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GDNF, Neurturin, and Artemin Activate and Sensitize Bone
Afferent Neurons and Contribute to Inflammatory Bone Pain

X Sara Nencini, X Mitchell Ringuet, Dong-Hyun Kim, Claire Greenhill, and X Jason J. Ivanusic
Department of Anatomy and Neuroscience, University of Melbourne, Parkville 3010, Victoria, Australia

Pain associated with skeletal pathology or disease is a significant clinical problem, but the mechanisms that generate and/or maintain it
remain poorly understood. In this study, we explored roles for GDNF, neurturin, and artemin signaling in bone pain using male Sprague
Dawley rats. We have shown that inflammatory bone pain involves activation and sensitization of peptidergic, NGF-sensitive neurons via
artemin/GDNF family receptor �-3 (GFR�3) signaling pathways, and that sequestering artemin might be useful to prevent inflammatory
bone pain derived from activation of NGF-sensitive bone afferent neurons. In addition, we have shown that inflammatory bone pain also
involves activation and sensitization of nonpeptidergic neurons via GDNF/GFR�1 and neurturin/GFR�2 signaling pathways, and that
sequestration of neurturin, but not GDNF, might be useful to treat inflammatory bone pain derived from activation of nonpeptidergic
bone afferent neurons. Our findings suggest that GDNF family ligand signaling pathways are involved in the pathogenesis of bone pain
and could be targets for pharmacological manipulations to treat it.
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Introduction
Pain associated with skeletal pathology, including bone cancer,
bone marrow edema syndromes, osteomyelitis, osteoarthritis,
and fractures causes a major burden (both in terms of quality of
life and cost) on individuals and health care systems worldwide.
This burden is expected to increase with advances in modern
medicine that prolong life expectancy, because many of the con-
ditions that cause bone pain develop late in life. A dominant
feature common to almost all conditions that produce bone pain
is the release of inflammatory mediators by cells associated with

the disease (Bennett, 1988; Goldring, 2000; Haegerstam, 2001;
Mantyh, 2004; Urch, 2004; Starr et al., 2008; Berenbaum, 2013).
Opioids and nonsteroidal anti-inflammatory drugs (NSAIDs)
are generally used to treat mild to severe inflammatory pain, but
therapeutic use for bone pain is limited by side effects associated
with prolonged use, and because they may interfere with bone
remodeling/healing (Bove et al., 2009; Pountos et al., 2012; Chrastil et
al., 2013). There is a clear need to find alternative strategies to
treat bone pain that do not involve the use of NSAIDs or opioids,
and are targeted more specifically at mechanisms that generate
and/or maintain inflammatory bone pain.

Nociceptors can be classified into two groups based on their
response to nerve growth factor (NGF) or glial cell line-derived
neurotrophic factor (GDNF; Molliver et al., 1995; Snider and
McMahon, 1998). Much is known of the role of NGF in inflam-
matory pain, and this has led to the development of NGF seques-
tration to treat inflammatory pain, including that associated with
bone pathologies. Sequestering NGF by systemic administration
of anti-NGF antibodies reduces pain-like behaviors in animal
models of bone cancer and fracture-induced pain (Sevcik et al.,
2005; Jimenez-Andrade et al., 2007; Koewler et al., 2007), and
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Significance Statement

Pain associated with skeletal pathology, including bone cancer, bone marrow edema syndromes, osteomyelitis, osteoarthritis, and
fractures causes a major burden (both in terms of quality of life and cost) on individuals and health care systems worldwide. We
have shown the first evidence of a role for GDNF, neurturin, and artemin in the activation and sensitization of bone afferent
neurons, and that sequestering these ligands reduces pain behavior in a model of inflammatory bone pain. Thus, GDNF family
ligand signaling pathways are involved in the pathogenesis of bone pain and could be targets for pharmacological manipulations
to treat it.
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also inflammatory pain of other tissue systems (Woolf et al.,
1994, 1997; Ma and Woolf, 1997). Furthermore, clinical trials
reveal that they resolve pain in at least some human inflammatory
pain conditions (Kumar and Mahal, 2012). However, many patients
with osteoarthritis receiving anti-NGF antibodies in a clinical trial
developed rapidly progressive osteoarthritis, particularly when used
in conjunction with NSAIDs (Seidel et al., 2013; Hochberg, 2015).
We propose that manipulation of signaling through the GDNF
family of ligands (GFLs) might constitute an alternative target for
therapeutic treatment of inflammatory bone pain.

The GFLs (GDNF, neurturin, artemin, and persephin) act
through the receptor tyrosine kinase RET and one of four acces-
sory subunits [GDNF family receptor �-1(GFR�1) to GFR�4],
which confer ligand specificity for the receptor complexes (GDNF/
GFR�1, neurturin/GFR�2, artemin/GFR�3, persephin/GFR�4;
Lindsay and Yancopoulos, 1996; Sah et al., 2005). Further speci-
ficity of ligand actions is conferred by the following restricted
expression patterns: GFR�1 and GFR�2 are confined mostly to
nonpeptidergic small diameter GDNF-sensitive sensory neurons
(Bennett et al., 1998), whereas GFR�3 is found principally in a
subpopulation of peptidergic small-diameter NGF-sensitive sen-
sory neurons (Orozco et al., 2001) that are likely to be artemin
sensitive. GFR�4 is not found in peripheral sensory neurons.
There is documented heterogeneity of GFL receptor expression
in sensory neurons projecting to different target tissues (Dolat-
shad and Saffrey, 2007; Malin et al., 2011), but whether this is true
of bone afferent neurons is yet to be determined. There is accu-
mulating evidence for a role of GFL signaling in pain (Lindsay
and Yancopoulos, 1996; Sah et al., 2005; Bespalov and Saarma,
2007), and there is evidence that the GFLs and GDNF-sensitive
neurons contribute to inflammatory pain (Amaya et al., 2004;
Lindfors et al., 2006; Jeon et al., 2008; Malin and Davis, 2008). Of
key relevance is the finding that GFL levels are increased by in-
flammation of peripheral tissues in both humans (Okragly et al.,
1999; von Boyen et al., 2006) and animals (Amaya et al., 2004;
Hashimoto et al., 2005; Malin et al., 2006; Ikeda-Miyagawa et al.,
2015). In this study, we show evidence of interactions for each of
the GFLs with bone afferent neurons, and that blocking some of
these interactions prevents inflammatory bone pain.

Materials and Methods
Male Sprague Dawley rats weighing between 200 and 350 g were used in
this study. Animals were housed in pairs or groups of four, in a 12 h
light/dark cycle, and were provided with food and water ad libitum. All
experiments conformed to the Australian National Health and Medical
Research Council code of practice for the use of animals in research, and
were approved by the University of Melbourne Animal Experimentation
Ethics Committee.

