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PREFACE 

As a thesis aims to report its findings in a scientific and objective manner, I want to 

use this section, together with the acknowledgments to express some personal thoughts 

on conflict of interest, the rise in cancer rates and climate change. My PhD has been 

one exciting and challenging journey, that led me from being an insecure and naïve 

master student to becoming a self-critical and experienced researcher; a journey during 

which I learned to appreciate the beauty of science, failing experiments, serendipity, 

and the importance of human interactions in all that drives our motivations in this 

world, including pain; how we perceive it and cope with it. 

Research is more than just a job, it is that curiosity that keeps you awake at night, that 

excitement about the unknown that makes you wonder, and it is all those times when 

things turned out to be different from what you were expecting. As such, we scientists 

should be well prepared to the uncertainties of life. The truth is, you can never be fully 

prepared. As I was finishing my last experiments for this thesis, my father was 

diagnosed with lung cancer, stage IV. I was devastated. I felt my life shatter into 

pieces. My immediate reaction was to leave London and move back home to support 

my family (thank you John for your understanding and support). I tried to write my 

thesis during that time, but I couldn’t. There was something more important I had to 

do: be there for my father and bring a bit of light into that darkness, and a little bit of 

happiness into his heart when he needed it. My father passed away only three months 

after his diagnosis, and I can truly say that being there to share the last moments of his 

life was one of the most important things I have ever done in my life. After all, pain is 

not only a sensory experience, but has a strong emotional-affective component. 

The present thesis deals with metastatic bone cancer pain, and luckily enough my 

father did not have to go through that, but I now know how hard the journey through 

chemotherapy, steroids and hospitals can be. I developed a strong respect for those 

doctors who deal with these conditions daily, knowing that many of their patients have 

little left to live. During my father’s illness, I started to read a lot about cancer: is it 

really beyond our control? Is there really nothing we can do? Lung cancer has a terribly 

short prognosis, mostly because it is detected at a very advanced stage as no symptoms 

develop. Survival rates are pretty low, with only a few percent making it over the 2-
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year mark. This will hopefully soon change, as the EU is planning to introduce 

preventive screening with low dose PET scans in risk groups, such as former smokers.  

It has only been about 20 years since we have learned that tobacco smoke is a major 

key player in a variety of diseases, including cancer and cardiovascular disease. For 

many decades the tobacco industry successfully managed to hide the fact that nicotine 

consumption is harmful and even had medical doctors endorse smoking, with slogans 

such as “More doctors smoke Camels than any other cigarette.” While medical doctors 

nowadays strongly discourage smoking, the tobacco industry still exerts a strong 

influence on legislation, as one can see from the stricter or laxer regulations on 

cigarette smoking in different countries (e.g. Austria is to introduce a ban on smoking 

in restaurants only in November 2019). In fact, new alternatives are emerging: the 

FDA has reported a rapid increase in the consumption of E-cigarettes, especially 

among teenagers, while the WHO has released a statement that these products are 

undoubtedly harmful. In a comparable manner, a sharp rise in the consumption of 

prescribed opioids has largely contributed to the current opioid crisis. A single 1986 

paper claiming the long-term safety of opioid consumption was widely exploited by 

marketing campaigns, despite the low quality of the evidence collected, and is 

responsible for the rise in opioid prescriptions for chronic, but also acute post-surgical 

pain, often resulting in long-term addiction to prescription opioids, which are a 

gateway to illegal consumption and opioid related deaths.  

I fear that our food industry and agriculture are also largely affected by lobbyism, 

which makes much of the food we eat more harmful than it should be. In an ever faster 

growing world, with an increasing population and an increasing exchange of 

resources, I often wonder where the food that is resting on my plate comes from. Let 

us consider a classic British dish, Sunday roast. If we are lucky, those potatoes and 

carrots were grown in England – but maybe they were brought to Spain to be 

packaged, only to be then returned to the UK. And what about that roast beef? Maybe 

the cattle had been feeding on an Irish pasture, but potentially it could be a genetically 

modified Belgian Blue cattle cow, with a 20% increased muscle yield, that has been 

fed mostly with Alfalfa and has spent a life enclosed in a 9m2 space.  

For the average person in developed countries the choice of food is largely driven by 

price, rather than health considerations. Not questioning where our food comes from 
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and how it is produced is an important driver of climate change. Several studies now 

highlight the massive amounts of greenhouse gasses produced and water consumed 

within the industrial food production. Food consumption has become an addiction in 

developed countries, with obesity rates soaring. And yet, in the developing world, 

children are still starving to death, while, at the same time, humans waste one third of 

the food they produce every year. I find it incredible that a species that has made it to 

the moon and beyond is not able to elaborate a better strategy for food production and 

distribution.  

To reconnect this problem back to this thesis and to the issue of cancer, I want to refer 

to a must-read book, written by Dr. David Servan-Schreiber, which I discovered while 

my father was sick. In “Anticancer – a new way of life” Servan-Schreiber presents 

circumstantial evidence showing that cancer rates are rising independently from 

increased life expectancy. He suggests that modern western lifestyles expose us to (1) 

toxins, including tobacco smoke, pesticides (finally there is some unbiased research 

confirming this) and pollution (we should expect this to become much more prevalent 

in the coming decades as a consequence of global warming); (2) an unhealthy diet 

(tons of sugar, increased net intake of >300% compared to before the world war; high 

quantities of low quality meat, that is produced using industrialized methods resulting 

in unhealthy animals; and not enough vegetables); (3) lack of physical activity and a 

stressful lifestyle leading to oxidative damage; (4) loss of a connection between the 

body and the mind. “Anticancer – a new way of life” does not talk about how to cure 

cancer, but it provides us with the tools to induce our bodies to use their natural 

defences for cancer prevention. While the biggest risk factor to developing cancer is 

random chance, it should be possible to reduce the prevalence of the disease by having 

a more balanced lifestyle and a healthier diet.  

In a way, our bodies are like a forest: we are a complex ecosystem with extensive 

interactions, many of which still remain to be discovered. Cancer is like weeds 

growing wild in your garden; they are a sign that something is wrong with your garden 

and that you need to restore the balance of the ecosystem. Not only do we have 

different systems that communicate with each other in our bodies, such as the immune 

system and the nervous system, but there are more bacteria inside our guts than we 

have individual cells—and the same goes for our skin and our mouth. In western 

society we are so obsessed with hygiene and quick fixes to any problem, that 
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sometimes it feels like we have lost touch with nature. Packaging every single food 

item and using the ocean as a big dump, I suspect that in 30 years’ time we will go to 

the hospital to seek treatment for plastic stones, rather than kidney stones. Humans 

have shown time after time that they have the ability to adapt to hostile environments 

and come up with innovative solutions. In my optimism, I hope that this ability will 

make us reintegrate with the rest of nature, so that we can become an ecosystem again. 

To conclude this preface and introduce you to the scientific part of my thesis, I’d like 

to quote Rosalind Franklin: 

"In my view, all that is necessary for faith is the belief that by doing our best we shall 

come nearer to success and that success in our aims (the improvement of the lot of 

mankind, present and future) is worth attaining...I maintain that faith in this world is 

perfectly possible without faith in another world."  

Indeed, I have faith that this PhD work has contributed to the improvement of mankind 

and it was worth attaining. 
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ABSTRACT 

With the rise in cancer rates and better treatments which prolong life expectancy for 

patients, the prevalence of cancer associated pain is also increasing. Many cancer 

patients suffer from painful metastases to the bone, which have a significant impact 

on quality of life and constitute an economic burden on society. Opioids, the most 

widely used treatment for metastatic cancer pain, especially in advanced stages of the 

disease, are associated with severe side effects. While preclinical work suggests anti-

NGF therapy may be a useful strategy for malignant bone pain relief, it’s efficacy in 

the clinic has been disappointing. Like for other forms of chronic pain, the 

establishment and maintenance of metastatic bone pain depend on peripheral inputs. 

Elucidating novel peripheral mechanisms and targets for therapy remains a key 

challenge in the field. 

This thesis investigates peripheral mechanisms involved in cancer-induced bone pain, 

by using molecular, transgenic and in vivo imaging approaches, providing new 

evidence for peripheral changes in cancer-induced bone pain and potential targets for 

further therapeutic investigation.  

Firstly, we explored the role of the voltage gated sodium channel Nav1.9, which 

together with Nav1.7 and Nav1.8 is preferentially expressed in the peripheral nervous 

system, in metastatic cancer pain. Nav1.9 does not play a role in bone cancer pain, as 

identified in global knockout mice. Through microarray analysis we identified novel 

genes and pathways which are dysregulated in the peripheral nervous system in 

cancer-induced bone pain. A large proportion of differentially expressed genes were 

microRNAs, suggesting large changes at the posttranscriptional level. Five identified 

protein coding genes had been previously associated with pain (Adamts5, Adcyap1, 

Calca, Gal, Nts), but only neurotensin and galanin have been described in the context 

of cancer-induced bone pain. The three other genes may constitute novel targets for 

analgesia. 

Secondly, we investigated the molecular profile of mouse bone marrow afferent 

neurons by using transgenic mouse reporter lines. Contrary to previous reports in the 

literature based on immunohistochemistry, we found more than three quarters of bone 

marrow afferents express the nociceptive neuron’s marker Nav1.8. Additionally, bone 
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afferents never expressed the marker parvalbumin, indicating they are not involved in 

proprioception. 

Thirdly, using in vivo calcium imaging we found no increase in the excitability of bone 

marrow afferents in cancer-bearing animals. However, a larger proportion of 

cutaneous afferents responded to mechanical stimulation in animals with metastatic 

bone pain, reflecting behavioural mechanical hypersensitivity. Cutaneous afferents 

showed increased calcium transients to both thermal and mechanical stimuli in 

animals with cancer-induced bone pain, suggesting hyperexcitability in the peripheral 

nervous system contributes to secondary hyperalgesia. 

Fourthly, based on clinical and pre-clinical evidence of pain relief by osteoclast 

targeting agents, we wondered if increased activity of these cells alone is sufficient to 

induce bone pain. While a localized increase in osteoclast activity could not be 

achieved, a widespread model of osteoclast activation through multiple nuclear factor 

κB ligand (RANKL) injections, resulted in decreased bone mineral density, without 

producing any symptoms of pain. Pain may be induced only after reaching a certain 

threshold of osteoclast activity, or additional changes in the bone microenvironment 

are needed for a phenotypic switch from physiologic to inflammatory osteoclast. 
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IMPACT STATEMENT 

Many doctoral curricula aim to produce narrowly focused researchers rather than 

critical thinkers. That can and must change. 

Nature’s world view - Gundula Bosch  

There is no question that chronic pain conditions, including bone cancer pain, are a 

substantial socio-economic burden all around the globe. For the single patient 

metastatic bone pain is severely debilitating and impacts the overall quality of life. 

Given the inadequate level of pain relief in many patients and the strong side effects 

of opioidergic therapy, we are in need of novel analgesic treatments. Understanding 

basic mechanisms that act in the peripheral nervous system to produce and maintain 

chronic bone pain is a first step towards reaching this goal. 

The results generated by this thesis provide novel insights into the molecular nature of 

bone innervation, the role of physiological osteoclasts in pain, peripheral mechanisms 

contributing to secondary hyperalgesia and candidate genes for further investigation 

in bone cancer pain. The results of this thesis may be exploited academically by further 

investigating the role of specific candidate genes which have been identified as altered 

by microarray analysis in bone cancer pain, and by determining the pathways 

mediating changes in peripheral excitability, which contribute to secondary 

hyperalgesia. To this end, the MSCA ITN BonePain, which has provided funding for 

the here presented work, has successfully obtained a second round of funding and one 

PhD student joined Prof. John Wood’s lab in September 2019 to build on the 

knowledge generated by this thesis.  

The results of this thesis have been disseminated to the scientific community through 

a peer-reviewed publication in the Journal Wellcome Open Research, while two 

manuscripts are currently in preparation. Furthermore, during my PhD I was involved 

in the dissemination of pain research to the public, through my engagement with the 

BonePain Patient Ambassador Group. I established this group together with two of my 

peers, our supervisors Kris Rutten and Anne-Marie Heegaard, and our project 

coordinator Ulla Kløve Jakobsen. The aim of this group is to promote public 

awareness of painful bone conditions and we have started collecting patient stories, 

which will be made available on http://bonepain.eu/patient-stories/. My peers and I 

http://bonepain.eu/patient-stories/
http://bonepain.eu/patient-stories/
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will continue this work and guide the PhD students of the second generation 

BonePain2 Network, who are interested in joining us.  
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 INTRODUCTION 

 “There are things known and there are things unknown, and in between are the 

doors of perception.”  

The doors of perception - Aldous Huxley  

1.1 Pain and nociception 

Pain is a subjective experience which is universally present across human cultures and 

throughout history. From an evolutionary perspective pain allows an individual to 

learn about the dangers present in the physical world and adjust through behavioural 

responses and adaptations, in order to enhance survival. Supporting this theory are 

patients with congenital pain insensitivity, who often end up injured or die prematurely 

(Nagasako et al., 2003). Today pain is recognized as “an unpleasant sensory and 

emotional experience associated with actual or potential tissue damage or described in 

terms of such damage” by the International Association for the Study of Pain (IASP). 

As such, pain is normally produced in response to a noxious peripheral stimulus, but 

it can outlast that stimulus or be produced in the absence of any trigger, becoming 

chronic and no longer serving a protective function (see section 1.2.4). Nociception 

on the other hand is the molecular machinery behind the transduction of noxious input 

and thus defined as “the neural processes of encoding and processing noxious stimuli” 

by IASP.  

Human microneurography studies highlight the differences between pain and 

nociception. Individual variability exists in pain perception of noxious stimulation of 

the skin, and this non-linear relationship can be further altered in the presence of 

insults (Torebjork et al., 1984). Pain is thus a multidimensional and complex 

phenomenon, with sensory-discriminative (location, intensity, quality, duration), 

affective-motivational (unpleasantness, inducing a flight response), and cognitive-

evaluative (culture, context, and cognitive state) dimensions (Melzack and Casey, 

1968). These three components interact with each other, and indeed placebo and 

nocebo effects constitute an example of the cognitive modulation of pain which does 

not require nociceptive input (Colloca and Benedetti, 2005). Acute pain thus provides 

us with the tools to best adapt to our environment and change our behavioural 

responses to prevent exposure to potentially damaging stimuli. On the other hand, 
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maladaptive responses to tissue damage can lead to chronic pain sensation which 

persists even after inflammation is resolved.  

Across Europe the prevalence of moderate to severe chronic pain, excluding malignant 

cancer pain, is 19% (Reid et al., 2011), with a significant impact on quality of life. 

Data on the prevalence of cancer associated pain in the whole population is lacking, 

but several surveys indicate it is a major burden to patients, their families and the 

health system. In 2018 the number of new cancer cases in Europe was estimated at 

3.91 million with 1.93 million deaths (Ferlay et al., 2018). A survey of cancer patients 

in Europe revealed that more than half suffer from moderate to severe chronic pain 

and 69% experience pain-related difficulties in daily activities. Moreover, 50% believe 

their life quality is not sufficiently taken into consideration by health care 

professionals (Breivik et al., 2009). This highlights the importance of delivering 

adequate analgesia in patients with chronic cancer pain and the need for development 

of new drugs. This thesis describes the identification of novel genes involved in bone 

cancer pain and investigates peripheral mechanisms contributing to malignant bone 

pain. 

1.2 The nervous system and pain circuits 

Anatomically the nervous system is comprised of the central nervous system (CNS), 

including the brain and spinal cord, and the peripheral nervous system (PNS), which 

consists of all neurons connecting the CNS with the rest of the body. The latter can be 

functionally divided in the motor nervous system, which controls bodily function by 

sending information from the CNS to the body through efferent motor neurons; and 

the somatosensory system, which conveys sensory information from the periphery to 

the CNS via afferent sensory neurons. The peripheral nervous system is further 

subdivided in the somatic nervous system controlling skeletal muscle function and the 

autonomic nervous system controlling smooth and cardiac muscle, as well as glandular 

function. The autonomic nervous system is comprised of the sympathetic and 

parasympathetic nervous system, with opposing functions, promoting the “fight or 

flight” and “rest and digest” response, respectively. Additionally, the enteric nervous 

system controls the physiological function of the gastrointestinal tract and together 

with the autonomic nervous system functions involuntarily (Furness et al., 1998). 
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Finally, sensory afferents provide the information about the surrounding environment 

to the CNS, so that it can promptly react to potentially noxious stimuli. 

1.2.1 Properties and classification of sensory neurons 

The primary afferents, or first order neurons of the somatosensory system, convey 

sensory information from their peripheral terminal in the innervated target tissue to 

their central terminal, which lies in the dorsal horn of the spinal cord. They have a 

unique pseudo-unipolar morphology, with a common axon stalk from which the 

central terminal synapses to the dorsal horn of the spinal cord, and the peripheral 

terminal forms free nerve endings or highly specialized sensory organs for the 

detection of specific mechanical stimuli (Millan, 1999). The cell body of these neurons 

is located in the dorsal root ganglion (DRG) for the body and trigeminal ganglion (TG) 

for the face. Originally these cells have been classified based on their anatomical 

features and conduction velocities, which are interrelated, more than half a century 

ago (Gasser, 1941). Even though advances in the classification have been made, this 

major subdivision is still valid to date (Table 1.1). The large diameter, myelinated 

sensory Aβ neurons are not normally implied in the detection of noxious stimuli, even 

though in certain chronic pain states sensitization of these fibers occurs (see section 

1.2.4). The other two classes of sensory neurons are mostly so-called nociceptors and 

responsible for detection of potentially harmful stimuli. Their existence was first 

conceptualized by Sherrington more than a century ago (Sherrington, 1906). The 

medium diameter, myelinated Aδ-fibers mediate acute and precisely localized pain, 

whereas the unmyelinated C-fibers are involved in the longer lasting poorly localized 

pain. Additionally, some Aδ-fibers and C-fibers mediate the detection of low-

threshold mechanical stimuli, particularly in association with hair follicles. 

Table 1.1 Classification of sensory neurons based on axonal properties and conduction 

velocity in mouse (Ruscheweyh et al., 2007). 

 

Name Aβ-fiber Aδ-fiber C-fiber 

Axonal morphology  

  
 

Myelination Heavy Medium None 

Cell body cross-

sectional area 
558-1993 µm2 527-1588 µm2 178-687 µm2 

Conduction velocity  >13 m/sec 1-13 m/sec <1 m/sec 



 

28 

 

Parallel to their response profile, biochemical approaches to classify neurons based on 

the expression of neuropeptides and surface molecules have been developed. 

Neurochemical profiling divides small C-fibers in a peptidergic population, which 

releases neuropeptides, such as substance P (SP) and calcitonin-gene related peptide 

(CGRP), and expresses the neurotrophic tyrosine kinase receptor type 1 (TrkA) for 

nerve growth factor (NGF); and a non-peptidergic population expressing the c-Ret 

neurotrophin receptor for glial-derived neurotrophic factor (GDNF), G-protein 

coupled receptors of the Mrg family, specific purinergic receptors and binding the 

isolectin B4 (IB4) (Snider and McMahon, 1998).  

More recently, with the advances in molecular techniques, a classification of DRG 

neurons based on their developmental origins was proposed (Lallemend and Ernfors, 

2012) (Figure 1.1). All sensory neurons are derived from neural crest stem cells 

(NCCs) and later differentiate into several lineages, which express different types of 

tyrosine kinase receptors (Trk). The large-diameter low-threshold mechanoreceptive 

(LTMRs) neurons express c-Ret and/or TrkB; the large-diameter proprioceptive cells 

express TrkC; and the small to medium diameter neurons (C-fibers) express TrkA 

early in development (Marmigère and Ernfors, 2007). In about half of the nociceptors 

during early postnatal development TrkA expression shifts to c-Ret (Snider and 

McMahon, 1998), activated by NGF and GDNF respectively (Huang and Reichardt, 

2003). These shifts in postnatal development may reflect not only different properties 

and sensory modalities of primary afferents, but also different microenvironments 

target of innervation. A number of these genes remain expressed at the end of 

differentiation and can be used to identify subpopulations of DRG neurons in the adult. 

More recent methods (introduced and discussed in section 2.1.2.4) have allowed for 

the classification of sensory neurons on single cell level using RNA-sequencing.  
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Figure 1.1 Differentiation of DRG neuron lineages highlighting changes in gene 

expression during mouse development. Right panel refers to embryonic (E) and 

postnatal (P) developmental stage expressed in days. Left panel: All sensory neurons 

derive from neural crest cells (NCCs) to produce seven distinct lineages (outlined in 

different colours) through changes in gene expression (from top to bottom) resulting 

in a specific molecular profile in the adult. The origin of tyrosine hydroxylase (TH) 

expressing DRG neurons is not known (Lallemend and Ernfors, 2012). 

1.2.2 Peripheral pain processing 

To convey sensory information from peripheral tissue to the CNS, primary afferents 

express a number of receptors capable of transducing a natural stimulus into an 

electrical signal (Figure 1.2). These include ionotropic receptors, which are ion 

channels acting in the millisecond scale, such as transient receptor potential channels 

(TRP), purinergic receptors for adenosine triphosphate (ATP), acid sensing ion 

channels (ASICs); metabotropic receptors, such as the G protein-coupled receptors 

(GPCRs), which modulate ion channels through intracellular signalling cascades 

(Stone and Molliver, 2009); and enzyme-linked receptors such as the tyrosine kinase 

receptors (Trk). If the depolarization produced by a stimulus is enough to overcome 

the action potential threshold, which is around -25mV at the soma (Wang et al., 1994), 

the signal is propagated along the axon by voltage gated sodium channels (VGSCs) 

and voltage gated potassium channels (VGKC). At the central terminal voltage gated 

calcium channels (VGCC) mediate the release of neurotransmitter vesicles, containing 
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glutamate, into the synaptic cleft (Figure 1.2). Additionally, primary afferents can 

release neuropeptides, which act on their receptors through “volume transmission”.  

All these channels are essential for conveying sensory information related to touch 

pressure, temperature, but also noxious stimuli. They play vital functions for the 

normal physiology of sensory neurons, and alterations in their expression or function 

can have detrimental effects (Raouf et al., 2010).  

 

Figure 1.2 Illustration of receptors involved in the sensory transduction of mechanical, 

thermal and chemical stimuli, including TRP, ASIC and GPCRs (i). The generation 

potential is transmitted along the sensory neuron axon by voltage gated sodium 

(VGSC) and potassium channels (VGKC) (ii). VGSCs open after a certain 

depolarization threshold is reached. They are inactivated by the hydrophobic triplet 

motif IFM within 0.5–1 milliseconds (iii). Meanwhile, VGKCs open and repolarize 

the membrane, which results in the displacement of the IFM segment, to bring the 

VGSC back to its resting closed state (iii). These events are repeated along the axon 

to propagate the action potential and trigger neurotransmitter release into the synaptic 

cleft at the central terminal by voltage gated calcium channels (VGCC) (iv). Adapted 

from (Raouf et al., 2010).  

1.2.3 Dorsal horn circuitry  

The anatomical organization of the spinal cord was first described by Rexed, based on 

the density and size of neurons present at different levels (Rexed, 1952) (Figure 1.3A). 

Four classes of nerve fibers are present in the dorsal horn (DH): (1) the central 

terminals of primary afferents; (2) projection neurons (PN), which axons cross the 

white matter rostrally to reach various areas in the brain; (3) interneurons, which axons 
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are confined to the spinal cord; and (4) descending axons passing caudally to modulate 

nociceptive transmission. Lamina I, or marginal layer, aside from interneurons 

contains the largest density of PNs within the dorsal horn. Lamina II, or substantia 

gelatinosa, which has its name from the lack of myelinated fibers, giving it a 

translucent appearance, can be divided in outer and inner lamina. This lamina is made 

up mostly of interneurons, which are densely packed in the outer part. The 

interneurons in lamina III are larger than in lamina II and sparse large PN are also 

present. Lamina III can be differentiated from lamina IIinner by the presence of 

myelinated axons. Lamina IV-VI are more heterogeneous in terms of neuronal size. 

Deeper laminae are part of the ventral horn of the spinal cord, where the cell bodies of 

motor neurons can be found. 

1.2.3.1 Central terminals of primary afferents 

The central terminations of primary afferents show specific distribution to different 

laminae of the dorsal horn as illustrated in Figure 1.3B (Todd, 2010). Myelinated low 

threshold mechanoreceptive (LTMRs) Aβ neurons terminate in laminae IIinner–V of 

the DH (Brown et al., 1981). Aδ hair follicle afferents arborize at the border between 

lamina II and III, while Aδ nociceptors terminate mainly in laminae I (Light and Perl, 

1979). Cutaneous C-fibers largely terminate in the superficial layers of the dorsal horn. 

These include non-peptidergic fibers projecting to the central part of lamina II and 

peptidergic fibers arborizing mainly in laminae I and IIouter, with some sparse terminals 

in deeper laminae (Lorenzo et al., 2008). Less is known regarding peripheral neurons 

innervating deep tissue. In the guinea pig, C-fiber afferents from the gastrocnemius 

muscle terminate preferentially to lamina I-II, sometimes III (Ling et al., 2003), 

whereas visceral afferents terminate in lamina I-II, V and X, with some projecting to 

the contralateral dorsal horn (Sugiura et al., 1989). Overall cutaneous C-fibers have 

focused and dense projections, visceral afferents have wide-ranging and diffuse 

terminals and muscle afferents lie in between these two extremes (Ling et al., 2003). 

The termination pattern of bone afferents to the spinal cord remains to be investigated. 
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Figure 1.3 Laminar organization of the dorsal horn according to Rexed. A. Transverse 

section of rat mid-lumbar spinal cord immunostained for the neuronal marker NeuN. 

B. Illustration of topographically organized terminations of primary afferents in the 

dorsal horn. Laminar boundaries are shown by the dashed lines (Todd, 2010). 

1.2.3.2 Projection neurons – ascending pathways 

Projection or second order neurons (PN) are responsible for transmission of the 

nociceptive input to higher brain structures. Aside from propagating sensory input to 

higher order neurons, they form collaterals that contribute to the processing within the 

DH (Szucs et al., 2010). PNs are concentrated in lamina I, with sparse presence in 

lamina III-VI and the ventral horn. PNs can be classified in three distinct groups 

depending on the type of afferent input they receive and their response patterns 

(Almeida et al., 2004).  

(1) Nociceptive specific (NS) neurons, dominantly receive monosynaptic input 

from high-threshold nociceptive C- and Aδ-fibers with small receptive fields for 

noxious thermal and/or mechanical stimuli. These cells are mostly found in lamina I-

II and are involved in coding the physical qualities of a stimulus.  

(2) Wide dynamic range (WDR) neurons respond to both noxious and innocuous 

mechanical, thermal and chemical stimuli (Mendell, 1966). Aside from Aδ- and C-

fibers, WDR neurons receive input from Aβ afferents. They are mostly found in lamina 

V, as well as lamina I-II. They have extensive receptive fields and as a population are 

capable of coding for stimulus intensity (Dubner et al., 1989).  
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(3) Non-nociceptive neurons respond to innocuous stimuli, including low 

intensity mechanical, thermal and proprioceptive information, propagated by Aβ- and 

Aδ-fibers.  

While lamina I has the highest density of PNs, they only make up 5% of the entire 

neuronal population in the DH, as most neurons are interneurons (Spike et al., 2003; 

Todd and Wang, 2018). All lamina I, and some of the other PN axons cross the midline 

and ascend within bundles to the brainstem and diencephalon, to form an 

interconnected network for pain processing (Figure 1.4). The exact connectivity of this 

complex network is not completely understood, but at least two major tracts, which in 

turn interact with each other, are recognised: (1) the spinothalamo-cortical pathway, 

involved mainly in sensory-discriminative aspects of pain, (2) the spinoparabrachial-

limbic pathway, mediating affective-emotional components of pain. 

 

Figure 1.4 Diagram of the neuronal pathways involved in pain processing. The two 

major targets of ascending projection neurons (PN) are the parabrachial area and 

nuclei of the thalamus. Interconnectivity of different brain areas participating in pain 

processing, highlights the complexity of this system. Abbreviations: ACC = anterior 

cingulate cortex; PFC = prefrontal cortex; S1 = primary somatosensory cortex; S2 = 

secondary somatosensory cortex; NAc = nucleus accumbens; BNST = bed nucleus 

stria terminalis; PAG = periaqueductal gray; RVM = rostroventromedial medulla; TG 

= trigeminal ganglion; DRG = dorsal root ganglion (Todd and Wang, 2018). 
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(1) The spinothalamo-cortical pathway ascending PNs terminate in multiple 

nuclei of the thalamus (Boivie, 1979). Neurons of these thalamic nuclei project to 

serval cortical areas, including primary somatosensory (S1), second somatosensory 

(S2), insula, and cingulate cortex. S1 is critical for the detection of pain location, type 

and intensity, whereas S2 is involved in learning and memory about painful events. 

The insular cortex mediates autonomous and motivational response during pain, while 

the cingulate cortex is involved in the overall integration of pain perception and action 

selection (Schnitzler and Ploner, 2000). 

(2) The spinoparabrachial-limbic-pathway neurons send their ascending 

projections to the lateral parabrachial area (LPb), which in turn projects to the central 

nucleus of the amygdala (CeA), the lateral bed nucleus of stria terminalis (BNST), the 

midline paraventricular nucleus of the thalamus (PVT), and the lateral and 

periventricular region of the hypothalamus (Hyp) (Rodriguez et al., 2017). These areas 

connect to higher brain centres, including the nucleus accumbens (NAc), insular and 

cingulate cortex. Nociceptive neurons in the PVT and Hyp are thought to mediate 

autonomic and motivational aspects of pain. LPb-CeA neurons mediate the formation 

of threat memory to avoid harmful situations (Han et al., 2015). Finally LPb neurons 

send descending projections to the periaqueductal gray (PAG), the rostral 

ventromedial medulla (RVM) and reticular regions of the medulla, which are involved 

in descending modulation of pain (see section 1.2.3.4). 

1.2.3.3 Interneurons 

Interneurons are the largest population within the dorsal horn, found particularly in 

lamina I-III with local arborization (Todd, 2010). Functionally, interneurons are 

divided into excitatory and inhibitory neurons. The former use glutamate, while 

inhibitory interneurons use γ-aminobutyric acid (GABA) and/or glycine as their 

neurotransmitter (Todd and Sullivan, 1990). Inhibitory interneurons play an important 

role in modulating primary afferent input. They can attenuate the response of 

nociceptive neurons, silence neurons when no noxious stimulus is present, prevent 

crosstalk between sensory modalities, and restrict the spread of activity to 

somatotopically appropriate areas (Sandkühler, 2009). Less is known about the role of 

excitatory interneurons, which can be identified by vesicular glutamate transporter 2 

(VGLUT2) immunoreactivity throughout lamina I-III of the DH (Todd et al., 2003). 

A subpopulation of VGLUT3 immunoreactive excitatory interneurons in lamina III, 



 

35 

 

was recently found to mediate acute and persistent mechanical pain (Peirs and P. Seal, 

2016). Interneurons can be further classified based on their morphology and 

neurochemical expression profiles, which however have some degree of overlap 

(Todd, 2010). In this complex context, transcriptomic data constitutes a potential tool 

for the refinement of specific intraneuronal populations in the dorsal horn (Zeisel et 

al., 2018). A recent study identified 15 inhibitory and 15 excitatory molecular 

subtypes of neurons in mouse dorsal horn using single-cell RNA sequencing. In vivo 

validation revealed lamina-enriched distribution patterning for all identified 

glutamatergic and GABAergic cell types (Häring et al., 2018).  

1.2.3.4 Descending axons of modulatory pathways 

Two major descending pathways terminate throughout the DH, but most numerously 

in laminae I and IIouter. These are the serotoninergic pathway, originating in the raphe 

nucleus of the rostral ventromedial medulla (RVM); and the noradrenergic pathway, 

arising from the noradrenergic cell group of the lateral pontine tegmentum (A5, A6 

(locus coeruleus), A7) (Kwiat and Basbaum, 1992). Both pathways travel through the 

PAG-RVM, one of the major pain modulatory integration circuits described to date 

(Heinricher et al., 2009). The PAG receives descending projections from medial 

prefrontal cortical areas including the anterior cingulate cortex, the hypothalamus and 

amygdala, while also receiving significant projections from the DH (see section 

1.2.3.2). Thus, the PAG integrates limbic forebrain input with nociceptive information 

from the DH and modulates not only nocifensive reflex responses, but also the 

affective component of pain (Munn et al., 2009). It has minimal direct projections to 

the spinal cord and mainly makes use of the RVM as a relay centre, which receives 

additional input from the thalamus, parabrachial region and the noradrenergic locus 

coreleus (LC), (Heinricher et al., 2009).  

Three classes of neurons are present in the RVM: (1) ON-cells, which start firing just 

before a nocifensive withdrawal reflex, (2) OFF-cells, which stop firing before 

withdrawal occurs, and (3) neutral-cells, which show no consistent change in activity 

prior to the nocifensive response. Locally administered opioids lead to analgesia 

through excitation of OFF-cells and inhibition of ON-cells to prevent pain facilitation 

(Fields et al., 1991). Electrical stimulation of the RVM leads to release of both 

serotonin and norepinephrine at the level of the spinal cord (Hammond et al., 1985). 

The two monoamines serotonin and norepinephrine are tonically released with a 
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circadian rhythm to modulate spinal pain transmission (Heinricher et al., 2009). The 

location of their receptors at the level of the spinal cord is more important than the 

synapses they form, as they mainly act through volume transmission (Zoli et al., 1999).  

Norepinephrine generally mediates an inhibitory action through activation of the α2-

adrenoceptor in the spinal cord (Peng et al., 1996). Moreover, administration of 

morphine in the noradrenergic cell groups produces antinociception through spinal α2- 

and pro-nociception through α1-adrenergic receptors (Holden et al., 1999). Similarly, 

depending on the 5-HT receptor subtype target at the spinal level, serotonin acts as 

excitatory or inhibitory (Marks et al., 2009). Serotonin mediates inhibition via G-

protein linked 5-HT1 and 5-HT2 receptors or by indirect activation of 5-HT3 receptors 

on GABAergic inhibitory interneurons (Alhaider et al., 1991). On the other hand, 

serotonin promotes nociception by activation of 5-HT3 expressing excitatory neurons 

in the DH or by enhancing neurotransmitter release from primary afferents expressing 

the 5-HT3 receptor pre-synaptically (Zeitz et al., 2002).  

1.2.4 Transition from acute to chronic pain 

In states of chronic pain an alteration in the sensitivity to sensory stimuli occurs as a 

result of peripheral and central sensitization. Phenotypically this presents as an 

amplification in sensitivity to noxious stimuli, termed hyperalgesia. On the other hand, 

allodynia describes a painful sensation in response to normally innocuous stimuli, 

which is mediated by low threshold Aβ-fibers (Sandkühler, 2009) (Figure 1.5).  
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Figure 1.5 Definition of hyperalgesia and allodynia by the International Association 

for the Study of Pain (IASP). A. Hyperalgesia shifts the response curve to a stimulus 

to the left, resulting in a reduction of the threshold of activation, as well as an increase 

in response to suprathreshold stimuli. B. Only if pain is clearly induced by low-

threshold Aβ-fibers the term allodynia is used. T0/S refers to the normal threshold for 

touch sensation which is identical to the stimulation threshold for allodynia 

(Sandkühler, 2009). 

