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ABSTRACT

Whilst sensory and sympathetic neurons are known to innervate bone, previous studies have
found it difficult to unequivocally identify and characterise only those that are of sensory
origin. In this study, we have utilized an in vivo anterograde tracing technique to selectively
label spinal afferent (sensory) nerve endings that innervate the periosteum and marrow cavity
of murine long bones. Unilateral injections of dextran-biotin (anterograde tracer; 20% in
saline, 50-100 nL) were made into L3-L5 dorsal root ganglia (DRG). After a 10-day recovery
period to allow sufficient time for selective anterograde transport of the tracer to nerve
terminal endings in bone, the periosteum (whole-mount) and underlying bone were collected,
processed to reveal anterograde labelling, and immuno-labelled with antibodies directed
against protein gene product (pan-neuronal marker; PGP9.5), tyrosine hydroxylase
(sympathetic neuron marker; TH), calcitonin gene-related protein (peptidergic nociceptor
marker; CGRP) and/or neurofilament 200 (myelinated axon marker; NF200). Anterograde
labelled nerve endings were dispersed throughout the periosteum and marrow cavity, and
could be identified in close apposition to blood vessels and at sites distant from them. The
periosteum and the marrow cavity were each innervated by myelinated (NF200+) sensory
neurons, and unmyelinated (NF200-) sensory neurons that were either peptidergic (CGRP+)
or non-peptidergic (CGRP-). Spinal afferent nerve endings did not express TH, and lacked

the cylindrical morphology around blood vessels characteristic of sympathetic innervation.
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This approach to selective labelling of sensory nerve terminal endings will help to better
identify how different sub-populations of sensory neurons, and their peripheral nerve terminal

endings, interact with bone.

KEYWORDS
Sensory, dorsal root ganglia, nociceptors, periosteum, bone marrow, peptidergic, non-
peptidergic, spinal afferent, RRIDs: AB_2290729, AB_259091, AB_477272, AB_10548073,

AB_390204, SCR_003070, SCR_014235, SCR_013672

INTRODUCTION

The marrow cavity, trabecular bone and periosteum of long bones are innervated by both
sensory and sympathetic neurons (Castaneda-Corral et al., 2011; Chartier, Mitchell, Majuta,
& Mantyh, 2018; Imai, Tokunaga, Maeda, Kikkawa, & Hukuda, 1997; Mach et al., 2002).
Collectively, they function to signal bone pain (Chartier et al., 2014; Nencini & lvanusic,
2017; Nencini et al., 2017; Nencini, Ringuet, Kim, Greenhill, & Ivanusic, 2018), regulate
vasculature within bone (Bjurholm, Kreicbergs, Brodin, & Schultzberg, 1988; Brain,
Williams, Tippins, Morris, & Maclntyre, 1985), influence bone remodelling and healing
(Elefteriou et al., 2005; Ma et al., 2013; Wang et al., 2010), and mobilize bone marrow
hematopoietic stem cells from their niche (Katayama et al., 2006; Mendez-Ferrer, Battista, &

Frenette, 2010). There has been significant interest in understanding how the organisation and
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molecular phenotype of discrete populations of neurons influence this diversity of function in

bone, but the lack of markers to unequivocally identify them have made this difficult.

Spinal afferent (sensory) nerve endings that innervate bone are small diameter, thinly
myelinated (Ad-fiber) or unmyelinated (C-fiber) free nerve endings, and often contain
molecular markers for peptidergic nociceptors, such as substance P (SP), calcitonin gene-
related peptide (CGRP), tropomyosin receptor kinase A (TrkA) and transient receptor
potential cation channel subfamily V member 1 (TRPV1) (Aso et al., 2014; Bjurholm,
Kreicbergs, Brodin, et al., 1988; Gronblad, Liesi, Korkala, Karaharju, & Polak, 1984; Hill &
Elde, 1988; Ivanusic, 2009; Mach et al., 2002; Nencini et al., 2017). Whilst there have been
some reports suggesting that non-peptidergic sensory neurons and their endings also
innervate bone (lvanusic, 2009; Kaan et al., 2010; Nencini et al., 2018), these have been more
difficult to identify because of a lack of appropriate combinations of antibody markers to
label them immunohistochemically, and the presence of other small diameter (sympathetic)
endings that also innervate bone. Some studies have further described larger diameter sensory
nerve fibers, with specialised endings, in the periosteum of human long bone (Ralston,

