-Rankl”f-ACLT mice (Figure 3, A and B), suggesting that
osteoclast activity was associated with CGRP* sensory innerva-
tion in the subchondral bone. Moreover, the articular cartilage
was protected in DmpI-Rankl#-ACLT mice, as indicated by pro-
teoglycan staining (Figure 3A) and significantly lower Osteoar-
thritis Research Society International (OARSI) scores (51) than
those of Rankl”f-ACLT controls (Figure 3E). The tibial subchon-
dral bone volume in the Rankl#-ACLT mice was 20% higher than
that of sham-surgery controls at 2 months after surgery by micro-
computed tomography (uCT) analysis. Subchondral bone tissue
volume increased slightly (not significant) in Dmpl-Rankl"/-
ACLT mice (Figure 3, A and D). The thickness of the subchondral
bone plate was decreased in the Rankl#~ACLT mice but remained
the same in Dmpl-RanklA-ACLT mice at 2 months after surgery
compared with the sham-surgery controls (Supplemental Figure
4A). The trabecular pattern factor was increased in DmpI-Rankl"’-
ACLT mice, but not as much as that in Rankl”#-ACLT mice (Sup-
plemental Figure 4B). Immunostaining showed that the numbers
of osterix* osteoblast progenitors and pPSMAD2/3* cells, which are
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indicators of increased bone remodeling (39, 60), also increased
significantly in Rankl"#-ACLT controls but not in DmpI-Rankl’-
ACLT mice, indicating minimal subchondral bone remodeling in
the knockout (KO) mice (Supplemental Figure 4, C-E). Microfil
contrast-enhanced angiography also demonstrated abrogation
of the increase in subchondral blood vessels in Dmpl-Rankl#
mice relative to Rankl? mice after ACLT (Supplemental Figure 4,
F-H). These results suggest that uncoupled bone remodeling was
arrested in Dmpl-Ranklf-ACLT mice and led to decreased sprout-
ing of sensory nerves.

To examine whether sensory nerves in subchondral bone
mediate OA pain, we next crossbred Dmpl-Rankl"! with Pirt-
GCaMP3 mice. Compared with that in Rankl"#;Pirt-GCaMP3-
ACLT mice, the number of DRG neurons activated by knee pinch
was significantly decreased in Dmpl-Rankl#;Pirt-GCaMP3-
ACLT mice (Figure 3, F and G). The intensity of responding neu-
rons was then analyzed. The maximum magnitude and duration
of response between wild-type (WT) and conditional KO mice
remained the same in response to mechanical force (Figure 3H).
Secondary allodynia assessed by von Frey test (61) showed that
there was a significant decrease in the paw withdrawal thresholds
(PWTs) induced by ACLT in Rankl"’ control mice by 1 week that
persisted through 16 weeks (Figure 3I). Dmpl-Rankl” mice had
a significant decrease in PWT 1 week after ACLT, but PWT was
soon upregulated and was similar to that of sham-surgery controls
by 2 weeks (Figure 3I). Furthermore, ink blot analysis revealed
a significant disparity between the percentage of right hind paw
ipsilateral intensity (Figure 3, ] and K) and contact area (Figure 3, ]
and L) of the 2limbs at 1 month after ACLT surgery in Rankl"# con-
trols relative to sham-surgery controls, which was not observed in
Dmpl-Rankl#-ACLT mice. No significant changes were observed
between Rankl"? and Dmpl-Rankl’? mice in ipsilateral stride
length or hind paw base of support (BOS) (Supplemental Figure 4,
I and J). Together, these results indicate that sensory innervation
induced by subchondral bone osteoclasts may mediate OA pain.

