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Abstract
Although skeletal pain is a leading cause of chronic pain and disability, relatively little is known
about the specific populations of nerve fibers that innervate the skeleton. Recent studies have
reported that therapies blocking nerve growth factor (NGF) or its cognate receptor, tropomyosin
receptor kinase A (TrkA) are efficacious in attenuating skeletal pain. A potential factor to consider
when assessing the analgesic efficacy of targeting NGF-TrkA signaling in a pain state is the
fraction of NGF-responsive TrkA+ nociceptors that innervate the tissue from which the pain is
arising, as this innervation and the analgesic efficacy of targeting NGF-TrkA signaling may vary
considerably from tissue to tissue. To explore this in the skeleton, tissue slices and whole mount
preparations of the normal, adult mouse femur were analyzed using immunohistochemistry and
confocal microscopy. Analysis of these preparations revealed that 80% of the unmyelinated/thinly
myelinated sensory nerve fibers that express calcitonin gene-related peptide (CGRP) and innervate
the periosteum, mineralized bone and bone marrow also express TrkA. Similarly, the majority of
myelinated sensory nerve fibers that express neurofilament 200 kDa (NF200) which innervate the
periosteum, mineralized bone and bone marrow also co-express TrkA. In the normal femur, the
relative density of CGRP+, NF200+ and TrkA+ sensory nerve fibers per unit volume is: periosteum
> bone marrow > mineralized bone > cartilage with the respective relative densities being 100: 2:
0.1: 0. The observation that the majority of sensory nerve fibers innervating the skeleton express
TrkA+, may in part explain why therapies that block NGF/TrkA pathway are highly efficacious in
attenuating skeletal pain.
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Skeletal pain is caused by a highly diverse group of disorders and conditions including
fracture, osteoarthritis, vertebral degeneration, sickle cell anemia and chemotherapy
(Giaccone et al., 1994, Morrison et al., 2003, Woolf and Pfleger, 2003, Aguilar et al., 2005,
Kidd, 2006, Freemont, 2009). These skeletal pain states can significantly impair physical
function and, if not effectively controlled, can lead to long-term disability (Lubeck, 2003,
Morrison et al., 2003, Woolf and Pfleger, 2003, Rosemann et al., 2007). Importantly, in
addition to the pain and physical disability brought about by skeletal injury/disease, skeletal
pain can produce significant secondary effects including a reduction in mobility,
cardiovascular function and cognitive health, all of which diminish the patient’s functional
status and quality of life (Woolf and Pfleger, 2003, Dominick et al., 2004, Sawatzky et al.,
2007).

Given the high prevalence and impact of skeletal pain on society, it is surprising how little is
known about the mechanisms that drive skeletal pain and how few therapies are available to
treat this pain. Our lack of knowledge of what drives skeletal pain is in large part due to the
difficulty of working with nerves in a calcified tissue such as bone (Mullink et al., 1985,
Mach et al., 2002). It is well known that primary afferent and sympathetic neurons innervate
the marrow, mineralized bone and the periosteum in both humans and rodents (Bjurholm et
al., 1988, Wojtys et al., 1990, Hill and Elde, 1991, Hukkanen et al., 1992, Mach et al.,
2002). Furthermore, it has been reported that the skeleton is innervated by peptide-rich C-
fibers and thinly myelinated fibers, while largely lacking innervation by thickly mylelinated
A-beta fibers and peptide-poor C-fibers (Seike, 1976, Kruger et al., 1989, Ozawa et al.,
2003, Aoki et al., 2005, Zylka et al., 2005, Ivanusic et al., 2006, Mahns et al., 2006, Ozawa
et al., 2006, Kuniyoshi et al., 2007, Ohtori et al., 2007, Nakajima et al., 2008, Jimenez-
Andrade et al., 2010b). However, remarkably little is known about what neurotransmitters,
receptors and ion channels these nerve fibers express, and whether the density, morphology,
phenotype, and response characteristics change following injury and/or disease.

Recent preclinical data suggest that therapies blocking nerve growth factor (NGF) or its
cognate receptor, tropomyosin receptor kinase A (TrkA) are more effective at attenuating
skeletal pain versus skin pain. In animal models of arthritis (Shelton et al., 2005, McNamee
et al., 2010), bone fracture (Jimenez-Andrade et al., 2007, Ghilardi et al., 2010b), and
several models of bone cancer (Sevcik et al., 2005, Ghilardi et al., 2010a, Jimenez-Andrade
et al., 2010a, Mantyh et al., 2010), blocking NGF or TrkA results in approximately 50%
reduction in pain related behaviors. In contrast, in a skin incision model of pain, blocking
NGF reduced thermal pain by 25% with no significant reduction in mechanical allodynia
(Zahn et al., 2004). In agreement with these preclinical studies, human clinical trials where
patients with moderate to severe osteoarthritis pain received an anti-NGF sequestering
therapy, have shown approximately 50% reduction in walking pain (Lane et al., 2010). One
explanation as to why blocking NGF or TrkA may be more effective in skeletal vs. skin pain
is that compared to the skin the skeleton may be innervated by a select group of nociceptors,
the majority of which express TrkA. To explore this possibility, the expression of TrkA in
sensory nerve fibers that innervate the mouse femur was examined using
immunohistochemistry and confocal microscopy. Additionally, the density/unit volume of
CGRP+, NF200+ and TrkA+ sensory nerve fibers was determined in the different
compartments of the mouse femur.
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EXPERIMENTAL PROCEDURES
Mice