Miller, & Kasahara, 1960) and feline mandibles (Sakada & Maeda, 1967), but these reports
are rare. In comparison, sympathetic nerve fibers in bone marrow and periosteum express
tyrosine hydroxylase (TH) (Bjurholm, Kreicbergs, Terenius, Goldstein, & Schultzberg, 1988;
Mach et al., 2002) and terminate mostly by wrapping around blood vessels, which confers a

unique cylindrical morphology to their endings (Chartier et al., 2018; Mach et al., 2002).
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In this present study, we have used anterograde tracing to selectively label spinal afferent
nerve endings that innervate different compartments of murine bone (Spencer et al., 2018;
Spencer, Kyloh, Beckett, Brookes, & Hibberd, 2016; Spencer, Kyloh, & Duffield, 2014).
This has allowed us to unequivocally distinguish sensory and sympathetic nerve endings in
the marrow cavity, trabecular bone and periosteum. Double and triple immuno-labelling was
used to further probe their molecular profile. Our findings show that the marrow cavity,
trabecular bone and the periosteum are all innervated by myelinated (Ad-fiber) spinal afferent
nerve endings, and both peptidergic and non-peptidergic unmyelinated (C-fiber) spinal

afferent nerve endings, and that there is heterogeneity with respect to their morphology.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice (n=17, 2-3 months old) were obtained from the Laboratory Animal
Services at the University of Adelaide, South Australia. All experiments were carried out in
accordance with the Australian National Health and Medical Research Council Code of
practice for the care and use of animals for scientific purposes, and were approved by the

Flinders University Animal Welfare Committee.

Anterograde tracing and tissue preparation

Anterograde tracing was performed as previously described in Spencer et al. (2014). Mice
were anesthetized with isoflurane (induction 4%, maintenance 1.5% in oxygen). A 1-2 cm
incision was made at the dorsal surface of the lumbar vertebrae, and then into the musculature

over the intervertebral foramina, to identify the dorsal root ganglia (DRG). L3, L4 and L5
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DRGs were exposed and injected with 50-100 nL biotinylated dextran-biotin (20% in saline;
Molecular Probes, Cat# D1956, RRID: AB_2307337) through a fine glass microelectrode
using a custom-made nitrogen delivered drug spritzer system (Biomedical Engineering,
Flinders University) (Figure 1a). Following injections of the tracer, the musculature was
sutured with 2.0 suture (Dynek, Australia), and the skin was closed using 7 mm wound clips
(Fine Science Tools, Cat# 12032-07, Canada). Mice were given a 10-day recovery period to

allow for the tracer to be transported from the DRG soma to nerve terminals in bone.

10-days post-surgery, mice were anesthetized with sodium pentobarbitone (60mg/mL;
0.1ml/100g; i.p.) and perfused via the aorta with 100 ml heparinised saline followed by 100
ml of 4% paraformaldehyde. Femurs and tibias were removed and carefully cleaned of
surrounding soft tissue without disturbing the periosteum. The bones were placed onto a petri
dish containing chilled 0.1M phosphate-buffered saline (PBS) solution, and a piece of whole-
mount periosteum was carefully cut and pulled away from the bone. Periosteal whole-mount
preparations were cleared three times in dimethyl sulfoxide, followed by three washes in
PBS, and then processed for immuno-labelling. The rest of the bones were immersed for
seven days in a decalcifying solution containing 10% ethylenediamine-tertraacetic acid (pH
7.3) in PBS at 4°C. The solution was replaced every two days. After seven days, the bones
were washed and cryoprotected in 30% sucrose in PBS overnight at 4°C. The following day,
the bones were embedded in optimal cutting temperature compound and sectioned at 30 um
using a cryostat. Sections were collected on gelatinized glass slides (1% gelatin and 0.1%

chrome alum), air-dried for one hour and processed for immuno-labelling.
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Immunohistochemistry