The extent of hyperalgesia depends on several factors, including the nature of the 

stimulus and injury, the type of injured tissue, and the site of sensory testing. Primary 

hyperalgesia concerns the same region that was subjected to injury, whereas secondary 

hyperalgesia occurs at a different site. Primary hyperalgesia is, at least in part caused 

by sensitization of primary afferents, whereas secondary hyperalgesia is thought to 

depend mainly on central sensitization (Treede and Magerl, 2000). The mechanisms 

driving the transition from acute to chronic pain involve neuronal plasticity at several 

levels of the pain circuitry. The initial trigger for this transition is often inflammation 

in response to tissue damage. Both neuronal and other cells (such as platelets, mast 
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cells, macrophages, neutrophils, T-cells, basophils, keratinocytes, fibroblasts, and 

endothelial cells) infiltrate the injured tissue and produce a number of inflammatory 

mediators, which can directly stimulate primary afferents causing their sensitization 

(Basbaum et al., 2009; Ji et al., 2014) (Figure 1.6). The locally released “inflammatory 

soup” contains bradykinin, prostaglandins, protons, ATP, NGF, neuropeptides 

(including SP and CGRP), extracellular proteases, pro-inflammatory cytokines, and 

chemokines. Nociceptors express cell-surface receptors for these proalgesic factors, 

which are either ionotropic, metabotropic, or enzyme-linked receptors. While 

activation of ion channels leads to direct signal transduction, the activation of tyrosine 

kinase receptors and GPCRs affects neuronal excitability, through activation of a 

signalling cascade leading to gene transcription and/or post-translational 

modifications (Stone and Molliver, 2009).  
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Figure 1.6 Inflammation produces pain via inflammatory mediators and peripheral 

sensitization. Infection and tissue injury lead to inflammation via plasma extravasation 

and infiltration of the damaged tissue by immune cells. Together with resident cells 

they release several inflammatory mediators, such as bradykinin, prostaglandins 

(PGE2), H
+, ATP, nerve growth factor (NGF), pro-inflammatory cytokines (tumour 

necrosis factor (TNF), interleukin-1β (IL-1β)), and chemokines (CC-chemokine 

ligand 2 (CCL2), CXC-chemokine ligand 1 (CXCL1) and CXCL5). Sensory neurons 

innervating the damaged tissue express the receptors for all of these inflammatory 

mediators, including ionotropic receptors, G-protein coupled receptors (GPCR) and 

receptor tyrosine kinase (RTK). Their activation results in the generation of second 

messengers, such as Ca2+ and cyclic AMP, which in turn activate several kinases 

(protein kinase A (PKA), PKC, calcium/calmodulin-dependent protein kinase 

(CaMK), phosphoinositide 3-kinase (PI3K) and the mitogen-activated protein kinases 

(MAPKs): extracellular signal-regulated kinase (ERK), p38 MAPK and JUN N-

terminal kinase (JNK)), that cause hypersensitivity and hyperexcitability of the 

neuron, through the modulation of molecules involved in signal transduction (transient 

receptor potential cation channel subfamily A member 1 (TRPA1), TRPV1, Piezo, 

acid-sensing ion channel (ASIC), P2X purinergic receptor 3 (P2X3)) and propagation 

(Nav1.7, Nav1.8 and Nav1.9). Hyperexcitability results in neurogenic inflammation 

through release of neuropeptides (calcitonin gene-related peptide (CGRP), substance 

P) at the peripheral terminal (Ji et al., 2014). Abbreviations: N-formylated peptides 

(FPs), α‑haemolysin (α‑HL), formyl peptide receptor 1 (FPR1), toll-like receptor 

(TLR), high mobility group protein B1 (HMGB1), 4-hydroxynonenal (4-HNE), 5,6-

epoxyeicosatrienoic acid (5,6-EET), 5-hydroxyeicosatetraenoic acid (HETE).  
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Hyperexcitability of primary afferents results in increased release of glutamate and 

neuropeptides at the central terminal, producing central sensitization in the post-

synaptic neuron (Woolf and Salter, 2000). Moreover, the unique, bidirectional 

structure of sensory neurons mediates the antidromic release of neuropeptides at the 

peripheral terminal, promoting vasodilation and “neurogenic” inflammation (Chiu et 

al., 2012). In the central nervous system, sensitization can also be driven by changes 

in excitability of second order neurons. Under physiological conditions, the release of 

glutamate from sensory neurons generates excitatory postsynaptic currents (EPSCs) 

in second order neurons, primarily through activation of α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) or kainate ionotropic glutamate receptors 

(Li et al., 1999). The summation of subthreshold EPSCs in the post-synaptic neurons 

leads to action potential firing. Electrical stimulation of afferent C-fibers induces a 

frequency-dependent increase in the excitability of spinal cord neurons, a process 

termed wind-up (Mendell and Wall, 1965). Sustained input from primary afferents to 

second-order neurons facilitates the activation of N-methyl-D-aspartate (NMDA) 

ionotropic glutamate receptors, which are normally inhibited by extracellular Mg2+ 

ions (Mayer et al., 1984). In mammalian cells NMDARs form heteromeric complexes 

consisting of at least one NR1 subunit and one or more NR2A-D subunits (Paoletti 

and Neyton, 2007). Activation of NMDAR leads to long-term potentiation (LTP), 

through increased synaptic strength and post-synaptic excitability, similarly to what is 

observed in hippocampal neurons during memory formation (Bliss, T.V.P. & 

Collingridge, 1993).  

A second mechanism of central sensitization depends on the loss of input from 

inhibitory interneurons. Under physiological conditions these cells release GABA 

and/or glycine to modulate pain transmission and decrease excitability of post-

synaptic neurons. This inhibitory tone can be lost following neuropathy or central 

inflammation (Moore et al., 2002; Harvey et al., 2004), contributing to the generation 

of allodynia from normally innocuous Aβ-fiber input. A third mechanism involves the 

activation of astrocytes and microglia, the sentinel cells of the CNS. Following nerve 

injury, microglia accumulate in the superficial dorsal horn in proximity to injured 

afferent terminals and produce several inflammatory mediators, including cytokines, 

prostaglandins, neurotrophic factors, nitric oxide, proteolytic enzymes, and glutamate, 

which contribute to central sensitization. In particular activation of the purinergic 
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P2X4 receptor on microglia by ATP is sufficient to produce mechanical allodynia 

(Tsuda et al., 2003). Finally, increased excitability of spinal neurons may depend on 

alterations of descending modulatory pain pathways (Sandkühler, 2009). 

1.3 Structure and function of bone 

The human body contains over 200 bones which provide a rigid structure for the 

skeleton in order to protect internal organs and produce locomotion in concert with 

muscle and tendons. Bone tissue acts as storage for phosphate and calcium and serves 

as the host for bone marrow cells. Moreover, bone serves a variety of endocrine 

functions, including the regulation of phosphate metabolism by the osteocyte derived 

fibroblast growth factor 23 (FGF23) (Hori et al., 2011) and stimulation of insulin 

secretion and testosterone production by the osteoblast derived hormone osteocalcin 

(Karsenty and Ferron, 2012). Finally, it was recently demonstrated that glutamate 

induced production of osteocalcin by osteoblasts mediates acute stress response 

through a reduction of parasympathetic tone (Berger et al., 2019). 

Histologically two types of mature bone exist: the dense and compact cortical bone, 

forming the outside layer of bones and the less dense trabecular bone. The former has 

high resistance to torsion and bending, with a slow turnover rate, while the latter 

provides resistance to compression and has a much higher turnover. Cortical bone is 

composed of osteons, with concentric lamellae of bone matrix surrounding a central 

canal (the Harvesian canal), which contains vascular, connective, lymphatic, and 

nervous tissue. Osteocytes are embedded in lacunae within the bone matrix and with 

their cytoplasmic extension communicate with each other and with the bone surface 

(Kamioka et al., 2001). An external membrane called periosteum, surrounds the 

cortical bone. It is formed of an outer fibrous layer and an inner layer with osteogenic 

potential during appositional growth and fracture repair. Similarly, the inner surface 

of the cortical bone is lined by the endosteum, which undergoes remodelling. 

Trabecular bone is found at the extremities of long bones and in the inner part of flat 

bones. It forms an intricate mesh of spongy bone, consisting of plates and bars, called 

trabeculae and is surrounded by bone marrow (Figure 1.7). 
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Figure 1.7 Illustration of bone anatomy showing cortical and trabecular bone with the 

external (periosteal) surface and the three (trabecular, endocortical and intracortical) 

components of the inner (endosteal) surface, where bone modelling and remodelling 

take place. In the cortical bone osteons contain concentric lamellae of mineralized 

collagen fibers and have a central Haversian canal and horizontal Volkmann canals 

providing vascular supply (Seeman and Martin, 2019). 

During development bone undergoes longitudinal and radial growth to gradually 

replace cartilage with bone tissue, a process which continues throughout adolescence. 

Longitudinal or endochondral bone formation occurs at the growth plates, where 

chondrocytes produce cartilage at the epiphyseal and metaphyseal segments of long 

bones. Chondrocytes then swell, die and calcify, forming the primary ossification 

centre. At the periphery of the cartilaginous model chondrocytes differentiate into 

osteoblasts and mediate membranous ossification by periosteal apposition and roughly 

equivalent endosteal resorption, leading to bone enlargement (Dwek, 2010). In the 

adult, chondrocytes are recruited for fracture healing, where they form a cartilaginous 

callus, which is then mineralized, undergoes resorption and is subsequently replaced 

with bone, similarly to endochondral ossification (Ferguson et al., 1999). Thus, 

chondrocytes may be present in the metastatic bone, as many patients experience 

fractures as a skeletal comorbidity (Coleman et al., 2006). 



 

43 

 

1.3.1 Cell types in bone 

Four types of fully differentiated cells can be found in adult bone tissue: (1) 

osteoblasts, (2) osteocytes, and (3) bone lining cells derive from mesenchymal stem 

cells (MSCs), whereas (4) osteoclasts derive from hemopoietic stem cells (HSCs).  

(1) Mature osteoblasts are cuboidal in shape and large groups of these cells act 

in concert during bone formation. As protein synthetizing cells, osteoblasts display an 

abundant endoplasmic reticulum, Golgi apparatus, and secretory vesicles (Dudley, 

1961). Like chondrocytes they derive from mesenchymal stem cells and runt-related 

transcription factor 2 (Runx2) is a master regulatory gene during their differentiation 

(Komori et al., 1997). After completing their function as bone matrix synthetizing 

cells, osteoblasts have three possible routes to follow: (1) become embedded in the 

bone matrix and transform into an osteocyte, (2) differentiate into a bone lining cell, 

or (3) undergo apoptosis (Capulli et al., 2014). 

(2) Osteocytes are the most abundant cell type in bone, making up to 95% of all 

cells with a life span of up to 25 years (Capulli et al., 2014). Once osteoblasts are 

buried in the newly formed bone matrix, they adapt to becoming an osteocyte by 

reducing the protein synthesis machinery and forming cytoplasmic extensions (Franz-

Odendaal et al., 2006). These extensions cross small tunnels, or canaliculi, which 

connect osteocytes with each other and to the bone surface, forming a complex 

intercellular network (Kamioka et al., 2001). Through gap junctions osteocytes 

mediate the intercellular transport of small molecules and enable skeletal response to 

hormones and mechanical load (Civitelli, 2008). Osteocytes are indispensable for 

normal mechanosensory function and homeostatic bone remodelling (Tatsumi et al., 

2007). On one hand, they inhibit osteoblast activity through the expression of 

sclerostin (Sost) (Poole et al., 2005). On the other hand, osteocytes are the major 

source of receptor activator of nuclear factor κB ligand (RANKL), contributing to 

bone resorption upon mechanical loading (Xiong et al., 2011) and apoptotic 

osteocytes, which are formed following mechanical insult, stimulate 

osteoclastogenesis (Kogianni et al., 2008).  

(3) Bone lining cells are quiescent cells, flat in shape, and cover all bone surfaces 

which don’t undergo remodelling. They maintain their osteogenic potential and serve 

as a major source of osteoblasts during adulthood (Matic et al., 2016). Their functions 



 

44 

 

are not completely understood, but they participate in bone remodelling through the 

formation of a canopy over the resorption pit (Hauge et al., 2001) and by coupling of 

bone resorption and formation through the digestion of non-mineralized collagen 

(Everts et al., 2002). They are also involved in the hormonal control of bone turnover, 

with estrogen stimulating RANKL expression in bone lining cells, which in turn 

promotes osteoclastogenesis (Streicher et al., 2017).  

(4) Osteoclasts are important in the maintenance of bone and mineral 

homeostasis, as they function as resorptive cells. They derive from the hematopoietic 

lineage and their differentiation requires stimulation by two pivotal cytokines: 

macrophage-colony stimulating factor (M-CSF) and RANKL (Matsuzaki et al., 1998) 

(Figure 1.8). M-CSF mediates the commitment of hematopoietic stem cells towards 

the macrophage lineage and mice lacking this cytokine show severe osteopetrosis 

mediated by osteoclast deficiency (Wiktor-Jedrzejczak et al., 1990). RANKL is a 

membrane-bound molecule, expressed by osteoblasts, osteocytes and stromal cells, 

which can be released in soluble form following the proteolytic cleavage by matrix 

metalloproteinases (MMPs), in particular MMP-14 (Hikita et al., 2006). While both 

forms function as agonists for receptor activator of nuclear factor κB (RANK), 

membrane-bound RANKL has higher efficiency in promoting osteoclastogenesis 

(Nakashima et al., 2000). RANKL does not only serve as a survival factor for 

osteoclasts, but also promotes the recruitment of hemopoietic precursors from bone 

marrow and spleen (Kotani et al., 2013).  

The binding of RANKL to its receptor RANK on monocyte/macrophage precursors 

produces selective induction of the transcription factor nuclear factor of activated T-

cells, cytoplasmic 1 (NFATc1), which is a master switch in terminal osteoclast 

differentiation, through TNF receptor- associated factor 6 (TRAF6) and c-fos 

signalling pathways (Takayanagi et al., 2002). Additionally, the bone 

microenvironment is necessary for the phenotypic switch of macrophages towards 

osteoclasts, by mediating the expression NFATc1, which is prevented in cells grown 

on plastic (De Vries et al., 2015). NFATc1 regulates several osteoclast-specific genes, 

including the d2 isoform of vacuolar ATPase Vo domain (ATp6v0d2) and the dendritic 

cell-specific transmembrane protein (DC-STAMP), which mediates fusion of 

mononuclear osteoclasts into mature multinuclear cells capable of bone resorption 

(Kim et al., 2007). Once osteoclasts are fused RANKL promotes the translocation of 
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NFATc1 from the cytoplasm to the nucleus in mature osteoclasts, through prolonged 

activation of calcineurin. Similarly, acidosis promotes bone resorption by stimulating 

calcineurin and suppressing NFATc1 inactivation (Komarova et al., 2005). As 

acidosis is associated with bone cancer (section 1.4.4.5), this mechanism may be 

important in maintaining increased osteoclast activity.  

 

Figure 1.8 Differentiation and activation of osteoclast precursors of the monocyte-

macrophage lineage expressing RANK and c-Fms. Osteoclast precursors recognize 

M-CSF produced by osteoblasts and RANKL expressed by cells of the osteoblastic 

linage. After differentiation into mononuclear preosteoclasts, the expression of DC-

STAMP mediates fusion between preosteoclasts to form multinucleated osteoclasts. 

Mature osteoclasts also express RANK, and its binding to RANKL induces bone 

resorption. Adapted from (Takahashi et al., 2011). 

The important role of RANKL signalling in osteoclastogenesis, is highlighted by the 

osteopetrotic phenotype present in mice deficient in RANKL (Kong et al., 1999) or 

RANK expression (Li et al., 2000). On the other hand, ostoeclastogensis can be 

negatively regulated by the decoy receptor of RANKL, osteoprotegerin (OPG) 

(Yasuda et al., 1998). In line with this, OPG-deficient mice develop severe 

osteoporosis (Bucay et al., 1998). Therefore, the ratio between RANKL and OPG 

determines the rate of osteoclast formation and activity (Horwood et al., 1998). This 

pathway is highly conserved and in humans, mutations in the RANKL/RANK/OPG 
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genes are associated with a number of bone disorders, including osteopetrosis and 

Paget’s disease (Nakashima and Takayanagi, 2009).  

During their differentiation, osteoclasts express a number of different molecules, 

notably proteins involved in fusion as well as resorption of the bone matrix. One 

osteoclast specific marker is the tartrate-resistant acid phosphatase (TRAP), which is 

increased in serum of patients with osteoporosis (Halleen et al., 2002). TRAP is 

involved in osteoclast migration and attachment to the bone surface (Ek-Rylander and 

Andersson, 2010), and in concert with cathepsin K it contributes to the degradation of 

the organic bone matrix during bone remodelling (Vääräniemi et al., 2004). In this 

work we used TRAP as a marker for osteoclast activity and bone resorption. 

1.3.2 Bone modelling and remodelling 

Aside from growth, during development the bone adapts to mechanical forces, through 

resorption and formation of new bone in the process of modelling, which is less 

common in the adult (Kobayashi et al., 2003). During bone remodelling on the other 

hand, which is constantly active in adult tissue, bone is renewed to maintain strength 

and mineral homeostasis. This process requires tight coupling of bone resorption and 

formation (Hattner et al., 1965). Bone remodelling consists of 5 phases (Kenkre and 

Bassett, 2018) illustrated in Figure 1.9E:  

Activation of bone remodelling can be hormonal (Hadjidakis and Androulakis, 2006) 

or in response to mechanical strain, leading to microdamage detected by osteocytes 

(Verborgt et al., 2000). Subsequently osteoclast precursors from the bloodstream are 

recruited (Kotani et al., 2013) and they differentiate at the bone surface. At the 

remodelling site osteoblasts and osteoclasts form an anatomical structure called the 

basic multicellular unit (BMU) (Frost, 1969). This is covered by bone lining cells 

which isolate the bone remodelling compartment (BRC) (Hauge et al., 2001) (Figure 

1.9A). The bone remodelling sites are associated with denser vascularization and 

innervation compared to quiescent surfaces (Sayilekshmy et al., 2019). 

Bone resorption is mediated by mature osteoclasts (Figure 1.9B). Multinuclear 

osteoclasts rearrange their cytoskeleton and adhere to the bone surface through an 

actin-rich ring forming a sealing zone, which is essential for resorption (Teitelbaum, 

2011). The cells polarize, with the site facing the bone surface infolding the plasma 

membrane to produce the so called “ruffled border” for increased surface area, and the 
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opposite site forming the “functional secretory domain”. Resorption occurs in two 

steps: First protons are released into the resorption pit to dissolve hydroxyapatite, 

through the a3 isoform vacoular H+-ATPase proton pump (Blair et al., 1989) coupled 

with the chloride-ion antiporter ClC-7 (Kornak et al., 2001). The organic matrix, 

consisting mainly of collagen type I, is then digested by several enzymes, including 

cathepsin K (Gowen et al., 1999), metalloproteinases (Hill et al., 1994), and TRAP 

(Vääräniemi et al., 2004) (Figure 1.9C). The products of bone degradation are 

endocytosed and released at the functional secretory domain (Nesbitt and Horton, 

1997). Once osteoclasts completed their resorbing activity they undergo programmed 

cell death (Miller and Bowman, 2007). 

A phase of reversal of resorption follows, during which osteoclasts are replaced by 

cells from the osteoblast-lineage for the initiation of bone formation. It was recently 

shown that coupling of resorption and formation requires reverse RANKL signalling, 

where vesicular RANK released by osteoclasts activates expression of Runx2 in 

osteoblasts through binding to membrane-bound RANKL (Ikebuchi et al., 2018). 

Moreover, bone lining cells are thought to be involved in coupling by removing 

collagen leftovers, produced by osteoclast resorption, and subsequent deposition of a 

thin layer of fibrillar collagen, on which osteoblasts can deposit the osteoid (Everts et 

al., 2002).  

Bone formation by mature osteoblasts occurs in two steps. First, osteoblasts secrete 

the so called osteoid, or organic bone matrix, which contains collagen and other 

proteins such as osteonectin, bone sialoprotein 2 (BSP II), osteopontin and 

proteoglycans (Capulli et al., 2014). Second, mineralization occurs through 

accumulation of calcium and phosphate ions within matrix vesicles (Anderson, 2003). 

Once their concentration overcomes the point of solubility, tricalcium phosphate 

crystals (Ca3(PO4)2) form and are hydroxylated into hydroxyapatite. The crystals are 

then released into the extracellular fluid between collagen fibrils where they serve as 

a template for further crystal production (Anderson, 2003) (Figure 1.9C/D).  

Termination is reached when an equal amount of resorbed bone has been replaced 

with new bone, completing a remodelling cycle. During this phase osteoblasts 

terminally differentiate or undergo apoptosis and the quiescent bone surface is re-

established (Kenkre and Bassett, 2018). 
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Figure 1.9 Overview of cells and processes involved in the bone remodelling cycle. 

Representative pictures showing the histological appearance of the bone remodelling 

compartment (BRC) (A-D) (Andersen et al., 2009). A. Cross section of a complete 

BRC. Bone lining cells were stained with neural cell adhesion molecule (NCAM) 

(black) B. High magnification inlet from A, showing a TRAP+ (red) osteoclast. C/D. 

Morphological appearance of BRCs as revealed by Masson’s trichrome staining, 

containing eroded (C) or osteoid (D) bone surfaces. E. Schematic overview of the 

phases of bone remodelling: activation, resorption, reversal, formation and 

termination. Abbreviations: HSCs = hemopoietic stem cells; MSCs = mesenchymal 

stem cells (Kenkre and Bassett, 2018).  
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A number of cytokines, inflammatory mediators and hormones are known to influence 

the cells involved in bone remodelling, specifically by shifting homeostatic levels of 

the RANKL/OPG ratio. These include parathyroid hormone (PTH), 1,25-

dihydroxyvitamin D, estrogen, androgen, glucocorticoids, prostaglandins, interleukin 

1 and 6 (IL-1 and IL-6), and tumour necrosis factor alpha (TNF-α) (Kenkre and 

Bassett, 2018). As we will see in the following sections, many of these mediators are 

present in the metastatic bone environment and contribute to the increased bone 

turnover observed in bone cancer (Dougall, 2012). 

1.3.3 Bone innervation and pain 

The nervous system exerts multiple effects on bone, including trophic regulation, 

skeletal development and repair, as well as bone pain. Both sensory and autonomic 

nerves target the bone within nerve bundles, which penetrate the periosteum, where 

they form subtype-specific meshwork patterns, with some fibers terminating as free 

nerve endings in both mineralized bone and marrow (Mach et al., 2002; Martin et al., 

2007; Castañeda-Corral et al., 2011). Sensory innervation of bone compartments 

largely differs, with a relative density of 100:2:0.1:0 in periosteum, marrow, 

mineralized bone, and cartilage respectively in the mouse femur (Castañeda-Corral et 

al., 2011). It remains to be investigated if other species show a similar innervation 

density. Neurons regulate skeletal development and in mice sensory fibers appear 

prenatally in close proximity with vascularization, particularly in osteogenic areas, 

and precede the postnatal appearance of sympathetic fibers (Sisask et al., 2013). This 

developmental process of innervation, vascularization and ossification is coordinated 

by NGF expressed by osteochondral progenitors and TrkA expressing sensory neurons 

(Tomlinson et al., 2016).  

The ablation of capsaicin-sensitive sensory neurons in adult rats results in loss of bone 

mass (Offley et al., 2005), suggesting neural regulation of bone remodelling. A recent 

study reported that release of prostaglandin E2 (PGE2) from osteoblasts activates bone 

afferents to inhibit sympathetic tone, resulting in bone formation (Chen et al., 2019b). 

Additionally, NGF-TrkA signalling in bone afferent neurons coordinates bone 

formation upon mechanical loading (Tomlinson et al., 2017). Moreover, the nervous 

system can regulate bone remodelling at distant sites. Single loading of the rat ulna 

results in adaptive bone formation and an increase in neuropeptide concentrations in 

other thoracic bones, which is prevented by neuronal block (Sample et al., 2008). 
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Transsynaptic tracing of the ulnar periosteum suggests plasticity at the level of the 

spinal cord, with increased interconnectivity between limbs mediates this process (Wu 

et al., 2009). Finally, the proliferation of bone afferent fibers during fracture healing 

(Hukkanen et al., 1993; Li et al., 2001), further emphasizes the importance of sensory 

neurons in bone remodelling. While little evidence for such processes exists in 

humans, increased innervation density has been observed at sites of active bone 

remodelling (Sayilekshmy et al., 2019).  

Given the innervation of bone tissue it should come to no surprise that several skeletal 

pathologies are associated with pain. This pain presents itself in different flavours and 

the quality of the symptoms is thought to largely depend on the affected site of the 

skeleton. Femoral shaft fractures, which involve the periosteum, produce 

‘excruciating’, ‘splitting’, ‘going through the whole body’ type of pain (Santy and 

Mackintosh, 2001), while ‘aching rest pain’ is present in patients with osteoarthritis 

and intraosseous engorgement syndrome, who present hypertension in the marrow 

cavity (Lemperg et al., 1978). Several other disorders, which affect different 

compartments of the bone are associated with pain, including sickle cell disease 

(Ballas et al., 2012), bone marrow edema and osteonecrosis (Koo et al., 1999), 

osteomyelitis (Mylona et al., 2009), osteoporosis (Paolucci et al., 2016), and cancer-

induced bone pain (van den Beuken-van Everdingen et al., 2007). As these disorders 

produce distinct qualities of pain by affecting a diverse array of sensory neurons within 

different compartments of bone tissue, the involved mechanisms of nociception may 

also vary. Bone pain associated with increased resorption will be discussed in detail 

in section 5.1.1, while cancer-induced bone pain and the mechanisms driving it are 

presented in the following section. 

1.4 Cancer-induced bone pain 

1.4.1 Cancer and the bone – Seed and soil 

Three decades ago Stephen Paget was studying biopsies of breast cancer patients, 

when he realized that the distribution of metastases was not random, but needed the 

“seed” or metastatic cancer cell to reach the “soil”, or target organ, which provided 

the optimal conditions for its growth (Stephen, 1889). Bone provides the optimal 

“soil” for metastatic cells with different origin, including prostate, breast, myeloma, 

thyroid, lung and bladder cancer (Coleman, 2000).  
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Metastasis can be seen as a series of events going from local invasion, intravasation, 

survival during circulation, extravasation, to colonisation of the target tissue. A 

number of genetic and epigenetic changes involved in each of these steps have been 

described (Nguyen et al., 2009). Metastasis begins with the release of malignant cells 

from the primary tumour, through a shift in gene expression from an epithelial towards 

a mesenchymal phenotype, a process known as epithelial-mesenchymal transition 

(EMT) (Mani et al., 2008). This allows the cells to degrade the extracellular matrix 

(ECM), detach from it, and intravasate through the basal membrane into the 

vasculature. Some of these cells form a complex with platelets and fibrin and if 

undetected by the immune system eventually leave the circulation through the process 

of extravasation. They then undergo mesenchymal to epithelial transformation to 

become disseminated tumour cells (DTCs) (Akhtar et al., 2019).  

It is estimated that only a small fraction (<0.025%) of circulating tumour cells is 

eventually able to produce secondary growth in mice (Luzzi et al., 2011). Similarly in 

humans, cancer patients receiving a peritoneovenous shunt, which involves direct 

infusion of malignant tumour cells into the blood, do not develop growing metastases 

(Tarin et al., 1984). Organ-specific infiltration may depend on the cellular origin of 

the cancer cell or properties acquired during malignant transformation for endothelial 

adhesive interactions, but also structural features of the capillaries in the target tissue 

(Nguyen et al., 2009). The capillaries of the bone marrow, called sinusoids, present 

fenestrations, which allow easy trafficking of hematopoietic cells (Kopp et al., 2005), 

at the same time making this tissue more permissive to metastatic invasion. A 

chemotactic factor promoting bone metastasis is RANKL, which drives cancer cells 

expressing RANK towards bone tissue (Jones et al., 2006). Once in the bone niche 

cancer cells thrive through the expression of receptors usually present on 

hematopoietic cells. For example the expression of C-X-X chemokine receptor 4 

(CXCR4), which binds the survival chemokine stromal cell-derived factor 1 (SDF1), 

present on osteoblasts and bone lining cells, promotes adhesion and metastasis (Kang 

et al., 2003; Sun et al., 2005). Metastatic cancer cells directly compete with 

hematopoietic stem cells (HSC) for the occupation of the bone niche and once there, 

reduce the number of HSCs by driving their terminal differentiation (Shiozawa et al., 

2011).  
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Upon extravasation DTCs go into a phase of latency, where they can remain quiescent 

or establish dormant micrometastasis (Hüsemann et al., 2008). In the bone marrow, 

DTCs can persist for several years (Braun et al., 2002) through adaptation to the bone 

microenvironment. Dormancy may be achieved by mimicking HSCs adhesion to the 

endosteal surface. Prostate cancer cells binding to annexin II, expressed by osteoblasts, 

show activation of growth arrest-specific 6 receptors (GAS6), which prevents their 

proliferation (Shiozawa et al., 2010). Only after the acquisition of the appropriate 

genetic/epigenetic changes that enable the survival and colonization of DTCs, 

macrometastasis will grow. The local microenvironment contributes to these changes, 

as treatment with bisphosphonates reduced the number of DTCs in bones of breast 

cancer patients (Aft et al., 2010). To adapt to the local niche DTCs use osteomimicry, 

a process during which their phenotype reflects that of bone cells, including 

osteoblasts (Bellahcène et al., 2007; Akech et al., 2010) and osteoclasts (Andersen et 

al., 2007), thereby dysregulating bone remodelling and promoting colonization of the 

bone. For example breast cancer cells secrete a number of factors, including 

parathyroid hormone-related protein (PTHrP), IL-11, IL-6, TNF-α, and granulocyte-

macrophage colony-stimulating factor (GM-CSF), which increase the ratio of 

RANKL/OPG (Kang et al., 2003; Park et al., 2007). Once the bone remodelling 

homeostasis is altered, degradation of the bone matrix results in the accumulation of a 

variety of factors, including bone morphogenetic proteins (BMPs), insulin-like growth 

factor (IGF-1) and transforming growth factor beta (TGF-β), which further stimulate 

tumour colonisation and bone remodelling, resulting in the “vicious cycle” (Mundy, 

2002) (Figure 1.10). TGF-β promotes bone resorption (Balooch et al., 2005) and 

cancer growth (Sato et al., 2008) and contributes to thermal hyperalgesia in a rat model 

of cancer-induced bone pain (CIBP) (Xu et al., 2013). Independently of DTCs 

producing osteoblastic or osteolytic metastases, their long-lasting effects on bone 

homeostasis promotes their growth and expansion in bone tissue. 
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Figure 1.10 Metastatic dormancy and colonization of disseminated tumour cells 

(DTCs) in the bone marrow. After infiltration of the bone microenvironment, DTCs 

encounter a balance of death signals and growth-promoting factors, leading to growth 

arrest or formation of indolent micrometastasis. Cells acquiring the appropriate 

genetic or epigenetic makeup promote their survival (e.g. expression of CXCR4 on 

cancer cells responds to SFD1). The emergence of latent macrometastasis depends on 

the adaptation and evolution of surviving DTCs, which are competent for colonization 

over a prolonged time period. Breast cancer cell derived DTCs increase the 

RANKL/OPG ratio to promote osteoclastogenesis, which degrade the bone matrix to 

release TGF-β, BMPs IGFs. These factors in turn can act on the cancer cells and 

produce the vicious cycle of cancer growth (Nguyen et al., 2009). 
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1.4.2 Bone cancer pain in the clinic 

Cancer is the second leading cause of death worldwide with a major economic impact 

on the health care system and a large burden on patients and their families (Stewart 

and Wild, 2014). After the second world war the UK alone observed a substantial 

increase in lifetime risk to develop cancer, moving from 37% to 50% for people born 

in 1930 and 1960 respectively (Ahmad et al., 2015). Importantly, increased life 

expectancy does not account for this increase alone, as cancer incidence in children 

and adolescents has also substantially increased since 1970 (Steliarova-Foucher et al., 

2004). It has been reported that changes in lifestyle, such as increased rates of obesity, 

are associated with increased incidence of certain cancer types (Renehan et al., 2008). 

Many patients in the course of disease progression develop aggressive metastasis to 

secondary sites. Post-mortem examinations reveal bone metastasis incidence ranging 

from 14-45% in melanoma up to 70-95% in myeloma, followed by 65-75% in both 

breast and prostate cancer (Coleman, 2000). Moreover, a meta-analysis of pain in 

metastatic cancer patients showed that 64% experience moderate to severe pain (van 

den Beuken-van Everdingen et al., 2007), with bone metastasis being the most 

frequent cause of pain in cancer (Mercadante, 1997). Given improvements in cancer 

treatment, death rates have dropped by 26% between 1991 and 2015 in the United 

States alone (Siegel et al., 2018). Therefore, many patients live with metastatic cancer 

for several years and relief of pain to maintain life quality has become a major focus. 

In early stages of metastatic bone cancer, patients experience background pain which 

they described as an ongoing dull pain with increased intensity over time (Dy et al., 

2008). With disease progression intense episodes of breakthrough pain occur, often 

evoked through movement of the affected bone, which remain unresponsive to 

conventional pain management (Mercadante et al., 2004). Moreover, patients 

experience other skeletal related events (SRE), including hypercalcemia, fractures and 

spinal cord compression, with the latter two contributing to bone pain (Coleman et al., 

2006). Bone-targeting agents, such as bisphosphonates and radiotherapy are the 

standard for the prevention and delay of these SRE (Coleman et al., 2014). Finally, 

pain can develop as a consequence of treatment of primary cancer, with surgery, 

chemotherapy, and radiotherapy inducing neuropathic pain in a subset of patients 

(Polomano and Farrar, 2006). It is therefore crucial to asses each patient and pain 

etiology individually in order to identify the best treatment option. 
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Strategies for pain management in cancer patients are based on the WHO three step 

pain ladder introduced in 1986. In early stages of the disease, when mild levels of pain 

are reported, non-steroidal anti-inflammatory drugs (NSAIDs) are used. For moderate 

pain, NSAIDs are co-administered with mild opioids. For severe pain in advanced 

stages of the disease, strong opioids are the choice of treatment (World Health 

Organization, 1986). Several studies have looked at the efficacy of the WHO Cancer 

Pain Relief guidelines, with the most recent meta-analysis reporting adequate pain 

relief in 20-100% of patients (Carlson, 2016). Last year finally, the WHO published a 

new set of guidelines, the first after 1996, adding steroids, antidepressants, 

anticonvulsants, and bisphosphonates as pharmacological adjuvants for pain 

management. Strong immediate-release opioids are recommended as rescue 

medication for episodes of breakthrough pain (World Health Organization, 2018). The 

most important treatments, including opioids and bisphosphonates and novel 

therapies, such as anti-NGF for the relief of metastatic bone pain are discussed in the 

following sections. 

1.4.2.1 Opioids 

Clinically, opioids remain the choice of treatment for malignant bone pain. Opioids 

produce analgesia acting on different sites of the CNS, in particular at the level of the 

spinal cord they inhibit presynaptic release of neurotransmitter from primary afferent 

terminals (Glaum et al., 1994), mainly through inhibition of N-type voltage dependent 

calcium channels (VDCCs) via μ-opioid receptors (MOR) signalling (Heinke et al., 

2011). In postsynaptic excitatory interneurons of the dorsal horn opioids mediate 

analgesia through activation of G protein-coupled inwardly-rectifying potassium 

channels (GIRKs) resulting in hyperpolarization (Marker et al., 2005). Morphine 

appears to be less effective in treating bone cancer pain compared to other pain 

conditions, requiring much higher doses for the same level of analgesia (Luger et al., 

2002; Mouedden and Meert, 2005). Such high doses required for the management of 

breakthrough pain are associated with side effects (Levy, 1996). The need for higher 

doses may depend on decreased expression of µ-opioid receptors (MOR) in both DRG 

and superficial dorsal horn neurons with disease progression, as observed in animals 

with CIBP (Yamamoto et al., 2008; Zhu et al., 2017). This would also explain why 

morphine is more effective in early stages of bone cancer pain. Interestingly, the 

changes in MOR expression could be reversed with anti-NGF treatment in rats (Yao 
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et al., 2016), pointing to the involvement of peripheral sensitization and potential 

synergistic effects of combined therapy. Finally, treatment of CIBP with opioids may 

contribute to disease progression. A study in mice showed morphine treatment 

accelerated sarcoma induced bone pain, bone loss, and fractures (King et al., 2007). 

This highlights the need for novel therapeutic strategies to treat bone cancer pain. 

1.4.2.2 Bone-targeting agents 

Bone-targeting agents have been mostly used in the management of bone cancer pain 

to reduce the occurrence of skeletal related events (Coleman et al., 2014). Importantly, 

osteoclast targeting molecules, such as bisphosphonates or denosumab, have shown 

clinical promise for the attenuation of pain in metastatic bone cancer (Body et al., 

2004; Lipton and Balakumaran, 2012). The pharmacological effects of 

bisphosphonates depend on their ability to selectively bind bone and their inhibitory 

effects on mature osteoclasts (Russell et al., 2008). Once bound to the hydroxyapatite 

crystals, bisphosphonates are dissociated from the bone surface by the low pH 

produced by osteoclasts during bone remodelling and taken up through endocytosis 

(Thompson, 2006). Bisphosphonates have a similar chemical structure to 

pyrophosphate, with a phosphorus-carbon-phosphorus (P-C-P) bond rather than a 

phosphorus-oxygen-phosphorus (P-O-P) bond. The former is resistant to hydrolysis, 

so that bisphosphonates can persist in tissue. The carbon atom of the P-C-P bond binds 

two side chains, known as R1 and R2, which confer specific biochemical properties to 

each bisphosphonate (Russell et al., 2008). All bisphosphonates inhibit bone 

resorption by activation of intracellular signalling cascades. Nitrogen-containing 

bisphosphonates inhibit the mevalonate pathway to prevent prenylation of small 

guanosine triphosphate (GTP)-binding proteins, which are essential for osteoclast 

function and survival (Luckman et al., 1998), whereas non-nitrogen containing 

bisphosphonates are metabolized as analogs of ATP to induce osteoclast apoptosis 

(Frith et al., 2001). Denosumab, on the other hand, is a human monoclonal antibody 

which targets RANKL, preventing the development, activation and survival of 

osteoclasts (Kostenuik et al., 2009). 

While the exact mechanisms remain to be elucidated, osteoclasts are thought to 

contribute to CIBP by mediating local acidosis, which contributes to sensitization of 

primary afferents (Nagae et al., 2007) (section 1.4.4.5). Additionally, some evidence 

suggests bisphosphonates may have anti-cancer properties, such as the induction of 
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apoptosis in cancer cells (Senaratne et al., 2000), the prevention of bone metastasis at 

early stages of disease (O’Carrigan et al., 2017), and a reduction of tumour burden in 

vivo (Sasaki et al., 1995). Bisphosphonates and denosumab may be good alternatives 

to opioids for pain management in patients, as they are highly selective for bone tissue 

and produce only mild levels of toxicity, with very rare incidence (0.5%) of 

osteonecrosis of the jaw (O’Carrigan et al., 2017). 