Netrin-1 secreted by osteoclasts and axonal growth. To examine
the molecular mechanism by which osteoclasts regulate axonal
growth, we cultured macrophages/monocytes to differentiate
into osteoclasts, as evidenced by TRAP* staining and the num-
ber of nuclei (Supplemental Figure 5). The conditioned media of
macrophages/monocytes and osteoclasts were collected to screen
potential factors from osteoclasts that could promote axonal
growth. Primary DRG neurons were collected from adult mice and
cultured on the cellular side of a microfluidic culture platform, an
in vitro method used widely in studies of axonal injury and regen-
eration by probing axons independently from cell bodies (62). The
wells on the axonal side were filled with different conditioned
media. Osteoclast-conditioned media induced growth of axons
across the microchannels into the axonal side. However, macro-
phage/monocyte-conditioned media had little effect on axonal
growth (Figure 4A). This finding suggests that one or more dif-
fusible factors were secreted in the osteoclast-conditioned media
and promoted axonal growth. To identify the potential secreted
factor(s), we added functional blocking antibodies against Slit3,
ephrinB2, Sema3A, and netrin-1 to the conditioned media. The
antibody against netrin-1 inhibited the axonal growth induced by
the osteoclast-conditioned media, whereas the other antibodies
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Figure 4. Netrin-1 from osteoclasts induces axonal growth. (A) Micro-
fluidics assay of osteoclast-conditioned medium promoting DRG neuron
axonal growth with treatment of functional blocking antibodies. Mono-CM,
monocyte-conditioned medium; OC-CM, osteoclast-conditioned medium;
ab, antibody. Scale bar: 100 pm. (B) Quantification of the length of axons
that protruded into axonal side. **P < 0.01 compared with mono-CM group;
#P < 0.05 compared with OC-CM group. n = 3/group. (C) Microfluidics assay
of recombinant mouse netrin-1 promoting DRG neuron axonal growth.
Scale bar: 100 um. (D) Quantification of the length of axons that protruded
into axonal side. **P < 0.01 compared with BSA control group. n = 3/group.
(E) Western blots of the phosphorylation of FAK and AKT in DRG neurons
treated with netrin-1for 0-150 minutes (m). (F) Western blots of netrin-1
expression in monocytes, preosteoclasts, and osteoclasts. (G) ELISA
analysis of netrin-1 concentration in conditioned media during osteoclast
differentiation. **P < 0.01 compared with mono-CM group. (H) Immuno-
histochemical staining of netrin-1and costaining of netrin-1and TRAP in
subchondral bone of WT mice at different time points after surgery. Scale
bar: 100 um. (1) Quantitative analysis of density of netrin-1in subchondral
bone marrow. *P < 0.05 compared with the sham-operated group. (J) ELISA
analysis of netrin-1concentration in subchondral bone marrow of Rank/™f
and Dmp1-Rank//f with or without ACLT surgery. *P < 0.05. All data are
shown as means + standard deviations. Statistical significance was deter-
mined by multifactorial ANOVA. NS, no significant difference.

were ineffective (Figure 4, A and B). Consistent with this finding,
the addition of mouse recombinant netrin-1 peptide promoted
axonal outgrowth (Figure 4, C and D).

To examine the signaling mechanisms of netrin-l-induced
axon growth, we tested whether netrin-1 activates focal adhe-
sion kinase (FAK) and PI3K/AKT pathways (63). Notably, netrin-1
induced phosphorylation of FAK and AKT at 30 minutes, peaking
at 90 minutes (Figure 4E). Interestingly, netrin-1 expression was
noted primarily in protein extracted from mature osteoclasts, as
shown in Western blot analysis (Figure 4F) and further confirmed
by enzyme-linked immunosorbent assay (ELISA) in the osteoclast-
conditioned media (Figure 4G). Furthermore, immunostaining
demonstrated that netrin-1 colocalized with TRAP staining and
was significantly higher on the bone surface 2 weeks after ACLT
surgery, decreasing to baseline level at 4 and 8 weeks after ACLT
surgery (Figure 4, H and I). We then measured the concentrations
of netrin-1 in subchondral bone marrow in Dmpl-Rankl’/ and
Ranklf mice. ACLT-operated Rankl"# control mice had increased
concentrations of netrin-1 in subchondral bone marrow relative
to sham-surgery Rankl! mice (Figure 4]). The concentration of
netrin-1 was higher in DmpI-Rankl"# mice relative to Rankl’? con-
trols but did not increase significantly after ACLT surgery relative
to sham-operated controls (Figure 4]). In addition, we examined
netrin-1 expression in the subchondral bone of human knee joints
with OA. There were more TRAP* osteoclasts expressing netrin-1
in osteoarthritic subchondral bone than there were in healthy con-
trols (Figure 5, A and B, and Table 1). Taken together, these findings
demonstrate that osteoclast-induced subchondral bone remodel-
ing mediates OA pain, with a possible role for netrin-1in promoting
sensory innervation progression.

KO of Netrinl in TRAP"* osteoclasts reduced sensory innervation
in osteoarthritic subchondral bone and OA pain. We then examined
the functions of netrin-1 secreted by osteoclasts in subchondral
sensory innervation in vivo. We crossbred Netrinl-floxed mice
(Ntw"f mice) with Trap-Cre mice to generate Trap-Ntwf mice with

RESEARCH ARTICLE

the deletion of Netrinl in the TRAP" cell lineage. The concentra-
tion of netrin-1 decreased significantly in the subchondral bone
of Trap-Ntn"" mice relative to their WT littermates with ACLT
according to ELISA (Figure 6A). Additionally, in vitro Western
blot assay and immunostaining showed significantly decreased
netrin-1 in the subchondral bone of Trap-Ntn”# mice (Supple-
mental Figure 6, A and B). Safranin orange and fast green staining
showed similar cartilage degeneration in WT and Trap-Ntn"f mice
after ACLT (Figure 6B), as also reflected in OARSI scores (Figure
6C). The tibial subchondral bone also showed similar changes in
Trap-Nin/# mice and WT littermates (Figure 6D and Supplemen-
tal Figure 6, C and D) after ACLT surgery. Moreover, the subchon-
dral bone remodeling rate (as indicated by number of osterix*
osteoblast progenitors and pSMAD2/3* cells) increased similarly
in Ntn#" and Trap-Ntn# mice after ACLT (Supplemental Figure
6, G-1), suggesting that Netrinl does not mediate OA progression.
Importantly, although the number of TRAP* osteoclasts increased
after ACLT in the Trap-Ntn# mice (Figure 6, E and F), the density
of CGRP* sensory nerves was similar to that of sham-surgery
controls (Figure 6, E and G). These findings suggest that netrin-1
secreted by osteoclasts plays an important role for sensory nerve
innervation into subchondral bone.