Sections were immuno-labelled to identify different subpopulations of neurons using
antibodies raised against protein gene product (pan-neuronal marker; PGP9.5), tyrosine
hydroxylase (sympathetic neuron marker; TH), calcitonin-gene related product (peptidergic
nociceptive marker; CGRP) and/or neurofilament 200 (myelinated axon marker; NF200).
Details of the primary and secondary antibodies, including references to the antibody
specificity, are given in Table 1. All antibodies were diluted in PBS containing 0.3% Triton
X-100 and 0.1% sodium azide. Bone marrow cryostat sections and periosteal whole-mount
preparations were washed three times in PBS and blocked for one hour in PBS containing
10% normal horse serum and 1% Triton X-100. They were then incubated in primary
antibody solution overnight at room temperature. The following day, they were washed three
times in PBS and incubated in secondary antibody solution for 2 hours at room temperature.
Streptavidin-Alexa Flour 488 conjugate (Molecular Probes, Cat# S11223; 1:200 dilution) was
included in the secondary antibody incubation solution to bind to and reveal the extent of
anterograde labelling of spinal afferent axons and their nerve endings with dextran-biotin.
Following another three washes in PBS, the slides were cover-slipped using DAKO

fluorescence mounting medium (Carpinteria, CA) and air-dried before imaging.

Antibody specificity and characterisation

The anti-CGRP antibody (AbD-Serotec, Cat# 1720-9007, RRID: AB_2290729) was raised in
goat against synthetic rat Tyr-CGRP (23-37), and reacts with both the whole molecule (amino
acids 1-37) and the C-terminus fragment (23-37) (manufacturer’s information). Western blot

analysis has been used to verify the specificity of the anti-CGRP antibody in rat medullary
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extracts, and preabsorption with synthetic CGRP peptide abolishes immunostaining

(Yasuhara, Aimi, Matsuo, & Kimura, 2008).

The anti-CGRP antibody (Sigma-Aldrich, Cat# C8198, RRID: AB_259091) was raised in
rabbit against synthetic rat CGRP conjugated to keyhole limpet hemocyanin (KLH)
(manufacturer’s information). This antibody shows no cross-reactivity with other peptides,
except for rat and human CGRP, and human B-CGRP (manufacturer’s information). Staining
of sensory nerve terminals in rat glabrous skin was abolished when the antibody was

preabsorbed with rat CGRP (Yen, Bennett, & Ribeiro-da-Silva, 2006).

The anti-NF200 antibody (Sigma-Aldrich, Cat# N4142, RRID: AB_477272) was raised in
rabbit using purified neurofilament 200 from bovine spinal cord (manufacturer’s
information), and it specifically localises the 200kDa neurofilament (but not other
intermediate filaments), determined on immunoblots of mouse brain homogenates

(Benvegnu, Poggiolini, & Legname, 2010).

The anti-PGP9.5 antibody (Cedarlane Labs, Cat# CL95101, RRID: AB_10548073) was
raised against human PGP9.5 protein purified from pathogen-free human brain
(manufacturer’s information). In western blots of rat retina, this antibody recognises a single
band at ~27kDa (Chidlow, Daymon, Wood, & Casson, 2011). Immunostaining was
completely abolished following preabsorption with purified PGP9.5 in rat brain (Doran,

Jackson, Kynoch, & Thompson, 1983).
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The anti-TH antibody (Millipore, Cat# AB152, RRID: AB_390204) was raised in rabbit
against denatured TH from rat pheochromocytoma and labels a single band at 62 kDa in
western blots of PC12 lysates (manufacturer’s information). No staining was observed in
mutant mice that are deficient in subsets of midbrain dopamine neurons (Brown, Machan,

Hayes, & Zervas, 2011).

Imaging and analysis

High power images of bone marrow sections and periosteal whole-mount preparations were
captured with a Zeiss LSM800 confocal microscope with Airyscan (Carl Zeiss
Microlmaging, Oberkocken, Germany) using Zen imaging software. Images were taken with
40x or 64x oil immersion objectives. Optical z-stacks were generated to examine nerve
endings through the full thickness of each section using the optimal step-size (0.5-1 um). For
each objective, the pinhole was set to 1 Airy unit to obtain optimal slice thickness. Images
were examined using Zen lite software (Carl Zeiss Microlmaging, RRID: SCR_013672) or
ImageJ (National Institutes of Health, RRID: SCR_003070), and displayed as a maximum
intensity projection. All figures were prepared on CorelDRAW software (CoraDRAW
Graphics Suite, RRID: SCR_014235). Adjustments to the brightness and contrast were made
to individual images for better viewing. No other manipulations were made. Blood vessels

were identified by the shadows they produced in the background fluorescence.