1.4.2.3 Anti-NGF  

A vast body of preclinical research points towards NGF as a potential target for pain 

therapy in bone cancer. Administration of anti-NGF neutralizing antibodies 

dramatically reduces both cutaneous and skeletal pain associated with CIBP (Guedon 

et al., 2016), especially when therapy is started early (Ghilardi et al., 2010; Mantyh et 

al., 2010). It prevents ectopic sprouting of bone innervating sensory and sympathetic 

fibers (Jimenez-Andrade et al., 2011), neurochemical changes in markers of peripheral 

and central sensitization (Sevcik et al., 2005), and bone destruction associated with 

CIBP (McCaffrey et al., 2014). Aside from these changes, anti-NGF therapy may 

reduce hyperalgesia through reestablishment of homeostatic MOR expression levels 

at the level of DRG and dorsal horn, as its anti-nociceptive effects can be reversed 

with naloxone pre-treatment (Yao et al., 2016). Aside from CIBP, NGF targeting 

therapy has shown promising results in other preclinical models of skeletal pain. In 

mice with femoral fracture, anti-NGF therapy reduced pain behaviours without 

affecting bone healing (Koewler et al., 2007). Similarly, in a murine model of 

autoimmune arthritis, anti-NGF neutralizing antibodies reduced hyperalgesia, whereas 

joint destruction and inflammation were unaffected (Shelton et al., 2005). Likewise, 

inflammatory pain induced by intraplantar injection of complete Freund’s adjuvant 

(CFA) could be reduced by NGF targeting therapy, without affecting erythema of the 

paw (Woolf et al., 1994). Finally, anti-NGF acts analgesic in several models of 

visceral inflammation, including cystitis and gastric ulcers (Lamb et al., 2003; Guerios 

et al., 2008).  

In contrast to preclinical data, clinical results have been inconclusive for most 

conditions. The first promising results were observed for tanezumab, an NGF 

humanized antibody, which showed up to 75% efficacy in osteoarthritis (OA) patients 

(Lane et al., 2010) and outperformed NSAIDs for lower back pain (Katz et al., 2011), 

pointing to the importance of peripheral drive in this chronic pain conditions. 
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Unfortunately, in 2010 all anti-NGF trials excluding those for terminal cancer pain 

were put on hold by the FDA, due to osteonecrosis and joint destruction in a subset of 

patients, as well as concerns on sympathetic nervous system toxicity. The halt was 

only lifted in 2015, with several NGF/TrkA targeting antibodies being retracted from 

development in the process.  

Recent data indicates anti-NGF therapy may be most useful for patients with 

osteoarthritis of the knee and/or hip (Bannwarth and Kostine, 2017). Disappointingly, 

for CIBP anti-NGF therapy does not appear to be as effective as observed in animal 

models. A phase II clinical trial in metastatic cancer patients did not meet primary 

efficacy at 6 weeks after tanezumab administration. However, a post-hoc analysis 

revealed some efficacy in patients with higher baseline pain score and/or lower opioid 

intake. Moreover, in the 40-week extension of the study patients receiving tanezumab 

showed significantly reduced pain scores (Sopata et al., 2015). Similarly, treatment 

with another human recombinant anti-NGF antibody, fulranumab, did not provide 

additional benefit in pain relief compared to placebo. However, responder rates of 

patients achieving at least 30% improvement were higher in anti-NGF treated 

compared to placebo receiving participants (Slatkin et al., 2019). Lack of conclusive 

evidence may depend on individual variations in NGF levels, which have not been 

assessed in patients with metastatic bone pain. Although the primary endpoints were 

not reached in both studies, anti-NGF may provide pain relief at least in a subgroup of 

patients, e.g. those who don’t respond well to opioids or other analgesics. Indeed, a 

phase III clinical study for tanezumab in bone cancer pain is currently on its way 

(ClinicalTrials.gov, 2015). Dosage is an important factor to consider for CIBP targets, 

and in OA where NGF is a promising drug target, high levels of anti-NGF 

administration are associated with risk of joint destruction even though the underlying 

mechanisms are not well understood.  

In summary, the efficacy of pain management in cancer is limited by the 

multidimensional aspects of the pathophysiology, such as widespread localization of 

metastases and SRE, as well as severe side effects of treatment (McNicol et al., 2003). 

There is thus a strong need to develop new targeted therapies for bone cancer pain. 

The peripheral nervous system as such constitutes an interesting source of potential 

targets, as it is involved in initial pain development and potential drugs could be 
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applied locally, thus without having wide-ranging central effects (Richards and 

Mcmahon, 2013). 

1.4.3 Animal models of bone cancer pain 

The lack of appropriate animal models exhibiting similar features to patients with 

metastatic bone pain has contributed to the slow advancements in understanding the 

mechanisms at the heart (or better bone) of the disease. Initial models, based on the 

metastatic progression of primary tumours, were replaced by a model for localized 

cancer-induced bone pain (CIBP) in the late 90s. This model is based on the injection 

of cancer cells into the intramedullary space of the femur, which is then sealed, and 

cancer progression is confined to the bone. The mice develop severe pain 2-3 weeks 

after cell implantation and show signs of osteolytic bone destruction (Schwei et al., 

1999). In the following decades this model has been adapted to different mouse strains, 

leading to a variety of syngeneic rodent models, as well as human xenograft models 

in immunocompromised mice (Slosky et al., 2015). While not perfectly reflecting the 

complete clinical picture observed in humans, such murine models have revealed that 

CIBP is a unique and complex condition, involving mechanisms that are characteristic 

of inflammation, neuropathy, nerve compression, and ischemia (Honore and Mantyh, 

2000; Falk and Dickenson, 2014). A further limitation of animal models for CIBP is 

the correlation between pre-clinical and clinical pain phenotypes. New tests for the 

assessment of spontaneous pain in rodents are recently being developed and better 

reflect the pain assessments in humans (Tappe-Theodor and Kuner, 2014). However, 

breakthrough pain is difficult to predict and requires continuous monitoring in 

animals. Ultrasound vocalization (USV) may constitute a useful method to measure 

such episodes in mice (Kurejova et al., 2010).  

1.4.4 Peripheral mechanism of cancer-induced bone pain 

Since the development of animal models to study cancer pain restricted to a single 

bone (Schwei et al., 1999) our understanding of malignant skeletal pain has 

substantially increased. The vast changes in bone homeostasis combined with 

structural and neurochemical reorganization of sensory and sympathetic nerve fibers 

in the bone, as well as neurochemical reorganization in the spinal cord highlight the 

importance of peripheral mechanism in driving this complex condition. Interactions 

of the tumour with the bone marrow niche are thus important in the establishment of 

malignant skeletal pain. The cancer and tumour-associated stromal cells, including 
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fibroblasts, endothelial cells, lymphocytes and many bone marrow-derived cells 

(BMDCs), such as macrophages, neutrophils, mesenchymal stem cells, and mast cells 

(Joyce and Pollard, 2009) contribute to the inflammatory component of CIBP and are 

known to be able to sensitize sensory neurons (Julius and Basbaum, 2001). 

Additionally, tumours and associated osteoclast activation produce an acidic 

environment, which may contribute to peripheral sensitization through the activation 

of acid sensing ion channels (Yoneda et al., 2011). Bone cancer pain, similarly to 

intraosseous engorgement syndrome, produces intraosseous pressure within the bone 

microenvironment, which can sensitize primary afferents (Mantyh, 2014; Ivanusic, 

2017). Finally, all these changes affect excitability of dorsal horn neurons, 

contributing to the establishment of central sensitization. These mechanisms are 

discussed in detail in the following sections. 

1.4.4.1 ATP 

ATP is released in the process of inflammation, showing enhanced levels in 

tumourigenic tissue (Pellegatti et al., 2008). ATP signalling is mediated by purinergic 

receptors, which can be subdivided into the ligand-gated ion channels P2X receptors, 

and the P2Y receptors involved in G-protein coupled signalling. In the rat, 

electrophysiological studies have shown the involvement of P2X3 in CIBP, with 

systemic and intrathecal application of antagonists inhibiting pain behaviour and 

neuronal responses to electrical, mechanical, and thermal stimulation in the dorsal 

horn (Kaan et al., 2010). In a murine model, where tumour cells were implanted in 

and around the calcaneus bone, the number of P2X3 immunoreactive fibers in the 

surrounding epidermis is increased (Gilchrist et al., 2005). Under physiological 

conditions P2X3 is expressed in the skin, but not in periosteal afferents (Jimenez-

Andrade et al., 2010b). It is thus possible increased expression only occurs in 

surrounding cutaneous afferents. In support of such view, P2X3 expression in the DRG 

containing neurons innervating the bone was unchanged in cancer bearing mice 

compared to sham. Moreover, P2X3 antagonism produced relief from skin 

hypersensitivity, but not skeletal pain in mice (Guedon et al., 2016). On the other hand, 

both intrathecal (Ramer et al., 2001) and intramuscular (Liu et al., 2011) injections of 

NGF increase P2X3 expression in the DRG, suggesting increased NGF levels in the 

bone microenvironment may contribute to expression of the purinergic receptors in 
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bone afferents. The role of ATP and P2X3 receptors in CIBP thus remains to be further 

investigated. 

1.4.4.2 Prostaglandins 

Prostaglandins are secreted by both cancer and invading immune cells (Urch, 2004). 

NSAIDs blocking the cyclo-oxygenase (COX) enzymes COX-1 and COX-2, which 

synthetize prostaglandins from arachidonic acid, reduce cancer associated skeletal 

pain, tumour burden, and bone degradation (Sabino et al., 2002; Isono et al., 2011), 

suggesting the importance of inflammation in the pathophysiology of the disease. 

Moreover, prostaglandins, together with a variety of cytokines induce the expression 

of nerve growth factor (NGF) in different cell types (Woolf et al., 1997; Freund et al., 

2002; Lipnik-Štangelj and Čarman-Kržan, 2004; Toyomoto et al., 2004; von Boyen et 

al., 2006), contributing to increased NGF levels within the cancerous bone 

microenvironment.  

1.4.4.3 NGF 

NGF belongs to the family of neurotrophins, together with brain-derived neurotrophic 

factor (BDNF), neutrophin-3 (NT-3) and neurotrophin-4 (NT-4). All neurotrophins 

bind to two different classes of receptors. The low-affinity nerve growth factor 

receptor (LNGFR) or p75, which binds all neurotrophins more or less equally 

(Johnson et al., 1986), and the high affinity tyrosine kinase receptors (Klein et al., 

1991). NGF binds preferentially to TrkA, while BDNF and NT-4 to TrkB and NT-3 

to TrkC (Ip et al., 1993). While TrkA is widely expressed in sensory neurons during 

neuronal development, as discussed in section 1.2.1, in adult mice TrkA expression is 

found in peptidergic C- and some Aδ-fibers, terminating in lamina I and IIouter (Averill 

et al., 1995). Animals lacking NGF or TrkA lack a vast majority of small diameter 

sensory neurons (Smeyne et al., 1994) and show some degree of hypoalgesia (Crowley 

et al., 1994). Similarly, humans with mutations in the TrkA gene display congenital 

insensitivity to pain (Indo et al., 1996).  

NGF plays a major role in a variety of pain disorders that show upregulation of the 

neurotrophin, e.g. in the cerebrospinal fluid (CSF) of fibromyalgia patients (Sarchielli 

et al., 2007) and synovial fluid of arthritis patients (Aloe et al., 1992). A major source 

of NGF in osteoarthritis patients are chondrocytes (Iannone et al., 2002), and the anti-

NGF antibody tanezumab reduces pain in these patients (Brown et al., 2012). 
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Moreover, a variety of inflammatory pain models, as well as CIBP, show a marked 

reduction in hyperalgesia in animals treated with NGF neutralizing antibodies 

(Halvorson et al., 2005; Sevcik et al., 2005; Mantyh et al., 2010; McNamee et al., 

2010).  

The presence of NGF in inflamed tissue induces large changes contributing to both 

peripheral and central sensitization, as summarized in Figure 1.11. The initial rapid 

effects of NGF are likely mediated by mast cells, where binding to TrkA receptor 

induces the release of inflammatory mediators, such as histamine, serotonin (5-HT), 

protons, and NGF itself, creating a positive feedback loop that sensitizes surrounding 

neurons (Mantyh et al., 2011). However, a recent study indicates that for bone 

afferents, the NGF induced rapid increase in firing rates is mediated by peripheral 

sensitization, rather than mast cell degranulation (Nencini et al., 2017). Neuronally 

mediated effects are evoked by binding of NGF to TrkA receptor in primary afferents, 

leading to direct phosphorylation of ion-channels, including TrkA (Clary et al., 1994) 

and transcriptional changes mediated by the NGF-TrkA complex, which is 

retrogradely transported to the neuronal cell body in the DRG. This leads to increased 

expression or sensitization of bradykinin receptors (Petersen et al., 1998), TRPV1 

(Zhang et al., 2005; Xue et al., 2007), ASIC3 (Mamet et al., 2003), P2X3 (Ramer et 

al., 2001), and VGSCs (Fjell et al., 1999). Moreover, NGF induces increased synthesis 

of the neuropeptides SP and CGRP, (Lindsay and Harmar, 1989), as well as the 

neurotrophin BDNF (Michael et al., 1997), which contribute to central sensitization 

(Mantyh et al., 2011). Indeed, subcutaneous administration of NGF produces novel 

wind-up response following Aβ-fiber stimulation (Thompson et al., 1995). Finally, 

bone marrow stromal cells (BMSCs) may express TrkA receptors, as in vitro self-

differentiating BMSCs spontaneously increase NGF and TrkA expression and assume 

a neuron-like phenotype (Li et al., 2007) and may thus contribute to the positive 

feedback loop of NGF production in the bone cancer microenvironment. NGF also 

contributes to the ectopic sprouting of sensory and sympathetic fibers in bone marrow, 

mineralized bone and periosteum as discussed in section 1.4.4.4. 
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Figure 1.11 Schematic diagram of NGF mechanisms contributing to pain 

establishment and maintenance. The release of NGF from inflamed tissue results in 

activation of mast cells, inducing the release of inflammatory mediators and NGF, 

which sensitizes surrounding sensory neurons. TrkA+ sensory neurons bind NGF and 

the TrkA/NGF complex is retrogradely transported to the neuronal cell body in the 

DRG, resulting in increased synthesis of neuropeptides, receptors, ion channels, and 

anterograde transport of certain neurotransmitters to central and peripheral terminals. 

These rapid changes (taking from minutes to hours) modify the response of the 

primary afferent to sensory stimuli and its propagation to the dorsal horn. Adapted 

from (Chang et al., 2016).  

1.4.4.4 Sprouting and nerve injury 

As mentioned previously, one consequence of NGF in the bone cancer 

microenvironment is exuberant sprouting of both sensory and sympathetic fibers. 

Several animal studies show that early, sustained blockade of NGF signalling prevents 

ectopic sprouting and neuroma formation as well as pain behaviour in CIBP (Ghilardi 

et al., 2010; Mantyh et al., 2010; Jimenez-Andrade et al., 2011). Interestingly, cancer 

cells which do not secrete NGF produce a similar phenotype, supporting the 

involvement of stromal cells in driving ectopic sprouting (Jimenez-Andrade et al., 

2010a). At the same time, tumour cells while proliferating outgrow their 

neovascularization and injure the sensory fibers that surround them, with an 
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accompanied increase in the expression of the injury marker cyclic AMP-dependent 

transcription factor (ATF3) at the level of the DRG, as well as macrophage infiltration 

(Peters et al., 2005), which is typically seen in neuropathic pain models. Thus, just 

like the tumour itself, sensory and sympathetic neurons appear to undergo continuous 

transformation. While initial tumour implantation leads to aberrant sprouting of nerve 

fibers, these are injured and degenerate once the tumour becomes necrotic due to 

insufficient vascular supply, whereas new sprouting and neuroma formation occurs in 

areas with viable cancer cells (Peters et al., 2005; Jimenez-Andrade et al., 2011). Thus 

blocking of NGF signalling, even at later timepoints of the pathology, should at least 

prevent sprouting of new nerve fibers and associated ongoing and breakthrough pain 

(Mantyh, 2013). The exact mechanism by which these newly sprouted nerve fibers 

cause hyperalgesia is not known. Previous studies in rodents and humans indicate a 

phenotypic switch in sensory and sympathetic neurons forming neuromas, including 

an accumulation of sodium channels (Nav1.3, Nav1.7, and Nav1.8) at the injured 

peripheral axon terminal, which may contribute to ectopic hyperexcitability of these 

neurons (Devor et al., 1993; England et al., 1996; Black et al., 2008). The 

identification of the precise mechanisms behind the sensitization of those neurons 

should be beneficial for the development of alternative therapies to anti-NGF. 

1.4.4.5 Acidosis 

The bone marrow microenvironment is hypoxic with only 1% of oxygen, whereas 

most other tissues have normoxic conditions with 2-9% oxygen (Simon and Keith, 

2008). To survive and thrive in this environment cancer cells shift their energy 

metabolism from respiration to aerobic glycolysis, during which glucose is converted 

to lactic acid, which is known as the “Warburg effect” and is unique to cancer cells 

(Gatenby and Gillies, 2004). Cancer cells overcome the resulting intracellular 

acidification by extruding lactate and protons through the plasma membrane pH 

regulators, such as monocarboxylate exchangers 1 and 4 (MCT1 and MCT4), anion 

exchangers, Na+/H+ exchangers, carbonic anhydrases, vacuolar H+-ATPase, HCO3
ˉ
 

transporters, and Na+/HCO3
ˉ cotransporters; thus creating an extracellular 

environment with a pH between 6.5 and 7.0 (Neri and Supuran, 2011). Additionally, 

bone resorbing osteoclasts, produce a highly localized acidic microenvironment within 

their resorption pit (Teitelbaum, 2000) (see section 1.3.2). Bone destruction promotes 

cancer growth through the release of growth factors, such as TGF-β and IGF stored in 
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mineralized bone, resulting in the “vicious cycle” (Mundy, 2002) (Figure 1.10). 

Overall, both cancer cells and increased osteoclast activity produce an acidic 

microenvironment in bone cancer, which is known to be algogenic for sensory 

neurons.  

Two major ionotropic receptors respond to acidosis, transient receptor potential cation 

channel subfamily V member 1 (TRPV1) and acid sensing ion channels (ASICs). 

TRPV1 is a ligand gated non-selective cation channel, which responds to a variety of 

physical and chemical stimuli, such as capsaicin, noxious heat (>43°C), and protons 

(pH < 6) (Caterina et al., 2000). Activation of TRPV1 by capsaicin sensitizes sensory 

neurons (LaMotte et al., 1992) and if used at high concentration leads to denervation 

of TRPV1+ fibers (Jancsó et al., 1977). TRPV1 expression is increased in DRG of 

animals with CIBP (Niiyama et al., 2007) and its pharmacological blockade attenuates 

pain (Ghilardi, 2005). Similarly, TRPV1 knockout animals show a reduced CIBP 

phenotype, associated with a reduction of the increased neuronal activity at the level 

of the DRG and dorsal horn (Wakabayashi et al., 2018). TRPV1 is present in about 

25% of bone marrow afferents, as identified by retrograde labelling (Nencini et al., 

2017) and a subset of Aδ bone marrow nociceptors can be sensitized to mechanical 

stimuli by capsaicin (Nencini and Ivanusic, 2017). It would thus appear those are 

“silent” nociceptors which may contribute to increased pain sensitivity in CIBP.  

A second class of receptors capable of detecting drops in pH (down to pH 5.0) are the 

proton-gated cation channels of the ASIC family (Waldmann et al., 1997a). Expressed 

in peripheral sensory neurons homo- and heteromeric trimers of ASIC1-3 detect 

changes in the extracellular pH (Waldmann et al., 1997b). ASIC1b and ASIC3 are 

almost exclusively found in DRG neurons and are upregulated following bone cancer 

(Nagae et al., 2007), as well as osteoporosis (Kanaya et al., 2016a). ASIC3 has the 

highest sensitivity for protons and is activated by decreases of less than 0.2 pH units. 

This sensitivity is dramatically increased in the presence of lactate (Immke and 

McCleskey, 2001), such as during muscular ischemia, or released by cancer cells into 

the bone microenvironment as a product of aerobic glycolysis (Gatenby and Gillies, 

2004). Both ASICs and TRPV1 are also expressed on osteoclasts and their blockade 

may affect bone degradation and associated changes, thus indirectly contributing to 

pain relief in cancer (Kanaya et al., 2016b). 
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Finally, proton-sensing GPCRs are expressed in mouse sensory neurons (Zeisel et al., 

2018), largely overlapping with TRPV1 expression (Huang et al., 2007). Peripheral 

inflammation leads to increased expression of proton-sensing GPCRs in the DRG, in 

particular T-cell-death-associated gene 8 (TDAG8), which was found to sensitize 

TRPV1 responses to capsaicin (Chen et al., 2009). Interestingly, knockdown of 

TDAG8, which is upregulated in the dorsal horn of rats with CIBP, results in an 

attenuation of the pain phenotype (Hang et al., 2012), pointing towards an 

involvement of proton-sensing GCPRs in CIBP.  

1.4.4.6 Pressure 

A third factor which may contribute to CIBP is increased intraosseous pressure. 

Pressure on nerves can create painful sensations as highlighted by several models of 

neuropathic pain which rely on cuffing or partial compression of nerve bundles 

(Austin et al., 2012; Yalcin et al., 2014). Similarly, spinal cord compression produces 

mechanical hyperalgesia in both front- and hindlimbs (Yu et al., 2013) and 5% of 

metastatic cancer patients experience this phenomenon, associated with back pain 

(Cole and Patchell, 2008). Within the bone increased intraosseous pressure may act 

on mechanoreceptors of peripheral nerve terminals, with Piezo2 recently emerging as 

a potential transducer of such stimuli (Ivanusic, 2017). Indeed, pharmacological 

blockade of Piezo2 reduces the number of cells responding to knee compression in a 

rat model of CIBP. Interestingly it would appear these cells are not bone afferents, but 

rather “silent” muscle afferents innervating the tissue surrounding the cancer bearing 

bone (Kucharczyk et al., 2018). Importantly, in this study pressure was applied outside 

the bone rather than within and may thus activate a different subset of bone afferents 

then those identified by electrophysiological studies investigating intraosseous 

pressure (Nencini and Ivanusic, 2017). In this regard, the authors reported that the 

engagement of traced neurons required much higher pressures, than those innervating 

surrounding cutaneous tissue. It remains to be investigated if neurons innervating the 

bone marrow are involved in sensing sustained increased intraosseous pressure 

associated with pathologies such as cancer. Finally, aside from sensory neurons, 

intraosseous pressure is sensed by mechanotransducing osteocytes, which through 

upregulation of CCL5 and matrix metalloproteinases produce bone degradation 

(Sottnik et al., 2015), contributing to tumour growth and invasion creating a positive 

feedback loop for disease progression. 
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1.4.4.7 Central sensitization 

Central sensitization induced by skeletal insult produces more prolonged and 

widespread pain sensation as compared to cutaneous tissue (Woolf and Wall, 1986). 

This may in part depend on central neurons receiving input from musculoskeletal 

nociceptors, which appear to be more susceptible to LTP (Li and Baccei, 2017). In 

CIBP a number of changes related to enhanced neuronal excitability are observed at 

the level of the spinal cord, including expression of the neuronal activity marker c-fos, 

internalization of substance P, upregulation of the pro-nociceptive opioid dynorphin 

and increase in astrocytes and microglia (Schwei et al., 1999). Electrophysiological 

patch clamp experiments on spinal cord slices demonstrate changes in spinal 

excitability, mediated by both Aβ- and C-fibers (Yanagisawa et al., 2010). Moreover, 

the ratio of nociceptive specific neurons to WDR neurons is altered in CIBP, with a 

higher proportion of WDR neurons in superficial layers of the dorsal horn (Urch et al., 

2003). This results in hyperexcitability, with non-noxious stimuli producing pain. The 

anti-convulsant gabapentin, which is used to treat neuropathic pain and is thought to 

modulate the α2-δ subunit of VGCCs at the spinal level, thus reducing neurotransmitter 

release, is able to restore the normal proportion of NS vs. WDR neurons and its chronic 

administration reverses CIBP (Donovan-Rodriguez et al., 2005). On the other hand, 

chronic treatment with morphine reduces hyperexcitability of WDR cells, but does not 

reverse the abnormal ratio of WDR to NS neurons, thus maintaining allodynia (Urch 

et al., 2005). Together this suggests that plasticity of synapses linking peripheral and 

spinal cord neurons contributes to the phenotypic shift of NS to WDR-like neurons 

(Falk and Dickenson, 2014). Aside from peripheral input, spinal excitability is 

controlled by descending modulatory pathways. Indeed, blockade of descending 

serotonergic facilitation through 5-HT3 antagonists reduces hyperexcitability of 

lamina I neurons and hyperalgesia in animals with CIBP (Donovan-Rodriguez et al., 

2006).  

At the molecular level, spinal glial cells in bone cancer bearing animals release IL-1β, 

which produces hyperalgesia through phosphorylation of the NR1 subunit of NMDA 

receptors (Zhang et al., 2008). Moreover, NR2B is upregulated and selective 

antagonism of this subunit inhibits thermal hyperalgesia and mechanical allodynia 

induced by bone cancer (Gu et al., 2009). Levels of glutamate are also increased in 

CIBP, as astrocytes are hypertrophic (Honore et al., 2000) and thus there is a decrease 
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in glutamate reuptake transporters, resulting in excitotoxicity (Sattler and Tymianski, 

2001). Mice with CIBP also present increased levels of dynorphin in the superficial 

layers of the DH (Schwei et al., 1999), similarly to what is observed in neuropathic 

pain states. Increased spinal dynorphin is known to produce long-lasting pain through 

activation of NMDA receptors rather than opioid receptors (Vanderah et al., 1996), 

further supporting the importance of the afferent excitatory neurotransmitter release 

for the production of central sensitization in CIBP.  

1.4.5 Summary 

While in the past decades huge efforts have been made, both in the development of 

new drugs to treat metastatic cancer pain and in the implementation of WHO 

guidelines for pain management, more than half patients report inadequate analgesia 

which interferes with daily life (Te Boveldt et al., 2013; Wu et al., 2013). There is 

thus a strong unmet need to develop novel targets for successful therapy. As discussed 

earlier, peripheral changes contribute to the development of CIBP (see section 1.4.4) 

and targeting the bone microenvironment could be a useful strategy for pain relief. In 

this thesis we uncover changes in gene expression at the level of the DRG in animals 

with metastatic bone cancer (Chapter 2), the molecular (Chapter 3) and functional 

(Chapter 4) characteristics of bone afferent neurons and their roles in maintaining 

CIBP. Moreover, we demonstrate that physiological osteoclasts do not contribute to 

the development of bone pain (Chapter 5).  
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 BEHAVIOURAL PHENOTYPING 

AND TRANSCRIPTIONAL PROFILING OF DRG IN A 

MURINE MODEL OF BONE CANCER PAIN 

2.1 Introduction 

In the past decade voltage-gated sodium channels (VGSCs) have been in the focus of 

pain research. In the peripheral nervous system VGSCs are essential for conveying 

sensory information to the central nervous system, through the transmission of the 

action potential. In humans, missense mutations of Nav1.7 and Nav1.9 lead to 

congenital pain insensitivity, while gain of function mutations in Nav1.7, Nav1.8 and 

Nav1.9 are associated with painful neuropathies (Kanellopoulos and Matsuyama, 

2016). Nav1.7 channels and Nav1.8 expressing nociceptors are not required for the 

development of CIBP, while the role of Nav1.9 remains to be investigated. In this 

Chapter we used global Nav1.9 knockout mice to investigate the role of the third 

peripherally expressed VGSC in the development of CIBP. Our data suggest that 

Nav1.9 does not contribute to the development of malignant bone pain either.  

CIBP shares some features of inflammatory and neuropathic pain, but it is 

characterized by unique neurochemical changes in sensory neurons and the spinal cord 

(Honore et al., 2000). However, only a few studies have used unbiased approaches to 

identify changes in gene expression and in silico pathway analysis at the level of the 

peripheral nervous system (Bali et al., 2013). Here we used microarray analysis and 

identified large changes in gene expression at the level of the DRG in animals with 

bone cancer pain. Many of the dysregulated genes are micro RNAs, suggesting post-

transcriptional changes play an important role in CIBP. 

2.1.1 Voltage-gated sodium channels 

In the past decades several ion channels, which are preferentially expressed in the 

periphery have emerged as potential targets for pain therapy. One such family are the 

VGSCs, which consist of an alpha subunit fused to 1-4 beta subunits, that anchors the 

channels to the membrane. The alpha subunits Nav1.1-Nav1.9 are encoded by the genes 

Scn1a-5a and Scn8a-11a and allow the flow of Na+ into the cell (Wood and Baker, 

2001). Of these channels, Nav1.7, Nav1.8, and Nav1.9 are preferentially expressed in 
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the PNS. Single cell RNA-seq data indicates a large overlap between Nav1.7-1.9 

expressing DRG neurons, with few cells uniquely expressing only one of the three 

alpha subunits (Zeisel et al., 2018). However, each channel has unique biophysical 

characteristics, which define its role in action potential propagation (Momin and 

Wood, 2008) (Figure 2.1). Nav1.7 produces a current with rapid activation and 

inactivation kinetics and slow repriming, which is sensitive to tetrodotoxin (TTX-S) 

(Herzog et al., 2003), a neurotoxin produced by endosymbiotic bacteria present in 

puffer fish and other marine species. Based on its biophysical properties it is involved 

in the amplification of the generation potential and acts as threshold channel for firing 

of an action potential (Momin and Wood, 2008). Nav1.8 produces a TTX-resistant 

(TTX-R), slowly inactivating current and is essential for the upstroke of an action 

potential and repetitive firing of the neuron (Renganathan et al., 2001). Nav1.9 is 

responsible for production of the TTX-R persistent current in peripheral sensory neurons 

and their hyperexcitability following inflammation (Östman et al., 2008). 

 

Figure 2.1 Role of voltage gated sodium channels (VGSCs) with particularly high 

expression in the PNS. A. Specific role of three subtypes of VGSCs in action potential 

generation. B. The voltage dependence of activation of Nav1.7 (closed blue diamonds), 

Nav1.8 (open circles), and Nav1.9 (purple triangles) (Momin and Wood, 2008). 
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2.1.1.1 Nav1.7 

Nav1.7 is expressed in sensory and sympathetic neurons (Toledo-Aral et al., 1997), as 

well as the hypothalamus (Weiss et al., 2011), and olfactory bulb (Branco et al., 2016). 

In humans, missense mutations in the gene have been identified that lead to pain 

insensitivity while keeping intact other sensory modalities (Cox et al., 2006). 

Conversely, gain of function mutations in Scn9a have been associated with painful 

disorders (Yang et al., 2004; Fertleman et al., 2006). Global knockout of the channel 

in mice replicates the phenotype observed in humans (Gingras et al., 2014) and pain 

insensitivity is maintained in animals with nociceptor-specific ablation of the channel 

(Nassar et al., 2004). Moreover, expression of Nav1.7 in sensory and sympathetic 

neurons is required for the development of neuropathic pain, whereas bone cancer pain 

develops normally in conditional knockout animals (Minett et al., 2014). 

2.1.1.2 Nav1.8 

Nav1.8 is a TTX resistant VGSC with slow inactivation kinetics, which is specifically 

expressed in small diameter unmyelinated nociceptors (Akopian et al., 1996). During 

depolarization Nav1.8 can remain active when other VGSCs with fast kinetics become 

inactive. Moreover, its fast recovery from inactivation contributes to its ability to 

support multiple, high frequency action potentials (Dib-Hajj et al., 1997). As a 

consequence of these biophysical properties Nav1.8 is the main contributor to the 

upstroke of action potentials in nociceptive neurons (Renganathan et al., 2001).  

The importance of Nav1.8 in nociceptive neurons is highlighted by behavioural deficits 

to noxious thermal and mechanical stimuli in null mutant mice (Akopian et al., 1999). 

Nav1.8 is also involved in cold allodynia: low temperatures enhance the slow 

inactivation of TTX-sensitive VGSCs, whereas Nav1.8 kinetics remains unaffected 

and the channel is responsible for nociceptor excitability in prolonged extreme cold 

(Zimmermann et al., 2007; Luiz et al., 2019). Consistent with this idea, gain-of-

function Nav1.8 mutant mice show increased hypersensitivity to cold stimulation 

(Blasius et al., 2011), and null mutants show attenuated cold allodynia following 

chronic constriction injury (CCI) (Minett et al., 2014).  

Nav1.8 also plays a role in inflammatory pain, with ablation of Nav1.8+ sensory 

neurons resulting in the reduction of CFA and carrageenan induced mechanical and 

heat hyperalgesia in mice (Abrahamsen et al., 2008). The observed effects may depend 
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on the overall reduction in sensory input. In accordance with this, prostaglandin E2 

(PGE2) induced thermal hyperalgesia is unaffected in Nav1.8-deficient mice, as well 

as neuropathic pain behaviour following partial sciatic nerve ligation (Kerr et al., 

2001). Similarly, the development of mechanical hypersensitivity induced by 

neuropathy is unaffected in Nav1.8 knockout mice (Minett et al., 2014). On the other 

hand, in rats, targeting Nav1.8 with antisense oligodeoxynucleotides leads to a 

reduction of both PGE2 and CFA-induced hyperalgesia (Khasar et al., 1998), and 

provides analgesia in neuropathic pain (Lai J et al., 2002; Joshi et al., 2006). 

Little is known about the contribution of Nav1.8 to CIBP. One study reported a 

decrease in Nav1.8 expression at the level of the DRG in rats (Miao et al., 2010), while 

others indicate an increase, suggesting it may contribute to hyperexcitability (Qiu et 

al., 2012; Liu et al., 2014). Interestingly, in both cases an attenuation in CIBP 

behaviours was achieved either through administration of antisense 

oligodeoxynucleotides (Miao et al., 2010) or by using a selective antagonist for Nav1.8 

(Liu et al., 2014). In contrast, ablation of all Nav1.8+ sensory neurons does neither 

prevent nor attenuate the development of cancer associated pain in mice (Minett et al., 

2014), again highlighting the complexity of the role of Nav1.8 in chronic pain states. 

The discrepancy of these results may depend on species differences, but the genetic 

approach suggests the population of Nav1.8 sensory neurons is not necessary for the 

establishment and maintenance of CIBP. 

2.1.1.3 Nav1.9 

Nav1.9 expression is present in myenteric sensory neurons, but is primarily found in 

DRG neurons, specifically in smaller cells (<30µm diameter) (Dib-Hajj et al., 2002). 

Here, Nav1.9 is responsible for production of the TTX-resistant persistent current (Östman 

et al., 2008). Knockout of the channel partially prevents mechanical and thermal 

hypersensitivity in an inflammatory pain model (Amaya et al., 2006; Lolignier et al., 

2011), whereas following neuropathic injury animals develop pain normally (Leo et al., 

2010; Minett et al., 2014). Nav1.9 has also been implied in physiological processing of 

noxious cold, and knockout animals present reduced cold allodynia induced by the 

chemotherapeutic agent oxaliplatin (Lolignier et al., 2015). Finally, the upregulation of 

Nav1.9 in DRG neurons following CIBP has been previously reported (Liu et al., 2014), 

but as opposed to Nav1.7 and 1.8, a causative role for the channel in mediating CIBP 

remains to be investigated.  
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2.1.2 Transcriptomics in healthy and diseased state 

Recent advances in the technologies of next generation sequencing (NGS), together 

with their widespread availability and reduced cost, have allowed the detailed mapping 

of genotype to phenotype based on the transcriptome for different cell types. 

Microarray analysis allows for the high-fidelity identification of differentially 

expressed genes based on thousands of probes which are loaded onto an array plate. 

In this study the microarray GeneChip® Mouse Exon 1.0 ST Array which covers a 

total of 40161 annotated and predicted genes was used. 

2.1.2.1 RNA species  

As the central dogma of molecular biology states, information flux goes from DNA, 

that is transcribed into RNA, to finally be translated into proteins which carry out 

cellular function (Crick, 1958). As a consequence, for many years only a few classes 

of RNA species were recognized, including messenger RNA (mRNA) which are 

transcribed into protein, ribosomal RNA (rRNA) and transfer RNA (tRNA) involved 

in mRNA translation, small nuclear RNAs (snRNA) playing a role in splicing and 

small nucleolar RNA (snoRNA) involved in modification of rRNA (Mattick and 

Makunin, 2006). Initial transcriptome studies were largely based on prokaryotes 

containing mostly protein coding sequences, and eukaryotic genomes were thought to 

consist mostly of junk DNA. However, in humans less than 3% of the genome is 

protein coding and more than 80% serves a biochemical function, indicating an 

important role for non-coding RNAs (The ENCODE Project Consortium, 2012).  