Experiments were performed using 36 male C3H/HeJ mice weighing 20–25 g (Jackson
Laboratories, Bar Harbor, ME, USA). The mice were housed in accordance with the NIH
guidelines with a 12 h alternating light and dark cycle and were given food and water ad
libitum. All procedures were approved by the Institutional Animal Care and Use Committee
at the University of Arizona (Tucson, AZ) and VA Medical Center (Minneapolis, MN).

Euthanasia, processing of tissue and micro-computed tomography (μCT)
Mice were sacrificed with CO2 delivered via compressed gas cylinder and perfused
intracardially with 20 ml of 0.1 M phosphate buffered saline (PBS, pH = 7.4 at 4°C)
followed by 20 ml of 4% formaldehyde/12.5% picric acid solution in 0.1M PBS. Mouse
femurs were removed following perfusion of mice as previously described (Peters et al.,
2005). Tissues were post-fixed for 4 hours in the perfusion fixative solution and
subsequently placed in 0.1M PBS prior to analysis.

In order to obtain a three dimensional image of the femur, bones were analysed with an
eXplore Locus SP micro-computed tomographer (GE Healthcare). This conebeam μCT
scanner uses a 2300 × 2300 CCD detector with current and voltage set at 80 μA and 80 kVp,
respectively. Specimens were scanned in 1080 views through 360° with a 2100 ms
integration time. Scans were then reconstructed at 16-μm3 resolution using Reconstruction
Utility software (GE Healthcare; London, Ontario, Canada) and visualized with Microview
software (GE Healthcare; London, Ontario, Canada).

After μCT analysis, femora were rinsed with PBS and decalcified in 10% EDTA at 4ºC.
EDTA was changed once a week for two weeks or until total decalcification, which was
radiographically monitored using a Faxitron MX20 cabinet X-ray (Faxitron X-Ray
Corporation, Wheeling, IL, USA) and Kodak Min-R 2000 film (Eastman Kodak Co.,
Windsor, CO, USA). After the desired demineralization, bones were cryoprotected in 30%
sucrose at 4°C for at least 48 hours.

Immunohistochemistry on sectioned tissue
For immunohistochemistry, sections (20 μm thick) were cut on a cryostat and thaw-mounted
on gelatin-coated slides for processing. Sections of the femur were dried at room
temperature (RT) for 30 min, washed in 0.1M PBS three times for 10 min each (3×10),
blocked with 3% normal donkey serum (NDS; Jackson ImmunoResearch, West Grove, PA,
USA) in PBS with 0.3% Triton-X 100 for 60 min and then incubated overnight with primary
antibodies made in 1% NDS and 0.1% Triton-X 100 in 0.1M PBS at RT. A variety of
antibodies (Table 1) were used to identify different populations of nerve fibers that express
TrkA. In order to identify all nerve profiles we used an antibody raised against protein gene
product 9.5 (PGP 9.5). Peptide-rich and myelinated primary afferent sensory nerve fibers
were labeled with antibodies raised against calcitonin gene-related peptide (CGRP) and
neurofilament 200 kDa (NF200), respectively. Nerve fibers were labeled with an antibody
raised against growth associated protein 43 (GAP43) and sympathetic nerve fibers were
stained with an antibody raised against tyrosine hydroxylase (TH). The primary antibody
cocktails used for double-label immunohistochemistry included: PGP 9.5/TrkA, CGRP/
TrkA, NF200/TrkA, CGRP/GAP43 and NF200/GAP43. Detailed description of the primary
antibodies is provided in the Table 1. The following day, preparations were washed 3×10
min each in PBS and incubated for three hours at RT with secondary antibodies conjugated
to fluorescent markers (Cy3/Cy2; 1:600/1:200; Jackson ImmunoResearch, West Grove, PA,
USA). Preparations were then washed 3×10 min each in PBS and counterstained with DAPI
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(4′, 6-diamidino-2-phenyl-indole, dihydrochloride, 1:30000, Molecular Probes, OR, USA)
for 5 min. Finally, sections were washed 3X10 min each in PBS and dehydrated through an
alcohol gradient (70, 80, 90 and 100%), cleared in xylene, and coverslipped with di-n-
butylphthalate-polystyrene-xylene (Sigma Chemical Co., St. Louis, MO, USA). Preparations
were allowed to dry at RT for 12 hours before imaging.

