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ABSTRACT 
 

Pain associated with bone pathology puts a significant burden (both in terms of 

quality of life and cost) on individuals, society, and the health care system in Australia 

and worldwide. Current strategies for management are either ineffective or have serious 

side effect profiles that prohibit use for long-term treatment of bone pain. A major 

impediment to the development of more targeted strategies is the lack of detailed 

knowledge of the mechanisms that drive bone pain. 

 

To address this, I have developed an exciting, novel in vivo bone-nerve 

preparation that has been extensively exploited in this thesis to monitor the 

electrophysiological activity of single sensory neurons that innervate the marrow cavity 

of the tibial bone of the rat. I provide the first evidence that single sensory neurons that 

innervate the bone marrow respond to high threshold mechanical stimulation, have 

response properties consistent with a role in nociception and provide information about 

different features of an intra-osseous pressure stimulus. These findings show how some 

bone marrow afferent neurons signal pain in bone diseases and pathologies that involve 

a mechanical disturbance and/or increased intra-osseous pressure. I have also used this 

novel in vivo bone-nerve preparation to report roles for a number of growth factors in 

the pathogenesis of bone pain. In particular, I demonstrate that nerve growth factor 

(NGF) injected directly into the tibia rapidly activates and sensitizes bone marrow 

afferent neurons. NGF-induced changes in the activity and sensitivity of bone marrow 

afferent neurons are dependent on signalling through the TrkA receptor, but are not 

affected by mast cell stabilization. This provides the conceptual framework for 

understanding NGF sequestration therapy used to treat inflammatory bone pain. I also 

report that, in addition to NGF, the Glial cell line-derived neurotrophic factor family 
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ligands (GFLs) (artemin, GDNF, and neurturin), also rapidly activate and sensitize bone 

afferent neurons, albeit with different time courses. This is exciting because it suggests 

that some of these GFL signalling pathways could be targeted for the treatment of bone 

pain.  

 

I have further developed and report a new model of carrageenan-induced 

inflammation of bone to provide evidence that sequestration of artemin reduces 

inflammation-induced activation and sensitization of bone marrow nociceptors. This 

provides proof-of-principle that sequestering artemin could be beneficial for the 

treatment of inflammatory bone pain. 

 

Together these results contribute significantly to our understanding of the 

mechanisms that drive bone pain and have opened the door to opportunities to explore 

the role of a number of signalling molecules that could be targeted for therapeutic 

benefit to reduce the significant burden of bone pain.   
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PREFACE  
 

This thesis follows the guidelines of a Thesis with publications, which is an 

option available for thesis submission at the University of Melbourne. In a thesis with 

publications, already published or submitted manuscript(s) (reviews or original research 

articles) can be included in its/their original form(s) as a stand-alone thesis chapter(s), as 

long as the candidate wrote the first draft of the publication and contributed more than 

50% of the content of the publication, and as long as all co-authors of the 

publication(s) and the principal supervisor have declared that the candidate is the 

primary author by signing the “Co-author authorisation” and/or the “Declaration for a 

thesis with publication” forms, respectively. In fulfilment of these requirements, 

these documents have been submitted along with the thesis.  

 

Chapter 2, 3, 4 and 6 have already been published and are presented in their 

published form in this thesis. In particular:  

- Chapter 2 includes the manuscript entitled “The physiology of bone pain. How 

much do we really know? Nencini S and Ivanusic J (2016) Front. Physiol., 26 

April 7:157. doi: 10.3389/fphys.2016.00157”. The candidate contributed 

intellectually to the development of this review manuscript, including drafting 

and revising the manuscript, together with the assistance of the other author (and 

supervisor) Assoc. Prof. Jason Ivanusic. Overall, the candidate contributed to 

approximately 60% to the preparation of the work for this publication. 

- Chapter 3 includes the manuscript entitled “Mechanically sensitive Aδ 

nociceptors that innervate bone marrow respond to changes in intra-osseous 

pressure Nencini, S and Ivanusic JJ (2017) J Physiol Mar 15. doi: 

10.1113/JP273877”. The candidate was involved in the conception and design 



VI 

 

of the work as well as acquisition, analysis and interpretation of the 

electrophysiological data. The drafting and writing of the work was in 

collaboration with the other author (and supervisor) Assoc. Prof. Jason Ivanusic, 

who was also responsible for the acquisition of the Piezo2 immuno-

histochemical data. Overall, the candidate contributed to approximately 80% to 

the preparation of the work for this paper.  

- Chapter 4 includes the manuscript entitled “Mechanisms of nerve growth factor 

signaling in bone nociceptors and in an animal model of inflammatory bone 

pain Nencini S, Ringuet M, Kim DH, Chen, YJ, Greenhill C and Ivanusic J 

(2017) Molecular Pain Jan 13:1744806917697011 doi: 

10.1177/1744806917697011”. The candidate was responsible for the acquisition 

and analysis of all the electrophysiological data reported in this paper, and for 

drafting and reviewing the paper. Assoc. Prof. Jason Ivanusic conceived the 

original idea, supervised the project and was responsible for finalizing the 

writing of the manuscript. Mitchell Ringuet and Dong-Hyun Kim were 

responsible for the acquisition of immuno-histochemical data. Yu-Jen Chen 

performed experiments to confirm the presence of inflammation in bone. Claire 

Greenhill performed and analysed the behavioural testing on animals. Overall, 

the candidate contributed to approximately 60% to the preparation of the work 

for this paper.  

- Chapter 6 includes the manuscript entitled “Sequestration of artemin reduces 

inflammation-induced activation and sensitization of bone marrow nociceptors 

in a rodent model of carrageenan-induced inflammatory bone pain”. This is an 

original research article that has been submitted to European Journal of Pain on 

29/5/18 and is currently under review. The candidate was responsible for the 
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collection of all the electrophysiological data and their analyses, and was 

responsible for the writing of the paper together with the other author (and 

supervisor) Assoc. Prof. Jason Ivanusic. Jenny Thai performed and analysed the 

behavioural testing on animals. Overall, the candidate contributed to 

approximately 80% to the preparation of the work for this paper.  

 

Chapter 1, 5 and 7 have been written entirely by the candidate. The introduction 

(Chapter 1) and the general discussion (Chapter 7) are the candidate’s original work. 

The experimental work reported in Chapter 5 has been published as part of the original 

research article: Nencini S, Ringuet M, Kim D, Greenhill C, Ivanusic JJ (2018) “GDNF, 

neurturin and artemin activate and sensitize bone marrow nociceptors and contribute to 

inflammatory bone pain” in Journal of Neuroscience (vol. 38, issue 21, pp: 4899-4911). 

However, since the candidate’s contribution to this paper did not fulfil all of the 

requirements for its inclusion in the thesis as a stand-alone chapter, only those data 

collected and analysed by the candidate have been reported in Chapter 5. The full paper 

from which these data have been taken is provided at the end of the thesis as part of the 

appendix.  

 

For the purpose of structural homogeneity in this thesis, each publication that has 

been included as a stand-alone chapter has been modified in layout (only) to match 

those of other chapters written by the candidate. There are spelling differences for some 

of the words reported in this thesis - e.g. “fiber(s)” vs “fibre(s)”. This is due to 

differences in the language requirements for submission to the journals the manuscripts 

were submitted to.  
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Figures are reported at the end of each chapter together with figure legends. The 

number of the figures has been changed from the research articles from which they have 

been taken from to match the order of the thesis. Thus, each figure is now defined by 

the number of the chapter followed by the number of the figure within the chapter.     
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1. Chapter 1: GENERAL INTRODUCTION AND ORGANIZATION OF 

THE THESIS  

 

This Chapter is the candidate’s original work 

 

Pain associated with skeletal diseases and pathologies (including bone marrow 

oedema syndromes, osteomyelitis, osteoarthritis, fractures and bone cancer) causes a 

major burden on individuals, society, and health care systems worldwide, both in terms 

of quality of life and cost (Woolf and Pfleger 2003). This burden is expected to increase 

with advances in modern medicine that prolong life expectancy, since many of these 

conditions that cause the pain are chronic, hard to treat and develop late in life (Heaney, 

Abrams et al. 2000, Seeman 2002). Despite the declaration of the “Bone and Joint 

Decade 2000-2010” by the World Health Organization, a detailed knowledge of the 

mechanisms that drive skeletal pain is still lacking. This has contributed to difficulty for 

clinicians in successfully managing these types of pain. Current strategies for pain 

management (including non-steroidal anti-inflammatory drugs and opioids) are either 

ineffective or have serious side effect profiles that prohibit use for long-term treatment 

of skeletal pain. Finding new effective strategies to treat skeletal pain is, therefore, a 

compelling need (Bove, Flatters et al. 2009).  

 

Clinical observations have revealed that skeletal pain derives from multiple 

compartments of the skeleton, including the bone marrow cavity and the periosteum. 

Whilst there has been relatively extensive exploration of how afferent neurons that 

innervate the periosteum contribute to skeletal pain, up until now little has been known 

about the sensory innervation of the bone marrow. Thus, the physiological contribution 



2 

 

of afferent neurons that innervate the bone marrow (bone afferent neurons) to skeletal 

pain remained unknown.  

 

Inflammation and/or mechanical disturbances are features common to most bone 

pathologies, and are the likely triggers for bone pain. By analogy with other tissue 

systems, it has been suggested that the afferent nerve terminals within the bone marrow 

are activated and sensitized by the release of inflammatory mediators and/or by 

mechanical compression or distortion (Lemperg and Arnoldi 1978, Arnoldi, Djurhuus et 

al. 1980, Haegerstam 2001, Kidd, Photiou et al. 2004, Urch 2004, Starr, Wessely et al. 

2008, Mantyh 2014). However, whether single bone afferent neurons can directly sense 

mechanical insults of the bone and respond to inflammation and/or specific 

inflammatory mediators in the same way as afferent neurons of other tissue systems has 

not been investigated.  

 

In light of these considerations, the work contained in this thesis has focused on 

investigating the physiological response properties of afferent neurons that innervate the 

bone marrow in response to mechanical stimulation and/or inflammation.  

Chapter 2 provides a published review of what was already known about the 

physiology of bone pain when this project started three years ago (Nencini and Ivanusic 

2016). From this review, it was evident that, while the properties of afferent neurons 

supplying the periosteum had been extensively investigated, very few studies had 

explored the population of afferent neurons that innervate the bone marrow. This likely 

reflects the difficulty in selectively isolating the afferent nerve fibres that form sensory 

nerve terminal endings in the bone marrow for electrophysiological examination. 
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To tackle this knowledge gap, a novel in vivo bone-nerve preparation was 

developed that has allowed us to monitor, for the first time, the electrophysiological 

activity of single bone afferent neurons in response to a variety of stimuli applied to the 

bone marrow, including noxious mechanical stimuli (raised intra-osseous pressure), 

neurotrophic factors, and inflammation. Using this preparation, the physiological 

response properties of individual bone afferent neurons has been investigated under 

normal conditions and following the induction of inflammation. As described in the 

preface, the electrophysiological studies using the in vivo bone-nerve preparation form 

my contribution to the published work presented in this thesis, and all of these 

electrophysiological experiments were performed by me alone. 

 

In Chapter 3, the bone-nerve preparation was used to demonstrate that afferent 

neurons innervating the bone marrow respond to high-threshold noxious mechanical 

stimulation, exhibit fatigue in response to prior stimulation and, in some cases, are 

sensitized by the algesic agent, capsaicin. On the basis of their distinct physiological 

response properties, three subclasses of mechanically sensitive Aδ neurons are 

identified which functionally code for different features of the intra-osseous pressure 

stimulus. These findings demonstrated that many bone afferent neurons behave 

functionally as nociceptors in vivo, suggesting that they might signal pain associated 

with bony diseases and pathologies that involve a mechanical disturbance or increased 

intra-osseous pressure.  

 

Following the finding that some bone afferent neurons could be sensitized to 

mechanical stimulation by capsaicin, the experiments reported in Chapters 3, 4 and 5 

have explored whether they could also be activated or sensitized by specific 



4 

 

neurotrophic factors which have been shown to sensitize peripheral nociceptors and 

produce pain in other tissue systems (Lindsay and Yancopoulos 1996, Dyck, Peroutka 

et al. 1997, Svensson, Cairns et al. 2003, Sah, Ossipov et al. 2005, Bespalov and Saarma 

2007, Rukwied, Mayer et al. 2010). 

 

In the context of skeletal pain, a number of studies clearly indicate a role for 

nerve growth factor (NGF) signaling in pain. These have shown that sequestering NGF 

by administration of anti-NGF antibodies can, in part, alleviate pain-like behaviours in 

animal models of bone cancer and skeletal fracture (Sevcik, Ghilardi et al. 2005, 

Jimenez-Andrade, Martin et al. 2007, Koewler, Freeman et al. 2007), and reduce pain in 

patients with osteoarthritis (Cattaneo 2010, Lane, Schnitzer et al. 2010, Schnitzer, Lane 

et al. 2011, Brown, Murphy et al. 2012, Ekman, Gimbel et al. 2014). While these 

studies clearly indicate a role for NGF signaling in bone pain, an understanding of the 

mechanisms underlying the effects of this neurotrophic factor in the context of bone 

pain was missing. 

 

In Chapter 4, the bone-nerve preparation was used to define physiological 

mechanisms responsible for the effects of NGF sequestration to treat bone pain. This 

study demonstrates that injection of NGF into the tibial marrow cavity activates and 

sensitizes bone afferent neurons with a rapid time-course and produces acute pain-like 

behavioral responses in animals. It was also shown that NGF needs to be present for 

pain to be maintained and that its effect is mediated by the direct binding of NGF to its 

high-affinity receptor, TrkA, without the involvement of secondary sensitizing factors 

released by circulating mast cells. This study provides the conceptual framework for 

understanding the efficacy of NGF sequestration therapy in the treatment of bone pain.   
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While the benefits of using NGF sequestration therapy to treat bone pain are 

clear, there are still some concerns about its safety for the use in the clinical practice. It 

was therefore hypothesized that other neurotrophic factors could be used as novel 

targets for the management of bone pain. In this thesis, the investigation was focused on 

the Glial cell-line Derived Neurotrophic Factor (GDNF) family of ligands (GFLs) 

because studies in our laboratory had discovered that receptors for GFLs are expressed 

by a substantial proportion of bone afferent neurons and application of exogenous GFLs 

into the bone produces robust pain-like behaviours in animals (Nencini, Ringuet et al. 

2018).  

 

In Chapter 5, effects of GFLs (GDNF, neurturin and artemin) were investigated 

and it was demonstrated that intra-osseous injection of GFLs activates and sensitizes 

bone afferent neurons with a time-course consistent with that of the pain-like behaviour 

(Nencini, Ringuet et al. 2018). These findings indicate that, in addition to NGF, GFLs 

also have a role in the pathogenesis of bone pain.  

 

Consistent with this finding, in parallel studies, others in the laboratory provided 

evidence that sequestration of the GFLs, artemin or neurturin, reduces persistent pain-

like behaviours in animals with complete-Freund’s adjuvant (CFA)-induced bone 

inflammation, providing evidence that targeting these ligands could be an alternative 

approach for managing inflammatory bone pain.  

 

Given that artemin injection produced the most rapid activation of bone afferent 

neurons and sensitized the majority of bone afferents to mechanical stimulation, in 
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Chapter 6, the physiological action of the anti-artemin therapy was explored in a novel 

model of acute inflammatory bone pain induced by intra-osseous injection of 

carrageenan during recordings that were made using the bone-nerve preparation. 

Carrageenan-induced inflammation is useful for this purpose because it produces rapid 

activation and sensitization of bone afferent neurons that occurs within an hour of 

carrageenan application. Thus, the effects of inflammation, with or without artemin 

sequestration, on the activity and sensitivity of single bone afferent neurons could be 

followed continuously in our bone-nerve preparation during each experiment. Treatment 

with an anti-artemin antibody was shown to reduce carrageenan-induced activation, and 

to prevent carrageenan-induced sensitization, of bone afferent neurons. This study 

provides evidence that artemin is a promising novel target for pharmacological 

manipulation in the treatment of inflammatory bone pain.  

 

In Chapter 7, a general discussion of the main findings, technical 

considerations, and future directions is presented.  

 

Bone afferent neurons recorded in this study were activated and/or sensitized by 

applying noxious mechanical stimulation, and/or intra-osseous injection of 

inflammatory mediators or algesic substances to the bone marrow. These findings have 

led us to define these electrophysiologically identified bone afferent neurons as 

“nociceptors”. We have therefore referred to these neurons as “bone marrow 

nociceptors” in Chapters 3, 4 and 6, where we know that they are responding noxious 

stimulation. However, in Chapter 5, the more broad definition of “bone afferent 

neurons” was used instead. This is because many of the units presented in that chapter 

were likely non-peptidergic sensory neurons that had never been investigated before, 
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and our knowledge of their molecular and functional characteristics still remains 

limited. Given that it was not possible to confirm that all of them had molecular and 

functional characteristics of nociceptors, the more general description of “bone afferent 

neurons” was adopted instead for Chapter 5.      
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2. Chapter 2: THE PHYSIOLOGY OF BONE PAIN. HOW MUCH DO WE 

REALLY KNOW? 

 

Sara Nencini, Jason J. Ivanusic 

 

This Chapter includes the manuscript entitled “The physiology of bone pain. 

How much do we really know? Nencini S and Ivanusic J (2016) Front. Physiol., 26 

April 7:157. doi: 10.3389/fphys.2016.00157”. The candidate contributed intellectually 

to the development of this review manuscript, including drafting and revising the 

manuscript, together with the assistance of the other author (and supervisor) Assoc. 

Prof. Jason Ivanusic. Overall, the candidate contributed to approximately 60% to the 

preparation of the work for this publication. 

 

ABSTRACT 

Pain is associated with most bony pathologies. Clinical and experimental 

observations suggest that bone pain can be derived from noxious stimulation of the 

periosteum or bone marrow. Sensory neurons are known to innervate the periosteum 

and marrow cavity, and most of these have a morphology and molecular phenotype 

consistent with a role in nociception. However, little is known about the physiology of 

these neurons, and therefore information about mechanisms that generate and maintain 

bone pain is lacking. The periosteum has received greater attention relative to the bone 

marrow, reflecting the easier access of the periosteum for experimental assessment. 

With the electrophysiological preparations used, investigators have been able to record 

from single periosteal units in isolation, and there is a lot of information available about 

how they respond to different stimuli, including those that are noxious. In contrast, 
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preparations used to study sensory neurons that innervate the bone marrow have been 

limited to recording multi-unit activity in whole nerves, and whilst they clearly report 

responses to noxious stimulation, it is not possible to define responses for single sensory 

neurons that innervate the bone marrow. There is only limited evidence that peripheral 

sensory neurons that innervate bone can be sensitized or that they can be activated by 

multiple stimulus types, and at present this only exists in part for periosteal units. In the 

central nervous system, it is clear that spinal dorsal horn neurons can be activated by 

noxious stimuli applied to bone. Some can be sensitized under pathological conditions 

and may contribute in part to secondary or referred pain associated with bony 

pathology. Activity related to stimulation of sensory nerves that innervate bone has also 

been reported in neurons of the spinoparabrachial pathway and the somatosensory 

cortices, both known for roles in coding information about pain. Whilst these provide 

some clues as to the way information about bone pain is centrally coded, they need to be 

expanded to further our understanding of other central territories involved. There is a lot 

more to learn about the physiology of peripheral sensory neurons that innervate bone 

and their central projections.  

 

INTRODUCTION 

This review aims to summarize and critically evaluate our current understanding 

of the physiological properties of peripheral sensory neurons that innervate bone, and 

how information about noxious stimulation coded by these neurons is passed through 

the central nervous system to the cerebral cortex to elicit painful sensations. We begin 

by summarizing some key concepts regarding the quality and management of bone pain, 

and what we know about the morphology and molecular phenotype of bone afferent 
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neurons, and then we explore in detail the physiology of bone afferent neurons and their 

projections through the central nervous system (CNS).  

 

BONE PAIN: CLINICAL AND EXPERIMENTAL OBSERVATIONS 

Pain associated with bony pathology, including bone marrow edema syndromes, 

osteomyelitis, osteoarthritis, fractures and bone cancer 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 conditions that cause bone pain are intractable and 

develop late in life. The prevalence of many of these conditions is high, for example, 

osteoarthritis affects almost 10% of men and 18% of women over 60 years of age 

(worldwide estimate), and osteoporosis affects up to 30% of postmenopausal women in 

northern USA (Woolf and Pfleger 2003). Metastatic bone pain is the most common pain 

syndrome reported in cancer patients, and up to 50% of patients report the pain being 

poorly managed by present treatments (Mantyh and Hunt 2004). Management of bone 

pain with conventional analgesia is based on the assumption that the mechanisms that 

mediate bone pain are similar to those that mediate pain in other tissue systems and can 

therefore be targeted with similar therapies. Opioids and non-steroidal anti-

inflammatory drugs (NSAIDs) are generally used to treat mild to severe pain, but 

therapeutic use for bone pain is limited by undesirable side effects including sedation, 

respiratory depression, tolerance to prolonged use, risk of addiction, gastrointestinal 

effects and renal toxicity. All of these occur with prolonged use of the sort required to 

treat persistent pain in intractable conditions such as osteoarthritis, osteoporosis and 

bone cancer. NSAIDs and opioid analgesia use in the treatment of bone pain is further 

complicated because of the significant undesirable effects on bone remodeling/healing 
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(Bove, Flatters et al. 2009, Pountos, Georgouli et al. 2012, Chrastil, Sampson et al. 

2013) which complicates the underlying pathology. Other agents that inhibit the activity 

of osteoclasts (eg. Osteoprotegerin) or that act by reducing inflammatory processes (eg. 

function blocking nerve growth factor antibodies) produce significant analgesia in 

animal models of bone cancer-induced and fracture pain (Honore, Luger et al. 2000, 

Halvorson, Kubota et al. 2005, Sevcik, Ghilardi et al. 2005, Jimenez-Andrade, Martin et 

al. 2007, Koewler, Freeman et al. 2007). These primarily exert effects in the periphery 

and are targeted at the causes of bone pain. However, they can have significant side 

effects related to bone remodeling and/or bone destruction that have limited their 

therapeutic potential (Holmes 2012, Seidel, Wise 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 the neural or inflammatory mechanisms 

that generate and/or maintain the pain.  

 

The origin of pain associated with bony tissues has been a contentious issue. 

Early studies noted that direct, noxious mechanical stimulation of the periosteum 

produced painful percepts in human subjects (Inman and Saunders 1944), and indeed 

some more recent literature highlights the prevailing opinion that pain from bone is 

generally not perceived unless the periosteum is involved (Mach, Rogers et al. 2002). 

Pain from periosteum is often described as sharp and well localized, and occurs for 

example with fractures significant enough to impact on the periosteum (Santy and 

Mackintosh 2001). However, injection of irritants into the medullary cavity is also very 

painful, as is needle aspiration of bone marrow, and this pain is distinct from that 

associated with disruption of the periosteum (Niv, Gofeld et al. 2003). In addition, 

patients often perceive bone pain in pathologies confined principally to the bone 
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marrow that have no obvious periosteal involvement (e.g. intra-osseous engorgement 

syndrome) (Lemperg and Arnoldi 1978, Arnoldi 1990). In these cases, the pain is often 

described exclusively as dull and diffuse and difficult to localize. Bone cancer-induced 

pain falls within this latter category, and usually consists of background pain that is 

described as constant and dull and increases in intensity over time (Honore and Mantyh 

2000, Haegerstam 2001). In addition, patients with bone cancer often report another 

more intense pain upon movement or weight-bearing (breakthrough pain) (Portenoy, 

Payne et al. 1999). Thus it appears that both the periosteum and the marrow cavity of 

bones must be innervated by primary afferent neurons capable of transducing and 

transmitting nociceptive information. These bone afferent neurons provide the central 

nervous system with information that elicits primary pain arising from bone. 

 

Pathology in bone can also produce sensitivity to normally innocuous 

stimulation (allodynia) and/or increased sensitivity to noxious stimulation 

(hyperalgesia) of skin around the bone/s involved or even of skin at distant sites. This is 

often described as secondary or referred pain, and likely reflects sensitization of 

cutaneous afferent neurons and/or their central projections (Ren and Dubner 1999a). 

Sensitization involves increased excitability (reduced stimulus threshold for activation 

and/or an increased frequency of action potential discharge) of peripheral and central 

sensory neurons. Many experimental studies reporting pain behavior in animal models 

of  bony pathology use behavioral testing platforms that assay pain, thermal or 

mechanical sensitivity primarily (or exclusively) at skin around the affected bone (Cain, 

Wacnik et al. 2001, Urch, Donovan-Rodriguez et al. 2003, Yanagisawa, Furue et al. 

2010, Uhelski, Cain et al. 2013), and so are likely to monitor mechanisms associated 



13 

 

with secondary or referred pain, not primary pain associated with direct stimulation of 

nociceptors in bone. 

 

MORPHOLOGY AND MOLECULAR PHENOTYPE OF SENSORY NEURONS 

THAT INNERVATE BONE  

There are many studies that have reported the existence of primary afferent 

neurons that innervate bone, and it has become clear that most of these sensory neurons 

have a morphology and molecular phenotype consistent with a role in nociception 

(Figure 2.1). Here we summarize the literature that has contributed to this understanding 

before discussing in detail the physiology of sensory neurons that innervate bone. For a 

more detailed review of current literature regarding the morphology and molecular 

phenotype of sensory neurons that innervate bone, the reader is referred to the following 

reviews: Mach, Rogers et al. (2002), Jimenez-Andrade, Mantyh et al. (2010), Mantyh 

(2014).  

 

Most early studies of the nerve supply to bone documented examples of 

dissected or silver stained nerve fibers in bone and periosteum but paid little attention to 

their function (De Castro 1925, Hurrell 1937, Takase and Nomura 1957, Miller and 

Kasahara 1963, Cooper, Milgram et al. 1966, Sakada and Maeda 1967a, Calvo 1968, 

Thurston 1982). As many of these fibers were in close apposition to blood vessels 

within the bone, some of the authors suggested an association with vasculature function, 

but did not comment further. This is somewhat surprising, because damage to bone and 

associated tissue is clearly associated with pain, suggesting that at least some of the 

reported fibers in bone must be nociceptors. The use of immuno-histochemical markers 

for various neuropeptides in more recent reports has provided evidence that nerve fibers 
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innervating mineralized bone, bone marrow and periosteum are of both sensory and 

autonomic origin (Duncan and Shim 1977, Gronblad, Liesi et al. 1984, Hohmann, Elde 

et al. 1986, Bjurholm, Kreicbergs et al. 1988, Hill and Elde 1988, Hill and Elde 1991, 

Mach, Rogers et al. 2002).  The fibers of sensory origin were generally described as 

having small diameter free fiber endings, although some larger fibers with specialized 

encapsulated endings have been reported in the mandibular periosteum of cats (Sakada 

and Maeda 1967a, Sakada and Aida 1971b), human long bone periosteum (Ralston, 

Miller et al. 1960) and Haversian canals in canine cortical bone (Cooper, Milgram et al. 

1966). A newly developed technique for selectively labeling peripheral sensory neurons 

could be useful in confirming a sensory, as opposed to sympathetic origin, for these 

nerve terminal endings in bone (Kyloh and Spencer 2014, Spencer, Kyloh et al. 2014). 

 

Nociceptors are generally defined as small diameter thinly myelinated or 

unmyelinated primary afferent neurons and can be identified by the presence of specific 

molecular markers expressed on their soma (in the dorsal root ganglion (DRG)) or their 

peripheral nerve terminals. The DRG soma of primary afferent neurons that innervate 

the medullary cavity, trabecular bone and the periosteum are almost exclusively small 

diameter myelinated and unmyelinated neurons that express varying combinations of 

the  markers characteristic of  nociceptive neurons, including  calcitonin gene-related 

peptide (CGRP), substance P (SP) and the tyrosine receptor kinase A (TrkA), and/or 

bind isolectin B4 (IB4) (Gajda, Litwin et al. 2004, Ivanusic 2009, Aso, Ikeuchi et al. 

2014). Importantly, these studies have identified sub-populations of sensory neurons 

that innervate bone on the basis of various combinations of these markers in the rat. For 

example it is clear that up to half are peptidergic (CGRP+) (Ivanusic 2009, Aso, Ikeuchi 

et al. 2014) and many are non-peptidergic (CGRP- or IB4 binding) (Ivanusic 2009, Aso, 
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Ikeuchi et al. 2014), and that approximately two thirds are likely to be nerve growth 

factor sensitive (TrkA+) whilst others are not (TrkA-)(Aso, Ikeuchi et al. 2014). It 

appears that these molecular phenotypes are maintained in peripheral nerve terminals in 

bone (Mach, Rogers et al. 2002, Jimenez-Andrade, Mantyh et al. 2010, Castaneda-

Corral, Jimenez-Andrade et al. 2011), although IB4 binding has not been observed at 

this location (at least in mice; Mach, Rogers et al. 2002). Whilst there may be some 

subtle species differences, it is clear that the morphology and molecular phenotype of 

sensory neurons that innervate tissues within bone are consistent with a role in 

nociception, and that these features can be used to identify multiple sub-populations of 

bone afferent neurons (Figure 2.1). Whether this molecular heterogeneity is reflected in 

the physiology of bone afferent neurons remains to be determined. In the rest of this 

review, we will explore what is known about the physiology of bone afferent neurons. 

 

PHYSIOLOGY OF PERIPHERAL BONE AFFERENT NEURONS 

The environment in which sensory nerve terminals exist in bone is very different 

to that in other tissue types. The periosteum lines very hard cortical bone and so sensory 

nerve endings in the periosteum are easily compressed by relatively low threshold 

mechanical stimuli compared to endings in more compliant tissue such as skin. Bone 

marrow is surrounded by non-compliant mineralized bone and contains large 

populations of progenitor and mature inflammatory cells (and other cell types) that 

together produce different stimulus conditions in the marrow cavity compared with 

other tissue. Thus it is important to consider how primary afferent neurons in each of 

these different bony compartments respond to noxious stimuli, and how this differs 

from other tissue types. Here we discuss in detail what is known of the physiology of 
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peripherally located, primary afferent neurons that innervate either the periosteum or the 

bone marrow. 

 

Periosteum 

There is much greater attention devoted in the literature to periosteal afferent 

innervation than that of the marrow cavity. This undoubtedly reflects the easier access 

of the periosteum for experimental assessment than the marrow cavity of bone.   

 

The most detailed series of electrophysiological studies of periosteal innervation 

was carried out by Sakada and colleagues (Sakada and Maeda 1967a, Sakada and 

Maeda 1967b, Sakada and Aida 1971b, Sakada and Aida 1971a, Sakada and Onoe 1971, 

Sakada and Taguchi 1971, Sakada and Miyake 1972, Sakada and Nemoto 1972, Sakada 

1974, Sakada and Yano 1978). They made hundreds of recordings from small nerves in 

an in vitro whole-mount preparation of the cat mandibular periosteum describing 

responses to both noxious and innocuous stimulation of their sensory nerve terminals. 

Because the receptive fields of periosteal afferents in the preparation were sufficiently 

discrete, the investigators were able to activate and isolate single units with mechanical 

stimuli applied at the periosteum. Histology revealed that the cat mandibular periosteum 

was innervated by small diameter free fiber endings and some larger endings 

encapsulated by Golgi-Mazzoni corpuscles (Sakada and Maeda 1967a, Sakada and Aida 

1971b). The free fiber endings were distributed across the entire preparation, whereas 

the Golgi-Mazzoni corpuscles could only be found at the midline anterior to the mental 

foramen. Thus the authors were able to preferentially activate and study free fiber 

endings by applying stimuli to the periosteum posterior to the mental foramen. They 

reported that most axons with free fiber endings had small diameters, consistent with a 
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nociceptive function, and systematically explored the response properties of small 

diameter periosteal free fiber endings in the mandibular periosteum (see below). They 

also described the behavior of the encapsulated Golgi-Mazzoni corpuscles found 

anterior to the mental foramen. 

 

Zhao and Levy described a preparation in which they used tungsten wire 

electrodes to record the activity of trigeminal ganglion neurons with receptive fields on 

the calvarial periosteum of the rat (Zhao and Levy 2014). This method allows good 

isolation of single units, and all of their data are of single unit responses to periosteal 

stimulation. A total of 115 single units were reported, making it a significant sample 

population to draw inferences from. They did not comment on the morphology or size 

of periosteal endings, but they did carefully explore their physiology, predominantly, but 

not exclusively, in the context of roles in nociception (see below). 

 

Mahns and colleagues used an in vivo preparation to explore neurons that 

innervate the periosteum of the cat humerus (Mahns, Sahai et al. 2004, Mahns, Ivanusic 

et al. 2006). Histology revealed that the small nerve from which recordings were made 

in this preparation contained only small diameter myelinated and unmyelinated axons 

(Ivanusic, Mahns et al. 2006). They were able to selectively activate individual afferent 

fibers that displayed circumscribed and punctate receptive fields. However, only 15 

individual fibers were studied in terms of receptive field characteristics and/or vibro-

mechanical sensitivity and responsiveness. 

 

Conduction velocities 
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Conduction velocity is closely related to axon size and can be used to classify 

primary afferent neurons into a number of functional categories. Afferents with small 

diameter myelinated (Aδ) or unmyelinated (C) axons and slow conduction velocities are 

associated predominantly with a nociceptive function (Dixon 1963, Burgess and Perl 

1973, Lawson and Waddell 1991, Djouhri and Lawson 2004, Strassman, Weissner et al. 

2004). C fiber neurons, have the smallest diameter axons (0.6-1.2 µm rat; 1-2 µm cat) 

and the slowest conduction velocities (<2 m/s rat; <10 m/s cat). Their conduction 

properties and responses to both heat and chemical stimuli have led to the idea that 

these are important mediators of slow, burning pain in most tissue systems. The 

myelinated Aδ fiber neurons have larger sized axons (1.2-4 µm rat; 2-5 µm cat) and 

faster conduction velocities (2-12 m/s rat; 10-30 m/s cat). Because of their faster 

conduction, they are believed to be mediators of fast pain. Aβ neurons are also 

myelinated and have the largest diameter axons (>4 µm rat; >5 µm cat) and fastest 

conduction velocities (>12 m/s rat; >30 m/s cat). Neurons with large diameter axons, 

fast conduction velocities and encapsulated endings are typically associated with 

innocuous (eg. tactile or kinesthetic) sensibility.  

 

Sakada and colleagues reported that the axons supplying periosteal free fiber 

endings in cat mandibular periosteum had conduction velocities in the Aδ and C fiber 

range (2-18 m/s) (Sakada and Maeda 1967b, Sakada and Taguchi 1971), suggesting a 

role in nociception. The axons with encapsulated Golgi-Mazzoni endings had faster 

conduction velocities (>30m/s) (Sakada and Maeda 1967b, Sakada and Aida 1971a), 

suggesting of a role predominantly in low-threshold mechano-sensibility and not 

nociception. Zhao and Levy (2014) reported similar distributions of conduction velocity 

across the Aβ, Aδ and C fiber ranges in the rat calvarial periosteum, reinforcing the 
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notion that periosteal afferents have roles in both nociception and low-threshold 

mechano-sensibility. In contrast, Ivanusic and colleagues reported histological findings 

that the nerve to the cat humerus contained only small diameter myelinated and 

unmyelinated axons (Ivanusic, Mahns et al. 2006) and conduction velocities on 

electrical stimulation of the periosteum that were confined to a range consistent with Aδ 

and C fiber classification (<30m/s)(Mahns, Ivanusic et al. 2006). However, the 

conduction velocity of only four periosteal afferent fibers was presented, so their sample 

size is limiting. It is possible that sampling a broader area of the periosteum of the cat 

humerus may have uncovered units with faster conduction velocities. Alternatively, it 

might be that units with faster conduction velocities and larger axons are more common 

in the skull (Sakada and Taguchi 1971, Zhao and Levy 2014) compared with the 

appendicular skeleton (Mahns, Ivanusic et al. 2006). Nonetheless, the findings from all 

investigators indicate that the overwhelming majority of periosteal afferents have 

conduction velocities consistent with a role in nociception, and likely contribute to 

sharp, fast (Aδ) or slow burning (C) pain. These types of pain have indeed been reported 

in humans subjected to periosteal stimulation (Inman and Saunders 1944), and have 

been suggested to contribute to pain profiles in a number of animal studies (Martin, 

Jimenez-Andrade et al. 2007). 

 

Mechanical response properties  

All of the above investigators have reported periosteal afferent units to be 

mechanically sensitive. Sakada and colleagues recorded many hundreds of mechanically 

sensitive units in their series of papers exploring the cat mandibular periosteum but 

these studies do not reveal the relative proportion of afferent fibers that were 

mechanically sensitive because they studied only those that could be identified with 
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mechanical stimuli. In contrast, nearly all of the units (113/115) that could be activated 

by electrical stimulation of the calvarial periosteum were mechanically sensitive (Zhao 

and Levy 2014), suggesting that the overwhelming majority of periosteal afferents are 

mechanically sensitive in this preparation. Similarly, all 15 of the sensory neurons 

identified with electrical stimulation of the periosteum of the cat humerus could be 

activated by mechanical stimuli (Mahns, Ivanusic et al. 2006). 