We also measured DRG neuron activation in response to
mechanical force. Trap-Ntn"! mice were crossed with Pirt-
GCaMP3 mice to yield Trap-Ntw";Pirt-GCaMP3 mice with cal-
cium indicator expression in DRG neurons. Because mouse
Pirt (chromosome 11, NC_000077.6, 66911910.66929877) and
Netrinl (chromosome 11, NC 000077.6, 68209364.68386826,
complement) are in close proximity, per the law of linkage and
crossing over, no homozygous Ntn"#;Pirt-GCaMP3 mice were
obtained. ELISA analysis confirmed that 1-allele deletion of
Netrinl in osteoclasts was sufficient to significantly decrease the
netrin-1 concentration in osteoarthritic subchondral bone (Supple-
mental Figure 7C). Consistently, although some CGRP* sensory
fibers could be seen in the subchondral bone of the heterozygous
Netrinl-KO mice after ACLT, the density of CGRP* nerve endings
(Supplemental Figure 7, A and B) and the number of activated
DRG neurons (Figure 6, H and 1) in Trap-Ntw";Pirt-GCaMP3
mice were significantly lower than those in Ntn"/;Pirt-GCaMP3
mice after ACLT. The intensity of neuronal responses was then
analyzed. The maximum magnitude and duration between Ntn/;
Pirt-GCaMP3 and Trap-Ntn/V;Pirt-GCaMP3 remained the same in
response to mechanical force (Figure 6]).

To test whether sensory innervation in subchondral bone
mediates OA pain, we measured PWTs in Trap-Ntn"# mice. A
significantly decreased PWT was sustained in Ntn”/ mice at 1-16
weeks after ACLT surgery (Figure 6K). However, in Trap-Ntn/#
mice, the decreased PWT did not persist, becoming upregulated
after the acute phase of 1 week (Figure 6K). A similar though less
effective upregulation of PWT was also seen in Netrinl heterozy-
gous Trap-Ntw"~ mice (Supplemental Figure 7D). Ink blot analysis
revealed a significant disparity in the percentage of right hind paw
ipsilateral intensity (Figure 6, L and M) and contact area (Figure
6, L and N) in WT mice after ACLT surgery that was abrogated in
Trap-NtnA-ACLT mice. No differences in right hind paw ipsilat-
eral stride length nor percentage of hind paw BOS were observed
between Ntn” and Trap-Nen? ACTL and sham-surgery groups
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Normal

NETRIN1

(Supplemental Figure 6, E and F). Thus, netrin-1 secreted from
osteoclast-lineage cells stimulates sensory innervation into osteo-
arthritic subchondral bone to mediate chronic OA pain but has no
effect on OA progression.

Netrin-1 promoted sensory innervation through its receptor
DCC. To identify the receptor for netrin-1 that promotes neuro-
nal growth, we first used in vitro microfluidic assays with DRG
neurons treated with scramble, anti-Dcc, or anti-Unc5 small inter-
fering RNAs (siRNAs). Knockdown of the expression of Dcc, but
not Unc5, blocked the axonal protrusion induced by osteoclast-
conditioned media (Figure 7A), suggesting that netrin-1 exerts
its attractive functions through DCC. We next tested the require-
ment of DCC for sensory nerve fiber innervation into subchon-
dral bone in vivo. We administered Ambion in vivo siRNA by tail
vein injection. Knockdown of Dcc by injection of siRNA into the
WT mouse tail vein did not halt the progression of OA, as indi-
cated by similar degeneration of cartilage in the knee joint and
OARSI score (Figure 7, B and C). However, the numbers of sen-
sory fibers positive for DCC and CGRP (Figure 7, B and C) were
decreased significantly in the ACLT group treated with siDcc
compared with those treated with scramble siRNA. We further
tested whether inhibition of sensory innervation by Ambion in
vivo siDcc could ameliorate OA pain behavior. PWTs in siDcc-
treated ACLT mice were significantly higher than in scramble
siRNA-treated ACLT mice 4 weeks after surgery and persisted
through 8 weeks (Figure 7D). Gait parameters were then mea-
sured using the CatWalk gait analysis system. In scramble siRNA-
inoculated ACLT mice, left hind/right hind (LH/RH) paw pres-
sure (light intensity), LH/RH print area ratio, and swing speed
were significantly decreased, which were all abrogated in siDcc-
treated ACLT mice (Figure 7E). Together, these findings suggest
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Figure 5. Osteoclast-derived netrin-1is elevated
in human OA subchondral bone. (A) Top: Safranin
orange staining of human normal and OA cartilage
and subchondral bone. Scale bar: 100 pum. Bottom:
Immunofluorescence staining of TRAP and netrin-1
in human subchondral bone. Scale bar: 50 um. (B)
Quantitative analysis of relative intensity of TRAP
and netrin-1 double-positive cells in human sub-
chondral bone. *P < 0.05, compared with healthy
control by unpaired, 2-tailed Student’s t test.

that inhibition of DCC expression in subchondral bone reduced
OA pain after ACLT surgery.