More recently new classes of non-coding RNA (ncRNA) have been discovered, 

including the small ncRNAs microRNA (miRNA), short interfering RNA (siRNA), 

and piwi-interacting RNA (piRNA), all of which regulate gene expression post 

transcriptionally (Stefani and Slack, 2008). Long non-coding RNAs (lncRNA) were 

first identified in large-scale sequencing of mice cDNA libraries (Okazaki et al., 

2002). By definition they are longer than 200bp and they serve multiple roles, 

including regulation of chromatin dynamics, growth, differentiation, gene expression 

(Bhan and Mandal, 2015). With further advancements in the field of transcriptomics 

hopefully we can obtain a better understanding of these ncRNAs in the coming 

decades and their role in pathologies such as CIBP. 
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2.1.2.2 Biogenesis of microRNAs 

miRNAs are highly conserved, single stranded, approximately 22 nucleotides in length 

(Garzon et al., 2009), and located within introns or exons of protein-coding genes 

(70%) or in intergenic areas (30%) (Rodriguez et al., 2004). They are transcribed into 

primary miRNA (pri-miRNA) by RNA polymerase II (Lee et al., 2004), after which 

they undergo two cleavage events until mature miRNAs occur. Drosha, an RNAse III 

enzyme with its cofactor DGCR8 processes pri-miRNAs into precursor miRNA 

hairpin transcripts (pre-miRNA) in the nucleus (Provost et al., 2003). Exportin-5 

(XPO5) translocates them to the cytoplasm (MT et al., 2004), where another RNAse 

II enzyme called Dicer cleaves the pre-miRNA to produce mature miRNA, which then 

assemble into the RNA-induced silencing complex (RISC) with their target mRNA 

(Hammond et al., 2000). miRNA use their 5’ seed region with between 2-7 nucleotides 

to interact with the 3’ UTR of messenger RNA leading to its degradation or depression 

(Diamantopoulos et al., 2018) (Figure 2.2).  
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Figure 2.2 Biogenesis of microRNA molecules. miRNA genes are transcribed into 

larger pri-miRNAs, which are cleaved by a complex of the RNA-binding protein 

DGCR8 and type III RNAse Drosha, into an ~ 85-nucleotide stem–loop structure 

called pre-miRNA. Following transportation by Exportin 5 from nucleus to cytoplasm, 

the pre-miRNAs are processed by another RNase III enzyme (Dicer) to form a ~22-

nucleotide miRNA/miRNA* duplex. After the duplex is unwound, the mature miRNA 

is incorporated into the protein complex RISC. The miRNA-loaded RISC mediates 

gene silencing via mRNA cleavage and degradation, or repression of translation 

depending on the complementarity between the miRNA and the targeted mRNA 

transcript (Hosseinahli et al., 2018).  

2.1.2.3 Role of miRNAs in cancer 

miRNAs play an important role in modulating the expression of several target genes 

and regulate a variety of cellular processes (Bartel, 2009). Accordingly, miRNAs are 

key players in different stages of cancer progression. The first cancer related miRNA 

was discovered in an attempt to identify a tumour suppressor gene located at the 

chromosomal 13q14 region, which is frequently deleted in chronic lymphocytic 

leukaemia (CLL). While no gene was found, the cluster of miRNAs miR-15a and miR-

16-1 mapped to the deleted region (Calin et al., 2002). Later work showed that the two 

miRNAs act as tumour suppressors by silencing B-cell lymphoma 2 (BCL-2), an anti-
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apoptotic oncogene which is overexpressed in CLL (Cimmino et al., 2005). Moreover, 

deletion of the miR cluster leads to the development of CLL in mice (Klein et al., 

2010). Genome-wide analysis studies of human cancer identified a global 

downregulation in miRNAs, with specific miRNA signatures that discriminate 

between cancer types (Lu et al., 2005; Volinia et al., 2006). Several mechanisms are 

responsible for this downregulation, including deletions or amplification of miRNAs 

located in in fragile genomic regions which contribute to cancer risk (Garzon et al., 

2010). miRNAs can also be dysregulated through transcriptional control, e.g. the 

oncogenic transcription factor c-Myc activates the oncogenic miR-17-92 (O’Donnell 

et al., 2005) and represses the transcription of tumour suppressive mir-15a, mir-26, 

mir-29, mir-30, and let-7 (Chang et al., 2008). Epigenetic regulation of miRNAs has 

also been reported (Peng and Croce, 2016). Most strategies targeting miRNAs in 

cancer so far have focused on the silencing of over-expressed oncogenic miRNAs 

(Garzon et al., 2010), but more recent approaches aim for miRNA replacement therapy 

to restore the expression of downregulated tumour suppressor miRNAs (Hosseinahli 

et al., 2018).  

2.1.2.4 Classification of cells based on the transcriptome 

The first single cell RNA-seq based on mRNA expression of cells in early 

development was published 10 years ago (Tang et al., 2009), and this was followed 

by an explosion of studies using similar approaches (Shalek et al., 2013; Trapnell et 

al., 2014; Usoskin et al., 2015). The advantage of using single cell RNA-seq as 

opposed to microarray analysis, allows for the clustering of expression profiles and 

identification of both common and more rare populations within the pool of analysed 

cells (Hwang et al., 2018). In the mouse PNS an unbiased classification of sensory 

neurons based on their transcriptional profile produced three major clusters, NF 

(neurofilament), NP (non-peptidergic) and PEP (peptidergic), which can be further 

divided into 11 principal subtypes of sensory neurons. Importantly, these clusters do 

not contradict earlier classification of sensory neurons based on electrophysiological 

responses and neurochemical markers (Usoskin et al., 2015) (Figure 2.3A). The same 

group recently redefined their analysis, including more cells and identified 6 additional 

subtypes (Zeisel et al., 2018) (Figure 2.3B).  
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Figure 2.3 Classification of sensory neurons based on their transcriptome. A. 

Classification of DRG neurons into 11 subtypes, based on single cell RNA-seq data 

(Usoskin et al., 2015). B. Nearest-neighbour graph projected on two dimensions, 

showing all clusters of sensory neurons identified from mRNA transcriptome; top 

genes for each cluster are reported on the right-hand side (Zeisel et al., 2018).  
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2.1.3 Aim of this chapter 

The principal aim of this project was to identify genes that are involved in bone cancer 

pain. First, I investigated the role of the VGSC Nav1.9, following from a previous 

study from the lab where two other VGSCs, Nav1.8 and Nav1.7, expressed in the PNS, 

were shown to not be involved in the development or maintenance of CIBP. Next, we 

used an unbiased genome-wide approach with microarray analysis to identify novel 

target genes involved in bone cancer pain. A sample of differentially expressed genes 

was chosen for validation with qPCR. To determine common master regulators and 

pathways which may be driving the pathophysiology of disease we performed Gene 

Ontology and Ingenuity Pathway Analysis. Finally, to determine if changes in gene 

expression are specific to a subpopulation of sensory neurons (i.e. bone afferents), 

microarray data was compared with available datasets of single cell RNA-seq. 
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2.2 Materials and Methods 

2.2.1 Cell culture 

LL/2 Lewis Lung carcinoma cells (ATCC), a cell line established from the lung of a 

tumour-bearing C57BL/6J mouse (Bertram and Janik, 1980), and widely used as a 

model of syngeneic CIBP (Minett et al., 2014; Li et al., 2017; Wakabayashi et al., 

2018), were cultured in DMEM supplemented with 10% FBS and 1% 

Penicillin/Streptomycin for at least 2 weeks prior to surgery. Cells were split at 70-

80% confluence one to three days prior to surgery (cell culture reagents supplied by 

Thermo Fisher). On the day of surgery cells were harvested with 0.05% Trypsin-

EDTA, resuspended in DMEM at a final concentration of 2x107 cells/ml, and kept on 

ice till use. Cells were counted before and after intrafemoral injection to confirm 

viability. 

2.2.2 Animals 

All experiments were performed with approval of personal and project licenses from 

the United Kingdom Home Office according to guidelines set by the Animals 

(Scientific Procedures) Act 1986 Amendment Regulations 2012, as well as guidelines 

of the Committee for Research and Ethical Issues of IASP. Experiments were 

conducted on 12-week-old male C57BL/6J mice purchased from Charles River (late 

stage cancer) or Envigo (intermediate stage cancer, due to unavailability at Charles 

River). For RT-qPCR of late stage cancer both female and male adult mice were used. 

While female mice develop CIBP earlier than male mice (Falk et al., 2013), the 

phenotype at the endpoint set for this study does not differ. For experiments using 

transgenic animals, littermates and Nav1.9 (-/-) mice (Östman et al., 2008) on a 

C57BL/6J background were used. Mice were housed in groups of 2-5 animals with a 

12-hour light/dark cycle and allowed free access to water and standard diet. All 

animals were acclimatized for 2 weeks before the start of the experiment.  

2.2.2.1 Bone cancer surgery 

Cancer cells were injected into the left distal femoral marrow as previously described 

(Minett et al., 2014). Briefly, animals were anaesthetised with isoflurane (2-3%) and 

sterile Lacri-Lube applied to their eyes. The surgical procedure was carried out under 

aseptic conditions. An incision was made in the skin lateral to the left patella. The 

lateral site of the patella tendon and lateral retinaculum tendon were loosened and the 
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patella pushed aside to expose the distal femoral epiphysis (Falk et al., 2013). A 30-

gauge needle was used to drill a hole into the medullary cavity through which LL/2 

cells in 10μl DMEM medium were inoculated with a 0.3ml insulin syringe. The hole 

was closed with bone wax (Johnson & Johnson) and the wound thoroughly irrigated 

with sterile saline. The patella tendon was put back in place. The skin was sutured with 

6-0 absorbable vicryl rapid (Ethicon), and Lidocaine spray (Intubeaze, 20mg/ml, 

Dechra) applied to the wound. Sham-operated control mice underwent the same 

surgery but were inoculated with DMEM medium alone. 

2.2.2.2 Behavioural tests 

For behavioural experiments, animals were acclimatized to the equipment for at least 

2 days prior to testing. The experimenter was blind to the groups. All behavioural tests 

were approved by the Home Office, United Kingdom. 

2.2.2.2.1 Limb use score 

Mice were allowed to freely move around in a glass box (30x45cm) for 5-10min of 

acclimatization. Then each mouse was observed for a period of 4-5min and the use of 

the affected limb was scored from 4 to 0 as follows. 4: Normal use of the limb, 3: 

slight limping, characterized by preferential use of the unaffected limb when rearing, 

2: clear limping, 1: clear limping and partial lack of use of the limb, 0: lack of use of 

the affected limb during most of the observation time. A limb score of 2 (LS = 2) was 

used as endpoint for intermediate cancer stage and a limb score 0 (LS = 0) for late 

cancer stage. 

2.2.2.2.2 Weight Bearing 

Changes in weight-bearing were measured using an Incapacitance Meter consisting of 

two scales. The mouse was allowed to place its head and upper body into a plastic tube 

to reduce stress and the hind limbs were positioned each on one of the scales. The load 

of each limb on the scale was measured for 5-10s in which the mouse was still. 

Measurements were taken in triplicate, changing the position of the hind legs after 

each trial. The average weight-bearing ratio was calculated as the weight placed on 

the affected limb divided by the total weight on both hind limbs. 
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2.2.3 Molecular Biology 

2.2.3.1 Genotyping 

2.2.3.1.1 DNA extraction  

Ear punching samples were taken from 3 weeks or older mice. Samples were digested 

in 30μl lysis buffer (Table 2.1), to which 19.7mg/ml Proteinase K (Roche) was freshly 

added at a dilution of 1:400.  

Table 2.1 Reaction components of lysis buffer for DNA extraction. 

Samples were digested for 60 minutes at 55°C and then kept for 5 minutes at 95°C to 

inactivate Proteinase K. Samples were vortexed, spun down, and stored at -20°C till 

gene expression was checked with primers corresponding to the gene of interest. 

2.2.3.1.2 PCR 

A Mastermix containing the following components was prepared and added to 0.2ml 

tubes for polymerase chain reactions (Table 2.2).  

Table 2.2 Reaction components for PCR with Dreamtaq Polymerase. 

Component Volume (μl) 

Dreamtaq PCR Mastermix (Thermo Scientific) 11.00 

Each primer (10μM) 1.00 

DNA template (1ng) 1.00 

H2O 11.00 

Total 25.00 

Conditions for PCR were set appropriately for Dreamtaq and primer set, an example 

is given in section 2.2.3.2.3. At the end of the reaction samples were kept at 4°C till 

loading on agarose gel. Primer sets used for genotyping Nav1.9 knockout mice are 

shown in Table 2.3. 

Lysis Buffer Volume (ml)  10X GB Volume (ml) 

10X GB 3.60  1.5M Tris pH 8.8 4.47 

25% TritonX-100 0.72  1M Ammonium sulphate 1.66 

β-mercaptoethanol 0.36  1M Magnesium chloride 0.67 

H2O 31.32  H2O 3.20 

Total 36.00  Total 10.00 
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Table 2.3 Primer sets for PCR. 

2.2.3.1.3 Gel electrophoresis  

Samples were run on a 1% agarose gel for separation of bands based on size. The gels 

were prepared by dissolving 1.5g of agarose (Sigma) in 150ml of 1X TAE buffer (40mM 

Tris-acetate, 1mM EDTA). 5μl of Ethidium bromide (EtBr) were added and the gel was 

left to set. Samples were run alongside 5μl of an appropriate molecular weight marker for 

around 45min at 100V to separate bands which were visualised using a Biodoc System. 

2.2.3.2 Quantitative RT-PCR 

2.2.3.2.1 RNA extraction 

For RNA extraction, mice were euthanized by CO2 asphyxiation followed by cervical 

dislocation and whole lumbar dorsal root ganglia (L2-L4) were dissected, based on 

mouse nerve anatomy (Rigaud et al., 2008). DRGs used for microarray were 

suspended in 1ml TRIzol Reagent (Life Technologies), while DRGs used for RT-PCR 

reactions were fast-frozen on dry ice. Samples were stored at -80°C till further 

processing. Fast-frozen whole DRGs were suspended in 0.5ml TRIzol and like DRG 

for microarray study, were homogenized using a MINILYS benchtop homogeniser 

(Peqlab) for 3 x 15sec. Total RNA was isolated using PureLink RNA Micro Kit 

(Invitrogen 12183-016), following the manufacturer’s instructions. RNA 

concentration (ng/μl) was determined using a Nanodrop spectrophotometer (LabTech) 

and RNA was stored -80°C till further use. 

2.2.3.2.2 cDNA synthesis 

The following components (Table 2.4) were combined, according to the SuperScript 

III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen 11752-050) kit.  

Tubes were incubated at 25°C for 10min, followed by 50°C for 30min and heat 

inactivation of the reverse transcriptase at 85°C for 5min, after which samples were 

chilled on ice and stored at -20°C till use. A negative control without the RT Enzyme 

(RT-) was run by pooling RNA from all samples. 

Gene Primer Primer FW Band size 

Scn11a  

WT FW ATGTGGCACTGGGCTTGAACTC 276 bp 

WT RW AACAGTCTTACGCTGTTCCGATG 

Mut RW CTCGTCGTGACCCATGGCGAT 600 bp 
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Table 2.4 cDNA synthesis reagents. 

Component Volume (µl) 

RNA (100-400ng) x 

2X RT Reaction Mix 10.00 

RT Enzyme Mix 2.00 

Nuclease free H2O 8.00 – x 

Total 20.00 

2.2.3.2.3 Primer optimization for RT-qPCR 

To optimize amplification of target cDNA, for each set of primers (Table 2.6) the 

reaction was run on a temperature gradient PCR. Genomic DNA (gDNA) served as a 

control for sample contamination and water as a non-template control (NTC). Samples 

were denatured at 95°C for 1min, followed by 35 cycles of 3 steps: (1) denaturation at 

94°C for 30sec, (2) annealing at temperature gradient for 30sec, (3) extension at 72°C 

for 30sec; and completed with a final extension at 72°C for 5 minutes. Samples were 

then run on a 1% agarose gel to confirm specificity of amplification. 

2.2.3.2.4 Quantitative RT-PCR 

For each sample and set of primers (Table 2.6), reactions were performed in triplicate 

on a 96-well reaction plate in 20μl volume using Bio-Rad SYBR Green Supermix 

(Bio-Rad) (Table 2.5). 

Table 2.5 Reaction components for qPCR with SYBR Green. 

Component Volume (µl) 

SYBR Green Supermix 10.00 

Nuclease free H2O 7.00 

Each primer (2µM stock) 1.00 

Sample of cDNA (100ng/µl) 1.00 

Total 20.00 

Reactions were run using a Biorad Real-Time PCR Detection System. Based on 

optimization of PCR reactions on a temperature gradient (section 2.2.3.2.3), the 

protocol was set as follows:  

• Denaturation at 95ºC for 3 min  

• The next 3 steps were cycled 40 times:  
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o Denaturation at 95 ºC for 30 seconds  

o Annealing at 60.9 ºC for 30 seconds  

o Extension at 72 ºC for 30 seconds  

• Melt Curve: 65 ºC to 95 ºC, incrementing at 0.5 ºC every 5sec 

For each set of primers RT- was run as control for genomic contamination and water 

as an NTC. Final melt curve analysis was used to check for amplification of a single 

specific product. Plates were normalized to each other by loading one calibrator onto 

each plate. Expression levels were then normalized to expression of housekeeping 

genes beta actin (Actb) and hypoxanthine-guanine phosphoribosyltransferase (Hprt) 

and analysed using the 2−ΔΔCt method (Livak and Schmittgen, 2001). 

Table 2.6 Primers used for RT-qPCR. 

 

2.2.4 Microarray  

Total RNA samples from four animals displaying the most marked pain behaviours at 

intermediate stage cancer together with four controls were sent to Eurofins AROS for 

microarray analysis using the Affymetrix GeneChip Mouse Transcriptome Array 1.0 

and GeneChip WT pico kit (Thermo Fisher).  

Gene Primer Primer sequence Band size 

Actb 
FW GACGTTGACATCCGTAAAGA  

96 bp 
REV AATCTCCTTCTGCATCCTGT  

Eid3 
FW GACGGAGTGAGCAGAACCAG 

135 bp 
REV CAAATCGCAGAAGGCAATG 

Gal 
FW GGAGTTTCTCAGTTTCTTGCACC 

116 bp 
REV CACAGTGGACATGGTCTCAGG 

Hprt 
FW GGACAGGACTGAAAGACTTGC 

93 bp 
REV  GAACTTATAGCCCCCCTTGAG 

Nts 
FW GACTCTCCTGGCTTTCAGCTCC 

134 bp 
REV GGTCATTTTCCAAGACGGAGGAC 

Sprr1a 
FW CTTCTCTGAGTATTAGGACCAAGTGC  

81 bp 
REV GCTGAGGAGGTACAGTGCAGG 
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2.2.4.1 Differential gene expression analysis 

Differential gene expression analysis was performed using the Transcriptome 

Analysis Console (TAC Ver 4.0, Thermo Fisher). According to the manufactures 

protocol, normalization was carried out by converting probe cell intensity (CEL files) 

into signal data (CHP files). To identify differentially expressed genes (DEGs) an 

ANOVA (eBayes) cut-off p-value of <0.05 was used together with a fold change filter 

of at least ±1.5 or ±2 between cancer and sham animals.  

2.2.4.2 In silico analysis 

Functional in silico analysis involved Gene Ontology (GO) using the functional 

annotation through DAVID 6.8 (https://david.ncifcrf.gov/) and consultation of the 

Pain Gene Database. To correlate DEGs to specific DRG neuronal subsets, they were 

compared with basal gene expression levels identified by single cell RNA-seq 

(Usoskin et al., 2015).  

Ingenuity Pathway Analysis (IPA, Qiagen) for upstream regulators of DEGs was 

performed according to the manufacturer’s instructions. IPA uses published results of 

knockout or knockdown studies of characterized genes. The direction of expression 

change of DEG from the microarray dataset was compared to what would be expected 

from the literature, in order to predict likely upstream regulators using overlap p-value 

(Fishers Exact Test, p<0.01) and an activation z-score corrected for bias.  

2.2.5 Bone micro CT (µCT) 

Femurs were post-fixed in 4% PFA for 24h and kept in 70% w/v ethanol till scanning 

with µCT. Images were acquired with Skyscan software at 6.41um/pixel with 0.6 

degrees rotation steps and 2 frame averaging. Image data was reconstructed with 

NRecon software. CT-analyzer was used to select a 1mm volume of interest (VOI) 

region, starting at 0.6mm from the growth plate. Bone mineral density (BMD) was 

quantified by plotting attenuation coefficients against a standard curve determined 

with two phantoms with known density (250mg/cm3 and 750mg/cm3). Representative 

images were binarized with ImageJ and 3D Viewer extension used for 3D 

reconstructions of femur scans. 

2.2.6 Statistical analysis 

Statistical analysis was performed with Graphpad Prism 7. Unpaired Welch’s t-test 

(two-tailed) was used to compare difference between two distributions. Comparison 

https://david.ncifcrf.gov/
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of multiple groups was performed by one-way (single timepoint) or two-way ANOVA 

for (multiple timepoints) with Bonferroni post-hoc test. For data with missing 

timepoints mixed effects model with Bonferroni post-hoc test was used instead. Data 

is presented as mean ± standard error of the mean (S.E.M.), and significance as: 

*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001.  
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2.3 Results 

2.3.1 Cancer induced bone pain is associated with a reduction in limb use, 

weight bearing and bone mineral density 

We used a mouse model of cancer-induced bone pain (CIBP) involving the injection 

of Lewis Lung carcinoma cells into the femoral marrow of C57BL/6J mice. Pain-

related behaviour was followed over a period of up to 20 days. To quantify the pain 

phenotype associated with bone cancer pain the limb use of the affected hindpaw was 

scored (LS) as a measure of spontaneous pain. In two independent studies the endpoint 

phenotype was defined as intermediate stage cancer when animals showed clear signs 

of limping (LS = 2) and as late stage cancer when animals avoided the use of the 

affected limb completely (LS = 0). Corresponding survival curves shows that animals 

in the two studies reached a limb use score of 2 between days 8 and 15, while animals 

reached a limb score of 0 between days 12 and 15 (Figure 2.4A), showing a 

significantly reduced survival compared to sham animals (Log-rank (Mantel-Cox) 

test, ****p<0.0001). Moreover, weight bearing on the affected limb was used as a 

measure for movement-evoked pain. Fold change in the percentage of weight bearing 

in respect to the correspondent sham animals was significantly reduced at the endpoint 

compared to baseline, for both intermediate and late stage cancer animals (two-way 

ANOVA with Bonferroni post-hoc, **p=0.0060 intermediate, ***p=0.0002 late) 

(Figure 2.4B). This effect was more pronounced in the late stage cancer animals (two-

way ANOVA with Bonferroni post-hoc, **p=0.0031 at endpoint between 

intermediate and late stage cancer) and is highlighted by a significant linear correlation 

between limb use score and percentage weight bearing on the affected limb (Pearson 

correlation, ****p<0.0001, interpolated linear curve: y=4.745x+29.91) (Figure 2.4C). 
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Figure 2.4 Cancer induced bone pain is associated with a reduction in limb use and 

weight bearing of the affected limb. A. Survival curve after surgery for sham (blue 

line, n = 14), intermediate (orange line, n = 7) and late stage cancer (green line, n = 5) 

animals with endpoint defined as limping (LS = 2) and non-use of the affected limb 

(LS = 0) respectively. B. The fold change in weight bearing on the affected limb 

compared to sham animals decreased significantly from baseline to endpoint in both 

intermediate and late stage cancer, with a significantly larger deficit in late stage 

cancer animals compared to intermediate. C. Correlation between the two behavioural 

measures taken and significant interpolated linear curve. Boxes represent the 

interquartile range, with the 75th percentile at the top and the 25th percentile at the 

bottom, the line in the middle represents the median and the whiskers show the 5th to 

95th percentile. 
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The pain phenotype was associated with a reduction in bone mineral density (BMD) 

of the ipsilateral femur. Cortical BMD was reduced by ~16% in intermediate 

(555.8±26.96 vs. 665.4±13.17 mg/cm3; Welch’s t-test, **p=0.0056) and by~17% in 

late stage cancer (562.7±28.83 vs. 682.9±20.61 mg/cm3; Welch’s t-test, **p=0.0042), 

compared to respective sham animals (Figure 2.5A). Indeed, fold change respectively 

to sham animals was comparable between intermediate and late stage cancer animals 

(Welch’s t-test, p=0.8375) (Figure 2.5B). For trabecular BMD a reduction by ~37% 

was present in intermediate (202±18.64 vs. 321.1±14.39 mg/cm3; Welch’s t-test, 

***p=0.0003) and by ~25% in late stage cancer animals (202±18.64 vs. 321.1±14.39 

mg/cm3; Welch’s t-test, ***p=0.0010) (Figure 2.5C), whereas fold change compared 

to respective sham animals indicated no significant difference in the reduction 

between the two stages (Welch’s t-test, p=0.1300) (Figure 2.5D). Representative 3D-

reconstructed images of a 1mm region starting at 0.6mm from the growth plate are 

shown in Figure 2.5E. 
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Figure 2.5 Cancer induced bone pain is associated with a loss in cortical and trabecular 

bone mineral density (BMD). A/C. Cortical (A) and trabecular BMD (C) are reduced 

in intermediate and late stage cancer animals. B/D. Fold change in reduction of cortical 

(B) and trabecular BMD (D) compared to sham is similar in intermediate and late stage 

cancer animals. E. Representative 3D-reconstructed images of a 1mm region starting 

at 0.6mm from the growth plate in sham, intermediate and late stage cancer. 
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2.3.2 Nav1.9 knockout mice develop bone cancer associated pain 

It has been previously shown that the development of bone cancer pain is independent 

of Nav1.8 and Nav1.7 sodium channel expression in primary sensory neurons. Nav1.9 

expression is restricted to the PNS, but its role in CIBP remains unknown. Bone cancer 

pain was induced in global Nav1.9 knockout animals and their littermates (Figure 2.6). 

A limb score of 0 (lack of use of the affected limb) was used as the endpoint. Survival 

distribution significantly differed between knockout animals and their littermates, with 

knockouts showing a late stage cancer phenotype between day 9 and 11 and littermates 

between day 12 and 15 (Log-rank (Mantel-cox) test, **p=0.0042) (Figure 2.6A). Both 

knockouts and littermates developed mechanical hypersensitivity in a comparable 

fashion (mixed effects model for baseline (BL) to day 10, time effect *p=0.0154) 

(Figure 2.6B), whereas the reduction in weight bearing, similarly to the impaired limb 

score developed earlier in Nav1.9 knockout animals (mixed effects model BL to day11: 

time factor ****p<0.0001, column factor *p=0.0358, time x column *p=0.0036, day 

9 ***p=0.0002) (Figure 2.6C). Due to animals reaching the endpoint at different times, 

for statistical analysis the percentage weight bearing was compared at baseline and 

when animals reached LS=0 (endpoint). Weight bearing deficits did not differ between 

knockout and littermates at the two timepoints (two-way ANOVA with Bonferroni 

post-hoc, p=0.5929), whereas it was significantly reduced at the endpoint compared 

to baseline in both Nav1.9 KO (two-way ANOVA with Bonferroni post-hoc, 

**p=0.0067) and wildtype littermates (two-way ANOVA with Bonferroni post-hoc, 

*p=0.0131) (Figure 2.6D). 
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Figure 2.6 Bone cancer pain develops normally in Nav1.9 -/- animals. A. Survival 

curve for littermates (black line, n = 5) and Nav1.9-/- (red line, n = 3) significantly 

differs. B. Mechanical withdrawal threshold to von Frey filaments after CIBP follows 

similar changes in Nav1.9 -/- and wildtype littermates. C. Weight bearing on the 

affected limb decreases with the progression of CIBP. D. Weight bearing on the 

affected limb is significantly reduced when animals reach LS = 0 in both Nav1.9 -/- 

and littermates. 

2.3.3 Microarray 

To identify novel genes with a potential role in the pathophysiology of CIBP, a 

microarray analysis was performed on RNA isolated from L2-L4 DRG of CIBP and 

sham animals. Behavioural data of the 7 animals whose samples were included in the 

final microarray analysis is shown in Figure 2.7. CIBP animals developed a limping 

phenotype between day 8-16 post-surgery (Log-rank (Mantel-Cox test, p=0.0512) 

(Figure 2.7A). The pain phenotype was associated with a significant decrease in 

weight bearing on the affected limb of cancer animals, compared to both baseline 

(two-way ANOVA with Bonferroni post-hoc, ****p<0.0001) and sham (two-way 

ANOVA with Bonferroni post-hoc, ****p<0.0001) (Figure 2.7B). Moreover, at the 

level of the bone a reduction in both cortical (Welch’s t-test, **p=0.0171) (Figure 

2.7C) and trabecular BMD (Welch’s t-test, **p=0.0084) (Figure 2.7D) was evident, 
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with representative 3D reconstruction of a 1mm region of interest shown in Figure 

2.7E.  

 

Figure 2.7 Behavioural and bone mass data from animals included in the microarray 

study. A. Survival curve after surgery for sham (blue line, n = 4) and cancer (orange 

line, n = 3) animals with endpoint defined as limping (LS = 2) B. Weight bearing on 

the affected limb is reduced in CIBP animals when limping, compared to both baseline 

and sham animals. C/D. Cancer induced bone pain is associated with a loss in cortical 

(C) and trabecular bone mineral density (D). E. Representative 3D-reconstructed 

images of a 1mm region starting at 0.6mm from the growth plate for sham and cancer 

animals. 

  



 

94 

 

2.3.3.1 Quality control and sample inclusion 

For quality control median 2Log signal was compared for each sample before and after 

normalization (CEL and CHP files respectively). The sample “Cancer2” was 

subsequently excluded from the study, as the median 2Log signal differed from all the 

other samples (Figure 2.8A). Principal component analysis (PCA) was performed to 

check optimal separation of the samples by the three first principal components. PCA 

of variance showed 46.9% of variation are accounted for by component 1, 19.2% by 

component 2 and 14.0% by component 3. We concluded that only 3 out of 7 samples, 

all within the sham group could be separated well based on this first three principal 

components (Figure 2.8B). The top 500 genes regarding the variance across all 

samples were used for the plots.  
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Figure 2.8 Quality control results of microarray data. A. Box-and-whisker plot for raw 

CEL (red) and normalized CHP data (blue) indicating the variance in 2Log-intensity 

values. Boxes represent the interquartile range, with the 75th percentile at the top and 

the 25th percentile at the bottom. The line in the middle of the box represents the 

median. Whiskers represent the rest of the distribution, with their terminations 

representing the 90th and 10th percentile. B. Principal Component Analysis (PCA) of 

variance showing three-dimensional scatter plot represents the differential gene 

expression patterns of cancer (orange circles) and sham animals (blue circles). 
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2.3.3.2 Identification of differentially expressed genes  

The microarray GeneChip® Mouse Exon 1.0 ST Array covers a total of 695,956 

transcript cluster IDs (TC ID), 40161 of which are genes. Using a cut-off of at least 

±2-fold change with ANOVA p-value < 0.05 produced a list of 151 TC IDs, as shown 

in the volcano plot (Figure 2.9A). Corresponding heat maps of expression together 

with hierarchical clustering revealed that, contrary to PCA analysis all samples 

clustered well with their respective experimental condition (Figure 2.9B). Of this list 

60 genes were annotated or predicted (Gm prefix), of which 45 were up- and 15 

downregulated in animals with CIBP compared to sham (Figure 2.10A).  

More than half of the upregulated genes were classified as small RNAs, followed by 

multiple complex, coding genes and precursor microRNAs, a few non-coding genes 

and a single gene classified as ribosomal (Figure 2.10B). For the downregulated genes 

the majority was classified as precursor microRNAs, followed by small RNAs, 

multiple complex and coding genes (Figure 2.10C).  



 

97 

 

 

Figure 2.9 Identification of differentially expressed genes in CIBP. A. Volcano plot of 

all genes identified in the microarray. Each dot represents a single gene, with blue and 

red dots indicating genes that are up- and downregulated by at least 2-fold, 

respectively. B. Heat map of expression of dysregulated genes in animals with cancer-

induced bone pain (orange) against sham animals (blue) with a fold change of 2 or 

more (ANOVA p-value: 0.05). Signal intensity of the probe ranging from 3 (red) to 

16 (blue). 
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Figure 2.10 List of dysregulated genes identified by microarray analysis. A. Heatmap 

of genes (including predicted genes = Gm prefix) which are up- (blue) or 

downregulated (red) by 2 or more fold in cancer compared to sham animals. B. Pie 

chart indicating the distribution of upregulated genes, with a majority of genes being 

small RNAs. C. Pie chart indicating the distribution of downregulated genes in CIBP, 

with a majority of these genes being precursor microRNAs.  
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2.3.3.3 Validation of gene expression with RT-qPCR 

Several DEGs were predicted genes and we chose the top 4 annotated protein coding 

genes from the list for validation of the results with qPCR (Figure 2.11). For 

Neurotensin (Nts) (Welch’s t-test, p=0.1120), Galanin (Gal) (Welch’s t-test, 

p=0.4363), and Cornifin-A (Sprr1a) (Welch’s t-test, p=0.2629) no differences in 

expression at the level of the DRG were found between cancer-bearing and sham 

animals (Sample “Cancer2”, which was excluded from the microarray due to different 

mean Log2Signal, was included for qPCR). For EP300-interacting inhibitor of 

differentiation (Eid3) (Welch’s t-test, p=0.7052) the expression relative to the 

housekeeping genes was too low to be able to detect any differences between groups. 

Finally, the relative expression of transient receptor potential cation channel subfamily 

A member 1 (Trpa1) was also quantified by qPCR, as this gene has been previously 

associated with pain and in the microarray it showed a 1.79-fold change, however with 

a non-significant p-value of 0.0895 (therefore not included in the list of DEGs). 

Indeed, qPCR analysis indicated that the expression of Trpa1 does not differ between 

cancer and sham animals (Welch’s t-test, p=0.3750).  
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Figure 2.11 qPCR of RNA samples used in the microarray analysis for the validation 

of target genes showing ±2-fold change with p-value < 0.05 (Nts, Gal, Sprr1a, Eid3), 

as well as Trpa1 (1.79 fold change, p-value=0.0895).  
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To determine if gene expression is altered in late stage cancer animals, RT-qPCR was 

performed on RNA extracted from these animals (Figure 2.12). Again, changes were 

not significant between cancer and sham animals: Nts (Welch’s t-test, p=0.1090), Gal 

(Welch’s t-test, p=0.4738), Sprr1a (Welch’s t-test, p=0.3781), Eid3 (Welch’s t-test, 

p=0.9120) and Trpa1 (Welch’s t-test, p>0.9999). 

 

Figure 2.12 qPCR of target genes identified by microarray on RNA samples from late 

stage cancer animals and respective sham. 

2.3.3.4 Gene Ontology and miRNA in silico analysis 

Applying a less stringent fold change of ±1.5 produced a list of 730 differentially 

expressed transcript cluster IDs, out of which 277 were annotated or predicted genes. 

These were compared with genes present in the Pain Gene database, a web based data 

browser which contains published pain-related phenotypes in mutant mice (LaCroix-

Fralish et al., 2007). Only 5 DEGs found in the microarray analysis were found in the 

Pain Gene database, as shown in Table 2.7. Two of these genes, Nts (Dore-Savard et 
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al., 2016) and Gal (Peters et al., 2005) have been previously described in the context 

of CIBP.  

Table 2.7 Differentially expressed genes which are also found in the Pain Gene 

Database. 

Next, we wanted to know if DEGs are associated with specific biological processes or 

functions. The genes were analysed in the context of Gene Ontology (GO) using the 

functional annotation through DAVID 6.8 (https://david.ncifcrf.gov/). 162 genes were 

found in DAVID, out of which 40 genes could be associated with a GO term with a p-

value<0.1 (Table 2.8). No consistent enrichment in any GO category could be found. 

Table 2.8 GO for 1.5-fold differentially expressed genes identified in the microarray. 

Gene 

Symbol 

Description Fold 

Change 

p-value 

Adamts5 a disintegrin-like and metallopeptidase (reprolysin 

type) with thrombospondin type 1 motif, 5 

(aggrecanase-2) 

1.65 0.0381 

Adcyap1 adenylate cyclase activating polypeptide 1 1.56 0.0067 

Calca calcitonin/calcitonin-related polypeptide, alpha 1.58 0.0401 

Gal Galanin 2.49 0.0205 

Nts Neurotensin 4.83 0.0033 

Category Term Count % p-value 

GO: 

Biological 

process 

GO:0007218~neuropeptide signalling 

pathway 
4 2.47 0.0027 

GO:0008285~negative regulation of cell 

proliferation 
5 3.09 0.0516 

GO:0098779~mitophagy in response to 

mitochondrial depolarization 
3 1.85 0.0839 

GO:0031175~neuron projection development 3 1.85 0.0916 

GO: Cellular 

compartment 

GO:0035068~micro-ribonucleoprotein 

complex 
5 3.09 0.0010 

GO:0022627~cytosolic small ribosomal 

subunit 
3 1.85 0.0206 

GO:0005615~extracellular space 11 6.79 0.0950 

GO:0005887~integral component of plasma 

membrane 
9 5.56 0.0970 

GO: Molecular 

function 

GO:0005184~neuropeptide hormone activity 3 1.85 0.0040 

GO:0005179~hormone activity 3 1.85 0.0519 

https://david.ncifcrf.gov/
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Of the 277 DEGs with at least ±1.5-fold change, 23 were miRNAs (1.8% of all miRNA 

covered by the array) (Figure 2.13A). Using KEGG pathway analysis 2 of these miRs 

(mir7-1 and mir19b-2) were found to be microRNAs in cancer (p=0.0358). miRBase 

was used to identify the ID for the mature miRNA of each precursor mRNA and 

putative target genes for each of these were searched using TargetScan 7.2 and mirDB. 