 

The threshold to activation is an important property of sensory neuron 

physiology that informs how easily a stimulus is transduced at the periphery. The 

threshold to activation for mechanically sensitive primary afferent neurons is useful in 

defining their functional classification. For example, most low-threshold mechanically 

sensitive units have a role in innocuous sensibility, whilst those with high thresholds 

usually have a role in nociception. Peripheral sensory neurons can also adapt in different 

ways to the application of a constant mechanical stimulus. For rapidly adapting neurons 

the discharge frequency declines very quickly and the response to the mechanical 

stimulus is transient such that impulses only occur at the onset or offset of mechanical 

stimulation. This provides for clear temporal localization of mechanical stimuli and is 

characteristic of low-threshold mechano-sensory neurons. The Pacinian corpuscle is an 

example of a rapidly adapting mechanoreceptor. For slowly adapting neurons, the 

decline in discharge frequency takes much longer, such that the neuron continues to fire 

for the duration of the stimulus. The majority of nociceptors are classically defined as 

having a slowly adapting response to noxious mechanical stimulation, meaning that 

once activated, a nociceptor will remain activated and provide the CNS with 

information about the duration of the stimulus.  
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Sakada and colleagues reported that both the large, encapsulated Golgi-Mazzoni 

endings, as well as the free fiber endings posterior to the mental foramen, could be 

classified according to their adaptation responses. Golgi-Mazzoni endings were 

exclusively rapidly adapting, low-threshold units that responded well to vibration, and 

are akin to the Pacinian corpuscles or other afferents  that mediate innocuous tactile or 

kinesthetic sensibility (Sakada and Maeda 1967b, Sakada and Aida 1971a). In contrast, 

the free fiber endings they recorded from were either rapidly or slowly adapting, and 

each of these had different response properties. The impulse patterns to pressure 

stimulation of slowly adapting free fiber endings varied greatly, however, most showed 

a sharp increase in activity during the dynamic phase of the pressure stimulus, followed 

by a period of sustained activity characterized by a gradual increase in inter-spike 

interval as the receptor adapted to the maintained stimulus (Sakada and Taguchi 1971, 

Sakada and Miyake 1972). With an increase in intensity of mechanical stimulation these 

slowly adapting free fiber endings displayed an increase in frequency of discharge, at 

least during the dynamic phase of their response (Sakada and Taguchi 1971, Sakada and 

Miyake 1972). Most of these slowly adapting free fiber endings had axons with 

conduction velocities in the Aδ neuron range (2-18 m/s) and had relatively high 

mechanical thresholds (Sakada and Taguchi 1971), suggesting a role in nociception. 

These findings are consistent with the findings of Zhao and Levy, who reported that 

82% of the mechanosensitive afferents in the calvarial periosteum were slowly adapting 

and most, but not all had conduction velocities in the Aδ and C fiber range. It is 

noteworthy that both Sakada and colleagues and Zhao and Levy reported some slowly 

adapting free fiber endings that responded to innocuous stretch of the digastric muscle 

and/or conducted in Aβ range, suggesting that some could be innocuous 
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mechanoreceptors rather than nociceptors, but these were relatively few in their 

preparations.  

 

In the studies of Sakada and colleagues, rapidly adapting free fiber endings were 

identified by their response to vibratory stimuli (Sakada and Onoe 1971, Sakada and 

Taguchi 1971). Threshold to activation was measured as the minimal voltage, applied to 

the solenoid of a mechanical stimulator, that was required to elicit a 1:1 pattern of firing 

(one impulse per cycle of vibration) at 10 cycles per second (Hz). Calibration to real 

force was not presented so it was not possible to compare mechanical thresholds with 

other studies, but they were able to discriminate between relatively high and low 

threshold rapidly adapting free fiber endings within their own studies. Rapidly adapting 

free fiber endings could follow frequencies of vibration well above 300 cycles per 

second (Sakada and Onoe 1971). Approximately half of the rapidly adapting free fiber 

endings in the periosteum had low thresholds and responded to stretch of the digastric 

muscle that was not considered noxious because it did not elicit a pain reflex or a jaw 

opening reflex (Sakada and Taguchi 1971). This suggested that they were low-threshold 

mechanoreceptors. The other half had relatively high thresholds and were considered to 

be nociceptors (Sakada and Taguchi 1971). All 15 mechanically sensitive fibers reported 

in Mahns, Ivanusic et al. (2006) displayed rapidly adapting properties, as step 

indentation of the periosteum, by means of either hand-held probes or servo-controlled 

mechanical stimuli, elicited responses only in association with the dynamic components 

of the stimulus. Many of these could be activated with very low forces (as little as 0.5 

mN) and conducted in the Aδ and C fiber range. They are likely similar to the rapidly 

adapting free fiber endings defined as low-threshold mechanoreceptors reported by 

Sakada and colleagues.  
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The receptive field of a single neuron 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. 

Receptive fields of mechanically sensitive units can vary in size for different types of 

units and in different tissue systems. Sakada and Taguchi (1971) quantified the size of 

the receptive field of 434 single units innervating the mandibular periosteum. Most units 

could be activated at multiple, discrete receptive sites over a large area of the 

periosteum, typically between 2 and 20 mm2. There was little difference in the receptive 

field size of units that responded to stretch of the digastric muscles and those that did 

not, but there may have been a very modest tendency for slowly adapting units to have 

slightly larger receptive fields than rapidly adapting units. 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 mm2 to 4 mm2 

(Mahns, Ivanusic et al. 2006). In this latter study, individual periosteal afferent units 

could usually be selectively activated with the use of fine stimulus probes, suggesting 

that there is a limited overlap of the terminal receptive fields of individual fibers in the 

periosteum.  

 

Finally, it is also possible that other fibers of lesser, or no mechanical sensitivity, 

innervate the periosteum, because in regions that appeared insensitive to direct 

mechanical probing, it was possible to selectively activate individual fibers by applying 

focal electrical stimuli (Mahns, Ivanusic et al. 2006). These had conduction velocities in 

the C and Aδ range. They could respond to changes in temperature or chemical stimuli 

instead of mechanical stimulation, or they could be similar to silent nociceptors found in 
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other tissue systems, that are typically insensitive to mechanical stimulation under 

normal conditions, but become mechanically sensitive following inflammation (Grigg, 

Schaible et al. 1986, Schaible and Schmidt 1988, Schaible 1996). 

 

Chemical sensitivity and inflammatory mediators  

Chemical sensitivity and sensitization by inflammatory mediators is typical of 

polymodal nociceptors, particularly those classified as C fibers. Only a single study has 

tested the chemical sensitivity of periosteal afferent neurons (Zhao and Levy 2014). In 

this study, recordings of sensory neurons that innervate the calvarial periosteum were 

made before and during application of known algesic substances, including potassium 

chloride (50-500 mM), capsaicin (10 µM) and protons (low pH). Potassium chloride 

produced a dose dependent increase in ongoing activity of both Aδ and C fiber 

periosteal afferent units, but capsaicin and low pH rarely altered ongoing activity, and 

when it did the response was of low magnitude. However, the sensitivity of periosteal 

afferent units to mechanical stimuli was clearly altered after application of 

inflammatory mediators. Local applications of a mixture of histamine, serotonin, 

bradykinin and PGE2 led to increased ongoing activity in nearly one third of 

mechanically sensitive Aδ units and one half of C fiber units, and an increase in the 

mechanical responsiveness of nearly half of the Aδ fiber units and all of the C fiber 

units tested. The mechanical sensitization was long lasting (often more than 30 min) and 

was related to peri-orbital tactile hypersensitivity, commonly linked to primary 

headache attacks. Thus sensitization of periosteal afferent neurons can occur and likely 

contributes to altered pain processing in pathology. In addition to providing evidence 

that periosteal afferents can be sensitized, these findings also highlight that some 

periosteal afferents can be activated by multiple stimuli and can therefore be considered 
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polymodal. The idea that periosteal afferent units are polymodal was not explored in 

any of the other studies of periosteal innervation described above. 

 

Response to changes in temperature  

Sakada and Nemoto (1972) recorded both multi-unit and single unit responses to 

dynamic changes in temperature applied to the periosteum. This was done by recording 

from periosteal nerves whilst cooling the bath solution from 32 °C to 27 °C and then 

warming back to 31 °C. There was no spontaneous activity in the recordings at 32 °C. 

The number of units active in the multi-unit recordings increased as cooling was 

applied, suggesting progressive recruitment of temperature sensitive periosteal units. 

The discharge frequency of the whole nerve recordings also increased with cooling, 

indicating that at least some of these multi-units can code for the intensity or rate of 

change in temperature. Interestingly, the units that responded to cold became silent as 

the temperature was changed to one that is warming instead of cooling, suggesting they 

sense changes in temperature rather than absolute temperature. This is similar to cold 

receptors in the cornea (Carr, Pianova et al. 2003). As the warming continued, different 

units began responding to the warming stimulus, and they too were capable of coding 

the intensity or rate of change in the warming stimulus. Thus some periosteal afferents 

respond to innocuous cooling and some to innocuous warming. Sakada and Nemoto 

(1972) further explored the temperature sensitivity of 93 mechanically sensitive 

periosteal units isolated from the whole nerve recordings by applying temperature 

changes to discrete receptive points of single units on the periosteum. Their responses to 

cooling were assessed down to at least 17 °C (sometimes even down to 0 °C) and to 

warming up to a maximum of 45-50 °C, ranges that include temperatures that are 

considered to be noxious. 20/93 of these did not respond to temperature changes at all, 
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even when these changes were extreme. 24/93 responded to cooling but not warming, 

and 19/93 responded to warming but not cooling. 30/93 responded to both cooling and 

heating. Those in the latter three categories were only tested to the point where 

threshold to activation was reached for either cooling or heating, and so it is not entirely 

clear if all of these responded into the noxious range of temperatures, although for many 

the threshold to activation itself occurred at noxious temperatures. It has to be noted, 

however, that some Aδ mechanically sensitive nociceptors in the skin have very high 

thresholds to heat (median threshold greater than 53 °C) but can become more sensitive 

to thermal stimulation following sensitization (Type I Aδ nociceptors; Treede, Meyer et 

al. 1995), and so the temperatures used in the study of Sakada and Nemoto may not 

have been sufficient to activate some of the units they reported to be purely 

mechanically sensitive.  

 

Taken together, these findings suggest that many periosteal free fiber endings are 

responsive to innocuous and noxious thermal stimuli. However, it is unlikely that 

physiological changes of temperature around bone are great enough to activate these 

fibers (Sakada and Nemoto 1972). It is also unlikely that they are activated directly by 

pathological changes, because even warming produced by inflammation in vivo (Segale 

1919) would not cause a sufficient change in temperature to activate these receptors. It 

is of course possible that whilst inflammation does not produce changes in temperature 

that could activate periosteal fibers directly, it can alter their sensitivity to thermal 

stimuli such that they become more responsive to changes in temperature. Indeed 

inflammation is known to increase the thermal sensitivity of primary afferent neurons in 

many other tissue systems (Cervero and Laird 1999, Ren and Dubner 1999b). Thus 
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activation of periosteal afferents by temperature may be possible under highly abnormal 

or pathological conditions.  

 

Summary/Conclusions 

Figure 2.2 summarizes what we know about the physiology of sensory neurons 

that innervate the periosteum. The periosteum is innervated both by large diameter, fast 

conducting units with encapsulated endings that are likely to provide information about 

innocuous sensibility and by small diameter, slower conducting units with free fiber 

endings typical of nociceptors. Activation of the latter is likely to generate the pain 

experienced during pathology involving the periosteum. Their response properties, 

including conduction velocities and responses to chemical stimuli suggest roles in both 

fast, sharp bone pain and also slow burning bone pain. However, there is evidence that 

some free fiber endings in the periosteum are activated by relatively low thresholds. In 

skin, low threshold mechanical stimulation of some small diameter, myelinated 

(Burgess and Perl 1967, Burgess, Petit et al. 1968, Koltzenburg, Stucky et al. 1997) and 

unmyelinated (Vallbo, Olausson et al. 1993, Vallbo, Olausson et al. 1999, Olausson, 

Lamarre et al. 2002) fibers produces percepts that have been described as non-painful. 

Whether low threshold free fiber endings have a role in innocuous mechanosensory 

perception in bone requires further investigation (Rowe, Tracey et al. 2005), but it 

seems unlikely because it is difficult to conceive of any stimulus that could be applied 

to bone that is not considered painful. The alternative is that they may be easily 

activated by low threshold mechanical stimulation of the periosteum because of its tight 

relationship with the underlying, hard, bony surface and could therefore contribute to 

periosteal pain perception. There is also evidence that large diameter neurons in other 

tissue systems can contribute to pain processing (Djouhri and Lawson 2004). Thus it is 
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possible that the reported large diameter encapsulated endings do have some, as yet 

unidentified role to play in bone pain as well 

 

Bone Marrow  

Brjussowa and Lebedenko (1930) (cited in Furusawa, 1970) studied the reaction 

of dogs during the injection of physiological saline under pressure into the bone marrow 

cavity. Monitoring blood pressure and respiration, they observed that animals 

experienced strong pain-like behaviors during the injection. This suggested that there 

must be sensory nerves in the marrow cavity that responded to increased pressure. Only 

two published studies however, have investigated the physiology of sensory neurons 

supplying the marrow cavity of bone (Furusawa 1970, Seike 1976). In these studies, 

whole nerve recordings were made from branches of the tibial nerve whilst mechanical, 

thermal or chemical stimuli were applied to the marrow cavity. No attempt was made to 

explore the activity of single units in these studies. On the basis of histological findings, 

the investigators suggested that recordings were exclusively from Aδ and C fiber units. 

However, conduction velocities were not confirmed in either study 

 

Mechanical response properties  

Mechanical stimuli have been delivered to the marrow cavity by increasing the 

normal intra-osseous pressure through infusion of isotonic saline into the medullary 

cavity of the bone. Normal intra-osseous pressure and the extent of the increased 

pressure were monitored via a manometer attached to the system. In the dog, the normal 

intra-osseous pressure of the tibial marrow cavity was in the range of 30-50 mmHg and 

an approximately 3-5 times increase in intra-osseous pressure (to 100-130 mmHg) was 

sufficient to mechanically activate multiple units in whole nerve recordings (Seike 
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1976). Similar activation thresholds for whole nerve activity had previously been 

described by Furusawa (1970). These are very high thresholds that are unlikely to be 

experienced under normal physiological conditions. However, increases in intra-osseous 

pressure (approximately 3-5 times that of normal intra-osseous pressure) are 

experienced in pathological conditions such as intra-osseous engorgement syndromes 

(Lemperg and Arnoldi 1978, Arnoldi, Djurhuus et al. 1980). In these cases, the increase 

in pressure is associated with pain which can be relieved by fenestration, suggesting that 

increased pressure in the marrow cavity produces pain. 

 

In the study of Seike (1976) the discharge frequency increased immediately after 

the start of the pressure stimulation suggesting a short latency response to mechanical 

stimuli. The rate of discharge generally had a tendency to increase as pressure 

increased, and when a stable ramp of pressure was applied, the response gradually 

subsided as receptors appeared to slowly adapt. However, it should be noted that single 

units were not isolated in these studies, and so it is not clear to what extent this 

adaptation profile is really true of individual sensory neurons that innervate the marrow 

cavity.  

 

Chemical sensitivity 

Only one study has investigated the response of sensory receptors in bone 

marrow to chemical substances (Seike 1976). Intramedullary administration of known 

algesic substances (potassium chloride, acetylcholine, histamine, serotonin and 

bradykinin) to the bone marrow cavity produced an increase in whole nerve ongoing 

activity within a few minutes of injection at concentrations comparable to those reported 

for activation of muscle nociceptors (Fock and Mense 1976). Whilst the increase in 
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ongoing activity and the latency of the response were reported to be largely dependent 

on the concentration used for each substance, the extent of these changes was not 

quantified.  

 

Thermal sensitivity 

Seike (1976) attempted to record whole nerve activity in response to changes in 

temperature within the marrow cavity following a reduction in blood flow produced by 

ligature of the femoral artery or application of` vasoconstrictors. Earlier work had 

reported that these manipulations produce a decrease in temperature of the bone marrow 

cavity (Yamada and Yoshino 1977). The frequency of discharge in the whole nerve 

recordings increased within 5 minutes of ligature and then gradually decreased back to 

control levels over the next 15 minutes. Whilst there was a small decrease in 

temperature at 5 minutes, the change in temperature in the subsequent 15 minutes did 

not appear to correlate well with frequency of discharge. Intra-osseous injection of 

adrenaline and noradrenaline (vasoconstrictors) also increased the whole nerve 

discharge rate. Both substances produced a more significant fall in temperature within 

the marrow cavity, and a greater change in rate of discharge of the whole nerve, than 

that generated by the ligature of the femoral artery. As was the case for ligature of the 

femoral artery, the relationship between the change in temperature and discharge rate 

was not clear after the initial period of activation. Although it seems plausible that the 

thermal change contributes to increased activity in the whole nerve, hypoxia is also 

likely to contribute to the response. Arterial occlusion results in severe hypoxia and an 

increase in inflammatory and/or other chemical mediators (Paterson, Estavillo et al. 

1988). Indeed some inflammatory mediators have been shown to change whole nerve 

activity when applied directly to the bone marrow (see above). Thus the change in 
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temperature in this study may not have been the stimulus that is actually driving change 

in activity in the whole nerve reported by Seike (1976).  

 

Summary/Conclusions 

Figure 2.3 summarizes what we know about the physiology of sensory neurons 

that innervate the bone marrow. In contrast to the periosteum, there is little known about 

the activity of afferent neurons in the bone marrow cavity. Whilst whole nerve activity 

has been reported subsequent to mechanical, chemical and possibly thermal stimulation 

applied to the marrow cavity, the response of single units has not been investigated. 

Thus it is not clear if and how single neurons that innervate the marrow cavity respond 

to mechanical, chemical or thermal stimuli, or if they respond to multiple stimulus 

types, as is the case for polymodal nociceptors in other tissue systems. It is also 

unknown if they can be sensitized by inflammatory mediators or other chemical stimuli.  

 

PHYSIOLOGY OF CENTRAL PATHWAYS THAT CODE INFORMATION 

ABOUT BONE PAIN  

 

Spinal cord 

Only a few animal studies have attempted to document the physiology of spinal 

neurons involved in bone nociception. Most of these have relied on studies of activity 

dependent Fos expression. Fos is a protein that is produced in the nucleus of cells 

following expression of an immediate-early gene c-fos (Coggeshall 2005), and noxious 

stimuli are known to induce c-fos expression in neurons that possess the gene. The 

presence of the Fos protein, which can be labeled immunohistochemically, can therefore 

be used to identify the location of neurons that have been physiologically activated by 
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noxious stimuli. Acute noxious mechanical stimulation of bone, applied by bone drilling 

and raising tibial intra-osseous pressure, induces an increase in Fos expression in the 

ipsilateral superficial, but not deep dorsal horn of the spinal cord (Ivanusic 2008, 

Williams and Ivanusic 2008). This same pattern of activity has been observed in studies 

of Fos expression following acute noxious stimulation of cutaneous tissue (Dai, Iwata et 

al. 2001, Jinks, Simons et al. 2002) and implies that spinal mechanisms that mediate 

acute pain of cutaneous and bony origin share some common features. The data 

implicate the superficial dorsal horn of the spinal cord as a region of interest in studies 

of acute bone pain, but it is not known if this pattern of Fos expression is different when 

an inflammatory stimulus is given. Indeed, when inflammatory agents are applied to 

other tissue systems (such as skin), the pattern shifts such that the deep dorsal horn is 

most active (Coggeshall 2005). In animal models of bone cancer-induced pain and 

skeletal fracture pain, it appears there is increased Fos expression in the deep as well as 

the superficial dorsal horn, and there is a significant positive correlation between Fos 

expression and bone destruction (Schwei, Honore et al. 1999, Jimenez-Andrade, Martin 

et al. 2007). Interestingly, increased Fos was observed in the superficial dorsal horn in 

these studies only after normally innocuous stimuli were delivered to the femur by 

gentle mechanical stimulation (palpation). In the normal animal, noxious cutaneous 

stimulation is required to induce c-Fos in superficial dorsal neurons (Hunt, Pini et al. 

1987, Abbadie and Besson 1993, Abbadie, Honore et al. 1994, Honore, Buritova et al. 

1995, Doyle and Hunt 1999). This suggests that sensitization of spinal neurons is 

occurring in bone cancer-induced and fracture pain.  

 

Ascending pathways 
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Williams and Ivanusic (2008) used Fos expression in combination with 

retrograde tracing to identify the ascending targets of dorsal horn neurons activated by 

noxious mechanical stimulation delivered by bone drilling. They reported the 

involvement of the spinoparabrachial pathway, but not the spinothalamic tract or the 

post-synaptic dorsal column in this model of acute bone nociception. This pattern of 

activation is different to that observed following acute noxious mechanical stimulation 

of cutaneous and visceral tissues (Palecek, Paleckova et al. 2003). Spinoparabrachial 

projection neurons originate predominantly from lamina I of the spinal dorsal horn and 

project mostly to the contralateral lateral parabrachial nucleus (Kitamura, Yamada et al. 

1993, Gauriau and Bernard 2002, Almarestani, Waters et al. 2007). The lateral 

parabrachial nucleus connects with several areas of the brain implicated in affective-

motivational aspects of nociceptive processing and homeostatic responses to 

nociceptive stimuli, including the amygdala, nucleus of the solitary tract, ventrolateral 

medulla, periaqueductal grey, medial thalamus and hypothalamus (Bianchi, Corsetti et 

al. 1998, Almarestani, Waters et al. 2007). This reinforces connectivity consistent with a 

strong affective component to bone pain. Whilst Williams and Ivanusic did not provide 

evidence of the involvement of either the spinothalamic tract or post-synaptic dorsal 

column pathways in bone nociception, they could not rule out the possibility that these 

pathways may be involved in animal models characterized by inflammatory or chronic 

cancer-induced pain. As noted above, these sorts of models are characterized by greater 

Fos expression in cells of the deep dorsal horn, and are therefore more likely to project 

through spinothalamic tract or post-synaptic dorsal column pathways, because the 

majority of cells from these pathways originate in the deep dorsal horn of the rat lumbar 

spinal cord. 
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Cortex 

Understanding the physiology of cortical neurons activated by noxious stimuli is 

important because the cortex is critical to the perception of pain. Only a single study has 

shown cortical activity related to stimulation of bone afferent neurons (Ivanusic, Sahai 

et al. 2009). They showed that sensory information from bone reaches the 

discriminative areas of the somatosensory cortices by electrically stimulating the nerve 

to the cat humerus and recording evoked potentials on the surface of the primary (SI) 

and secondary (SII) somatosensory cortex. Importantly, the nerve to the cat humerus 

contains only small diameter myelinated and unmyelinated nerve fibers, the size 

distribution (Ivanusic, Mahns et al. 2006) and conduction velocities (Mahns, Ivanusic et 

al. 2006) of which are consistent with an Aδ and C fiber classification and therefore a 

role in nociception. Cortical responses evoked by Aδ stimulation in other tissue types 

have a relatively short latency (within 50 ms) and are thought to reflect mechanisms 

associated with fast, sharp pain, whilst cortical responses evoked by C fiber stimulation 

have a longer latency (50-300 ms) and are thought to reflect mechanisms associated 

with slow, burning pain (Bromm and Treede 1984, Willis 1985). Interestingly, the 

latency (6-11 ms) to onset of both SI and SII cortical responses on stimulation of the 

nerve to the cat humerus was consistent with activation of Aδ fibers in the peripheral 

nerve, and may reflect a mechanism for fast, sharp and well localized bone pain, of the 

sort commonly perceived with periosteal stimulation or in breakthrough pain associated 

with bone cancers. By increasing the intensity of electrical stimulation, the authors were 

able to show stronger cortical activation, implying that neurons in SI and SII are able to 

code for the intensity of stimuli applied to bone. They suggested that small stress 

fractures are therefore not likely to produce significant pain because the intensity of 

cortical activity may not be sufficient, whilst large breaks or metastases are likely to 
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produce significant pain. This mechanism of coding for the intensity of noxious stimuli 

is well documented in animal studies of the cutaneous system (Kenshalo, Chudler et al. 

1988, Chudler, Anton et al. 1990, Kenshalo, Iwata et al. 2000), and findings of 

functional imaging studies show that it is also likely to apply to humans (Porro, Cettolo 

et al. 1998, Coghill, Sang et al. 1999). However, the investigators failed to observe long 

latency cortical responses (50-300 ms) that would be consistent with C fiber activation 

in the nerve to the cat humerus. Whilst they provided evidence that this may be 

attributable to inhibition of cortical responsiveness following the initial Aδ response, 

they could not exclude the possibility that either C fiber projections to SI and SII are too 

widespread to generate focal evoked potentials of the sort that they could record, or that 

C fiber input from the nerve to the cat humerus does not reach SI and SII at all. It is also 

possible that the C fiber input instead projects to other cortical territories, such as the 

insula, or subcortical areas including the amygdala, nucleus of the solitary tract, 

ventrolateral medulla, periaqueductal grey, thalamus and hypothalamus, that have been 

reported to be important in the affective, emotional aspects of pain. 

 

PATHOPHYSIOLOGICAL CHANGES IN ANIMAL MODELS OF BONE PAIN 

A number of animal models of bony pathology have been developed and are 

being used to explore pathophysiological and neurochemical changes, in both peripheral 

and central neurons that contribute to bone pain. The most common model used is the 

bone cancer-induced pain model that usually involves inoculation of the rodent femur or 

tibia with tumour cells (Schwei, Honore et al. 1999, Medhurst, Walker et al. 2002), but 

models of bone fracture-induced pain are also common (Freeman, Koewler et al. 2008, 

Minville, Laffosse et al. 2008).  
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Several pro-inflammatory cytokines (IL-1β, TNFα, IL-6, and TGFβ) and 

inflammatory mediators (CGRP) are increased in the DRG in response to bone cancer 

and fracture (Kon, Cho et al. 2001, Cho, Gerstenfeld et al. 2002, Kang, He et al. 2005, 

Rundle, Wang et al. 2006, Baamonde, Curto-Reyes et al. 2007, Geis, Graulich et al. 

2010, Fang, Kong et al. 2015, Hansen, Vacca et al. 2016). In animals with bone cancer-

induced pain there is also increased DRG expression of several membrane 

receptors/channels (TRPV1, P2X3, ASIC1a/1b, Nav 1.8 and Nav 1.9) which are known 

to be involved in the transduction of nociceptive stimuli and/or in the excitability of 

nociceptors (Nagae, Hiraga et al. 2007, Niiyama, Kawamata et al. 2007, Han, Li et al. 

2012, Qiu, Jiang et al. 2012, Liu, Yang et al. 2013, Li, Cai et al. 2014). Administration 

of selective antagonists or antisense oligodeoxynucleotides against some of these 

channels/receptors attenuate pain-like behaviors in animals with bone cancer pain, 

further reinforcing a role for these molecules in bone pain (Ghilardi, Rohrich et al. 

2005, Gonzalez-Rodriguez, Pevida et al. 2009, Kaan, Yip et al. 2010, Miao, Gao et al. 

2010). In other tissue systems, inflammatory mediators sensitize peripheral nociceptors, 

and changes in membrane receptors/channels are likely to be involved (Kidd and Urban 

2001). However, there is no evidence that any of these inflammatory mediators directly 

activate or sensitize bone nociceptors, or that changes in expression of the various ion 

channels and receptors alter the physiology or function of bone afferent neurons. 

Furthermore, the changes observed in the DRG were not localized to sensory neurons 

that innervate bone; protein expression was assayed using Western blots of whole DRG 

lysates or quantified by immunohistochemistry performed without retrograde labelling 

to confirm that DRG neurons innervate bone. Thus direct evidence for a role of ion 

channels, receptors and inflammatory mediators in modulating the activity of peripheral 

bone afferent neurons, and in regulating pain in bony pathology, is still lacking. 
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Some direct evidence of sensitization of peripheral nociceptors in bone cancer-

induced pain was provided by Cain (Cain, Wacnik et al. 2001) and Uhelski (Uhelski, 

Cain et al. 2013). They reported increased spontaneous activity and reduced heat (but 

not mechanical) thresholds in peripherally recorded C fiber afferents in animals that had 

developed behavioral sensitivity in response to injection of tumor cells in and around 

the calcaneus, but not in control animals. However, in both of these studies, the tumor 

cells were not clearly confined to the bone, and the C fibers recorded were cutaneous 

afferents, and so the sensitization was not of bone afferent neurons, but rather of 

cutaneous afferent neurons innervating the surrounding skin. These studies are more 

relevant to an understanding of secondary or referred pain associated with bony 

pathology than the pain perceived on stimulation of the bone itself. 

 

A number of studies have also reported changes in the central nervous system driven 

by pathology in bone. Increased expression of spinal SP, CGRP and other inflammatory 

mediators (TNF, IL-1, IL-6, CCL2, and nerve growth factor) are observed in the spinal 

cord of rats with fracture-induced and bone cancer-induced pain (Zhao, Zhang et al. 

2013, Shi, Guo et al. 2015). Bone cancer induces hypertrophy of astrocytes within the 

spinal cord, and elevation of the pro-hyperalgesic peptide dynorphin and c-Fos 

expression in second order neurons of the deep dorsal horn (Schwei, Honore et al. 1999, 

Honore, Rogers et al. 2000, Shen, Hu et al. 2014). Bone cancer also produces alterations 

in the physiological response properties of second order neurons in the spinal dorsal 

horn. In the superficial dorsal horn of animals with bone cancer, there is enhanced 

spinal synaptic transmission, a higher proportion of wide dynamic range cells, and 

enlarged receptive field sizes in wide dynamic range cells (Urch, Donovan-Rodriguez et 
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al. 2003, Donovan-Rodriguez, Dickenson et al. 2004, Yanagisawa, Furue et al. 2010). 

Together these changes result in a more excitable spinal cord. They are typical of 

central sensitization and may underlie the development of chronic bone pain. 

 

FINAL CONCLUSIONS 

There are many studies that have reported the existence of sensory neurons that 

innervate the periosteum and marrow cavity, and it has become clear that most of these 

have a morphology and molecular phenotype consistent with a role in nociception. 

However, very little is known of the physiology of these neurons. The periosteum has 

received greater attention relative to the bone marrow, reflecting the easier access of the 

periosteum for experimental assessment than the marrow cavity of bone. 

Electrophysiological recordings of sensory neurons in both the periosteum and the bone 

marrow have confirmed that they both contain nociceptors likely to provide the CNS 

with information about bone pain. The periosteum (but not the bone marrow) is also 

innervated by neurons that have properties suggesting they may be stretch receptors or 

impart innocuous sensibility, although it is not clear if the latter is relevant to stimuli 

applied to bone. There is only limited evidence that peripheral bone afferent neurons 

can be sensitized or that they can be activated by multiple stimulus types, and at present 

this only exists in part for periosteal units. In the central nervous system, it is clear that 

spinal dorsal horn neurons can be activated by noxious stimuli applied to bone. Some 

can be sensitized under pathological conditions and may contribute to secondary 

hyperalgesia or referred pain associated with bony pathology. There are only a few 

studies of ascending pathways and cortical territories involved. Whilst these provide 

some clues as to the way information about bone pain is centrally coded, they need to be 

expanded to further our understanding of other central territories involved. There is a lot 
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more to learn about the physiology of bone afferent neurons, and their central 

projections, before we approach an understanding that could inform the way we think 

about and manage bone pain. 
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Figure 2.1 - Morphology and molecular phenotype of sensory neurons that 

innervate bone. 

The DRG soma of primary afferent neurons that innervate the bone marrow and 

periosteum are mostly small diameter myelinated and unmyelinated neurons with free 

fiber endings, although some larger neurons with encapsulated endings do exist in the 

periosteum. They express varying combinations of markers characteristic of nociceptive 

neurons, including calcitonin gene-related peptide (CGRP), substance P (SP) and the 

tyrosine receptor kinase A (TrkA), and/or bind isolectin B4 (IB4). IB4 binding has not 

been observed in peripheral nerve terminals (represented by dotted line). 
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Figure 2.2 - Response properties of periosteal free fiber endings. 

Single periosteal units respond to mechanical, chemical and thermal stimuli. 

Mechanically sensitive units can be classified according to their threshold and adaption 

profile. Potassium chloride activates most periosteal units dose-dependently, but 

capsaicin and low pH only rarely activates them. Some periosteal units respond to 

cooling and heating, some to cooling but not heating, some to heating but not cooling, 

and some to neither. 
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Figure 2.3 - Whole nerve activity subsequent to mechanical, chemical and thermal 

stimulation of the bone marrow. 

Whole nerve activity increases in response to mechanical stimulation delivered by 

increasing intra-osseous pressure. Chemical stimulation dose-dependently increases 

whole nerve activity. Temperature changes produced by reductions in blood flow appear 

to influence whole nerve activity, but this could be due to other factors associated with 

interruption of blood supply to the bone marrow (eg. ischemia). Single units have not 

been tested for response to stimulation of the bone marrow. 
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3. Chapter 3: MECHANICALLY SENSITIVE Aδ NOCICEPTORS THAT 

INNERVATE BONE MARROW RESPOND TO CHANGES IN INTRA-

OSSEOUS PRESSURE 

 

Sara Nencini and Jason J. Ivanusic 

 

This Chapter includes the manuscript entitled “Mechanically sensitive Aδ 

nociceptors that innervate bone marrow respond to changes in intra-osseous pressure 

Nencini, S and Ivanusic JJ (2017) J Physiol Mar 15. doi: 10.1113/JP273877”. The 

candidate was involved in the conception and design of the work as well as acquisition, 

analysis and interpretation of the electrophysiological data. The drafting and writing of 

the work was in collaboration with the other author (and supervisor) Assoc. Prof. Jason 

Ivanusic, who was also responsible for the acquisition of the Piezo2 immuno-

histochemical data. Overall, the candidate contributed to approximately 80% to the 

preparation of the work for this paper. 

 

KEY POINTS SUMMARY 

• Sensory neurons that innervate the bone marrow provide the central nervous 

system with information about pain associated with bone disease and pathology, 

but little is known of their function  

• Here we use a novel in vivo bone-nerve electrophysiological preparation to study 

how they respond to noxious mechanical stimulation delivered by increasing 

intra-osseous pressure 

• We provide evidence that sensory neurons that innervate the bone marrow 

respond to high threshold noxious mechanical stimulation, have response 
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properties consistent with a role in nociception, provide information about 

different features of an intra-osseous pressure stimulus, and express the Piezo2 

mechano-transducer molecule  

• Our findings show how some bone marrow nociceptors signal pain in bony 

diseases and pathologies that involve a mechanical disturbance or increased 

intra-osseous pressure, and that the Piezo2 mechano-transducer may be involved  

 

ABSTRACT  

Whilst the sensory neurons and nerve terminals that innervate bone marrow have 

a morphology and molecular phenotype consistent with a role in nociception, little is 

known about their physiology or the mechanisms that generate and maintain bone pain. 

In the present study, we provide evidence that Aδ nociceptors that innervate the bone 

marrow respond to high threshold noxious mechanical stimulation, exhibit fatigue in 

response to prior stimulation, and in some cases can be sensitized by capsaicin. They 

can be classified on the basis of their response properties as either phasic-tonic units 

that appear to code for different intensities of intra-osseous pressure, or phasic units that 

code for the rate of change in intra-osseous pressure. Three different subclasses of 

mechanically sensitive Aδ units were observed: phasic units that were sensitized by 

capsaicin, phasic units that were not sensitized by capsaicin and phasic-tonic units (that 

were not sensitized by capsaicin). These could also, in part, be distinguished by 

differences in their thresholds for activation, mean discharge frequency, latency to peak 

activation and peak-to-peak action potential amplitude. The majority of small diameter 

myelinated sensory neurons projecting to the bone marrow expressed Piezo2. Our 

findings indicate that Aδ mechano-nociceptors are likely to play an important role in 

generating and maintaining pain in response to bony pathologies that involve a 
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mechanical disturbance or increased intra-osseous pressure, and imply that Piezo2 

signalling may be involved in mechano-transduction in these receptors. 

 

INTRODUCTION  

Pain associated with bony pathology causes a major burden (both in terms of 

quality of life and cost) on individuals and health care systems worldwide. A feature 

common to most bony pathology is the presence of a mechanical disturbance to the 

bone marrow, and this is a likely trigger for the pain. Bone cancers, fractures, intra-

osseous engorgement syndrome, osteoarthritis and osteomyelitis produce inflammation 

and/or an increase in intra-osseous pressure which results in compression that 

mechanically activates sensory nerve terminals within the bone marrow (Lemperg and 

Arnoldi 1978, Arnoldi, Djurhuus et al. 1980, Haegerstam 2001, Kidd, Photiou et al. 