Inhibition of osteoclasts by alendronate ameliovated OA pain and
disease progression. Bisphosphonates are an antiresorptive class of
drugs that inhibit osteoclast resorptive activity and induce osteo-
clast apoptosis (64). The bisphosphonate alendronate (ALN) has
been shown to be a potentially useful therapeutic agent for slow-
ing the development of OA through chondroprotective effects
and inhibition of subchondral bone remodeling in various surgi-
cal animal models (65-67). Compared with ACLT-induced OA,
DMM-induced OA results in imbalanced joint biomechanics
that lead to relatively slow disease progression and are usually
considered more clinically relevant (68). Moreover, it has been
demonstrated that standard analgesics can reverse pain in DMM
mice, making this model ideal to test the effect of analgesics on
OA pain development (10). Thus, for our intervention studies,
the DMM model was used to test the effect of ALN on OA pain
relief. Time-course analysis of netrin-1 levels in subchondral bone
revealed that the density of netrin-1 staining was significantly
higher 2 weeks after DMM compared with the sham group and
peaked at 4 weeks (Supplemental Figure 8, A and B). This seems
to be a delayed response compared with that in subchondral bone
of ACLT mice, which is consistent with slower disease progression
in the DMM model. Similar to the results in ACLT mice, immunos-
taining of CGRP in DMM mice showed an increasing distribution
of peptidergic nociceptive nerve fibers adjacent to the trabecular
bone surface beginning 1 week after surgery (Supplemental Figure
8, A and C). The numbers and density of nerve endings remained
increased at 8 weeks after DMM surgery. Eight weeks after DMM
surgery, vehicle-treated mice had loss of safranin orange stain-
ing, fibrous/defective surface cartilage, and significantly elevated
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Table 1. Information for the human samples

Normal 0A
Sample Size 3 n
Sex 2M/1F 6M/5F
Height (cm) 172+34 169+29
Body weight (kg) 69+5.8 71+3.7
Age 33.2+45 56.8+2.7
BMI 24+27 238+16
Various deformity (degree) N/A 10.5+27
KL stage 0 29+07
KSS score N/A 531479

KL, Kellgren and Lawrence classification; KSS, Knee Society score; N/A, not
applicable.

OARSI scores (Figure 8, A and B). Similar to the ACLT OA mod-
el, DMM mice also had increased TRAP* osteoclasts and CGRP*
sensory nerves (Figure 8, A and B) in the subchondral bone. ALN
treatment attenuated OA progression, the number of TRAP*
osteoclasts, and the number of CGRP* sensory nerves (Figure 8,
A and B). ALN treatment also reduced the netrin-1 staining in sub-
chondral bone (Figure 8C). Moreover, the decreased PWT after
DMM was attenuated in the ALN-treated DMM mice at 4 weeks,
which persisted at 8 weeks relative to vehicle-treated mice (Fig-
ure 8D). Using CatWalk gait analysis, we found that DMM surgery
resulted in similar decreases of LH/RH print area, duty cycle, and
swing speed and increased swing phase. These were prevented by
ALN treatment (Figure 8E), suggesting that inhibition of osteo-
clast activity by ALN ameliorates OA pain.

Discussion

Current OA pain management strategies have limited thera-
peutic effects, and progressive pathological joint changes are
observed frequently with these treatments. The 2012 American
College of Rheumatology guidelines recommend analgesics and
nonsteroidal antiinflammatory drugs as the first-line pharmaco-
logic therapies for OA of the hand, hip, and knee (69). However,
these drugs provide insufficient and unsustained pain relief with
considerable adverse effects. Our previous study revealed that
excessive activation of TGF-p1 during subchondral bone remod-
eling recruits mesenchymal stem cells for aberrant bone forma-
tion and angiogenesis, which is a key step in the pathogenesis
of OA (39, 70). In the current study, we report that osteoclast-
initiated subchondral bone remodeling mediates OA pain, with
a possible role for osteoclast-secreted netrin-1. For the first time
to our knowledge, we revealed that nociceptors are generated
during aberrant subchondral bone remodeling in the early phase
of OA. Our findings suggest that inhibition of aberrant subchon-
dral bone formation can reduce sensory innervation and attenu-
ate articular cartilage degeneration.