The target genes were narrowed down by comparing them to the list of genes with 

±1.5-fold differential expression from the microarray study. Only those genes for 

which expression was consistent with miRNA expression were included into the 

analysis. This generated a list of 57 genes targeted by at least one of the mature 

miRNAs when using TargetScan and 18 when using mirDB. 14 targets were identified 

by both databases and their regulatory miRNAs are reported in Figure 2.13B. 

 

Figure 2.13 Differentially expressed microRNAs identified by microarray analysis. A. 

List of 23 miRNAs which are dysregulated in the DRG of mice with bone cancer pain. 

Underscored are the miRs that resulted as cancer micro RNAs from KEGG pathway 

analysis. B. Heat map indicating target genes dysregulated >1.5fold in the microarray 

with their respective dysregulated miRs identified by in silico analysis. 
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2.3.3.5 Expression pattern analysis in neuronal subpopulations 

Performed by Dr. M. Ali Bangash and Dr. Sasha R.A. Alles at University College London  

In order to identify if a particular subset of sensory neurons showed an enrichment in 

dysregulated genes for bone cancer pain, expression pattern analysis was performed. 

Heat maps were generated containing the baseline expression of neuronal genes based 

on the Usoskin single cell RNA-seq dataset of sensory neurons in mice (Usoskin et 

al., 2015) for those genes that were found to be dysregulated (fold change over ±1.5, 

p<0.05) in the microarray study. No expression pattern for a specific subset could be 

identified (Figure 2.14A). Similarly, when looking at the percentage of DEGs with 

basal expression of at least 50% in each neuronal subset, we could not identify a 

prominent population with a large proportion of differentially expressed genes (Figure 

2.14B). 
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Figure 2.14 Pattern of dorsal root ganglion neuron expression of differentially 

expressed genes. A. DEGs and their basal expression pattern in the 11 different 

subtypes of DRG neurons (NF1-5, NP1-3, PEP1-2, TH) as defined by Usoskin 

(Usoskin et al., 2015). B. Transcriptional preference for distinct DRG neuronal 

subpopulations, counting genes being expressed in 50% or more of a particular 

neuronal subpopulation and presented as a percentage of the total DEGs. 
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2.3.3.6 Analysis of upstream regulators in CIBP 

Performed by Dr. M. Ali Bangash and Dr. Sasha R.A. Alles at University College London 

To identify pathways and upstream regulators of DEGs in CIBP, Ingenuity Pathway 

Analysis with a p-value>0.05 was used. 5 upstream regulators were identified as 

shown in Table 2.9. These include the cytokine interferon gamma (Ifng), the nuclear 

factor erythroid 2-related factor 2 (Nfe2l2), the complex Cg, the growth factor leptin 

(Lep), and the meningioma expressed antigen 5 (Mgea5). Unfortunately, it could not 

be determined if these are activated or inhibited through the analysis.  

Table 2.9 Upstream regulators of DEGs found in the microarray, identified by 

ingenuity pathway analysis (IPA). 

  

Upstream 

Regulator 

Gene Type Activati

on z-

score 

p-value 

of 

overlap 

Target genes in Cancer Pain 

Array 

IFNG Cytokine 1.937 0.0530 CABP7, CASP3, DUSP1, RB1, 

SPRR1A 

NFE2L2 transcription 

regulator 

1.925 0.0158 ADCYAP1, GSTM4, PLIN2, 

XLR3C (includes others) 

Cg Complex 0.763 0.0023 ADCYAP1, DUSP1, GAL, 

HSD17B7, SPRR1A 

LEP growth factor 0.447 0.0013 CASP3, FBP2, GAL, NTS, PLIN2 

MGEA5 Enzyme -1.342 0.0044 ADAMTS5, DAB2, PLIN2, RB1, 

TGFBI 
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2.4 Discussion 

2.4.1 Cancer induced bone pain is associated with a dysregulation in normal 

bone remodelling 

Here we used a syngeneic model of cancer-induced bone pain, where Lewis Lung 

carcinoma cells were implanted in the femural cavity of 12 week old male C57BL/6J. 

Previous studies of CIBP use mice of 6-8 weeks old (Falk et al., 2013; Minett et al., 

2014; Guedon et al., 2016), when sexual maturity is reached, but the animals still 

undergo extensive bone development. Here we used 12 week old mice which have 

mature bone, defined as stable mechanical properties, bone mass, and length 

(Ferguson et al., 2003). Similarly, at this stage the rate of bone mineralization and 

resorption reach a plateau. To our knowledge, this is the first study investigating the 

effects of CIBP in animals with fully developed bones. In line with previous studies 

in younger animals we found a reduction in limb use and weight bearing on the 

affected limb (Minett et al., 2014). There was a signficant correlation between the two 

measures, with the phenotypes deteriorating from intermediate stage cancer, defined 

by clear limping; to late stage cancer, where animals avoid use of the affected limb.  

Interestingly, the extent of osteolytic lesions in both cortical and trabecular bone of 

the affected femur was more pronounced in intermediate compared to late stage 

cancer. These results indicate an equilibrium in bone degradation/new bone formation 

is already reached when the animals start limping and does not further worsen. In 

contrast, a previous study in mice showed that the degradation of bone correlated with 

pain behaviour, but a substantial reduction in bone mineral density was already evident 

when animals started limping (Falk et al., 2013). We cannot exclude that observed 

differences in the current study depend on variability in osteoclastogenic potential of 

the cancer cells used for late and intermediate stage CIBP. While a similar passage 

number and concentration of LL/2 cells was used, other properites, such as differences 

in gene expression or release of pro-inflammatory cytokines, were not assesed.  

Metastatic lung cancer to the bone produces ostolytic lesions, by altering the bone 

microenvironment to promote the “vicious cyle” of bone resorption and cancer growth 

(Mundy, 2002). Some factors released in the bone microenvironment by cancer and 

stromal cells, including IL-6 and TNF-α are able to induce osteoclast differentiation 

in vitro independently of RANK activation (O’Brien et al., 2016). In a serum-transfer 
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murine model of arthrithis, pro-inflammatory cytokines including TNF-α and IL-6 are 

present in the joint (Ji et al., 2002). Additionally, both RANK knockout and wildtype 

mice have osteoclasts in the arthritic synovium, whereas these cells are not present in 

the bone marrow compartment of knockout animals (O’Brien et al., 2016), suggesting 

a different origin from canonical osteoclastogeneis. It remains to be investigated if 

these “inflammatory osteoclasts” are a different population from physiological 

osteoclasts in terms of gene expression and resorptive properties. It is likely that this 

type of osteoclast, associated with inflammation, is present in the bone cancer 

environment and could contribute to peripheral sensitization. 

2.4.2 The voltage gated sodium channel Nav1.9 does not mediate CIBP 

VGSCs have been in the spotlight as potential therapeutic targets in pain for decades 

given the largely restricted expression of some of these channels (Nav1.7-1.9) to the 

PNS and the association of loss- or gain-of function mutations in these channels to 

pain phenotypes in humans (reviewed in (Waxman et al., 2014). Moreover, nerve 

block through peripheral administration of a local anaesthetic significantly alleviates 

hyperalgesia in patients with neuropathic pain, showing a critical role for afferent input 

in the maintenance of chronic pain (Haroutounian et al., 2014). However, consequent 

inhibition of non-noxious sensory inputs makes the approach impractical for most 

conditions. Based on the identification of Nav1.7 loss-of-function mutations in humans 

(Cox et al., 2006) and the replication of the phenotype in mice, which show normal 

sensory processing aside of noxious stimuli and anosmia (Gingras et al., 2014), 

selective antagonists for the channel were expected to inhibit pain, without 

cardiotoxicity associated with broad-spectrum VGSC blockers. Despite considerable 

efforts, no drugs targeting Nav1.7 are currently on the market and both pre-clinical and 

clinical data so far are rather disappointing. In rats, Protoxin-II, a strong and selective 

antagonist for Nav1.7, shows no analgesic effects (Schmalhofer et al., 2008). 

Similarly, a monoclonal antibody acting as a channel blocker did only show partial 

analgesia in murine models of inflammatory and neuropathic pain (Lee et al., 2014). 

In humans PF-05089771, a potent and selective Nav1.7 blocker, was less efficient at 

analgesia in diabetic peripheral neuropathic pain compared to the anticonvulsant 

pregabalin (McDonnell et al., 2018). Channel blockers only partially recapitulate the 

effects of gene deletion and our group recently showed that analgesia in Nav1.7 
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knockouts is mediated by enhanced µ- and δ- opioid signalling (Minett et al., 2015; 

Pereira et al., 2018).  

Importantly, in the context of CIBP Nav1.7 does not appear to be involved in pain 

initiation and maintenance, as mice lacking the channel develop pain normally (Minett 

et al., 2014). Similarly, ablation of the Nav1.8+ population of sensory neurons is not 

protective for CIBP, indicating a role for the remaining primary afferents (and/or other 

DRG resident cells) (Minett et al., 2014). In cancer patients no studies addressing the 

efficacy of nerve block for pain relief are published, however several case reports 

indicate a positive outcome in patients unresponsive to opioidergic management of 

metastatic pain (Myers et al., 1993; Mercadante et al., 1995; Khor and Ditton, 1996). 

Therefore, we sought to investigate if the third VGSC which is preferentially 

expressed in the PNS, Nav1.9, may play a role in mediating CIBP.  

Strikingly, Nav1.9 knockout mice developed the pathology in a shorter time compared 

to wildtype littermates, avoiding the use of the affected limb at earlier timepoints. This 

is surprising, as previous work suggests Nav1.9 contributes to hyperalgesia in 

inflammatory pain (Amaya et al., 2006; Lolignier et al., 2011). As CIBP has an 

inflammatory component, if anything we expected to see a delay in the development of a 

pain phenotype in Nav1.9 -/- mice. However, this result needs to be taken with caution, 

given the small sample size used, and requires further investigation in a larger group 

of animals. Moreover, all knockout animals were female mice, whereas littermate 

controls were both male and female mice. Previous work suggests tumour progression 

is faster in female animals, leading to the development of pain behaviour at earlier 

timepoints (Falk et al., 2013), which could explain the results observed in this study. 

Moreover, other behavioural measurements suggest null mutant mice, similarly to 

littermates, develop a pain phenotype associated with CIBP normally and show 

comparable levels of mechanical hyperalgesia, as well as deficits in weight bearing. 

Overall, this pilot data suggests Nav1.9 knockout does not impair bone cancer pain, 

but it may play a protective role in disease progression, which needs to be addressed 

in a follow-up study.  

Aside from the three DRG restricted VGSCs, the atypical sodium channel Scn7a 

encoding Nax, which acts as a sodium sensor in both the CNS and epithelial cells 

(Hiyama et al., 2004; Xu et al., 2015) may play a role in CIBP. Reversing the 
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upregulation of Nax at the level of the DRG by lentiviral siRNA knockdown in a rat 

model of CIBP reduced the development of hyperalgesia. Increased Nax expression in 

medium to large sized DRG neurons led to increased hyperexcitability of those cells, 

which could be reversed by Scn7a/Nax knockdown (Ke et al., 2012). This channel thus 

constitutes a potential target for treatment in CIBP, but it remains to be investigated if 

upregulation is restricted to a specific subset of neurons, such as bone afferents or if 

wider changes in the DRG microenvironment occur. Our microarray data suggests that 

global levels of Scn7a in the DRG are unaffected by the presence of cancer. 

2.4.3 Differentially expressed genes which may play a role in CIBP 

Here we used microarray analysis to identify changes in global gene expression at the 

level of whole DRG in animals presenting bone cancer pain. Of the identified DEGs, 

a vast majority were predicted genes, which are interesting targets as not previously 

associated with pain, however their expression needs to be validated and their function 

investigated. Without taking into account predicted genes, we found the 5 most 

strongly dysregulated genes to be the two miRNAs mir5123 and mir6898, the small 

nucleolar RNA snord49b, and the two neuropeptides Nts and Sprr1a. Moreover, we 

identified a number of coding genes from our list, which have been previously 

associated with pain, but not necessarily in the context of cancer (LaCroix-Fralish et 

al., 2007). Many of those genes have an antinociceptive role, indicating their 

upregulation may be associated with adaptive mechanisms to reduce cancer-induced 

pain. Their role in pain processing and putative mechanisms in peripherally mediated 

(an)algesia will be discussed hereafter.  

2.4.3.1 Neurotensin  

Neurotensin (NT), which we found to be strongly upregulated in mice with CIBP, is a 

13 amino acid neuropeptide synthetized from a large precursor protein together with 

the related peptide neuromedin N (Dobner et al., 1987). NT has three receptors in the 

CNS, of which the two G-protein coupled receptors NTS1 (Tanaka et al., 1990) and 

NTS2 (Mazella et al., 1996) are implicated in nociception. NT-immunoreactive nerve 

fibers and their cell bodies have been found in multiple regions associated with pain 

processing, including the RVM, the PAG, but also the dorsal horn of the spinal cord 

(Uhl et al., 1977; Mai et al., 1987). While many of the antinociceptive effects of NT 

are mediated at the supraspinal level, we will only consider spinal circuits here.  
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The peripheral actions of NT are still controversial, as several studies reported only 

modest changes in nocifensive behaviour following intrathecal administration of NT 

in naïve animals (Martin and Naruse, 1982; Hylden and Wilcox, 1983; Spampinato et 

al., 1988). In rats, strong analgesic effects mediated by spinal neurotensin in acute tail-

flick responses to radiant heat, which are driven by activation of both NTS1 and NTS2 

receptors, have been reported (Sarret et al., 2005). Moreover, in rats the presence of 

NT immunoreactive neurons in lamina I and II of the dorsal horn (Seybold and Elde, 

1982) and increased expression following nerve injury in both the DH and DRG 

(Zhang et al., 1996; Tétreault et al., 2013), suggest a peripheral role for the 

neuropeptide in pathological states. Conversely, the expression of the neurotensin 

receptors NTS1 and NTS2 in the DRG is reduced at late stages of a chronic 

constriction injury model (Tétreault et al., 2013).  

The two receptors are expressed in different populations of sensory neurons, with 

NTS1 being mainly present in small and medium-sized sensory neurons (Zhang et al., 

1995b; Roussy et al., 2008), whereas NTS2 can be found in different subpopulations 

of afferents, including small SP+, IB4+ neurons, but also larger NF200+ afferents 

(Sarret et al., 2005; Tétreault et al., 2013) in the rat. Functional in vitro studies on rat 

DRG neurons, show the production of an inward current in A-fibers and an outward 

current in C-fibers in response to neurotensin. Following axotomy the current elicited 

by NT on C-fibers shifts towards excitatory, suggesting a role for NTS1 (Xu et al., 

1997), which is supported by the reduction in the expression of the receptor in small 

DRG neurons (Zhang et al., 1995b). In vivo studies however indicate that both 

receptors contribute to antinociception in inflammatory and neuropathic pain. 

Pharmacological studies in the rat show that both selective and non-selective NTS1 

agonists, reduce hyperalgesia in a formalin model of inflammatory pain, which is 

associated with a reduction in c-fos expression in the DH (Roussy et al., 2008). 

Similarly, in animals with neuropathic injury intrathecal NTS1-selective PD149163 

agonist reverses thermal hyperalgesia and mechanical allodynia (Guillemette et al., 

2012). Activation of NTS2 receptor leads to similar results, suggesting both channels 

act analgesic (Tétreault et al., 2013). In summary NT may limit transmission of painful 

stimuli from the DRG to the dorsal horn through activation of its receptors on 

postsynaptic dorsal horn neurons.  
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Several knockout studies in mice have indicated that neurotensin receptors exert 

antinociceptive effects in the presence of NT or analogues, further implying this 

analgesic pathway in the pathological state when neurotensin expression is increased. 

NTS1 -/- mice show normal behaviour, but compared to WT do not display increased 

tail withdrawal latencies and hypothermia in response to i.p. injection of NTS1 agonist 

(Mechanic et al., 2009). Likewise, both NTS1- and NTS2-deficient mice exhibit a 

comparable phenotype to visceral pain as their wildtype counterparts. Following the 

administration of an NT analogue, but not of the NTS agonist for the respective 

receptor, analgesic effects are observed, implying the involvement of both receptors 

in analgesia (Smith et al., 2012). These effects are likely mediated by both central and 

peripheral actions of NT, and only peripherally restricted deletion of each receptor will 

help to elucidate its antinociceptive role in the PNS. 

A recent study published on bioRxiv (yet to be subjected to peer-review) investigates 

the role of NT in CIBP; weak upregulation in NT mRNA at the level of the DRG was 

observed in advance bone cancer, with an even milder decrease in NTS1 and NTS2 

(Dore-Savard et al., 2016). In the spinal cord expression of NTS1 was weakly reduced, 

while levels of NT and NTS2 were unchanged. Administration of an NTS2 selective 

agonist was able to reverse mechanical allodynia and deficits in weight bearing in 

early, but not advanced stages of CIBP. On the other hand, a non-selective agonist 

acting on both NTS1 and NTS2 was able to increase mechanical withdrawal thresholds 

in both early and late stages of CIBP, but had no effects on weight bearing, suggesting 

this pain phenotype is independent from NTS1 stimulation (Dore-Savard et al., 2016). 

Notably, we also found a non-significant reduction in both Ntsr1 (-1.08 fold change, 

p=0.3291) and Ntsr2 (-1.19 fold change, p=0.4132) transcripts in this study. In 

summary, previous work suggests neuropathic pain leads to an upregulation of NT, 

which leads to antinociception mediated by NTS1 and NTS2 receptors in the 

peripheral and central nervous system. Tissue specific knockout or silencing of NT at 

the level of the DRG in a CIBP model could help to verify if peripheral neurotensin 

contributes to analgesia. 

2.4.3.2 Calca 

Calca encodes for the neuropeptide calcitonin-gene related peptide αCGRP and the 

hormone peptide calcitonin depending on its alternative splicing (Rosenfeld et al., 

1992). CGRP exerts various functions, including sensitization of primary afferents, 
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vasodilation, and cardiovascular regulation (Russell et al., 2014). CGRP binds 

preferentially to its receptor CGRP1, a complex containing calcitonin receptor-like 

receptor (CLR) and the accessory receptor activity-modifying protein 1 (RAMP1) 

(McLatchie et al., 1998). RAMPs are chaperons for the trafficking of CLR from the 

endoplasmic reticulum and Golgi apparatus to the cell surface, determining its 

glycosylation and ligand affinity. In association with RAMP2 or RAMP3, CLR shows 

higher affinity for adrenomedullin rather than CGRP (Husmann et al., 2003). All three 

RAMPs and CLR are expressed in DRG neurons, enteric neurons and the dorsal horn 

(Cottrell et al., 2005).  

While the role of peripheral CGRP in vasodilation and inflammation has been 

investigated, its function in pain remains controversial. Several studies have reported 

no effects of exogenous CGRP administration in the homeostatic state, e.g. 

subcutaneous CGRP hindpaw injections produce hyperalgesia only at very high, non-

physiologically relevant doses in mice (Saxen et al., 1993). Similarly, in rats spinal 

CGRP administration has no effect on thermal and mechanical thresholds (Yu et al., 

1996). Others again reported that CGRP delivery to the lumbar spinal cord of rats 

produces central sensitization through activation of CGRP1 receptors in the spinal 

cord (Sun et al., 2003). Conversely, CGRP deficient mice display normal responses to 

acute noxious stimuli, suggesting CGRP is not involved in acute pain processing 

(Zhang et al., 2001).  

Pharmacological studies using CGRP1 receptor antagonists show partial reversal of 

mechanical and thermal hyperalgesia in neuropathic and inflammatory pain in both 

mice and rats (Yu et al., 1996; Bennett et al., 2000; Malon and Cao, 2016). Similarly, 

in a murine monoiodoacetate (MIA) model of osteoarthritis, CGRP is upregulated at 

the level of the spinal cord and intrathecal delivery of CGRP receptor antagonist 

relieves the animals from mechanical hypersensitivity (Ogbonna et al., 2013). 

Furthermore, CGRP -/- mice fail to develop thermal hyperalgesia induced by knee 

joint inflammation (Zhang et al., 2001). In response to intraplantar CFA injection, 

CGRP deficient mice show reduced thermal hyperalgesia, whereas mechanical 

thresholds are unaffected (Ishida et al., 2014). In summary several studies point 

towards a pro-nociceptive role of CGRP in the pathological state and it would be 

interesting to elucidate if this is the case in CIBP. 
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CGRP+ sensory neurons are particularly interesting in the context of bone cancer pain, 

as they are found throughout mouse bone tissue, including marrow, mineralized bone, 

and periosteum (Martin et al., 2007; Castañeda-Corral et al., 2011). Moreover, in mice 

with CIBP, neuroma formation at the level of the femur is present, including an 

increased number of CGRP+ fibers (Mantyh et al., 2010). In vitro experiments 

indicate TRPV1 activation of sensory neurons leads to production of CGRP (Luo et 

al., 2008). Capsaicin administration, which depletes the TRPV1+ neuronal population, 

reduces skeletal pain arising from fracture (Jimenez-Andrade et al., 2009). Similarly 

blockade of TRPV1 reduces CIBP in mice (Ghilardi, 2005), even though a causative 

role of CGRP needs to be determined. It is thus not surprising that we observe an 

increase in Calca expression at the level of neuronal cell bodies of cancer bearing 

animals. 

Finally, CGRP produced by primary afferents has also been described in the context 

of cancer and angiogenesis. Subcutaneous implantation of lung carcinoma cells in 

mice produces increased CGRP expression at the level of the DRG; this is reduced in 

denervated animals, indicating a tumour driven upregulation of CGRP in innervating 

afferents (Toda et al., 2008). Moreover, denervation and CGRP antagonist 

administration produced a reduction in tumour growth and angiogenesis, which was 

also evident in CGRP deficient mice (Toda et al., 2008). Besides angiogenesis, 

αCGRP in the bone microenvironment acts as an osteoanabolic peptide, which 

increases proliferation rate of osteoblasts (Villa et al., 2015) and inhibits bone 

resorption in vitro (D’Souza et al., 1986). Systemic administration of CGRP in vivo 

prevents loss of bone mass in ovariectomized rats (Valentijn et al., 1997). 

The increased expression levels of Calca found in our microarray study and evidence 

from previous work, suggest a pro-nociceptive role of CGRP in CIBP. Aside from 

producing neurogenic inflammation, in the context of metastatic bone cancer CGRP 

may mediate increased angiogenesis, bone remodelling and cancer progression.  

2.4.3.3 Adamts5 

In our microarray study we found a modest increase of 1.56-fold in Adamts5 

expression in DRG. Conversely, transcriptional profiling of DRG neurons in animals 

with neuropathic pain showed a robust downregulation of Adamts5 in damaged, 

compared to adjacent intact neurons (Reinhold et al., 2015).  
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Little is known about the role of Adamts5 in chronic pain, but its role in the 

pathophysiology of osteoarthritis is well described. The disintegrin and 

metalloproteinase with thrombospondin motif 4 (ADAMTS4) and 5 (ADAMTS5) 

together are responsible for the cleavage of the major proteoglycan aggrecan in 

cartilage (Malfait et al., 2002). The resulting fragment is further cleaved by matrix 

metalloproteinases resulting in the production of a 32-amino acid fragment (32-mer) 

(Fosang et al., 1991). 32-mer induces sensitization of sensory neurons through the 

activation of toll-like receptor 2 (TLR2) (Miller et al., 2018a). Repeated intraarticular 

injection of an anti-ADAMTS5 monoclonal antibody reduces cartilage degeneration, 

osteophyte growth, and temporarily reverses mechanical allodynia in a murine model 

of OA, whereas sclerosis of subchondral bone remains unaffected (Miller et al., 2016). 

Similarly, Adamts5-deficient mice do not develop mechanical allodynia and OA-

associated structural changes in cartilage tissue (Malfait et al., 2010). The observed 

effects on pain may be mediated by decreased articular damage, as acute application 

of ADAMTS-5 antibody in OA animals has no effects on mechanical allodynia (Miller 

et al., 2016). Adamts5 has also been previously shown to be regulating cancer 

migration (Mochizuki and Okada, 2007) and co-culture experiments of osteoblasts and 

prostate cancer cells show an upregulation of the gene as compared to pure osteoblast 

culture (Sebastian et al., 2015). Similarly, in the CIBP model the presence of cancer 

cells in the bone microenvironment may contribute to an upregulation of Adamts5 at 

the level of the DRG and coculture experiments of cancer cells and sensory neurons 

may reveal such interactions. The functional significance of this gene in modulating 

sensory input remains to be investigated as current evidence for a pro-nociceptive role 

of this gene appears to mainly relate to its role in cartilage degeneration. 

2.4.3.4 Adcyap1 

Adcyap1 codes for the protein pituitary adenylate cyclase-activating polypeptide 

(PACAP), related to the vasoactive intestinal polypeptide (VIP)/secretin/glucagon 

family (Miyata et al., 1989). PACAP binds to pituitary adenylate cyclase-activating 

polypeptide type I receptor (PAC1) preferentially, whereas the vasoactive intestinal 

polypeptide receptor 1 and 2 (VPAC1/VPAC2) has similar affinity for VIP. PACAP 

and its receptors are widely distributed throughout the body and serve a variety of 

physiological functions, including neuronal development and regeneration, vascular 

integrity, circadian rhythm, and reproduction (Vaudry et al., 2009). In the peripheral 
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nervous system PACAP immunoreactivity is present in DRG neurons and superficial 

layers of the DH in a subpopulation of CGRP+ neurons (Moller et al., 1993). PACAP-

38, the predominant protein produced by Adapyc1 in mammals, is released by 

capsaicin sensitive afferents in vitro (Németh et al., 2006) and in vivo (Helyes et al., 

2007), inhibiting the release of other sensory neuropeptides during neurogenic 

inflammation (Németh et al., 2006).  

Following axotomy in rats expression of PACAP is increased, especially in large 

diameter sensory neurons (Zhang et al., 1995a). Others have reported PACAP 

upregulation in TrkA+ small to medium sized neurons following CFA injection in the 

joint, which could be prevented by anti-NGF treatment in rats (Wallin et al., 2003). 

This could indicate that Adcyap1 is a downstream target of NGF signalling and is thus 

an interesting target in CIBP, as most bone afferents are TrkA+ and NGF is increased 

in the bone microenvironment. 

Several studies have looked at the role of PACAP in pain, evidence for an anti-

nociceptive role remains elusive. Spinal application of PACAP in mice induces a brief 

analgesic response to tail-flick, which gradually changes towards increased 

nocifensive behaviours (Shimizu et al., 2004). Global PACAP knockout mice show 

altered psychomotor behaviours (Hashimoto et al., 2001), whereas acute nociceptive 

responses are maintained (Mabuchi et al., 2004). However, the development of 

inflammatory and neuropathic pain is impaired in PACAP -/- mice, through reduced 

functional coupling of neuronal nitric oxide synthase (nNOS) and NMDA receptors 

by PACAP, thus disrupting central sensitization (Mabuchi et al., 2004). On the other 

hand, exogenous PACAP exerts antinociceptive effects by reducing acute somatic 

pain in rats and acute visceral pain in mice through activation of VPAC1/VPAC2 

signalling, whereas it has a proalgesic effect in an acute rat synovitis model, producing 

increased firing rates in saphenous nerve, again through a VPAC1/VPAC2 mechanism 

(Sándor et al., 2009). This discrepancy likely depends on the cellular target of PACAP 

in different pain models. E.g. in synovial tissue of the collagen induced arthritis (CIA) 

model, PACAP mediates a reduction in inflammatory cytokines and 

metalloproteinases (Abad et al., 2001), whereas in the skin it promotes neurogenic 

edema (Helyes et al., 2015).  
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Besides VPAC1/VPAC2, PAC1 has also been associated with PACAPs actions on 

pain processing. Mice lacking PAC1 show decreased nociception in the second phase 

of the formalin test, suggesting reduced inflammatory pain and deficits in central 

sensitization (Jongsma et al., 2001). Conversely, administration of intrathecal PAC1 

antagonist in rats reduces mechanical allodynia in a neuropathic pain model and 

thermal hyperalgesia in an carrageenan model of inflammation (Davis-Taber et al., 

2008). These findings overall support a pro-nociceptive role for PAC1 activation. 

Adapyc1 is a novel gene in the context of bone cancer pain. Given its biphasic 

properties as either pro- or anti-nociceptive based on the target cells, it would be 

interesting to further characterize its role in CIBP as it may constitute an interesting 

target for analgesia, given the reports of increased expression following NGF release, 

which is a hallmark of bone cancer pain and affects bone afferents directly. Finally 

PACAP has neuro-osteogenic activity and inhibits osteoclast formation in vitro 

(Mukohyama et al., 2000).  

2.4.4 miRNAs in cancer progression and CIBP 

In this study we identified 23 miRNAs which are dysregulated in DRG of mice with 

metastatic bone pain, suggesting regulation at the posttranscriptional level. Two of 

these miRNAs, mmu-mir-7-1 (one of the precursors of mature mir-7) and mmu-mir-

19b-2 (one of the precursors of mature mir-19b) were identified as cancer-related 

RNAs through KEGG Pathway analysis. Through interrogation of the PubMed 

database it was further determined that two other miRNAs which we found 

dysregulated in this study have been previously associated with cancer: mir-378c and 

mir-532. The role of these four miRNAs in cancer progression are here discussed in 

detail. 

2.4.4.1 Mir-7 

miR-7 is downregulated in gastric cancer (Kong et al., 2012), as well as in Lewis lung 

carcinoma cells, such as the ones used in this study. Here miR-7 acts as a tumour 

suppressor by targeting epidermal growth factor receptor (EGFR) and proto-oncogene 

serine/threonine-protein kinase (RAF-1) in lung cancer (Li et al., 2014a). In our study 

mir-7 expression was increased at the level of the DRG and may thus not originate 

from the cancer microenvironment, but instead be produced by DRG resident cells to 

directly affect nociceptive pathways. 



 

118 

 

2.4.4.2 Mir-19b 

High expression of bone marrow miR-19b on the other hand is associated with poor 

prognosis and recurrence of acute myeloid leukaemia (Zhang et al., 2018c). In 

osteosarcoma mir-19 is also frequently upregulated and mediates disease progression 

through suppressor of cytokine signaling 6 (SOCS6) (Sun et al., 2018). Here we found 

a downregulation of mir-19b-2, again supporting the idea that this miRNA does not 

originate from the cancer microenvironment.  

2.4.4.3 Mir-378c 

mir-378c, which we found to be downregulated by 1.64-fold in this study, has been 

previously described as a tumour suppressor gene in association with head and neck 

squamous cell carcinoma (HNSCC) (Nunez Lopez et al., 2018). Similarly, in cervical 

squamous cell carcinoma (CSCC) low expression of mir-378c was found to constitute 

a risk for prognosis (Xiong et al., 2019). Mir-378c is also downregulated in 

osteosarcoma and gastric cancer patients (Zhao et al., 2013; Bibi et al., 2016). On the 

other hand, mir-378c is upregulated in early stage colon cancer patients, compared to 

healthy controls (Wang et al., 2017). Conversely, high expression of hsa-mir-378c 

correlates with prolonged survival time in cervical cancer (Liu et al., 2016). Clearly, 

the role of single miRNAs in mediating disease progression is not as trivial and 

dependent on other dysregulated genes, as well as the microenvironment.  

2.4.4.4 Mir-532 

We found a 1.54-fold upregulation in the expression of mir-532. Interestingly, the vast 

majority of previous reports of this miRNA in cancer indicate a tumour suppressive 

role and its expression is mostly downregulated, targeting different oncogenes. In 

ovarian cancer (OC) mir-532 suppresses proliferation, epithelial to mesenchymal 

transition, and invasion by repressing human telomerase reverse transcriptase 

(hTERT) (Bai et al., 2017). Similarly, in colorectal cancer (CRC) tissue and cell lines 

mir-532 is downregulated and exogenous upregulation leads to cell apoptosis and 

reduced tumour growth by targeting IGF-1R and regulating phosphoinositide 3-

kinases/protein kinase B (PI3K/Akt) signalling pathways (Song et al., 2018). In gastric 

cancer (GC) decreased expression of mir-532-5p promotes metastasis and 

angiogenesis through sustained nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB) pathway activation (Zhang et al., 2018a). While in hepatocellular 

carcinoma (HCC) downregulation of mir-532-5p promotes metastasis via activation 
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of gankyrin/Akt/TWIST1 signalling pathway (Han et al., 2019). Twist-related protein 

1 (TWIST1) signalling is also promoted in human epithelial ovarian cancer by reduced 

expression of mir-532-5p (Wei et al., 2018). In bladder cancer mir-532-5p acts as 

tumour suppressor by inhibiting proliferation and invasion through targeting of high-

mobility group protein B3 (HMGB3) and inhibition of Wnt/b-catenin signalling (Xie 

et al., 2019). The KRAS oncogene has also been described as a target for mir-532 in 

renal cell carcinoma (RCC) and lung adenocarcinoma (Griesing et al., 2017; Zhai et 

al., 2018). Finally, one study reported an oncogenic role for mir-532, describing an 

upregulation of mir-532-5p in CRC tissue, which lead to the downregulation of the 

tumour suppressive transcription factor Runx3 (Zhang et al., 2018b). Mir532 is a good 

example of the complexity of micro RNAs in cancer, showing the multiple targets that 

can be regulated by a single molecule in different tissues. It is therefore important to 

functionally determine the targets of dysregulated miRNAs to obtain a better 

understanding of the mechanisms driving cancer progression or in our case pain 

establishment and maintenance. 

2.4.4.5 miRNAs previously associated with CIBP 

Finally, we only know of one previous study using a genome wide approach to 

investigate the role of miRNAs in CIBP at the level of the PNS (Bali et al., 2013). 

Using an array designed specifically for the detection of miRs, 57 of these were found 

to be dysregulated 8 days after cancer cell implantation, when animals started to 

develop mechanical hyperalgesia. Importantly, miRNA dysregulation was not present 

at early stages of the model, when no pain phenotype was observed, suggesting 

dysregulated miRNA circuits in sensory neurons contribute to the maintenance of 

pain, rather than the establishment of sensitization (Bali et al., 2013). Only one of 

these miRNAs, mir-466g was also found in the current study, showing a 

downregulation in CIBP animals, in accordance with the previous work. The 

discrepancy between identified miRNAs in our work and the previous study could 

arise from several variables. First, we used a different mouse strain (C57BL/6J) and a 

different cell line (Lewis Lung carcinoma) as opposed to 2472 fibrosarcoma cells in 

C3H/HeNCrl mice. Moreover, we injected the cancer cells into the mouse femur, 

whereas in the previous study cells were injected into calcaneus bone. The latter 

procedure did not involve the closure of the hole in the bone, which may lead to cells 

leaking into the surrounding tissue. Therefore, it cannot be excluded that tumour 
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growth and related hypersensitivity arise from the surrounding skin. Finally, we used 

different behavioural outcomes, i.e. limb use and weight bearing on the affected limb, 

which we found to be significantly different from baseline values at the endpoint stage 

and we collected tissue when pain was well established in these animals, similarly to 

the 8-day timepoint chosen in the previous study. Interestingly Bali et al. also reported 

that targeting of some dysregulated miRNAs produced a reduction in mechanical 

hypersensitivity in cancer bearing animals (Bali et al., 2013). 

To summarize miRNAs are of increased interest not only as biomarkers for cancer 

prognosis (Rosenfeld et al., 2008; Wang et al., 2018b), but also as potential therapeutic 

targets for disease progression, metastasis and associated pain, as shown by their large 

dysregulation in the present and previous work. While pre-clinical data restoring 

physiological miRNA levels in cancer is very promising, so far only miR-16 

replacement therapy made it into Phase II clinical trials, as others had to be excluded 

do to toxicity or adverse immune responses (Hosseinahli et al., 2018). Hopefully, 

improved strategies for delivery of miRNAs in humans will contribute to the 

development of new targeted miRNA replacement therapies. 

2.4.5 Expression pattern analysis for neuronal genes 

We were interested in determining if a specific subset of sensory neurons, e.g. bone 

afferents, drives CIBP. Therefore, we compared the basal gene expression data from 

a previously published single cell RNA-seq dataset of sensory neurons (Usoskin et al., 

2015) to genes that were dysregulated in animals with bone cancer pain. No clear 

trends of expression pattern were identified, suggesting that at least the intermediate 

stage of bone cancer pain it is not mediated by a particular subset of DRG neurons. It 

is possible, that at earlier stages of the diseases, when primary afferent sensitization 

prevails, a specific set of neurons shows differential gene expression and targeting 

these cells may prevent disease progression. We did not test for earlier time points, as 

intermediate stages are clinically more relevant, because most patients will notice bone 

metastasis when pain is already established. Another question relates to the dynamicity 

of gene expression and definition of specific subsets of neurons. There could be a large 

degree of plasticity and it remains to be investigated if the transcriptomic changes are 

restricted to the same sensory subpopulation which show basal expression of the gene, 

or if de novo expression occurs in other neuronal subsets. Additionally, the results may 

be confounded by the expression of genes in multiple cell types present within the 
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DRG, most notably satellite glial cells. Finally, it should be noted that the neuronal 

populations within the DRG are likely to differ from those innervating specific tissues. 