2004, Urch 2004, Starr, Wessely et al. 2008, Mantyh 2014). Pain is also experienced on 

needle aspiration of bone marrow, and is distinct from the pain associated with needle 

insertion through the periosteum (Niv, Gofeld et al. 2003). Furthermore, destruction of 

bone by osteolytic processes, excessive stress or trauma can lead to mechanical injury or 

distortion of bone that can mechanically activate sensory nerve terminals in bone 

marrow (Haegerstam 2001, Bove, Flatters et al. 2009, Mantyh 2014). Whilst the sensory 

neurons and nerve terminals that innervate bone marrow have a morphology and 

molecular phenotype consistent with a role in nociception (Mach, Rogers et al. 2002, 

Ivanusic 2009, Jimenez Andrade and Mantyh 2010, Mantyh 2014), little is known about 

their physiology or the mechanisms that generate and maintain bone pain (Nencini and 

Ivanusic 2016).  
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Bone marrow is located deep within the body and is encased by an outer shell of 

hard compact bone, making experimental access difficult. This has hampered attempts 

to study the physiology of nociceptors in the bone marrow. Only two published studies 

have investigated the physiology of peripheral sensory neurons supplying the bone 

marrow cavity (Furusawa 1970, Seike 1976). In these studies, whole-nerve recordings 

were made from a branch of the tibial nerve whilst noxious stimuli were applied to the 

marrow cavity of the canine tibia. Increases in whole-nerve activity were evoked by 

mechanical and chemical stimulation, but no attempts were made to explore the activity 

of single units, and so it is not known how individual marrow cavity nociceptors 

respond to noxious mechanical stimuli, if they can be sensitized by known algesic 

substances, or if there are multiple subclasses that each respond to different features of a 

mechanical stimulus.  

 

Piezo2 is a newly discovered mechanically gated ion-channel that has recently 

received significant attention because of its remarkable structure and because of its 

defined role in innocuous mechanical sensibility (Coste, Mathur et al. 2010, Coste, Xiao 

et al. 2012, Kim, Coste et al. 2012). However, it is not yet clear if Piezo2 mediates 

responses of small and medium diameter sensory neurons to noxious mechanical 

stimulation, or even if it is expressed in sensory neurons physiologically defined as 

mechano-nociceptors. 

 

The aim of the present study was to determine how peripheral sensory neurons 

that innervate bone marrow respond to noxious mechanical stimulation, and to test 

whether they express Piezo2. Electrophysiological recordings were made, using a novel 

in vivo bone-nerve preparation, to examine the effects of increased intra-osseous 
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pressure on sensory neurons that innervate the marrow cavity of the rat tibia. Retrograde 

tracing and immunohistochemistry were used to identify expression of Piezo2 in the 

soma of sensory neurons that innervate the marrow cavity of this same bone.  

 

MATERIALS AND METHODS   

A total of 42 male Sprague Dawley rats weighing between 200-300 g were 

used in this study. They were sourced from the Biomedical Sciences Animal Facility 

at the University of Melbourne. Animals were housed in pairs or groups of four, in a 

12/12 hour 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. Experiments 

also comply with the ethical principles outlined in the editorial by Grundy (2015). 

  

Preparation and recording configuration 

Experiments were performed in rats anesthetized with urethane (50% w/v, 1.5 

g/kg i.p). A fine branch of the tibial nerve that innervates the marrow cavity of the rat 

tibia was identified. The nerve was exposed on the postero-medial aspect of the tibia by 

reflecting the overlying skin and the medial head of the gastrocnemius muscle. It was 

carefully teased away from its associated blood vessels over a distance of approximately 

1 cm and placed over a platinum hook electrode. A second, indifferent electrode was 

implanted into nearby muscle. The nerve was protected from dessication by using the 

skin and muscle flaps to create a paraffin-filled pool that was maintained at room 

temperature. Rectal temperature was maintained at 36-37 °C using a heating pad. The 

sciatic and femoral nerves were transected high in the limb to prevent reflex activation 
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of muscle or sympathetic efferent fibres in the nerve that we recorded from. Whole-

nerve electrical activity was amplified (1000×) and filtered (high pass 100 Hz, low pass 

3 kHz) (DP-311 differential amplifier, Warner Instruments), sampled at 20 or 40 kHz 

(Powerlab, ADInstruments, Australia) and stored to PC using the recording software 

LabChart (ADInstruments) (Fig 3.1A). The nerve impulses recorded were biphasic 

(positive-negative) and only impulses that were at least 40 µV from peak-to-peak 

amplitude (approximately twice the background noise level) were analysed. Nerve 

impulses arising from single, mechanically sensitive units were discriminated from the 

whole nerve recordings by their similar amplitude and duration using Spike Histogram 

software (LabChart 8, ADInstrument) (Fig 3.1B). In most of the whole-nerve 

recordings, 2-3 single mechanically sensitive units could be discriminated. Animals 

were killed by decapitation, whilst still anesthetized by urethane, at the end of each 

recording experiment. 

 

Mechanical stimulation 

Intra-osseous pressure was applied by injecting heparinized physiological saline 

(0.9% sodium chloride) into the marrow cavity through a needle implanted in a small 

hole in the proximal tibia (size: 0.8 mm). The hole for needle implantation was made by 

puncturing the cortical bone with a fine gauge syringe needle. The implanted needle was 

connected to a feedback controlled syringe pump (PHD ULTRA pump, Harvard 

apparatus) via polyethylene tubing. Changes in the intra-osseous 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 3.1A). The pump uses this as feedback to 

adjust flow through the system to control and maintain constant input pressures. We 
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used this feature to apply ramp-and-hold stimuli, of 20-sec duration, to maintain a 

constant (hold) pressure (typically in 100 mmHg steps to 400 mmHg) during the static 

phase, and to alter the initial flow rate (6, 8 or 10 ml/min) to control the rate of pressure 

increase during the dynamic phase at the start of the stimulus (ramp)(Fig 3.2). The 

pressure data were stored to PC in parallel with the nerve recordings. Because the 

marrow cavity of long bone is open to the systemic circulation, absolute intra-osseous 

pressure is likely affected by flow rate. Thus the pressures we report here are only an 

approximation of tibial intra-osseous pressures. For the purposes of comparing response 

properties of single units, the response to the entire 20 sec ramp-and-hold stimulus was 

reported as the total response. In addition, discharge frequency was determined for the 

dynamic phase of the stimulus (defined as the first 2 sec of ramp-and-hold stimulus), 

and for the static phase of the stimulus (defined as the 5 to 10 sec interval after which 

the increase in pressure of the ramp-and-hold stimulus had plateaued) (Fig 3.2). 

Preliminary experiments revealed that 300 mmHg provides supra-threshold stimulation 

for all single units. The normal physiological intra-osseous pressure in the absence of a 

pressure stimulus, recorded when the needle was first implanted into the tibia, was 

between 8-15 mmHg (mean: 11.04 mmHg ± 3.07 SD, n=15). 

 

Conduction velocity 

Single unit conduction velocities were determined in a series of experiments 

using two recording electrodes, mounted on the same arm of a micromanipulator, with a 

distance of 7 to 10 mm between electrodes. Pressure stimuli of short duration were 

delivered at supra-threshold (≥300 mmHg) pressures to activate mechanically sensitive 

neurons. We discriminated single units during mechanical stimulation on the basis of 

time-locked impulses on each of the two electrodes. This is consistent with both 
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impulses originating in the same axon. For these units conduction velocities were 

estimated by dividing conduction time by the distance between electrodes. To explore 

the relationship between conduction velocity and impulse amplitude, conduction 

velocity was plotted against the peak-to-peak amplitude of the nerve impulses (averaged 

from 5 consecutive impulses originating from each single unit). 

 

Adaptation kinetics 

To investigate adaptation kinetics, instantaneous single-unit discharge frequency 

in response to a 300 mmHg ramp-and-hold stimulus was plotted as a function of time 

and the decay phase was fitted with non-linear regression to a mono-exponential 

function (Graphpad Prism, Graphpad Software). The time constant tau (τ), is the 

reciprocal of the decay constant calculated for the regression, and was used as the 

measure of the rate of adaptation.  

 

Stimulus-response relationship 

To determine if repetitive presentations of intra-osseous pressure can lead to 

changes in the response properties of single mechanically sensitive units, we delivered 

pairs of 300 mmHg ramp-and-hold pressure stimuli at inter-stimulus intervals (ISIs) of 

30 sec, 2, 5 and 10 min and determined the discharge frequency during the dynamic 

phase of each pressure ramp. In these experiments, the initial flow rate during the ramp-

and-hold stimulus was maintained at 8 ml/min. To assess the conditioning effect of the 

ISIs, the discharge frequency at the second stimulus was measured as a percentage of 

that at the first (baseline) stimulus. For experiment, the different ISIs were presented in 

random order.  
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To determine if single mechanically sensitive units are capable of coding the 

absolute intensity of applied intra-osseous pressure, we applied a series of four ramp-

and-hold pressure stimuli with the hold phase set at 100, 200, 300 or 400 mmHg, and 

with the initial flow rate during the ramp phase maintained at 8 ml/min (Fig 3.2A). In 

these experiments, the different stimulus intensities were presented in ascending order. 

Changing the order of presentation did not alter the response of single units; however, 

the ascending order was preferred because the highest intensity pressure tested (400 

mmHg) produced a long-lasting after discharge in some units and we wanted to avoid 

any confounding effects of this discharge on responses to subsequent stimulus 

presentations. To determine if these units are capable of coding the rate of increase in 

intra-osseous pressure in the dynamic phase of the ramp-and-hold stimulus, we applied 

a series of ramp-and-hold pressure stimuli with the hold phase maintained at 300 mmHg 

and the initial flow rate during the ramp phase changed to 6, 8 and 10 ml/min (Fig 

3.2B). 

 

Sensitization by capsaicin 

To determine if some of the mechanically sensitive units could be sensitized, we 

recorded their threshold for activation and discharge frequency in response to a ramp-

and-hold stimulus (300 mmHg, 8 ml/min) before and after application of capsaicin (0.1 

µM, 10 µl) or saline (10 µl). Capsaicin or saline was delivered to the marrow cavity 

through a second hole in the bone (26 gauge needle, hole size: 0.5 mm) using a 

Hamilton syringe and polyethylene tubing (Fig 3.1A). We monitored and confirmed that 

there was no change in intra-osseous pressure during the injection of capsaicin. The 

threshold for activation and discharge frequency of each unit following application of 

capsaicin were expressed as a percentage of the baseline values (pre-injection).  
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In preliminary experiments we made recordings from the nerve before and then 

also immediately after making holes in the tibia to get access for saline and capsaicin 

injections. There was no difference in whole-nerve spontaneous activity under these two 

conditions. In addition, there was little or no ongoing activity in the whole-nerve 

recordings or the single mechanically activated units we report in this study, and 

thresholds for mechanical activation of single units in the absence of capsaicin were 

typically very high. These findings suggest sensitization did not occur as a result setting 

up for our recordings, and in particular making holes to access the marrow cavity. 

 

Data analysis 

Threshold for activation and discharge frequency for each of the single units 

were determined. Each unit was classified as phasic if its response to increased intra-

osseous pressure was predominantly in the dynamic phase of the pressure ramp or 

phasic-tonic if it also responded to sustained pressure beyond the dynamic phase of the 

pressure ramp. The latency to peak activation was the time calculated between the start 

of the stimulus and the peak instantaneous discharge frequency for each unit. At the end 

of each experiment the periosteum, nearby muscles and the knee joint were stimulated 

with innocuous and noxious mechanical stimuli using blunt and sharp probes 

respectively to determine if each of the units activated by changes in intra-osseous 

pressure also responded to stimuli applied outside of the marrow cavity. Those that had 

receptive fields outside of the marrow cavity were excluded from our data set. 

 

Statistical analyses were performed using Prism (Graphpad Prism, Graphpad 

Software). Differences in the rate of adaptation (τ) between phasic and phasic-tonic 
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units were assessed using Student’s unpaired t-test. The effects of different ISIs on 

single-unit responses were tested using a one sample t-test with Bonferroni’s adjustment 

for multiple comparisons. For this test, we used a theoretical mean of 100 to represent 

the percentage predicted when there is no change in discharge frequency at the second 

stimulus relative to the first. Comparison of differences in the effect of the different ISIs 

on phasic-tonic vs phasic units were made using a two way ANOVA with Bonferroni’s 

post hoc analysis. Stimulus-response functions for intensity and rate coding were 

evaluated using repeated measures ANOVA with Bonferroni’s post-hoc analysis. 

Differences in the response of phasic-tonic vs phasic units to each intensity or rate 

stimulus were assessed with a Student’s t-test with Bonferroni’s adjustment for multiple 

comparisons. Capsaicin-induced differences in the response properties of phasic-tonic 

vs phasic units were tested using either Student’s unpaired t-test (for two groups) or an 

ANOVA with Bonferroni’s post-hoc analysis (for three groups). For tests involving 

multiple groups or time-points, pairwise comparisons were only made and reported if 

analysis of variance showed significance at p<0.05.  

 

Retrograde tracing and immunohistochemistry 

Rats were anesthetized with isoflurane (4% induction; 2.5% maintenance). 

After a skin incision, a small hole was made at the medial aspect of the tibia and a 

Hamilton syringe was used to inject the retrograde tracer Fast Blue (2 µl FB; 10% in 

dH2O) directly into the marrow cavity. The hole was sealed with bone wax, and the 

area washed extensively with 0.1M phosphate buffered saline (pH 7.4; PBS) and 

inspected for tracer leakage using a hand-held UV light. Animals that showed 

evidence of tracer leakage to surrounding tissues were excluded. Skin incisions were 

closed with stainless steel autoclips. After a 7-day survival period to allow for 
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transport of the tracer to neuronal cell bodies in the dorsal root ganglia, 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 0.1M phosphate buffer (pH 7.4). L3 dorsal root 

ganglia were dissected and left overnight in a solution containing the above fixative 

and 20% sucrose. They were washed in PBS, frozen in liquid nitrogen cooled 

isopentane, and sectioned at 14 µm using a cryostat the next day. Sections were 

collected on gelatinized glass slides (0.1% chrome alum and 0.5% gelatin) and 

processed for immuno-labelling to determine if retrograde labelled neurons expressed 

Piezo2 and/or NF200. Details of the primary and secondary antisera are given in 

Table 3.1. All antisera were diluted in 0.1M PBS containing 0.3% Triton X-100 and 

0.1% sodium azide. Sections were washed 3 times in 0.1M PBS and incubated 

overnight in the primary antisera at room temperature. Following 3 further washes in 

0.1M PBS, they were incubated in secondary antibody for 2 h, and washed again 3 

times in 0.1M PBS. The slides were cover-slipped using DAKO fluorescence 

mounting medium and were examined and photographed with a 10x objective using a 

Zeiss Axioskop fluorescence microscope (Zeiss, Oberkocken, Germany) fitted with 

an AxioCam MRm camera. Counts and size measurements (cross-sectional area of 

soma) were made directly from the images using Zen lite software. We determined 

the proportion of retrograde labelled neurons that expressed Piezo2 and/or NF200. To 

prevent double counting and to avoid cell size bias, only cells with a visible nucleus 

were counted. Figures were prepared using CorelDraw software. Individual images 

were contrast and brightness adjusted. No other manipulations were made to the 

images.  
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It is possible that the retrograde tracer injected in this study could spread into 

the systemic circulation via the vasculature of the bone marrow. To control for the 

possibility that this could result in retrograde labeling of DRG neurons that innervate 

tissues other than the bone marrow, we also processed contralateral DRG to check for 

the presence of retrograde labeling. No retrograde labeling was observed in the 

contralateral DRG. This confirms that even if such spread occurred, it did not result 

in labeling of neurons innervating tissues other than the bone marrow we injected. 

 

RESULTS 

 

Relationship between conduction velocity and amplitude of action potentials  

In preliminary experiments, we determined conduction velocities for 30 units 

and plotted them against their peak-to-peak action potential (AP) amplitude. There was 

a linear relationship between AP amplitude and conduction velocity for units that we 

were able to unambiguously isolate with our spike discrimination protocol (Fig 3.2). 

Units with conduction velocities <2 m/s had small amplitude APs (<40 µV, n=5; Fig 

3.3, represented with grey circles). The conduction velocities for these small amplitude 

units are consistent with a C fibre classification. Units with conduction velocities in the 

range 2 to 12.5 m/sec had medium size AP amplitudes (range: 47-145 µV peak-to-peak, 

n=16; Fig 3.3). The conduction velocities for these medium amplitude units are 

consistent with an Aδ fibre classification. On probing of tissue surrounding the tibia, we 

found some units with low-threshold receptive fields outside the marrow cavity and 

large amplitude APs (>120 µV peak-to-peak; Fig 3.3, represented with white circles). 

These units had fast conduction velocities (≥14.3 m/sec, n = 9) and were only activated 

by very high intensity pressure applied to the marrow cavity (mean threshold ± SD = 
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241 ± 54 mmHg). It is possible that these units represent low threshold mechano-

receptors, in surrounding periosteum or muscle, that were mechanically activated by 

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. 

Small units with peak-to-peak amplitude <40 µV were also excluded from further 

analysis because variation in their amplitude and duration made them difficult to isolate 

unambiguously. Thus the units presented in the rest of this paper are exclusively Aδ 

fibres. 

 

Threshold for activation 

The threshold for activation of multi-unit activity in whole-nerve recordings was 

between 49 and 107 mmHg (mean ± SD = 87.2 ± 20.5; n=32). This is approximately 3-

10 times that of the normal intra-osseous pressure we recorded for the rat tibia (8-15 

mmHg; n=15). However, it was clear that the threshold pressure for activation of single 

mechanically sensitive Aδ units that we isolated using spike discrimination was often 

much higher (threshold for activation 49-230 mmHg; mean ± SD = 133 ±41.1; n=91). 

Thus thresholds for activation of single units could be between 3 and 20 times that of 

the baseline IOP we recorded in the rat tibia.  

 

Adaptation profile to sustained intra-osseous pressure stimulation 

All units adapted slowly to the 300 mmHg ramp-and-hold pressure stimulus 

during the 20 seconds over which it was applied. Peak instantaneous frequency usually 

occurred during the dynamic phase of the pressure stimulus (Fig 3.4A). Single unit 

responses fell into one of two categories. Phasic units (n=34/69) had a burst of activity 

in the dynamic phase of the stimulus (< 2 Hz) and then adapted during the early part of 
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the static phase (Fig 3.4A, dark grey). Phasic-tonic units (n= 35/69) had a larger initial 

burst of activity in the dynamic phase (≥ 5 Hz), and continued to fire APs with low 

frequency during the static phase (< 3 Hz), often lasting for the duration of the stimulus 

(Fig 3.4A, light grey). The time constant of the adaptation curves was estimated by 

fitting the data for each unit to a mono-exponential function (Fig 3.4B). Phasic units had 

significantly shorter time constants (τ) than phasic-tonic units (Fig 3.4C; t-test, 

p<0.0001).  

 

Effect of repetitive stimulation 

Repetitive stimulation can lead to significant changes in the response properties 

of nociceptors. To test if this occurs in mechanically sensitive bone nociceptors, pairs of 

300 mmHg ramp-and–hold pressure stimuli (with the initial rate of infusion set at 8 

ml/min) were delivered at 30 sec, 2, 5 and 10 min ISIs, and the size of the response to 

the second stimulus was compared with that to the first stimulus (Fig 3.5). To assess the 

conditioning effect of the ISIs, the change in discharge frequency at the second stimulus 

was measured as a percentage of that at the first (baseline) stimulus. For this assessment 

we chose to restrict our analysis to the dynamic phase of the response because there is 

little activity of phasic units during the static phase of the stimulus. Fatigue (a 

decrement in response that results from a prior stimulus) was observed in both phasic-

tonic and phasic units at the shortest ISIs and declined at longer ISIs. Phasic-tonic units 

had significantly reduced discharge frequencies, relative to baseline, at ISIs of 30 sec 

and 2 min (one-sample t-test; at 30sec p=0.0009, at 2 min p=0.0191; Fig 3.5A) and 

phasic units had significantly reduced discharge frequencies at ISIs of 30 sec, 2 and 5 

min (one-sample t-test; at 30 sec p<0.0001, at 2 min p=0.0003, at 5 min p=0.0065; Fig 

3.5B). Comparison between the phasic-tonic units and phasic units shows that phasic 
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units were affected more by fatigue than phasic-tonic units (Two-way ANOVA; 

interaction p<0.0001; Fig 3.5C). Since a 10-min ISI provided sufficient time for 

complete recovery of the response of both phasic-tonic and phasic units, we used at 

least 10 min between pressure stimuli in subsequent experiments. 

 

Intensity coding  

To determine if bone nociceptors are capable of encoding information about 

different intra-osseous pressures, we constructed stimulus-response functions for single 

units (n=17; 8 phasic-tonic, 9 phasic) in response to application of 100, 200, 300 and 

400 mmHg ramp-and-hold pressure stimuli applied with the initial rate of infusion set at 

8 ml/min (Fig 3.6). The discharge frequency of phasic-tonic units increased 

monotonically as the sustained pressure during the hold phase of the stimulus increased 

to 400 mmHg. The discharge frequency at 200, 300 and 400mmHg was significantly 

greater than at 100 mmHg, and the discharge frequency at 400 mmHg was significantly 

greater than at 200 mmHg (repeated measures ANOVA p=0.0001; Bonferroni’s post 

hoc analysis p<0.05). In contrast, the discharge frequency of phasic units increased to 

300 mmHg (repeated measures ANOVA p=0.005; Bonferroni’s post hoc analysis 

p<0.05), but not beyond this level (Fig 3.6A). Most of the changes in activity produced 

by the changes in pressure occurred during the dynamic (Fig 3.6B), rather than the static 

phase (Fig 3.6C) of the stimulus. The responses of phasic-tonic units were always 

greater than those of phasic units at each of the stimulus intensities tested (Student’s t-

test with Bonferroni’s adjustment for multiple comparisons)(Fig. 3.6), and although all 

phasic-tonic units responded to the 100 mmHg ramp-and-hold pressure stimulus, none 

of the phasic units did. These findings suggest that phasic-tonic units are more 

responsive and better able to code for different intra-osseous pressures than phasic units. 
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Rate coding  

To determine if bone nociceptors are capable of coding for the rate of pressure 

change, we constructed stimulus-response functions for single units (n=17; 8 phasic-

tonic, 9 phasic) using 3 different initial rates of infusion (6, 8 and 10 ml/min) (Fig 3.7) 

to vary the ramp phase of the pressure stimulus with holding pressure set at 300 mmHg. 

We chose a 300 mmHg ramp-and-hold pressure stimulus because it reliably activates 

both phasic and phasic-tonic units. The discharge frequency of phasic-tonic units was 

greater than that of phasic units at each infusion rate tested (Student’s t-tests with 

Bonferroni’s adjustment for multiple comparisons)(Fig. 3.7). However, only for phasic 

units was there a clear relationship between discharge frequency and rate of infusion 

(repeated measures ANOVA p<0.0001, Bonferroni’s post hoc analysis p≤0.001; Fig 

3.7A). As expected for the phasic units the effects of infusion rate on nerve activity 

were evident during the dynamic phase (repeated measures ANOVA p<0.0001, 

Bonferroni’s post hoc analysis p≤0.01; Fig 3.7B), but not in the static phase (Fig 3.7C), 

of the stimulus. This suggests that phasic (but not phasic-tonic) units are able to code 

for the rate of change in intra-osseous pressure, at least over the range of rates tested in 

this study. 

 

Sensitization 

To determine if bone nociceptors could be sensitized, we assessed their threshold 

for activation and discharge frequency during responses to a ramp-and-hold stimulus 

(300mmHg, 8 ml/min) before and after application of capsaicin (0.1 µM, 10 µl, n=23) 

or saline (10 µl, n=15). Figure 3.8 shows the threshold for activation and discharge 

frequency for single units following application of saline or capsaicin as a percentage of 
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the pre-treatment values. Saline injection (10 µl) had no effect on activation threshold 

(Fig 3.8A and B) or discharge frequency (Fig 3.8C and D) in any of the single units 

tested (n=15, 9 phasic-tonic and 6 phasic units). In only 6 out of the 23 units tested with 

capsaicin was there a change in their response to pressure stimuli and these were all 

phasic units (Fig 3.8B and D). These units had a reduction in their threshold for 

activation (ANOVA p<0.0001, Bonferroni’s post hoc analysis p≤0.001; Fig 3.8B) and 

an increase in their discharge frequency (ANOVA p<0.0001, Bonferroni’s post hoc 

analysis p≤0.001; Fig 3.8D) in response to the ramp-and-hold pressure stimulus. In the 

remaining 7 phasic units tested, capsaicin did not sensitize responses to the pressure 

stimulus. Similarly, capsaicin did not change the response of any of the phasic-tonic 

units to pressure stimuli (Fig 3.8A and C).  

 

Three distinct subclasses of Aδ mechano-nociceptor innervate the marrow cavity 

of the rat tibia 

The results already presented suggest there may be at least three different 

subclasses of mechanically sensitive units that innervate bone: phasic-tonic units (not 

sensitized by capsaicin), phasic units sensitized by capsaicin and phasic units not 

sensitized by capsaicin.  Figure 3.9 shows the thresholds for activation, mean discharge 

frequency, latency to peak activation and peak-to-peak action potential amplitude for 

each of these groups determined before the application of capsaicin.  

 

The three subclasses of mechanically sensitive units had significantly different 

thresholds for activation (ANOVA p<0.0001, Bonferroni’s post hoc analysis p≤0.001; 

Fig 3.9A). Phasic-tonic units had the lowest threshold for activation, whereas the 

capsaicin-sensitized phasic units had the highest thresholds for activation. As previously 
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observed, phasic units had lower discharge frequencies during the rising phase of the 

pressure stimulus than the phasic-tonic units (ANOVA, p<0.0001, Bonferroni’s post 

hoc analysis p≤0.001), but this measure did not differ between the phasic units that were 

sensitized by capsaicin and those that were not (Fig 3.9B). The latency to peak 

activation was significantly different for each of the three subclasses (ANOVA 

p<0.0001, Bonferroni’s post hoc analysis p≤0.001; Fig 3.9C). Phasic-tonic units had the 

shortest latency to peak activation and capsaicin-sensitized phasic units had the longest 

latency. Capsaicin-sensitized phasic units had smaller peak-to-peak amplitudes than 

phasic units that were not sensitized by capsaicin and the phasic-tonic units (ANOVA, 

p=0.0113, Bonferroni’s post hoc analysis p≤0.05; Fig 3.9D). As our findings indicated 

that AP amplitude is positively correlated with conduction velocity, the capsaicin 

sensitized phasic units might conduct more slowly than the other units investigated in 

this study. Collectively, these data reinforce the notion that there are at least three 

distinct sub-classes of Aδ mechano-receptors that innervate bone. 

 

Piezo2 is expressed in small to medium sized myelinated sensory neurons that 

innervate the rat tibia 

A total of 290 retrograde labelled bone afferent neurons were counted in the 

ipsilateral L3 DRG taken from three animals. They were almost entirely small or 

medium sized neurons (>95% of those counted were less than 1800 μm2) and 

approximately half were myelinated (NF200+; 51 ± 6%; n=3)(Fig 3.10). Piezo2 was 

expressed in the majority of myelinated bone afferent neurons (70 ± 4%; n=3)(Fig 

3.10). Piezo2 expression in unmyelinated bone afferent neurons was rare (3 ± 0.9%; 

n=3)(Fig 3.10).  
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DISCUSSION 

In the present study, we provide evidence that Aδ nociceptors in bone marrow 

respond to high threshold noxious mechanical stimulation are capable of signalling 

either the intensity or rate of change in intra-osseous pressure, exhibit fatigue in 

response to prior stimulation, and in some cases can be sensitized by capsaicin. Phasic-

tonic units appear to code for different intra-osseous pressures, whereas phasic units 

code for the rate of change in intra-osseous pressure. At least three different subclasses 

of mechanically sensitive Aδ units have been observed: capsaicin sensitized phasic 

units, phasic units not sensitized by capsaicin and phasic-tonic units not sensitized by 

capsaicin. These could in part be distinguished also by differences in their thresholds for 

activation, mean discharge frequency, latency to peak activation and peak-to-peak 

action potential amplitude. Piezo2 is expressed in the majority of myelinated neurons 

projecting to bone marrow and is thus likely to contribute to mechano-transduction in 

the Aδ mechano-nociceptors we have recorded from in our bone-nerve preparation. We 

have not presented data for C fiber recordings in the present study. C fiber nociceptors 

are also likely to contribute to bone pain and will be the focus of future studies. 

 

Action potential amplitude predicts conduction velocity for mechanically sensitive 

marrow cavity nociceptors 

Action potentials from single, mechanically sensitive marrow cavity nociceptors 

were discriminated in whole-nerve recordings according to their relative amplitude and 

duration. We were unable to record conduction velocities routinely in each experiment 

because we could not electrically stimulate the receptive fields of individual units buried 

deep inside the marrow cavity, and we could not always isolate the nerve over long 
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enough distances to place two recording electrodes under it. Instead, we classified units 

as C, Aδ or Aβ on the basis of preliminary experiments in which we determined the 

existence of a linear relationship between conduction velocity and peak-to-peak action 

potential amplitude for 30 single units. Units with small amplitude action potentials 

(<40 µV) conducted in the C fibre range (<2 m/sec). Units with medium action potential 

amplitudes (range: 47-145 µV) conducted in the Aδ range (2 to 12.5 m/sec). Units with 

large action potential amplitudes (>120 µV) conducted in the Aβ range, and on probing 

of surrounding tissue, displayed low-threshold receptive fields outside the marrow 

cavity. It is possible that the latter might represent low-threshold mechano-receptors, in 

surrounding periosteum or muscle, that were mechanically-activated by leakage of 

saline from the marrow cavity, and so they were excluded from this study. We also 

excluded small amplitude units because it was not always possible to isolate them 

unambiguously.  

 

The relationship between action potential amplitude and conduction velocity is 

not new and has been reported in other extracellular recording studies (Hakansson 1956, 

Milner, Stein et al. 1981). During active conduction, large axons produce greater 

extracellular current flux at the site of recording than small axons, and so for large 

axons the extracellularly recorded action potentials have larger amplitudes than those of 

small axons (Hakansson 1956). Peak-to-peak amplitude of an extracellular action 

potential is also influenced by the location of an axon relative to the electrode, such that 

action potential amplitude decreases with increasing distance from the contact point. 

However, given the small size of the nerve to the rat tibia (size = 37 ± 5 µm, mean ± 

SD, n=3), and that the contact point on a hook electrode of the sort we have used in this 

study is relatively large, the effect of fibre-electrode distance is negligible.  
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Responses of marrow cavity nociceptors to high threshold, noxious mechanical 

stimulation 

Mechanical stimuli were delivered to the marrow cavity by increasing the intra-

osseous pressure through infusion of isotonic saline. Thresholds for activation of 

mechanically sensitive units calculated from our whole-nerve recordings were 

approximately 3-5 times that of normal intra-osseous pressure in the rat tibia. This is 

consistent with earlier reports that normal intra-osseous pressure of the canine tibial 

marrow cavity was in the range of 30-50 mmHg, and that an approximately 3-5 times 

increase in intra-osseous pressure (to 100-130 mmHg) activated mechanically sensitive 

units in whole-nerve recordings (Furusawa 1970, Seike 1976). However, our findings 

also show that the threshold for activation of many of the single mechanically sensitive 

Aδ units that we isolated from our whole-nerve recordings were significantly greater 

than this (up to 230 mmHg). Thus some marrow cavity nociceptors have even higher 

thresholds for mechanical activation than may have been appreciated in the past. It is 

clear that these are high thresholds that are unlikely to be experienced under normal 

physiological conditions and undoubtedly represent a stimulus that is noxious. Indeed, 

increases in intra-osseous pressure as little as 3-5 times that of normal intra-osseous 

pressure are experienced in painful pathological conditions such as intra-osseous 

engorgement syndromes (Lemperg and Arnoldi 1978, Arnoldi, Djurhuus et al. 1980). In 

intra-osseous engorgement syndrome, pain can be relieved by fenestration, suggesting 

that it is the increased pressure in the marrow cavity that produces the pain. These 

findings strongly suggest that the Aδ units we have recorded from in this study are 

mechano-nociceptors, and are consistent with the notion that mechanical stimulation of 
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nerve terminals within bone produces pain, not innocuous mechano-sensibility (Rowe, 

Tracey et al. 2005).  

 

Our study is the first to report single unit responses to changes in intra-osseous 

pressure applied to bone. Single unit responses fell into one of two categories. Phasic 

units had a burst of activity (< 2 Hz) in the dynamic phase of the stimulus and then 

adapted early in the static phase (Fig 3.4A, dark grey). In contrast, phasic-tonic units 

had a larger initial burst of activity (≥ 5 Hz) in the dynamic phase, and continued to fire 

action potentials with low frequency (< 3 Hz) during the static phase, often lasting for 

the duration of the pressure stimulus. The difference in the response profiles of phasic 

and phasic-tonic units to noxious mechanical stimulation suggests that each class is able 

to signal different aspects of intra-osseous pressure. Phasic-tonic units signal the 

intensity of pressure during both the dynamic and the static phase of the stimulus 

(intensity coding), whereas phasic units signal the rate of change in intra-osseous 

pressure only in the dynamic phase (rate coding). It is therefore likely that phasic-tonic 

units code for pain associated with pathologies that involve sustained increases in 

pressure, for example intra-osseous engorgement syndrome (Lemperg and Arnoldi 

1978, Arnoldi, Djurhuus et al. 1980). In contrast, phasic units are likely to signal pain 

associated with pathologies that involve rapid changes in pressure within the marrow 

cavity, for example during needle aspiration of bone marrow or emergency intra-

osseous vascular access (Cooper, Mahoney et al. 2007, Ngo, Oh et al. 2009).  

 

Nociceptors exhibit fatigue in response to high intensity repetitive stimulation 

with heat, mechanical and chemical stimuli (LaMotte and Campbell 1978, Slugg, Meyer 

et al. 2000, Liang, Haake et al. 2001). Fatigue likely occurs as a result of changes in 
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stimulus transduction and/or spike initiation and is important for adjusting response 

sensitivities of nociceptors to an appropriate stimulus range. However, it might also 

negatively impact on electrophysiological studies because it can affect the 

reproducibility of data (LaMotte and Campbell 1978, Torebjork, LaMotte et al. 1984, 

Reeh, Bayer et al. 1987, Slugg, Meyer et al. 2000, Peng, Ringkamp et al. 2003). In the 

present study, we observed fatigue of Aδ mechano-nociceptors in the bone marrow at 

inter-stimulus time intervals of 30 sec, 2 and 5 min, and that the fatigue completely 

resolved by 10 minutes. Thus in order to obtain stable and highly reproducible 

responses in marrow cavity nociceptors, we used at least 10 min between pressure 

stimuli to allow for recovery from fatigue. Interestingly, whilst phasic-tonic and phasic 

units both exhibited fatigue, the magnitude and time-course of the fatigue was different 

for each. This suggests that Aδ nociceptors with phasic-tonic and phasic responses to 

mechanical stimulation in bone may utilise different mechanisms for stimulus 

transduction and/or spike initiation. 

 

Sensitization of mechanically sensitive marrow cavity nociceptors  

Sensitization of peripheral bone nociceptors has been used to explain, in part, 

increased sensitivity of patients to mechanical stimuli in a variety of bony pathologies 

(Portenoy, Payne et al. 1999, Honore and Mantyh 2000, Haegerstam 2001). However, 

direct evidence of sensitization of peripheral bone nociceptors to mechanical stimulation 

is scarce. Some studies have reported increased spontaneous activity and reduced heat 

(but not mechanical) thresholds in peripherally recorded C-fibre afferents in an animal 

model of cancer induced bone pain (Cain, Wacnik et al. 2001, Uhelski, Cain et al. 

2013). However, in both of these studies, the tumour cells were not clearly confined to 

the bone, and the C fibres recorded were cutaneous afferents, not bone nociceptors. In 
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the present study, we report that a quarter of the Aδ mechano-nociceptors that innervate 

the bone marrow have reduced thresholds for activation and increased discharge 

frequency in response to pressure after the application of capsaicin. Thus at least some 

Aδ nociceptors in bone can be sensitized by capsaicin, and likely also other algesic 

substances. This is consistent with our recent finding that a substantial proportion of 

sensory (DRG) neurons labeled with injections of a retrograde tracer into the marrow 

cavity of the rat tibia express the capsaicin receptor TRPV1 (Nencini, Ringuet et al. 

2017).Capsaicin is known to sensitize Aδ and/or C fibre nociceptors to mechanical 

stimulation (Ren, Zou et al. 2005, Zagorodnyuk, Gibbins et al. 2007, Li, Ren et al. 

2008, Wang, Cao et al. 2011). However, the mechanisms by which this occurs remain to 

be determined. TRPV1 is a nonselective ligand-gated cation channel that integrates 

many physical and chemical stimuli, including noxious heat (>43°C), capsaicin and 

other inflammatory mediators (Tominaga, Caterina et al. 1998). Capsaicin-induced 

mechanical sensitization occurs in TRPV1 expressing sensory neurons and blocking 

conduction in these neurons in rats prevents mechanical hyperalgesia (Brenneis, Kistner 

et al. 2013). However, TRPV1 is not thought to transduce mechanical stimuli, and so it 

is not clear how capsaicin alters mechanical sensitivity in TRPV1 expressing 

nociceptors. It is possible that capsaicin-induced activation of TRPV1 indirectly 

enhances mechanical sensitivity through phosphorylation of other, mechanically 

sensitive transduction molecules (Sowa, Street et al. 2010), or that enhanced membrane 

permeability to cations following TRPV1 activation could lower the voltage threshold 

for action potential initiation, making these neurons more sensitive to mechanical 

stimulation. Alternatively, Aδ mechano-nociceptors could be sensitized by capsaicin-

induced local inflammation, or by inflammatory mediators released from peptidergic C 
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fibre nerve terminal endings in response to stimulation by capsaicin (Li, Ren et al. 