Immunohistochemistry on whole-mount preparations of the femoral periosteum
As previously described the periosteum from the diaphyseal shaft was removed as a whole
mount preparation (Brownlow et al 2000) and processed for immunohistochemistry as
previously reported (Ghilardi et al., 2010a, Jimenez-Andrade et al., 2010b, Mantyh et al.,
2010). Briefly, excess muscle was removed from the femur using surgical scissors (Cat #
14004110, Fine Science Tools Inc, Foster City, CA, USA) without disturbing the bone and
attached periosteum. The periosteum was harvested from the distal growth plate region to
immediately below the third trochanter. The periosteum was removed from the bone by
tracing the lower and upper limits of the desired area with a stainless steel surgical blade No.
11 (Feather Safety Razor, Co, Kita-Ku, Osaka, Japan) and a vertical cut was then performed
along the posterior surface of the bone. Under a dissecting microscope, the periosteum was
removed by gently scraping against the bone using the edge of a forceps (Dumont # 5/45,
Fine Science Tools Inc, Foster City, CA, USA) (Brownlow et al., 2000). During the
periosteal removal, femurs were continually irrigated with PBS to prevent tissue
dehydration. The whole-mount preparations of the periosteum were then washed in 0.1M
PBS 3×10 min each, incubated for 60 min at RT in a blocking solution of 3% NDS in PBS
with 0.3% Triton-X 100 and then the preparations were incubated with a cocktail of PGP
9.5/TrkA primary antibodies overnight at RT. After incubation with primary antibodies, the
same immunohistochemical procedure was followed as is previously described for frozen
sections.

While we and previous authors (see Table 1 for references) believe the antibodies used in
the present study represent staining of the specific antigen being targeted, we use the (+)
convention (i.e. TrkA+), which we define as like-immunoreactivity.

Laser Confocal Microscopy
Images were acquired with an Olympus Fluoview FV1000 microscope that is equipped with
different lasers (Multiline argon (458, 488, 515 nm), Green HeNe (543 nm), Red HeNe (633
nm), and Blue Diode (405 nm)) and multiple excitation and emission fluorescence filters.
Confocal z-series were acquired at 0.5 μm intervals for each observation area. Sequential
acquisition mode was used to reduce bleed-through from fluorophores. Image threshold and
channel pseudocolors were adjusted with Adobe Photoshop CS and thereafter assembled in
Adobe Illustrator CS4. For quantitative analysis, three images per bone compartment
(periosteum, mineralized bone, and bone marrow) per animal were acquired (600×
magnification) with a minimum of five animals per staining group. The density of DAPI+

cells was used as a reference to acquire confocal images of the different bone compartments.
For illustration purposes representative confocal images of the TrkA+ nerve fibers from
periosteal whole mount preparations were acquired and overlaid onto a three-dimensional
μCT image of the mouse femur using Amira software (Visage Imaging, Inc. San Diego, CA,
USA).

Quantification of the density of sensory nerve fibers innervating the different
compartments of bone and the percentage of these nerve fibers that co-express TrkA

For quantification, cross sectional images of the whole bone sections were used, as the cross
sections allow visualization of the bone’s landmarks (such as the growth plate), which
enable the observer to locate the same anatomical area when quantifying different animals.
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For each given marker, 3 images were obtained per animal. The area evaluated was within a
1 mm-long segment initiated 2 mm proximal to the distal growth plate, with images taken
from different sections at least 0.1 mm apart. The volume of the periosteum, bone marrow or
mineralized bone that was analyzed was an average 400 μm (length), 70 μm (width), 20 μm
(depth). The Z-stacked images were analyzed with Image-Pro Plus v. 6.0 (Media
Cybernetics) and nerve fibers were manually traced to determine the length of nerve fibers.
Density of nerve fibers was expressed as length of nerve fibers per volume of tissue (mm/
mm3) (Mantyh et al., 2010).

Quantitative analysis of the % of CGRP and NF200 nerve fibers co-expressing TrkA was
adapted from previous methodologies (Herrero-Herranz et al., 2008, Kozsurek et al., 2009).
Images were acquired with a 60× objective, under which it was possible to distinguish
individual axons. The confocal z-stack images from double-stained bone sections were
saved separately as TIFF files and visualized using Adobe Photoshop. The number of nerve
fibers expressing a specific marker was determined in their respective confocal image. Then,
images were overlaid to determine the number of nerve fibers that co-localize both markers.
In order to exclude possible false double-labeling, single confocal plane images of the
different phenotype markers were visualized through their entire z-axis in 0.5 μm steps.