A recent study using single cell RNA-seq identified 7 classes of colonic sensory 

neurons, with a high proportion of peptidergic cells (Hockley et al., 2019). Similarly, 

subtypes of neurons within the nodose ganglion of the vagus nerve largely differ from 

those present in DRG, whereas there are fundamental similarities with jugular neurons 

(Kupari et al., 2019). Based on immunohistochemical studies in mouse femur, which 

reveal differences in cutaneous and bone innervation (see section 3.1.1), it is likely 

that the neuronal classes innervating the bone differ from those present within the 

whole lumbar DRG.  

2.4.6 Pathways, upstream regulators and Gene Ontology 

To identify common upstream regulators and pathways for differentially expressed 

genes we used Gene Ontology and Ingenuity Pathway Analysis. Given that many of 

the DEG were predicted genes, only 162 could be included in Gene Ontology 

Analysis. No clear enrichment in any GO category could be found, with the highest 

count attributing 11 genes to extracellular space localization. On the other hand, IPA 

identified the cytokine IFNG, the transcription factor NFE2L2, the complex Cg, the 

growth factor LEP and the enzyme MGEA5 as upstream regulators of many genes that 

were dysregulated in cancer bearing animals. It could however not be determined if 

those signalling pathways are up- or downregulated and as discussed earlier it is not 

known which cells in the DRG are responsible for the observed changes. 

2.4.7 Technical limitations of microarrays to study changes in gene expression 

As discussed in section 2.1.2, transcriptional profiling technologies have opened a new 

world for the association of genotype to phenotype. Here we have used microarray 

technology to investigate the differential expression of genes. An alternative approach 

is the use of RNA-sequencing for unbiased genome-wide analysis. A recent review 

compared results obtained from exon arrays and RNA-seq in neuropathic pain models 

(Perkins et al., 2014). While differential gene expression largely overlapped, RNA-

seq showed superior sensitivity for genes with low expression and sequencing depth 

could be fine-tuned to increase the number of detected genes. A further major 

advantage is the detection of new genes through RNA-seq, as not based on previously 

annotated and/or predicted sequences. On the other hand, exon arrays produce more 

consistent and reproducible results for high 2Log fold changes, as opposed to RNA-
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seq (SEQC/MAQC-III Consortium et al., 2014). Furthermore, the statistical analysis 

of RNA-seq data requires extensive bioinformatic knowledge. While several open-

source programs for different steps of the analysis workflow have been developed, 

there are no standardized pipelines to date (Germain et al., 2016). On the contrary 

microarrays can be easily analysed by dedicated software with graphical interface, 

without requiring computational expertise. Microarrays still outperform RNA-seq for 

the identification of alternative splicing patterns, producing more stable results 

(Nazarov et al., 2017). Together with the human genome, the annotation of the mouse 

genome is steadily in expansion with more than 5000 transcripts and 20000 genes 

newly described between 2016 and 2018 (Frankish et al., 2019). The microarray used 

in this study includes over 200,000 transcripts and many genes, including non-coding 

(lncRNA, small RNA species, pseudogenes) genes, are represented. The annotation 

and functional characterization of many of these is lagging behind, as highlighted by 

the large number of predicted genes (typically “Gm” prefixed) which we found to be 

differentially expressed in this work. The ease of analysis of microarray data, the lower 

cost, and the higher reproducibility between experiments in our eyes outweighs the 

improved sequence depth and detection of novel genes which can be achieved with 

RNA-seq in the context of the present study.  

Finally, here we only looked at the transcriptome without assessing if changes are 

present at the protein level. Correlation of these measures show that only ~40% of the 

variation in protein concentration can be explained by mRNA abundance, whereas the 

remaining ~60% depend on post-transcriptional regulation and noise in measurements 

(Vogel and Marcotte, 2012). It is thus important to validate the dysregulation of coding 

genes identified in this study at a protein level to verify a causal role of this genes in 

CIBP. 

2.4.8 Future work 

2.4.8.1 Cells responsible for differential gene expression 

In this study we investigated global changes in gene expression at the level of the 

whole DRG. Cell type-specific profiling by cell sorting prior to transcriptomic analysis 

constitutes a useful approach for determining the relative contribution of sensory 

neurons in healthy and diseased state (Thakur et al., 2014). Similarly, physical 

dissociation followed by single cell RNA-seq allows for the computational clustering 
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of neuronal cells only (Usoskin et al., 2015). It would be interesting to compare the 

results we obtained using these alternative methods which may better elucidate the 

role of sensory neurons as opposed to mechanisms driven by other cells, such as 

satellite glia and/or infiltrating immune cells, which have been described in CIBP 

(Peters et al., 2005). 

2.4.8.2 Downstream targets and origin of dysregulated miRNAs 

With this work we showed an extensive dysregulation of many genes and miRNAs, 

potentially involved in the posttranscriptional control of their targets. An interesting 

question is whether these miRNAs are actually expressed by DRG resident cells or if 

they are acquired through uptake of vesicles or as “free” molecules secreted by cancer 

cells within the bone tissue. In recent years it has been shown that cancer cells use 

such mechanisms to influence stromal cells in the surrounding environment to their 

advantage (Berindan-Neagoe and Calin, 2014). This could be the case for those 

miRNAs that are found to be upregulated in CIBP. By quantifying the expression 

levels of secreted factors from Lewis lung carcinoma cells used in this study, one may 

be able to answer this question. Moreover, for all dysregulated miRNAs and their 

coding targets, it would be interesting to determine if these proteins exert functional 

roles at the central or peripheral terminal of primary afferent neurons as they may be 

involved in pain processing or tumour progression and bone remodelling functions, 

respectively. To this end immunohistochemical analysis and in vitro systems 

constitute a useful approach. Another possible strategy to determine the contribution 

of the identified miRNAs to the pain phenotype is the use of miRNAs mimics or their 

inhibitors in animals with CIBP (Bali et al., 2013).  

2.4.8.3 mRNA-miRNA interactome 

Through in silico analysis, we identified a number of miRNAs that could potentially 

be targeting other genes, that we reported to be dysregulated in CIBP. Using a 

luciferase reporter assay for the potential targets will help to reveal if this is indeed the 

case. 

With the high speed of development and enhancement of technology we anticipate 

that in the coming decade, much more detailed information regarding the entire 

transcriptome of single cells will emerge. Single cell small RNA-sequencing, which 

previously required large numbers of cells, has been successfully applied to 
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discriminate between naïve and primed human stem cells (Faridani et al., 2016). 

Moreover, a very recent study demonstrates robust reproducibility for co-sequencing 

of microRNAs and mRNAs in the same cells using a half-cell genomics approach in 

two cell lines (Wang et al., 2019). Pushing these technologies further to be applied to 

a variety of different cell types and tissues will certainly contribute to a more 

mechanistic understanding of miRNA-mRNA interactions in healthy and in diseased 

states, including CIBP. 

2.4.9 Conclusion 

Previous work in our lab has shown that the VGSCs Nav1.7 and Nav1.8 are not 

involved in CIBP. Similarly, here we found that Nav1.9 knockout mice develop CIBP 

normally. Given the small sample size, it was not possible to determine if Nav1.9 plays 

a protective function in cancer progression. Next, we performed microarray analysis 

of differentially expressed genes at the level of the DRG in cancer-bearing animals, to 

identify novel targets for the treatment of malignant bone pain. Dysregulated genes 

could not be attributed to a specific subset of sensory neurons, suggesting the 

involvement of several cellular and molecular mechanisms. Additionally, we 

identified a high proportion of micro RNAs, suggesting large changes at the post-

transcriptional level. Some of these miRNAs have been previously associated with 

cancer, although the mechanism by which they affect pain may be different. 

Identifying downstream targets of these miRNAs and their cellular origin is 

instrumental for gaining a better understanding of the molecular processes that drive 

cancer-induced bone pain. Additionally, we identified five genes, which are associated 

with a pain-related phenotype (Adamts5, Adcyap1, Calca, Gal, and Nts), of which only 

neurotensin has been previously reported in the context of metastatic cancer pain. The 

other genes are thus interesting candidates for further investigation as therapeutic 

targets in CIBP.  

 



 

125 

 

 MOLECULAR 

CHARACTERIZATION OF BONE AFFERENTS 

3.1 Introduction 

Defining the neuronal contributions to peripheral sensitisation in bone cancer pain is 

essential to gain a better understanding of the pathophysiology of pain in end-stage 

and metastasised cancer. In this respect, the molecular nature of bone afferents can 

reveal mechanisms involved in this process. So far only few studies have focussed on 

the molecular characterization of neurons innervating the bone. Most existing work 

has been conducted in rats and it remains to be investigated if those findings directly 

translate to humans and other rodents, including mice. As species differences may be 

present, we sought to fill this gap in the literature and studied marrow afferents in adult 

mice. To overcome technical limitations of immunohistochemistry approaches, 

including non-specificity of the antibody, batch variability, and reproducibility issues, 

we used the alternative approach of genetically labelling neurons of interest using 

mouse reporter lines.  

3.1.1 Bone and cutaneous innervation differ 

In early studies which combined retrograde tracing of rat intervertebral disc, wrist 

joint, and hip with immunohistochemistry it was found that only a small fraction of 

bone afferents express IB4 (Aoki et al., 2005; Kuniyoshi et al., 2007; Ohtori et al., 

2007; Nakajima et al., 2008). This was later confirmed in MAS related GPR family 

member D (Mrgprd) reporter mice, which lacked the marker at the level of the bone, 

but not skin, whereas NF200 and CGRP immunoreactive fibers were found in both 

bone and cutaneous tissue (Jimenez-Andrade et al., 2010b). As Mrgprd expression is 

found in ¾ of IB4 immunoreactive sensory neurons (Zylka et al., 2005), it was 

proposed that this non-peptidergic C-fiber population is absent in bone tissue 

(Jimenez-Andrade et al., 2010b). Moreover, additional evidence from peripheral bone 

terminals suggested that the vast majority of bone afferents expresses the NGF 

receptor TrkA (Castañeda-Corral et al., 2011) (Figure 3.1). Indeed this finding has 

been confirmed in following years in DRG neurons innervating the rat tibia (Nencini 

et al., 2017), although the presence of a small fraction of IB4+ neurons has also been 

reported (Ivanusic, 2009). Moreover, chemical ablation of sensory fibers that are 
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IB4+, but not TRPV1+ reliefs breakthrough pain (BP) in a rat model of cancer. As 

initiation of BP is also prevented by saphenous nerve block the authors concluded 

breakthrough pain is mediated by afferent input from IB4-binding fibers (Havelin et 

al., 2017). Most likely the involved neurons are bone afferents, or alternatively cells 

innervating the surrounding tissue. 

 

Figure 3.1 Illustration of the approximate percentage (%) and types of sensory nerve 

fibers that innervate the skin vs. bone. 

Receptors for the GDNF family of ligands (GFL) may also constitute a useful marker 

for bone afferents. Inflammation produced by the injection of CFA in rat tibia could 

be relieved by treatment with neurturin or artemin, but not glial cell-derived neutrophic 

factor (GDNF) antibodies. It is here interesting to note that these molecules signal 

through different receptors. All GFLs act through receptor tyrosine kinase RET and 

accessory subunits: GFRα1 for GDNF, GFRα2 for neurturin, and GFRα3 for artemin 

(Airaksinen et al., 1999). GFRα3 is found in around 40% of bone afferents identified 

by retrograde labelling and the majority of these express the NGF receptor, confirming 

the importance of this neurons in skeletal pain. On the other hand around 20% of 

mostly non-peptidergic TrkA- bone afferents express GFRα1 or GFRα2, suggesting 

this population also plays a role in inflammatory skeletal pain (Nencini et al., 2018a). 

In addition to molecular markers, size and distribution of cell bodies within the DRG 

have been described for bone afferents. Generally, their cell bodies are not confined 

to a single DRG, but with greatest numbers in L3 for both the rat tibia and distal femur, 

with a soma size mostly covering the small and medium sized range of neurons 

(Summarized in Table 3.1). 
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Table 3.1 Distribution of cell bodies innervating different bones within the DRG and 

size of these neurons. All studies have been performed in the rat strain Sprague 

Dawley. 

3.1.2 Expression of transgenes in mice using the Cre/loxP system 

While CRISPR is a new and promising tool for gene manipulation in a variety of 

organisms, in mice the most common method for the production of transgenic lines is 

based on the Cre/loxP recombination system. To produce a conditional gene knockout, 

2 loxP sites are introduced, flanking the gene of interest (Sternberg et al., 1981, Sauer 

and Henderson, 1988). The loxP sites contain the central 8bp sequence 5’-GCATACAT-

3’ for recombination, which is flanked by 13bp inverted repeats. For recombination to 

occur the enzyme Cre, which acts as a molecular scissor, is expressed under the control of 

a promoter of interest. Cre expression itself can thus be controlled to be ubiquitous, tissue 

dependent, or inducible for spatial and temporal control of gene expression. In the 

following experiments Cre expression was controlled by a series of promoters (Tmem233, 

Gal, Scn10a, Pvalb), known to be expressed in different subsets of sensory neurons, as 

described in the following sections. These mice were crossed with B6;129S6-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, also known as Ai9 mice. The ROSA locus is 

constitutively expressed in all cells and a loxP-flanked STOP cassette prevents 

transcription of the downstream red fluorescent protein variant (tdTomato). When 

bred to mice that express Cre recombinase, in the resulting offspring the STOP cassette 

will be deleted in tissues expressing Cre, which will express tdTomato (Figure 3.2A) 

Study Site of injection  Highest #of 

bone afferents 

Size of 

neurons 

(Nakajima et al., 2008) Hip L3 N/A 

(Ohtori et al., 2007) L5 vertebral body L2 N/A 

(Kuniyoshi et al., 2007) Wrist joint C8 N/A 

(Aso et al., 2016) Subchondral bone of 

distal femur 

L3 <1400 µm 2 

(Ivanusic, 2009) Tibia (periosteum, 

marrow, epiphysis) 

L3 >75% <1800 

µm 2 

(Nencini and Ivanusic, 2017) Tibia (marrow) N/A >95% <1800 

µm 2 

(Kucharczyk et al., 2018) Tibia (marrow) L3 N/A 
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3.1.3 Experimental setup to investigate the molecular identity of bone afferents 

In order to investigate the molecular identity of bone afferents, tissue specific 

tdTomato expression was obtained using Cre mediated gene deletion, as described in 

section 3.1.2. Cre expression was controlled by 4 different promoters, expressed in the 

following neuronal subsets (Figure 3.2B). Scn10a, encoding Nav1.8, which according 

to single cell RNA-seq data (Zeisel et al., 2018) is expressed in the majority of neurons 

that also express Ntrk1, encoding for TrkA. Tmem233, a gene which expression is 

highly enriched in DRG and which mostly overlaps with Nav1.8. Gal, which we found 

to be dysregulated in CIBP (2.3.3.2) and which covers the population of Nav1.8+ 

neurons, which are not Tmem233+. Pvalb, a marker for proprioceptive neurons, which 

does not overlap with TrkA or Nav1.8 expressing neurons (Patil et al., 2018). Finally, 

TrkA immunostaining was performed on DRG of these animals, as the NGF receptor 

is expressed in the majority of bone afferents (Castañeda-Corral et al., 2011). The 

chosen promoters and the role of these genes in pain will be described in the following 

sections. 

 

Figure 3.2 Experimental setup to investigate molecular identity of bone afferents. A. 

Mouse line crossings: Ai9 mice were crossed with mice expressing Cre under the 

control of different promoters. Genotype was confirmed in the progeny and Fastblue 

tracer injected in the mouse femur to label bone afferents. B. Based on the dataset from 

Zeisel et al.: Gene expression profiles identified from single cell RNA-seq, showing 

expression of Ntrk1 (TrkA), Scn10a (Nav1.8), Tmem233, Gal, Pvalb. (Zeisel et al., 

2018). 
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3.1.4 Nav1.8 (Scn10a) 

The biophysical properties and the role of the VGSC Nav1.8 in nociception were 

previously discussed (section 2.1.1.2). In terms of expression of this channel in the 

PNS, recent work indicates that Nav1.8-driven tomato expression in the DRG overlaps 

with nociceptive markers by >90%, but is also present in LTMRs, with 40% of 

NF200+ Aβ-fibers also expressing Nav1.8 (Shields et al., 2012). Moreover, anatomical 

observations of peripheral Nav1.8+ axonal terminals forming Meissner corpuscles in 

the glabrous skin and longitudinal lanceolate endings in the hairy skin, as well as 

central terminals present at the level of the dorsal column in the brainstem, further 

suggest a role for Nav1.8 in LTMRs (Luo et al., 2009). Regarding bone afferents, the 

expression of Nav1.8 has been investigated in rats using immunohistochemistry. 

Around 40% of retrogradely labelled bone afferents were found to express the 

nociceptor-specific sodium channel (Nencini et al., 2017).  

3.1.5 Tmem233  

The role of Tmem233, as well as its existence in form of protein are unknown, but 

several lines of evidence suggest this gene is expressed in DRG neurons. Single cell 

RNA-seq data shows, that at the level of the nervous system its expression is restricted 

to sensory neurons, where it can serve as a marker for the non-peptidergic PSNP6 

subpopulation together with natriuretic peptide type B (Nppb), interleukin-31 receptor 

subunit alpha (Il31ra), Adenosine deaminase (Ada), and insulin enhancer protein isl-

2 (Isl2) (Zeisel et al., 2018) (Figure 3.3). Moreover, Tmem233 is highly expressed in 

the TG compared to the geniculate ganglion (GG), which is composed of neurons that 

are only involved in the transmission of signals arriving from taste buds, rather than 

all somatosensory input (Mishra et al., 2012). Finally, a recent RNA-seq study of 

TRPV1+ neurons compared to a TRPV1-depeleted DRG population, showed that 

Tmem233 is enriched in the former and may thus play a role in nociceptive signalling 

(Goswami et al., 2014). 
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Figure 3.3 Tmem233 expression is restricted to the DRG, with highest expression in 

the PSNP6 subset. Data extrapolated from single cell RNA-seq of the mouse nervous 

system database (Zeisel et al., 2018). 

3.1.6 Galanin (Gal) 

Galanin is a neuropeptide of 29-amino-acids (30 in humans) found in many species, 

which was originally isolated from the porcine intestine (Tatemoto et al., 1983). It is 

found throughout the nervous system and has been implicated in a variety of functions, 

including neuroendocrine modulation, feeding, learning, memory, and also 

nociception (Lang et al., 2007). In adult rat DRG, galanin is expressed only in less 

than 5% of primarily small fiber neurons and dramatically increases following 

axotomy (Hökfelt et al., 1987), as well as neuropathy (Honore et al., 2000). Similarly, 

in a murine model of CIBP an increase in the expression of this neuropeptide has been 

reported, which to some extent overlapped with cells expressing the injury marker 

ATF3 (Peters et al., 2005). We have reported similar findings in our recent work, with 

higher expression of galanin in whole DRG tissue as identified by microarray 

(Bangash et al., 2018).  

Galanin acts through its three G-protein coupled receptors, GalR1, GalR2 and GalR3, 

with the latter showing only very low expression in the DRG and spinal cord (Waters 

and Krause, 2000). Binding of galanin to all three receptors inhibits adenylate cyclase 

to reduce cyclic adenosine monophosphate (cAMP) levels (Wang et al., 1997), while 
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binding to GalR1 stimulates mitogen-activated protein kinase (MAPK) activation 

(Wang et al., 1998). GalR2, on the other hand signals through multiple pathways but 

predominantly couples to a Gq/11-type G protein, leading to activation of phospholipase 

C (PLC) signalling which stimulates Ca2+ release via inositol phosphate (IP) 

hydrolysis (Wang et al., 1998) (Figure 3.4). In the context of nociception, GalR2 

activation is thought to be pro-nociceptive, whereas GalR1 mediates analgesia (Liu 

and Hökfelt, 2002). The overall effect depends on the concentration of galanin, the 

nature of the stimulus and the presence of a pathological state.  

 

Figure 3.4 Galanin signaling through its three GPCRs produces changes in gene 

expression by lowering levels of cAMP, promoting the mitogen-activated protein 

(MAPK) pathway and stimulating phospholipase C (PLC). Abbreviations: adenylate 

cyclase (AC), phosphatidylinositol (4,5)-diphosphate (PtdIns(4,5)P2), inositol (1,4,5)-

trisphosphate (Ins(1,4,5)P3), diacylclycerol (DAG), protein kinase C (PKC). (Liu and 

Hökfelt, 2002). 

Mice with constitutive overexpression of galanin have increased thermal sensitivity, 

whereas mechanical thresholds are unchanged (Blakeman et al., 2001). Conversely, 

chronic intrathecal administration of exogenous galanin in rats leads to increased 

mechanical hypersensitivity, as well as c-fos and protein kinase γ isoform (PKC-γ) 

expression in the spinal cord (Kerr et al., 2000; Liu et al., 2001). Electrophysiological 

studies show that intrathecal galanin administration results in wind-up and enhanced 

responses of wide dynamic range neurons (Reeve et al., 2000). While galanin appears 

thus to be pro-nociceptive under physiological conditions, this may be different 

following nerve damage. Indeed, intrathecal administration of exogenous galanin 
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results in a reduction of neuropathy induced hyperalgesia (Hao, 1999). Similarly, 

transgenic mice with inducible galanin overexpression in the DRG and dorsal horn 

following nerve injury show a marked reduction of mechanical hypersensitivity, 

supporting an anti-nociceptive role of galanin after injury (Holmes, Blakeman 2001).  

Naïve galanin KO mice show lower thermal and mechanical withdrawal thresholds, 

which are maintained following nerve injury, whereas wild type animals develop 

mechanical hyperalgesia (Holmes et al., 2003). Thus, galanin following injury not 

only has an overall anti-nociceptive effect, but also a pro-nociceptive component, 

which depends on differential activation of the galanin receptors (Liu and Hökfelt, 

2002). Like Gal-/- animals, GalR1 knockout mice have lower withdrawal thresholds 

for thermal stimuli compared to WT mice under physiological conditions. Following 

spared nerve injury (SNI) these animals develop mechanical and heat hypersensitivity 

normally, suggesting that GalR1 mediates the anti-nociceptive actions of galanin after 

nerve damage (Holmes, Blakeman 2001). On the contrary, in GalR2 knockout mice 

thermal and mechanical thresholds are comparable to wildtypes. Following spinal 

nerve ligation (SNL) these animals fail to develop mechanical hyperalgesia, providing 

further evidence for the involvement of GalR1 in post-injury galanin mediated 

analgesia (Hobson et al., 2006; Shi et al., 2006).  

Pharmacological studies provide similar results, with intrathecal administration of 

galanin, a GalR2 selective agonist, and a non-selective galanin receptor agonist 

producing mechanical and cold hyperalgesia in naïve rats (Liu et al., 2001). Following 

SNL, only the agonist for both GalR1 and GalR2 was able to reduce mechanical 

hypersensitivity, whereas the GalR2 selective agonist showed no effect (Liu et al., 

2001), suggesting GalR1 mediates antinociceptive effects of galanin. Moreover, a 

recent study in rats reported increased GalR2 immunoreactivity in the DRG following 

CCI, with intraplantar application of a GalR2 agonist and antagonist resulting in the 

aggravation and attenuation of mechanical allodynia, respectively (Chen et al., 2018), 

again demonstrating a pro-nociceptive role for this receptor in neuropathic 

hyperalgesia. 

As previously mentioned, galanin also plays a role in neuroprotection, survival and 

regeneration which is primarily mediated by GalR2 signalling (Mahoney et al., 2003). 

Moreover, galanin knockout animals lack a subset of sensory neurons which may be 
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critical for nociception following nerve injury (Holmes et al., 2000), similarly to 

GalR2 deficient mice (Hobson et al., 2006; Shi et al., 2006). In summary multiple 

lines of evidence indicate a role for galanin in analgesia following nerve injury, which 

is mediated through the GalR1 receptor, whereas GalR2 plays a pro-nociceptive role. 

3.1.7 Pvalb 

Parvalbumin (PV) is a calcium binding protein which is involved in intracellular 

calcium regulation and trafficking (Arif, 2009). In the peripheral nervous system PV 

is regarded as a marker for proprioceptive afferents of muscle tissue (Ichikawa et al., 

1994). While primarily found in muscle spindles and golgi tendon organs, PV+ 

terminals are also present in Pacinian corpuscles, Merkel cells of the glabrous skin, 

and lanceolate endings of the hairy skin (de Nooij et al., 2013). At the level of the 

DRG parvalbumin is expressed in about 1/4th of all L4 and L5 DRG neurons 

innervating the sciatic nerve (Medici and Shortland, 2015). In primary afferents, PV 

expression is restricted to the cell body of DRG neurons and at the peripheral 

terminals, whereas it is absent in the central terminals in the DH of the spinal cord 

(Antal et al., 1990). PV+ interneurons can be found in lamina IIi and III of the dorsal 

horn and their activity has been reported to reduce mechanical allodynia in a model of 

neuropathic pain (Petitjean et al., 2015). Conversely their ablation or silencing leads 

to the development of hypersensitivity to innocuous mechanical stimulation in naïve 

mice by reduction of synaptic input onto excitatory PKC-γ interneurons (Petitjean et 

al., 2015).  

Little research has been done on the role of PV+ primary afferents in pain processing. 

A phenotypic switch, leading to ectopic firing of Aβ-fibers is a main contributor to 

central sensitization in neuropathic pain (Devor, 2009). Indeed, it has been shown that 

putative proprioceptors, identified by α3 Na+/K+ ATPase immunostaining show de 

novo-expression of Nav1.7 mRNA following spinal nerve ligation (Fukuoka et al., 

2015). However, others reported that axotomy does not change the expression of 

parvalbumin in affected DRG neurons, whereas there is a stark reduction in CGRP 

expression, suggesting nociceptors, but not proprioceptors are affected by nerve injury 

(Medici and Shortland, 2015). In the context of bone pain, PV+ sensory neurons may 

be interesting, as it was recently reported that Piezo2 is responsible for 

mechanotransduction in this proprioceptive cell population (Woo et al., 2015).  
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Piezo2 was found to mediate NGF induced mechanosensitivity in previously silent 

nociceptors expressing the acetylcholine receptor subunit alpha-3 (CHRNA3), 

contributing to inflammation induced hyperalgesia in deep tissue (Prato et al., 2017). 

As Piezo2 is expressed in one third of bone afferents, primarily in unmyelinated 

NF200+ neurons (Nencini and Ivanusic, 2017), and NGF is present in the cancer 

microenvironment, a similar process may occur in CIBP. Indeed pharmacological 

blockade of Piezo2 inhibits the firing of “unsilenced” nociceptors in a rat model of 

CIBP, even if those neurons primarily innervate the tissue surrounding the bone 

(Kucharczyk et al., 2018). It remains to be shown if this translates into a reduction of 

pain at the behavioural level. 

3.1.8 Aim of this chapter 

Considering musculoskeletal pain is a common cause of chronic pain, very little is so 

far known about nerve fibers innervating bone tissue. Recent work suggests bone 

afferents are neurochemically different from sensory neurons innervating the skin and 

present less redundancy (Jimenez-Andrade et al., 2010b). Much of the evidence 

derives from studies in the rat and species differences may be present. In this study we 

aimed to systemically characterize the molecular identity of murine bone marrow 

afferents, by combining retrograde tracing with genetic labelling of neuronal subsets 

using mouse reporter lines. 
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3.2 Materials and Methods 

3.2.1 Animals 

Both female and male animals on a C57BL/6J background, aged at least 12 weeks 

were used. Conditional reporter mice were generated using the Cre-loxP system by 

crossing B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Ai9) mice with different 

strains where Cre expression is driven by Scn10a (Scn10atm2(cre)Jnw), Tmem233 

(generated in the lab), Gal (Tg(Gal-cre)KI87Gsat) or Pvalb (B6;129P2-

Pvalbtm1(cre)Arbr/J). This enables expression of the reporter protein tdTomato within 

a specific subset of sensory neurons.  

3.2.2 Genotyping 

Genotyping was performed as described in section 2.2.3.1. List of primers used is 

shown in Table 3.2. 

Table 3.2 List of primers used for PCR. 

Gene Primer Primer sequence Band size 

TdTomato 

WT FW AAGGGAGCTGCAGTGGAGTA 
297 bp 

WT REV CCGAAAATCTGTGGGAAGTC 

MUT FW CTGTTCCTGTACGGCATGG 
196 bp 

MUT REV GGCATTAAAGCAGCGTATCC 

Scn10a-cre 

WT FW CAGTGGTCAGGCTGTCACCA 
346 bp 

WT REV ACAGGCCTTCAAGTCCAACTG 

CRE AAATGTTGCTGGATAGTTTTTACTGCC 258 bp 

Tmem233-cre 

WT FW TCATCTCCCTTGAGCCCGGAG 
361 bp 

WT REV GAGTCTGAGCGGGAAGCATACT 

MUT FW CCTGCTGTCCATTCCTTATTCCAT 154 bp 

Gal-cre 
MUT FW CCAGACGTGTGTGTTGAGGT 

244 bp 
MUT REV CGGCAAACGGACAGAAGCATT 

Pvalb-cre 

WT FW CAGAGCAGGCATGGTGACTA 
500 bp 

WT REV AGTACCAAGCAGGCAGGAGA 

MUT FW GCGGTCTGGCAGTAAAAACTATC 
100 bp 

MUT REV GTGAAACAGCATTGCTGTCACTT 
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3.2.3 Retrograde tracing of bone afferents 

Surgical procedure for retrograde tracing of bone marrow afferents was performed as 

previously described (section 2.2.2.1), with a few adaptations. To inject 1µl of 

retrograde tracer Fastblue (FB) (Polysciences, Inc.) a canulae attached to a Hamilton 

syringe was used. A 2%FB solution in water was used, apart from experiments in 3.3.1 

with a 1%FB solution. 

3.2.4 Tissue preparation 

Mice were terminally anaesthetized 5-7 days after injection of Fastblue with an 

intraperitoneal (i.p.) injection of sodium pentobarbitone (200mg/kg) (Pentoject®, 

AnimalCare). Once the animals were unresponsive to noxious stimulation, the thoracic 

cavity was opened. The right atrium was punctured, and the animal perfused via the 

left ventricle, with 15-30ml of ice-cold heparinized saline (10U/ml heparin in 0.9% 

w/v NaCl), followed by 15-30ml of a freshly prepared, ice cold 4%paraformaldehyde 

(PFA) (Sigma-Aldrich) solution in 0.1M phosphate buffer (PB) (pH = 7.4). DRGs 

were post-fixed in the same fixative solution for 2h at 4°C, after which each DRG was 

put on a coverslip and specificity of retrograde tracer FB was verified at the fluorescent 

microscope on whole mount. If animals presented FB+ cells in the contralateral DRGs, 

they were excluded from further processing. Ipsilateral L2-L5 DRGs, which presented 

the largest proportion of FB+ cells, were then washed three times in 0.1MPB and 

cryoprotected overnight (ON) in 30% w/v sucrose in 0.1M PB at 4°C. The perfused 

DRGs were embedded in moulds with OCT embedding compound (Tissue-Tek®, 

Sakura) and left to set on dry ice, then stored at -80°C till sectioning. 

3.2.5 Tissue sectioning 

Whole DRG were serially sectioned at 11µm thickness, aside for experiments in 3.3.1 

where every 3rd section of 30µm thickness was collected on electrostatically charged 

slides (Superfrost® Plus, Thermo-Scientific). Slides were left to dry at room 

temperature (RT) and then stored at -80°C till usage. 

3.2.6 Immunohistochemistry 

Every 8th section was used for immunohistochemistry, to avoid counting a neuron 

twice. Tissues were removed from -80°C, left to acclimatize to RT and then washed 

3x5min in PBST (0.3% Triton X in 0.1M PBS). To reduce background signal slides 

were blocked for 1h in 1% bovine serum albumin (BSA, Sigma-Aldrich) in PBST, 
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followed by 3x5min washes in PBST. Incubation with primary antibody in blocking 

buffer was performed overnight (ON) at RT for TrkA (R&D AF1056, 1:1000) and at 

4°C for NeuN (cell signaling 12943, 1:1000). The next day, slides were washed 

3x5min in PBST and incubated with secondary antibodies (chicken anti-goat IgG 

Alexa Fluor 488 (ThermoFisher: A-21467, 1:1000) for TrkA; goat anti-rabbit IgG 

Alexa Fluor 488 (ThermoFisher, A-11008, 1:1000) for NeuN; in blocking buffer for 

2h at RT, followed by 3x5min washes in PBS. Slides were dried in the dark at RT and 

mounted with Vectashiled Hardset Antifade mounting medium (Vector Laboratories) 

and coverslipped. Slides were either imaged directly or stored at -80°C.  

3.2.7 Imaging and analysis 

Images of stained DRG sections were taken on a Leica SP8 confocal microscope 

(Leica). ImageJ CellCounter plugin was used to count labelled cells. For all analysed 

sections, ROI Manager and manual selection of FB+ cells were used to determine cell 

size of bone afferents. Additionally, for each mouse reporter line a single section 

located at the centre of L3 DRG was chosen to determine the size distribution of 

tomato positive cells. 

3.2.8 Statistical analysis  

Statistical analysis was performed using Graphpad Prism, as described in section 

2.2.6. Differences in size distribution were determined using the Kolmogorov-

Smirnov test. 
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3.3 Results 

3.3.1 L3 contains the majority of cell bodies innervating the distal mouse femur 

In a preliminary pilot study, 1% Fastblue retrograde tracer was injected into the distal 

femur head of three Nav1.8-cre-tdTomato mice to label bone afferents. Fastblue 

tracing was confirmed to be confined to the ipsilateral DRG. We found that the cell 

bodies of retrogradely labelled femoral bone marrow afferents are mainly located in 

L3 DRG (34.73±10.13%), followed by L4 (32.98±9.46%) (Figure 3.5A). To account 

for differences in total number of neurons within each lumbar DRG we determined 

the proportion of bone marrow afferent neurons on total number of neurons expressing 

Nav1.8-cre and found the highest percentage in L3 DRG, although differences were 

not significant (Figure 3.5B). 

 

Figure 3.5 Distribution of mouse femur innervating afferents in lumbar DRG.A. 

Distribution of all FB+ retrogradely labelled bone marrow afferents within the 

analyzed ipsilateral lumbar DRG (L2-L5). B. Proportion of FB+ neurons within the 

Nav1.8-cre expressing population of DRG neurons throughout lumbar L2-L5. 

  



 

139 

 

3.3.2 Proportion of bone afferents in L3 DRG 

To determine the percentage of total neurons that are bone afferents NeuN staining 

was performed in two Nav1.8-cre-tdTomato mice (Figure 3.6). An average of 1378±47 

neurons was counted in L3 DRG, with an average of 963±80 Nav1.8+ neurons and 

28±14 Fastblue+ neurons (Figure 3.6B). The average proportion of Nav1.8+ neurons 

on the total number of neurons was 69.77±2.42% (Figure 3.6C), with only 2.00±0.67% 

of total neurons identified as bone afferents through retrograde labelling. Out of the 

total number of bone afferents 71.43% were also expressing Tomato under the control 

of Scn10a (Figure 3.6D).  
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Figure 3.6 Proportion of bone afferents on total DRG neurons. A. Representative 

images of a DRG section showing bone afferents identified through Fastblue injection 

into the distal mouse femur head (blue), Nav1.8-cre driven tdTomato expression (red) 

and NeuN immunoreactive neurons (green). White arrows pointing at a NeuN+ bone 

afferents, yellow arrows at Nav1.8+ and NeuN+ . B. Average cell counts of L3 DRG 

from Nav1.8-cre-tdTomato animals stained for NeuN (green), expressing tomato (red) 

and labelled with retrograde tracer (blue). C. Average percentage of neurons that are 

FB+ and Nav1.8-cre+ within the total number of NeuN immunoreactive neurons. D. 

Venn Diagram showing 69.88% of all counted NeuN+ DRG neurons are Nav1.8+ and 

2.03% are bone afferents, with 71.43% bone afferents expressing Nav1.8. n = 2.  
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3.3.3 TrkA staining in Nav1.8-cre-tdTomato mice reveals a large overlap of 

these markers in bone afferents 

TrkA staining was used in all reporter lines in order to have an additional reliable 

marker for bone afferents (Figure 3.7A). In a total of 9 animals 73.90±5.15% of bone 

afferents were immunoreactive for TrkA (Figure 3.7B). 

 

Figure 3.7 Three quarters of bone afferents are immunoreactive for TrkA. A. 

Immunohistochemistry staining for TrkA. No primary antibody was used as negative 

control. B. Percentage of TrkA+ bone afferents identified in a total of 9 animals at the 

level of L3 DRG. 