2008). 

 

The capsaicin-sensitized phasic units reported in the present study had high 

thresholds for activation to mechanical stimulation, long latencies to peak activation and 

low discharge frequencies before capsaicin was applied. This suggests that under 

normal conditions (in the absence of a sensitizing agent) they are not well suited to 

coding noxious mechanical stimuli applied to the bone marrow. In other tissue systems, 

nociceptors with these properties are classically described as mechanically insensitive 

afferents (MIAs) or “silent” nociceptors that under normal conditions are not activated 

by mechanical stimuli, but after inflammation or chemical stimulation, can become 

sensitive to a number of different stimulus types, including mechanical stimuli (Meyer, 

Davis et al. 1991, Michaelis, Habler et al. 1996). There is also evidence that many 

capsaicin-sensitive nociceptors can be desensitized to mechanical stimuli by (often 

systemic) injections of relatively high doses of capsaicin (Holzer 1991). A relevant 

example includes group III and IV knee joint afferents that are desensitized by bolus 

injections, into blood vessels surrounding the knee, of capsaicin at concentrations >10-4 

M (He, Schepelmann et al. 1990). However, we found no evidence of this using a lower 

concentration (10-7M) applied directly to the marrow cavity in the current study. We 

have recently reported that another inflammatory mediator, NGF, rapidly activates and 

sensitizes Aδ mechano-nociceptors in bone (Nencini, Ringuet et al. 2017). It will be 

important in future studies to determine if thermal sensitization of bone nociceptors 

occurs in response to capsaicin, NGF and/or other inflammatory mediators. 
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Is Piezo2 responsible for mechano-transduction in Aδ mechano-nociceptors in 

bone? 

The Piezo2 gene is highly expressed in mouse DRG, and knockdown of Piezo2 

using RNA interference in mouse cultured DRG neurons results in suppression of 

mechanically activated currents in rapidly adapting neurons (Coste, Mathur et al. 2010, 

Coste, Xiao et al. 2012). There is now significant evidence that Piezo2 is the transducer 

for low threshold mechanical stimuli in Merkel cells (Ikeda, Cha et al. 2014, Ikeda and 

Gu 2014, Ranade, Woo et al. 2014, Woo, Ranade et al. 2014) and proprioceptors (Woo, 

Lukacs et al. 2015, Florez-Paz, Bali et al. 2016). However, only a few studies have 

suggested it might also be involved in nociception. Mechanically activated Piezo2 

currents are enhanced by bradykinin, an algogenic peptide that drives mechanical 

hyperalgesia associated with inflammation (Dubin, Schmidt et al. 2012). Piezo2 knock-

down in DRG inhibits CFA-induced mechanical but not thermal hyperalgesia in mouse 

skin (Singhmar, Huo et al. 2016) and attenuates visceral sensation to both innocuous 

and noxious stimuli in rats (Yang, Zhang et al. 2016). Piezo2 is expressed in a sub-

population of primary afferent neurons that likely mediates responses to noxious 

mechanical stimulation in the cornea (Bron, Wood et al. 2014, Alamri, Bron et al. 

2015). Taken together, these findings suggest a role for Piezo2 in the transduction of 

noxious mechanical stimuli.  

 

In the present study, we have provided evidence that most small and medium 

sized myelinated sensory neurons that innervate the bone marrow express Piezo2. This 

size profile and myelination status is consistent with a classification for these neurons as 

Aδ nociceptors. Interestingly Piezo2 knockout affects the sensitivity (threshold for 

activation) of some Aδ fiber mechano-receptors identified in the skin-nerve preparation 
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(Ranade, Woo et al. 2014), further reinforcing a role for Piezo2 in mechano-

transduction in Aδ mechano-receptors. We therefore suggest that Piezo2 is the 

mechano-transducer in the Aδ mechano-nociceptors we have reported in the present 

study. However, there are no pharmacological agents currently available to specifically 

block Piezo2 signalling, and so we are unable to confirm whether Piezo2 is indeed 

responsible for mechano-transduction in bone nociceptors using our in vivo preparation. 

Furthermore, we cannot rule out the involvement of other molecules in the mechano-

transduction process, alongside or independently of Piezo2.  

 

CONCLUSIONS 

Our findings indicate that Aδ mechano-nociceptors are likely to play an 

important role in generating and maintaining pain in response to bony pathologies that 

involve a mechanical disturbance or increased intra-osseous pressure, and imply that 

Piezo2 signalling may be involved in mechano-transduction in these receptors. 
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Figure 3.1 - Experimental set-up of the in vivo bone-nerve preparation and spike 

discrimination. 

A, Schematic diagram of the electrophysiological set-up. Scissors represent locations 

where nerves were cut. B, Whole-nerve recording and rasters of single unit activity in 

response to a ramp-and-hold pressure stimulus applied to the marrow cavity. C, Action 

potentials from single mechanically activated units were discriminated on the basis of 

their amplitude and duration using Spike Histogram software. 
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Figure 3.2 - Mechanical stimulation paradigms.  

A, Series of four pressure ramps with intensities of 100, 200, 300 and 400 mmHg and a 

fixed flow rate (8ml/min) were used to explore the stimulus intensity coding properties 

of single mechanically evoked units. B, Series of three pressure ramps applied with 

saline infusion rates of 6, 8, 10 ml/min and a fixed intensity of pressure of 300 mmHg 

were used to test the rate coding properties of single mechanically evoked units. Stimuli 

were presented at 10-min inter-stimulus intervals. Representations of the periods that 

were used to assess effects during the dynamic and static phase of each ramp-and-hold 

stimulus are indicated by the grey areas. 
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Figure 3.3 - Relationship between conduction velocity and amplitude of action 

potentials.  

Action potential amplitude (µV; peak-to-peak) was plotted against conduction velocity 

(m/sec) for 30 single units activated by high-intensity intra-osseous pressure stimuli (≥ 

300 mmHg). Units that also responded to stimulation of surrounding tissues (white 

circles) had very large action potential amplitudes (>120 µV) and conducted in the Aβ 

range (≥14.3 m/sec). Units with conduction velocities in the C fibre range (<2 m/sec) 

had the smallest action potential amplitudes (<40 µV peak-to-peak)(grey circles). All 

other units, with action potential amplitudes greater than 40 µV peak-to-peak and that 

did not respond to stimulation of surrounding tissues, had Aδ conduction velocities 

(black circles). 
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Figure 3.4 - Mechanically sensitive units were distinguished on the basis of their 

response to increased intra-osseous pressure (300 mmHg, 8ml/min).  

A, Average response to three consecutive pressure ramps of one phasic-tonic (light 

grey) and one phasic (dark grey) unit. The number of impulses evoked per 0.5 sec bin 

were counted and plotted as spike frequency histograms. B, Instantaneous discharge 

frequency was plotted as a function of time for the response of one representative 

phasic-tonic (upper panel) and one phasic (lower panel) unit. The responses were fitted 

with a one-phase exponential decay. C, Distribution of time constants (τ) for the 

adaptation of phasic-tonic and phasic units. Phasic units (dark grey) adapted more 

rapidly to the pressure than phasic-tonic units (light grey)(t-test; p≤0.0001). 
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Figure 3.5 - Repetitive stimulation produces fatigue. 

Discharge frequency at different ISIs in the dynamic phase of the ramp-and-hold 

stimulus. The discharge frequency at the 2nd stimulus is expressed as a percentage of 

that at the first stimulus. A, Phasic-tonic units showed significant reductions in 

discharge frequency in the dynamic phase at 30 sec and 2 min ISIs. B, Phasic units 

showed significant reductions in discharge frequency in the dynamic phase at ISIs ≤ 5 

min. C, Average responses for both phasic-tonic and phasic units at each of the ISIs 

tested. At ISIs of 30 sec and 2 min, fatigue was significantly greater in phasic units than 

in phasic-tonic units. **** p≤0.0001, *** p≤0.001, ** p≤0.01. Data are presented as 

mean ± SEM. 
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Figure 3.6 - Phasic-tonic units are more responsive and better able to code for 

different intra-osseous pressures than phasic units.  

Mean discharge frequency of phasic-tonic and phasic units tested with the intensity-

coding protocol. Phasic-tonic units are represented by black circles. Phasic units are 

represented by white squares. A, Discharge frequency during the whole ramp-and-hold 

pressure stimulus (total response). The discharge frequency of phasic-tonic units 

increased with each step of pressure. At 200, 300 and 400 mmHg, it was significantly 

greater than at 100 mmHg, and at 400 and 300 mmHg it was significantly greater than 

at 200 mmHg. The threshold for activation of phasic units was always above 100 

mmHg. The discharge frequency of phasic units increased to 300 mmHg and then 

plateaued at higher intensities. At 300 and 400 mmHg, their discharge frequency was 

significantly greater than at 200 mmHg. B, Discharge frequency in the dynamic phase 

of the stimulus. Phasic-tonic units increased their discharge frequency for each step of 

pressure, but phasic units did not. C, Discharge frequency in the static phase of the 

stimulus. There was an increase in the discharge frequency of phasic-tonic, but not 

phasic units, in response to increased pressure. *** p≤0.001, ** p≤0.01, *p≤0.05. Data 

are presented as mean ± SEM. 
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Figure 3.7 - Phasic (but not phasic-tonic) units are able to code for the rate of 

change in intra-osseous pressure. 

Mean discharge frequency of phasic-tonic and phasic units tested with the rate coding 

protocol (6, 8, 10ml/min pressure ramps). Phasic-tonic units are represented by black 

circles. Phasic units are represented by white squares. A, Discharge frequency during 

the whole ramp-and-hold pressure stimulus (total response). There was a rate dependant 

increase in discharge frequency in phasic, but not phasic-tonic units. B, Mean discharge 

frequency during the dynamic phase of the stimulus. There was a rate dependant 

increase in the discharge frequency of phasic, but not phasic-tonic units in the dynamic 

phase of the stimulus. C, Mean discharge frequency during the static phase of the 

stimulus. There was no change in the discharge frequency of either phasic or phasic-

tonic units, at any rate tested, in the static phase. *** p≤0.001, ** p≤0.01. Data are 

presented as mean ± SEM. 
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Figure 3.8 - Capsaicin sensitizes mechanically activated units.  

Threshold for activation of phasic-tonic units (A) and phasic units (B). Capsaicin 

reduced the threshold for mechanical activation in 6/13 phasic units, but not in the 10 

phasic-tonic units (Student’s t-test; p>0.05 compared to saline). Discharge frequency of 

phasic-tonic units (C) and phasic units (D). There was an increase in discharge 

frequency in response to IOP after injection of capsaicin. The increase was only evident 

in phasic units that responded to capsaicin with reduced activation thresholds. 

Threshold for activation and discharge frequency of each unit were expressed as 

percentage of baseline. *** p≤0.001. Data are presented as mean ± SEM. 
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Figure 3.9 - Phasic-tonic units, capsaicin sensitized phasic units and phasic units 

not sensitized by capsaicin could be distinguished on the basis of their response to 

mechanical stimulation before application of capsaicin.  

A, Threshold for activation (in mmHg). Phasic-tonic units, capsaicin sensitized phasic 

units and phasic units not sensitized by capsaicin had significantly different thresholds 

for activation. B, Mean discharge frequency calculated in the dynamic phase of the 

pressure (Hz). Phasic-tonic units had significantly greater discharge frequencies than 

capsaicin sensitized phasic units and phasic units not sensitized by capsaicin. C, 

Latency to peak activation (sec). Phasic-tonic units, capsaicin sensitized phasic units 
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and phasic units not sensitized by capsaicin had significantly different latencies to peak 

activation. D, Peak-to-peak action potential amplitude (µV). Phasic units not sensitized 

by capsaicin had significantly smaller action potential amplitudes than phasic-tonic 

units and phasic units not sensitized by capsaicin. *** p≤0.001, *p≤0.05. Data are 

presented as mean ± SEM. 
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Figure 3.10 - Piezo2 is expressed in small and medium sized myelinated bone 

afferent neurons. 

A-D are images of the same field of a single section of the L3 dorsal root ganglion, 

showing retrograde labelled bone afferent neurons in blue (A), NF200 immuno-

labelling of myelinated afferent neurons in green (B), Piezo2 immuno-labelling in red 

(C), and a merge of all three channels (D). Arrowheads identify retrograde labelled bone 

afferent neurons throughout. Asterisks (*) indicate bone afferent neurons that are 

NF200+, and hashes (#) indicate bone afferent neurons that are Piezo2+. Scale bars = 

100 µm. E shows the size/frequency distribution of all retrograde labelled bone afferent 

neurons analysed in this study (black), those that are also myelinated (grey), and those 

that are myelinated and express Piezo2 (white). Most myelinated bone afferent neurons 

express Piezo2 and have a size profile consistent with an Aδ classification. 
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Primary Antibody 

Antigen 

Immunogen Manufacturer Dilution 

used 

 Rabbit α Piezo2 

(Piezo2) 

human PIEZO2 protein 

(residues 1600-1650) 

Novus Biologicals; 

Colorado, US; # NBP1-

78624 

1:100 

Mouse α 

Neurofilament 200 

(NF200) 

carboxyterminal tail 

segment of pig 

neurofilament H-subunit 

Sigma; Missouri, US; 

Mouse monoclonal; 

#N0142 

1:1000 

Secondary antibody Manufacturer Dilution 

used 

Donkey α Rabbit Alexa594 Molecular probes, 

Invitrogen; #A21207 

1:200 

Donkey α mouse Alexa488 Molecular probes, 

Invitrogen; #A11001 

1:200 

 

Table 3.1 - Source and concentrations of the primary and secondary antisera used 

in this study 
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4. Chapter 4: MECHANISMS OF NGF SIGNALING IN BONE 

NOCICEPTORS AND IN AN ANIMAL MODEL OF INFLAMMATORY 

BONE PAIN 

 

Sara Nencini, Mitchell Ringuet, Dong-Hyun Kim, Yu-Jen Chen, Claire Greenhill and 

Jason J. Ivanusic 

 

This Chapter includes the manuscript entitled “Mechanisms of nerve growth 

factor signaling in bone nociceptors and in an animal model of inflammatory bone pain 

Nencini S, Ringuet M, Kim DH, Chen, YJ, Greenhill C and Ivanusic J (2017) Molecular 

Pain Jan 13:1744806917697011 doi: 10.1177/1744806917697011”. The candidate was 

responsible for the acquisition and analysis of all the electrophysiological data reported 

in this paper, and for drafting and reviewing the paper. Assoc. Prof. Jason Ivanusic 

conceived the original idea, supervised the project and was responsible for finalizing 

the writing of the manuscript. Mitchell Ringuet and Dong-Hyun Kim were responsible 

for the acquisition of immuno-histochemical data. Yu-Jen Chen performed experiments 

to confirm the presence of inflammation in bone. Claire Greenhill performed and 

analysed the behavioural testing on animals. Overall, the candidate contributed to 

approximately 60% to the preparation of the work for this paper.  

 

ABSTRACT  

Sequestration of nerve growth factor (NGF) has been used successfully in the 

management of pain in animal models of bone disease and in human osteoarthritis. 

However, mechanisms of NGF-induced bone pain and its role in modulating 

inflammatory bone pain remain to be determined. In this study we show that NGF 
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receptors (TrkA and p75), and some other NGF signaling molecules (TRPV1 and 

Nav1.8, but not Nav1.9), are expressed in substantial proportions of rat bone 

nociceptors. We demonstrate that NGF injected directly into rat tibia rapidly activates 

and sensitizes bone nociceptors, and produces acute behavioral responses with a similar 

time-course. The NGF-induced changes in the activity and sensitivity of bone 

nociceptors we report are dependent on signaling through the TrkA receptor, but are not 

affected by mast cell stabilization. We failed to show evidence for longer term changes 

in expression of TrkA, TRPV1, Nav1.8 or Nav1.9 in the soma of bone nociceptors in a 

rat model of inflammatory bone pain. Thus retrograde transport of NGF/TrkA and 

increased expression of some of the common NGF signaling molecules do not appear to 

be important for the maintenance of inflammatory bone pain. The findings are relevant 

to understanding the basis of NGF sequestration, and other therapies directed at NGF 

signaling, in managing pain in bone disease. 

 

INTRODUCTION 

Nerve Growth Factor (NGF) is a neurotrophin known for its role in the 

development of sympathetic and sensory neurons (Patel, Jackman et al. 2000), but has 

more recently been implicated as a mediator of inflammatory pain (Pezet and McMahon 

2006, Watson, Allen et al. 2008). NGF acts through two cell surface receptors: p75 and 

TrkA. Mutations of TrkA genes have been reported in individuals that have congenital 

insensitivity to pain (Mardy, Miura et al. 1999, Indo 2001, Huehne, Zweier et al. 2008). 

There is an increase in NGF levels in painful conditions that are characterized by 

inflammation, such as arthritis (Aloe, Tuveri et al. 1992, Halliday, Zettler et al. 1998), 

and NGF applied exogenously to human skin or muscle produces hyperalgesia or 

allodynia (Dyck, Peroutka et al. 1997, Svensson, Cairns et al. 2003, Rukwied, Mayer et 
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al. 2010). TrkA receptor knockout mice are hypoalgesic (Smeyne, Klein et al. 1994) and 

transgenic animals over-expressing NGF are hyperalgesic (Stucky, Koltzenburg et al. 

1999). Furthermore, NGF is elevated in animal models of acute and chronic pain 

(Woolf, Safieh-Garabedian et al. 1994, Ma and Woolf 1997, Woolf, Allchorne et al. 

1997, Saade, Nasr et al. 2000, Ueda, Hirose et al. 2002). Importantly, most of these 

studies have used inflammatory pain models or examined conditions that have a 

significant inflammatory component, reinforcing a role for NGF in inflammatory pain. 

 

NGF can affect the excitability of peripheral sensory neurons in a number of 

ways.  Binding of NGF to TrkA can lead to rapid post-translational modifications that 

increase the activity of some ion channels, including transient receptor potential 

vanilloid type 1 (TRPV1) and voltage-gated Na+ channels, at peripheral sensory nerve 

terminals (Kafitz, Rose et al. 1999, Kafitz, Rose et al. 2000, Blum, Kafitz et al. 2002, 

Kovalchuk, Holthoff et al. 2004, Merighi, Carmignoto et al. 2004). These changes at 

nerve terminals are evident within minutes of applying NGF and increase their 

activation by sensory stimuli. There is also evidence that internalization and retrograde 

transport of the NGF/TrkA complex to the soma of peripheral sensory neurons induce 

delayed changes in expression of TRPV1 and voltage-gated Na+ channels (Gould, 

Gould et al. 2000, Ji, Samad et al. 2002, Amaya, Shimosato et al. 2004, Xue, Jong et al. 

2007, Shinoda, Asano et al. 2011). The increase in membrane expression of these ion 

channels occurs over hours to days, and increases the excitability of peripheral sensory 

neurons by lowering their sensory thresholds. 

 

The dominant feature common to most conditions that produce bone pain is 

inflammation resulting from the release of inflammatory mediators by cells associated 
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with bone disease (Bennett 1988, Goldring 2000, Haegerstam 2001, Urch 2004, Starr, 

Wessely et al. 2008). Agents known to act by reducing inflammatory processes (e.g. 

NSAIDs) produce partial analgesia in animal models of bone cancer pain (Honore and 

Mantyh 2000) and pro-inflammatory cytokines contribute to nociceptive responses in 

bone fracture models (Li, Sabsovich et al. 2009). The TrkA receptor is localized to 

peripheral nerve terminals in bone (Jimenez-Andrade, Bloom et al. 2010, Bloom, 

Jimenez-Andrade et al. 2011, Castaneda-Corral, Jimenez-Andrade et al. 2011, Ghilardi, 

Freeman et al. 2011), and TrkA expression has been reported in the soma of bone 

afferent neurons, at least in very young animals (Aso, Ikeuchi et al. 2014). However, 

only a few studies have investigated the mechanisms of NGF signaling in bone pain. 

These have shown that sequestering NGF by administration of anti-NGF antibodies can 

alleviate, in part, pain-like behaviors in animal models of bone cancer and skeletal 

fracture (Sevcik, Ghilardi et al. 2005, Jimenez-Andrade, Martin et al. 2007, Koewler, 

Freeman et al. 2007). While these studies clearly indicate a role for NGF signaling in 

bone pain, an understanding of the mechanisms underlying the effects of NGF in the 

context of bone pain is still lacking. 

 

The objective of the present study was to clarify mechanisms by which NGF 

interacts with bone nociceptors to signal bone pain. We aimed to determine if, and what 

proportion of, bone nociceptors express NGF receptors (TrkA and p75) and associated 

signaling molecules (TRPV1 and the sodium channels Nav1.8 and Nav1.9). We also 

aimed to determine if NGF rapidly activates and/or sensitizes bone nociceptors and if its 

time-course of action is consistent with acute behavioral effects induced by NGF 

injected directly into bone. Finally, we aimed to determine if increased expression of 
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NGF signaling molecules occurs in the longer term in a model of inflammatory bone 

pain. 

 

METHODS 

Naïve, male Sprague-Dawley rats weighing between 200-350 g were used in 

this study. Animals were housed in pairs or groups of four, in a 12/12 hour 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.  

 

In the current study, we focused on innervation of the bone marrow, not the 

periosteum. Almost all bony pathologies, including those with a significant 

inflammatory component, involve the bone marrow. Sensory neurons that innervate the 

bone marrow are described as small-diameter myelinated or unmyelinated fibers 

(Furusawa 1970, Seike 1976, Mach, Rogers et al. 2002, Ivanusic, Mahns et al. 2006, 

Ivanusic 2009), contain neuropeptide markers for nociceptors, such as substance P (SP) 

and calcitonin gene-related peptide (CGRP) (Bjurholm, Kreicbergs et al. 1988, Mach, 

Rogers et al. 2002, Ivanusic 2009), and are responsive to noxious (but not innocuous) 

chemical and mechanical stimuli (Furusawa 1970, Seike 1976, Nencini and Ivanusic 

2017). Taken together, these findings indicate that sensory neurons that innervate the 

bone marrow are nociceptors, and we refer to them as bone nociceptors throughout. 

 

Retrograde tracing  
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Animals were anesthetized with isofluorane (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 (2 µl FB; 10% in dH2O) through the hole and directly into the 

medullary cavity. The hole was sealed with bone wax and covered to prevent leakage 

into surrounding tissues and the entire area was washed extensively with 0.1M 

phosphate buffered saline (pH 7.4; PBS) 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 constitutive expression of NGF signaling 

molecules in bone nociceptors, animals were left for a 7 day survival period to allow 

for transport of the tracer to neuronal cell bodies in the dorsal root ganglion (DRG). 

For studies of changes in expression of NGF signaling molecules in inflammatory 

bone pain, an inflammatory agent (see below) or saline was co-injected with the 

retrograde tracer and the animals were left for a 4 day survival period chosen to 

coincide with the peak pain time-point in the animal model. 

 

Tissue preparation 

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. For studies of peripheral 

nerve terminals in bone, the tibiae of animals were removed and carefully cleaned of 

surrounding soft tissue. They were decalcified in a solution containing 20% EDTA in 

PBS for 2 weeks. The solution was changed every 3 days over this time. For studies 
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of retrograde labelled bone nociceptors, lumbar DRG L3 and L4 were dissected. 

After dissection and/or decalcification, all tissues were left overnight in a solution 

containing the above fixative and 20% sucrose, and were sectioned at 14 µm (DRG) 

or 20 µm (bone) using a cryostat the next day. Multiple series of sections were 

collected on gelatinized glass slides (0.1% chrome alum and 0.5% gelatin) and 

processed for immuno-labelling. 

 

Immunohistochemistry 

Sections were immuno-labelled to determine whether peripheral nerve 

terminals in bone expressed protein gene product 9.5 (PGP9.5), TrkA and/or tyrosine 

hydroxylase (TH), or if retrograde labelled neurons expressed TrkA, p75, CGRP, 

TRPV1, Nav1.8 and/or Nav1.9. Details of the primary and secondary antisera, 

including references to work that cite specificity of the antibodies, are given in Table 

4.1. All antisera were diluted in PBS containing 0.3% Triton X-100 and 0.1% sodium 

azide. Sections were washed 3 times in PBS and incubated overnight in the primary 

antisera at room temperature. Following 3 further washes in PBS, they were 

incubated in secondary antibody for 2 h, and washed again 3 times in PBS. The slides 

were cover-slipped using DAKO fluorescence mounting medium.  

 

Image Acquisition and Data Analysis 

Sections of bone or DRG were examined and photographed with a 20x 

objective using a Zeiss Axioskop fluorescence microscope (Zeiss, Oberkocken, 

Germany) fitted with an AxioCam MRm camera. FITC, Texas Red, Cy5 and UV 

filter sets were used to discriminate labelling with the AlexaFluor 488, 594 and 647 

fluorophores, and Fast Blue, respectively. Immuno-labelling of retrograde labelled 
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bone nociceptors 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. For 

constitutive expression analysis, we determined the proportion of retrograde labelled 

neurons that expressed each antibody marker for each animal. For analysis of changes 

associated with inflammatory bone pain, we tested whether there was a difference in 

the proportion of bone nociceptors expressing each marker and/or the intensity of 

labelling in neurons. Changes in the proportion of neurons that express each molecule 

likely reflect de novo expression and/or retrograde transport from the periphery to the 

soma. If there is no change in the proportion, then changes in the intensity of 

immuno-labelling likely reflect increased expression in neurons that already contain 

the protein, not de novo expression. Intensity of immuno-labelling 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 immuno-labelled. To prevent double counting and 

to avoid cell size bias, only cells with a nucleus visible under the microscope were 

examined. Figures were prepared using CorelDraw software. Individual images were 

contrast and brightness adjusted. No other manipulations were made to the images. A 

Mann-Whitney test was used to test for statistical differences between inflamed and 

saline injected animals. P<0.05 was used to define statistical significance. For this 

comparison the group sizes required to demonstrate a statistical difference (n=4 per 

group) were determined using a power of 0.8 and an alpha of 0.05, with one mean 

and standard deviation for this power calculation taken from the studies of the 

constitutive protein expression (Table 4.2), and the other mean being at least double 

this value but with the same standard deviation.  
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Electrophysiological recordings using an in vivo bone-nerve preparation 

Electrophysiological experiments were performed in rats anesthetized with 

urethane (50% w/v, 1.5 g/kg i.p). We identified a fine branch of the tibial nerve that 

innervates the marrow cavity of the rat tibia. The nerve was carefully teased away from 

its associated blood vessels and surrounding tissues over a distance of approximately 1 

cm and placed over a platinum hook electrode for electrophysiological recordings. 

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, Australia) and stored to PC using the recording 

software LabChart (ADInstruments). Mechanical stimulation was delivered by 

increasing tibial intra-osseous pressure to 400 mmHg and maintaining this pressure for 

15 secs. This was achieved by injecting heparinized physiological saline (0.9% sodium 

chloride) into the marrow cavity through a needle, implanted in a small hole in the 

proximal tibia (size: 0.8 mm), that was connected to a syringe pump via polyethylene 

tubing. Preliminary experiments revealed that this magnitude of pressure (400 mmHg) 

provides supra-threshold stimulation for single bone nociceptors. Changes in the intra-

osseous pressure were measured using a bridge amplified (Quad Bridge, 

ADInstruments) signal derived from a pressure transducer (BP transducer, 

ADInstruments) placed to measure the input pressure to the bone. These data were also 

stored to PC in parallel with the nerve recordings. NGF (1 or 5 µg in 10 µl; Sigma 

NGF-7S) was delivered to the marrow cavity through a second needle and hole (size: 

0.5 mm) using a Hamilton syringe attached with polyethylene tubing. The 

concentrations of NGF used are in the range that produces behavioral pain-like 

responses when applied to the hindpaw footpad (Mills, Nguyen et al. 2013) and the 



92 

 

tibial marrow cavity (see Results) of naïve rats. However, we do not know the actual 

concentration of NGF at the nerve terminal endings in the bone marrow because there is 

undoubtedly some dilution in the bone marrow compartment. The tube used for delivery 

of NGF was clamped before and after its delivery to avoid leakages during 

pressurization. A function blocking anti-TrkA antibody (15 µg i.v.; MNAC13; Absolute 

Antibody, Oxford, UK) or a mast cell stabilizer (20 mg/kg i.v.; cromolyn; Sigma-

Aldrich, Castle Hill, AUS) was delivered systemically via a cannula inserted into the 

jugular vein. Only nerve impulses that were at least twice the amplitude of the 

background noise (~40 µV peak-to-peak) were used for assessing changes in activity. 

Single units were discriminated in the whole nerve recordings according to their 

amplitude and duration using Spike Histogram software (LabChart 8, ADInstrument). 

Threshold for activation and discharge frequency after injection of NGF were expressed 

relative to pre-injection baseline levels. 

 

In preliminary experiments, single unit conduction velocities were determined 

using two recording electrodes with a distance of 7 to 10 mm between electrodes. 

Pressure stimuli were delivered at 400 mmHg as above and single units were 

discriminated on each electrode during mechanical stimulation. Impulses recorded at the 

second electrode, that 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 Aδ conduction velocities (2 to 12.5 m/sec) had action potential 

amplitudes between 47-145 µV (peak-to-peak; n=16) and were readily discriminated in 

our recordings. Units with C conduction velocities (<2 m/s) had small amplitude action 

potentials (<40 µV, n=5). These were excluded from further analysis because variation 
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in their amplitude and duration made them difficult to isolate unambiguously. Thus the 

units we have presented in this paper are exclusively Aδ fibres.  

 

The first series of experiments were conducted to determine if NGF can rapidly 

activate bone nociceptors in whole-nerve recordings (Saline n=6; NGF 5 µg in 10 µl 

n=6; NGF 1 µg in 10 µl n=6). In these experiments, to assess the effects of the 

treatments on ongoing (whole-nerve) activity, the frequency (Hz) of impulses was 

determined over 3 min intervals at the 5, 15, 30, 45 and 60 min time-points.  

 

A second series of experiments was conducted to determine if single 

mechanically activated bone nociceptors could be sensitized by NGF (Saline n=10; 

NGF 5 µg in 10 µl n=12; NGF 1 µg in 10 µl n=7). Sensitization to mechanical 

stimulation was explored because intra-osseous pressure is a mechanical stimulus that 

directly activates nerve fibers in the rat tibia and we are able to control changes in intra-

osseous pressure in our preparation. In these experiments, responses of single units to 

pressure (400 mmHg) were assessed before, 15 and 30 min after application of NGF or 

saline. 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 variability in 

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 NGF if they increased their discharge 

frequency by ≥ 20% relative to the baseline level.  
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A third series of experiments was conducted to determine if NGF-induced 

changes in the activity or sensitivity of bone nociceptors were dependent on signaling 

through the TrkA receptor or mast cells. To do this, we compared NGF-induced activity 

in whole-nerve recordings, and NGF-induced changes in the sensitivity of single, 

mechanically activated bone nociceptors, in the presence and absence of a function 

blocking anti-TrkA antibody or a mast cell stabilizer. The anti-TrkA antibody (15 µg 

i.v.; MNAC13; Absolute Antibody, Oxford, UK) blocks NGF binding to TrkA in rats 

(Cattaneo, Capsoni et al. 1999) and prevents licking behavior when delivered 

systemically at this dose in a mouse formalin-induced inflammatory pain model 

(Ugolini, Marinelli et al. 2007). In the present study, it was delivered intravenously, 30 

min before application of NGF. The mast cell stabilizer (20 mg/kg i.v.; cromolyn; 

Sigma-Aldrich, Castle Hill, AUS) inhibits mast cell degranulation, has a short half-life 

with peak activity at approximately 15 min, and is delivered systemically at this dose to 

treat asthma (Fisher, Brown et al. 1985, Richards, Dickson et al. 1987). In the present 

study, it was delivered intravenously, 15 min before application of NGF.  

 

Repeated measures ANOVA with Dunn’s post hoc test, or a one or two way 

ANOVA with Bonferroni’s post hoc test were used for statistical analyses of 

electrophysiological data as required. Post hoc testing was only performed if the 

ANOVA indicated a significant difference. P<0.05 was used to define statistical 

significance. 

 

Surgery to inject NGF for behavioral testing 

NGF was injected into the rat tibia to test whether it produces rapid pain-like 

behaviors when applied directly to bone. Animals were anesthetized and prepared as 



95 

 

above for retrograde tracing. A Hamilton syringe was used to inject NGF (5 µg/10 µl) 

or saline (10 µl volume control) directly into the medullary cavity. Recovery from 

isofluorane anesthesia occurred within a few minutes of the end of the surgery, allowing 

behavioral testing to be performed within 15 min of surgery.  

 

CFA-induced inflammatory bone pain  

Complete Freund’s Adjuvant (CFA) was injected into the rat tibia to test 

whether inflammation in bone, that develops over a longer time-course (days to weeks), 

produces delayed and persistent pain-like behaviors that can be correlated with changes 

in expression of NGF signaling molecules. Animals were anesthetized and prepared as 

above for retrograde tracing. A Hamilton syringe was used to inject CFA (50 µl; 

Mycobacterium tuberculosis, suspended in a 1:1 oil/saline mixture; Sigma, Australia) or 

saline (volume control) through the hole directly into the medullary cavity. To identify 

bone nociceptors, the retrograde tracer Fast blue (2 µl; 10% in dH2O) was co-injected 

with CFA (or saline). Animals that showed evidence of Fast blue leakage to 

surrounding tissues were excluded from this study.  

 

A series of experiments were performed to confirm inflammation was present in 

the tibiae of CFA-injected animals at the peak pain time-point. CFA (n=3) was injected 

as above and behavioral testing (see below) used to confirm pain-like behavior. Animals 

were then perfused, bones collected and prepared as above, and embedded in paraffin 

blocks. Hematoxylin and Eosin staining was performed on sections cut at 20 µm. 

Sections were examined for cells that indicate the presence of inflammation including 

myeloid and erythroid cells, neutrophils and megakaryocytes. Saline-injected animals 

without pain behavior at the same time-points were used as controls (n=3). Observations 
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were made of the bone marrow at a point 6 to 10 mm distal to the proximal tibial 

metaphysis. Qualitative increases (⇑) or decreases (⇓) relative to saline-injected control 

animals were assessed by a trained histo-pathologist. 

 

Behavioral testing 

Changes in weight bearing, assessed with an incapacitance meter (IITC Life 

Science Inc.; California, US), were used to assay pain-like behavior in response to 

injection of NGF (at 0, 15 and 30 min, 1, 2 and 5 hr, and 1 day after injection) and CFA 

(0, 4, 7, 10, 14, 18, 22, 26 days after injection). The incapacitance meter independently 

measures weight bearing on the injected and un-injected limb. Testing was always 

performed at the same times each day. Animals were first habituated with exposure to 

the equipment for 15 min per day over the 3 days prior to 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  

 

For experiments that explored changes in expression of NGF signaling 

molecules associated with CFA-induced inflammatory bone pain, behavioral testing 

was performed to confirm pain-like behaviors in each animal injected with CFA, and 

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 less than 45% on the injected hindlimb was used as 

confirmation of pain behavior in CFA-injected animals because most of these animals 
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bore less weight than this on their injected limb at the 4 day time-point, whilst saline 

injected animals had an even distribution of weight between the hindlimbs at this same 

time-point.  

 

Friedman’s tests with Dunn’s post hoc analysis were used for statistical 

comparisons of behavioral data within each experimental group, and Mann-Whitney U-

tests were used for comparisons between the groups. Post hoc testing was only 

performed if the Friedman’s test indicated a significant difference. P<0.05 was used to 

define statistical significance. 

 

RESULTS 

 

TrkA is expressed in peripheral nerve terminals in bone  

We used immunohistochemistry to identify TrkA expression in peripheral nerve 

terminals in bone. Immuno-labelling with a pan–neuronal marker (PGP9.5) (Fig. 4.1A) 

showed the full extent of nerve terminal labelling in the marrow cavity. PGP9.5+ nerve 

fibers were clearly identified in large nerve bundles as they entered the bone through the 

nutrient foramina. Nerve fibers branched from these bundles and extended into the 

marrow cavity, where they could be seen ending in close association with blood vessels 

or often as free endings away from blood vessels. TrkA+ nerve fibers were relatively 

sparse in relation to PGP9.5-IR fibers. They were often found in association with blood 

vessels (Fig. 4.1C, large arrows) but could also be found away from blood vessels in the 

marrow cavity (Fig. 4.1B and C; small arrows). Double labelling confirmed that some 

of the TrkA+ nerve terminals co-expressed TH, the rate limiting enzyme in dopamine 

synthesis, and are therefore most likely sympathetic nerve terminals in bone (Fig. 4.1C-
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E). Those that were not TH+ are presumed sensory in origin. The latter appeared to be 

located more often away from blood vessels in the marrow cavity (Fig. 4.1E; small 

arrows). We attempted but were unable to immuno-label nerve terminals in bone 

marrow using the antibodies directed against p75, TRPV1, Nav1.8 and Nav1.9 available 

to us. This may have been because our protocol was not sensitive enough to identify 

expression in the nerve terminal endings of rat bone nociceptors, or because our 

decalcification procedure destroyed antigenicity. 