Statistical analysis
All data are presented as mean ± standard error of the mean (SEM) Data were subsequently
analyzed using a one-way analysis of variance (ANOVA), and Students Newman Keuls test
was used for planned comparisons. The level of significance was set at p < 0.05.

RESULTS
Density and morphology of sensory nerve fibers innervating different bone compartments

The density of sensory nerve fibers innervating naïve periosteum was determined using two
techniques: whole-mount preparations (which give a “bird’s eye-view” of the entire
periosteum) and frozen sections (which provide a longitudinal cross sectional view of the
periosteum). Confocal images of whole mount preparations of the femoral periosteum
demonstrated that this tissue is densely innervated as is evidenced by the high number of
PGP 9.5+ nerve fibers that formed a complex mesh-like network (Fig 1A). In frozen
sections, we observed CGRP+ and NF200+ sensory nerve fibers throughout the periosteum.
These fibers have a linear and bifurcating pattern and can be found as single nerve fibers or
nerve bundles. Additionally, the majority of CGRP+ nerve fibers exhibited a beaded
appearance and were thinner than NF200+ nerve fibers (Fig 2B, 2D).

In the normal mineralized bone and bone marrow, both unmyelinated (Fig 4C and 5C) and
myelinated (Fig 4E and 5E) sensory nerve fibers were also present. CGRP+ and NF200+

nerve fibers were evenly distributed and ran longitudinally into these bone compartments as
contiguous fibers generally associated with the vasculature. These fibers were found as
single or bundled fibers and had a linear morphology. CGRP+ nerve fibers located in the
bone marrow and mineralized bone also exhibited a beaded appearance (Hill and Elde,
1991). Additionally, we observed that normal articular cartilage of the distal femur and
proximal tibia is not innervated by PGP 9.5+, CGRP+ or NF200+ sensory nerve fibers (Data
not shown).

Quantitative analysis showed that the various bone compartments have different densities of
sensory nerve fibers. The density of CGRP+ (2225 ± 318 mm/mm3) and NF200+ (1802 ±
145 mm/mm3) nerve fibers was greatest in the periosteum, followed by bone marrow
(CGRP: 61 ± 6 mm/mm3; NF200: 41 ± 4.6 mm/mm3). Finally, mineralized bone exhibited a
low density of CGRP+ (3.2 ± 0.7 mm/mm3) and NF200+ (3.7 ± 0.7 mm/mm3) nerve fibers
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(Table 2). These results demonstrate that the relationship of the density of CGRP+ and
NF200+ sensory nerve fibers innervating the femur is periosteum > bone marrow >
mineralized bone > cartilage, with a relative density of 100: 2.0: 0.1: 0.

TrkA is highly expressed in sensory and sympathetic nerve fibers that innervate the
periosteum, bone marrow and mineralized bone

We also qualitatively and quantitatively determined the expression of TrkA in sensory nerve
fibers that innervate the different bone compartments. Immunohistochemical analysis
revealed that TrkA is expressed in the majority of the PGP 9.5+ nerve fibers innervating the
periosteum (Fig 1B, 1C). Overlaying confocal images of TrkA+ nerve fibers on a
reconstructed 3D image of the femur (μCT) allows for a better appreciation of the high
density of TrkA+ nerve fibers in the periosteum, which form a mesh-like network that
entirely envelops all but the articulated surface of the mineralized bone (Fig 2A). These
TrkA+ nerve fibers exhibited different morphologies and patterns. While some nerve fibers
have a linear or branching pattern of varying thickness, other fibers had a corkscrew-like
morphology, which appeared to enwrap blood vessels. Staining of bone sections with
markers of TrkA and TH showed that nearly all TrkA+ nerve fibers with this corkscrew-like
morphology were TH+ (Fig 3). Double-labeled immunohistochemistry using frozen sections
of the mouse femur confirmed that the TrkA receptor is expressed by CGRP+ and NF200+

nerve fibers in the periosteum (Fig 2), mineralized bone (Fig 4) and bone marrow (Fig 5).
Quantitative analysis revealed that the percentage of CGRP+ and NF200+ nerve fibers
expressing the TrkA receptor was over 80% and 50%, respectively, in the periosteum. In
mineralized bone and bone marrow, over 80% of both CGRP+ and NF200+ fibers express
TrkA (Table 2). These results suggested that the TrkA receptor is expressed by the majority
of myelinated/unmyelinated sensory and sympathetic nerve fibers that innervate the
periosteum, bone marrow and mineralized bone.