A semi-quantitative analysis of the relative abundance of different sup-types of spinal

afferent nerve endings was performed using methodology adapted from previous literature

(Jimenez-Andrade et al., 2010). Periosteal whole-mounts (n=3 animals) or sections of bone
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(n=3 animals) were examined using a 40x objective with a Zeiss Axioscope.Z1 fluorescence
microscope (Carl Zeiss Microlmaging, Oberkocken, Germany). Only spinal afferent nerve
endings labelled with the anterograde tracer were sampled. It was not possible to identify the
full extent of arborisation of individual spinal afferent nerve endings in the sections or whole-
mounts we examined, so we defined a nerve fiber as a continuous segment of axon or
terminal, branched or unbranched, that was clearly separable from other axons or terminals.
Grading of the density of the nerve fibers was represented for each animal using a four-point
scale: - = 0 nerve fibers; + = <5 nerve fibers; ++ = 5-20 nerve fibers; +++ = > 20 nerve

fibers.

RESULTS

In total, 14 of the 17 animals injected with the anterograde tracer had anterograde labelling in
the periosteum, trabecular bone, and/or marrow cavity of the ipsilateral hind-limb.
Anterograde labelling was observed more frequently in the femur than the tibia, and was
often denser in the periosteum than the underlying bone. Co-labelling of the anterograde
tracer with an antibody directed against PGP9.5 (a pan neuronal marker) revealed that
anterograde labelling was confined to only axons and nerve terminal endings in bone (Figure

1b; n = 5). No anterograde labelling was observed in the contralateral bone.

Morphology of anterograde labelled spinal afferent nerve endings innervating the
marrow cavity (n = 10) and periosteum (n = 11)
Spinal afferent axons and their nerve terminal endings were dispersed throughout the marrow

cavity of the femur and tibia (Figure 2a), and could be identified both in close apposition to
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blood vessels (Figure 2b), or as free nerve endings away from blood vessels (Figure 2c). The
majority of endings were simple (Table 2). They had varying degrees of thickness, and were
either varicose in nature (Figure 2b, arrowheads), or had weak or no varicosities along the
axons, but ended with a single bouton (Figure 2c, arrowhead). There were also some spinal
afferent endings, observed away from vessels, that appeared more complex, and consisted of
multiple branches and terminal endings clustered in a very small area (Figure 2d), but these
were relatively rare (Table 2). We did not observe any structures that might represent
encapsulations around the most terminal part of any of the spinal afferent endings in the
marrow cavity. Only 3 animals had labelling adjacent to trabecular bone. Labelling in these
cases were always in the distal epiphysis of the femur (Figure 2e). The nerve endings in
trabecular bone were mostly varicose and terminated over short distances. Spinal afferent
nerve endings could also be seen around blood vessels in the nutrient foramen of cortical

bone (Figure 2f).

Periosteal whole-mount preparations were taken from different regions of the bone, including
the flat medial surface of the tibia and along the posterior surface of the femur (Figure 3a).
Labelled axons branched multiple times to form a “net-like meshwork” over a large area of
the periosteum (Figure 3b-c). In some preparations, the axons ran for long distances,
longitudinally and parallel to each other, along the long axis of the bone (Figure 3c). Spinal
afferent nerve endings in the periosteum mostly terminated as simple nerve terminal endings
(Figure 3b-c, arrowheads), although there were a number of cases of complex clusters of

endings in some parts of the periosteum (Figure 3d-f)(Table 2).
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Anterogradely labelled spinal afferent nerve endings that innervate the marrow cavity
(n =4) and periosteum (n = 3) are not sympathetic
The marrow cavity and periosteum were labelled with an antibody directed against TH to
examine sympathetic innervation (Figure 4). TH+ sympathetic nerve fibers have a distinctive
corkscrew morphology and were most often intimately associated with blood vessels in the
marrow cavity (Figure 4a-c) and periosteum (Figure 4g-i). TH+ sympathetic nerve fibers
were also noted away from blood vessels in both the marrow cavity (Figure 4d-f) and the
periosteum (Figure 4j-1). Spinal afferent nerve endings labelled with the anterograde tracer

were never TH+ (Figure 4).