 

TrkA, p75 and other NGF signaling molecules are constitutively expressed in a 

substantial proportion of sensory neurons that innervate bone  

We used a combination of retrograde tracing and immunohistochemistry in 

order to confirm the sensory neuron origin of some TrkA+ nerve terminals in the 

marrow cavity, and to determine the proportion of bone nociceptors that express the 

TrkA and p75 receptors, and/or other NGF signaling molecules (TRPV1, Nav1.8 and 

Nav1.9). Retrograde labelled bone nociceptors were predominantly small or medium 

sized neurons (>93% of those counted were less than 1800 μm2). We found that 

approximately two thirds of the bone nociceptors expressed TrkA (67 ± 1.3%; n=3) and 

a similar proportion expressed p75 (65 ± 5.8%; n=3) (Fig. 4.2, Table 4.2). Almost all of 

the TrkA+ bone nociceptors (85 ± 2%; n=3) co-expressed CGRP (Fig. 4.2; Table 4.2). 

Thus not all bone nociceptors express TrkA, but those that do are predominantly 

peptidergic (express CGRP). A substantial proportion of bone nociceptors expressed 

TRPV1 (30 ± 0.6%; n=3) and Nav1.8 (40 ± 5%; n=3), but relatively few expressed 

Nav1.9 (7 ± 3%; n=3) (Fig. 4.2, Table 4.2). TrkA+ bone nociceptors had enriched 

expression of TRPV1 (38 ± 3%; n=3) or Nav1.8 (53 ± 3%; n=3), but few expressed 

Nav1.9 (6 ± 3%; n=3) (Fig. 4.2, Table 4.2) 



99 

 

 

NGF rapidly activates bone nociceptors in vivo 

We used an in vivo electrophysiological bone-nerve preparation to determine if 

NGF can rapidly activate bone nociceptors. Whole-nerve ongoing activity prior to and 

after application of NGF was recorded as frequency of action potential discharge (Fig 

4.3A). Application of NGF (5 µg in 10 µl) to the marrow cavity resulted in increased 

ongoing activity in whole-nerve recordings that began between 50 and 165 sec of NGF 

application (Fig. 4.3B) (85 ± 20 sec; mean ± SEM; n= 6). The peak in the frequency of 

ongoing discharge occurred within the first 5 min and then slowly decreased to pre-

application levels by 30 min (Fig. 4.3B). This pattern of NGF-induced activity was 

observed in all 6 whole-nerve recordings made. Figure 4.3C shows group data for the 5, 

15, 30, 45 and 60 min time-points and reveals a significant increase in ongoing activity 

at 5 and 15 min but not at later time-points after application of NGF. The magnitude of 

the discharge at the 5 min time-point was up to 5 times that of the baseline, and at the 

15 min time-point was double that of baseline. Injections of saline (n=6) or of a lower 

dose of NGF (l µg in 10 µl; n=6) did not change the frequency of ongoing discharge at 

any time-point. 

 

NGF acutely sensitizes single mechanically activated bone nociceptors in vivo 

We also tested whether NGF could acutely sensitize mechanically activated 

bone nociceptors in our bone-nerve preparation. Whole-nerve recordings showed 

increased activity during mechanical stimulation after application of NGF (5 µg in 10 

µl), relative to before application of NGF (Fig. 4.4A). Single units could easily be 

isolated from the whole-nerve recordings using spike discrimination software and many 

showed increased discharge frequency during mechanical stimulation after application 
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of NGF (Fig. 4.4A and 4B). NGF (5 µg in 10 µl) increased the response of two thirds of 

the single units to mechanical stimulation at the 15 min, but not 30 min, time-point (Fig. 

4.4B). On average the number of impulses evoked at the 15 min time-point was almost 

double that of pre-injection values. The other third of the single mechanically activated 

units tested did not have altered activity after application of NGF (5 µg in 10 µl) (Fig. 

4.4B). The threshold for activation during the rising phase of the pressure stimulus was 

determined for all the mechanically activated units recorded. Units that responded to 

NGF (5 µg in 10 µl) with increased discharge frequency had significantly lower 

thresholds than those that did not respond to NGF with increased discharge frequency at 

the 15 min, but not 30 min, time-point (Fig. 4.4C). Thus the sensitization of bone 

nociceptors involved both an increase in discharge frequency and a reduction in 

threshold for activation at the 15 min time-point. Neither saline nor a lower dose of 

NGF (1 µg in 10 µl) changed the mechanically evoked increase in discharge frequency 

(Fig. 4.4B) or the activation threshold of single, mechanically activated bone 

nociceptors (Fig. 4.4C).  

 

NGF-induced changes in ongoing activity and mechanical sensitivity are dependent 

on signaling through the TrkA receptor, but are not affected by the activity of 

mast cells 

Systemic delivery of a function blocking anti-TrkA antibody (MNAC13; 15 µg) 

30 min before application of NGF (5 µg in 10 µl) entirely prevented NGF-induced 

changes in whole-nerve ongoing activity (Fig. 4.5A). This treatment also prevented the 

NGF-induced increase in the mechanically evoked discharge frequency (Fig. 4.5B) and 

decrease in the thresholds for activation (Fig. 4.5C) of single, mechanically activated 

units. In contrast, delivery of a mast cell stabilizer (cromolyn, 20 mg/kg) did not alter 
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the NGF-induced increase in ongoing activity in whole-nerve recordings (Fig. 4.5D) 

and did not prevent the NGF-induced increase in mechanically evoked discharge 

frequency (Fig. 4.5E) or decrease threshold for activation (Fig. 4.5F) in single, 

mechanically activated units.  

 

NGF induces acute changes in pain behavior at a time consistent with sensitization 

of bone nociceptors 

To test whether NGF can produce pain-like behavior in conscious animals, we 

applied NGF to the marrow cavity of anesthetized rats and measured the percentage of 

the total weight bearing on the injected hindlimb in animals after wound closure and 

recovery from anesthesia (Fig. 4.6A). NGF (5 µg in 10 µl) injected animals (n=5) had a 

significant reduction in the percentage of the total weight bearing on the injected 

hindlimb at 15 min compared to pre-injection baseline values for the same animals (Fig. 

4.6B). At this time-point there was also a significant reduction in the percentage of the 

total weight bearing on the injected hindlimb in the NGF injected animals compared to 

the saline-injected animals (n=5; Fig. 4.6B). This effect disappeared by 30 min (Fig. 

4.6B). Thus the time-course is similar to that for the sensitization of mechanically 

activated bone nociceptors produced by the same concentration of NGF in the 

electrophysiological experiments above (Fig. 4.4). We could not test weight bearing 

behavior earlier than the 15 min time-point because we could not be sure that the 

animals were fully recovered from anesthesia. 

 

CFA-induced inflammation produces robust and delayed changes in weight 

bearing that can be used to model inflammatory bone pain 
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We developed an animal model to explore delayed changes in protein expression 

in bone nociceptors that might be associated with inflammatory bone pain. 

Inflammation was induced by injection of 50 µl of CFA into the marrow cavity of 

anesthetized rats (n=14) and the presence of inflammation-induced bone pain was 

determined by measuring the percentage of the total weight bearing on the injected 

hindlimb in animals for up to 26 days following surgery. We found that the measured 

percentage of the total weight bearing on the injected hindlimb steadily decreased for up 

to 4 days post-CFA injection and then returned slowly to normal over the next 3 weeks 

(Fig. 4.7A). At the peak of inflammatory bone pain (day 4), weight bearing on the 

injected hindlimb was significantly reduced compared to pre-injection values for the 

same animals. At this time-point there was also a significant difference between the 

CFA- and saline-injected groups. Importantly, there was no change in weight 

distribution in saline-injected control animals, relative to pre-injection values, at any 

time-point (n=10). Histology showed that inflammatory cells are increased in the bone 

marrow of CFA-injected animals at the 4 day time point when the pain-related behavior 

peaked (Fig. 4.7B), with a definite and diffuse increase in neutrophils (thus raising the 

myeloid/erythroid ratio) and megakaryocytes relative to saline-injected controls. These 

findings confirm that our animal model is appropriate to study inflammatory bone pain.  

 

Inflammatory bone pain is not associated with changes in expression of NGF 

signaling molecules in bone nociceptors 

To determine if inflammatory bone pain is associated with changes in expression 

of TrkA and/or other NGF signaling molecules (TRPV1, Nav1.8 and Nav1.9), we 

compared expression of each of these in animals that displayed CFA-induced reductions 

in weight bearing (inflammatory bone pain) with those that had no reduction in weight 
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bearing following saline injection (control). Expression was quantified in two ways. 

First, we determined if there was a change in the proportion of retrograde labelled bone 

nociceptors that expressed each marker. Second, we determined if there was an increase 

in the level of expression (assess by fluorescence intensity).  

 

There were no significant differences in the proportions of retrograde labelled 

bone nociceptors that expressed TrkA, TRPV1, Nav1.8 or Nav1.9 in animals that had 

CFA-induced reductions in weight bearing (n=4) relative to animals that were injected 

with saline and did not (n=4)(Table 4.3). In both these groups of animals, there were 

also no significant differences in the intensity of immuno-labelling for TrkA, TRPV1, 

Nav1.8 or Nav1.9, regardless of whether all retrograde labelled cells were analyzed or 

only those that were clearly immuno-labelled were analyzed (Table 4.4). We were 

unable to test whether inflammation affected the expression of TRPV1, Nav1.8 or 

Nav1.9 in TrkA+ bone nociceptors because in both treatment groups a relatively small 

number of retrograde labeled bone nociceptors co-expressed TrkA and either TRPV1, 

Nav1.8 or Nav1.9 at the 4 day time-point when pain peaked. When the number of cells 

used to calculate proportions is low, small changes in expression produces too much 

variability to produce meaningful comparisons between CFA- and saline-injected 

animals.  

 

DISCUSSION 

 

NGF signaling molecules in bone nociceptors and their nerve terminal endings 

We have shown TrkA expression in peripheral nerve endings in the rat tibia, 

where it is likely activated by NGF released from inflammatory cells, and we confirmed 
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a sensory origin for some of these endings with retrograde tracing to the DRG. Our 

finding that approximately two thirds of the retrograde labelled bone nociceptors 

expressed TrkA or p75 further suggests they are predominantly NGF-sensitive. Mantyh 

and colleagues have clearly demonstrated TrkA+ nerve terminals in murine long bones, 

and have suggested that sensory neurons supplying bone are restricted almost entirely to 

a population that is NGF-sensitive (Castaneda-Corral, Jimenez-Andrade et al. 2011). 

Our findings suggest there is a greater diversity in the rat tibia, because up to one third 

of bone nociceptors do not express detectable levels of TrkA or p75. A similar 

proportion is reported for sensory neurons supplying subchondral bone of the rat femur 

(Aso, Ikeuchi et al. 2014). Whether this reflects species differences, or the different 

methodologies used, remains to be determined. However, what is clear is that the 

proportions of TrkA+ sensory neurons that innervate bone are significantly greater than 

published reports of TrkA+ sensory neurons that innervate skin, muscle and joints 

(Bennett, Dmietrieva et al. 1996, Lu, Zhou et al. 2001, Aso, Ikeuchi et al. 2014), 

suggesting that NGF signaling may be more important in bone pain compared to pain 

from other somatic tissues. 

 

There are a number of studies suggesting that TrkA+ nerve endings in bone are 

almost exclusively peptidergic (Jimenez-Andrade, Mantyh et al. 2010, Castaneda-

Corral, Jimenez-Andrade et al. 2011), and we have confirmed that this is also the case at 

their soma in the DRG. In addition, approximately one third of the bone nociceptors we 

retrogradely labelled constitutively expressed TRPV1 or Nav 1.8, but relatively few 

expressed Nav1.9. This further suggests that TRPV1 and/or Nav 1.8 may contribute to 

bone nociception. The possibility that this occurs as a result of rapid, post-translational 

modifications in peripheral nerve terminals of bone nociceptors, or through changes in 
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the expression of these channels subsequent to inflammation in bone, is discussed 

below. 

 

NGF rapidly activates and sensitizes bone nociceptors, and produces pain-like 

behavioral responses with a similar time-course 

We have demonstrated that NGF applied directly to bone rapidly activates bone 

nociceptors and sensitizes many that respond to mechanical stimulation. Increased 

ongoing action potential discharge was observed within minutes of NGF application and 

lasted for up to 15 min. Single mechanically activated bone nociceptors showed reduced 

thresholds for activation and increased discharge frequency in response to pressure 

stimuli within minutes of NGF application, and these changes lasted for up to 30 min. 

NGF applied to skeletal muscle and urinary bladder of rats is known to rapidly increase 

ongoing action potential discharge in primary sensory neurons (Dmitrieva and 

McMahon 1996, Hoheisel, Unger et al. 2005, Murase, Terazawa et al. 2010). In 

addition, NGF rapidly sensitizes mechanically sensitive muscle and bladder afferents 

(Dmitrieva and McMahon 1996, Hoheisel, Unger et al. 2005, Mann, Dong et al. 2006, 

Murase, Terazawa et al. 2010) and can quickly induce mechanical hyperalgesia in 

rodents (Malik-Hall, Dina et al. 2005, Mills, Nguyen et al. 2013). When we applied 

NGF directly to bone in behavioral experiments, we observed rapid changes in weight-

bearing at 15 min (the first time-point we could assay) that lasted for up to 30 min. This 

acute time-course of pain behavior is entirely consistent with the rapid changes in the 

activity of bone nociceptors we noted in our electrophysiological experiments. Together 

the findings suggest that acute behavioral responses to NGF in bone can be explained at 

least in part by the rapid activation and/or sensitization of mechanically activated bone 

nociceptors.  
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Rapid activation and sensitization of peripheral sensory neurons can be achieved 

by binding of NGF to TrkA on peripheral nerve terminals and post-translational 

modifications of ion channels and/or receptors. Rapid increases in mechanical 

sensitivity induced by NGF have been shown to require the presence of TrkA in 

peripheral sensory neurons (Malik-Hall, Dina et al. 2005) and a number of studies have 

provided evidence for direct, rapid interactions of TrkA with ion channels (Kafitz, Rose 

et al. 1999, Kafitz, Rose et al. 2000, Blum, Kafitz et al. 2002, Kovalchuk, Holthoff et al. 

2004, Merighi, Carmignoto et al. 2004). Our finding that a function blocking anti-TrkA 

antibody prevents the rapid changes in mechanical sensitivity of bone nociceptors 

confirms that the NGF-induced changes we have reported in bone nociceptors are TrkA 

dependent. TRPV1, which we found is expressed in ~30% of bone nociceptors, is an 

example of an ion channel known to interact with TrkA. NGF rapidly increases both the 

membrane current carried by TRPV1 channels (Shu and Mendell 1999, Zhu, Colak et 

al. 2011) and rises in intracellular calcium levels evoked by the TRPV1 agonist 

capsaicin (Bonnington and McNaughton 2003). These changes might reduce the 

temperature threshold of bone nociceptors, increasing their sensitivity to physiological 

temperatures in the bone marrow and could, at least in part, account for the increased 

ongoing activity of bone nociceptors we observed after application of NGF. However, 

TRPV1 does not contribute to the transduction of mechanical stimuli (Caterina, Leffler 

et al. 2000), so it is unlikely that TRPV1 mediates the rapid sensitization of 

mechanically activated bone nociceptors we observed. The TTX-resistant Na+ channel 

Nav1.8, that was expressed in approximately 40% of bone nociceptors, is another ion 

channel that might be involved. Inflammatory mediators, including NGF, are known to 

increase the magnitude of the TTX-resistant Na+ current and shift the voltage threshold 
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for activation of Nav1.8 channels to more negative values (England, Bevan et al. 1996, 

Gold, Reichling et al. 1996, Zhang, Vasko et al. 2002, Belkouch, Dansereau et al. 

2014). These changes would lower the voltage threshold for action potential initiation 

and could account for the sensitization of mechanically activated bone nociceptors we 

observed after application of NGF.  

 

NGF can also exert effects via indirect interactions with a number of different 

cell types in peripheral tissues, including mast cells, leukocytes and sympathetic 

neurons (Bischoff and Dahinden 1992, Horigome, Pryor et al. 1993, Andreev, 

Dimitrieva et al. 1995, Woolf, Ma et al. 1996, Nilsson, Forsberg-Nilsson et al. 1997, 

Vivas, Kruse et al. 2014). In response to NGF, these can release a variety of substances, 

including inflammatory mediators that directly affect ion channels and receptors on 

peripheral nerve endings. Importantly, most of these cell types are resident in bone 

marrow, or can be recruited to bone marrow under pathological conditions such as 

inflammation. For example, we have shown that sympathetic nerve endings are located 

in the bone marrow of rats (Fig. 4.1), and that inflammatory cells are increased in bone 

marrow after CFA-induced inflammation (Fig. 4.7B). The bone marrow contains mast 

cells and there is good evidence that mast cell products are capable of sensitizing 

nociceptors (Beck and Handwerker 1974, Rueff and Dray 1993, Leon, Buriani et al. 

1994, Lewin, Rueff et al. 1994). Mast cell depletion prevents NGF-induced reductions 

in heat, but not mechanical thresholds in the skin-nerve preparation (Rueff and Mendell 

1996), and depleting mast cells does not prevent NGF-induced mechanical hyperalgesia 

at the rat footpad (Lewin, Rueff et al. 1994), suggesting that mast cell degranulation 

may not to be relevant to mechanical sensitization. In the present study, we used mast 

cell stabilization to show that mast cells do not contribute to NGF-induced changes in 
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ongoing activity or mechanical sensitivity of Aδ-fiber bone nociceptors, but it remains a 

possibility that they do affect the activity of C-fiber bone nociceptors.  

 

Inflammatory bone pain is not associated with changes in expression of some 

common NGF signaling molecules 

Internalization and retrograde transport of the NGF/TrkA complex can result in 

up-regulated expression of a number of NGF signaling molecules, including TRPV1 

and voltage-gated Na+ channels (Gould, Gould et al. 2000, Ji, Samad et al. 2002, 

Amaya, Shimosato et al. 2004, Xue, Jong et al. 2007, Shinoda, Asano et al. 2011), and 

increased membrane expression of these ion channels can alter the excitability of 

nociceptors. In the current study, we used an animal model to test whether these 

mechanisms are relevant to inflammatory bone pain. CFA is used routinely in studies of 

experimental inflammatory pain and it drives changes in sensitivity to both thermal and 

mechanical stimuli that can last for days to weeks (Carlton and Coggeshall 1999, Iwata, 

Tashiro et al. 1999, Wu, Zhu et al. 2001, Breese, George et al. 2005, Morgan and 

Gebhart 2008, Ivanusic, Beaini et al. 2011). Sequestration of NGF blocks CFA-induced 

inflammatory pain (Djouhri, Dawbarn et al. 2001), reinforcing a potential role for NGF 

in our model.  

 

However, we did not observe significant differences in expression of TRPV1, 

Nav1.8 or Nav1.9 between animals with, and those without, CFA-induced inflammatory 

bone pain. This is despite analyzing our data in a number of different ways, including 

assessing proportions of neurons that expressed these molecules to explore likely de 

novo expression, and immuno-labelling intensity to explore changes in expression in 

neurons that already expressed each molecule. Furthermore, the failure to detect an 
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increase in TrkA protein in the soma of bone nociceptors suggests that the NGF/TrkA 

complex may not be retrogradely transported from the periphery to the soma in this 

model. Thus inflammatory bone pain does not appear to involve long term changes in 

expression of some of the common NGF signaling molecules. This is notably different 

to the changes in expression of these same ion channels that have been observed at peak 

pain time-points in animal models of CFA-induced cutaneous inflammatory pain 

(Carlton and Coggeshall 2001, Amaya, Oh-Hashi et al. 2003, Breese, George et al. 

2005, Morgan and Gebhart 2008, Lolignier, Amsalem et al. 2011, Yu, Zhao et al. 2011, 

Belkouch, Dansereau et al. 2014) and likely reflects significant tissue-dependent 

differences.  

 

NGF sequestration to treat pain of bony origin 

NGF is up-regulated in peripheral tissues after inflammation (Woolf, Safieh-

Garabedian et al. 1994, Braun, Appel et al. 1998, Malin, Molliver et al. 2006, Paterson, 

Schmelz et al. 2009, Jankowski and Koerber 2010) and sequestering NGF with function 

blocking antibodies significantly attenuates pain behaviors in animal models of bone 

disease (Halvorson, Kubota et al. 2005, Sevcik, Ghilardi et al. 2005, Jimenez-Andrade, 

Martin et al. 2007, Koewler, Freeman et al. 2007, Watson, Allen et al. 2008, Ghilardi, 

Freeman et al. 2011, Jimenez-Andrade, Ghilardi et al. 2011). NGF sequestration has 

been successfully applied in clinical trials to treat osteoarthritic pain (Cattaneo 2010, 

Lane, Schnitzer et al. 2010, Schnitzer, Lane et al. 2011, Brown, Murphy et al. 2012, 

Ekman, Gimbel et al. 2014). Whilst there have been some concerns about safety, the 

benefits for pain management are clear. Interestingly, sequestering NGF after 

inflammatory pain has already developed attenuates pain behaviors in animal models of 

bone cancer and skeletal fracture (Mantyh, Koltzenburg et al. 2011), suggesting that 
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NGF is present and contributing to sensitization of peripheral nociceptors at the time 

when the antibodies are delivered. In the present study, we have demonstrated that NGF 

rapidly activates and alters the excitability of bone nociceptors, and that it produces 

acute behavioral responses in animals when injected directly into bone. These changes 

occur within minutes and resolve within half an hour, suggesting that NGF needs to be 

present for pain to be maintained. In our animal model of inflammatory bone pain, we 

failed to find evidence for a delayed increase in the expression of TrkA, TRPV1, 

Nav1.8 or Nav1.9 in the soma of bone nociceptors. Thus signaling by retrograde 

transported NGF/TrkA complexes does not appear to be important in this model.  
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Figure 4.1 - Immuno-labelling of nerve terminals in the rat tibial marrow cavity 

A, PGP9.5+ nerve fiber bundles (arrowheads), nerve fibers in close association with 

blood vessels (large arrows), and nerve fibers located between blood vessels (small 

arrows). B, TrkA+ nerve fibers located between blood vessels (small arrows). C-E 

images of the same field of view captured with different filter settings to demonstrate 

the degree of co-expression of TrkA and TH in nerve fibers in the marrow cavity. C, 

TrkA+ nerve fiber bundles (arrowheads), TrkA+ nerve fibers around blood vessels 

(large arrows), and TrkA+ in nerve fibers located between blood vessels (small arrow). 

D, TH+ nerve terminals around blood vessels (large arrow). E, merged image showing 

that most of the TrkA+ nerve fibers around blood vessels expressed TH (large arrow), 

but that those away from blood vessels did not (small arrow). Scale bar in A = 100 µm 

and in B-E = 50 µm. 
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Figure 4.2 - Images of retrograde (Fast blue; FB) and immuno-labelled bone 

nociceptors in sections through the DRG. 

Each horizontal panel shows the same field of a single section. Arrowheads identify 

retrograde labelled bone nociceptors throughout. A-D shows FB (A), TrkA immuno-

labelling (B), CGRP immuno-labelling (C) and a merged image (D). Asterisks (*) 

indicate bone nociceptors that are TrkA+, and hashes (#) indicate bone nociceptors that 

are CGRP+. E-H shows FB (E), p75 immuno-labelling (F), CGRP immuno-labelling 

(G) and a merged image (H). Asterisks (*) indicate bone nociceptors that are p75+, and 

hash (#) indicates a bone nociceptor that is CGRP+. I-L shows FB (I), TrkA immuno-

labelling (J), TRPV1 immuno-labelling (K) and a merged image (L). Asterisks (*) 
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indicate bone nociceptor that are TrkA+, and hashes (#) indicate bone nociceptors that 

are TRPV1+. M-P shows FB (M), TrkA immuno-labelling (N), Nav1.8 immuno-

labelling (O) and a merged image (P). Asterisks (*) indicate bone nociceptors that are 

TrkA+, and hash (#) indicates a bone nociceptor that is Nav1.8+. Q-T shows FB (Q), 

TrkA immuno-labelling (R), Nav1.9 immuno-labelling (S) and a merged image (T). 

Asterisks (*) indicate bone nociceptors that are TrkA+. Bone nociceptors in this field do 

not express Nav1.9. Scale bars = 50 µm. 
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Figure 4.3 - NGF rapidly activates bone nociceptors. 

A, Raw data for a whole-nerve recording of the nerve to the rat tibia in response to 

application of NGF (5 µg in 10 µl). Each trace represents a 1 min segment of the 

recording before, 5, 15, 30, 45 and 60 min after application of the NGF. B, Frequency 

histogram of the entire recording presented in A. Bin width = 5 sec. C, Group data 

showing discharge frequency (mean ± SEM) in response to application of NGF 5 µg in 

10 µl (n=6), NGF 1 µg in 10 µl (n=6) or saline (n=6). Application of NGF 5 µg in 10 µl 

resulted in a significant increase in whole-nerve activity at 5 and 15 min, both relative to 

pre-injection baseline levels (Dunn’s post-hoc analysis #P<0.05) and to levels of 

activity in the saline control or NGF 1 µg in 10 µl (Bonferroni’s post hoc test *P<0.05). 

Saline or NGF 1 µg in 10 µl injections did not change nerve activity at any time-point 

(Repeated measures ANOVA P>0.05). 
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Figure 4.4- NGF sensitizes mechanically activated bone nociceptors. 

A, Example of a whole-nerve recording and rasters of isolated single units in response 

to a 400 mmHg pressure stimulus before (top), 15 min (middle) and 30 min (bottom) 

after application of NGF (5 µg in 10 µl) to the marrow cavity. NGF application results 

in increased frequency of discharge and reduced threshold for activation in response to a 

400 mmHg pressure stimulus. B, Discharge frequency and C, threshold for activation 

for single mechanically activated units at 15 min (left panels) and 30 min (right panels) 

after injection of NGF (5 µg in 10 µl) (n=12), NGF (1 µg in 10 µl) (n=7) or saline 

(n=10), expressed as a percentage of pre-injection values. In experiments where NGF (5 

µg in 10 µl) was applied, the single units were separated into those that were sensitized 

by NGF (n=8) and those that were not (n=4). There was a significant increase in 
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discharge frequency in response to the pressure stimulus at 15 min, but not 30 min, after 

application of NGF (5 µg in 10 µl), relative to levels of activity in the saline control and 

NGF (1 µg in 10 µl) groups (Bonferroni’s post hoc test *P<0.05). At the 15 min time-

point, the units that responded to NGF (5 µg in 10 µl) with increased discharge 

frequency had significantly lower thresholds for activation than those that did not 

respond to NGF, or that were recorded subsequent to injections of saline and NGF (1 µg 

in 10 µl) (Bonferroni’s post hoc test *P<0.05). There were no differences in thresholds 

for activation in any of the units at 30 min (Repeated measures ANOVA P>0.05). Data 

in B and C are for single units and error bars represent mean ± SEM. 
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Figure 4.5 - Effects of anti-TrkA and cromolyn on NGF-induced changes in the 

activity and sensitivity of bone nociceptors. 

A, Group data showing whole-nerve ongoing discharge frequency in response to 

application of NGF (n=6), saline (n=6) or NGF+anti-TrkA (n=6). Animals injected with 

NGF+anti-TrkA had significantly reduced whole-nerve ongoing activity relative to 
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animals injected with NGF alone (Bonferroni’s post hoc test *P<0.05), and were 

indistinguishable from saline injected controls. B, Discharge frequency and C, threshold 

for activation of single, mechanically activated units after application of NGF (n=12), 

saline (n=10) or NGF+anti-TrkA (n=13). Single units in animals injected with 

NGF+anti-TrkA had significantly reduced discharge frequencies, and significantly 

greater thresholds for activation, in response to mechanical stimulation relative to those 

in animals injected with NGF alone (Bonferroni’s post hoc test *P<0.05), and were 

indistinguishable from those in saline injected control animals. D, Group data showing 

whole-nerve ongoing discharge frequency in response to application of NGF 5 (n=6), 

saline (n=6) or NGF+cromolyn (n=6). Animals injected with NGF, or NGF+cromolyn 

had significantly increased whole-nerve ongoing activity relative to animals injected 

with saline (Bonferroni’s post hoc test *P<0.05). There were no significant differences 

in whole-nerve ongoing activity between animals injected with NGF or NGF+cromolyn. 

B, Discharge frequency and C, threshold for activation of single, mechanically activated 

units after application of NGF (n=12), saline (n=10) or NGF+cromolyn (n=13). Whilst 

there was a significant increase in discharge frequency and reduction in threshold for 

activation in single, mechanically activated units in animals injected with NGF alone, 

relative to saline injected controls (Bonferroni’s post hoc test *P<0.05), units in animals 

injected with cromolyn+NGF were indistinguishable from those injected with NGF 

alone. All data are normalized to pre-injection values. Data in A and D are represented 

as mean ± SEM. Data in B, C, E and F are for single units and error bars represent mean 

± SEM. NGF was applied at 5 µg in 10 µl. 
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Figure 4.6 - NGF injection into the rat tibia produces rapid pain-like behavior. 

A, Weight bearing was assessed using an incapacitance meter that measures distribution 

of weight bearing across each hindlimb. B, There was a significant reduction in weight 

bearing on the injected hindlimb, relative to the un-injected hindlimb, at 15 min (but not 

at later time-points) after application of NGF (Dunn’s post-hoc analysis #P<0.05) and a 

significant reduction in weight bearing on the injected hindlimb relative to the un-

injected hindlimb, in NGF-injected animals compared to that in saline-injected animals 

at this same time-point (Mann-Whitney *P<0.05).   
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Figure 4.7- Model of CFA-induced inflammatory bone pain. 

A, Time-course of CFA-induced inflammatory bone pain. The peak of inflammatory 

bone pain at day 4 was significantly different to pre-injection values for the same 

animals (Dunn’s post-hoc analysis #P<0.05) and the values for the saline-injected 

control group at this time-point (Mann-Whitney *P<0.05). Importantly, there was no 

significant change in weight distribution in control animals, relative to pre-injection 

values, at any time-point. B, CFA-induced inflammation increases the number of 

inflammatory cells in the bone marrow of CFA-injected animals, relative to saline-

injected animals, at the peak pain time-point (day 4).  
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Primary Antibody 
Antigen 

Immunogen Manufacturer and 
product code 

Dilution 
used 

Specificity/ 

Characterization 

Protein gene 
product 9.5 
(PGP9.5) 

human PGP9.5 
purified from 
pathogen free 
human brain 

Ultraclone; 

Rabbit polyclonal; 
#RA95101 

1:1000 (Doran, Jackson et 
al. 1983) 

Calcitonin gene-
related peptide 

(CGRP) 

synthetic rat Tyr-
CGRP (23-37) 

Biogenesis; 

Goat polyclonal; 

#1720-9007 

1:1000 (Yasuhara, Aimi et 
al. 2008) 

manufacturer’s 
information 

Calcitonin gene-
related peptide 

(CGRP) 

synthetic rat CGRP 
conjugated to KLH 

Sigma, 

Rabbit polyclonal; 
#C8198 

1:500 (Zhang, Hoff et al. 
2001, Peleshok 
and Ribeiro-da-

Silva 2011) 
manufacturer’s 

information 
Transient Receptor 
Potential Vanilloid 

1 (TRPV1) 

intracellular c-
terminus of rat 

TRPV1 (824-838) 

Alomone Labs; 

Rabbit polyclonal; 

#ACC-030 

1:500 (Everaerts, 
Sepulveda et al. 
2009, Alamri, 

Bron et al. 2015) 
manufacturer’s 

information 
Voltage gated 

sodium channel 
NaV1.8 

intracellular, C-
terminus of rat 
NaV1.8. (1943-

1956) 

Alomone Labs; 

Guinea pig polyclonal; 

#AGP-029 

1:500 manufacturer’s 
information 

Voltage gated 
sodium channel 

NaV1.9 

intracellular, C-
terminus of rat 
NaV1.8. (1748-

1765) 

Alomone Labs; 

Rabbit polyclonal; 

# ASC-017 

1:2000 (Yu, Zhao et al. 
2011, Su, Ye et al. 

2013) 

Tyrosine receptor 
kinase A (TrkA) 

extracellular 
domain of 

embryonic chick 
TrkA isolated from 

e8 DRG 

Louis Reichardt; 

Rabbit polyclonal 

1:2000 (Schropel, von 
Schack et al. 1995, 
Lefcort, Clary et 
al. 1996, George, 
Kasemeier-Kulesa 

et al. 2010) 

Tyrosine receptor 
kinase A (TrkA) 

purified 
recombinant rat 

TrkA extracellular 
domain (Ala33-Pro-

418) 

R&D Systems; 

Goat polyclonal; 

#AF1056 

1:500 (King and Scherer 
2012, Matsumoto, 

Konishi et al. 
2012) 

manufacturer’s 
information 

Nerve growth 
factor receptor 

cytoplasmic domain 
of human p75 

Promega; 
Rabbit polyclonal 

1:1000 manufacturer’s 
information 
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(p75) #G323A 

Tyrosine 
Hydroxylase (TH) 

denatured tyrosine 
hydroxylase from 

rat 
pheochromocytoma 

Millipore; 

Rabbit polyclonal; 
#AB152 

1:250 (Ivanusic, Wood et 
al. 2013) 

manufacturer’s 
information 

 

Secondary antibody Manufacturer Dilution used 

Donkey anti-Rabbit 594 Molecular probes, 
Invitrogen; 

#A21207 

1:200 

Donkey anti-Goat 488 

 

Molecular probes, 
Invitrogen; 

#A11055 

1:200 

Donkey anti-Guinea pig 647 Jackson Immuno 
Research; 

#706-606-148 

1:500 

 

Table 4.1 - Source and concentrations of the primary and secondary antisera used 
in this study. 
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 Number of 

animals 

Number of 

retrograde labelled 

bone nociceptors 

Percentage 

(Mean  ± SEM) 

Percentage of bone nociceptors that are: 

TrkA+ 3 106 67 ± 1.3 

p75+ 3 411 65 ± 5.8 

TRPV1+ 3 106 30 ± 0.6 

Nav1.8+ 3 146 40 ± 5 

Nav1.9+ 3 146 7 ± 3 

 

Proportion of TrkA+ bone nociceptors 

that express CGRP 

3 183 85 ± 2 

Proportion of TrkA+ bone nociceptors 

that express TRPV1 

3 154 38 ± 3 

Proportion of TrkA+ bone nociceptors 

that express Nav1.8 

3 146 53 ± 3 

Proportion of TrkA+ bone nociceptors 

that express Nav1.9 

3 146 6 ± 3 

 

Table 4.2 - The percentage of retrograde labelled bone nociceptors that express 

various NGF signaling molecules, and the proportion of TrkA+ bone nociceptors 

that express CGRP. 
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 Saline: 
Number 

of 
animals 

Saline: 
Number of 
retrograde 

labelled 
bone 

nociceptors 

Saline: 
Percentage 
(Mean  ± 

SEM) 

CFA: 
Number 

of 
animals 

CFA: 
Number of 
retrograde 

labelled 
bone 

nociceptors 

CFA: 
Percentage 
(Mean  ± 

SEM) 

Significant 
difference 
between 

saline and 
CFA injected 

animals 
(y/n) 

TrkA 4 257 56 ± 6.8 4 122 60 ± 8.9 n 

TRPV1 4 272 31 ± 6.4 4 127 37 ± 3.6 n 

Nav1.8 4 79 30 ± 4.5 4 76 35 ± 4.4 n 

Nav1.9 4 77 2.7 ± 1.6 4 63 1.3 ± 1.3 n 

 

Table 4.3 - The proportion of retrograde labelled bone nociceptors that express 

various NGF signaling molecules in saline vs CFA injected animals. 
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 Saline: 

Number 

of 

animals 

Saline: 

Number of 

retrograde 

labelled 

bone 

nociceptors 

Saline: 

Intensity 

(Mean  ± 

SEM) 

CFA: 

Number 

of 

animals 

CFA: 

Number of 

retrograde 

labelled 

bone 

nociceptors 

CFA: 

Intensity 

(Mean  ± 

SEM) 

Significant 

difference 

between saline 

and CFA 

injected 

animals 

(y/n) 

All retrograde labelled cells 

TrkA 4 257 2 ± 0.1 4 122 1.9 ± 0.02 n 

TRPV1 4 272 2.0 ± 0.3 4 127 1.8 ± 0.3 n 

Nav1.8 4 79 1.4 ± 0.03 4 76 1.5  ± 0.01 n 

Nav1.9 4 77 1.2 ± 0.04 4 63 1.2 ± 0.02 n 

Retrograde labelled cells that clearly expressed each marker 

TrkA 4 138 2.4 ± 0.1 4 72 2.4 ± 0.1 n 

TRPV1 4 75 4.2 ± 1.1 4 47 2.9 ± 0.6 n 

Nav1.8 4 21 1.8 ± 0.06 4 25 1.7 ± 0.03 n 

Nav1.9 4 3 1.6 ± 0.1 4 3 1.6 ± 0.04 n 

 

Table 4.4 - The intensity of retrograde labelled bone nociceptors that express 

various NGF signaling molecules in saline vs CFA injected animals. 