Sensory neurons that innervate the bone marrow (bone afferent neu-
rons) are described as small-diameter myelinated or unmyelinated fibers
(Furusawa, 1970; Seike, 1976; Mach et al., 2002; Ivanusic et al., 2006;
Ivanusic, 2009); contain neuropeptide markers for nociceptors, such as
substance P and calcitonin gene-related peptide (CGRP; Bjurholm et al.,
1988; Mach et al., 2002; Ivanusic, 2009); and/or are responsive to algesic
substances and noxious mechanical stimuli (Furusawa, 1970; Seike, 1976;
Nencini and Ivanusic, 2017; Nencini et al., 2017). These characteristics
are consistent with a role in nociception. We used chemical and mechanical
stimuli to activate and sensitize bone afferent neurons, and weight-bearing
assays to explore pain behavior, because bone pain is predominantly associ-
ated with the release of algesic substances and mechanical, but not thermal,
stimuli.

Retrograde tracing. Retrograde labeling of bone afferent neurons was
performed in the same way as we have previously described (Ivanusic,
2009; Nencini and Ivanusic, 2017; Nencini et al., 2017). Animals were
anesthetized with isoflurane (4% induction; 2.5% maintenance). A skin

incision was made over the medial aspect of the tibia, and a small hole was
made in the cortical bone on the medial aspect of the tibial diaphysis
using a sterile 26 gauge needle. A Hamilton syringe was used to inject the
retrograde tracer Fast Blue (FB; 2 �l; 10% in dH2O) through the hole and
directly into the medullary cavity. The hole was sealed with bone wax to
prevent leakage into surrounding tissues. The entire area was washed
extensively with 0.1 M PBS (pH 7.4) and inspected for tracer leakage using
a hand-held UV illumination device. Animals that showed evidence of
tracer leakage to surrounding tissues were excluded from this study. Skin
incisions were closed with stainless steel autoclips. For studies of consti-
tutive expression of GFL signaling molecules in bone afferent neurons,
animals were left for a 7 d survival period to allow for transport of the
tracer to neuronal cell bodies in the dorsal root ganglion (DRG). For
studies of changes in the expression of GFL signaling molecules in
inflammatory bone pain, an inflammatory agent [complete Freund’s ad-
juvant (CFA); see below) or saline was coinjected with the retrograde
tracer, and the animals were left for a 4 d survival period chosen to
coincide with the peak pain time-point in the animal model.

Tissue preparation and immunohistochemistry. Each animal was given
an overdose of sodium pentobarbitone (Lethobarb; 80 mg/kg, i.p.) and
was perfused via the ascending aorta with 500 ml of heparinized PBS
followed by 500 ml of 4% paraformaldehyde in PBS. Lumbar DRGs L3
and L4 were dissected and left overnight in a solution containing the
above fixative and 20% sucrose, and were sectioned at 14 �m using a
cryostat the next day. Multiple series of sections were collected on gela-
tinized glass slides (0.1% chrome alum and 0.5% gelatin) and processed
for immunolabeling. Sections were immunolabeled to determine
whether retrograde labeled bone afferent neurons expressed GFR�1 to
GFR�3, TrkA, CGRP, and/or transient receptor potential vanilloid 1
(TRPV1). Details of the primary and secondary antisera, including ref-
erences to work that cite the specificity of the antibodies, are given in
Table 1. All antisera were diluted in PBS containing 0.3% Triton X-100
and 0.1% sodium azide. Sections were washed three times in PBS and
incubated overnight in the primary antisera at room temperature. Fol-
lowing three further washes in PBS, the sections were incubated in sec-
ondary antibody for 2 h and washed again three times in PBS. The slides
were coverslipped using DAKO fluorescence mounting medium.

Image acquisition and data analysis. Sections of DRGs were examined
and photographed with a 20� objective using a Zeiss Axioskop Fluores-
cence Microscope fitted with an AxioCam MRm camera. FITC, Texas
Red, and UV filter sets were used to discriminate labeling with the Alexa
Fluor 488 and 594 fluorophores, and Fast Blue, respectively. Immunola-
beling for expression of GFR�1 to GFR�3 was examined in a separate
series of DRG sections for each marker. Counts, soma size measurements
(cross-sectional area of soma), and intensity measurements were made
directly from the images using Zen Lite Software (Zen 2011, Carl Zeiss;
RRID:SCR_013672). Only cells with a nucleus visible under the micro-
scope were examined. The counts presented are estimates of the total
number of bone afferent neurons and may overestimate afferents with
large cell bodies. For constitutive expression analysis, we determined the
proportion of retrograde labeled neurons that expressed each antibody
marker for each animal. For analysis of changes associated with inflam-
matory bone pain, we tested whether there was a difference in the pro-
portion of bone afferent neurons expressing each marker and/or in the
intensity of labeling in these same neurons, in inflamed versus saline-
treated control rats. Changes in the proportion of neurons that express
each molecule likely reflect de novo expression and/or retrograde trans-
port from the periphery to the soma. If there is no change in the propor-
tion of neurons that express a marker, then changes in the intensity of
immunolabeling likely reflect increased expression in neurons that al-
ready contain the protein, not de novo expression. Intensity of immuno-
labeling was determined for each cell by calculating the mean pixel
intensity in the soma and was expressed relative to the average of the
mean pixel intensities of five surrounding cells, in the same section, that
were clearly not immunolabeled. Figures were prepared using Corel-
Draw software (CorelDraw Graphics Suite, Corel; RRID:SCR_014235).
Individual images were contrast and brightness adjusted. No other ma-
nipulations were made to the images.
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Electrophysiological recordings using an in vivo bone–nerve preparation.
Electrophysiological recordings were made using our recently developed
in vivo bone-nerve preparation (Nencini and Ivanusic, 2017; Nencini et
al., 2017) in rats anesthetized with urethane (50% w/v; 1.5 g/kg, i.p). In
this preparation, a fine branch of the tibial nerve that innervates the
marrow cavity of the rat tibia is identified and carefully teased away from
its associated blood vessels and surrounding tissues over �1 cm, and
placed over a platinum hook electrode for recording (Fig. 1A). Whole-
nerve electrical activity was amplified (1000�) and filtered (high pass,
100 Hz; low pass, 3 kHz) using a differential amplifier (DP-311, Warner
Instruments), sampled at 20 kHz (Powerlab, ADInstruments) and stored
to a PC using the recording software LabChart (ADInstruments; RRID:
SCR_001620). Mechanical stimulation was delivered by injecting heparin-
ized physiological saline (0.9% sodium chloride) into the marrow cavity
through a needle, which was implanted in a small hole in the proximal tibia
(size, 0.8 mm), that was connected to a feedback-controlled syringe pump
(PHD ULTRA Pump, Harvard Apparatus) via polyethylene tubing.
Changes in the intraosseous pressure were measured using a bridge-
amplified (TAM-D Amplifier, Harvard Apparatus) signal derived from a
pressure transducer (APT300 Transducer, Harvard Apparatus) placed to
measure the input pressure to the bone (Fig. 1A). The pump uses this as
feedback to adjust flow through the system to control and maintain
constant input pressures. We used this feature to apply a ramp-and-hold
stimulus with a constant 300 mmHg of pressure delivered for 20 s dura-
tion during the hold phase (Fig. 1B). These data were stored to a PC in
parallel with the nerve recordings. GDNF, neurturin, or artemin (10 �l of
20 �g/ml; #450-10, #450-11, #450-17, PeproTech) was delivered to the
marrow cavity through a second hole using a Hamilton syringe attached
with polyethylene tubing. The doses chosen for these experiments reflect
those known to produce behavioral sensitivity on injection into the hind-
paw footpad of mice (Malin et al., 2006) and in the tibial marrow cavity
of naive rats (see below). However, we do not know the actual concen-
tration of the ligands at the nerve terminal endings in the bone marrow
because there will be dilution in the bone marrow compartment.