Many anterogradely labelled spinal afferent nerve endings that innervate the marrow
cavity (n = 8) and periosteum (n = 6) express CGRP and many do not

Both the marrow cavity (Figure 5) and periosteum (Figure 6) are richly innervated by
CGRP+ spinal afferent nerve endings (Table 2). These endings have a linear morphology,
varicosities along the length of their axons, and often terminate as a single bouton, either in
close association with blood vessels (Figure 5a-c, 6a-c, arrowheads), or at sites distant from
them (Figure 5d-f, 6d-f, arrowheads). CGRP+ spinal afferent nerve endings could also be
seen in regions of periosteum still attached to the underlying cortical bone taken from frozen
sections (Figure 6j-1). There were also many examples of spinal afferent nerve endings, in
both the marrow cavity (Figure 5g-i, arrows) and periosteum (Figure 6g-i, arrows), that were
CGRP- (Table 2). These were typically less varicose than those that were CGRP+, and

terminated both around and away from blood vessels.
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The marrow cavity (n = 6) and periosteum (n = 3) are innervated by myelinated spinal
afferent nerve endings, and both peptidergic and non-peptidergic unmyelinated spinal
afferent nerve endings
Many of the spinal afferent nerve endings innervating the marrow cavity were myelinated
(NF200+, Figure 7a-h)(Table 2). They had relatively thick axons, with few varicosities, and
either did not express CGRP (Figure 7a-d), or had only weak CGRP expression (Figure 7e-
h)(Table 2). There were also many spinal afferent nerve endings that were unmyelinated
(NF200-, Figure 7i-p)(Table 2). These had thinner axons and more varicosities than those that
were myelinated. Many of these unmyelinated axons expressed CGRP (Figure 7i-l), and

many did not (Figure 7m-p, arrows)(Table 2).

Similar observations were made for spinal afferent nerve endings that innervated the whole-
mount periosteum (Figure 8a)(Table 2). The majority of myelinated (NF200+) spinal afferent
nerve endings were thick and had few or no varicosities. They typically did not express
CGRP (Figure 8b-e, arrowhead), or when they did, had only weak CGRP expression (Figure
8f-i)(Table 2). Unmyelinated (NF200-) spinal afferent nerve endings were thinner and had
numerous varicosities. Many of these expressed CGRP (Figure 8j-q), and many did not

(Figure 8b-e, arrows)(Table 2).

DISCUSSION
In this study, we have used a combination of anterograde tracing and immunohistochemistry
to selectively label and define the molecular phenotype of spinal afferent nerve endings in

bone. Our findings show that the marrow cavity, trabecular bone and the periosteum are all
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innervated by myelinated spinal afferent nerve endings, and both peptidergic and non-
peptidergic unmyelinated spinal afferent nerve endings. They also show that spinal afferent

nerve endings can vary with respect to morphology of their terminal endings in bone.

It is relatively easy to conceptualise roles for spinal afferent nerve endings in mediating
responses to noxious stimulation of bone. Pain is associated with most bony pathologies and
it puts a significant burden (both in terms of quality of life and cost) on individuals, society,
and the health care system all over the world. Small diameter myelinated and unmyelinated
sensory neurons innervate both the periosteum and the marrow cavity (Furusawa, 1970;
Ishida, Tanaka, Sekiguchi, Sugiyama, & Kawamata, 2016; Ivanusic, 2009; Ivanusic, Mahns,
Sahai, & Rowe, 2006; Mach et al., 2002; Seike, 1976), and there is a rapidly growing body of
evidence demonstrating that they are responsive to noxious chemical and/or mechanical
stimuli (Ivanusic, Mahns, Sahai, Vickery, & Rowe, 2005; Morgan, Nencini, Thai, &
Ivanusic, 2019; Nencini & lvanusic, 2017; Nencini et al., 2017; Nencini et al., 2018; Nencini,
Thai, & lvanusic, 2019). Most previous work in the context of bone pain has focused on
studying myelinated (Ad-fiber) nociceptors, and/or peptidergic unmyelinated (C-fiber)
nociceptors, because these have been the easiest to identify immunohistochemically
(Castaneda-Corral et al., 2011; Chartier et al., 2018; Imai et al., 1997; Mach et al., 2002). A5-
fiber nociceptors are likely to transmit fast, intense pain of the sort experienced in response to
fracture, acute inflammation or mechanical instability of bone, and peptidergic C-fiber
nociceptors are likely to encode slow, aching pain of the sort experienced in more chronic
conditions such as osteoarthritis or bone cancer (Nencini & Ivanusic, 2016). In addition to

their role in nociception, C-fiber peptidergic neurons may also have a role in bone
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remodeling/metabolism, neuro-immune signaling, and/or local regulation of the vasculature,
mainly via the neurogenic release of CGRP and SP from their nerve terminal endings in and
around bone (Bjurholm, Kreicbergs, Brodin, et al., 1988; Felten, 1993; Hill & Elde, 1991,

Mach et al., 2002; Offley et al., 2005).