The majority of CGRP+ and NF200+ nerve fibers innervating bone express GAP43
Figure 6 shows that many CGRP+ and NF200+ nerve fibers that innervate the mouse
periosteum co-express GAP43. Quantitative analysis revealed that 93.7 ± 1.6% of CGRP+

nerve fibers express GAP43+ and 93 ± 2.1% of NF200+ nerve fibers express GAP43.

DISCUSSION
Populations of sensory nerve fibers that innervate the skin vs. skeleton

Previous studies have shown that the human and rodent skin is innervated by thickly
myelinated nerve fibers (A-beta), thinly myelinated sensory nerve fibers (A-delta) and both
classes of unmyelinated C-fibers: the peptide-rich CGRP+ nerve fibers and peptide-poor
nerve fibers (Karanth et al., 1991, Schulze et al., 1997, Zylka et al., 2005, Albrecht et al.,
2006, Taylor et al., 2009). In contrast, the present report demonstrates that bone is
innervated primarily by thinly myelinated sensory nerve fibers (A-delta) and peptide-rich
CGRP+ nerve fibers and thus has less “redundancy” than is found in skin (summarized in
Fig 7). In the present study, it was also found that while the different bone compartments of
the femur (periosteum, mineralized bone and bone marrow) were all innervated by both
CGRP+ and NF200+ sensory nerve fibers, the density per unit volume of the sensory
innervation of the different compartments were markedly different so that the approximate
relative density of CGRP, NF200 or TrkA fibers was 100: 2: 0.1: 0 in the periosteum,
marrow, mineralized bone and cartilage, respectively.

The data presented here are in agreement with previous electron microscopy studies that
characterized the nerve fibers innervating the periosteum of the cat humerus (Ivanusic et al.,
2006) and the bone marrow of the dog tibia (Seike, 1976). These studies demonstrated that
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bone is primarily innervated by unmyelinated and thinly myelinated nerve fibers with few, if
any, thickly myelinated nerve fibers. Similarly, electrophysiological recordings performed
on nerve fibers entering the nutrient foramen of the humerus of the cat demonstrated that the
conduction of nerve fibers separated into two categories, those with conduction velocities of
less that 2m/s (presumably C-fibers) and those with conduction velocities between 2–30 m/s
(presumably A-delta fibers) with no nerve fibers having conduction velocities >30m/s,
which would correspond to A-beta fibers (Mahns et al., 2006).

Previous studies using either transgenic animals or retrograde tracers that were applied to
different compartments of the skeleton also demonstrated the peptide poor population of C-
fibers, that richly innervates the skin, does not appear to innervate the: human (Ozawa et al.,
2006) and rat intervertebral discs (Ozawa et al., 2003, Aoki et al., 2005, Ohtori et al., 2007);
rat hip (Nakajima et al., 2008); rat wrist joint (Kuniyoshi et al., 2007); rat knee and humerus
(Kruger et al., 1989); or the mouse femur (Zylka et al., 2005, Jimenez-Andrade et al.,
2010b). These results, together with the present study, suggest that the skeleton is innervated
primarily by NF200+ (presumably A-delta) and CGRP+ (presumably A-delta or peptide-rich
C-fibers) and that the majority of both of these populations of nerve fibers also express
TrkA. These results also suggest that select populations of sensory nerve fibers innervate the
skeleton and targeting this restricted population may provide a unique therapeutic
opportunity for developing novel analgesics that can attenuate acute and chronic skeletal
pain.

Sprouting and pathological reorganization of TrkA+ nerve fibers in skeletal injury/disease
The present study indicates that most unmyelinated and myelinated sensory nerve fibers that
innervate the skeleton also express GAP43 which is a protein thought to be involved in
axonal growth and regeneration (Benowitz et al., 1987), nerve sprouting, and synaptic
plasticity (Benowitz and Routtenberg, 1997). This result is in marked contrast to the human
skin where studies reported that GAP43 was found in C-fibers, but not in NF200+ nerve
fibers. These findings lead the authors to suggest that in the skin, whereas C-fiber endings
may be constantly remodeling, NF200+ nerve fiber endings may be relatively stable
(Albrecht et al., 2006).

In the bone there are at least two possible explanations as to why nearly all sensory nerve
fibers express GAP43. First, in the young adult, bone is a tissue that is constantly
remodeling, so that even under normal physiological conditions the nerve fibers must be
continually remodeled within and around the newly resorbed and newly formed bone.
Secondly, it has been previously shown that cell bodies of normal, uninjured adult sensory
neurons that have high basal levels of mRNA coding for GAP43 also express high levels of
TrkA (Verge et al., 1990). One speculation is that high basal concentration of GAP43
confers upon sensory neurons an increased capacity for collateral sprouting (Verge et al.,
1990) perhaps in response to injury and/or disease. Indeed, reports have clearly
demonstrated that nerve fibers innervating the skeleton have a remarkable capacity to
undergo sprouting in both malignant and non-malignant disease.