Articular cartilage and subchondral bone are not only a
mechanical unit but also a biological functional unit (71). The
structural alterations of subchondral bone in OA are believed to
enhance its capacity for crosstalk with articular cartilage. In this
study, we observed significant protection of articular cartilage
from degeneration in Dmpl-Rankl’# mice, suggesting that active
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subchondral bone remodeling in response to abnormal mechanical
loading is critical for OA progression. Specifically, the decreased
number of osteoclasts in DmpI-Rankl’f mice led to significantly
reduced hyperexcitability of DRG neurons in response to mechan-
ical stimulation applied to osteoarthritic joints. Consistent with
previous reports (26, 28), an increased number of CGRP* sensory
nerves was seen in the synovium of both DmpI-Rankl’# (Supple-
mental Figure 9, A and B) and Trap-Ntn" (Supplemental Figure 9,
C and D) mice after OA surgery in our study. However, the density
of CGRP" neurofilaments in subchondral bone was decreased in
Dmpl-Rankl? and Trap-Ntn mice. These results further indi-
cate that osteoclasts in aberrant subchondral bone remodeling
could be an important origin of OA pain. The various methods
used to measure pain in this study are complementary. We exam-
ined mechanical hypersensitivity to von Frey filament stimulation
applied to hind paws in OA animals. Mechanical hypersensitivity
of hind paws may represent the secondary hyperalgesia devel-
oped after OA. Activation and sensitization of nociceptive neurons
(peripheral sensitization) may contribute to the hyperalgesia at
the knee joint (e.g., pinch-evoked pain hypersensitivity at the joint
and movement-induced behavioral changes). Indeed, our in vivo
GCaMP3 imaging experiments also indicated a hypersensitivity of
DRG neurons to stimulation at the knee. It is important to note that
continued nociceptive input may also induce central sensitization
(e.g., increase of spinal dorsal horn neuron excitability) that would
amplify the afferent input from the diseased joint and also lead to
secondary hyperalgesia in other somatic body regions (e.g., hind
paws). Central sensitization has been suggested by many clinical
and animal studies to contribute to the lack of direct correlation
between nociceptor activation and the pain. Primary hyperalge-
sia in osteoarthritic knees has recently been investigated by mea-
suring withdraw threshold in response to direct knee pinching or
press using a pressure application measurement (PAM) device in a
mouse DMM model (72). Future studies integrating this method of
pain measurement would further complement our current study.

The increased remodeling rate in subchondral bone is ini-
tiated by osteoclasts and is a known pathological feature of OA,
particularly during the early stage of disease (38). Osteoclast-
lineage cells are the principal, if not exclusive, bone-resorbing
cells essential for bone remodeling and skeletal development.
Osteochondral junctions have long been implicated as early sites
of new blood vessel growth, which is accompanied by extensions
of sympathetic and sensory nerves in OA (28, 29). Blood vessel and
nerve growth are linked by common pathways activated during
the release of proangiogenic factors (73). Our study has identified
a possible role for netrin-1 secreted by osteoclasts during aberrant
subchondral bone remodeling in inducing sensory innervation
and OA pain. In addition to its role in axon guidance, netrin-1 has
been suggested to be a potent vascular mitogen (74-76). Netrin-1
was found to promote angiogenesis by controlling endothelial cell
migration (75), tubal formation (77), and apoptosis blockade (78).
Our previous study revealed that preosteoclasts secrete platelet-
derived growth factor-BB during bone remodeling to induce
angiogenesis coupled with osteogenesis during bone formation
(52). Thus, osteoclast-lineage cells may promote both nerve and
vessel growth in osteoarthritic subchondral bone, leading to dis-
ease progression and pain.
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Figure 6. Knockout of Netrin1 in osteoclast-lineage cells reduces sprouting
of CGRP* sensory nerves in subchondral bone and ameliorates OA pain.
(A) ELISA analysis of netrin-1concentration in subchondral bone marrow

of Ntn™/f and Trap-Ntn/f mice with or without ACLT surgery. n = 5/group.
(B) Left: 3-Dimensional uCT image of the tibial subchondral bone medial
compartment (sagittal view) of Ntn/? and Trap-Ntn™f with or without
ACLT surgery. Middle and right: Safranin orange and fast green staining of
articular cartilage in sagittal sections of tibial medial compartment of mice.
Scale bars: 1 mm (left), 500 um (middle), and 100 pm (right). (C) OARSI
scores 8 weeks after surgery. n = 8/group. (D) Quantitative analysis of total
tissue volume (TV) in subchondral bone determined by uCT. n = 8/group. (E)
TRAP staining (top, magenta) and immunofluorescence analysis of CGRP*
sensory nerve fibers (bottom, green) in mouse tibial subchondral bone
after ACLT surgery. Scale bars: 50 um. (F and G) Quantitative analysis of
relative density of TRAP* osteoclasts and CGRP* nerve fibers in subchondral
bone marrow. (H) In vivo calcium imaging in whole L4 DRG primary sensory
neurons after mechanical press to knees of Ntn;Pirt-GCaMP3 and Trap-
Ntn/~;Pirt-GCaMP3 ACLT mice. Scale bars: 50 pm. (I) Number of neurons
activated by mechanical press. (J) AF/Fo for neurons in a representative
DRG responding to approximately 20-g knee pinch in Ntn™ (black) and
Trap-Ntn/~ (red) mice after ACLT. (K) Paw withdrawal threshold (PWT) was
tested at the right hind paw of Ntn™ and Trap-Ntn/f mice with

orwithout ACLT. (L) Representative copies of ink blotting trial of Ntn/f and
Trap-Ntn™/f mice after ACLT surgery on right knees. RH, right hind (orange);
LH, left hind (orange); RF, right front (black); LF, left front (black). (M and

N) Percentage RH ipsilateral intensity (M) and percentage RH ipsilateral
contact area (N) determined by Image) software. n = 10/group. All data are
shown as means + standard deviations. *P < 0.05 by multifactorial ANOVA.
NS, no significant difference.