Our additional finding of a significant unmyelinated non-peptidergic (CGRP-) innervation
might at first glance appear in contrast to earlier works by Mantyh and colleagues, who
clearly showed a lack of 1B4-binding and MRGPRD labelling (both markers of non-
peptidergic C-fiber nociceptors) in peripheral nerve terminal endings in murine bone
(Jimenez-Andrade et al., 2010; Mach et al., 2002). However, there is at least some evidence
that small diameter unmyelinated bone afferent neurons retrogradely labelled from bone do
bind IB4 (in rats) and that many of them do not express CGRP (the marker for peptidergic
nociceptors) (Aso et al., 2014; Ivanusic, 2009). This discrepancy may be related to several
factors, including species differences, variability in IB4-binding affinity, or an inability to
immuno-label with enough antibodies to unequivocally identify small diameter sensory vs
sympathetic nerve terminals in bone. Here, we have overcome these difficulties and have
clearly shown that a substantial proportion of peripheral nerve terminal endings in murine
bone are unmyelinated, non-peptidergic and of sensory (DRG) origin. We have previously
shown that inflammatory bone pain may involve activation and sensitisation of non-
peptidergic bone afferent neurons via GDNF family of ligands (GFLs) signaling pathways
(GDNF/GFRal and neurturin/GFRa2), suggesting that non-peptidergic bone afferent neurons
may have a physiological role in mediating inflammatory bone pain through mechanisms that

are distinct from peptidergic neurons (Nencini et al., 2018). Taken together, our findings
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demonstrate that non-peptidergic C-fiber nociceptors innervate bone, and that they are likely
to encode slow, dull and diffuse pain in bony pathologies that have a significant
inflammatory component. Recent single cell RNAseq data provides further evidence that
significant molecular heterogeneity exists within unmyelinated, non-peptidergic sensory
neurons (Usoskin et al., 2015). It will be interesting in future studies to define the molecular
phenotype and function of different sub-populations of unmyelinated, non-peptidergic

sensory neurons that innervate bone.

Compared to traditional immunohistochemistry, which labels many axon terminals, labelling
with dextran-biotin revealed a relatively small number of axon terminals, presumably because
of its uptake/transport efficiency from DRG to bone. This often allowed the full extent of a
single afferent axon entering the whole-mount periosteum to be visually resolved. In several
instances, single spinal afferent axons could be followed for long distances and gave rise to
multiple endings, spatially separated by a few hundred micrometers. This morphology
suggests that there are multiple sites at which sensory stimuli can initiate action potentials in
some periosteal afferent neurons. The receptive field of a single neuron further defines the
area of tissue over which an adequate stimulus can elicit activity and therefore influences the
capacity of a sensory neuron to detect the location of a stimulus and discriminate between
multiple stimuli. The finding of discrete, spatially separated endings is consistent with
previous electrophysiological reports that individual periosteal afferent fibers have
circumscribed and punctate receptive fields, that could each be selectively activated with
focal stimulation (Mahns, Ivanusic, Sahai, & Rowe, 2006; Sakada & Taguchi, 1971). Sakada

and Taguchi (1971) quantified the full size of the receptive field of 434 single periosteal units
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innervating the mandibular periosteum. Most units could be activated at multiple, discrete
receptive sites over an area of the periosteum, typically between 2 and 20 mm?2. In the case of
the periosteum of the cat humerus, each unit had a receptive field comprised of a single locus
and was usually of an approximately oval configuration which ranged from 2 to 4 mm?
(Mahns et al., 2006). Collectively, these findings provide a mechanistic basis for the
experience of sharp, highly localised pain derived from noxious stimulation of the periosteum
(Inman & Saunders, 1944; Santy & Mackintosh, 2001). Another interesting finding in the
present study is that some of the periosteal spinal afferent nerve endings ran longitudinally,
and in parallel, along the long axis of the bone. This implies they are directionally tuned, such
that they could detect mechanical distortion or stress along a particular axis of the underlying
cortical bone, and/or the tightly adherent periosteum. This might be relevant to roles for these
neurons in remodelling and/or repair of long bones, for example as occurs in fracture healing

(Chartier et al., 2018; Martin, Jimenez-Andrade, Ghilardi, & Mantyh, 2007).