In malignant skeletal disease (bone cancer) a recent study showed that when osteosarcoma
cells grew within the bone, there was a remarkable sprouting and formation of neuroma-like
structures by TrkA+ sensory and sympathetic nerve fibers in the periosteum. Interestingly,
sustained administration of an anti-NGF sequestering therapy largely blocked the
pathological sprouting of sensory and sympathetic nerve fibers, the formation of neuroma-
like structures, and significantly inhibited the generation and maintenance of cancer pain in
this model (Mantyh et al., 2010). Similarly, recent studies using canine prostate cells
injected into the mouse bone, which develop sclerotic lesions similar to that found in human
prostate tumor bearing bones, demonstrated that TrkA+ sensory and sympathetic nerve
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fibers innervating the bone marrow also undergo a truly remarkable and pathological
sprouting (Jimenez-Andrade et al., 2010a). Interestingly, these prostate cells do not express
detectable levels of mRNA coding for NGF (Halvorson et al., 2005), suggesting that this
ectopic sprouting of TrkA+ nerve fibers is not driven by NGF released from tumor cells but
NGF released by endogenous stromal, inflammatory and immune cells (Ehrhard et al., 1993,
Skaper et al., 2001, Artico et al., 2008). These data demonstrate that even in the adult bone
marrow, NGF released by these endogenous cells can induce a 10–70 fold increase in the
density of TrkA+ sensory nerve fibers in the bone marrow. As described below, these newly
sprouted nerve fibers are probably also activated and sensitized by released NGF and as
such this truly ectopic and pathological reorganization of TrkA+ nerve fibers may provide an
anatomical substrate which drives skeletal pain. In support of this hypothesis, preventive
treatment with an antibody that sequesters NGF, administered when prostate tumor-induced
pain and bone remodeling were first observed, blocked this ectopic sprouting and
significantly attenuated the development and severity of cancer pain.

Sprouting of presumably TrkA+ nerve fibers has also been observed in non-malignant
skeletal pain states in both human and animals. For example, previous studies have reported
that in human chronic discogenic pain may in part be due to a growth of CGRP+ nerve fibers
into normally aneural and avascular areas of the human intervertebral disc (Freemont et al.,
2002). Other studies have demonstrated significant sprouting of CGRP+ nerve fibers
following bone fracture in rat and in the arthritic joints of humans and animals (Buma et al.,
1992, Wu et al., 2002, Suri et al., 2007, Ashraf et al., 2010). These reports suggest that
following injury or disease of the skeleton, significant sprouting of TrkA+ nerve fibers can
occur, and it appears that endogenous stromal cells as well as inflammatory and immune
cells are the source of NGF (Ehrhard et al., 1993, Skaper et al., 2001, Artico et al., 2008).
These data also suggest that TrkA+ nerve fibers that normally innervate the skeleton may be
pivotally involved in driving chronic hypersensitivity and allodynia following injury or
disease in both non-malignant and malignant skeletal diseases.

Activation and sensitization of TrkA+ sensory nerve fibers by NGF
While NGF induced sprouting of TrkA+/GAP43+ sensory fibers appears to be involved in
driving skeletal pain, previous studies have clearly demonstrated that NGF binding to TrkA
in peripheral tissues can play a pivotal role in the generation and maintenance of pain. In
several animal and human models of pain, administration of NGF has been shown to induce
acute pain and blockade of NGF or TrkA has been shown to attenuate this pain.