Single units were discriminated in the whole-nerve recordings accord-
ing to their amplitude and duration using Spike Histogram software
(LabChart 8, ADInstruments; RRID:SCR_001620; Fig. 1B). Only action
potentials with positive and/or negative peaks clearly above noise were
sampled. We have previously documented a linear relationship between

action potential amplitude and conduction velocity for single units in
response to a 300 mmHg pressure stimulus applied to the marrow cavity
(Nencini and Ivanusic, 2017), and we have updated this dataset in the
present study (Fig. 1C; an extra 21 units have been included). Conduc-
tion velocities were determined using two recording electrodes with a
distance of 7–10 mm between electrodes. Action potentials recorded at
the second electrode, which were time locked to those recorded at the
first electrode, were considered as originating in the same axon. For these
units, conduction velocities were estimated by dividing conduction time
between the electrodes by the distance between electrodes. Units with A�
conduction velocities (2.5–12.5 m/s) had action potential amplitudes
between 47 and 145 �V (peak-to-peak; n � 31; Fig. 1C) and units with C
conduction velocities (�2.5 m/s) had small-amplitude action potentials
(�40 �V, n � 6; Fig. 1C). Thus, in the present study we define spikes with
peak-to-peak amplitudes of between 40 and 145 �V as being derived
from A� fibers, and spikes with peak-to-peak amplitudes of �40 �V as
derived from C fibers. Some very fast conducting units were observed,
but these had very large-amplitude spikes (�145 �V) and had receptive
fields outside of the marrow cavity (they responded to gentle probing of
the periosteum or muscle adjacent to the bone). It is possible that these
units represent low-threshold mechanoreceptors, in surrounding peri-
osteum or muscle, that were mechanically activated by the leakage of
saline from the marrow cavity, through Volkmann’s canals and into
surrounding tissue. They were relatively rare and were excluded from
further analysis.

The first series of experiments was conducted to determine whether
each of the GFLs could rapidly activate bone afferent neurons in whole-
nerve recordings (GDNF, neurturin, or artemin, 10 �l of 20 �g/ml; n �
5 animals each; saline, n � 5 animals). In these experiments, each of the
GFLs was applied to the marrow cavity while whole-nerve recordings
were being made, and ongoing activity was assessed continuously for up
to 1 h. Analysis was performed on data derived from all spikes in the
whole-nerve recordings, regardless of whether they belonged to A� or C
fiber units, and on data derived from spikes with amplitudes consistent
with A� or C conduction velocities (see above). The number of spikes was
reported as frequency histograms with 30 s bin widths. We defined the
onset of GFL-induced activity as the time at which the mean frequency of
discharge in two consecutive 30 s bins exceeded that of the maximum
mean frequency of discharge in all bins preceding injection of the GFL. A

Table 1. Source and concentrations of the primary and secondary antisera

Immunogen Manufacturer information/product code
Dilution
used References/characterization

Primary antibody antigen
GFR�1 Mouse myeloma cell line NS0-derived recombinant

rat GFR�1 (25– 445)
Goat polyclonal; catalog #AF560, R&D Systems/

RRID:AB_2110307
1:300 Rakowicz et al. (2002);

Pierchala et al. (2006)/
manufacturer information

GFR�2 Mouse myeloma cell line NS0-derived recombinant
mouse GFR�2 (22– 441)

Goat polyclonal; catalog #AF429, R&D Systems/
RRID:AB_2294621

1:300 Võikar et al. (2004);
Wanigasekara et al. (2004)/
manufacturer information

GFR�3 Spodoptera frugiperda insect ovarian cell line Sf
21-derived recombinant mouse GFR�3
(34 –379)

Goat polyclonal; catalog #AF2645, R&D Systems/
RRID:AB_2110295

1:300 Malin et al. (2006);
Keast et al. (2010)/
manufacturer information

CGRP Synthetic rat CGRP conjugated to KLH Rabbit polyclonal; catalog #C8198; Sigma-Aldrich/
RRID:AB_259091

1:500 Zhang et al. (2001);
Peleshok and Ribeiro-da-Silva (2011)/
manufacturer information

TRPV1 Intracellular C terminus of rat TRPV1 (824 – 838) Rabbit polyclonal; catalog #ACC-030, Alomone Labs/
RRID:AB_2313819

1:500 Everaerts et al. (2009);
Alamri et al. (2015)/
manufacturer information

Rabbit anti-TrkA 1:2000 Extracellular domain of embryonic chick TrkA
isolated from e8 DRG

Rabbit polyclonal; gift from Louis Reichardt, University
of California, San Francisco (San Francisco,
United States)/RRID:AB_2315490

1:2000 Schröpel et al. (1995);
Lefcort et al. (1996);
George et al. (2010)

Secondary antibody
Donkey anti-Rabbit 594 Catalog #A21207, Molecular Probes, Invitrogen/

RRID:AB_141637
1:200

Donkey anti-Goat 488 catalog #A11055, Molecular Probes, Invitrogen/
RRID:AB_2534102

1:200
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second series of experiments was conducted to determine whether single
mechanically activated bone afferent neurons could be sensitized by each
of the GFLs (GDNF, neurturin, or artemin, 10 �l of 20 �g/ml; N � 12
units each; saline, N � 10 units). We report data here only for single A�
units because we could not unequivocally isolate single C-fiber units
using our recording configuration (Nencini and Ivanusic, 2017). In these
experiments, responses of the single A� units to pressure (300 mmHg)
were assessed before, and 15, 30, 45, and 60 min after application of the
GFLs or saline. Thresholds for activation and overall discharge frequency
during the pressure stimulus were determined following injection of each
GFL and were expressed relative to preinjection baseline levels. Decreases
in the mechanical threshold assessed on the rising phase of the pressure
ramp and/or increases in overall discharge frequency during the pressure
stimulus were used as indicators of sensitization. There was some vari-
ability in the discharge frequency of mechanically activated units before
and after saline injection, but none had increases that were �15% above
the baseline frequency of discharge. Thus, single units were classified as
being sensitized by each GFL if they increased their discharge frequency
by �20% relative to the baseline level. Animals were killed by decapita-
tion at the end of the recordings.