In comparison to the periosteum, we found that spinal afferent nerve endings that terminate in
the marrow cavity were typically perivascular, or terminated mostly as simple bulbar free-
nerve endings, around marrow cavity cells, away from blood vessels. It is not possible to
identify the full extent of physiological receptive fields of the spinal afferent nerve endings in
the bone marrow because we do not have access to their endings for direct stimulation.
However, the relative lack of clearly localised clusters of endings in the marrow cavity,
combined with the prediction that most noxious stimuli applied to the marrow cavity would
be rapidly dispersed through the entire cavity, may help to explain why pathology that is

confined to the marrow cavity (e.g. bone cancer, intra-osseous engorgement syndrome) is

This article is protected by copyright. All rights reserved.



18
often described as being dull, diffuse and difficult to localise (Lemperg & Arnoldi, 1978;

Luger, Mach, Sevcik, & Mantyh, 2005).

In this study, we have reported the morphology and molecular phenotype of spinal afferent
endings in bone under normal, physiological conditions (i.e. in naive mice). Recent studies
have shown an increase in density and sensitivity of sensory nerve endings in the marrow
cavity and subchondral bone in response to a number of different disease states, including
bone cancer (Hansen, Vacca, Pitcher, Clark, & Malcangio, 2016), fractures (Chartier et al.,
2014), and osteoarthritis (Ghilardi et al., 2012; Zhu et al., 2019). How distinct populations of
anterogradely labelled spinal afferent nerve endings innervating bone change in response to

pathology remains to be determined.
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TABLES

Table 1. Details of primary and secondary antibodies used for immunohistochemistry
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product 9.5

(PGP9.5)

protein purified from
pathogen-free human

brain

rabbit polyclonal,
Cat# CL95101,
RRID:

AB_10548073

2011; Doran et al.,
1983)
Manufacturer’s

information

Primary Immunogen Manufacturing Specificity/ Dilution
antibody details Characterisation
Calcitonin gene- | Synthetic CGRP Sigma-Aldrich, rabbit | (Yen et al., 2006) 1:1000
related peptide | (rat) conjugated to polyclonal, Cat# Manufacturer’s
(CGRP) KLH C8198, RRID: information
AB_259091
Synthetic rat Tyr- AbD-Serotec, goat (Yasuhara et al., 1:500
CGRP (23-37) polyclonal, Cat# 2008)
conjugated to 1720-9007, RRID: Manufacturer’s
gamma globulin AB_ 2290729 information
Neurofilament Neurofilament 200 Sigma-Aldrich, rabbit | (Benvegnu et al., 1:2000
200 (NF200) from bovine spinal polyclonal, Cat# 2010)
cord N4142, RRID: Manufacturer’s
AB 477272 information
Protein gene Human PGP9.5 Cedarlane Labs; (Chidlow et al., 1:1000
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Tyrosine Denatured TH from | Millipore, rabbit (Brown et al., 2011) | 1:1000
hydroxylase rat polyclonal, Cat# Manufacturer’s
(TH) pheochromocytoma | AB152, RRID: information
AB_390204
Secondary antibody Manufacturing details Dilution
Donkey a Goat Alexa Flour 594 Jackson ImmunoResearch, Cat# 705-585- 1:200
147
Donkey a Rabbit Alexa Flour 594 Invitrogen, Cat# A21207 1:200
Donkey o Rabbit Alexa Flour 647 Invitrogen, Cat# A31573 1:200
Streptavidin Alexa Flour 488 conjugate | Invitrogen, Cat# S11223 1:200
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Table 2. Semi-quantitative analysis of the density of the different types of spinal afferent

nerve endings in the marrow cavity versus the periosteum

Marrow cavity Periosteum
Simple endings +++ 4+
Complex endings + ++
Spinal afferent nerve endings that are:
CGRP+ ++ et
CGRP- F++ -+
NF200+ +++ ++
NF200- +++ +++
NF200+CGRP- +++ ++
NF200+CGRP+ + +
NF200-CGRP+ ++ +++
NF200-CGRP- +++ +++

CGRP, calcitonin gene related peptide; NF200, neurofilament 200.
- = non-detectable nerve fibers; + = 5 nerve fibers; ++ = 5-20 nerve fiber; +++ = > 20 nerve

fibers.
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FIGURE LEGENDS

Figure 1. Schematic representation of the anterograde tracing technique used in this study.
(a) Dextran-biotin was injected unilaterally into L3-L5 DRG of mice. The tracer was taken up
by the DRG soma and transported to their nerve terminals, allowing for the identification of
spinal afferent axons and nerve endings that innervate the marrow cavity and periosteum. (b)
A pan-neuronal marker, PGP9.5, was used to confirm anterograde labelling in axons and

nerve terminal endings in bone. Scale bars = 20 um.