Means are presented for all retrograde labelled neurons and for retrograde labelled 

neurons that clearly expressed each marker.  
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5. Chapter 5: GDNF, NEURTURIN AND ARTEMIN ACTIVATE AND 

SENSITIZE BONE AFFERENT NEURONS 

 

The work reported in this Chapter has been published as part of the original 

research article: Nencini S, Ringuet M, Kim D, Greenhill C, Ivanusic JJ (2018) 

“GDNF, neurturin and artemin activate and sensitize bone marrow nociceptors and 

contribute to inflammatory bone pain” in Journal of Neuroscience (vol. 38, issue 21, 

pp: 4899-4911). However, since the candidate’s contribution to this paper did not fulfil 

all of the requirements for its inclusion in the thesis as a stand-alone chapter, only those 

data collected and analysed by the candidate have been reported in Chapter 5. The full 

paper from which these data have been taken is provided at the end of the thesis as part 

of the appendix.  

 

INTRODUCTION 

In the previous chapter, it was shown that NGF acutely and transiently activates 

and sensitizes bone afferent neurons and produces pain-like behaviours in animals with 

a similar time course. The role of NGF as a mediator of bone pain is not entirely new. 

Sequestration of NGF by systemic administration of anti-NGF antibodies reduces pain-

like behaviours in animal models of bone cancer and fracture-induced pain (Sevcik, 

Ghilardi et al. 2005, Jimenez-Andrade, Martin et al. 2007, Koewler, Freeman et al. 

2007), suggesting that endogenous NGF is expressed in bone pathologies and 

contributes to pain originating from bone. These findings formed the impetus for the 

development of NGF sequestration therapy to treat bone pain in humans. However, 

many osteoarthritic patients receiving anti-NGF antibodies in conjunction with NSAIDs 

developed rapidly progressive osteoarthritis and needed subsequent joint replacement 
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surgery (Lane, Schnitzer et al. 2010, Seidel, Wise et al. 2013, Hochberg 2015). The 

problem was so severe that, in 2010, the US Food and Drug Administration placed a 

hold on all clinical trials involving anti-NGF antibodies. Since then, clinical trials have 

been resumed: different doses and novel anti-NGF or anti-TrkA antibodies have been 

clinically tested, showing promising results (Chang, Hsu et al. 2016, Shang, Wang et al. 

2017). Although a number of new trials are under way, the long-term efficacy and 

safety profile of anti-NGF antibodies are yet to be established.  

 

The GDNF is the first discovered member of a group of neurotrophic factors, 

closely related to NGF, that are collectively referred to as the GDNF Family Ligands 

(GFLs). In addition to GDNF, the GFLs include neurturin, artemin, and persephin. All 

four members of the GDNF family signal through activation of the c-Ret receptor 

tyrosine kinase (Durbec, Marcos-Gutierrez et al. 1996, Trupp, Arenas et al. 1996, 

Saarma 2001). c-Ret requires the presence of a glycosyl phosphatidylinositol (GPI)-

anchored co-receptor known as GDNF family receptor α (GFRα) (Jing, Wen et al. 1996, 

Treanor, Goodman et al. 1996), which also confers ligand specificity for the receptor 

complex. High binding affinity is found for GDNF and GFRα1, neurturin and GFRα2, 

artemin and GFRα3, and persephin and GFRα4 (Lindsay and Yancopoulos 1996, Sah, 

Ossipov et al. 2005).  

 

GFLs have pleiotropic functions. During development, GFLs promote the 

growth and survival of several populations of central and peripheral neurons 

(Henderson, Phillips et al. 1994, Trupp, Ryden et al. 1995, Heuckeroth, Lampe et al. 

1998, Wang, Elitt et al. 2008). However, in the adult, increases in the expression levels 

of some GFLs and of their receptors have been implicated in pain associated with 
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several inflammatory conditions (Hashimoto, Nitta et al. 2005, Malin, Molliver et al. 

2006, Ceyhan, Bergmann et al. 2007, Tanaka, Shinoda et al. 2011, von Boyen, Schulte 

et al. 2011, Lippoldt, Elmes et al. 2013, Ikeda-Miyagawa, Kobayashi et al. 2015). 

Therefore, it has been hypothesised that these neurotrophic factors participate in the 

pathogenesis of inflammatory pain. Several animal studies have substantiated this 

hypothesis. Injection of GDNF into skin and skeletal muscle induces mechanical and 

thermal hyperalgesia (Alvarez, Chen et al. 2012). Likewise, intraplantar injection of 

recombinant artemin induces both mechanical and heat hyperalgesia within a few hours 

of the injection in mice (Malin, Molliver et al. 2006, Thornton, Hatcher et al. 2013), and 

the hyperalgesia can persist for days if repeated injections are made (Ikeda-Miyagawa, 

Kobayashi et al. 2015). Finally, one study has documented the ability of exogenous 

neurturin to induce thermal hyperalgesia in skin (Malin, Molliver et al. 2006). Notably, 

injection of antibodies against GDNF or artemin in inflamed skin, bladder and muscle 

of experimental animals proved effective in reducing inflammation-induced 

hyperalgesia (Murase, Terazawa et al. 2013, Thornton, Hatcher et al. 2013, DeBerry, 

Saloman et al. 2015), indicating a physiological role for these GFLs in the generation of 

pain. 

 

Using immunohistochemistry, studies in our laboratory have recently 

demonstrated that the GFRα1, 2 and 3 receptors are expressed by a substantial 

proportion of retrograde labelled DRG bone afferent neurons, suggesting that GDNF, 

neurturin and artemin signalling may also be relevant to the function of afferent neurons 

supplying the bone (Nencini, Ringuet et al. 2018). In particular, it was found that 

approximately 40% of bone afferent neurons express GFRα3, and that most of these co-

express TrkA. Thus, they are likely to be NGF-sensitive peptidergic neurons. In 
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contrast, approximately 20% of bone afferent neurons express GFRα1 and/or GFRα2, 

and they are mostly non-peptidergic neurons that do not express the receptor for NGF. 

Whether there are differential effects of each of the different GFLs between the 

peptidergic, NGF-sensitive bone afferent neurons and the non-peptidergic, NGF-

insensitive bone afferent neurons is not yet known. In addition to these 

immunohistochemically studies, experiments using the measurement of weight 

distribution between the hind paws as an index of bone pain have revealed that injection 

of exogenous GDNF, neurturin or artemin into the marrow cavity of the rat tibia results 

in greater sensitivity to weight-bearing than in animals injected with saline (Nencini, 

Ringuet et al. 2018). These findings provide strong evidence for a role of GFLs in bone 

pain and have led to the hypothesis that manipulation of GFL signalling might 

constitute an alternative approach for the management of inflammatory bone pain.  

 

In this chapter, the bone-nerve preparation has been used to provide direct 

evidence that GFL signalling regulates the activity of bone afferent neurons in vivo. In 

particular, these studies have shown that intra-osseous injection of GDNF, artemin or 

neurturin, at a dose that is known to produce pain-like behaviours in animals, can 

activate bone afferent neurons and sensitize them to subsequent noxious stimulation. 

Together, these findings provide robust evidence for a role of GFLs in the pathogenesis 

of bone pain and provide a rational basis for exploring treatments that target GFL 

signalling to treat bone pain.  

 

METHODS 

Male Sprague Dawley rats weighing between 200-250 g were used in this 

study. Animals were housed in pairs or groups of four, in a 12/12 hour light/dark 
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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.  

 

The in vivo bone-nerve preparation 

In this study, electrophysiological recordings were made using our in vivo bone-

nerve preparation (Nencini and Ivanusic 2017, Nencini, Ringuet et al. 2017). The 

preparation has already been described in detail in Chapters 3 and 4, so it will only be 

briefly described here. Rats were anesthetized with urethane (50% w/v, 1.5 g/kg i.p) and 

their rectal temperature was monitored and maintained within the physiological range 

(36-37 °C) with a heating pad for the entire duration of the experiment. A fine branch of 

the tibial nerve that innervates the marrow cavity of the rat tibia was identified and 

carefully teased away from its associated blood vessels and surrounding tissues over 

approximately 1 cm. A platinum hook electrode was used for extracellular recordings. 

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).  

 

Mechanical stimulation was delivered by injecting heparinized physiological 

saline (0.9% sodium chloride) into the marrow cavity through a needle, implanted in a 

small hole in the proximal tibia. The input pressure to the bone was measured using a 

bridge amplified (TAM-D amplifier, Harvard Apparatus) signal derived from a pressure 

transducer (APT300 transducer, Harvard Apparatus). A feedback controlled syringe 
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pump (PHD ULTRA pump, Harvard apparatus) was used to deliver 15 sec duration 

ramp-and-hold pressure stimuli to 300 mmHg. This stimulus reliably recruits 

mechanically activated bone afferent neurons that innervate the tibial marrow cavity 

(see Chapter 3). 

 

Substances 

GDNF, neurturin or artemin (10 µl of 20 µg/ml; PeproTech catalogue #450-10, 

#450-11 and, #450-17, respectively) were delivered into the tibial marrow cavity 

through a separate needle and hole using a Hamilton syringe attached with polyethylene 

tubing. The doses used for each of the GFLs are in the range that produced behavioural 

sensitivity when injected into the hind-paw footpad of mice (Malin, Molliver et al. 

2006). These doses also produced pain-like behaviours when injected in the tibial 

marrow cavity of naïve rats (Nencini, Ringuet et al. 2018). However, the actual 

concentration of the ligands at the nerve terminal endings in the bone marrow is not 

known because there will be dilution in the bone marrow compartment. In control 

experiments, saline (10 µl, control volume) was injected into the marrow cavity. The 

GFLs or saline were slowly injected over 1 min. This slow injection rate was required to 

limit any possible mechanically induced activation of bone afferent neurons due to the 

injection. 

 

Experimental protocols and statistical analyses 

Because bone pain is predominantly associated with mechanical, but not thermal 

stimuli, a high-intensity mechanical stimulus in the form of a ramp-and-hold pressure 

pulse was used to test for changes in sensitivity of mechanically activated bone afferent 

neurons.  
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Only action potentials with positive and/or negative peaks clearly above the noise 

level (~10 µV peak-to-peak) were sampled. Single units were discriminated in the 

whole nerve recordings according to their amplitude and duration using Spike 

Histogram software (LabChart 8, ADInstruments). In Chapter 3, the conduction 

velocities of the single mechanically activated units were determined by dividing their 

action potential conduction time between two electrodes by the inter-electrode distance, 

and a positive linear relationship between action potential amplitude and conduction 

velocity was demonstrated. In this chapter, further experiments were performed to 

extend this dataset with the inclusion of an additional 21 units (Figure 5.1). The same 

relationship between action potential amplitude and conduction velocity was observed, 

but more units with C-fibre conduction velocities were included in the data set. 

Therefore, the present study continued to define action potentials with peak-to-peak 

amplitudes of between 40-145 µV as being derived from Aδ fibres, and also defined 

those with peak-to-peak amplitudes of less than 40 µV as being derived from C fibres. 

 

Ongoing activity 

The first series of experiments were conducted to determine if each of the GFLs 

could rapidly activate bone afferent neurons in whole-nerve recordings. In these 

experiments, nerve activity was recorded continuously, with injection of GDNF, 

neurturin, artemin or saline occurring at the 5-minute time point and the recording 

continuing for 1 hour after the injection. The analysis was first performed on all spikes 

isolated from the whole-nerve activity, regardless of whether the spikes were derived 

from Aδ and C fibres. To determine if any of the GFLs had effects specifically on Aδ 

and C fibres, the spikes were then also classified on the basis of their amplitude as 
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derived from Aδ and C fibres (see above), and the analyses were repeated. Spikes were 

counted and reported as frequency histograms with 30 seconds bin widths. The onset of 

GFL-induced activity was defined as the time at which the mean frequency of discharge 

in two consecutive 30 sec bins exceeded that of the maximum mean frequency of 

discharge in all preceding bins.  

 

Mechanical sensitivity 

A second series of experiments was conducted to determine if single 

mechanically activated bone afferent neurons could be sensitized by each of the GFLs. 

Because units with conduction velocity in the C-fibre range had small spike amplitudes 

(<40uV), C-fibre afferent neurons could not be unequivocally isolate in single units 

(Chapter 3). Thus in these experiments, only data for Aδ units are reported. Responses 

of the single Aδ units to the ramp-and-hold pressure stimuli (to 300 mmHg) were 

assessed before, 15, 30, 45 and 60 min after application of the GFLs or saline.  

 

The threshold for activation and the overall discharge frequency for the single 

Aδ units during the pressure stimulus was determined following injection of each GFL 

and these were expressed relative to pre-injection values (%). Decreases in the 

mechanical threshold assessed on the rising phase of the pressure ramp and/or increases 

in discharge frequency during the (15 sec) pressure stimulus (total response) were used 

as indicators of sensitization. As reported in Chapter 4 for NGF, a unit was classified as 

being sensitized if it increased its discharge frequency by ≥ 20% relative to the pre-

injection level. Single unit discharge frequency measured during the ramp and the hold 

phase of the pressure stimulus were used to define the dynamic and static discharge, 

respectively. The dynamic discharge was measured during the first 2 sec of the ramp-
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and-hold stimulus, whereas the static discharge was measured during the last 5 sec of 

the ramp-and-hold stimulus.  

 

Statistical analysis 

Statistical analyses were performed using Prism (Graphpad Prism, Graphpad 

Software).  

 

In the ongoing activity experiments, the number of whole-nerve recordings 

(which also corresponds to the number of animals used) was indicated as n. For 

statistical comparisons, the total number of spikes was measured over 5 min intervals 

starting at 5, 15, 30, 45 and 60 min following GFL injection and compared with activity 

recorded in saline-treated controls at the same time points using a two-way ANOVA 

with repeated measures.  

 

In the mechanical sensitivity experiments, the number of single units recorded 

and the number of animals from which these units were sampled are indicated as n and 

N, respectively. Differences in the effect of each of the GFLs on the mechanical 

sensitivity of bone afferent neurons were analysed using a one-way ANOVA, or a two-

way ANOVA with repeated measures, as required. The ANOVA analyses were 

followed by pairwise comparisons with Bonferroni’s post hoc tests only if a significant 

difference was indicated. P<0.05 was used to define statistical significance. 

 

RESULTS  

 
Application of GFLs to the marrow cavity increases the activity of C and Aδ bone 

afferent neurons  
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Intra-osseous injection of 10 µl of saline did not alter the activity of the whole-

nerve at any time point (n=5; Figure 5.2). In contrast, application of GDNF (n=5; Figure 

5.2A, upper panel), neurturin (n=5; Figure 5.2A, middle panel) or artemin (n=5; Figure 

5.2A, lower panel) to the marrow cavity resulted in significant increases in the whole-

nerve ongoing activity (Figure 5.2A). The time-course of the changes in whole-nerve 

activity differed between each of the GFLs. Application of GDNF to the marrow cavity 

produced an increase in whole-nerve activity that began between 8 and 13 min (9 min 

and 54 sec ± 51 sec; mean ± SEM; n= 5), whereas that produced by injection of 

neurturin began between 15 and 29 min (18 min and 30 sec ± 2 min and 36 sec; mean ± 

SEM; n= 5). GDNF- and neurturin-induced activity was maintained for the 60 min 

recording period after injection, with no clear peak in the level of activity within this 

time period (Figure 5.2A). In contrast, application of artemin to the marrow cavity 

resulted in an earlier increase in activity that began between 3 and 6 min (3 min and 54 

sec ± 33 sec; mean ± SEM; n= 5). Artemin-induced activity peaked within 10 min of 

application, and then slowly decreased to pre-application levels by approximately 30 

min (Figure 5.2A).  

 

Group data for whole-nerve activity are shown in Figure 5.2B. 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; neurturin F (1, 8) = 34.78; 

P=0.0004; artemin F (1, 8) = 11.95 P=0.0086). GDNF and neurturin increased whole-

nerve activity, relative to saline, starting from the 15 min and 30 min time-points, 

respectively (Figure 5.2B, upper and middle panels). The peak level of activity induced 

by GDNF and neurturin was approximately 10 times that recorded during the pre-

injection period. In contrast, artemin increased activity relative to saline at the 5 and 15 
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min, but not at the later time-points (Figure 5.2B, lower panel). The peak increase in 

activity induced by artemin was approximately 6 times that recorded during the pre-

injection period.  

 

In whole-nerve recordings, it appeared that the amplitudes of spikes that were 

evoked following injection of each GFL differed. For example, application of neurturin 

to the marrow cavity predominantly increased the frequency of small amplitude spikes, 

while artemin injection increased the frequency of small and medium amplitude spikes 

(Figure 5.3A). Given the relationship between conduction velocity and action potential 

amplitude for single units (see Methods), this observation suggested that some of the 

GFLs differentially impacted on the activity of Aδ or C-fibre bone afferent neurons. To 

determine if this was the case, analyses were performed on the activity of Aδ and C-

fibre spikes that were isolated from the whole-nerve recordings. Both GDNF and 

neurturin induced prolonged changes in the activity predominantly of C-fibres, whereas 

artemin induced rapid and transient increases in the activity of both C and Aδ fibres 

(Figure 5.3B). 

 

Overall these data indicate that injection of GDNF, neurturin, and artemin in the 

bone marrow induces significant increases in the activity of bone afferent neurons, 

albeit with differences in their time-course of activation.  

 

Application of GFLs to the marrow cavity sensitizes Aδ bone afferent neurons 

Figure 5.4A shows an example of whole-nerve activity induced by ramp-and 

hold pressure stimulus before, 15 and 30 min after application of artemin (20 µg/ml, 10 

µl). Artemin clearly increased whole-nerve activity in response to the pressure stimulus 
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at both of these time-points. In this recording, three single Aδ-fibre units could be 

isolated from the whole-nerve recording and the activity of each is represented as spike 

rasters in Figure 5.4A. At 15 min post- injection, artemin sensitized all three of these 

single units by increasing their response (discharge frequency) and decreasing their 

threshold for activation. At the 30 min post-injection, sensitization was only evident in 

two out of three units (i.e. red and blue units). 

 

Figure 5.4B shows group data reporting the proportion of all isolated Aδ-fibre 

units that were sensitized by each of the GFLs. GDNF and neurturin sensitized one third 

of the single units tested (n=4/12, N=5 animals for both GDNF and neurturin; upper and 

middle panels), while artemin sensitized two thirds of the units tested (n=8/12, N=4 

animals; lower panel).  

 

Figure 5.4C shows the thresholds for activation (left panels) and the discharge 

frequencies (right panels) for all single units measured 15 min after application of 

GDNF (upper panels), neurturin (middle panel) and artemin (lower panels), or saline, as 

a percentage of the pre-injection values. 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 post-application; 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 post-application; and the artemin-

sensitized units had a reduced threshold for activation (ANOVA F=33.65 P<0.0001) 

and increased discharge frequency (ANOVA F=19.47 P<0.0001) at 15 min post-

application (Figure 5.4C). Overall, the thresholds for activation of sensitized units were 
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reduced by 20-50% after GFL injection. In addition, each of the GFLs increased the 

average discharge frequency evoked by the ramp-and-hold stimulus by approximately 

40%. As expected, saline injection (10 μl) had no effect on activation threshold or 

discharge frequency in any of the single units tested (n=10, N=4 animals; Figure 5.4C). 

 

As there were differences in the time course of ongoing activity induced by each 

of the GFLs, the possibility that this was also the case for sensitization was investigated. 

Figure 5.5A shows the time course of sensitization induced by GDNF (upper panels), 

neurturin (middle panels), and artemin (lower panels) for up to 60 min. In this figure, 

GFL-treated units were divided into sensitized and non-sensitized units (see methods) 

and average changes in the total single unit discharge evoked by the ramp-and-hold 

stimulus are presented as % of pre-injection value.  

 

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 a more prolonged sensitization, which was 

evident at each of the time-points tested (up to 60 min) (Figure 5.5A, middle panel). 

Artemin-induced sensitization peaked at 15 min and resolved by 45 min (Figure 5.5A, 

lower panel). Whilst 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 between treatment and time (F(8,76)=3.42 P=0.0021). 

GDNF induced a rapid and transient sensitization effect that was observed at 15 min, 

but not at later time points (Figure 5.5A, upper panel).  
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The total discharge frequency measured for each single unit is the combination 

of the dynamic discharge evoked during the ramp phase of the stimulus and the static 

discharge evoked during the hold phase of the stimulus. For this reason, in Figure 5.5B 

the effects of the GFLs on the discharge during the dynamic (left panels) and the static 

(right panels) phases of the stimulus were compared separately. Two-way ANOVA with 

repeated measures showed significant treatment effects for the dynamic responses 

following application of GDNF, neurturin, and artemin relative to saline (GDNF 

F(2,19)=8.384 P=0.0025; neurturin F(2,19)=25.24 P<0.0001; artemin F(2,19)=14.11 

P=0.0002). In contrast, the two-way ANOVA with repeated measures did not indicate a 

significant treatment effect for any of the GFLs on the static response (GDNF 

F(2,19)=0.8917 P=0.4264; neurturin F(2,19)=0.8437 P=0.4456; artemin F(2,19)=1.288 

P=0.2987). These findings clearly indicate that GFL-induced sensitization was entirely 

attributed to increased activity during the dynamic (ramp) phase of the pressure 

stimulus. 

 

Overall these data indicate that injection of each of the GFLs increase the 

dynamic discharge frequency and decrease the threshold for activation of Aδ bone 

afferent neurons in response to noxious mechanical stimulation. However, the time-

course of sensitization and the proportion of sensitized units differed between the GFLs.  

 

DISCUSSION 

 
GDNF, neurturin, and artemin activate and sensitize bone afferent neurons 

This study provides evidence that intra-osseous injection of GDNF, neurturin or 

artemin increases the ongoing activity of C and Aδ bone afferent neurons and sensitizes 

different proportions of Aδ bone afferent neurons to mechanical stimulation. 
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Injection of GDNF directly into the hindpaw of rats induces mechanical 

hyperalgesia in skin that involves, at least in part, sensitization of cutaneous C-fibre 

afferent neurons (Bogen, Joseph et al. 2008). In mice that overexpress GDNF, 

cutaneous C-fibre polymodal nociceptors exhibit significantly lower thresholds to 

mechanical stimulation relative to those recorded in wild-type mice (Albers, Woodbury 

et al. 2006). In contrast to skin, injections of GDNF in skeletal muscles induce 

mechanical hyperalgesia that is associated with sensitization of Aδ- but not C-fibre 

muscular afferents (Alvarez, Chen et al. 2012, Murase, Kato et al. 2014). This 

highlights the possibility that there are differences in GDNF signalling between the 

afferent neurons supplying cutaneous and deep tissues. In this chapter, it was 

demonstrated that GDNF increases the ongoing nerve activity of Aδ and C bone afferent 

neurons for at least 60 mins and transiently sensitized Aδ bone afferent neurons to 

mechanical stimulation. Using the bone-nerve preparation, it is not possible to reliably 

monitor whole-nerve activity for periods longer than an hour due to difficulties in 

maintaining stable electrophysiological recordings beyond this time-point. For this 

reason, I am unable to comment on the effects of the GDNF beyond this time point. 

Rarely have previous studies documented the time course of GDNF-induced 

sensitization. Alvarez, Chen et al. (2012) showed that a single injection of GDNF into 

the gastrocnemius produced a reduction in the mechanical activation threshold of 

muscle afferent neurons within 15 min and that this lasted for, at least, 45 min, a time 

course that is consistent with the findings reported here for bone afferent neurons. 

Interestingly, whilst GDNF-sensitized muscular afferent neurons increased their 

discharge frequency during both the dynamic and the static phases of the mechanical 
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stimulus (Alvarez, Chen et al. 2012), the GDNF-sensitized bone afferent neurons only 

increased their discharge frequency during the dynamic phase of the pressure stimulus. 

 

A number of studies have used transgenic approaches to explore the ability of 

neurturin to produce sensitization of afferent neurons in other tissue systems and, for the 

most part, have recognized the role neurturin plays in the establishment of thermal 

sensitization and, ultimately, heat hyperalgesia. For example, in GRFα2 knock-out 

mice, the percentage of DRG C-fibre cutaneous neurons that respond to heat was 

drastically reduced, but the mechanical sensitivity of both C- and A-fibre neurons was 

maintained (Stucky, Rossi et al. 2002). In line with these findings, GFRα2 knock-out 

mice had reductions in formalin-induced inflammatory pain behaviours evoked in 

response to thermal but not to mechanical stimulation (Lindfors, Voikar et al. 2006). In 

contrast, transgenic overexpression of neurturin in skin increased behavioral 

responsiveness to mechanical stimulation (Wang, Jing et al. 2013). However, 

Jankowski, Baumbauer et al. (2017) have shown that C-fibre (polymodal) afferent 

neurons are preferentially sensitized to thermal stimulation and A-fibre nociceptors are 

selectively hypersensitive to mechanical stimuli in transgenic mice that overexpress 

neurturin in their skin. These results acquired should be interpreted with caution 

because there is a possibility that overexpression of neurturin (or other trophic factors) 

during development results in a switch in neuronal phenotype that could alter the 

responses of peripheral nociceptors to heat and mechanical stimulation. In the present 

study, neurturin rapidly produced an increased ongoing activity of C and Aδ bone 

afferent neurons and sensitization of Aδ bone afferent neurons to noxious mechanical 

stimulation that was maintained for at least 60 mins. These rapid changes cannot be 

accounted for by phenotypic switching.  
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Application of artemin produces cutaneous mechanical and heat hyperalgesia 

when injected into skin in animals (Malin, Molliver et al. 2006, Ikeda-Miyagawa, 

Kobayashi et al. 2015). In artemin-overexpressing mice, C-fibre cutaneous afferent 

neurons showed significantly reduced thresholds for thermal activation and increased 

firing frequencies in response to thermal stimuli and various chemicals (i.e. capsaicin 

and mustard oil) (Elitt, McIlwrath et al. 2006, Wang, Elitt et al. 2008, Lippoldt, Elmes 

et al. 2013) but not mechanical stimuli (Elitt, McIlwrath et al. 2006, Wang, Elitt et al. 

2008). In line with these electrophysiological data, artemin-overexpressing mice 

expressed thermal but not mechanical hyperalgesia (Lippoldt, Elmes et al. 2013, Albers, 

Zhang et al. 2014). In the present study, artemin produced rapid and transient increases 

in the ongoing activity of C and Aδ bone afferent neurons as well as in the mechanical 

sensitivity of Aδ bone afferent neurons.  

 

Taken together, these findings indicate that GDNF, neurturin, and artemin all 

have a role to play in mechanically induced hyperalgesia in bone. In addition, all 3 

GFLs increased the ongoing activity of bone afferent neurons suggesting that they may 

directly induce pain. This stimulatory action of the GFLs has not previously been 

reported. 

 

There were a number of differences in the actions of GFLs on bone afferent 

neurons. Artemin sensitized a larger proportion of the mechanically activated Aδ-fibre 

units compared to GDNF or neurturin, and the time course of both the increase in 

ongoing activity and sensitization of bone afferent neurons differed between each of the 

GFLs. In addition, C-fibre units contributed more than Aδ-fibre units to the prolonged 
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increase in ongoing activity induced by GDNF and neurturin, whereas Aδ fibres 

contributed most to the early increase in ongoing activity induced by artemin. These 

findings are consistent with the reported differential expression of the receptors for each 

of the GFLs between the peptidergic NGF-sensitive bone afferent neurons and the non-

peptidergic NGF-insensitive bone afferent neurons (Nencini, Ringuet et al. 2018). As 

GFRα3 expressing bone afferent neurons almost always co-express TrkA, it is likely 

that artemin affects the activity of NGF-sensitive peptidergic nociceptors. It is also 

likely that these are the same neurons that respond to NGF and NGF sequestration 

therapy. The bone afferent neurons that express GFRα1 and 2 are mostly non-

peptidergic and do not express the receptor for NGF. Therefore it is likely that GDNF 

and neurturin modify the activity of non-peptidergic NGF-insensitive neurons. An 

important implication is that the different GFLs could affect different sub-populations 

of bone afferent neurons, and that all these sub-populations may be important 

therapeutic targets for the treatment of bone pain. 

 

Speculations about signalling pathways involved in GFL-induced activation and 

sensitization of bone afferent neurons  

Activation and sensitization of peripheral sensory neurons can be achieved by 

direct binding of GFLs to the Ret/GFRα receptor complex on peripheral nerve 

terminals. The intracellular signalling pathways initiated by Ret are diverse, including 

MEK-Erk 1/2 (Worby, Vega et al. 1996, Trupp, Raynoschek et al. 1998), 

phosphatidylinositol-3 kinase (PI-3K) (Segouffin-Cariou and Billaud 2000, Maeda, 

Murakami et al. 2004), Jun NH2-terminal protein kinase (Chiariello, Visconti et al. 

1998), p38 MAPK (Watanabe, Ichihara et al. 2002), and phospholipase C-gamma 

(PLC-γ) (Borrello, Alberti et al. 1996) pathways. GDNF, for example, has been shown 
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to activate at least five different second messenger systems (i.e. the PLCγ, CDK5, 

MAPK/Erk 1/2, the PI-3K, the Src pathways) (Trupp, Scott et al. 1999, Ledda, Paratcha 

et al. 2002, Paveliev, Airaksinen et al. 2004). Selective inhibition of all five of these 

signalling pathways reduced GDNF-induced hyperalgesia (Poteryaev, Titievsky et al. 

1999, Bron, Klesse et al. 2003, Bogen, Joseph et al. 2008, Schmutzler, Roy et al. 2011), 

suggesting that they all contribute to GDNF-induced pain.  

 

It has also been reported that a number of these GFL-dependent second 

messengers can alter the function of nociceptors by acting on other ion channels or 

receptors (Bron, Klesse et al. 2003, Ikeda-Miyagawa, Kobayashi et al. 2015). One way 

this could occur is through post-translational modifications of ion channels and/or 

receptors expressed in peripheral nerve terminals, which can contribute to rapid changes 

in nociceptor sensitivity and pain (Malin, Molliver et al. 2006, Woolf and Ma 2007, 

Wang, Elitt et al. 2008). In the study of Malin, Molliver et al. (2006), for example, it has 

been reported that GDNF, artemin, and neurturin acutely potentiate the capsaicin 

response of isolated DRG neurons. Increases in capsaicin-evoked Ca2+ influx were 

already evident 7 min after application of each of the GFLs, suggesting that these 

neurotrophic factors rapidly potentiate TRPV1 activity by post-translational 

modification. In the current study, the activation and sensitization of bone afferent 

neurons in response to application of GFLs also had a rapid onset, suggesting that the 

effects of GDNF, neurturin or artemin are likely to be explained by post-translational 

modifications of already transcribed proteins.  

 

A more prolonged sensitization could also occur as a result of long term changes 

in expression profiles of ion channels and receptors driven by transcriptionally regulated 
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events following internalization and retrograde transport to the soma of the GFL/GFRα 

receptor complexes, as is the case for NGF/TrkA (Fjell, Cummins et al. 1999, Gould, 

Gould et al. 2000, Mamet, Baron et al. 2002, Amaya, Shimosato et al. 2004, Xue, Jong 

et al. 2007). This has been demonstrated for artemin by Ikeda-Miyagawa, Kobayashi et 

al. (2015). In that study, application of artemin to DRGs in culture medium induced 

significant increases in the mRNA levels of TRPA1 and TRPV1, suggesting that 

artemin also directly regulates gene expression in DRG neurons. As these changes take 

hours or days to establish, they cannot be studied using our bone-nerve preparation, 

which only permits recording for up to an hour after injection of GFLs. However, 

studies conducted by others in our laboratory failed to show inflammation-induced 

changes in the expression and/or retrograde transport of GFRα1, GFRα2 or GFRα3 

(Nencini, Ringuet et al. 2018), or in the expression of other pain signaling molecules 

(including TrkA, TRPV1, Nav1.8 and Nav1.9), in DRG bone afferent neurons (Nencini, 

Ringuet et al. 2017). This suggests transcriptionally regulated changes in the expression 

of ion channels and/or receptors do not contribute to inflammatory bone pain, at least in 

the model used in these experiments. 

 

In addition to Ret-dependent signaling pathways, there is now emerging 

evidence that GFLs can use alternative signalling pathways which are not dependent on 

Ret activation (Poteryaev, Titievsky et al. 1999, Schmutzler, Roy et al. 2011). Indeed, 

the GFL-GFRα complexes can have other receptor partners such as, for example, the 

neural cell adhesion molecules and the integrin β-1 receptor (Paratcha, Ledda et al. 

2003, Cao, Wang et al. 2008, Schmutzler, Roy et al. 2011). Whether any of these 

alternative pathways lead to translational or post-translational changes to membrane 

receptors or ion channels is currently unknown.  
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GFLs as novel therapeutic targets to treat bone pain 

As detailed above, bone cancers, fractures, osteoarthritis, and osteomyelitis 

produce inflammation that can activate peripheral bone afferent neurons through the 

release of inflammatory mediators (Bennett 1988, Goldring 2000, Haegerstam 2001, 

Urch 2004, Starr, Wessely et al. 2008). Neurotrophic factors including the GFLs are 

known inflammatory mediators and are released by activated immune cells during 

inflammation (Okragly, Niles et al. 1999, Amaya, Shimosato et al. 2004, Hashimoto, Ito 

et al. 2005, Malin, Molliver et al. 2006, von Boyen, Steinkamp et al. 2006, Ikeda-

Miyagawa, Kobayashi et al. 2015). Many studies have indicated that GFLs can act as 

mediators of pain in other tissue systems (Malin, Molliver et al. 2006, Bogen, Joseph et 

al. 2008, Ferrari, Bogen et al. 2010, Joseph and Levine 2010, Alvarez, Chen et al. 2012, 

Thornton, Hatcher et al. 2013, Ikeda-Miyagawa, Kobayashi et al. 2015). Based on the 

evidence presented in this chapter, it is likely that GFLs also contribute to inflammatory 

bone pain. 

   

Importantly, the time course of the GFL-induced changes in the activity and 

sensitivity of bone afferent neurons reported here matches the time course of pain-like 

behaviors observed in animals when each of the GFLs was injected into bone (Nencini, 

Ringuet et al. 2018). This suggests that GFL-induced activation and sensitization of 

bone afferent neurons is a likely trigger for the pain. In previous studies, where 

electrophysiological recordings from primary afferent neurons were made in parallel 

with behavioral testing, a similar temporal relationship between GFL-induced 

hyperalgesia and nociceptor sensitization was reported (Bogen, Joseph et al. 2008, 

Alvarez, Chen et al. 2012). However, GFLs only produced transient pain-like behaviour 
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when applied to the bone (Nencini, Ringuet et al. 2018). This was surprising because 

previous studies have documented that a single injection of GDNF or artemin was able 

to produce prolonged (i.e. from few days up to 1 week) mechanical hyperalgesia in skin 

and skeletal muscles (Bogen, Joseph et al. 2008, Ferrari, Bogen et al. 2010, Alvarez, 

Chen et al. 2012, Thornton, Hatcher et al. 2013). A possible explanation is that GFLs 

are rapidly cleared from the marrow cavity through the vasculature, which leads to the 

more rapid resolution of GFL-induced bone pain. Alternatively, it is possible that there 

are differences between the actions of GFLs on bone, skin and muscle afferent neurons.  

 

To determine if endogenous GFLs contribute to bone pain, studies conducted by 

others in our laboratory have assessed the effects of sequestering GDNF, neurturin or 

artemin in an animal model of CFA-induced inflammatory bone pain (Nencini, Ringuet 

et al. 2018). In these experiments, sequestration of neurturin and artemin but not GDNF 

significantly reduced pain behaviours that developed after injection of CFA into the rat 

tibia. These findings confirm that endogenous artemin and neurturin contribute to pain 

induced by bone marrow inflammation, and that blocking their actions could provide 

therapeutic benefit. However, in these experiments, the GFL sequestering antibodies 

were co-injected with CFA, so it is possible that these agents only blocked induction of 

inflammatory bone pain and that the GFLs are not involved in its maintenance. In 

bladder and skin, sequestration of artemin was found to reduce inflammatory 

hyperalgesia even when anti-artemin antibodies were applied hours or days after the 

inflammatory agent (Thornton, Hatcher et al. 2013, DeBerry, Saloman et al. 2015), 

suggesting that endogenous artemin is important not only for induction, but also for the 

maintenance of inflammatory pain. Further studies are required to ascertain the efficacy 

of this approach in reducing already established bone pain.  
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In this chapter, I have provided electrophysiological evidence that GFLs are 

involved in the pathogenesis of bone pain through activation and sensitization of bone 

afferent neurons. These data, together with those generated by others in our laboratory, 

provide proof-of-principle that manipulating GFL signalling, to alter the 

physiology/function of bone afferent neurons, may be beneficial for the treatment of 

bone pain.  
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Figure 5.1 - Measurement of single unit conduction velocity and its relationship 

with action potential amplitude. 