Pain behavior in response to application of GFLs to the marrow cavity.
Behavioral testing was used to test whether GFLs produce pain behaviors
when applied directly to bone marrow. Animals were anesthetized and

prepared as above for retrograde tracing. A Hamilton syringe was used to
inject GDNF, neurturin, or artemin (10 �l of 20 �g/ml; n � 6 animals
each; PeproTech) or saline (10 �l of volume control; n � 7 animals)
directly into the marrow cavity. Recovery from isoflurane anesthesia
occurred within a few minutes of the end of the surgery, allowing behav-
ioral testing to be performed within 15 min of surgery. Changes in weight
bearing, assessed with an incapacitance meter (IITC Life Science), were
used to assay pain behavior in response to injection of each of the GFLs
(at 0, 15, and 30 min, 1, 2, and 5 h, and 1 and 2 d after injection). The
incapacitance meter independently measures weight bearing on the injected
and uninjected limb. Testing was always performed at the same times each
day. Animals were first habituated with exposure to the equipment for 15
min/d over the 3 d before the surgery. At each testing time-point, five weight-
bearing readings of 3 s duration were collected. The weight bearing on the
injected hindlimb of each animal was then calculated as a percentage of the
total weight bearing, using the following equation:

average weight on injected hindlimb

average weight on injected hindlimb
� average weight on un-injected hindlimb

� 100

Animals were killed by CO2 asphyxiation at the end of the behavioral
testing.

Figure 1. Experimental setup of the in vivo bone–nerve preparation and spike discrimination. A, Schematic of the electrophysiological setup. B, Whole-nerve recording and rasters of single-unit
activity in response to a ramp-and-hold pressure stimulus applied to the marrow cavity. Action potentials from single mechanically activated units were discriminated by their amplitude and
duration using Spike Histogram software. An example of a single spike for each unit is at the left of each raster. C, Relationship between conduction velocity and amplitude of action potentials. Action
potential amplitude (in �V; peak-to-peak) was plotted against conduction velocity (in m/s) for 51 single units activated by high-intensity intraosseous pressure stimuli (�300 mmHg) during
recordings made from seven animals. Units that also responded to stimulation of surrounding tissues (white circles) had very large action potential amplitudes (�120 �V) and conducted in the A�
range (�14.3 m/s). Units with conduction velocities in the C-fiber range (�2.5 m/s) had the smallest action potential amplitudes (�40 �V peak-to-peak; gray circles). All other units, with action
potential amplitudes of �40 �V peak-to-peak that did not respond to the stimulation of surrounding tissues, had A� conduction velocities (black circles). A/D, Analog to digital.
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Sequestration of GFLs in CFA-induced inflammatory bone pain. To test
whether the sequestration of each of the GFLs could be used to reduce or
prevent inflammatory bone pain, we used an animal model of CFA-
induced inflammation of the rat tibial marrow cavity. We have used this
approach previously, and have confirmed that pain-like behavior peaks
4 d after CFA injection and that inflammation is present in the marrow
cavity of CFA-injected animals at this peak pain time-point (Nencini et
al., 2017). For the experiments outlined in the present study, animals
were anesthetized and prepared as above for retrograde tracing. A Ham-
ilton syringe was used to coinject polyclonal goat anti-GDNF (10 �l of 20
�g/ml; n � 12 animals; AB212-NA, R&D Systems; RRID:AB_354287),
rabbit anti-neurturin (10 �l of 20 �g/ml; n � 10 animals; 500-P102,
PeproTech; RRID:AB_147717), or goat anti-artemin antibodies (10 �l of
20 �g/ml; n � 12 animals; AF1085, R&D Systems; RRID:AB_354587)
with CFA (50 �l; Mycobacterium tuberculosis, suspended in a 1:1 oil/
saline mixture; Sigma-Aldrich) into the marrow cavity. Isotype control
antibodies (10 �l of 20 �g/ml; n � 14 animals; goat IgG AB108C, R&D
Systems, RRID:AB_354267; n � 14 animals; rabbit IgG 500-P00, Pepro-
Tech; RRID:AB_2722620) were also coinjected with CFA to confirm the
effects observed were specific to the sequestering antibodies. Changes in
weight bearing, assessed with an incapacitance meter (as above), were
used to assay pain-like behavior at days 0, 4, 7, 10, 14, 18, 22, and 26. The
habituation and testing protocols for this experiment are the same as
described above. Animals were killed by CO2 asphyxiation at the end of
the behavioral testing.

Changes in the expression of GFL signaling molecules in inflammatory
bone pain. The same model of CFA-induced inflammatory bone pain was
used to test whether inflammatory bone pain, which peaks at 4 d, is
correlated with changes in the expression of GFL signaling molecules.
Animals were anesthetized and prepared as above for retrograde tracing.
A Hamilton syringe was used to inject CFA (50 �l; n � 4 animals;
Mycobacterium tuberculosis, suspended in a 1:1 oil/saline mixture; Sigma-
Aldrich) or saline (volume control; n � 4 animals) through the hole
directly into the medullary cavity. To identify bone afferent neurons, the
retrograde tracer FB (2 �l; 10% in dH2O) was coinjected with CFA (or
saline). Behavioral testing was performed (as above) to confirm pain-like
behaviors in each animal injected with CFA, and a lack of pain-like
behaviors in those injected with saline. Testing for this was performed
before (baseline) and at day 4 (peak pain time-point determined from
timeline studies above). Weight bearing of �45% on the injected hindlimb
was used to confirm pain behavior in CFA-injected animals because most
CFA-injected animals bore less weight than this on their injected limb at the
4 d time-point, while all saline-injected animals had an even distribution
of weight between the hindlimbs at this same time-point (Nencini et al.,
2017). The protocols for tissue preparation, immunohistochemistry, im-
aging, and data analysis were the same as those described above.

Experimental design and statistical analysis. Statistical analyses were
performed using GraphPad Prism (GraphPad Software; RRID:SCR_002798).
Comparisons of treatment effects for each of the GFLs on the ongoing
activity and sensitization of bone afferent neurons, and pain behavior,
were analyzed using an ANOVA or a two-way ANOVA with repeated
measures, as required. ANOVAs were followed by Bonferroni’s post hoc
testing only if the ANOVA indicated a significant difference. A Mann–
Whitney test was used to test for inflammation-induced differences in
the proportion or the intensity of immunolabeling of bone afferent neu-
rons that expressed each of the GFLs. In all cases, p � 0.05 was used to
define statistical significance.

Results
Receptors for each of the GFLs are constitutively expressed in
bone afferent neurons
We used a combination of retrograde tracing and immunohisto-
chemistry to determine the proportion of bone afferent neurons
that express GFR�1 to GFR�3 receptors, and/or other pain-sig-
naling molecules (TRPV1, TrkA, and CGRP; Fig. 2; Table 2).
Antibodies were directed against GFR�1, GFR�2, and GFR�3
receptors; TRPV1 (to identify polymodal nociceptors); TrkA (to
identify NGF-sensitive neurons); and CGRP (to identify pepti-