We acknowledge that other mechanisms may exist for
osteoclast activation-induced OA pain. For example, osteoclasts
are believed to play multiple roles in cancer-associated bone
pain (CABP) (79). Specifically, osteoclasts secrete protons from
bone resorption sites via a3 vacuolar proton-ATPase acidifying
the extracellular bone microenvironment. Acidosis is algogenic
for nociceptive sensory neurons that innervate into bone. Acidic
environments upregulate and activate pH-sensitive acid-sensing
nociceptors, the transient receptor potential channel-vanilloid
subfamily member 1 (TRPV1), and acid-sensing ion channels
(ASIC3) to evoke CABP. In our study, we also observed activa-
tion of osteoclasts in the subchondral bone during early stages
of OA. We think the activation of osteoclasts is bifunctional. On
one hand, osteoclast-secreted netrin-1 facilitates peptidergic
neurite growth. On the other hand, the osteoclastic resorption
may also create an acidic environment in subchondral bone
that peripherally sensitizes the nociceptive neurons. More-
over, netrin-1 was also found to activate TRPV1 in dorsal horn
neurons (80). Thus, it is possible that netrin-1 itself could also
peripherally sensitize nociceptive neurons.

Neuroanatomical and molecular characterization of noci-
ceptors demonstrates the heterogeneity of C-fibers (81). The
peptidergic subpopulation of nociceptors releases neuropep-
tides, such as substance P and CGRP, and expresses tropomy-
osin receptor kinase A. The nonpeptidergic subpopulation of
nociceptors expresses the c-Ret receptor. A large percentage
of the c-Ret-positive population also binds the isolectin I1B4
and expresses G protein-coupled receptors of the Mrg family
(82). Our retrograde-labeling data showed a significant increase
in the number of CGRP* nociceptors that newly innervat-
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ed into osteoarthritic subchondral bone marrow. Immuno-
fluorescence studies showed that the density of NF200,
PGP9.5, and B tubulin in subchondral bone marrow was not
altered by ACLT. We observed that the density of CGRP* and
other nociceptive nerve endings (e.g., P2X3 and PIEZO2)
increased, while PGP9.5" nerve density remained unchanged
in osteoarthritic subchondral bone. Protein gene product
(PGP), also known as ubiquitin carboxy-terminal hydrolase 1
(UCHLY), is a pan neuronal marker that labels most peptider-
gic and nonpeptidergic, nociceptive, and non-nociceptive
neurons. Qur observation suggests that innervation of other
non-CGRP-expressing neuronal populations might decrease,
leaving the total density of PGP9.5* nerves unchanged. Indeed,
arecent study (83) using a UCHL1-eGFPreporter line found that
approximately 64% of bright DRG eGFP* neurons expressed
CGRP, while the remaining approximately 36% of neurons did
not, indicating that CGRP* subpopulations exist in PGP9.5-
expressing neurons. We acknowledge that determining the
dynamic changes in subpopulations of neurons that innervate
into subchondral bone in response to ACLT will require differ-
ent genetic methods in our future work. Our findings agree with
the observation in recent studies that the percentage of CGRP*
neurons innervating subchondral bone was significantly aug-
mented after OA induction (84). Yet, the way in which these
nociceptive neurons innervate subchondral bone marrow during
OA progression remains to be investigated.

Mice deficient in Netrinl exhibited less OA pain and mini-
mal alterations in gait, even though they developed rapid pro-
teoglycan loss in articular cartilage, as did WT mice. Netrinl
conditional KO mice showed increases in subchondral bone
volume and trabecular pattern factor after OA similar to those
seen in WT mice. Accordingly, inhibition of innervation of
CGRP" sensory fibers in the subchondral bone reduced OA
pain but did not affect subchondral bone remodeling or artic-
ular cartilage degeneration, suggesting a dissociation between
pain perception and joint destruction. An extreme example of
this dissociation is Charcot’s joint, a process marked by bony
destruction, bone resorption, and eventual deformity caused
by loss of sensation (85). One well-accepted explanation of this
pathogenesis is neurotrauma. Loss of peripheral sensation and
proprioception leads to repetitive microtrauma to the joint (86).
Mediero and colleagues reported a similar increase of netrin-1
expression during osteoclast differentiation, with accompany-
ing autocrine and paracrine stimulation of UNC5B to promote
osteoclast differentiation (48). Interestingly, our Netrinl con-
ditional KO mice have a similar subchondral bone remodeling
rate as that of WT mice. This could be attributable to different
microenvironments in subchondral bone versus diaphyseal
bone, especially in pathological conditions such as OA, in which
a combination of cytokines, chemokines, and inflammatory fac-
tors affect osteoclast/osteoblast differentiation in joints locally.
Netrin-1 has been shown to bind/interact with various recep-
tors, including DCC, UNC5 homologs, and the adenosine A2B
receptor. In agreement with other studies, our results showed
that netrin-1 promoted DRG neuron axonal outgrowth and sub-
chondral bone sensory innervation through the receptor DCC.
The adenosine A2B receptor has been shown to bind directly to
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Figure 7. In vivo silencing of murine Dcc mRNA by siRNA systemic administration reduced CGRP* sensory nerve subchondral bone innervation and