A, Single unit CVs were determined using two recording electrodes (A and B) with a 

distance (DA-B) of 7 to 10 mm between electrodes. Action potentials recorded at the 

second electrode (B), which were time-locked to those recorded at the first electrode 

(A), were considered as originating in the same axon. For these units conduction 

velocities were estimated by dividing the conduction time between the electrodes by the 

distance between electrodes (DA-B). B, Action potential amplitude was plotted against 

CV for 51 single units activated by a ramp-and-hold pressure stimulus ≥300 mmHg. 

Units with very large action potential amplitudes (>120 μV) also responded to 

stimulation of surrounding tissues and conducted in the Aβ range (>14.3 m/sec) (n= 14; 

white circles), and were excluded from further analysis. Units that only responded to 

high-intensity intra-osseous pressure stimulation had CVs in either the C-fibre range 

(<2.5 m/sec) and small action potential amplitudes (<40 μV, peak-to-peak) (n=6; grey 
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circles), or CVs in the Aδ-fibre range (>2.5 m/sec) and medium action potential 

amplitudes (>40 μV and <120 μV peak-to-peak) (n=31; black circles). 
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Figure 5.2 - GDNF, neurturin and artemin activated bone afferent neurons in 

whole-nerve recordings. 

A, Average spike frequency histograms of the responses of bone afferent neurons before 

and after GDNF (n=5, upper panel), neurturin (n=5, middle panel) or artemin (n=5, 

lower panel). Saline effect on whole-nerve discharge (n=5) is shown for comparison. 

Each bin represents the number of impulses evoked per 30 sec (mean ± SEM).  B, 

Group data showing the number of spikes recorded before and 5, 15 , 30, 45 and 60 min 

after application of GDNF, neurturin, artemin, or saline (n=5 each). At each time-point, 

the number of spikes has been determined over 5 consecutive minutes, and is 
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represented as the mean ± SEM. Application of GDNF and neurturin resulted in an 

increase in whole-nerve activity, relative to saline, from the 15 min and 30 min time-

points respectively (Bonferroni’s post hoc test *P<0.05). Application of artemin 

resulted in a significant increase in whole-nerve activity, relative to saline, at the 5 and 

15 min but not at the later time-points (Bonferroni’s post hoc test *P<0.05).  
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Figure 5.3 - Activity in C and Aδ bone afferent neurons differentially contributed 

to whole-nerve ongoing activity following GDNF, neurturin and artemin injection. 

A, Raw data for two whole-nerve recordings in response to neurturin (left panel) or 

artemin (right panel). Each trace represents a 1 min segment of the recording before, 15, 

30 and 45 min after application of each GFL. Units with small (<40µV) spike 

amplitudes were preferentially activated following neurturin injection whereas both 

small and medium sized spike amplitude units were activated by artemin. B, Average 

spike frequency histograms derived from spikes with amplitudes consistent with Aδ- or 

C-fibre conduction velocities. C-fibre spikes contributed more than Aδ-fibre spikes to 

the changes in activity after application of GDNF, neurturin and artemin, whereas Aδ-

fibre spikes mostly contributed to the early activity induced by artemin. 
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Figure 5.4 - GDNF, neurturin and artemin rapidly sensitized mechanically 

activated Aδ bone afferent neurons. 

A, Example of a whole-nerve recording and rasters of the activity of three isolated 

single units in response to a high-intensity (300 mmHg) pressure ramp applied before 

(upper), 15 min (middle) and 30 min (lower) after application of artemin (20 µg/ml, 10 

µl) directly to the tibial marrow cavity. All three units were sensitized (i.e. had an 

increase discharge frequency and decrease in threshold for activation) at 15 min 

following artemin injection, but only two were sensitized at 30 min post-injection. 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 the 

methods. GDNF and neurturin each sensitized 4 of 12 single units tested (N=5 animals 

each), and artemin sensitized 8 of 12 units tested (N=4 animals). C, discharge frequency 
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and threshold for activation for single isolated, mechanically activated units at 15 min 

after injection of GDNF (upper panels), neurturin (middle panels) and artemin (lower 

panels), expressed as a percentage of pre-injection values. Saline effects on single units 

(n=10, N=4 animals) are shown in each graph for comparison. In experiments where 

GFLs were applied, units were separated into sensitized and non-sensitized units. For 

the sensitized units there was a significant decrease in the activation threshold and an 

increase in discharge frequency in response to mechanical stimulation 15 min after 

application of each GFL, relative to the saline injection (Bonferroni’s post hoc test 

*p<0.05). Data are for single units and are represented as mean ± SEM  
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Figure 5.5 - GDNF, neurturin and artemin selectively increased the dynamic 

discharge frequency of bone afferent neurons to mechanical stimulation but with 

different time courses.  

A, Group data showing the total discharge frequency of bone Aδ bone afferent neurons 

in response to mechanical stimulation after GDNF (upper panel), neurturin (middle) and 

artemin (lower panel) injection. For the sensitized units, GDNF increased their 

discharge frequency only at 15 min (Bonferroni’s post hoc test *P<0.05), neurturin 

increased their discharge frequency at each of the time-points tested (Bonferroni’s post 

hoc test *P<0.05), and artemin increased their discharge frequency peaked at 15 and 30 

min (Bonferroni’s post hoc test *P<0.05). B, Group data showing the dynamic (left 
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panels) and static (right panels) discharge frequency of Aδ bone afferent neurons in 

response to mechanical stimulation after GDNF (upper panel), neurturin (middle) and 

artemin (lower panel) injection. GFLs increased the dynamic but not the static discharge 

frequency of sensitized bone afferent neurons (Bonferroni’s post hoc test *P<0.05). 

Data are for single units and are represented as mean ± SEM  
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6. Chapter 6: SEQUESTRATION OF ARTEMIN REDUCES 

INFLAMMATION-INDUCED ACTIVATION AND SENSITIZATION OF 

BONE MARROW NOCICEPTORS IN A RODENT MODEL OF 

CARRAGEENAN-INDUCED INFLAMMATORY BONE PAIN 

 

Sara Nencini, Jenny Thai and Jason J. Ivanusic 

 

This Chapter includes the manuscript entitled “Sequestration of artemin reduces 

inflammation-induced activation and sensitization of bone marrow nociceptors in a 

rodent model of carrageenan-induced inflammatory bone pain”. This is an original 

research article that has been recently submitted to European Journal of Pain and is 

currently under review. The candidate was responsible for the collection of all the 

electrophysiological data and their analyses, and was responsible for the writing of the 

paper together with supervisor Assoc. Prof. Jason Ivanusic. Jenny Thai performed and 

analysed the behavioural testing on animals. Overall, the candidate contributed to 

approximately 80% to the preparation of the work for this paper.  

 

ABSTRACT  

Background: Pathologies that affect the bone marrow have a significant 

inflammatory component; however, it is not clear how inflammatory mediators affect 

nociceptive nerve terminals within the marrow cavity. Methods: In this study, an in 

vivo bone-nerve preparation was used to directly record the physiological response 

properties of bone marrow nociceptors innervating the tibial marrow cavity of rats, 

before and after application of the inflammatory agent carrageenan. In addition, 

endogenous artemin was sequestered by application of an artemin neutralizing antibody 
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to determine if this could prevent the inflammation-induced physiological changes 

observed. Results: A single injection of carrageenan administered into the tibial 

marrow cavity produced rapid changes in weight bearing (pain-like behavior) in 

conscious animals. Carrageenan, but not saline, activated bone marrow nociceptors in 

whole-nerve recordings and sensitized a subtype of Aδ-bone marrow nociceptors to 

mechanical stimulation. The activation and sensitization had a rapid time course that 

matched that of pain-like behaviors. Sequestration of endogenous artemin significantly 

reduced carrageenan-induced increases in ongoing activity and completely abolished 

sensitization of bone marrow nociceptors to mechanical stimulation. Conclusions: 

These observations indicate that inflammation affects the activity and sensitivity of 

bone marrow nociceptors; that artemin plays a role in these changes; and that artemin 

might be a promising target for pharmacological manipulations in the treatment of 

inflammatory bone pain.   

 

INTRODUCTION  

Pain is associated with a number of different bony pathologies, including bone 

marrow edema syndromes, cancers, fractures, osteoarthritis, and osteomyelitis. Many of 

these pathologies have a significant inflammatory component, and inflammation is a 

likely trigger for the pain (Bennett 1988, Goldring 2000, Haegerstam 2001, Starr, 

Wessely et al. 2008). Agents known to act by reducing inflammatory processes (e.g. 

non-steroidal anti-inflammatory drugs, NSAIDs) are generally used to treat mild to 

severe bone pain (Honore and Mantyh 2000). However, they are often inadequate and 

linked to undesirable side effects with prolonged use. In particular, they can impact on 

bone remodeling and/or healing (Bove, Flatters et al. 2009, Pountos, Georgouli et al. 
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2012, Chrastil, Sampson et al. 2013). There is a clear need for new therapies to treat 

inflammatory bone pain. 

 

A number of animal models of bone pathology are currently being used to 

explore the pathophysiological mechanisms that contribute to bone pain and to test the 

therapeutic potential of novel molecular targets to treat it. Inoculation of tumor cells or 

injection of experimental inflammatory agents such as complete Freund’s adjuvant 

(CFA) into the bone marrow produce pain-like behaviors, accompanied by signs of 

inflammation (e.g. invasion of neutrophils and granulocytes; prominent fibrinous 

exudates; fibrosis; osteoclast proliferation and hypertrophy) (Honore, Rogers et al. 

2000, Jimenez-Andrade, Bloom et al. 2010, Yang, Wang et al. 2011, Nencini, Ringuet 

et al. 2017). By analogy with what happens in other tissue systems, we predict that 

chemical mediators released from immune cells in the marrow cavity during 

inflammation could activate and/or enhance the excitability of bone marrow 

nociceptors, ultimately contributing to pain (Nencini and Ivanusic 2016). However, 

there is at present no direct evidence that inflammation physiologically activates and/or 

sensitizes peripheral bone marrow nociceptors, or that acute experimentally induced 

inflammation of the bone marrow produces pain-like behavior in rodents.  

 

The glial cell line-derived neurotrophic factor (GDNF) family of ligands 

(GDNF, artemin and neurturin) have been implicated as endogenous regulators of 

inflammation and pain (Malin, Molliver et al. 2006, Schmutzler, Roy et al. 2009, 

Schmutzler, Roy et al. 2011). We have recently provided evidence that artemin, in 

particular, acts as a strong mediator of bone pain (Nencini, Ringuet et al. 2018). 

Peripheral sensory neurons that innervate the bone marrow express the artemin receptor 
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GFRα3, injection of artemin into the tibial marrow cavity of rats produces rapid pain-

like behaviors and changes in the activity and sensitivity of bone marrow nociceptors, 

and sequestration of endogenous artemin prevents the development of CFA-induced 

inflammatory bone pain. 

 

Here, we present a new model of acute experimental inflammatory bone pain 

induced by injection of carrageenan directly into the marrow cavity of the rat tibia. We 

use this model to show that the electrophysiological response properties of bone marrow 

nociceptors are rapidly altered by acute inflammation, and that sequestering endogenous 

artemin can prevent inflammation-induced changes in the activity and sensitivity of 

bone marrow nociceptors. 

 

MATERIALS AND METHODS 

Male Sprague-Dawley rats weighing between 200 and 250 g were used in this 

study. Animals were housed in pairs 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.  

 

Pain-like behavior in response to application of carrageenan 

Animals were anesthetized with isoflurane (4% induction; 2.5% maintenance; 

O2: 2 ml/min). A skin incision was made on the medial aspect of the tibia and a hole 

placed through the underlying cortical bone using a sterile 26-gauge needle. A Hamilton 

syringe was used to apply carrageenan (λ-carrageenan, Sigma-Aldrich, Australia; 2%, 
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10 µl) or saline (10 µl, volume control) directly into the marrow cavity through the hole. 

This concentration of carrageenan is in the range that produces rapid pain-like responses 

and nociceptor sensitization when applied to other tissues (Koltzenburg, Bennett et al. 

1999, Carpenter, Sen et al. 2003, Loram, Fuller et al. 2007, Chakrabarty, McCarson et 

al. 2011). The hole was sealed with bone wax and the skin was closed with stainless 

steel autoclips. Recovery from isoflurane anesthesia occurred within a few minutes from 

the end of the surgery, allowing behavioral testing to be performed within 15 min of 

surgery. Changes in static weight bearing, assessed with an incapacitance meter (IITC 

Life Science Inc., California, US), were used to assay pain-like behaviors in response to 

injection of carrageenan or saline at 15 and 30 mins, 1, 2 and 5 hours, and 1, 2 and 3 

days after injection (Figure 6.1A). Testing was always performed at the same time each 

day and by the same experimenter. Animals were first habituated with exposure to the 

equipment for 15 mins per day over three days prior to surgery. At each testing time-

point, five weight bearing readings of 3 sec duration were collected. The weight bearing 

on the injected hind-limb 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. 

 

Electrophysiological recordings using an in vivo bone-nerve preparation 

 

Recording configuration and spike discrimination 
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To determine how bone marrow nociceptors responded to experimentally 

induced inflammation and artemin sequestration, we used an in vivo bone-nerve 

electrophysiological preparation recently developed in our lab (Nencini and Ivanusic 

2017, Nencini, Ringuet et al. 2017, Nencini, Ringuet et al. 2018). Rats were 

anesthetized with urethane (50% w/v, 1.5 g/kg i.p.). Rectal temperature was maintained 

within the physiological range (36-37°C) with a servo-controlled heating pad. A fine 

branch of the tibial nerve that innervates the marrow cavity was carefully teased away 

from its associated blood vessels and membranes and placed on a platinum hook 

electrode for extracellular recording. Whole-nerve electrical activity was amplified 

(1000×) and filtered (high pass 100 Hz, low pass 3 kHz) (DP-311 differential amplifier, 

Warner Instruments), sampled at 20 kHz (PowerLab, ADInstruments, Australia) and 

stored to PC using LabChart recording software (ADInstruments). Mechanical 

stimulation was delivered to the endings of bone marrow nociceptors by raising intra-

osseous pressure in the marrow cavity. This was achieved by injection of heparinized 

physiological saline (0.9% sodium chloride) through a needle that was connected to a 

syringe pump (PHD ULTRA pump, Harvard apparatus) with polyethylene tubing. The 

input pressure to the bone was measured using a bridge amplified (ATM-D amplifier, 

Harvard Apparatus) signal derived from a pressure transducer (APT300 transducer, 

Harvard Apparatus), placed to measure the input pressure to the bone. Carrageenan 

and/or anti-artemin antibodies were delivered to the marrow cavity through a second 

hole using a Hamilton syringe attached with polyethylene tubing.  

 

Action potentials were discriminated from whole-nerve recordings according to 

their amplitude and duration using Spike Histogram software (LabChart 8, 

ADInstruments). We have previously documented a linear relationship between action 
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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, Nencini, 

Ringuet et al. 2018). In these studies, we have shown that units with Aδ conduction 

velocities (2.5 to 12.5 m/sec) have action potential amplitudes between 47-145 µV 

(peak-to-peak) and units with C conduction velocities (<2.5 m/sec) have small 

amplitude action potentials (<40 µV). Thus, in the present study, we define action 

potentials with peak-to-peak amplitudes of between 40-145 µV as being derived from 

Aδ fibers, and those with peak-to-peak amplitudes of less than 40 µV as derived from C 

fibers. 

 

Recording protocols and analysis  

For analysis of ongoing activity, a continuous whole-nerve recording was made 

from 5 minutes before to 60 minutes after carrageenan or saline injection. All action 

potentials with positive and/or negative peaks clearly above noise were sampled from 

the whole-nerve recordings. The number of spikes before and after the injection was 

reported in a frequency histogram generated using 20 sec bin widths. The onset of 

carrageenan-induced activity was defined as the time at which the mean frequency of 

discharge in two consecutive 20 sec bins exceeded that of the maximum mean 

frequency of discharge in all pre-injection bins. The frequency of discharge (Hz) was 

also averaged over 5 min intervals starting at the time of injection (0 min), and at 20 and 

40 mins after the injection. For analysis of sensitivity to mechanical stimulation, single 

mechanically-activated Aδ-bone marrow nociceptors were isolated from whole-nerve 

recordings made during application of a ramp-and-hold intra-osseous pressure stimulus 

of 15-sec duration and 300 mmHg. Discharge frequency and thresholds for mechanical 

activation during the pressure stimulus were determined before and at 15, 30, 45 and 60 
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mins after application of carrageenan or saline. Discharge frequency was reported over 

the entire 15 sec ramp-and-hold pressure stimulus (total response), for the ramp phase 

of the stimulus (defined as the first 2 sec of the ramp-and-hold pressure stimulus, 

dynamic response), and for the hold phase of the stimulus (defined as the last 5 sec of 

the ramp-and-hold pressure stimulus, static response). Both discharge frequency and 

threshold for activation were expressed as a percentage relative to pre-injection baseline 

values. Units with increases in total discharge frequency greater than 20% were defined 

as sensitized. Previously we have reported that there are at least two different classes of 

mechanically-activated Aδ-bone marrow nociceptors that can be distinguished on the 

basis of their adaptation profile: phasic units and phasic-tonic units (Nencini and 

Ivanusic 2017). In the present study, for each of the isolated bone marrow nociceptors, 

the instantaneous discharge frequency during the static phase of the stimulus was 

plotted as a function of time, the decay phase was fitted to a mono-exponential function, 

and the decay time constant tau (i.e. the reciprocal of the decay constant calculated from 

the regression) was calculated as a measure of adaptation (GraphPad Prism, GraphPad 

Software, La Jolla, CA, USA). Units were classified as phasic if they adapted quickly 

(tau<1.3) or as phasic-tonic if they adapted slowly (tau≥1.3)(Nencini and Ivanusic 

2017). 

 

To determine if sequestering artemin could prevent carrageenan-induced 

changes in activity or sensitivity of bone marrow nociceptors, a polyclonal artemin 

neutralizing antibody (AF1085; R&D Systems; 20 µg/ml, 10 µl injection) or an isotype 

control antibody (AB108C, R&D Systems; 20 µg/ml, 10 µl injection) was delivered at 

the same time as carrageenan directly into the marrow cavity. This concentration of the 

artemin neutralizing antibody has previously been used to produce functional block of 
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artemin signaling in a growth assay of peripheral sensory neurons in vitro (Damon, 

Teriele et al. 2007), and in our previous study to prevent the induction of pain behavior 

in a rat model of CFA-induced inflammatory bone pain (Nencini, Ringuet et al. 2018). 

Analysis of ongoing activity and sensitivity to mechanical stimulation was performed as 

above.  

 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism (GraphPad 

Software). Comparison of treatment effects for carrageenan or anti-artemin on the 

activation and sensitization of bone marrow nociceptors, and for carrageenan on pain 

behavior, were assessed using a Two-way ANOVA with repeated measures over time. 

Pairwise comparisons were made with Bonferroni’s post hoc testing only if analysis of 

variance showed significance. Comparison of the tau constants of phasic vs phasic-tonic 

units before carrageenan application was made using a Student’s unpaired t-test, and for 

phasic units before vs after carrageenan application using a paired t-test. P<0.05 was 

used to define statistical significance.  

 

RESULTS 

 

Carrageenan injected into the marrow cavity produces a rapid and transient 

change in weight bearing behavior in rats 

To test whether carrageenan-induced inflammation can produce pain behavior in 

conscious animals, we applied carrageenan to the marrow cavity of anesthetized rats 

and following recovery of consciousness, we determined the percentage of total weight 

bearing on the injected hindlimb (Figure 6.1). Two-way ANOVA with repeated 
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measures revealed significant treatment effects in animals injected with carrageenan 

(n=9) relative to those injected with saline (n=6) (F(1;13)=20.04, p=0.0006; Figure 

6.1B). At 15, 30 mins and 1 hour after carrageenan injection, the percentage of weight 

bearing on the injected hindlimb was significantly lower than the values for saline-

injected animals (Bonferroni’s post hoc tests, p<0.05), suggesting that pain-like 

behaviors are due to carrageenan injection and not to surgery. This effect disappeared 

by 2 hours (Figure 6.1B).  

 

Carrageenan injected into the marrow cavity activates bone marrow nociceptors 

in whole-nerve recordings   

Application of carrageenan to the marrow cavity increased ongoing activity in 

whole-nerve recordings (Figure 6.2). There was a rapid increase in whole-nerve 

discharge frequency that started between 30 sec and 80 sec of carrageenan application 

(58 ± 9.12 sec, mean ± SEM, n=5; Figure 6.2B). The increase in whole-nerve activity 

was robust and lasted for the entire 60 min recording, with no clear peak in activity over 

this time. Saline injection resulted in no change in activity (n=5) (Figure 6.2B). Figure 

6.2C shows group data for the 0-5, 20-25 and 40-45 min bins. Two-way ANOVA with 

repeated measures revealed significant differences in whole-nerve discharge frequency 

in animals injected with carrageenan, relative to those injected with saline 

(F(1;8)=88.56, p<0.0001). Carrageenan injection produced a significant increase in 

whole-nerve discharge frequency, relative to saline injection, at each of the three post-

injection time-points (Bonferroni’s post hoc tests, p<0.05; Figure 6.2C). Analysis of 

frequency histograms generated using action potentials derived from Aδ- or C-fiber 

units (on the basis of their action potential amplitude; see methods) revealed that 
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carrageenan injection resulted in increased ongoing activity of both fiber types (data not 

shown).  

 

Carrageenan injected into the marrow cavity sensitizes mechanically-activated Aδ-

bone marrow nociceptors 

Application of carrageenan to the marrow cavity sensitized single Aδ-bone 

marrow nociceptors to mechanical stimulation delivered by ramp-and-hold pressure 

stimuli (Figure 6.3). A total of 18 single, mechanically activated Aδ-bone marrow 

nociceptors were isolated from whole-nerve recordings and were classified as either 

phasic (8/18) or phasic-tonic (10/18) units (e.g. Figure 6.3A). The phasic units had tau 

constants that were significantly different from phasic-tonic units (0.47 ± 0.076 vs 2.6 ± 

0.48, mean ± SEM, unpaired t-test, p=0.0015). Two-way ANOVA with repeated 

measures revealed significant differences in the total discharge frequency during the 

ramp-and-hold stimulus between phasic units exposed to carrageenan, phasic-tonic units 

exposed to carrageenan and all units exposed to saline (F(2;25)=22.48, p<0.0001; 

Figure 6.3B, left panel). In particular, carrageenan increased the discharge frequency of 

phasic, but not phasic-tonic units for up to 45 mins after injection (Bonferroni’s post 

hoc tests, p<0.05; Figure 6.3B). In addition, carrageenan significantly prolonged the 

adaptation kinetics for these phasic units as revealed by their increased tau constants 

calculated before and 15 mins after carrageenan injection (before: 0.47±0.076, after: 

1.34±0.183, paired t-test, p=0.0008). Two-way ANOVA with repeated measures also 

revealed significant differences in the threshold for activation between phasic units 

exposed to carrageenan, phasic-tonic units exposed to carrageenan and all units exposed 

to saline (F(2;25)=46.08, p<0.0001; Figure 6.3C). In this case, carrageenan decreased 

the activation threshold of phasic, but not phasic-tonic units, at every time-point tested 
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(Bonferroni’s post hoc tests, p<0.05; up to 60 min; Figure 6.3C). Figure 6.3D shows the 

average discharge frequency of the single units during the dynamic (left panel) and 

static (right panel) phases of the pressure stimulus, after carrageenan or saline treatment, 

plotted as a percentage of their pre-treatment response. Significant differences between 

phasic units exposed to carrageenan, phasic-tonic units exposed to carrageenan and all 

units exposed to saline were observed for both the dynamic (F(2;25)=10.46, p=0.0005; 

Figure 6.3C, left panel) and static (F(2;25)=31.15, p<0.0001; Figure 6.3C, right panel) 

discharge frequency. For both dynamic and static discharge frequency, carrageenan 

increased the discharge frequency of phasic, but not phasic-tonic units, for up to 45 

mins after injection (Bonferroni’s post hoc tests, p<0.05). Thus carrageenan sensitized 

phasic (but not phasic-tonic) bone marrow nociceptors by reducing their threshold for 

activation and increasing their discharge frequency during both the dynamic and static 

phases of the pressure stimulus. 

 

Sequestration of artemin reduces carrageenan-induced changes in activity and 

prevents carrageenan-induced changes in mechanical sensitivity of bone marrow 

nociceptors 

Sequestration of artemin reduces carrageenan-induced changes in whole-nerve 

ongoing activity (Figure 6.4A and B). There was a clear reduction in the number of 

spikes recorded in animals co-injected with the anti-artemin antibody (n=8) relative to 

those co-injected with an isotype control antibody (n=6) that lasted for at least 60 mins 

(Figure 6.4A). Two-way ANOVA with repeated measures revealed significant 

differences in whole-nerve discharge frequency after application of carrageenan in 

animals that had artemin sequestered relative to those that had not (F(1;12)=126.7, 

p<0.0001). There was a significantly reduced discharge frequency at 0-5, 20-25 and 40-
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45 mins after co-injection of carrageenan with anti-artemin antibody relative to co-

injection of carrageenan with isotype control antibody (Bonferroni’s post hoc tests, 

p<0.05; Figure 6.4B). Whilst artemin sequestration clearly reduced the carrageenan-

induced changes in the activity of bone marrow nociceptors, the increase in ongoing 

activity was not entirely blocked by the anti-artemin treatment, particularly in the first 

5-10 mins after application (Figure 6.4A and B).  

 

Sequestration of artemin entirely prevented carrageenan-induced sensitization of 

single, mechanically-activated Aδ bone marrow nociceptors with phasic adaptation 

profiles (Figure 6.4C and D, left panels). Two-way ANOVA with repeated measures 

revealed a significant treatment effect of the artemin neutralizing antibody on phasic 

units, relative to its isotype control antibody, for both discharge frequency 

(F(1,10)=21.04, p=001; Figure 6.4C, left panel) and threshold for activation 

(F(1.10)=23.85, p=0.0006; Figure 6.4D, left panel). There was a significant reduction in 

discharge frequency (Figure 6.4C) and increase in threshold for activation (Figure 6.4D) 

in phasic units recorded from animals co-injected with anti-artemin relative to those co-

injected with its isotype control antibody. Phasic-tonic units were not sensitized by 

carrageenan and so co-injection with anti-artemin had no effect (Figures 6.4C and D, 

right panels). 

 

DISCUSSION  

 

Carrageenan-induced inflammation rapidly activates and sensitizes bone marrow 

nociceptors  
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Lambda (λ)-carrageenan is a sulphated polysaccharide that is used to induce 

acute inflammatory reactions accompanied by hyperalgesia (Sugishita, Amagaya et al. 

1981, Henriques, Silva et al. 1987, Jain, Patil et al. 2001, Petersson, Wiberg et al. 2001, 

Radhakrishnan, Moore et al. 2003, Posadas, Bucci et al. 2004). Localized peripheral 

injections of carrageenan result in infiltration of neutrophils and plasma extravasation of 

proteins at the site of injection (Capasso, Dunn et al. 1975, Vinegar, Truax et al. 1976, 

Posadas, Bucci et al. 2004), and a rapid increase in vascular permeability that is 

associated with tissue edema (Posadas, Bucci et al. 2004). In non-compliant tissues such 

as the bone, inflammation-induced edema could contribute to increased pressure (Di 

Rosa, Giroud et al. 1971), and it is possible that this would mechanically activate bone 

marrow nociceptors (Nencini and Ivanusic 2017). However, we did not observe changes 

in intra-osseous pressure at any time following carrageenan injection, so this is unlikely 

to be the case in our model. Furthermore, there is no evidence that carrageenan can 

directly act on nociceptive terminals. Rather, it is believed that carrageenan-induced 

changes in nociceptor function are a consequence of the release from activated immune 

cells of a number of inflammatory mediators (including histamine, prostaglandins, NGF 

and bradykinin) which are known to interact with peripheral sensory neurons (Di Rosa, 

Giroud et al. 1971, Capasso, Dunn et al. 1975, Al-Haboubi and Zeitlin 1983, Costello 

and Hargreaves 1989, Koltzenburg, Bennett et al. 1999, Fernandez-Duenas, Sanchez et 

al. 2008, Valenti, Giuliani et al. 2010, Tsuchida, Ibuki et al. 2015).  

 

A number of studies have provided clear evidence that carrageenan-induced 

inflammation increases the spontaneous activity of cutaneous and muscular nociceptors 

(Berberich, Hoheisel et al. 1988, Diehl, Hoheisel et al. 1993, Koltzenburg, Bennett et al. 

1999, Xu, Huang et al. 2000). However, the recordings of spontaneous activity in these 
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studies were made between 2 and 5 hours after application of carrageenan, at which 

point changes in spontaneous activity had already been established. They do not resolve 

the latency to onset of carrageenan-induced activity in the peripheral nociceptors they 

record from. We could find only a single study that made recordings in short blocks of 

time immediately before and after application of carrageenan to the receptive fields of 

peripheral nociceptors (Ozaktay, Cavanaugh et al. 1994). This study provided evidence 

of a very short latency to onset of carrageenan-induced activity in nerves innervating the 

lumbar facet joints of the rabbit. In our own study, we were able to record continuously 

before, during and immediately after carrageenan injection into the marrow cavity, and 

up to one hour afterwards. We also found a very short latency to onset of changes in the 

activity of bone marrow nociceptors, occurring within only a few minutes of 

carrageenan application that lasted for the entire one-hour recording period. Thus 

carrageenan-induced inflammation rapidly activates bone marrow nociceptors and 

produces changes in activity that last for at least one hour. This could result from direct 

activation of bone marrow nociceptors by a number of different inflammatory 

mediators, including bradykinin or histamine released by activated immune cells, as 

these have been shown to activate nociceptors in other tissue systems (Belcher 1979, 

Mense and Meyer 1988, Sann 1998, Koda and Mizumura 2002). It could also result 

from sensitization of the bone marrow nociceptors by prostaglandins released from 

activated immune cells, which are known to increase the sensitivity of peripheral 

nociceptors to other inflammatory mediators (Belcher 1979, Birrell, McQueen et al. 

1993, Koda and Mizumura 2002, St-Jacques and Ma 2014). 

 

Carrageenan-induced inflammation has also been reported to sensitize 

cutaneous, muscular and joint nociceptors to both heat and mechanical stimuli (Kocher, 
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Anton et al. 1987, Berberich, Hoheisel et al. 1988, Kirchhoff, Jung et al. 1990, 

Koltzenburg, Bennett et al. 1999, Moon, Park et al. 2016, Lu, Hudgins et al. 2017) and 

the sensitization is mostly confined to Aδ- and C-fiber polymodal nociceptors that can 

be activated by known algesic substances, including capsaicin (Kocher, Anton et al. 

1987, Takeuchi, Zeredo et al. 2004, Mitchell, Lebovitz et al. 2014). Using our bone-

nerve preparation, we have shown that carrageenan sensitizes phasic, but not phasic-

tonic, Aδ-bone marrow nociceptors to mechanical stimulation, and that the time course 

of sensitization is rapid. Under normal conditions, phasic Aδ-bone marrow nociceptors 

have very high thresholds for mechanical activation (typically >200 mmHg of intra-

osseous pressure) and generate only a short burst of activity during the ramp phase of 

the pressure stimulus (Nencini and Ivanusic 2017). For these phasic units, carrageenan 

decreased the threshold for mechanical activation, and increased the frequency of 

discharge during both the dynamic and static phases of the pressure stimulus. They also 

adapted more slowly to sustain pressure stimulation and so had longer tau constants. In 

a previous study, we showed that many phasic Aδ-bone marrow nociceptors could be 

sensitized by capsaicin, suggesting that they are polymodal nociceptors (Nencini and 

Ivanusic 2017). Thus carrageenan-induced inflammation is likely to affect polymodal 

nociceptors innervating the bone marrow, as it does in other tissue systems. 

 

We have also shown that carrageenan injection into the marrow cavity induces 

pain-like behavior with a time course consistent with the rapid changes in the ongoing 

activity and mechanical sensitivity of bone marrow nociceptors. This suggests that acute 

carrageenan-induced inflammatory pain can be explained at least in part by the rapid 

activation and sensitization of bone marrow nociceptors. Rapid changes in pain 

behaviors following carrageenan-induced inflammation were reported by other studies 
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and especially in relation to mechanically-induced hyperalgesia (Bonet, Fischer et al. 

2013, Watanabe, Ueda et al. 2015). However, in bone, the duration of carrageenan-

induced pain was shorter than in other tissue systems (Hedo, Laird et al. 1999, 

Poisbeau, Patte-Mensah et al. 2005, Bonet, Fischer et al. 2013). This is likely due to the 

rapid clearance of carrageenan from the marrow cavity through the vasculature and 

subsequent resolution of the inflammation. 

 

Inflammation-induced increases in the activity of peripheral nociceptors provide 

the spinal cord with an increased afferent input that has been suggested to be the basis 

of resting pain (Schaible and Schmidt 1985, Schaible and Schmidt 1988, Hedo, Laird et 

al. 1999, Okun, Liu et al. 2012). Inflammation-induced sensitization also makes 

peripheral sensory neurons hyper-excitable, a feature that is thought to contribute to 

hyperalgesia (Millan 1999, Woolf and Ma 2007). Both resting pain and mechanical 

hyperalgesia are common features of many bone pathologies, including those that have 

a significant inflammatory component (Portenoy and Hagen 1990, Houghton, Hewitt et 

al. 1997, Honore and Mantyh 2000, Mercadante, Villari et al. 2004, Mitchell, Lebovitz 

et al. 2014). Thus our findings that the changes in activity and sensitivity of bone 

marrow nociceptors occur in conjunction with altered pain behavior during 

inflammation of bone marrow suggests that they may also contribute to pain 

experienced by patients with bone pathology that involves inflammation.  

 

Artemin contributes to carrageenan-induced activation and sensitization of bone 

marrow nociceptors 

Increased expression of artemin in peripheral tissues occurs in animal models of 

cutaneous inflammation and migraine (Malin, Molliver et al. 2006, Thornton, Hatcher et 
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al. 2013, Albers, Zhang et al. 2014, Ikeda-Miyagawa, Kobayashi et al. 2015, Shang, 

Wang et al. 2016), and in patients with chronic pancreatitis and burning mouth 

syndrome (Ceyhan, Bergmann et al. 2007, Shinoda, Takeda et al. 2015). Taken 

together, these studies suggest that artemin signaling pathways could serve as a novel 

intervention point for therapies directed at alleviating inflammatory pain. In 

experimental animals, anti-artemin therapy has already been shown to block the 

development of, and reverse, already established bladder pain (DeBerry, Saloman et al. 

2015), as well as transiently reduce CFA-induced mechanical hyperalgesia of the 

footpad (Thornton, Hatcher et al. 2013). In addition, a number of studies have shown 

altered activity and/or sensitivity of peripheral nociceptors in response to 

overexpression or direct injection of artemin in both skin and bone (Elitt, McIlwrath et 

al. 2006, Lippoldt, Elmes et al. 2013, Thornton, Hatcher et al. 2013, Albers, Zhang et al. 

2014, Ikeda-Miyagawa, Kobayashi et al. 2015, Nencini, Ringuet et al. 2018), providing 

clues as to the mechanistic basis for action of therapies directed against artemin 

signaling in inflammatory pain. 

 

We have now extended these findings to show a role for artemin signaling and 

anti-artemin therapy in inflammatory bone pain. We previously reported that artemin 

activates and sensitizes a substantial proportion of bone marrow nociceptors, and 

produces pain-like behavior within minutes of exogenous application to the rat tibial 

marrow cavity (Nencini, Ringuet et al. 2018). In addition, sequestering artemin prevents 

the development of CFA-induced inflammatory bone pain, showing that endogenous 

artemin is involved, at least in a model of inflammatory bone pain that develops over 

days (Nencini, Ringuet et al. 2018). Here we have now also shown that artemin 

sequestration reduces inflammation-induced activation, and prevents inflammation-
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induced sensitization, of bone marrow nociceptors, that occurs within 15 minutes of 

carrageenan application. Thus endogenous artemin is involved in the pathogenesis of 

acute inflammatory bone pain. Interestingly, anti-artemin treatment was not able to 

entirely prevent the early activation of bone marrow nociceptors in whole-nerve 

recordings. This could be explained by the slow kinetics of anti-artemin antibody 

binding to its target. Alternatively, it could be attributed to the action on bone marrow 

nociceptors of other pro-inflammatory mediators released from immune cells upon 

carrageenan induced-inflammation (McMahon, Bennett et al. 1995, Koltzenburg, 

Bennett et al. 1999, Valenti, Giuliani et al. 2010, Ahmad, Zoheir et al. 2014, 

Hajhashemi, Minaiyan et al. 2015). Taken together, our findings suggest that artemin is 

involved in the pathogenesis of inflammatory bone pain and could be a target for 

pharmacological manipulation to treat it. 
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Figure 6.1 - Intra-osseous injection of carrageenan produces pain-like behaviors in 

animals. 

A. Pain-like behaviors induced by intra-osseous injection of carrageenan (2%, 10 µl) or 

saline (10 µl) were measured using a weight bearing assay (with an incapacitance meter; 

upper panels). Each animal was habituated to the experimental apparatus 3 days prior to 

surgery and assessed before and after treatments (saline or carrageenan; lower panel). 