dergic nociceptors). A total of 1578 retrograde-labeled bone
afferent neurons were counted in L3 DRGs taken from three ani-
mals. Almost all bone afferent neurons were small or medium sized
(�95% of those counted were �1800 �m2). A substantial propor-
tion of bone afferent neurons were GFR�3 immunoreactive (IR;
40 � 2.9%; n � 3 animals). Most GFR�3-IR bone afferent neurons
were TrkA-IR (80 � 4.9%; n � 3 animals) and CGRP-IR (80 �
7.3%; n � 3 animals), and many were TRPV1-IR (39 � 4.4%; n � 3
animals), suggesting that they are predominantly NGF-sensitive
peptidergic nociceptors. Approximately 20% of the bone afferent
neurons were GFR�1-IR (19 � 1.9; n � 3 animals) or GFR�2-IR
(20 � 3.2; n � 3 animals). None of the GFR�1-IR bone afferent
neurons were TRPV1-IR (0%; n � 3 animals), but some were
TrkA-IR (27 � 10.6%; n � 3 animals) or CGRP-IR (13 � 12.5%;
n � 3 animals). Only some of the GFR�2-IR bone afferent neurons
were TRPV1-IR (14 � 9.8%; n � 3 animals), TrkA-IR (19 � 2.3%;
n�3 animals), or CGRP-IR (37�7.2%; n�3 animals). Thus, most
bone afferent neurons that expressed GFR�1 and/or GFR�2 are
likely to be NGF-insensitive nonpeptidergic nociceptors. These find-
ings indicate that bone afferent neurons express the receptors re-
quired for GFL signaling. Artemin is likely to act predominantly on
NGF-sensitive peptidergic bone afferent neurons, whereas neurtu-
rin and GDNF are likely to act on GDNF-sensitive nonpeptidergic
bone afferent neurons.

Exogenous application of GFLs to the marrow cavity activates
bone afferent neurons
We used an in vivo electrophysiological bone–nerve preparation
to determine whether artemin, neurturin, and GDNF can acti-
vate bone afferent neurons. The application of artemin, neurtu-
rin, or GDNF to the marrow cavity increased ongoing activity in
whole-nerve recordings (Fig. 3). The time course of the changes
in ongoing whole-nerve activity differed for each of the GFLs.
GDNF and neurturin produced an increase in whole-nerve activ-
ity that began between 8 and 13 min following application to the
marrow cavity (mean � SEM, 9 min and 54 � 51 s; n � 5 ani-
mals) or 15 and 29 min (18 min and 30 s � 2 min and 36 s; n � 5
animals) respectively. This increase in activity was maintained for
the entire length of the recordings (up to 60 min; Fig. 3A). In
contrast, the application of artemin to the marrow cavity resulted
in an earlier increase in activity that began between 3 and 6 min
(mean � SEM, 3 min and 54 � 33 s; n � 5 animals), peaked
within 10 min of application, and then slowly decreased to pre-
application levels by �30 min (Fig. 3A). Saline injection resulted
in no change in activity (Fig. 3A; n � 5 animals). Figure 3B shows
group data for the 5, 15, 30, 45, and 60 min time-points. Two-way
ANOVA with repeated measures showed significant treatment
effects for each of the GFLs relative to saline (GDNF: F(1,8) �
2006, p � 0.0001, n � 5 animals; neurturin: F(1,8) � 34.78, p �
0.0004, n � 5 animals; artemin: F(1,8) � 11.95, p � 0.0086, n � 5
animals). GDNF and neurturin significantly increased activity
relative to saline control from the 15 and 30 min time-points,
respectively (Fig. 3B). The peak level of activity induced by GDNF
and neurturin was �10 times that of the baseline. In contrast,
artemin significantly increased activity relative to saline at 5 and
15 min, but not at the later time-points (Fig. 3B). The magnitude
of the peak artemin-induced activity was six times that of the
baseline. When spikes derived from A�- or C-fiber bone afferent
neurons were isolated from the whole-nerve recordings, it was
clear that C-fiber units contributed most to the prolonged changes in
activity after the application of each of the three GFLs, and that
A�-fiber units produced most of the early activity induced by
artemin (Fig. 3C).
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Exogenous application of GFLs sensitizes single mechanically
activated bone afferent neurons
To further test whether each of the GFLs could sensitize single A�
bone afferent neurons to noxious mechanical stimulation, we
assessed their threshold for activation and their discharge fre-

quency during responses to a ramp-and-hold pressure stimulus
(300 mmHg) before and after application of each of the GFLs
(Fig. 4). Both GDNF and neurturin sensitized one-third of the
single units tested (n � 5 animals each; N � 4 of 12 units each),
and artemin sensitized two-thirds of the units tested (n � 4 ani-

Figure 2. Constitutive expression of GFR�1 to GFR�3 in bone afferent neurons. A, Schematic representation of the retrograde tracing approach used in this study. FB was injected into the marrow
cavity (MC) of the rat tibia. The tracer was taken up by nerve terminals and transported back to their soma in the DRG, permitting the identification of sensory neurons that innervate the rat tibia.
B, Size/frequency distribution of all retrograde-labeled bone afferent neurons analyzed in this study. Greater than 95% of these were small- or medium-sized sensory neurons (�1800 �m 2).
C, Images of retrograde-labeled and immunolabeled bone afferent neurons in sections through the DRG. Each horizontal set of panels shows the same field of a single section. Left, Incorporation of
the retrograde tracer FB. Middle, GFR�1–3 immunolabeling. Right, A merged image. Arrowheads identify retrograde-labeled bone afferent neurons throughout. Asterisks (*) indicate bone afferent
neurons that express GFR�1, GFR�2, or GFR�3. Scale bars, 50 �m. D, Size/frequency distributions of retrograde labeled bone afferent neurons (black) and those that that also express GFR�1 (blue),
GFR�2 (green), or GFR�3 (red). SC, Spinal cord.

Table 2. Constitutive expression of GFL-signaling molecules

Number of
animals

Number of retrograde-labeled
bone afferent neurons %

Percentage of bone afferent neurons that are
GFR�1 � 3 99 19 � 1.9
GFR�2 � 3 90 20 � 3.2
GFR�3 � 3 142 40 � 2.9

Proportion of GFR�1 � bone afferent neurons that express CGRP 3 99 13 � 12.5
Proportion of GFR�2 � bone afferent neurons that express CGRP 3 101 37 � 7.2
Proportion of GFR�3 � bone afferent neurons that express CGRP 3 118 80 � 7.3
Proportion of GFR�1 � bone afferent neurons that express TRPV1 3 73 0
Proportion of GFR�2 � bone afferent neurons that express TRPV1 3 90 14 � 9.8
Proportion of GFR�3 � bone afferent neurons that express TRPV1 3 142 39 � 4.4
Proportion of GFR�1 � bone afferent neurons that express TrkA 3 246 27 � 10.6
Proportion of GFR�2 � bone afferent neurons that express TrkA 3 236 19 � 2.3
Proportion of GFR�3 � bone afferent neurons that express TrkA 3 142 80 � 4.9

Values are given as the mean � SEM, unless otherwise indicated.
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mals; N � 8 of 12 units; Fig. 4B). For each of the GFLs, sensitiza-
tion was evident at 15 min after application. The GDNF-
sensitized units had a reduced threshold for activation (ANOVA:
F � 32.63, p � 0.0001) and increased discharge frequency
(ANOVA: F � 11.26, p � 0.0006) in response to the ramp-and-
hold pressure stimulus at 15 min postapplication; the neurturin-
sensitized units had a reduced threshold for activation (ANOVA:
F � 22.18, p � 0.0001) and increased discharge frequency
(ANOVA: F � 12.98, p � 0.0003) at 15 min postapplication; and
the artemin-sensitized units had a reduced threshold for activa-
tion (ANOVA: F � 33.65, p � 0.0001) and increased discharge
frequency (ANOVA: F � 19.47, p � 0.0001) at 15 min postappli-
cation (Fig. 4C). Saline injection had no effect on activation
threshold or discharge frequency in any of the single units tested
(n � 4 animals; N � 10 units; Fig. 4C).