OA pain. (A) Microfluidics assay of osteoclast-conditioned medium promoting DRG neuron axonal growth with treatment of siDcc and siUnc5. Scale bar:
100 um. *P < 0.05. (B) Top: Safranin orange and fast green staining of articular cartilage in sagittal sections of the tibial medial compartment of mice.
Scale bar: 100 pm. Immunofluorescence analysis of DCC* (middle, red) and CGRP* (bottom, green) sensory nerve fibers in mouse tibial subchondral bone 4
weeks after surgery. Scale bars: 50 um. (€) Quantitative analysis of OARSI score (top), relative density of DCC* (middle), and CGRP* (bottom) nerve fibers
in subchondral bone marrow. *P < 0.05. NS, no significant difference. (D) Paw withdrawal threshold (PWT) was tested at the left hind paw of sham,
scramble ACLT, and siDcc ACLT mice at different time points after surgery. *P < 0.05, compared with sham mice; *P < 0.05, compared with ACLT-operated
and scramble siRNA-administered mice. (E) Variations in the ipsilateral and contralateral hind limbs of gait parameters obtained from CatWalk analysis.
*P < 0.05, compared with sham mice; *P < 0.05, compared with ACLT-operated and scramble siRNA-administered mice. Statistical significance was deter-
mined by multifactorial ANOVA, and all data are shown as means + standard deviations.
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Figure 8. Effect of alendronate on DMM-induced OA pain. (A) Top: Safranin orange and fast green staining of articular cartilage in sagittal sections of
the tibial medial compartment of mice. Scale bar: 100 um. Middle and bottom: Immunohistochemical analysis of TRAP* (middle) and immunofluores-
cence analysis of CGRP* (bottom, green) sensory nerve fibers in mouse tibial subchondral bone after DMM surgery. Scale bars: 50 um. (B) Quantitative
analysis of OARSI score (top), relative density of TRAP* osteoclasts (middle), and CGRP* (bottom) nerve fibers in subchondral bone marrow. *P < 0.05.
(C) Immunohistochemical staining and quantification of netrin-1in subchondral bone of sham-operated mice and DMM-operated mice treated with
either vehicle or ALN. Scale bar: 50 um. *P < 0.05. (D) Paw withdrawal threshold (PWT) was tested at the left hind paw of sham, vehicle DMM, and ALN
ACLT mice at different time points after surgery. *P < 0.05, compared with sham mice; #P < 0.05, compared with DMM-operated and vehicle-adminis-
tered mice. (E) Variations in the ipsilateral and contralateral hind limbs of gait parameters obtained from CatWalk analysis. *P < 0.05, compared with
sham mice; #P < 0.05, compared with DMM-operated and vehicle-administered mice. Statistical significance was determined by multifactorial ANOVA,
and all data are shown as means + standard deviations.
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DCC and function as a netrin-1 co-receptor (87). In addition,
recent studies have reported that netrin-1 signaling through the
adenosine A2B receptor inhibits diabetic nephropathy (88) and
hypoxia-induced inflammatory cell infiltration into mucosal
organs (89). Inhibition of adenosine receptors by caffeine has
been used frequently as an adjuvant analgesic in combination
with nonsteroidal antiinflammatory drugs or opioids (90, 91).
Thus, it would be of interest in future studies to further examine
the expression of the adenosine A2B receptor in the peripheral
nervous system and its involvement in netrin-I1-induced axonal
outgrowth in osteoarthritic subchondral bone.

The inhibition of excessive TGF-B1 activity or osteoclast
bone resorption, such as by using bisphosphonate, may inter-
rupt aberrant subchondral bone remodeling and reduce inner-
vation of CGRP* sensory fibers in the subchondral bone to
attenuate OA pain. Indeed, bisphosphonates have been tested in
OA clinical trials (92-95) and achieved some beneficial effects
on articular cartilage and marrow lesions, improved Western
Ontario and McMaster Universities Osteoarthritis Index pain
scores, and decreased prevalence of subchondral bone marrow
lesions. However, the reported effects of bisphosphonates have
been mixed (96). The lack of efficacy in some studies may be
explained by the heterogeneity of pathogenesis. Our previous
study showed that uncoupled aberrant subchondral bone forma-
tion led to articular cartilage degeneration. Active subchondral
bone resorption releases excessive active TGF-p1, which recruits
mesenchymal stem cells to the subchondral bone marrow for
aberrant bone formation along with type H vessel formation
during the early stage of OA (39, 70). During the middle and late
stages of OA, uncoupled abnormal bone formation has largely
finished, with limited osteoclast activity (39). Accordingly, the
optimal time for bisphosphonate treatment would be during the
early stage of OA because this is the period when sensory inner-
vation is induced by osteoclasts.