Cutaneous administration of NGF to rodents (Andreev et al., 1995) and to humans (Dyck et
al., 1997) causes hyperalgesia within 1 or 3 hours, respectively, suggesting that NGF leads
to sensitization of nociceptors. These relatively rapid effects are thought to be mediated
primarily through NGF binding to TrkA expressed on mast cells, causing degranulation and
release of a variety of algogenic mediators such as histamine, prostaglandin E2, serotonin
(5-HT), hydrogen ions, and bradykinin, as well as additional NGF (Mendell et al., 1999),
although the contributions of mast cells are not as clear in humans (Nilsson et al., 1997,
Kulka et al., 2008). Also, NGF activation of TrkA+ sensory nerve fibers leads to an increase
in the expression of the neuropeptides including BDNF (Apfel et al., 1996, Priestley et al.,
2002), CGRP and SP (Lindsay and Harmar, 1989, Lindsay et al., 1989). Additionally, in
primary afferent sensory neurons NGF increases the phosphorylation and sensitization of
transient receptor potential vanilloid 1 (TRPV1) (Winston et al., 2001, Zhang et al., 2005),
sensitizes putative mechanotransducers (Di Castro et al., 2006), causes an upregulation of
TrkA, p75 (Lindsay et al., 1990, Miller et al., 1991), TRPV1 (Ji et al., 2002), acid-sensing
ion channels (ASICs), bradykinin receptor 2 (Lee et al., 2002), and TTX-resistant sodium
channels (Gould et al., 2000, Kerr et al., 2001, Klein et al., 2003) and changes the currents
of both calcium (Woodall et al., 2008) and potassium channels (Boettger et al., 2002).
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Some of the most convincing evidence of the involvement of TrkA+ nerve fibers in driving
skeletal pain has come from in vivo animal and human experiments aimed at attenuating
skeletal pain by blocking NGF or TrkA. Sequestration of NGF has been shown to reduce
mouse (Inglis et al., 2008), rat (Shelton et al., 2005) and human (Lane et al., 2010) arthritis
pain, fracture pain in mice (Jimenez-Andrade et al., 2007), complex regional pain syndrome
type I in rats (Sabsovich et al., 2008), and bone cancer pain due to sarcoma (Mantyh et al.,
2010) or canine prostate tumor cells growing in mouse bones (Jimenez-Andrade et al.,
2010a). Similarly, recent studies have reported the ability of TrkA inhibitors to attenuate
mouse fracture pain (Ghilardi et al., 2010b) and mouse bone cancer pain (Ghilardi et al.,
2010a) with similar efficacy (approximately a 50% reduction) as was seen with anti-NGF
therapies in mouse and human studies thereby suggesting that it is the interaction of NGF
with TrkA that drives skeletal pain.

Potential limitations and conclusions
This study had several potential limitations. First, this study examined the sensory
innervation of mineralized bone, marrow, periosteum and cartilage of the mouse femur. In
order to determine whether this pattern of innervation of the femur applies to all long and
flat bones, additional studies will be needed. Second, decalcification of the bone using
EDTA generally causes a decrease in the antigenicity of molecules in the bone tissue
(Mullink et al., 1985, Schwei et al., 1999) resulting in an underestimation of nerve fibers
that express a labile antigen such as TrkA or GAP43. However, studies performed in our lab
show that the density of TrkA+ nerve fibers in whole mount preparations that did not
undergo decalcification is similar to those found in the periosteum of bone tissues that did
undergo the standard decalcification treatment for 2 weeks. Third, the present study was
conducted on femurs obtained from young, adult mice and these findings need to be
confirmed in both middle-aged and old animals. Due to increased prevalence of skeletal
diseases with aging, future studies are clearly needed to investigate how the density,
phenotype and response characteristics of sensory nerve fibers that innervate bone change
with age.