The time course of GDNF-induced sensitization was shorter
than the time course for artemin- and neurturin-induced sensi-
tization (Fig. 4D). Two-way ANOVA with repeated measures
showed significant treatment effects for neurturin and artemin
relative to saline (neurturin: F(2,19) � 11.65, p � 0.0005; artemin:
F(2,19) � 8.821, p � 0.002). Neurturin-induced sensitization was
evident at each of the time-points we tested, while artemin-
induced sensitization peaked at 15 min and resolved by 45 min
(Fig. 4D). While two-way ANOVA with repeated measures did
not reveal a significant treatment effect for GDNF (F(2,19) �
1.089, p � 0.3567), there was a significant interaction effect be-
tween treatment and time (F(8,76) � 3.42, p � 0.0021), and

GDNF-induced sensitization was observed only at the 15 min
time-point (Fig. 4D).

GFLs induce acute changes in pain behavior at times
consistent with sensitization of bone afferent neurons
To test whether artemin, neurturin, or GDNF injected into the
bone marrow can produce pain behavior in conscious animals,
we applied each of these ligands to the marrow cavity of anesthe-
tized rats and, following recovery of consciousness, determined
the percentage of total weight bearing on the injected hindlimb.
Two-way ANOVA with repeated measures revealed significant
treatment effects in animals injected with GDNF (F(1,11) � 14.68,
p � 0.0028, n � 6 animals), neurturin (F(1,11) � 16.08, p �
0.0021, n � 6 animals), and artemin (F(1,11) � 24.86, p � 0.0004,
n � 6 animals) relative to those injected with saline (n � 7 ani-
mals). There was significantly reduced weight bearing within 15
min of GDNF, neurturin, and artemin injection (Fig. 5B–D). The
reduced weight bearing was prolonged, lasting for up to 5 h for
GDNF (Fig. 5B), and 2 h for neurturin (Fig. 5C) and artemin
(Fig. 5D).

Sequestering GFLs prevents the induction of pain behavior in
an animal model of inflammatory bone pain
To determine whether there is a role for endogenous GFL signal-
ing in the induction of inflammatory bone pain, we explored
weight-bearing behavior in animals after sequestering artemin,
neurturin, or GDNF, with antibodies applied at the same time

Figure 3. GDNF, neurturin, and artemin applied directly to the marrow cavity activates bone afferent neurons. A, Frequency histograms of the total number of spikes isolated from whole-nerve
recordings before and after the application of GDNF, neurturin, or artemin (n � 5 animals each). Bin width, 30 s. Error bars indicate the SEM. B, Group data showing the number of spikes recorded
(mean � SEM) before and 5, 15, 30, 45, and 60 min after the application of GDNF, neurturin, artemin, or saline (n � 5 animals each). At each time-point, the number of spikes has been determined
over five consecutive minutes and is represented as the mean � SEM. Application of GDNF and neurturin resulted in an increase in whole-nerve activity, relative to saline, from the 15 and 30 min
time-points, respectively (Bonferroni’s post hoc test, *p � 0.05). The application of artemin resulted in a significant increase in whole-nerve activity, relative to saline, at the 5 and 15 min
time-points, but not at the later time-points (Bonferroni’s post hoc test, *p � 0.05). C, Frequency histograms showing the number of spikes with amplitudes consistent with A�- or C-fiber
conduction velocities isolated from the same whole-nerve recordings. C-fiber spikes contributed more than A�-fiber spikes to the prolonged changes in activity after the application of GDNF,
neurturin, and artemin, whereas A�-fiber spikes contributed to early activity induced by artemin.
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Figure 4. GDNF, neurturin, and artemin applied directly to the marrow cavity sensitizes mechanically activated bone afferent neurons. A, Example of a whole-nerve recording and rasters of
single-unit activity in response to a 300 mmHg ramp-and-hold pressure stimulus before (left), and 15 min (middle) and 30 min (right) after the application of artemin to the marrow cavity. There
was a clear reduction in threshold for activation and an increase in discharge frequency in single units isolated from this recording after the application of artemin. B, Pie charts representing the
proportion of units that were sensitized by each of the GFLs. Sensitization was defined as a 20% increase in discharge frequency, as outlined in Materials and Methods. GDNF and neurturin each
sensitized 4 of 12 single units tested (n � 5 animals; N � 4 of 12 units), and artemin sensitized 8 of 12 units tested (n � 4 animals; N � 8 of 12 units). C, Threshold for activation (left panels) and
the discharge frequency (right panels) of single mechanically activated units expressed as a percentage of preinjection values at 15 min after the injection of each GFL (n � 12 units for each) or saline
(n � 4 animals; N � 10 units). At 15 min, the threshold for activation was significantly decreased and discharge frequency was significantly increased in GDNF-, neurturin-, or artemin-sensitized
units, relative to nonsensitized units and the saline control (Bonferroni’s post hoc test, *p � 0.05). D, Time course of GFL-induced sensitization. GDNF-sensitized units had significantly increased
discharge frequency only at 15 min (Bonferroni’s post hoc test, *p � 0.05), neurturin-sensitized units had significantly increased discharge frequency at each of the time-points tested (Bonferroni’s
post hoc test, *p � 0.05), and artemin-sensitized units had increased discharge frequency at 15 and 30 min (Bonferroni’s post hoc test, *p � 0.05). Error bars in C and D represent the mean � SEM.
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that CFA was injected to induce experimental inflammation. To
validate the model of CFA-induced inflammatory bone pain, we
first determined whether there was altered weight-bearing behav-
ior in animals injected with CFA alone (n � 14 animals), relative
to those injected with saline (n � 10 animals). Two-way ANOVA
with repeated measures revealed significant treatment effects in
animals injected with CFA relative to those injected with saline
(F(1,23) � 8.359, p � 0.0048; Fig. 6A). The percentage reduction in
ipsilateral hindlimb weight bearing induced by CFA peaked at 4 d
when it was significantly lower than the values for saline-injected
controls (Fig. 6A). Sequestration of artemin (n � 12 animals) and
neurturin (n � 10 animals), but not GDNF (n � 12 animals),
completely abrogated the CFA-induced pain behavior (Fig. 6B–
D). Two-way ANOVA with repeated measures demonstrated
that injection of anti-neurturin antibodies (F(1,23) � 4.583, p �
0.0431) and anti-artemin antibodies (F(1,24) � 4.539, p � 0.0436)
reduced CFA-induced pain behavior relative to injection of their
isotype control antibodies (n � 14 animals each). Significant
reductions in pain behavior were detected at days 4 and 7 for
neurturin (Fig. 6C) and at day 4 for artemin (Fig. 6D). There was
no difference in CFA-induced pain behavior following sequestra-
tion with anti-GDNF relative to injection of its isotype control
antibody (F(1,24) � 0.2496, p � 0.6219; Fig. 6B).