Given the increasing incidence of OA and the insufficient
control of OA pain by current available medication, better
understanding of the mechanisms of OA pain would potentially
help develop more effective analgesics. Our study has deter-
mined that aberrant subchondral bone remodeling initiated by
osteoclasts induces sensory innervation, with a possible role of
netrin-1. Inhibition of osteoclast activity by ALN modifies aber-
rant subchondral bone remodeling and reduces innervation and
pain behavior at the onset of OA. Our study suggests that inter-
vention of the axonal guidance molecules (e.g., netrin-1) derived
from aberrant subchondral bone remodeling may have therapeu-
tic potential for OA pain.

Methods

Mice. We purchased C57BL/6] (WT) male mice from Charles River
Laboratories. We anesthetized the mice at 2 months of age with ket-
amine and xylazine and then transected the ACL surgically to induce
mechanical instability-associated OA of the right knee. Sham opera-
tions were performed on other groups of mice. In the sham groups, the
knee capsule and infrapatellar fat pad were incised but no ACLT was
performed. For the time-course experiments, mice were euthanized at
0,1, 2, 4, or 8 weeks after surgery (n = 8 per group). DMM surgery was
performed in the left knees of mice. Briefly, the surgery started with a
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3-mm longitudinal incision over the distal patella to the proximal tibial
plateau. The anterior medial meniscotibial ligament was identified
and resected with the blade directed proximolaterally to destabilize
the medial meniscus. Sham surgery followed the same procedure to
expose the anterior medial meniscotibial ligament, but the ligament
was left intact. Mice were not administered analgesia after surgery.
ALN was injected intraperitoneally 3 times per week at a dose of 1 mg/
kg for 8 weeks after DMM surgery.

CatWalk analysis. Gait parameters of freely moving mice were
measured using the CatWalk gait analysis system (Noldus Informa-
tion Technology) as described previously (97). Briefly, the CatWalk
instrument consists of an enclosed walkway with a glass plate floor,
a fluorescent lamp that emits light inside the glass plate, a high-
speed color video camera, and recording and analysis software to
assess the gait of rodents. Each mouse was placed individually in
the CatWalk walkway and allowed to walk freely and traverse from
one side to the other of the walkway. Mice were trained as described
previously (98). The recordings were made when the room was
completely dark, except for the light from the computer screen.
Where the mouse paws made contact with the glass plate, light was
reflected down and the illuminated contact areas recorded with a
high-speed color video camera that was positioned under the glass
plate and connected to a computer running the CatWalk software,
v7.1. The software automatically labeled all areas containing pixels
above the set threshold (7 pixels). These areas were identified and
assigned to the respective paws. The recording generated a wide
range of parameters, the following 7 of which were analyzed: paw
pressure, paw print area, stance phase, swing phase, duty cycle,
stride length, and swing speed (please see detailed information
about the 7 parameters in the supplemental methods).

Statistics. Data are presented as means * standard deviations. We
used unpaired, 2-tailed Student’s ¢ tests for comparisons between 2
groups, and 1-way ANOVA with Bonferroni’s post hoc test for mul-
tiple comparisons. For all experiments, P < 0.05 was considered to
be significant (*P < 0.05, **P < 0.01). All inclusion/exclusion crite-
ria were preestablished, and no samples or animals were excluded
from the analysis. No statistical method was used to predetermine
the sample size. The experiments were randomized, and the inves-
tigators were blinded to allocation during experiments and outcome
assessment. Specifically, each animal was assigned an identifica-
tion number using the animal’s litter number in combination with
the ear tag number. The investigators who conducted experiments
(e.g., ACLT/DMM surgery, siRNA injections, ALN injections) were
blinded to animal genotypes. Outcome assessments (e.g., OARSI
grading) were conducted by 2 independent graders who were not
involved directly in the experiments, and outcomes were recorded in
the order of animal identification number.

Study approval. Human OA cartilage was obtained from patients
undergoing total knee replacement surgery in the Department of
Orthopaedic Surgery at Xiangya Hospital. Normal (control) cartilage
was obtained postmortem from human subjects with no history of
OA. The patients’ consent, as well as approval of the local ethics com-
mittees, were obtained before harvesting human tissue samples. We
maintained all animals in the animal facility of Johns Hopkins Uni-
versity School of Medicine. The experimental protocol was reviewed
and approved by the Institutional Animal Care and Use Committee of
Johns Hopkins University.
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