TrkA immunostaining in Nav1.8-cre-tdTomato mice (Figure 3.8A) shows that on 

average 86.41±0.49% of bone afferents labelled with retrograde tracing are TrkA 

immunoreactive and 88.02±1.63% express Nav1.8 (Figure 3.8B). Taken together with 

the percentage of Nav1.8-cre+ FB+ neurons counted in 3.3.2, the average percentage 

is 82.25±5.17%, even though some neurons may have been counted twice as these 

sections were taken from the same animals and stained for different markers. There is 

a large overlap between TrkA and Nav1.8 expression with a total of 90.91% of Nav1.8+ 

bone afferents showing immunoreactivity to TrkA (Figure 3.8). 
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Figure 3.8 Proportion of bone afferents expressing Nav1.8. A. Representative images 

of a DRG section showing bone afferents identified through Fastblue injection into the 

distal mouse femur head (blue), Nav1.8-cre driven tdTomato expression (red) and 

TrkA immunoreactive neurons (green). White arrows pointing at a TrkA+ bone 

afferents, yellow arrows at Nav1.8-cre+ and TrkA+ neurons. B. Average percentage 

of TrkA immunoreactive (green) and Nav1.8 (red) expressing bone afferents. C. Venn 

diagram representing the total percentage of 86.67% TrkA+ and 88.89% Nav1.8-cre+ 

femur innervating neurons, with a 90.91% overlap. n = 2  
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3.3.4 Bone afferents in subpopulations of Nav1.8 expressing neurons 

As previously shown (Figure 3.6C), Nav1.8 expression can be detected in around ¾ of 

all sensory neurons of L3 DRG. Therefore, more restrictive markers were used to 

identify the molecular nature of bone afferents. According to RNA-seq data from 

others (Zeisel et al., 2018) Tmem233 (Figure 3.9) and Gal (Figure 3.10) are expressed 

in two different subpopulations of Nav1.8-cre+ neurons. We found that Tmem233 is 

expressed in an average of 20.38±6.00% of bone afferents, with 68.86±8.19% of 

Fastblue+ cells showing immunoreactivity for TrkA (Figure 3.9B). Within the FB+, 

Tmem233-cre+ population expression overlaps with TrkA immunoreactivity in a total 

of 95.45% of neurons (Figure 3.9C). Similarly, in the Gal-cre-tdTomato mouse (Figure 

3.10A) 23.00% of bone afferents express galanin, while 77.00% show 

immunoreactivity for TrkA (Figure 3.10B). The galanin expressing bone afferents are 

mostly TrkA immunoreactive with an overlap of 80.00% (Figure 3.10C). 
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Figure 3.9 Proportion of bone afferents expressing Tmem233. A. Representative 

images of a DRG section showing bone afferents identified through Fastblue injection 

into the distal mouse femur head (blue), Tmem233-cre driven tdTomato expression 

(red) and TrkA immunoreactive neurons (green). White arrows pointing at a TrkA+ 

bone afferents, yellow arrows at Tmem233-cre+ and TrkA+ neurons. B. Average 

percentage of TrkA immunoreactive (green) and Tmem233 (red) expressing bone 

afferents. C. Venn diagram representing the total percentage of 73.63% TrkA+ and 

24.81% Tmem233-cre+ femur innervating neurons, with a 95.45% overlap. n = 3 
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Figure 3.10 Proportion of bone afferents expressing Gal. A. Representative images of 

a DRG section showing bone afferents identified through Fastblue injection into the 

distal mouse femur head (blue), Gal-cre driven tdTomato expression (red) and TrkA 

immunoreactive neurons (green). White arrows pointing at a TrkA+ bone afferents, 

yellow arrows at Gal-cre+ and TrkA+ neurons. B. Total percentage of TrkA 

immunoreactive (green) and galanin (red) expressing bone afferents as bar graph. C. 

Venn diagram showing 77% TrkA+ and 23% Gal-cre+ femur innervating neurons, 

with an 80% overlap. n = 1 
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3.3.5 Bone afferents do not express parvalbumin 

One population of sensory neurons that are not expressing Nav1.8 are Pvalb+ cells, 

which are mostly of large and medium size. In three Pvalb-cre-tdTomato mice we 

found that an average of 69.19±9.7% bone afferents are immunoreactive for TrkA, 

while no single Fastblue+ neuron expresses parvalbumin (Figure 3.11). 
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Figure 3.11 Proportion of bone afferents expressing Pvalb. A. Representative images 

of a DRG section showing bone afferents identified through Fastblue injection into the 

distal mouse femur head (blue), Pvalb-cre driven tomato expression (red) and TrkA 

immunoreactive neurons (green). White arrow pointing at a TrkA+ bone afferent. B. 

Average percentage of TrkA immunoreactive (green) and Pvalb (red) expressing bone 

afferents. C. Venn diagram representing the total percentage of 75% TrkA+ and 0% 

Pvalb-cre+ femur innervating neurons. n = 3 
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3.3.6 Mouse femur afferents are medium to large sized neurons 

We found that bone afferent size showed a great distribution (Figure 3.12A, Table 

3.3). Within the population mean cell size did not differ significantly for the studied 

markers, however Gal+ bone afferents tended to be smaller, compared to others. To 

determine if bone afferents could be defined based on size within each subpopulation 

of neurons, the average size of neurons for each subset was measured. This confirmed 

that the mean size of the entire Gal+ population is significantly lower than the mean 

size of all bone afferents (one-way ANOVA with Bonferroni post-hoc, ****p<0.0001) 

(Figure 3.12E). This is also true for the Nav1.8+ population (one-way ANOVA with 

Bonferroni post-hoc, ****p<0.0001) (Figure 3.12C) and the Tmem233+ population 

(one-way ANOVA with Bonferroni post-hoc, ****p<0.0001 (Figure 3.12D), with 

their mean sizes also being smaller than the Nav1.8+ bone afferents (one-way 

ANOVA with Bonferroni post-hoc, ****p<0.0001) and Tmem233+ bone afferents 

(one-way ANOVA with Bonferroni post-hoc, **p=0.0073) respectively. Interestingly, 

size distribution of Pvalb+ neurons and bone afferents is similar (Figure 3.12F). 

Within the bone afferent population, we found a majority of 48% to be medium sized, 

41% large and 11% small (Figure 3.12B). Neuronal size was defined as small <300 

µm2, medium 300-700 µm2, and large >700 µm2 as previously described (Ruscheweyh 

et al., 2007).  

Table 3.3 Mean, median, minimum and maximum size of neurons for each subset 

included in the study. n refers to the number of animals. 

 

 #cells Median 

size (µm2) 

Mean size 

(µm2) 

Minimum 

size (µm2) 

Maximum 

size (µm2) 

FB+ (n = 9) 180 622 635 103 1582 

Nav1.8-cre+ (n = 2) 195 263 327 76 1818 

Tmem233-cre+ (n = 3) 290 339 404 96 1421 

Gal-cre+ (n = 1) 78 190 235 58 673 

Pvalb-cre+ (n = 3) 75 544 593 131 1288 
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Figure 3.12 Analysis of size distribution in each subpopulation of bone afferents. A. 

Size distribution of Fastblue positive cells: mean size of cells did not significantly 

differ for each analysed marker within the bone afferent population. B. The majority 

of afferents innervating the mouse femur are medium and large sized neurons. C. The 

mean size of the whole Nav1.8-cre+ population is significantly lower than all bone 

afferents and those expressing Nav1.8. D. The mean size of the Tmem233-cre+ 

population is significantly lower than all bone afferents and those expressing 

Tmem233. E. The mean size of the Gal-cre+ population is significantly lower than all 

bone afferents F. The mean size the Pvalb-cre+ population does not differ from those 

of bone afferents. All data was analysed with one-way ANOVA with Bonferroni post-

hoc testing. 
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3.4 Discussion 

The aim of this work was to identify novel markers to describe the molecular identity 

of bone afferents innervating the mouse femur. Previous work in rats has relied on 

retrograde labelling of the bone marrow or/and periosteum combined with 

immunostaining techniques in the DRG. Antibodies are not always highly specific for 

their target and results may be subjected to reproducibility issues depending on the 

targeted epitope, as well batch variability. Together with immunostainings of nerve 

fibers in the bone, these data confirmed the widely accepted view that bone afferents, 

in comparison to their cutaneous counterparts, are mostly TrkA+ and of small to 

medium size (Jimenez-Andrade et al., 2010b). Using reporter lines to label specific 

neuronal subpopulations in combination with retrograde labelling of bone afferents we 

found that the majority of identified bone afferents are Nav1.8+ (>80%). We looked at 

other markers for neuronal subpopulations and found that around ¼ of bone afferents 

are positive for Tmem233, which is generally found in small sized non-peptidergic 

sensory neurons; and around ¼ for galanin, which labels another subpopulation of 

small sized TrkA+ neurons. On the other hand, Parvalbumin, which is found in large-

sized proprioceptive neurons (Ichikawa et al., 1994), was not present in bone afferents, 

suggesting there is no role for proprioception in bone tissue, at least under 

physiological conditions. Moreover, we used immunostainings for TrkA on 

retrogradely labelled DRGs. In accordance with the literature we found around ¾ of 

bone afferents being positive for the NGF receptor (Sugiura et al., 2008; Nencini et 

al., 2017). 

3.4.1 Cell bodies of mouse femur afferents are mainly found in L3 DRG 

We first determined which DRG contains the majority of innervation to the mouse 

femur to use for further molecular characterization. We observed some degree of 

variation within animals, however consistent with sciatic and femoral nerve anatomy 

in the mouse (Rigaud et al., 2008), we found the majority of somata of retrogradely 

labelled bone afferents to be located in L3 DRG. While a rostral shift in DRG 

contributions to the sciatic nerve in mice vs. rats has been reported (Rigaud et al., 

2008), innervation of the subchondral distal rat femur can also be traced to L3 (Aso et 

al., 2016). Interestingly the majority of cell bodies innervating rat tibia, as well as hip 

are also found in L3 (Nakajima et al., 2008; Ivanusic, 2009). In rats the sciatic nerve 

cell bodies are located in L4-L6 ganglia and those of the femoral nerve in L2-L4 
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(Puigdellívol-Sánchez et al., 1998). This suggests the femoral nerve provides primary 

afferent input to the bone marrow of both femur and tibia in rats.  

While we found the majority of afferents from the mouse femur marrow to terminate 

in L3, only 2% of all DRG neurons at this level are bone afferents. This may be an 

underestimation, as the volume of injected retrograde tracer was kept to a minimum 

in order to avoid leakage into the vascularization and labelling of afferents innervating 

the surrounding tissue. Moreover, like previous studies in the rat, we here found that 

bone afferents displayed a wide range of sizes (Ivanusic, 2009; Nencini and Ivanusic, 

2017), however we found few bone afferents in the small neuron size range with most 

being medium and large sized. For all animals included in this study it was previously 

confirmed that tracer labelling is present only in the ipsilateral side to exclude neurons 

that may be labelled by leakage of the tracer into the vascular system. Therefore, we 

are confident the here described cells are indeed bone afferents. This finding is 

interesting as it suggests some species differences between rats and mice may be 

present or alternatively the size of neurons may vary depending on the target tissue 

(femur vs. tibia). Finally, we cannot exclude that these differences may arise from 

parameters chosen to divide neurons based on size. It has been previously reported 

that classification of DRG cells into Aβ-, Aδ- and C-fibers based on size is imprecise, 

as mean cross-sectional soma areas largely overlap (Ruscheweyh et al., 2007). 

Accordingly, we found that size distribution of bone afferents and parvalbumin+ 

neurons was similar, whereas at the same time the two populations did not show any 

degree of overlap. 

3.4.2 Galanin expression in bone afferents 

In accordance with previous studies (Hökfelt et al., 1987), we found that galanin 

positive neurons had a small neuronal size with a median of 190 µm2. As previously 

described galanin plays a role in nociception and we were particularly interested in 

this population as in our microarray study we found an increase in galanin transcript 

levels in CIBP animals (Bangash et al., 2018). Therefore, one might wonder if galanin 

is highly expressed in bone afferents. We found that in naïve animals only 23% of 

labelled bone afferents expresses galanin, however this needs to be taken with caution 

as the data is derived from a single animal. Given that previous studies have reported 

increases in galanin expression in the DRG following neuropathy (Honore et al., 2000) 

and also CIBP (Peters et al., 2005), it would be interesting to determine if this increase 
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is restricted to the bone afferent population or if other neurons are affected. 

Additionally, recent work suggests that at least in late stage cancer bone afferents are 

not involved in sensitization, which appears to be primarily mediated by previously 

silent C-fiber nociceptors from surrounding tissue (Kucharczyk et al., 2018). 

Moreover, at this stage the authors reported a decrease in both total ATF3+ neurons 

and ATF3+ bone afferents compared to an earlier stage and suggested this reflects cell 

death induced by the cancer microenvironment. It should however be noted that the 

total percentage of bone afferents in early and late stage cancer did not differ, thus it 

is more likely that only ATF3 expression changed together with its downstream 

targets. ATF3 has been long regarded as a marker for nerve injury (Tsujino et al., 

2000), but its upregulation might reflect its role in nerve regeneration. Indeed, 

overexpression of ATF3 stimulates neurite growth in uninjured peripheral neurons to 

an extent similar to that produced by nerve injury (Seijffers et al., 2007).  

Recently, together with the JUN, ATF3 was identified as one of the core hub 

transcription factors which modulate expression of multiple regeneration associated 

genes (RAG) following PNS injury (Chandran et al., 2016). Accordingly, in ATF3-

deficient mice axonal regeneration upon facial nerve transection is reduced, with an 

associated decrease in galanin and NGF, as well as other RAGs (Gey et al., 2016). 

This pathway is thus interesting in the context of CIBP, where NGF contributes to the 

pathophysiology (Mantyh, 2013; Wang et al., 2014) and increased galanin expression 

is present when ATF3 expression is also increased (Peters et al., 2005). In contrast, an 

earlier study from the same group found that at day 21 post-sarcoma injection rather 

than 14, galanin expression was similar to sham animals in cancer bearing mice 

(Honore et al., 2000), resembling the expression pattern observed for ATF3 

(Kucharczyk et al., 2018). Similarly, anti-NGF administration is more effective if 

given pre-emptively (McCaffrey et al., 2014) or at an intermediate stage (Jimenez-

Andrade et al., 2011) compared to late timepoints associated with pain behaviours and 

neuroma-like structures within the bone (Mantyh et al., 2010). This suggests some 

degree of plasticity and potentially different mechanisms contributing to early and late 

stage bone cancer pain within the PNS. 

3.4.3 Nav1.8+ bone afferents are not sufficient to induce bone pain 

Previous work from our lab has shown that abolishing all Nav1.8+ neurons using a 

Nav1.8DTA mouse strain does neither prevent nor attenuate the pain phenotype and 
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bone degradation induced by intra-femoral injection of cancer cells (Minett et al., 

2014). Our finding, that over 80% of bone afferents are Nav1.8-cre+ is thus surprising, 

as it suggests that the remaining Nav1.8- neurons are sufficient to induce changes 

leading to the development of CIBP. One might argue the loss of Nav1.8+ neurons in 

diptheria toxin A (DTA) treated mice is incomplete, but we have previously shown 

that >96% of Nav1.8 transcript is lost in these mice indicating the ablation is successful 

(Abrahamsen et al., 2008). Alternatively, developmental compensatory mechanisms 

may be involved, which could account for the observed discrepancy. In contrast to our 

findings, reports in the literature employing immunostainings, which are notoriously 

difficult for ion channels claim that only around 40% of bone afferents are Nav1.8+ 

(Nencini et al., 2017). These contradicting results most likely reflect the two different 

approaches used. Indeed we here confirmed that expression of Nav1.8 is found in 75% 

of all L3 DRG neurons, identified by NeuN immunostaining, similarly to what was 

previously reported for mouse L4/L5 DRG using a cre-dependent reporter line 

(Shields et al., 2012; Patil et al., 2018). In light of this, identifying a marker for the 

subpopulation of bone afferents that are Nav1.8- could be useful to investigate their 

contribution to the initiation of CIBP. Comparing data from Zeisel with our current 

findings the peptidergic sensory neuron classes PSPEP5-PSPEP8 are of interest, as 

they express TrkA but not Nav1.8, while the expression of these genes in other 

subpopulations largely overlaps (Zeisel et al., 2018).  

3.4.4 Bone afferents are not involved in proprioception 

The most striking finding in this study is the complete absence of Fastblue retrogradely 

labelled cells in the Pvalb-cre+ neuronal subpopulation, which would suggest bone 

afferents do not have a proprioceptive role. Within the musculoskeletal system, 

proprioceptive mechanosensory neurons from surrounding muscle tissue mediate the 

repair of bone tissue following a fracture (Blecher et al., 2017). It is therefore possible 

that sensory input from the bone arising at early stages of CIBP may affect response 

properties of neurons in the surrounding tissue, potentially through coupling at the 

level of the DRG as observed in inflammation and neuropathy (Kim et al., 2016). It 

remains to be investigated if this phenomenon is present in bone cancer pain, even 

though it appears silent nociceptors which lie outside the bone tissue are recruited in 

the late stages of the pathology (Kucharczyk et al., 2018).  
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3.4.5 Future work 

The presented work shows that labelling of bone afferents combined with expression 

of a fluorescent reporter in specific subsets of sensory neurons is a useful strategy to 

investigate the molecular identity of DRG neurons innervating the bone. The 

combination of retrograde tracing with genetic expression of reporters provides many 

benefits compared to studying the nature of peripheral terminals of bone afferents. The 

latter requires a laborious and technically challenging process of decalcification for 

immunohistochemistry of bone tissue, which in turn can affect antigen availability and 

morphology of the tissue (Chartier et al., 2018). While in this study we investigated 

the identity of bone afferents in the healthy state, we cannot exclude a phenotypic 

switch may occur in certain subsets of sensory neurons in chronic pain conditions 

(Bangash et al., 2018). Therefore, in future work we will combine this approach and 

a model of cancer-induced bone pain, with particular interest in the population of Gal+ 

neurons, as the transcript of this gene is upregulated in animals with CIBP (section 

2.3.3.2). Moreover, as discussed in the following chapter, the same approach can be 

used for functional characterization of specific neuronal subsets with in vivo imaging. 

Once a target population has been identified, conditional ablation or silencing of these 

neurons via DTA or DREADD (designer receptors exclusively activated by designer 

drugs) systems can be used to confirm their involvement in bone pain.  

3.4.6 Conclusion 

In this work we have shown that the majority of somata of retrogradely labelled bone 

afferents of the mouse femur are located in L3 DRG and here they make up 2% of the 

entire population of DRG neurons. As bone afferents are a sparse population of 

sensory neurons within the DRG, approaches such as fluorescent-activated cell sorting 

(FACS) followed by next generation sequencing to identify molecular markers, are 

not feasible. Instead, here we used tissue-specific reporter lines and found that bone 

afferents, which are known to express the NGF receptor TrkA, largely overlap with 

the expression of the nociceptive neuron’s marker Nav1.8. As previous work from our 

lab has shown that animals lacking the Nav1.8 population of sensory neurons develop 

cancer-induced bone pain normally, this suggests the remaining population of bone 

afferents is sufficient to induce malignant bone pain. To identify potential markers of 

this population, we selected parvalbumin, a marker for proprioceptive neurons, which 

does not overlap with Nav1.8 and TrkA expression. Surprisingly, none of the labelled 



 

155 

 

bone afferents expressed parvalbumin, suggesting bone marrow afferents are not 

involved in proprioception. The here described approach is useful for the molecular 

characterization of anatomically restricted populations of sensory neurons. 
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 IN VIVO CALCIUM IMAGING FOR 

THE FUNCTIONAL STUDY OF BONE AFFERENTS 

4.1 Introduction 

Clinical evidence suggests a number of chronic pain conditions are established and 

maintained by peripheral input (Richards and Mcmahon, 2013). Cancer is no 

exception and a number of studies have reported evidence of pain relief and no side 

effects with peripheral nerve blocks in cancer-related pain, including metastatic bone 

cancer (Klepstad et al., 2015). Similarly, peripheral nerve block reverses CIBP 

induced tactile hypersensitivity and impaired limb use in a rat model (Remeniuk et al., 

2015). In the present Chapter we hypothesized bone marrow innervating neurons play 

a role in the establishment and maintenance of pain in animals with metastatic bone 

cancer and investigated changes in neuronal excitability by in vivo calcium imaging. 

Surprisingly, we observed no differences in the excitability of bone marrow afferents, 

but we identified increased excitability of cutaneous afferents innervating the paw of 

mice exhibiting CIBP, which may drive secondary hyperalgesia. 

4.1.1 Electrophysiological properties of bone marrow afferents 

Early evidence suggests that bone marrow afferents are nociceptive. Injection of saline 

under pressure into rat bone marrow leads to c-fos expression in the superficial dorsal 

horn, an indication of central sensitization (Ivanusic, 2008). Similarly, the inflation of 

a balloon inserted in the rat femur produces activity in WDR and high-threshold 

neurons of the spinal dorsal horn, which can be inhibited with morphine (Ishida et al., 

2016). Few studies have looked at the physiology of bone marrow afferents using 

whole-nerve recordings from branches of the tibial nerve in anaesthetized dogs 

(Furusawa, 1970; Seike, 1976). An increase in intraosseous pressure by 3-5 times the 

normal pressure activated mechanically responsive neurons. While such pressures 

may not be experienced under physiological conditions, they can be present in 

intraosseous engorgement syndrome (Lemperg et al., 1978). In a murine model of 

bone cancer, tumour cells increased intramedullary pressure by up to 2 fold, reaching 

around 40mmHg (Sottnik et al., 2015). Similarly, inflation of an intrafemorally 

implanted balloon to a pressure of 50mmHg is sufficient to produce nocifensive 

responses in rats, which increase gradually with higher pressures (Ishida et al., 2016). 
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In the dog tibial marrow application of algesic substances, often found in the 

inflammatory soup, including potassium chloride, acetylcholine, histamine, serotonin, 

and bradykinin produced a dose-dependent increase in discharge frequency of bone 

afferents (Seike, 1976). Responses to cooling following ischemia (produced by 

ligature and vasoconstriction) lead to increased firing frequency of bone afferents 

(Seike, 1976). The observed changes may however be a consequence hypoxia itself, 

which produces excitation of arterial chemoreceptors (Paterson et al., 1988), rather 

than a consequence of reduced temperature.  

A few more recent studies performed in rats by Ivanusic have shed some more light 

on the physiology of bone marrow sensory neurons. Using an in vivo bone-nerve prep 

and recording from a small nerve innervating the rat tibia, bone marrow afferents 

responded to increased intraosseous pressure produced by injection of saline (Nencini 

and Ivanusic, 2017). Single units were isolated with spike discrimination software and 

Aδ units were found to be responding to either rate of change (phasic) or intensity of 

intraosseous pressure (phasic-tonic). The latter may be involved in pathologies 

showing increased intraosseous pressure, such as intraosseous engorgement syndrome 

and maybe cancer; whereas the phasic units may be important for acute pain, e.g. 

aspiration of bone marrow or emergency intraosseous vascular access (Nencini and 

Ivanusic, 2017). While C-fibers could be identified by spike sorting, they were 

excluded from further analysis due to variation in amplitude and duration. Some 

algesic substances have been found to be able to sensitize bone marrow nociceptors 

directly.  

Some Aδ phasic units could be sensitized by the TRPV1 agonist capsaicin, lowering 

their pressure activation threshold (Nencini and Ivanusic, 2017). Intrafemoral NGF 

increased firing rates of both phasic and phasic-tonic Aδ-fibers, which could be 

inhibited with an anti-TrkA antibody, whereas they did not depend on activation of 

TrkA signalling in mast cells (Nencini et al., 2017). The inflammatory substance 

carrageenan was found to sensitize bone marrow phasic units through an artemin 

dependent pathway (Nencini et al., 2018b). Similarly, intrafemoral injection of 

artemin and two other members of the GDNF ligand family (GLF), neurturin and 

GDNF, produced a transient reduction in weight bearing and ongoing activity in bone 

marrow afferents of rats. This was mainly dependent on C-fiber activity for neurturin 

and GDNF, whereas artemin affected excitability of Aδ-fibers. Furthermore, 
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responses to intraosseous pressure were increased in one third of Aδ bone afferents 

following sensitization by any of the three GLFs (Nencini et al., 2018a). These results 

are summarized in Figure 4.1.  

  



1
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Figure 4.1 Schematic overview of electrophysiological properties of bone marrow afferents. Whole-nerve activity increases in response to 

mechanical stimulation delivered by increasing intra-osseous pressure, chemical stimulation, and cooling produced by a reduction in blood flow. 

Single-unit recordings show increased activity of Aδ-fibers in response to intraosseous pressure and inflammatory mediators. C-fiber activity is 

increased in response to GDNF family ligands (GFL).
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4.1.2 In vivo calcium imaging to study sensory neurons 

The gold standard for studying pain transmission is electrophysiology, which offers 

exquisite temporal resolution and sensitivity. With this technique in 1941 peripheral 

sensory neurons were first classified based on their action potential speed (Gasser, 

1941). Shortly thereafter work by Perl confirmed the existence of nociceptive fibers, 

responding specifically to painful stimuli (Burgess and Perl, 1967; Bessou and Perl, 

1969). Some of these fibers produced an action potential in response to more than one 

noxious stimulus (i.e. mechanical, heat, and chemical), suggesting polymodal coding 

of sensory neurons (Bessou and Perl, 1969). Electrophysiology can be technically 

challenging and adequate training is essential for reliable recordings. Intracellular 

recordings require the penetration of the electrode into the cell, which can affect its 

integrity and viability. For this reason, many of the in vivo recordings are extracellular 

and the technique is low throughput as activity of few cells per animal can be recorded, 

even when using electrode arrays for multi-unit recordings, which require spike 

sorting prior to data analysis.  

Fortunately, in the past decades an alternative strategy has been developed, based on 

the visualization of intracellular calcium transients through genetically encoded 

calcium indicators (GECI), allowing for increased spatial resolution. Ca2+ is an 

essential molecule for a variety of cellular processes and plays important roles as a 

second messenger in several tissues and organisms. In neurons Ca2+ transients are 

produced during an action potential and by activation of glutamate receptors in 

dendritic spines (Tian et al., 2009). Synthetic calcium indicators have been extensively 

used for in vitro studies and more recently GECIs, which allow targeting to specific 

cell types/compartments, have been developed. GCaMPs are a class of such GECIs, 

formed by the calcium binding domain calmodulin (CaM), fused to the C-terminal of 

a circularly permuted fluorescent protein (cpFP), while the CaM-binding myosin light 

chain kinase domain (M13) is fused to the N-terminal (J. Nakai et al., 2001). CaM can 

bind up to 4 calcium ions, after which it undergoes conformational change binding to 

M13 via a hinge region. This enables deprotonation of the fluorescent protein 

chromophore, resulting in fluorescence emission (Akerboom et al., 2009). Initially 

unsuitable for in vivo imaging, design strategies produced GCaMP2, the first GECI 

with stability above 30°C to be used in mammalian cells (Tallini et al., 2006). In the 

meantime a variety of other GCaMPs with higher temporal resolution, better 
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sensitivity and signal-to-noise ratio up to GCaMP7 have been developed (Chen et al., 

2013; Dana et al., 2018). In the peripheral nervous system GCaMP3 and GCaMP6 

have been used to record neuronal activity from DRG cell bodies (Emery et al., 2016; 

Kim et al., 2016; Chisholm et al., 2018; Wang et al., 2018a). Using the pan-DRG and 

-TG promoter Pirt, GCaMP3 can be expressed in more than 90% of DRG neurons, 

without being present in glial cells and other peripheral tissues (Kim et al., 2014; 

Emery et al., 2016). This allows the study of calcium transients produced within 

primary afferents and the possibility to investigate pathophysiological changes at the 

single cell level in an in vivo preparation. Accordingly, in this study we used Pirt-

GCaMP3 mice to investigate physiological changes in both bone and cutaneous 

afferents in the context of CIBP.  

4.1.3 Aim of this chapter  

A limited number of studies has investigated the physiological role of bone afferents 

and their contribution to skeletal pain (Ivanusic, 2017). In the context of CIBP, only 

one unpublished study to date has reported that bone afferent neurons are not involved 

in the maintenance of peripheral sensitization in the rat (Kucharczyk et al., 2018). In 

the present study, rather than applying pressure outside the bone, using in vivo imaging 

we investigated the effects of increased intraosseous pressure and the acidic 

environment on bone marrow afferents and their contribution in the maintenance of 

malignant bone pain. Furthermore, we were able to question the involvement of 

peripheral sensitization of cutaneous afferents in producing secondary hypersensitivity 

observed at distant sites in CIBP. Finally, using GCaMP imaging in mouse reporter 

lines we can learn about the molecular profile of individual sensory neurons 

innervating the bone. 
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4.2 Materials and Methods 

4.2.1 Cell culture 

Lewis lung carcinoma cells were cultured as described in section 2.2.1, with the only 

difference of a final concentration of 4x107 cells/ml to be injected in the mouse femur, 

as a volume of 5µl rather than 10µl was injected. 

4.2.2 Animals 

Both female and male heterozygous Pirttm2Xzd (Pirt-GCaMP3) mice, aged at least 12 

weeks were used. In total, three independent experiments with varying parameters, 

shown in Table 4.1 were performed. For Experiment 3 (Exp.3) homozygous Pirt-

GCaMP3, B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Ai9) were crossed with mice 

expressing Cre recombinase under the control of either Tmem233 (generated in the 

lab) or Calb1 (B6;129S-Calb1tm2.1(cre)Hze/J) promoter.  

Table 4.1 Overview of behavioural data collected for each experiment and method 

used to produce increased intraosseous pressure. LS = Limb score, WB = weight 

bearing, HP = hotplate, VF = von Frey, RS = Randall-Selitto, PAL = non-noxious 

palpation, BL = Baseline, EP = Endpoint, ✔ = performed, ✖ = not performed. 

4.2.2.1 Bone cancer surgery 

Surgical procedure was performed as previously described (section 2.2.2.1), with a 

few adaptations. A Hamilton syringe with an attached canulae was used to inject 5µl 

of 2x105 LL/2 cells and was kept in place for 2min to allow cells to set. The canulae 

was quickly replaced with a new canulae to deliver 1µl of 2% Fastblue solution in 

water (1% for experiment 1). Another 5min were left to allow for the tracer to set, till 

the hole and wound were closed as previously described. The volume of cancer cells 

Experi

ment 
Strain 

Injection 

method 

Injected 

solution 

Behaviour 

LS WB 
HP 

50°C 
VF RS PAL 

Exp.1 Pirt-GCaMP3 
Pump (fixed 

flow rate) 
Saline ✔ ✔ ✔ ✔ ✖ ✖ 

Exp.2 Pirt-GCaMP3 
Syringe 

(manual) 
Saline or acid 

BL 

and 

EP 

BL 

and 

EP 
✖ 

BL 

and 

EP 
✔ ✖ 

Exp.3 

Pirt-GCaMP3 

x Tmem233-

cre-tdTomato 

or Calb1-cre-

tdTomato 

Syringe 

(manual) 
Saline or acid 

BL 

and 

EP 

BL 

and 

EP 
✖ 

BL 

and 

EP 
✖ ✔ 
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for the present study was reduced in order to accommodate for the additional volume 

of tracer injected, but the total cell number was maintained. Sham animals underwent 

the same procedure but were injected with 5µl DMEM medium rather than cancer 

cells. 

4.2.2.2 Behavioural tests 

Limb use score and weight bearing were performed as previously described (see 

section 2.2.2.2). 

4.2.2.2.1 Von Frey 

Mechanical hypersensitivity was measured using the up-down method to obtain the 

50% withdrawal threshold (Chaplan et al., 1994). In brief, mice were placed in 

darkened enclosures with wire mesh floor and left to habituate for at least 1h till 

movement was reduced to a minimum. Filaments were applied perpendicular to the 

plantar surface for 3sec. Interval between stimuli was at least 30sec. Starting from a 

0.4g filament, the response was recorded as negative for no reaction or as positive for 

paw withdrawal. A positive response resulted in a decrease in filament strength for the 

next stimulation, a negative response in increased strength. To determine the optimal 

threshold six responses in proximity of the 50% threshold are required. Thus, starting 

from the point at which the response to a filament changed from positive to negative 

or negative to positive, five further responses were recorded. When continuous 

positive responses were observed to the minimum stimulus of 0.008g this set cut-off 

was used as the 50% withdrawal threshold. In the other cases, the pattern of responses 

obtained was used to calculate the 50% threshold = 
10[χ+κ𝛿]

10,000
 , where χ is the log of the 

final von Frey filament used, κ = tabular value for the pattern of responses, and δ the 

mean difference between filaments (in log units). 

4.2.2.2.2 Randall-Selitto of the paw 

The Randall-Selitto test can be used to determine noxious mechanical pain thresholds 

of either paw or tail of animals. This test was initially designed by Randall and Selitto 

that applied uniformly increasing pressure to the rat paw as a measure of inflammation 

(Randall and Selitto, 1957). The Randall-Selitto apparatus was later modified to apply 

a 3mm2 blunt probe to a surface with increasing pressure until the animal exhibits a 

painful response (Takesue et al., 1969). For mechanical pain thresholds of the paw, 

animals were restrained by holding the scruff of the neck, and increasing pressure 
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applied till a behavioural response, such as struggling, withdrawal of the paw, or 

vocalisation were observed. The test was repeated 3 times for each animal.  

4.2.2.2.3 Palpation 

Animals were gently restrained by placing them inside a restraining tube and their 

affected paw was held in place, while non-noxious pressure was applied by holding 

the distal femur between thumb and index every 1sec for a total period of 2min. The 

animal was then transferred into a darkened enclosure with glass flooring and 

nocifensive responses, such as guarding, licking, and lifting of the affected limb were 

quantified for a period of 2min. 

4.2.2.2.4 Thermal sensitivity 

The mouse was placed into the hot-plate apparatus, which was held at a temperature 

of 50°C. The test ended when the animal showed a withdrawal response or licked one 

of the hind paws. Cut off time was set to 45sec.  

4.2.3 Genotyping 

Genotyping was performed as described in section 2.2.3.1. List of primers used is 

shown in Table 4.2. 

Table 4.2 List of primers used for PCR. 

Gene Primer Primer sequence Band size 

TdTomato 

WT FW AAGGGAGCTGCAGTGGAGTA 
297 bp 

WT REV CCGAAAATCTGTGGGAAGTC 

MUT FW CTGTTCCTGTACGGCATGG 

196 bp MUT 

REV 

GGCATTAAAGCAGCGTATCC 

Pirt-GCaMP3 

WT FW TCCCCTCTACTGAGAGCCAG 
400 bp 

WT REV GGCCCTATCATCCTGAGCAC 

MUT REV ATAGCTCTGACTGCGTGACC 300 bp 

Calb1-cre  

WT FW AGAACATAATGGCCTTGTCG 
311 bp 

WT REV TACTGACTGGCCTAAGCATGG 

MUT FW ACACCGGCCTTATTCCAAG 144 bp 

Tmem233-cre  

WT FW TCATCTCCCTTGAGCCCGGAG 
361 bp 

WT REV GAGTCTGAGCGGGAAGCATACT 

MUT FW CCTGCTGTCCATTCCTTATTCCAT 154 bp 
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4.2.4 In vivo calcium imaging 

4.2.4.1 Experimental setup 

The experimental setup to study the functional properties of bone afferents in bone 

cancer pain is shown in Figure 4.2. Cancer cells and retrograde tracer Fastblue were 

injected in the femur of adult Pirt-GCaMP3 mice. Once the animals were limping (LS 

= 2), in vivo calcium imaging of DRG neurons was performed. First, response 

properties of cutaneous afferents of the paw were determined to investigate if changes 

in the local microenvironment of the DRG contribute to secondary hyperalgesia in 

CIBP. The femoral bone marrow was then stimulated with a solution of either saline 

or acid, to determine neuronal excitability of bone afferents innervating cancerous 

tissue. This was followed by a second stimulation of the paw, to determine if 

stimulation of bone afferents results in subsequent hyperexcitability of other DRG 

neurons.  

4.2.4.2 In vivo calcium imaging 

Once the animals were limping (LS = 2), mice were anesthetized using ketamine (120 

mg/kg) (Fort Dodge Animal Health Ltd.) and medetomidine (1.2 mg/kg) (Orion 

Pharma). The depth of anaesthesia was assessed by pedal reflexes, breathing rate, and 

whisker movement. Throughout the experiment, the body temperature of the animal 

was kept at 37°C using a heated mat (VetTech). A dorsal laminectomy was performed 

at spinal level L2–L4 and the L3 DRG was exposed for imaging as previously 

described (Emery et al., 2016). Artificial spinal fluid (120 mM NaCl, 3 mM KCl, 1.1 

mM CaCl2, 10 mM glucose, 0.6 mM NaH2PO4, 0.8 mM MgSO4,18mMNaHCO3 

(pH = 7.4) with NaOH) was constantly perfused over the exposed L3 DRG during the 

procedure to maintain tissue integrity. The lateromedial aspect of the left femur was 

exposed, by separating the biceps femoris posterior from the biceps femoris anterior. 