Altered expression of GFL receptors is not associated with
inflammatory bone pain
To determine whether inflammatory bone pain is associated with
changes in the expression of GFR�1–3 receptors, we compared
the expression of each of these in the soma of retrograde-labeled
bone afferent neurons in animals that had CFA-induced reduc-

tions in weight bearing (inflammatory bone pain) with those that
had no reduction in weight bearing following saline injection (con-
trol). There were no differences in the proportions of retrograde-
labeled bone afferent neurons that expressed GFR�1 to GFR�3 in
animals that had CFA-induced reductions in weight bearing (n �
4 animals) relative to those that were injected with saline (n � 4
animals; Mann–Whitney test, p � 0.05; Table 3). There were also
no significant differences in the intensity of immunolabeling for
GFR�1 to GFR�3 in the retrograde-labeled cells (Mann–Whit-
ney test, p � 0.05; Table 3). This suggests that the upregulation of
the GFL receptors, or their internalization and retrograde trans-
port to the soma of bone afferent neurons, does not occur in this
model of inflammatory bone pain. We were unable to test
whether inflammation affected the expression of other pain-
signaling molecules (TRPV1, Nav1.8, or Nav1.9) in bone afferent
neurons that express GFR�1 to GFR�3 because in both treatment
groups only a relatively small number of retrograde-labeled bone
afferent neurons coexpressed the GFR�1 to GFR�3 receptors and
TRPV1, Nav1.8, or Nav1.9 at the 4 d time-point when pain peaked.
When the number of cells used to calculate proportions is low,
small changes in expression produce too much variability to pro-
duce meaningful comparisons between CFA- and saline-injected
animals.

Discussion
We have shown the first evidence of interactions for GDNF,
neurturin, and artemin with bone afferent neurons, and that pre-
venting some of these interactions influences pain behavior. Our
findings suggest that GFL signaling pathways are involved in the

Figure 5. GDNF, neurturin, and artemin applied directly to the marrow cavity results in altered weight bearing. A, Weight bearing was assessed using an incapacitance meter that measures the
distribution of weight bearing across each hindlimb. B–D, There was a significant reduction in weight bearing on the injected hindlimb, relative to the uninjected hindlimb, at 15 min and 5 h after
application GDNF (B; Bonferroni’s post hoc test, *p � 0.05; n � 6 animals) and for up to 1 h after the application of neurturin (C; Bonferroni’s post hoc test, *p � 0.05; n � 6 animals) and artemin
(D; Bonferroni’s post hoc test, *p � 0.05; n � 6 animals).
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pathogenesis of bone pain and could be targets for pharmacolog-
ical manipulations to treat it.

Inflammatory bone pain involves activation and sensitization
of nonpeptidergic bone afferent neurons via GDNF/GFR�1
and neurturin/GFR�2 signaling pathways
GFR�1 and GFR�2 expression in peripheral nociceptors is con-
fined mostly to those that are nonpeptidergic and not sensitive to
NGF (Bennett et al., 1998; Zwick et al., 2002; Malin et al., 2006).
However, few studies have confirmed expression profiles in pe-
ripheral nociceptors that innervate specific targets. GFR�1 is ex-
pressed in approximately half of all retrograde-labeled muscle
and cutaneous afferent neurons, and GFR�2 is expressed in half
of all retrograde-labeled cutaneous but only a quarter of retro-
grade-labeled muscular afferent neurons (Malin et al., 2011).

Here we also show the expression of GFR�1 or GFR�2 in �20%
of bone afferent neurons, and that bone afferent neurons that
express GFR�1 and GFR�2 are mostly nonpeptidergic and do
not express the receptor for NGF. Thus, GDNF and neurturin
signaling through nonpeptidergic sensory neurons is likely to be
important for bone pain.

There have been only a few studies that have explored direct
roles for GDNF in modulating responses of peripheral nocicep-
tors to noxious mechanical stimulation. Intramuscular injection
of GDNF induces mechanical hyperalgesia that is associated with
sensitization of A�-fiber but not C-fiber muscle afferents (Alva-
rez et al., 2012; Murase et al., 2014). In contrast, hindpaw injec-
tion of GDNF induces mechanical hyperalgesia in skin that
involves, at least in part, sensitization of cutaneous C-fiber noci-
ceptors (Bogen et al., 2008). Together, these findings suggest that

Figure 6. Sequestration of GDNF, neurturin, and artemin with antibodies applied to the marrow cavity abrogates altered weight-bearing behavior in an animal model of CFA-induced
inflammatory bone pain. A, Time course of CFA-induced inflammatory bone pain. The percentage of ipsilateral hindlimb weight bearing at the peak of CFA-induced pain (day 4; n � 14 animals) was
significantly lower than the values for saline-injected controls at this time-point (Bonferroni’s post hoc test *p � 0.05; n � 10 animals). B–D, Sequestration of artemin and neurturin, but not GDNF,
completely abrogated the CFA-induced pain-like behavior. B, There was no difference in CFA-induced pain behavior in animals injected with the anti-GDNF sequestering antibody (n � 12 animals)
relative to those injected with its isotype control antibody (n � 14 animals). C, There was a significant reduction in pain behavior in animals injected with the neurturin-sequestering antibody (n �
10 animals) relative to those injected with its isotype control antibody (n � 14 animals) at days 4 and 7 (Bonferroni’s post hoc test, *p � 0.05). D, There was a significant reduction in pain behavior
in animals injected with the artemin-sequestering antibody (n � 12 animals) relative to those injected with its isotype control antibody (n � 14 animals) at day 4 (Bonferroni’s post hoc test,
*p � 0.05).

Table 3. Expression of GFL receptors in inflamed versus control animals

Saline CFA

Significant difference between saline-
and CFA-injected animals (y/n)

Number of
animals

Number of retrograde-labeled
bone afferent neurons %

Number of
animals

Number of retrograde-labeled
bone afferent neurons %

Proportion
GFR�1 4 336 26 � 6.7 4 126 36 � 4.5 n
GFR�2 4 274 6.7 � 4.8 4 141 5 � 1.6 n
GFR�3 4 257 41 � 0.8 4 122 47 � 4.9 n

Intensity
GFR�1 4 336 1.2 � 0.1 4 126 1.45 � 0.06 n
GFR�2 4 274 1.1 � 0.03 4 141 1.1 � 0.01 n
GFR�3 4 257 1.2 � 0.03 4 122 1.3 � 0.06 n

n, No; y, yes. Values are the mean � SEM, unless otherwise indicated.
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the response of peripheral nociceptors to GDNF differs in super-
ficial versus deep tissues. In the present study, we have shown that
GDNF transiently sensitizes A� bone afferent neurons to mechanical
stimulation, and that it activates C bone afferent neurons, but not A�
bone afferent neurons. This highlights the possibility that there are
differences in GDNF signaling in afferents innervating different tis-
sue types, and even in deep tissues such as bone and muscle.