Figure 2. Anterograde labelled spinal afferent nerve endings in the marrow cavity. (a)
Schematic representation indicating the location from which images b-f were sampled. Spinal
afferent nerve endings were found closely associated with marrow cavity blood vessels (b), or
branched away from blood vessels and terminated in the marrow cavity as single bulbar
endings (c, arrowhead) or a cluster of branched endings (d). Spinal afferent nerve endings
were also observed in the marrow cavity (MC) adjacent to the trabecular bone (TB)(e), and
around blood vessels in the nutrient foramen of cortical bone (CB)(f). Dashed lines indicate

the trabeculae or cortical bone. Scale bars = 20 um.

Figure 3. Anterograde labelled spinal afferent nerve endings in the periosteum. (a) Schematic

representation indicating the location from which images b-f were sampled. (b) A montage of

spinal afferent nerve endings branching from single axons and projecting extensively
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throughout the periosteum, or (c) running longitudinally along the length of the bone.
Arrowheads show examples of single bulbar endings terminating in the periosteum. (d) A
montage of spinal afferent nerve endings with multiple branching terminal endings. (e-f)

Insets show nerve endings indicated in (d) at higher power. Scale bars = 50 um (b-d), 20 um

(e-1).

Figure 4. Anterograde labelled spinal afferent nerve endings and TH immuno-labelling in the
marrow cavity and periosteum. Examples of spinal afferent nerve endings adjacent to (a-c) or
away (d-f) from blood vessels in the marrow cavity. TH+ sympathetic fibers displayed a
corkscrew morphology around blood vessels. Examples of spinal afferent nerve endings
closely associated with blood vessels (g-i) or running away from blood vessels (j-1). Spinal
afferent nerve endings in both the marrow cavity and periosteum lacked TH-

immunoreactivity. Scale bars = 20 um.

Figure 5. Anterograde labelled spinal afferent nerve endings and CGRP-immunoreactive
nerve fibers in the marrow cavity. Examples of single varicose spinal afferent nerve endings
running along (a-c) and away (d-f) from blood vessels in the marrow cavity. Arrowheads
indicate terminal endings that are CGRP-immunoreactive. (g-i) An example of a marrow
cavity spinal afferent nerve ending that lacked CGRP-immunoreactivity (arrows). Scale bars

=20 pm.

Figure 6. Anterograde labelled spinal afferent nerve endings and CGRP-immunoreactive

nerve fibers in the periosteum. Examples of spinal afferent nerve endings branching around
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(a-c) or away (d-f) from blood vessels. (g-i) An example of a spinal afferent nerve ending that
lacked CGRP-immunoreactivity. (j-1) Spinal afferent nerve endings in longitudinal sections
cut from bone. Arrowheads indicate CGRP-immunoreactive nerve endings and arrows show

endings that lacked CGRP-immunoreactivity. Scale bars = 20 pum.

Figure 7. Anterograde labelled spinal afferent nerve endings and CGRP- and NF200-
immunoreactive nerve fibers in the marrow cavity. An example of myelinated (NF200+)
spinal afferent nerve endings that did not express CGRP (a-d, arrowhead), or had only weak
CGRP expression (e-h, arrowheads). These have axons that are often thicker with few or no
varicosities. (i-1) An example of spinal afferent nerve endings that expressed CGRP but not
NF200 (arrowheads). (m-p) An example of spinal afferent nerve endings that do not express

NF200 or CGRP (arrows). Scale bars = 20 pm.

Figure 8. Anterograde labelled spinal afferent nerve endings and CGRP- and NF200-
immunoreactive nerve fibers in the periosteum. (a) A montage of branched spinal afferent
nerve endings (green), and CGRP- (magenta) and NF200- (blue) immunoreactive nerve fibers
and terminals in the periosteum. (b-e) An example of spinal afferent axon that expressed
NF200 but not CGRP (arrowhead), and a spinal afferent axon that does not express either
CGRP or NF200 (arrow). (f-i) An example of a spinal afferent axon that expressed both
CGRP and NF200 (arrowhead). Nerve endings that co-express CGRP and NF200 often
displayed a thicker morphology with few varicosities. (j-q) Examples of spinal afferent nerve

endings that expressed CGRP but not NF200 (arrowhead). Scale bars = 50 um (a), 20 um (b-

q).
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