In conclusion, the majority of sensory nerve fibers in bone express TrkA which may in part
explain why blockade of NGF or TrkA is effective in attenuating skeletal pain.
Understanding how the density, morphology, phenotype and response characteristics of
skeletal sensory nerve fibers change following injury, disease and aging, may help in the
development of more targeted therapies to treat acute and/or chronic skeletal pain.
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Figure 1.
The mouse femoral periosteum is densely innervated with tropomyosin receptor kinase A
(TrkA) expressing nerve fibers. Confocal micrographs of whole mount preparations of the
femoral periosteum of naïve mice that were immunohistochemically labeled with antibodies
against protein gene product 9.5 (PGP 9.5, red in A) and with TrkA (green in B) and a
merged image of (A) and (B) is presented in (C). PGP 9.5 is a pan-neuronal marker that is
frequently used to label all nerve fibers that innervate a structure. In the periosteum or bone
the majority of PGP9.5+ nerve fibers express TrkA (C). Note that some TrkA+ nerve fibers
have a unique morphology corresponding to a specific type of nerve fiber: some are
observed as single thin nerve fibers (empty arrowhead, probably a CGRP+ C-fiber), bundles
of thick nerve fibers (arrow, probably NF200 nerve fibers) and some appeared to enwrap
blood vessels (filled arrowhead, probably TH+ sympathetic nerve fibers). Confocal images
(30-μm z-series) were projected from 120 optical sections acquired at 0.25-μm intervals.
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Figure 2.
There is a high density of TrkA+ nerve fibers in the peristeum, which is a thin fibrous and
cellular sheath that covers all but the articulated surface of the femur. For illustration
purposes, representative confocal images of TrkA+ nerve fibers (in red, A) which were
obtained from periosteal whole mount preparations, were overlaid onto a three-dimensional
μCT image of the femur using Amira software. Panels B–E are representative confocal
images of the periosteum obtained from frozen bone sections (20-μm-thick) that were
double-stained with antibodies against calcitonin gene-related peptide (CGRP, B)/TrkA (C);
and neurofilament 200 kDa (NF200, D)/TrkA (E). CGRP is a neuropeptide found
predominantly in unmyelinated (C-fibers) and some myelinated sensory nerve fibers,
whereas NF200 is expressed predominantly by myelinated primary afferent sensory nerve
fibers (McCarthy and Lawson, 1990; Lawson and Wandell, 1991). Note that the majority of
CGRP+ and NF200+ nerve fibers that innervate the periosteum also express TrkA. Images in
B–C and D–E are from the same bone section. Confocal images of periosteum were
acquired at 0.5 μm z-plane intervals and the total z-plane was 20 μm.
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Figure 3.
The majority of TH+ sympathetic nerve fibers that innervate the bone have a unique
corkscrew appearance (as they wrap around blood vessels) and co-express TrkA. This figure
contains confocal photomicrographs of periosteal frozen sections double-labeled with TH
(A)/TrkA (B) and (C) is an overlay of (A) and (B). In mineralized bone and marrow one
observes a similar co-localization in that nearly all TH+ nerve fibers are TrkA+. Images of
periosteum were acquired from a frozen bone section (20-μm-thick) at 0.5 μm z-plane
intervals and the total z-plane was 20 μm.
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Figure 4.
CGRP+ and NF200+ sensory nerve fibers in bone primarily travel in the Haversian and
Volkmann canals and great majority of these nerve fibers co-express TrkA. Representative
confocal images of bone frozen sections (20-μm-thick) double stained with antibodies
against PGP 9.5 (A)/TrkA (B), CGRP (C)/TrkA (D), and NF200 (E)/TrkA (F). In the
mineralized bone, CGRP+ and NF200+ fibers are typically thin, have a linear appearance
and sometimes form nerve bundles. These nerve fibers are generally associated with blood
vessels located in the Haversian canals (filled arrowhead). The bone sections were
counterstained with DAPI (a nuclear marker) that labels nuclei of resident osteocytes which
are abundant in mineralized bone. Confocal images of mineralized bone were acquired at 0.5
μm z-plane intervals and the total z-plane was 20 μm.
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Figure 5.
Bone marrow is innervated by both CGRP+ and NF200+ sensory nerve fibers and the great
majority of these nerve fibers in bone marrow express TrkA. Representative confocal
images obtained from frozen sections of bone (20 μm-thick) double-stained with antibodies
against PGP 9.5 (A)/TrkA (B); CGRP (C)/TrkA (D); and NF200 (E)/TrkA (F). The cells
which contain DAPI stained nuclei (blue) are primarily hematopoietic and stromal cells
which comprise the marrow. The empty arrowhead in C points to the DAPI stained nucleus
of a hematopoietic cell. Confocal images of the bone marrow were acquired at 0.5 μm z-
plane intervals and the total z-plane was 20 μm.
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Figure 6.
Most NF200+ and CGRP+ sensory nerve fibers that innervate the bone also express growth
associated protein 43 (GAP43). Confocal photomicrographs of periosteal frozen sections
double labeled with CGRP (A)/GAP43 (B) and NF200 (D)/GAP43 (E). Panel (C) is an
overlay of (A) and (B), while panel (F) is an overlay of (D) and (E). These data suggest that
sensory nerve fibers that innervate the periosteum either are constantly remodeling and/or
are capable of undergoing rapid sprouting and reorganization following bone injury or
disease. Images of periosteum were acquired from a frozen bone sections (20-μm-thick) at
0.5 μm z-plane intervals and the total z-plane was 20 μm.
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Figure 7.
Schematic illustrating the approximate percentage (%) and types of sensory nerve fibers that
innervate the skin vs. bone. The skin is innervated by thickly myelinated A-beta fibers
(NF200+, TrkA−), thinly myelinated A delta fibers (NF200+, TkA− and NF200+, CGRP+,
TrkA+), unmyelinated peptide-rich C fibers (CGRP+, TrkA+) and unmyelinated peptide-
poor C-fibers (isolectin B4 (IB4)+), Mas related G protein-coupled receptor member D
((Mrgprd)+, TrkA−). In contrast, the bone appears to be predominantly innervated by thinly
myelinated A-delta fibers (NF-200+, TrkA− and NF200+, CGRP+, TrkA+) and peptide-rich
C-fibers (CGRP+ and TrkA+). In skin and bone there is also a small proportion (<5% of the
total) of unmyelinated C-fibers that are CGRP+, TrkA−. The percentages and types of
sensory nerve fibers innervating the skin were estimated using data from previous studies
(Bennett et al., 1996, Lu et al., 2001, Ambalavanar et al., 2005, Zylka et al., 2005) and for
bone from the present and previous studies (Nakajima et al., 2008, Sugiura et al., 2008,
Jimenez-Andrade et al., 2010b). Note that whereas approximately 30% of the sensory nerve
fibers that innervate skin are TrkA+, greater than 80% of sensory nerve fibers that innervate
the bone are TrkA+.
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