While neurturin applied exogenously to the mouse hindpaw
induces thermal hypersensitivity assayed using Hargreaves
behavioral testing apparatus (Malin et al., 2006), there is no pre-
vious direct evidence that it causes physiological activation or
sensitization of peripheral nociceptors in vivo. One study (Malin
et al., 2006) has shown that neurturin potentiates calcium re-
sponses to capsaicin in dissociated peripheral sensory neurons.
Other studies have used transgenic approaches to implicate neur-
turin/GFR�2 signaling in pain. Knockout of GFR�2 alters heat,
but not mechanical responses, in dissociated sensory neurons
(Stucky et al., 2002) and reduces formalin-induced inflammatory
pain behaviors without altering responses to mechanical stimu-
lation (Lindfors et al., 2006). Overexpression of neurturin in skin
increases behavioral responsiveness to mechanical stimulation
(Wang et al., 2013). It also alters the response of A-fiber nocice-
ptors to mechanical stimulation and polymodal C-fiber afferents
to thermal stimulation (Jankowski et al., 2017). However, trans-
genic overexpression of neurturin may result in altered responses
through the switching of neuronal phenotypes during develop-
ment. Our study revealed that exogenous neurturin applied
acutely to the bone marrow activates and increases the sensitivity
of bone afferent neurons to noxious mechanical stimulation. The
changes we observed are too fast to be accounted for by pheno-
typic switching. Importantly, both GDNF and neurturin applied
exogenously to bone marrow produce pain behavior in response
to weight bearing. The early response we have observed coincides
with a rapid and acute change in mechanical sensitivity of A�
bone afferent neurons induced by both GDNF and neurturin,
suggesting that A� bone afferent neurons contribute to the acute
phase of GDNF- and neurturin-induced bone pain.

At the cellular level, changes in expression profiles of ion channels
and receptors and/or their internalization and retrograde transport
to the soma of peripheral nociceptors can contribute to peripheral
sensitization (Ji et al., 2002; Amaya et al., 2004; Elitt et al., 2006).
These changes are important to understand as they provide targets
for the development of novel therapeutics to treat persistent pain of
the sort experienced in many bony pathologies. However, we
failed to show changes in the expression or retrograde transport
of GFR�1 or GFR�2 in peripheral bone afferent neurons in the
present study, or other pain-signaling molecules (including
TrkA, TRPV1, Nav1.8, and Nav1.9) in our previous studies (Nen-
cini et al., 2017). This suggests that these mechanisms do not
contribute to inflammatory bone pain, at least in the model we
have used in our study.

Inflammatory bone pain involves activation and sensitization
of peptidergic, NGF-sensitive neurons via artemin/GFR�3
signaling pathways
Almost all GFR�3-expressing neurons in the mouse and rat DRGs
are NGF-sensitive peptidergic neurons (Orozco et al., 2001; Elitt et
al., 2006; Malin et al., 2006). There is substantial literature that doc-
uments the innervation of bone by NGF-sensitive sensory neurons
(Jimenez-Andrade et al., 2010; Castañeda-Corral et al., 2011;
Mantyh, 2014), and this has formed the impetus for the develop-
ment of NGF sequestration therapy to treat bone pain. Our data
show that GFR�3 is expressed in a greater proportion (�40%) of

bone afferent neurons than GFR�1 and GFR�2, and that GFR�3
expressing bone afferent neurons almost always coexpress TrkA
and are therefore likely to be NGF-sensitive peptidergic nocicep-
tors. Thus, the GFR�3-expressing bone afferent neurons are
likely the same neurons that respond to NGF and NGF seques-
tration therapy.

Intraplantar injection of recombinant artemin induces me-
chanical and heat hyperalgesia within 4 h of the injection in mice
(Malin et al., 2006; Thornton et al., 2013), and both mechanical
and thermal hyperalgesia can persist for days if repeated injec-
tions are made (Ikeda-Miyagawa et al., 2015). Here we have
shown that exogenous artemin applied directly to bone also pro-
duces pain behavior and sensitizes A� bone afferent neurons to
mechanical stimulation, having effects that begin within minutes
and last for up to half an hour, a much shorter time course than
we observed for sensitization of bone afferent neurons by GDNF
and neurturin. In addition, we have also shown that exogenous
application of artemin induces rapid and transient increases in
the activity of both C and A� bone afferent neurons. Thus, the
presence of artemin at peripheral nerve terminals significantly
enhances the activity and sensitivity of bone afferent neurons and
contributes to bone pain.

The expression of GFR�3 mRNA is increased in the lumbar
DRG subsequent to CFA-induced inflammation of the hindpaw
(Malin et al., 2006), and in the trigeminal ganglia in an animal
model of migraine (Shang et al., 2016). However, we did not find
any change in the proportion of bone afferent neurons that ex-
pressed GFR�3 protein or in the intensity of labeling for GFR�3
in these neurons in the present study. These findings suggest that
the upregulation of GFR�3 expression and/or retrograde trans-
port of artemin/GFRa3 does not occur in the CFA-induced in-
flammatory bone pain model used in this study.

Sequestration of neurturin and artemin to treat inflammatory
bone pain
We have provided the first evidence that the sequestration of
neurturin may help to resolve inflammatory pain. Our findings
suggest that this is at least relevant to the induction of inflamma-
tory bone pain, because coadministration of the antibody used to
sequester neurturin with the CFA used to induce inflammatory
bone pain prevents the development of pain behavior. Interest-
ingly, sequestration of GDNF did not prevent the induction of
inflammation-induced pain behavior in our study. This is con-
sistent with findings that GDNF sequestration affects the main-
tenance but not the induction of delayed onset muscle pain
(Murase et al., 2013), suggesting that GDNF may contribute to
maintenance, but not induction of pain in deep tissues. Antibody
sequestration of artemin transiently reduces CFA-induced me-
chanical hyperalgesia when applied subcutaneously 24 h after the
inflammatory agent is administered, suggesting endogenous ar-
temin is also important for maintenance of inflammatory pain in
skin (Thornton et al., 2013). In addition, anti-artemin therapy
has been shown to block the development of, and reverse already
established bladder pain (DeBerry et al., 2015). We have now also
shown that sequestering artemin prevents the development of
inflammatory bone pain, providing evidence that endogenous
artemin is also involved in the induction of inflammatory pain
from bone. These findings for both neurturin and artemin pro-
vide proof of principle that sequestration may constitute a ther-
apeutic approach relevant to treating inflammatory bone pain.
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Conclusions
Our findings show that GFL signaling pathways are involved in
the pathogenesis of bone pain and could be targets for pharma-
cological manipulations to treat it. We have shown that inflam-
matory bone pain involves the activation and sensitization of
NGF-sensitive peptidergic neurons via artemin/GFR�3 signaling
pathways, and that sequestering artemin might be useful to pre-
vent inflammatory bone pain derived from the activation of the
NGF-sensitive bone afferent neurons. We have also shown that
inflammatory bone pain involves the activation and sensitization
of nonpeptidergic neurons via GDNF/GFR�1 and neurturin/
GFR�2 signaling pathways, and that the sequestration of neurtu-
rin, but not GDNF, might be useful to treat inflammatory bone
pain derived from the activation of GDNF-sensitive nonpepti-
dergic bone afferent neurons. These findings provide proof-of-
principle that both neurturin and artemin sequestration may
constitute a therapeutic approach relevant to treating inflamma-
tory bone pain.
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