At each testing time-point, five weight bearing readings of 3 secs duration were 

collected. B. There was a significant reduction in weight bearing in the injected 

hindlimb, relative to un-injected hindlimb, at 15, 30 mins and 1 hour (but not at later 

time-points) after carrageenan injection (n=9) compared to saline-injected animals (n=6) 

(Two-way ANOVA with repeated measures; Bonferroni’s multiple comparisons, 

*p<0.05). 
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Figure 6.2 - Carrageenan rapidly activates bone marrow nociceptors in whole-

nerve recordings. 

A. Raw data for a whole-nerve recording in response to application of carrageenan to 

the marrow cavity. Each trace represents a 1 min segment of the recording before 

(baseline), and at 15, 30, 45 and 60 mins after application of carrageenan. B. Average 

spike frequency histograms of the responses of bone marrow nociceptors before and up 

to 60 mins after carrageenan (n=5, black bars) or saline (n=5, grey bars) injection. Each 

bin represents the mean (±SEM) of impulses evoked per 20 secs. Carrageenan produced 

a rapid increase in whole-nerve ongoing activity that lasts for the entire 60 min 

recorded. Saline did not alter whole-nerve activity at any time point. C. Group data 

showing frequency of whole-nerve discharge over 5 min periods immediately after 

injection (0-5 mins), and at 20-25 mins and 40-45 mins after carrageenan (n=5) or saline 

(n=5) injection. Carrageenan increased whole-nerve discharge frequency, relative to 
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saline, at each time point (Two-way ANOVA with repeated measures; Bonferroni’s 

multiple comparisons, *p<0.05).  
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Figure 6.3 - Carrageenan sensitizes phasic, but not phasic-tonic Aδ-bone marrow 

nociceptors. 

 A. Example of rasters of activity for two single, isolated units in response to a 

300mmHg ramp and hold pressure stimulus before (top), 15 (middle), and 30 mins 

(bottom) after application of carrageenan to the marrow cavity. The phasic unit (blue), 

but not the phasic-tonic unit (green), had increased discharge frequency and decreased 

threshold for mechanical activation after carrageenan injection. B-C. The time course of 

changes in total discharge frequency (B) and threshold for activation (C) of single 

mechanically-activated units expressed as a percentage of pre-injection. D-E. The time 

course of changes in discharge frequency of single mechanically-activated units 

expressed as a percentage of pre-injection values during the ramp phase (dynamic 

discharge frequency, D) and the hold phase (static discharge frequency, E) of the 

pressure stimulus. In all experiments where carrageenan was applied, single units were 

separated into those that responded with a phasic discharge pattern (n= 8) and those that 

responded with a phasic-tonic discharge pattern (n=10). In all phasic units, but in none 
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of the phasic-tonic units, carrageenan increased the total, dynamic and static discharge 

frequency at 15, 30 and 45 min relative to saline (Two-way ANOVA with repeated 

measures; Bonferroni’s multiple comparisons, *p<0.05). Carrageenan also reduced the 

threshold for activation of phasic units at 15, 30, 45 and 60 mins, relative to saline 

(Two-way ANOVA with repeated measures; Bonferroni’s multiple comparisons, 

*p<0.05). Saline did not alter the discharge frequency of any of the units tested. Data in 

B-E are represented as mean ± SEM. 
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Figure 6.4 - Sequestration of artemin reduces carrageenan-induced increases 

whole-nerve activity, and prevents carrageenan-induced mechanical sensitization 

of bone marrow nociceptors.  

Artemin was sequestered by co-injection of the artemin neutralizing antibody, AF1085 

(20µg/10µl), with carrageenan into the marrow cavity. A. Average spike frequency 

histograms of the responses of bone marrow nociceptors before and up to 60 mins after 

co-injection of anti-artemin and carrageenan (n=8; green bars), or isotype control 

antibody and carrageenan (n=6; black bars). Each bin represents the mean (±SEM) of 

impulses evoked per 20 secs. Sequestration of artemin reduced carrageenan-induced 

activation of bone marrow nociceptors. B. Group data showing frequency of whole-

nerve discharge measured over 5 min intervals immediately after (0-5 mins), at 20-25 

mins and 40-45 mins after co-injection of anti-artemin and carrageenan (n=5), or 

isotype control antibody and carrageenan (n=5). Sequestration of artemin resulted in a 

reduction in carrageenan-induced whole-nerve discharge frequency, relative to isotype 

control antibody, at each time point tested (Two-way ANOVA with repeated measures; 
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Bonferroni’s multiple comparisons, *p<0.05). C-D. Total discharge frequency (C) and 

threshold for activation (D), of single mechanically-activated phasic (left panels) and 

phasic-tonic (right panels) units, expressed as a percentage of pre-injection values. 

Sequestration of artemin resulted in a reduction in carrageenan-induced sensitization of 

phasic units to mechanical stimulation, relative to isotype control antibody, at the 15, 30 

and 45 min time-points (Two-way ANOVA with repeated measures; Bonferroni’s 

multiple comparisons, * p<0.05, left panels). Phasic-tonic units were not sensitized by 

carrageenan and so co-injection with anti-artemin had no effect (C and D, right panels). 
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7. Chapter 7: GENERAL DISCUSSION 

 

This Chapter is the candidate’s original work 

 

Pain associated with bone pathology is a significant clinical problem and there is 

a clear need to find effective therapies to treat it. Despite increasing awareness of the 

public health significance of bone pain, gaps in our understanding of the physiology 

of afferent neurons that innervate the marrow cavity have remained, and this has 

hampered attempts to identify novel targets for therapeutic benefit. In this thesis, a 

whole-animal electrophysiological preparation was developed and exploited to show 

that afferent neurons that innervate the bone marrow respond to noxious mechanical 

stimulation and inflammation of the marrow cavity. The thesis has provided strong 

evidence that bone marrow afferent neurons have functional response profiles consistent 

with a role in nociception, and that they can contribute to the experience of pain 

originating from the bone. It has also led to significant advances in our understanding of 

the mechanisms that generate and maintain bone pain by revealing that in addition to 

NGF, the GDNF family of ligands are important in the pathogenesis of inflammatory 

bone pain. In addition, it provides proof-of-principle that sequestering some of the 

GDNF family of ligands may be useful to treat it. Overall, the knowledge reported in 

this thesis will inform the development of novel and more targeted therapies to treat 

bone pain. 

 

A PERIPHERAL NERVE PREPARATION FOR MONITORING THE 

ACTIVITY OF SINGLE-ISOLATED AFFERENT NEURONS THAT 

INNERVATE THE BONE MARROW  
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Bone marrow is a very difficult medium to work with. It is located deep within 

the body and is encased by an outer shell of hard compact bone, making experimental 

access difficult. This has hampered past attempts to study physiological mechanisms of 

bone pain. As described in Chapter 2, until recently there were only two published 

studies of how peripheral sensory neurons respond to noxious stimulation of the bone 

marrow, and both were very limited in scope (Furusawa 1970, Seike 1976). In order to 

address this knowledge gap, at the start of my PhD, I developed a novel in vivo 

electrophysiological bone-nerve preparation which has for the first time allowed us to 

study the physiology of sensory neurons that innervate the bone marrow in great detail. 

This preparation has formed the basis of the work presented in this thesis. There are 

both significant advantages and some caveats with the approach that warrant further 

discussion here. 

 

Bone marrow afferent neurons have receptive fields within the marrow cavity, 

which is enclosed by hard cortical bone. As a consequence, direct mechanical 

stimulation of their receptive fields with point-like stimulation is not feasible. Thus, 

using this preparation it is not possible to isolate the activity of single mechanically 

activated bone marrow afferent neurons by selective stimulation of their nerve 

terminals. Instead, it was necessary to use intra-osseous ramp-and-hold pressure stimuli 

of high intensity, delivered with the controlled infusion of physiological saline into the 

marrow cavity, to mechanically activate bone marrow afferent neurons. This resulted in 

stimulation of a small number of bone marrow afferents in the nerve from which 

activity was recorded, and necessitated careful spike discrimination to isolate the 

activity of single units when required. This was achieved relatively easily with 

commercial software, with which I was able to routinely isolate 2-3 mechanically 
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sensitive units with medium to large amplitude spikes in each recording. This was 

facilitated by the nerve from which activity was recorded having a fine diameter 

(approximately 50µm) and only a small number of mechanically activated units to 

discriminate. This isolation of single mechanically activated bone marrow afferent 

neurons permitted, for the first time, a careful examination of the threshold for 

activation, adaptation profile and coding properties of single bone marrow afferent 

neurons. 

 

In Chapter 3, high intensity intra-osseous pressure was reported to activate some 

units with receptive fields located outside the bone marrow. One possible explanation 

for this is that leakage of saline through Volkmann’s and Harvesian’s canals (through 

which small blood vessels and nerves enter and exit the bone) could activate low-

threshold mechanically sensitive afferent neurons innervating tissues adjacent to bone. 

Indeed, there is evidence of low threshold receptors that innervate the periosteum 

(Sakada and Maeda 1967b, Sakada and Aida 1971a). In some recordings, there were 

units that had a rhythmic ongoing discharge. As the discharge of these units was 

coincident with pulsations of the adjacent vessel, it is possible that these are vascular 

afferents that are activated by pulsations of the blood vessels adjacent to the recording 

site and that likely enter the marrow cavity. To restrict the activity analysed to that 

originating from neurons that had receptive fields within the bone marrow cavity, units 

that were activated by mechanical probing of surrounding tissues at the end of each 

experiment were excluded. These units in the surrounding tissues may have important 

roles to play more broadly in osseo-perception (Rowe, Tracey et al. 2005), but they are 

beyond the scope of the present study. 
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Single mechanically activated bone marrow afferent neurons were characterized by 

their conduction velocities. In classical electrophysiological experiments, the 

conduction velocities for single identified DRG sensory neurones has been estimated by 

measuring the conduction interval when the peripherally projecting axon is electrically 

stimulated and recordings are made at a proximal location in the same neuron (Harper 

and Lawson 1985, Yamashita, Cavanaugh et al. 1990, Kajander and Bennett 1992, 

Thalhammer, Raymond et al. 1994, Treede, Meyer et al. 1995, Villiere and McLachlan 

1996, Simone and Kajander 1997). However, in the present study, this approach was not 

possible because it would have required electrical stimulation of identified single bone 

marrow afferent neurons, which, as described above, cannot be achieved using the 

bone-nerve preparation. Therefore, in the present study the conduction velocities of 

action potentials evoked by pressure stimuli in the single mechanically activated units 

were determined by recording at two sites along the nerve and dividing the conduction 

time by the inter-electrode distance between two recording electrodes placed along the 

nerve (see Chapter 3). This overcame some of the common inherent inaccuracies of the 

classic method. For example, the conduction velocity estimates are not dependent on the 

stimulus utilization time, i.e. the time difference between the start of the stimulus 

artefact and the spike onset, or the conduction delay as the impulse invades the cell 

body. However, the approach requires the nerve to be isolated for 7-10 mm in order to 

resolve conduction velocities of the different unit types. For the nerve, from which the 

recordings are made, this is particularly demanding as there is only a short distance (15-

20 mm) between the point where it penetrates the bone and the point where it branches 

from the parent tibial nerve. As the nerve is easily damaged when it is isolated over the 

length required for the placement of 2 electrodes, in many cases, it was impossible to 

estimate the conduction velocity of bone marrow afferent neurons using this method. In 
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Chapter 3, the conduction velocity of single units was demonstrated to have a linear 

relationship with action potential amplitude. Thus, action potential amplitude was used 

instead of conduction velocity to define C and Aδ bone marrow afferent neurons 

throughout this thesis.   

 

Bone marrow afferent neurons with Aδ conduction velocity gave rise to spikes that 

were relatively easy to isolate using commercially available software. In contrast, spikes 

derived from bone marrow afferent neurons with conduction velocities in the C-fibre 

range were relatively small and had a poor signal-to-noise ratio. Thus, the activity of 

individual C-fibre bone marrow afferent neurons was difficult to discriminate with the 

single-ended recording configuration used. For this reason, the focus of the majority of 

studies reported in this thesis has been on the activity of Aδ bone afferent neurons. 

Recently, differential recordings with bipolar electrodes have been made to better 

resolve the activity of C-fibre bone marrow afferent neurons. For the biphasic nerve 

impulses recorded using the differential recording configuration, the positive and 

negative peaks reflect the time when the action potential passes each electrode (Figure 

7.1). Therefore, dividing the time interval between the positive and negative peaks by 

the inter-electrode distance can be used to estimate the conduction velocity. This 

recording approach is now being used to specifically explore the response properties of 

C-fibre bone marrow afferent neurons to noxious stimulation of the bone. 

 

AFFERENT NEURONS THAT INNERVATE THE BONE MARROW HAVE 

PHYSIOLOGICAL PROPERTIES OF NOCICEPTORS  

The origin of skeletal pain has been a contentious issue. For many years, it was 

considered that pain did not occur unless the periosteum was involved. However, as 
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discussed in Chapter 2, there is significant evidence that skeletal pathologies can 

produce pain in humans when only the bone marrow – and not the periosteum - is 

involved (Arnoldi 1990, Mercadante 1997, Rice and Pisetsky 1999, Felson, Chaisson et 

al. 2001, Sesay, Dousset et al. 2002, Niv, Gofeld et al. 2003, Coleman 2006, Guillot, 

Rialland et al. 2011). This is also supported by a number of animal studies. Brjussowa 

and Lebedenko (1930) and, more recently, Ishida, Tanaka et al. (2016) reported that an 

increase in intra-osseous pressure produces pain-like reactions in anesthetized animals 

or guarding behaviour in awake animals. Osteoclast-mediated micro-fractures in bone 

have been associated with spontaneous and movement-evoked pain in animals with 

bone cancer (Honore, Luger et al. 2000, Honore and Mantyh 2000). Furthermore, 

injection of inflammatory mediators and neurotrophic factors into the bone marrow 

produces pain-like reactions in animals (Yang, Wang et al. 2011, Nencini, Ringuet et al. 

2017, Nencini, Ringuet et al. 2018). Animals receiving injections of tumour cells that 

are confined to the marrow cavity also show clear behavioural signs of pain as the 

tumour expands, generating intra-osseous hypertension and compression of the marrow 

and bone matrix (Clohisy and Mantyh 2003, Wacnik, Kehl et al. 2003, Peters, Ghilardi 

et al. 2005). In addition, stimulation by pro-nociceptive chemical mediators released in 

the process of osteoclastic bone resorption and/or from the malignancy itself, can 

contribute to bone cancer-induced pain (Sabino, Ghilardi et al. 2002, Sevcik, Ghilardi et 

al. 2005, Lozano-Ondoua, Symons-Liguori et al. 2013, Slosky, Largent-Milnes et al. 

2015).  

 

Pain is generated by the activity of nociceptive nerve fibres in response to 

physical tissue destruction or by chemical, pressure or thermal processes (Raja, Meyer 

et al. 1988, Willis and Coggeshall 2004, Robinson and Gebhart 2008). As briefly 
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discussed in Chapter 2, nociceptive neurons have specific molecular and 

functional characteristics that differentiate them from low-threshold afferent 

neurons, and these characteristics help to better understand how bone marrow 

afferent neurons code for noxious stimulation.  

 

Conduction velocity is closely related to axon size and can be used to classify 

primary afferent neurons into a number of functional categories. Afferents with small 

diameter myelinated (Aδ) or unmyelinated (C) axons and slow conduction velocities are 

associated predominantly with a nociceptive function (Dixon 1963, Burgess and Perl 

1973, Lawson and Waddell 1991, Djouhri and Lawson 2004, Strassman, Weissner et al. 

2004). In this thesis, it has been shown that mechanically sensitive bone marrow 

afferent neurons have conduction velocities in the Aδ- and C-fibre range and that they 

are only stimulated by high intensity intra-osseous pressure stimuli (noxious mechanical 

stimulation). Thus, the mechanically activated bone marrow afferent neurons have 

conduction velocities and sensitivity consistent with a role in nociception.  

 

The threshold for activation is an important physiological property of sensory 

neurons that informs how easily a stimulus is transduced at the periphery. The threshold 

for activation for mechanically sensitive afferent neurons is useful in defining their 

functional classification. For example, most low-threshold mechanically sensitive units 

have a role in innocuous sensibility, whilst those with high thresholds usually have a 

role in nociception. The pressure that was required to evoke an increase in discharge 

frequency in the bone marrow afferent neurons was very high (> 50 mmHg) and was 

undoubtedly noxious (see Chapter 3). Interestingly, Ishida, Tanaka et al. (2016) have 

recently shown that the increases in intra-osseous pressure (induced by inflating an 
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implanted balloon in the rat femoral marrow cavity) that produce pain reactions in 

anaesthetised animals are similar to those that were required to activate the Aδ-

mechanically sensitive bone afferent neurons in this study. Thus, it is likely that the 

mechanically activated bone afferent neurons recorded from in this thesis respond to 

noxious mechanical stimuli and are involved in evoking pain associated with the 

mechanical disturbance of the marrow cavity.  

 

Another feature that is required for an afferent neuron to be labelled as a 

nociceptor is its ability to code noxious stimulation via action potential frequency, and 

more specifically the ability of the neuron to code for the intensity of noxious 

stimulation. In this study, all of the mechanically sensitive bone marrow afferent 

neurons coded for increases in intra-osseous intensity to some degree and so satisfy this 

condition.   

 

Peripheral sensory neurons can also adapt in different ways to the application of 

a constant mechanical stimulus. For rapidly adapting neurons the discharge frequency 

declines very quickly and the response to the mechanical stimulus is transient, providing 

a clear temporal localization of mechanical stimuli that is characteristic of some low-

threshold mechano-sensory neurons (Sakada and Aida 1971a, Iggo and Ogawa 1977). 

For slowly adapting neurons, the decline in discharge frequency takes much longer, 

such that the neuron continues to fire for the duration of the stimulus. Classically, the 

majority of nociceptors are defined as having a slowly adapting response to noxious 

stimulation (Bessou and Perl 1969, Garell, McGillis et al. 1996, Andrew and Greenspan 

1999, Slugg, Meyer et al. 2000, Lennerz, Dentsch et al. 2007). The mechanically 

activated bone marrow afferent neurons reported in the present study were all relatively 
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slowly adapting (some more than others, see Chapter 3), and this is consistent with their 

classification as nociceptors.  

 

Chemical sensitivity and sensitization by inflammatory mediators is typical of 

polymodal nociceptors (Bessou and Perl 1969, Davis, Meyer et al. 1993, Perl 1996, 

Rivera, Gallar et al. 2000, Gold and Gebhart 2010). In addition to noxious mechanical 

sensitivity, many of the bone marrow afferent neurons reported in this thesis showed 

rapid and, in some cases, prolonged increases in activity and/or sensitivity following 

injection of inflammatory substances and irritants such as capsaicin and neurotrophic 

factors (Chapter 3, 4, 5 and 6). This suggests that many of bone afferent neurons 

recorded from in this thesis are polymodal receptors. Interestingly, intra-osseous 

injection of capsaicin selectively sensitized some of the mechanically activated Aδ bone 

marrow afferent neurons that had phasic (but not phasic-tonic) adaptation profiles 

(Chapter 3). A similar selective sensitization of phasic (but not phasic-tonic) units was 

also found for carrageenan-induced inflammation (Chapter 6). Whilst these findings 

reinforce the notion that some bone afferent neurons are polymodal nociceptors, it also 

suggests that not all of them are necessarily so.  

 

Because Aδ bone marrow afferent neurons were most easily discriminated, this 

thesis has focused on documenting in detail their response properties. Therefore, it is as 

yet unknown whether the C-fibre bone marrow afferent neurons have physiological 

characteristics of nociceptors, but it seems likely that most, if not all, of these neurons 

will have a nociceptive function. Some C-fibre afferent neurons that respond to 

innocuous mechanical stimuli such as light stroking have been shown to exist in the 

hairy skin of animals (C-low threshold mechanoreceptors) and humans (C-tactile fibres) 
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(Zotterman 1939, Douglas and Ritchie 1957, Bessou, Burgess et al. 1971, Kumazawa 

and Perl 1977, Liljencrantz and Olausson 2014). Whether these exist in bone is not 

clear, although it has been pointed out by Mantyh (2014) that discrimination of fine 

touch, light pressure, and brushing is unlikely to be required or relevant in bone.  

 

NEUROTROPHIC FACTORS AND INFLAMMATORY BONE PAIN 

Inflammation is a dominant feature common to most bone pathological 

conditions. Bone cancers, fractures, osteoarthritis, and osteomyelitis have a significant 

inflammatory component that could be responsible for the pain (Bennett 1988, Goldring 

2000, Haegerstam 2001, Urch 2004, Starr, Wessely et al. 2008). Indeed, agents known 

to act by reducing inflammatory processes (e.g. NSAIDs) produce partial analgesia in 

animal models of bone cancer pain (Honore and Mantyh 2000) and pro-inflammatory 

cytokines contribute to nociceptive responses in a bone fracture model (Li, Sabsovich et 

al. 2009).  

 

During inflammation, pain can derive from activation and/or sensitization of 

peripheral sensory neurons induced by inflammatory mediators (Gold and Gebhart 

2010). In Chapter 3, 4 and 5, it has been shown that some bone marrow afferent neurons 

can indeed be activated and sensitized by inflammatory mediators, including the 

neurotrophic factors. Interestingly, the NGF- and GFL-dependent effects on bone 

marrow afferent neurons reported in this study had a short latency to onset. This 

suggests that acute responses to NGF and GFLs in bone marrow might be explained, at 

least in part, by the direct binding of each neurotrophic factor to its receptor expressed 

in the nerve terminal membrane of bone marrow afferent neurons. Bone marrow 

afferent neurons can be classified as either peptidergic or non-peptidergic neurons, 
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based on the expression of their neuropeptide content, and each are likely to have 

different roles in the pathogenesis of bone pain (Ivanusic 2009). Each of these two 

populations also expresses different combinations of neurotrophic factor receptors. The 

peptidergic neurons express the NGF and artemin receptors (Jimenez-Andrade, Mantyh 

et al. 2010, Bloom, Jimenez-Andrade et al. 2011, Castaneda-Corral, Jimenez-Andrade et 

al. 2011, Ghilardi, Freeman et al. 2011, Chartier, Mitchell et al. 2017, Nencini, Ringuet 

et al. 2017), whereas the majority of non-peptidergic neurons express receptors for the 

GDNF and/or neurturin (Nencini, Ringuet et al. 2018). This led us to suggest that NGF 

and GFLs have differential effects on peptidergic or non-peptidergic neurons in the 

mediation of inflammatory bone pain. Specifically, that NGF/TrkA and/or 

artemin/GFRα3 signalling pathways are involved in activation and sensitization of 

peptidergic neurons, whereas GDNF/GFRα1 and neurturin/GFRα2 signalling pathways 

are involved in activation and sensitization of non-peptidergic bone marrow afferent 

neurons. Indeed, the results reported in Chapters 4 and 5 are consistent with this 

suggestion. The proportion of neurons sensitized by either NGF or artemin was similar 

(~70%), as was the proportion of neurons that were sensitized by either GDNF or 

neurturin (~30%). However, the proportions of neurons that were sensitized by NGF or 

artemin differed from the proportion of neurons that were sensitized by GDNF or 

neurturin. These findings are potentially important because they imply that it might be 

possible to selectively manipulate the peptidergic population of bone marrow afferent 

neurons by targeting the NGF and artemin signalling, or the non-peptidergic population 

of bone marrow afferent neurons by selectively targeting neurturin and GDNF 

signalling.  
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The efficacy of anti-NGF therapy in reducing bone pain has been extensively 

demonstrated, and has already been discussed in Chapter 5. As previously indicated, 

anti-NGF treatment has significant adverse side effects, particularly when used in 

conjunction with NSAIDs in osteoarthritic patients. Given that artemin signalling likely 

occurs in the same population of peptidergic afferent neurons that are sensitive to NGF, 

artemin sequestration might be a valid alternative to anti-NGF therapy for the treatment 

of inflammatory bone pain. Indeed, studies in our laboratory have shown that 

sequestering artemin prevents the induction of pain-like behaviour in a rodent model of 

CFA-induced inflammatory bone pain (Nencini, Ringuet et al. 2018)(see Chapter 5). In 

addition, using the bone-nerve preparation, I have shown in Chapter 6 that antibody 

sequestration of artemin reduces acute carrageenan-induced increases in the activity and 

sensitivity of bone marrow afferent neurons. Further work is required to establish 

the efficacy of anti-artemin therapy in treating bone pain. In particular, it is 

important to assess whether targeting artemin-GFRα3 signalling overcomes 

some of the off-target effects produced by other treatments (i.e. NSAIDs and inhibition 

of NGF signalling), including detrimental effects on bone formation and remodelling 

(Tomlinson, Li et al. 2017).   

 

The notion that non-peptidergic bone marrow afferent neurons contribute to pain 

originating from bone has, until recently, been neglected by past studies, largely due to 

an inability to identify the nerve terminals of this population of neurons in bone. Recent 

studies in our laboratory have shown that sequestering neurturin (but not GDNF) also 

provides relief from CFA-induced inflammatory bone pain (Nencini, Ringuet et al. 

2018)(Chapter 5). In other tissue systems, genetic and/or pharmacological ablation of 

non-peptidergic nociceptors produces modality-specific deficits in behavioral responses 
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to noxious mechanical stimuli (McCoy, Taylor-Blake et al. 2013, Zhang, Cavanaugh et 

al. 2013), suggesting that non- peptidergic neurons contribute to mechanically induced 

pain. Interestingly, two recent studies have demonstrated that ablation of isolectin B4 

(IB4)-binding (non-peptidergic) afferent neurons eliminates movement-induced 

breakthrough pain in rats with bone cancer (Ye, Bae et al. 2014, Havelin, Imbert et al. 

2017). While these studies suggest that non-peptidergic afferent neurons contribute to 

the initation of bone pain, further work is required to determine whether targeting non-

peptidergic bone marrow afferent neurons through inhibition of neurturin signalling has 

therapeutic benefit during the maintenance phase of the pain. 

 

In addition to bone marrow afferent neurons, circulating immune cells, including 

T and B lymphocytes, monocytes/macrophages, and mast cells express the receptors for 

neurotrophic factors (Woolf, Ma et al. 1996, Vargas-Leal, Bruno et al. 2005). Thus, 

there is the possibility that the effects of NGF and GFLs on the activity and sensitivity 

of bone marrow afferent neurons are indirectly mediated by these other cell types 

(Bischoff and Dahinden 1992, Shinoda, Hoffer et al. 1996, Woolf, Ma et al. 1996, 

Stanisz and Stanisz 2000, Hashimoto, Nitta et al. 2005). Upon activation, immune cells 

can release a number of inflammatory susbtances that rapidly activate and/or sensitize 

afferent neurons. For example, it has been shown that NGF acts as a potent trigger for 

mast cell degranulation, which liberates additional NGF as well as serotonin, histamine 

and tryptase (Horigome, Pryor et al. 1993, Nilsson, Forsberg-Nilsson et al. 1997). In 

Chapter 4, inhibition of mast cell degranulation did not inhibit the actions of NGF on 

bone afferent neurons, excluding the role of masts cells in mediating the effects of NGF. 

However, there is the possibility that other immune cells are involved in the actions of 

NGF.  
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In skin, NGF-induced hyperalgesia has been reported to require the presence of 

the nerve terminals of sympathetic neurons (Andreev, Dimitrieva et al. 1995, Woolf, 

Ma et al. 1996). The possibility that NGF-induced activation and sensitization of bone 

marrow afferent neurons also depends on the presence of sympathetic nerve terminals in 

bone is an idea that needs to be investigated.  

 

MECHANISMS OF MECHANICALLY-INDUCED BONE PAIN 

Bone pain can derive from the destruction of bone by osteolytic processes as 

well as from injury or distortion of the bone structure by excessive mechanical stress or 

trauma (Lemperg and Arnoldi 1978, Arnoldi, Djurhuus et al. 1980, Felson, Chaisson et 

al. 2001, Haegerstam 2001, Coleman 2006, Freeman, Koewler et al. 2008, Li, Yin et al. 

2013, Mantyh 2014). Increases in intra-osseous pressure have been suggested to be an 

important trigger for pain in patients with intra-osseous engorgement syndrome or bone 

cancer (Arnoldi 1990). Clinical practices that involve mechanical manipulations of the 

bone such as cement injection into the vertebral body or needle aspiration of the bone 

marrow are commonly reported as painful by patients (Sesay, Dousset et al. 2002, Niv, 

Gofeld et al. 2003, Guillot, Rialland et al. 2011). Taken together, these studies highlight 

that pathology of the bone marrow is associated with mechanical disturbances that 

likely activate bone marrow nociceptors and contribute to pain. This suggests that 

treatment strategies targeted specifically at mechanically induced bone pain will provide 

therapeutic benefit in many bone pathologies. 

 

Genetic screening studies have been conducted in model organisms such as 

Drosophila and Caenorhabditis elegans, in order to identify ion channels or receptors 
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involved in mechanotransduction (Gillespie and Walker 2001, Ernstrom and Chalfie 

2002). These screens have revealed that some of the best candidates for 

mechanotransducers in mammalian sensory neurons belong to the degenerin/epithelial 

Na+ channels (DEG/ENaC) and the TRP superfamilies. 

 

Acid Sensing Ion Channels (ASICs) belong to the DEG/ENaC channel family of 

cation channels (Waldmann and Lazdunski 1998, Lingueglia 2007). ASIC genes have 

been cloned and encode seven channel subunits. Although all ASIC channel subunits 

are expressed in the peripheral nervous system of mammals, only the ASIC2 and ASIC3 

subunits are expressed by mechanosensory neurons, and these are present in some 

unmyelinated free nerve endings in skin (Garcia-Anoveros, Samad et al. 2001, Price, 

McIlwrath et al. 2001). However, functional studies, to date, have not supported an 

essential role for ASIC channels in noxious mechanotransduction. For example, no 

changes in the amplitude or kinetics of mechanically evoked currents in small diameter 

DRG neurons have been reported in ASIC2/ASIC3 null mutant mice (Drew, Rohrer et 

al. 2004),  

 

In addition to DEG/ENaC channels, a number of TRP channels have been 

implicated in mechanosensory behaviours in invertebrates, especially in the context of 

cell volume regulation, hearing, touch sensitivity and even nociception (Colbert, Smith 

et al. 1997, Walker, Willingham et al. 2000, Kim, Chung et al. 2003, Liedtke, Tobin et 

al. 2003, Tracey, Wilson et al. 2003, Tobin and Bargmann 2004). Although in mammals 

many TRP proteins have been implicated in thermosensory rather than mechanosensory 

transduction (Jordt, McKemy et al. 2003), some of these channels have been shown to 

contribute to mechanical sensitivity. In particular, TRPV4 knockout mice were found to 
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have elevated sensory withdrawal thresholds to mechanical stimulation of the tail 

(Suzuki, Mizuno et al. 2003, Christensen and Corey 2007, Liedtke 2008), suggesting 

that the TRPV4 can also work as a mechanotranducer in sensory neurons. In addition to 

TRPV4, Brierley, Castro et al. (2011) have provided evidence that TRPA1 plays a role 

in the mechanosensory function of a specific set of small-diameter nociceptive neurons. 

This finding is consistent with studies that have revealed that TRPA1 is required for 

normal mechanosensation in the gut and in the skin (Kwan, Allchorne et al. 2006, 

Brierley, Hughes et al. 2009), and also concurs with findings obtained in Drosophila 

(Tracey, Wilson et al. 2003). Studies in the future are needed to assess whether any of 

these TRP channels are involved in mechanosensitivity in bone.  

 

Recently, a newly discovered ion-channel, Piezo2, has received significant 

attention because of its ability to transduce low-threshold mechanical stimuli in Merkel 

cells (Ikeda, Cha et al. 2014, Ikeda and Gu 2014, Ranade, Woo et al. 2014, Woo, 

Ranade et al. 2014) and proprioceptors (Woo, Lukacs et al. 2015, Florez-Paz, Bali et al. 

2016). Interestingly, recent evidence suggests Piezo2 might also be involved in the 

transduction of noxious mechanical stimuli. Mechanically activated Piezo2 currents are 

enhanced by the algesic peptide bradykinin and NGF that drive mechanical 

hypersensitivity in nociceptive neurons (Dubin, Schmidt et al. 2012, Prato, Taberner et 

al. 2017). Furthermore, Piezo2 knockdown in DRG neurons inhibits inflammation-

induced mechanical but not thermal hyperalgesia in the mouse skin (Singhmar, Huo et 

al. 2016) and attenuates visceromotor pain reflexes in response to noxious and 

innocuous colorectal distension in rats (Yang, Zhang et al. 2016). Piezo2 knockout does 

not prevent nociceptors from transducing mechanical stimuli but it does selectively 

reduce the sensitivity of Aδ- (not C-) fibre mechano-nociceptors in the skin-nerve 
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preparation (Ranade, Woo et al. 2014). As reported in Chapter 3, Piezo2 is also 

expressed in the majority (70%) of small myelinated (Aδ) nociceptors that innervate the 

bone marrow cavity (Nencini and Ivanusic 2017). Together, these findings suggest that 

Piezo2 contributes to the mechanical sensitivity of Aδ mechano-nociceptors, including 

those that innervate bone marrow.  

 

As yet there are no studies that have directly investigated the functional role of 

Piezo2 in bone marrow nociceptors, but it is possible that this ion channel might be 

important for the detection of mechanical forces in bone and ultimately in the 

production of mechanically induced bone pain. Recently, I have started to use a rat 

knockdown model of Piezo2 obtained via intrathecal injection of Piezo2 antisense 

oligodeoxynucleotides to explore whether this ion channel is important for the 

mechanical sensitivity of bone marrow afferent neurons. With this strategy, I have 

observed that the knockdown of Piezo2 produces specific functional changes in the 

excitability of the phasic-tonic bone marrow afferent neurons described in Chapter 3. 

These preliminary data are promising as they suggest that Piezo2 contributes to the 

mechanical excitability of some bone marrow afferent neurons. As these investigations 

are still ongoing, they have not been included in this thesis. 

 

Osteen, Herzig et al. (2016) have recently isolated toxins from the venom of the 

spider Heteroscodra maculata with a selective action at the sodium channel subtype 

Nav1.1, and have employed them to reveal a novel role for this channel in regulating the 

excitability of sensory neurons that mediate mechanical pain. Recently, I have started to 

use these toxins to explore the contribution of NaV1.1 to the activity of mechanically 

sensitive bone afferent neurons using the bone-nerve preparation. The results are 
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exciting; intra-osseous injection of the peptide Hm1b, which selectively increases the 

activity of Nav1.1, produces rapid increases in the mechanical excitability of Aδ bone 

marrow afferent neurons, suggesting that this channel might also participate in the 

transduction of mechanical stimuli in these neurons. However, these preliminary results 

required further investigation and have not been included in this thesis. 

 

CONCLUSION AND CLINICAL PERSPECTIVE  

Pain originating from the bone can be particularly debilitating to the patient's 

functional status and quality of life. Management of bone pain with conventional 

analgesia (e.g. opioids and NSAIDs) is based on the assumption that the mechanisms 

that mediate bone pain are similar to those that mediate cutaneous pain and can 

therefore be targeted with similar therapies. However, the experience of bone pain 

differs markedly from that of cutaneous pain. It is classically described as dull and 

diffuse and difficult to localize and it does not have the sharp, discriminative component 

associated with cutaneous pain, unless the periosteum is involved. These differences 

highlight that mechanisms contributing to bone pain differ to those for other tissue 

systems and also suggest that, in order to efficiently reduce the significant burden of 

bone pain, there is a requirement to develop more targeted and tissue-specific 

therapeutic strategies.  

 

The development of a novel electrophysiological bone-nerve preparation in this 

thesis has allowed for the first time the functional properties of bone afferent neurons to 

be determined in vivo. Using this preparation, I have shown that bone marrow afferent 

neurons function as nociceptors and provide the necessary machinery to generate the 

pain profiles observed in the clinical setting. In particular, there is now clear evidence 
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that afferent nerve terminals within the bone are activated by noxious mechanical 

stimuli and are sensitized by inflammatory mediators, and that changes in the 

excitability of bone marrow afferent neurons contribute to pain originating from the 

bone. 

I have also provided proof-of-principle that manipulating specific molecular 

signalling pathways responsible for the activation and sensitization of bone marrow 

afferent neurons could be beneficial for the treatment of bone pain. Although these 

findings have highlighted a number of new targets for the treatment of bone pain, 

further studies are necessary to evaluate whether targeting some of these signalling 

pathways could be used in the clinical setting to treat bone pain in patients.   
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Figure 7.1 - Schematic representation of bipolar electrode recording. 

B, An action potential arriving at the first electrode correlates with a positive inflection 

C, Signal arrives back at baseline as the action potential travels between the electrodes. 

D, An action potential arriving at the second electrode correlates with a negative 

deflection. E, The signal arrives back to baseline after the action potential passes the 

second electrode. B-E adapted from Heinricher (2004). 
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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.

Key words: artemin; bone pain; GDNF; neurturin; pain; skeletal pain

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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