A hole was drilled at about 1cm from the distal femur head, a canula was inserted and 

fixed in place with dental cement. In vivo imaging was performed using a Leica SP8 

confocal microscope (Dry ×10, 0.4-N.A. objective with 2.2-mm working distance, 

Leica). Settings used for image acquisition are shown in Table 4.3. Unless otherwise 

stated, scans were taken in a single z-plane, bidirectionally at a resolution of 512 × 

512 pixels. Laser lines of 488 and 552 nm were used to excite GCaMP3 and tdTomato 

(Exp.3) respectively. The collection of the resulting emission for both GCaMP3 and 

tdTomato was system optimized to maximize yield and minimize crosstalk (Leica Dye 
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Finder, LASX software; Leica). Cutaneous stimulation was applied to the glabrous 

skin of the left hind paw (ipsilateral to the exposed DRG). First, tweezers were used 

to apply pressure (hereafter termed pinch) for 3sec across the dermatome covering L3-

L4 for mechanical stimulation, followed by transient immersion of the paw in hot 

water (55°C) and ice-cold water (0°C) for 10sec for thermal stimulation. 30sec were 

allowed between each stimulus application. For stimulation of bone afferents, a 10µl 

solution of either saline (0.9% NaCl) or 0.1M citric acid (pH = 4), containing 2.5mg/ml 

Blue Evans was injected (Figure 4.2A). For Exp.1 the solution was delivered by a 

pump-controlled system (Harvard Apparatus Plus), where a 1mm syringe was 

connected to both pressure gauge and a canula containing 40µl volume. A constant 

flow rate of 10ul/sec was applied till 10µl solution were delivered, while the gauge 

recorded changes in pressure, with a maximum limit reading of 250mmHg. All, but 

two animals reached the maximum limit reading before 10µl were injected, therefore 

we assumed that pressure was still rising above this value (Figure 4.2B). For Exp.2 

and 3 pressure was applied manually using a syringe in order to produce faster changes 

in intraosseous pressure. Cells were counted as bone afferents if they responded during 

or shortly after the intraosseous injection, as shown by representative images in Figure 

4.2C. 

Table 4.3 Confocal scan settings for each experiment. 

 

Experiment Dwell time Frame rate Pinhole A.U. Laser 

(488nm) 

intensity 

Exp.1 2.44 ns (n = 7, 

bidirectional), 

4.88ns (n = 1, 

unidirectional) 

1.55 (n = 7), 0.77 

(n = 1, 

unidirectional) 

frames per sec−1  

1.48-3.85 

A.U. 

488nm: 6-

10%  

Exp.2 2.44 ns bidirectional 1.55 (n = 3), 0.77 

(n = 2) and 0.35 (n 

= 1, two z-planes) 

frames per sec−1 

1.22-2.73 

A.U. 

488nm: 6-8%  

Exp.3 1.63 ns (n = 12), 

2.44 ns (n = 2) 

bidirectional 

0.60-0.85 frames 

per sec−1 (two z-

planes) 

2 A.U. 488nm: 1.5-

4% 

552nm: 0.2-

1% 
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Figure 4.2 Study design for characterization of bone afferent response properties using 

calcium imaging. A. Adult mice expressing GCaMP3 under the control of the 

promoter Pirt were injected with Lewis Lung carcinoma (LLC) cells or vehicle and 

Fastblue retrograde tracer into the distal femur head. B. During in vivo calcium 

imaging 10µl were delivered to the femoral marrow through a syringe. In Exp.1 

Pressure was monitored with a gauge indicating an increase throughout the delivery 

of saline C. Representative images showing three bone afferents, two of which 

responded during (white arrow) and one after saline injection (yellow arrow).  
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4.2.4.3 Image analysis 

All in vivo imaging data was acquired with the LAS-X analysis software (Leica) and 

analysed with ImageJ. All images were stabilized for XY movement using the 

TurboReg plug-in (Thévenaz et al., 1998), with all images being registered to a stable 

image of the series. Raw traces of calcium signals were generated through the free 

hand selection tool of regions of interest (ROIs) surrounding cell bodies which 

responded to stimulus application. Area was used to determine average cell size of 

responding cells and average pixel intensity as a measure of change in calcium 

transients. Data was analysed by a combination of Matlab R2017a and Microsoft 

Office Excel 2013. Raw traces were first smoothed by averaging the preceding 4 

frames of any test frame to reduce noise. To determine if a neuron was responsive to 

a given stimulus, the derivative of each frame was taken as ΔF/Δt. Neurons were 

counted as responders to a given stimulus if  
∆𝐹𝑠𝑡𝑖𝑚

∆𝑡
>

∆𝐹𝑏𝑎𝑠𝑎𝑙

∆𝑡
+ 4𝜎𝑏𝑎𝑠𝑎𝑙  

Where Fstim is the maximum derivative value within a given window of stimulus 

application, Fbasal is the average of derivative values in a 10sec time window preceding 

stimulus application, and σbasal is the SD of the baseline derivative values. All neurons 

identified as responders were double-checked visually to avoid signal contamination 

by cells with partially overlapping ROIs. To generate normalised data for each trace, 

the following equation was applied: 
𝐹−𝐹𝑚𝑖𝑛

𝐹𝑚𝑎𝑥−𝐹𝑚𝑖𝑛
 

4.2.5 Statistical analysis  

Statistical analysis was performed using Graphpad Prism, as described in sections 

2.2.6 and 3.2.8. 
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4.3 Results 

4.3.1 Animals used for in vivo calcium imaging show a moderate pain 

phenotype 

A total of 8 cancer animals had to be excluded from the study as they did not develop 

an evident pain phenotype within 20 days. All other 17 cancer bearing animals showed 

signs of clear limping (limb score 1 or 2) at the endpoint. Survival curve indicates 

cancer animals started to drop out at day 10 throughout day 18 (Log-rank test, 

****p<0.0001) (Figure 4.3A). Similarly, weight bearing on the affected limb was 

markedly reduced at the endpoint in cancer animals compared to both baseline and 

their sham counterparts (two-way ANOVA with Bonferroni post-hoc, ****p<0.0001) 

(Figure 4.3B). In Exp.1 thermal sensitivity of CIBP animals was measured using the 

hotplate test at 50°C and indicated no differences between groups (Figure 4.3C) (two-

way ANOVA, p=0.9522).  

 

Figure 4.3 Behavioural pain phenotype in GCaMP3 expressing CIBP animals. A/B. 

Pooled data from Exp.1,2 and 3. A. Survival curve after surgery for sham (blue line) 

and cancer animals (orange line) with endpoint defined as clear limping on the affected 

limb B. Percentage weight bearing on the affected limb is significantly reduced at the 

endpoint for cancer compared to sham animals. C. Data from Exp. 1: Thermosensation 

is unimpaired in sham and cancer animals with comparable response latencies to 

hotplate test at baseline and endpoint. 



 

170 

 

4.3.2 CIBP produces mechanical hypersensitivity upon loss of limb use 

Using von Frey filaments, mechanical thresholds were determined in CIBP vs. sham 

animals. Cancer bearing animals showed a dramatic reduction in paw withdrawal 

threshold at the endpoint compared to baseline (two-way ANOVA with Bonferroni 

post-hoc, ***p=0.0002), and significantly reduced thresholds at endpoint compared to 

sham animals (two-way ANOVA with Bonferroni post-hoc, **p=0.0092) (Figure 

4.4A). Additional tests for mechanical hyperalgesia were performed to confirm these 

results. In Exp.2 the Randall-Selitto apparatus was used to apply pressure to the 

ipsilateral paw of each mouse, indicating comparable thresholds in sham and cancer 

bearing animals at the endpoint (two-way ANOVA with Bonferroni post-hoc, 

p=0.7757) (Figure 4.4B). On the other hand, non-noxious palpation of the distal femur 

head for 2min as previously described (Luger et al., 2002; Sabino et al., 2003), 

produced a marked increase in nocifensive responses (including guarding, flinching, 

and licking) once cancer animals were limping compared to baseline (two-way 

ANOVA with Bonferroni post-hoc, *p=0.0378) and respectively to sham animals at 

the endpoint (two-way ANOVA with Bonferroni post-hoc, *p=0.0159) (Figure 4.4C). 
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Figure 4.4 Mechanical withdrawal thresholds in GCaMP3 expressing CIBP animals. 

A. Mechanical withdrawal threshold to von Frey filaments are significantly lower in 

cancer (orange) compared to sham animals (blue) at the endpoint. B. Data from 

Exp2: Mechanical withdrawal thresholds to application of the Randall-Selitto 

apparatus to the paw do not differ between sham and cancer animals. C. Data from 

Exp.3: The number of nocifensive responses (guarding, licking, flinching) observed 

during the 2min period after palpation of the distal femur was significantly increased 

in cancer bearing animals at the endpoint. 
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4.3.3 Properties of cutaneous afferents in CIBP animals 

To investigate secondary hyperalgesia of the paw a number of different stimuli were 

applied to the glabrous skin, each 30sec apart. First, tweezers were used to apply 

pressure for 3sec across the dermatome covering L3-L4, followed by hot water at 

55°C, and cold water at 0°C. Interestingly, cancer bearing animals exhibit a 

significantly larger proportion of neurons sensitive to pinch compared to sham animals 

and correspondingly a lower proportion of heat sensitive neurons (two-way ANOVA 

with Bonferroni post-hoc, ****p<0.0001) (Figure 4.5A). This shift may depend on 

increased polymodality in response to tissue injury. In accordance with previous work 

from our lab (Emery et al., 2016), we found that the vast majority of cutaneous 

afferents with their cell bodies in L3 are modality-specific, with only 2.56% of 

responding neurons responding to two or more stimuli. This percentage was almost 

doubled to 5.56% in cancer bearing animals (Welch’s t-test, *p=0.0463) (Figure 4.5B). 

As in vivo imaging allows for the detection of cross-activation of sensory neurons 

(Kim et al., 2016), we wondered if this mechanism contributes to the observed shift. 

The percentage of coupled responses within all mechanosensitive neurons was higher 

in cancer bearing compared to sham animals (6.59±1.73% vs. 2.42±1.33% 

respectively), although not significant (Welch’s t-test, p=0.0717). On the other hand, 

for heat sensitive neurons cross-activation was observed in very few cases in both 

sham and cancer animals (3.54±1.26% vs. 1.60±0.93% respectively, Welch’s t-test, 

p=0.2283) (Figure 4.5C). We thus wondered if increased coupling in response to 

mechanical activation may reflect the recruitment of previously silent large-diameter 

nociceptors. However, 170 mechanosensitive neurons in sham animals and 147 in 

cancer animals showed the same size distribution (Kolmogorov-Smirnov test, 

p=0.8275) (Figure 4.5F). Likewise, 366 heat sensitive neurons in sham and 147 in 

cancer animals did not show any difference in size distribution (Kolmogorov-Smirnov 

test, p=0.6651) (Figure 4.5G).  
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Figure 4.5 Response properties of cutaneous afferents of the paw. A. The percentage 

of total neurons responding to pinch is significantly increased in cancer animals 

(orange) with a significant decrease in heat sensitive neurons compared to sham 

animals (blue). B. Percentage of polymodal cutaneous afferents in L3 is significantly 

increased in cancer compared to sham animals. C. Percentage of neurons with coupled 

responses does not significantly differ between sham and cancer animals for different 

stimuli. D/E. Response intensity expressed as maximum fluorescence intensity during 

pinch vs. baseline fluorescence is higher in cancer animals for both mechano- (D) and 

heat sensitive neurons (E). F/G. Size distribution of cutaneous afferents of the affected 

paw did not differ between cancer and sham animals for mechano- (F) and heat 

sensitive neurons (G).  
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Change in fluorescence during stimulus application compared to baseline serves as a 

surrogate for the strength of the calcium transient. Interestingly we found that 

maximum response intensity of both mechanosensitive (1.32±0.07 in sham vs. 

1.62±0.08 in cancer, Welch’s t-test, **p=0.0077) (Figure 4.5D) and heat sensitive 

(1.31±0.04 in sham vs. 1.62±0.07 in cancer, Welch’s t-test, ***p=0.0005) (Figure 

4.5E) L3 cutaneous afferents were increased in cancer bearing compared to sham 

animals. To investigate if acute stimulation of the bone marrow is able to sensitize 

bone afferents and contribute to cross-activation of DRG neurons with cell bodies in 

their vicinity, the paw was stimulated again following injection of saline or acid into 

the femur. We found that the proportion of neurons responding to each modality was 

unchanged (two-way ANOVA for each stimulus, p>0.1) (Figure 4.6). 

 

Figure 4.6 Stimulation of bone marrow does not affect proportion of responding 

cutaneous afferents. Percentage of cutaneous neurons responding to pinch (A), heat 

(B), and cold (C) before and after stimulation of bone afferents did not significantly 

change. 
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4.3.4 Intraosseous pressure is increased in animals with CIBP 

Using a pump-controlled syringe connected to a pressure gauge, 10l of saline were 

delivered into the mouse femur of sham and cancer bearing animals (Figure 4.7). The 

time required for the solution to start being delivered was comparable between animals 

(Welch’s t-test, p=0.9322) (Figure 4.7A), likewise the initial pressure with which the 

solution was delivered did not significantly differ either (86.67±13.33mmHg in sham 

and 125.60±18.96 in cancer, Welch’s t-test, p=0.1440) (Figure 4.7C). The time 

required for delivering 10l saline was about three times higher in cancer compared 

to sham animals (52.2±4.41sec and 12.67±6.22sec respectively, Welch’s t-test, 

**p=0.0020) (Figure 4.7B). When applying pressure to a syringe manually, the time 

elapsed before start of flow (5.17±0.74sec in sham and 8.86±1.84sec in cancer) 

(Figure 4.7D) and the time required to deliver 10l of saline or acid (18.92±5.01sec 

in sham and 30.86±9.17sec in cancer) (Figure 4.7E) did not significantly differ 

between cancer and sham animals (Welch’s t-test, p=0.1004 and p=0.2807 

respectively).  
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Figure 4.7 Time and pressure for delivery of 10l solution into mouse femur through 

a pump-controlled system (A-C, dark filled boxes) or manual application of pressure 

(D-E, pattern filled boxes). A. Time elapsed between start of pressure build-up and 

actual flow of solution into mouse femur did not significantly differ between sham 

(blue) and cancer (orange) animals. B. Time elapsed from start of solution flow till 

delivery of 10µl in the bone was significantly higher in cancer compared to sham 

animals. C. Pressure measured at the beginning of solution flow did not significantly 

differ between cancer and sham animals. D. Time elapsed between start of pressure 

build-up and actual flow of solution delivered by a syringe does not significantly differ 

between sham and cancer animals E. Time elapsed from start of solution flow till 

delivery of 10µl in the bone does not significantly differ between cancer and sham 

animals. 
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4.3.5 Response properties of bone afferents in CIBP 

To investigate the contribution of intraosseous pressure and the acidic 

microenvironment in CIBP, saline and citric acid respectively, were injected in the 

femur of sham and cancer bearing animals during in vivo imaging. Previously animals 

had been injected with Fastblue for tracing of bone afferents, however we found that 

only a small proportion (8.5%) of these cells responded to intraosseous stimulation. 

On the other hand, 15% of cells responding to intraosseous injection were also positive 

for Fastblue (Figure 4.8A). Our in vivo imaging setup allows for the visualization of 

single neurons within a single z-plane of the DRG. As shown in 3.3.2 bone afferents 

are a sparse population of sensory neurons, therefore we were only able to image 

neurons responding to stimulation of the bone in a subset of animals. Bone afferents 

were classified as responders if a calcium transient was detected either during or after 

intraosseous injection (representative traces are shown in Figure 4.8C). The 

percentage of responding bone afferents out of all neurons responding to stimulation 

of the paw, did not significantly vary between cancer and sham animals independently 

from saline or acid injection (one-way ANOVA, p=0.6144) (Figure 4.8B). To 

determine if bone afferents are sensitized in CIBP, the area under the curve of each 

trace was used as a measure of response duration. There was no significant difference 

between cancer and sham animals independently of the injected solution (one-way 

ANOVA, p=0.9151) (Figure 4.8D). Similarly, response intensity appeared to be 

unaffected by the presence of cancer (one-way ANOVA, p=0.4152) (Figure 4.8E). 

While size distribution of responding bone afferents did not significantly differ 

between cancer and sham animals (one-way ANOVA, p=0.1762), a shift to the right 

was apparent in cancer bearing animals, suggesting potentially more medium-to-large 

sized bone afferents are recruited (Figure 4.8F). 
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Figure 4.8 Functional and molecular properties of bone afferents from three 

independent experiments. A. Venn diagram showing the overlap between Fastblue+ 

cells (blue) and neurons responding to bone marrow injection (green) (data from 

animals with specific Fastblue staining, n = 6). B. Percentage of bone afferents on total 

number of neurons responding to stimulation of the paw in sham (blue) and cancer 

animals (orange) injected with either saline (solid fill) or acid (pattern fill) in the 

femur. C. Example traces showing ΔF/Fbasal of bone afferents responding during 

(green trace) or shortly after (purple trace) injection into the mouse bone marrow. Both 

types of cells were included in the analysis. D. Maximum fluorescence intensity during 

and/or shortly after injection into the mouse femur does not significantly differ 

between groups. E. Size distribution of bone afferents responding to saline (full line) 

or acid (stitched line) in cancer and sham animals does not differ significantly between 

groups.  
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4.3.6 Molecular identity of bone afferents 

In a subset of animals, we used tdTomato reporter lines in combination with prior 

retrograde tracing of bone afferents, in order to identify the molecular identity of bone 

afferents during imaging. As described in 3.3.2, Tmem233 expression is present in 

about one-fourth of bone afferents identified through Fastblue injection in the femoral 

marrow. Similarly, here we found 20% of overlap between Tmem233 and Fastblue, 

whereas 30% of cells showing a calcium transient in response to intraosseous injection 

were also Tmem233+ (Figure 4.9A). On the other hand, the marker Calb1 for 

calbindin positive neurons was found in about 1/4th of bone afferents identified 

through retrograde labelling, but only in a single neuron that responded to intraosseous 

injection (Figure 4.9B). Importantly, not all Calb1+ sensory neurons lacked GCaMP 

expression, as we visually identified several cells expressing both transgenes. 

 

Figure 4.9 Overlap between tdTomato labelled neurons, FB+ cells, and bone afferents 

recorded by in vivo calcium imaging. A/B. In the Tmem233 reporter line 20% of bone 

afferents identified through FB labelling are Tmem233-cre+ (A) and 30% of bone 

afferents identified through injection into the femoral marrow are Tmem233-cre+ (B). 

C/D. In the Calb1 reporter line 23.8% of bone afferents identified through FB labelling 

are Calb1-cre+ (C) and 3.4% of bone afferents identified through injection into the 

femoral marrow are Calb1-cre+ (D). Total = total cells, n = number of animals. 
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4.4 Discussion 

4.4.1 Animals with CIBP develop mechanical, but not thermal hypersensitivity  

As shown in Chapter 2, here we recapitulated the pain phenotype associated with 

CIBP. Cancer bearing animals developed a reduction in weight bearing, reflecting 

evoked pain sensation once they were limping. Moreover, at this time point cancer 

animals showed reduced withdrawal thresholds to von Frey filaments and increased 

nocifensive responses, including licking, guarding, and flinching following a 2min 

non-noxious palpation, as has been previously reported (Luger et al., 2002; Sabino et 

al., 2003). However, withdrawal to the application of the Randall-Selitto pressure 

clamp to the paw did not differ between groups. As this behavioural test requires 

substantial restraining of the animal, increased stress levels make it difficult to observe 

pain behaviours (Minett et al., 2011). Moreover, the Randall-Selitto and von Frey 

testing, measure two different types of mechanical hyperalgesia: static and punctate, 

respectively. Static hyperalgesia is generally short lasting and confined to the area of 

primary hyperalgesia, whereas punctate hyperalgesia is present beyond this area and 

identified as secondary hyperalgesia (Jensen and Finnerup, 2014). It is thus not 

surprising that we did not observe static mechanical hyperalgesia of the paw, in 

animals where cancer cells were injected into the femur. Overall, these results suggest 

CIBP is associated with the development of mechanical hyperalgesia at distant sites, 

as has been previously described (Guedon et al., 2016). Finally, behavioural responses 

to noxious heat did not differ between sham and limping cancer animals, suggesting 

behavioural responses to this modality are intact in our cancer model, even though 

others have previously reported a thermal phenotype in CIBP (Gu et al., 2009; 

Abdelaziz et al., 2015). It should be noted that in those studies the Hargreaves test 

revealed thermal hyperalgesia, whereas here we used the hot plate test. It has been 

previously reported that carrageenan-induced inflammatory pain produces a 

significant reduction in paw withdrawal thresholds to radiant heat (Hargreaves), while 

hot plate responses are unaffected (Deuis and Vetter, 2016). 

4.4.2 Increased sensitivity of cutaneous afferents innervating the paw in 

animals with CIBP 

Electrophysiological studies show evidence for the sensitization of peripheral 

nociceptors which do not innervate the bone in animals with CIBP. Cutaneous C-fibers 
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surrounding the cancer bearing bone and recorded from the tibial nerve show ectopic 

activity in animals with cancer (Cain et al., 2001). Moreover, in vivo 

electrophysiological recordings from DRG somata found that also Aβ- and Aδ-fibers 

become more excitable, with decreased mechanical thresholds (Zhu et al., 2016). 

Behaviourally, secondary hyperalgesia of the surrounding tissue is observed in both 

rodent models (Guedon et al., 2016) and patients with metastatic bone pain (Scott et 

al., 2011). A recent study in rodents reported that anti-NGF treatment reduces both 

skeletal pain and paw withdrawal thresholds, while anti-P2X3 sequestering antibody 

only reverses cutaneous hypersensitivity, suggesting different mechanisms mediate 

primary and secondary hyperalgesia (Guedon et al., 2016). Secondary hyperalgesia 

can arise through three different mechanisms: (1) central sensitization resulting in 

enhanced descending faciliatory drive and consequent facilitation of ascending 

nociceptive input (Urch et al., 2003; Yanagisawa et al., 2010; Guan et al., 2015). (2) 

Changes in neuronal and non-neuronal activity within the spinal circuitry, as 

preclinical data points towards significant changes in glial, neuronal and inflammatory 

cells in superficial layers of the dorsal horn (Gu et al., 2009; Hald et al., 2009; 

Yanagisawa et al., 2010). (3) Changes in neuronal and non-neuronal activity at the 

level of the DRG, such as coupled activation of neurons that lie in proximity of the 

sensitized afferents (Kim et al., 2016), or macrophage infiltration and changes in 

supporting glial cells (Peters et al., 2005). In this study we identified several lines of 

evidence in support of the latter mechanism. 

First, we were intrigued by the finding that L3 cutaneous afferents in cancer bearing 

animals showed a higher proportion of neurons responding to pinch, as opposed to 

heat, contrary to what is observed in sham animals. This may reflect the behavioural 

phenotype of mechanical hypersensitivity associated with CIBP in our model. Second, 

we found that the mechanoresponsive neurons in the ipsilateral paw of cancer bearing 

animals showed a significantly higher response intensity to pinching of the paw, 

compared to sham animals, which could reflect sensitization of these neurons. Third, 

we observed increased polymodality in cancer bearing animals, which may reflect a 

phenotypic shift in thermo-specific neurons, which become sensitive to mechanical 

stimuli (discussed in section 4.4.2.1). This may also explain the observed increase in 

response intensity of heat nociceptive neurons in cancer bearing animals, although this 

is not associated with a behavioural phenotype. Fourth, we found indication of 
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increased coupling of mechanosensitive DRG neurons, although a specific population 

of silent afferents could not be identified (discussed in section 4.4.2.2). Finally, our 

microarray data from Chapter 2, which shows a dysregulation in a large number of 

genes at the transcriptome level in cancer bearing animals, suggests indeed that the 

DRG microenvironment undergoes significant changes.  

4.4.2.1 Recruitment of silent nociceptors innervating cutaneous tissue in CIBP 

Previous studies suggest exposure to inflammatory mediators contributes to the 

activation of silent nociceptors (Gold and Gebhart, 2010). In vivo imaging shows that 

the inflammatory soup activates silent DRG neurons in response to mechanical 

stimulation, however only after prior heat application (Smith-Edwards et al., 2016). 

We have previously shown that the acute intraplantar injection of PGE2 leads to a 

substantial increase in neurons responding to heat stimuli and to polymodal responses 

(Emery et al., 2016). In chronic pain models employing in vivo imaging methods, 

increased responses of cutaneous afferents of the paw associated with secondary 

hyperalgesia have been reported; in mice with OA the proportion of sensory neurons 

responding to pinching of the paw was increased (Miller et al., 2018b). Similarly, 

following CCI or SNI DRG neurons show increased cross-activation of previously 

silent low-threshold LTMRs in response to mechanical press (Kim et al., 2016), and 

recent work on preprint reported the recruitment of silent small to medium sized 

muscle afferents in CIBP (Kucharczyk et al., 2018). As here we found a higher 

proportion of mechanoreceptive cutaneous afferents in cancer bearing animals, we 

were interested in determining if they contained previously silent nociceptors. Size 

distribution analysis did not show any substantial differences in size of recruited 

mechanoreceptors. However, increase in polymodal neurons in animals with CIBP 

and a shift towards more mechanosensitive neurons would suggest previously heat 

nociceptive neurons undergo a phenotypic shift to gain mechanosensitivity. 

4.4.2.2 Possible cross-activation of mechanoreceptors in CIBP 

Neuronal cross-excitation at the level of the DRG and its increase following axotomy 

were first described in the 90s (Devor and Wall, 1990). Recent in vivo imaging data 

confirms this phenomenon, showing increased coupling events following both CCI 

and SNI (Kim et al., 2016). The process appears to be at least in part mediated by glial 

gap junctions, as blockade with carbenoxolone (CBX) produces a reduction in cross-

activation (Kim et al., 2016). The soma of DRG neurons is surrounded by multiple 
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satellite glial cells (SGCs) which through their gap-junctions communicate with each 

other and control the trafficking of substances to ganglionic neurons (Huang et al., 

2013). Connexin43 (Cx43) hemichannels in SGCs play an important role in the 

paracrine communication between glial cells and neurons (Retamal et al., 2017). In 

the context of CIBP, increased spinal levels of Cx43 have been reported and 

administration of a selective gap junction blocker successfully reduced cancer 

associated hypersensitivity (Li et al., 2017). While not investigated in the study, this 

effect may at least in part depend on SGCs gap junctions in the DRG. Contrarily to 

Kim et al, who reported a substantial increase in neuronal coupling events in models 

of both inflammatory and neuropathic pain (Kim et al., 2016), for CIBP we did not 

observe a significantly increased neuronal cross-activation in mechanosensitive 

neurons. It should be noted that similar to our findings, the previous study reported 

that both behavioural and imaging data supported the notion that neuronal coupling 

induced by tissue injury contributes to mechanical, rather than thermal hyperalgesia. 

The discrepancy in effect size may depend on our approach to image at the level of 

L3, whereas L4 is the DRG containing somas of the majority of neurons with receptive 

fields in the hind paw (da Silva Serra et al., 2016). Finally, while CIBP shares some 

features of inflammatory and neuropathic pain, it is seen as a distinctive state (Falk 

and Dickenson, 2014) and thus cross-activation of sensory neurons may play a minor 

role in peripheral sensitization. On the other hand, the fact that we observed a higher 

proportion of coupled neurons in cancer bearing animals further indicates that changes 

at the level of the DRG are important to the maintenance of CIBP. 

4.4.3 Increased intraosseous pressure in cancer bearing animals 

To investigate the response properties of bone afferents, a 10µl solution of saline or 

acid was injected in the mouse femur of sham and cancer bearing animals, while 

responses of DRG neurons were recorded with in vivo calcium imaging. The solution 

was injected either with a pump or manually with a syringe to produce increased 

intraosseous pressure. We found that the time required to inject a 10µl solution in the 

intramedullary cavity of the mouse femur using a pump-dependent injection system 

was increased in animals with CIBP, suggesting increased pressure created by the 

presence of tumour. While we did not directly measure intraosseous pressure, using a 

pump and pressure gauge we were able to produce a proxy measurement by 

monitoring the pressure at which the solution was injected. This always reached the 
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upper reading limit of 250mmHg, with exception of two cases in sham animals, where 

the maximum pressure was 160 and 230mmHg. Activation thresholds of mechanically 

sensitive Aδ bone afferents have been reported to be as high as 230mmHg in the rat 

(Nencini and Ivanusic, 2017). We did not record pressure when applying the solution 

manually with a syringe, but by comparing the times at the start of injection, it is 

evident that pressure was at least as high as when using the pump-controlled system. 

Therefore, we are confident we reached mechanical activation thresholds of bone 

afferents in this study. Moreover, only 10µl of solution were injected as this is the 

maximum capacity of the mouse femur (Zilber et al., 2008a) and we wanted to avoid 

activation of afferents in the surrounding tissue through leakage.  

4.4.4 Bone afferents are not affected by CIBP 

Responses of bone afferents were recorded during intrafemoral injection of saline or 

acid. Saline was injected to produce increased intraosseous pressure (Nencini and 

Ivanusic, 2017), whereas citric acid (pH = 4) was used to stimulate the acidic 

microenvironment thought to contribute to sensitization of primary afferents 

innervating cancerous tissue (Yoneda et al., 2011). In both cases, we were surprised 

to find that unlike primary afferents innervating the paw, the response properties of 

bone afferents were unaffected by the presence of cancer. This is in line with a recent 

study indicating that muscle afferents innervating the tissue surrounding the cancer 

bearing bone contributes to peripheral sensitization (Kucharczyk et al., 2018). 

Intriguingly, the authors found 25% of bone afferents responding to movement of the 

leg in both sham and cancer bearing animals, similar to activation produced by knee 

compression. This raises the question about the physiological role and evolutionary 

significance of possessing proprioceptors in the bone. Moreover, our data would 

suggest bone afferents do not express proprioceptive markers and this population is 

absent in the marrow (3.3.5). It is possible that movement of the leg in their study 

caused activation of LTMRs in the skin, which by sharing the same fibers as bone 

afferents, may have produced a response in their cell bodies. Species differences may 

also play a role in this discrepancy. Alternatively, given that in vivo imaging in their 

study was performed using a fully open pinhole, it is possible that responses from 

neurons lying above or below traced bone afferents were included. In this regard, 

during our imaging experiments we have noticed that the blue channel has much 

higher penetration depth compared to the green channel, given their respective 
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wavelengths and it can be thus difficult to discriminate between different cells which 

lie close to each other in the z-plane, especially when using a large pinhole. Overall 

however, our results are consistent with this study and we could confirm that responses 

of bone afferents to both intraosseous pressure and acid appeared to be unaffected in 

cancer bearing animals. One should also note, that in many of the animals employed 

in the current study we were not able to image any bone afferents. This on one hand 

depends on the sparse innervation of the bone marrow (3.3.2), on the other hand it 

shows the limitations of in vivo imaging. Thus, such results need to be taken with 

caution and ideally data from more animals would be needed for robust conclusions. 

4.4.5 Pirt driven GCaMP3 expression is absent in a subset of sensory neurons 

Pirt-GCaMP3 mice are characterized as a pan-DRG line, which lacks expression of 

the transgene in surrounding glial cells for in vivo imaging of sensory neurons (Kim 

et al., 2014). Similarly, Pirt expression would appear to be present in the vast majority 

of all sensory neurons, according to single cell RNA-seq data (Zeisel et al., 2018). 

However, our data from reporter lines indicates that GCaMP3 under control of Pirt is 

not expressed in specific subsets of sensory neurons. While Tmem233 expression 

colocalized with a similar frequency in Fastblue labelled afferents and bone afferents 

identified by response to intraosseous injection, this was not the case for Calb1+ bone 

afferents. From Fastblue data we would expect 23% of bone afferents to express 

Calb1, whereas only a single Calb1+ neuron responding to injection of saline could be 

identified. Therefore, some bone afferents in this study may simply not be detected 

because of lack of GCaMP expression in these neurons. Given that the population of 

bone afferents is rather small, the results of this study need to be taken with caution. 

Importantly, GCaMP3 expression was not absent in all Calb+ neurons, as some 

cutaneous afferents expressing both transgenes were identified. 

4.4.6 Limitations of in vivo imaging 

As discussed in 4.4.5, homogenous levels of pan-neuronal expression of GCaMP are 

difficult to achieve and this is one of the several limitations of in vivo imaging. 

Excessively high expression of GCaMP would result in over-buffering of calcium 

whereas insufficient levels are associated with reduced sensitivity for in vivo imaging 

(Tian et al., 2012). Both transgenic mice and viral vector delivery of GCaMP produce 

variable expression in each cell dependent on the expression level of the chosen 

promoter and transfection efficiency respectively. We expect larger inter-animal 
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variations in AAV-mediated approaches, as they also depend on the injection site, 

aside from transfection efficiency. Using immunohistochemistry it has been shown 

that postnatal viral transfection with AAV produces GCaMP expression across 

different classes of DRG neurons, with an overlap between 40-60% for each used 

marker (Wang et al., 2018a). Nevertheless, specific subsets, which have not been 

identified with the markers used in this study may be underrepresented and 

transfection efficiency results in GCaMP expression in only around half of the DRG 

neuronal population. Similarly, knock-in approaches for the expression of GCaMP 

will produce different relative quantities of the protein in each cell, based on 

expression level of the chosen promoter. A novel approach achieved germline 

transgenic expression of GCaMP3 in all cells through the crossing of mice containing 

a floxed GCaMP3 construct within the ROSA26 locus with mice expressing Cre 

recombinase under the EIIa adenovirus promoter. However, using an ex vivo 

preparation, the authors found that a subset of putative proprioceptors, with narrow 

action potentials and fast conduction velocities did not produce a detectable GCaMP3 

signal upon electrical stimulation (Smith-Edwards et al., 2016). These cells were 

found to lack basal GCaMP expression, suggesting the promoter is not expressed in 

this subset of neurons.  

Alternatively, intrinsic properties of GCaMP could affect its differential expression in 

specific subsets of DRG neurons. Our lab reported that 95% of Pirt-GCaMP3 and 97% 

of Advillin-GCaMP6 in vivo cultured DRG neurons responded to KCl (Emery et al., 

2016). This proportion is likely lower in vivo, as dissociation of DRG neurons is 

accompanied by a loss and cell death of about 50%, especially concerning large 

diameter neurons (Malin et al., 2007). In the present study we also found that Pirt-

GCaMP3 expression is absent in a subset of sensory neurons. Such observations, 

indicating that constitutive knock-in expression of GCaMP cannot be achieved in all 

cells may reflect alterations in intracellular Ca2+ signalling. Indeed, high GCaMP 

expression associated with accumulation of the protein in the nucleus can lead to 

abnormal physiology and cell death, especially with high level expression through 

plasmid transfection or virus infection (Tian et al., 2009; Yang et al., 2018). Moreover, 

a recent study reported that GCaMP impairs gating and signalling of L-type calcium 

channels (Cav1), affecting Ca2+ dynamics and excitation-transcription coupling. This 

could be overcome through the additional introduction of an apoCaM (Ca2+ free 
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CaM)-binding motif in the newly developed GCaMP-X (Yang et al., 2018). The use 

of this novel GECI in future studies will be useful to elucidate the contribution of 

altered calcium signalling to GCaMP3 and GCaMP6 basal expression driven by 

constitutive promoters in DRG neurons. 

Aside from differential expression levels of GCaMP, calcium transients may not be a 

high-fidelity measure of action potentials, as intracellular Ca2+ plays several roles 

asides from neurotransmitter release (Berridge et al., 2000). Moreover, an in silico 

model of DRG signal transmission shows that while the soma is excitable, the invasion 

of action potentials into it is not necessary for through-conduction to the central 

terminal (Amir and Devor, 2003). However, a number of studies have confirmed that 

low frequency electrical stimulation which produces an action potential also causes 

reproducible changes in GCaMP fluorescence (Emery et al., 2016; Kim et al., 2016; 

Chisholm et al., 2018), supporting the use of the method to study neuronal excitability. 

A further drawback of calcium imaging is the slow temporal resolution. In the past 

decade focus on the development of new GECIs has produced a number of GCaMP 

variants with increased sensitivity, photostability, baseline fluorescence, dynamic 

range, and kinetics (Chen et al., 2013; Dana et al., 2018). However, imaging 

approaches are not yet equivalent with the temporal resolution of milliseconds 

attributed to electrophysiology. On the other hand, increased spatial resolution gives 

the unique advantage to study cell networks and interactions between sensory neurons, 

as well as physiology of sparse neuronal populations, such as bone afferents, which 

would be very difficult to find through electrophysiology. 

A final, widely discussed limitation of in vivo imaging is the need for anaesthesia, 

which is also necessary for in vivo electrophysiology recordings of DRG neurons. The 

depth of anaesthesia affects both imaging quality (which can be improved with the 

maintenance of stable breathing) and the proportion of neurons responding to 

stimulation. Recent work employing in vivo calcium imaging in behaving mice reports 

that the proportion of active sensory neurons drops from 14% to 4% in awake vs. 

anaesthetized animals (Chen et al., 2019a). Different anaesthetic regimes have been 

reported in a number of GCaMP imaging studies of peripheral sensory neurons (Emery 

et al., 2016; Chisholm et al., 2018; Wang et al., 2018a), which may in part explain 
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contradicting results regarding the relative contribution of polymodal neurons. This 

issue will be discussed more in detail in the following section (4.4.7). 

4.4.7 Controversies regarding polymodality of nociceptors 

Several lines of evidence from both in vitro and in vivo electrophysiological studies 

suggest that the vast majority of cutaneous afferents are capable of responding to more 

than one stimulus modality. However, the extent of this polymodality seems to largely 

vary between recording modality, studies, and tissue innervated (reviewed in (Emery 

and Wood, 2019)). Our group has previously shown that in both Pirt-GCaMP3 and 

Advillin-GCaMP6 animals the vast majority of primary afferents in L4 DRG are 

unimodal (Emery et al., 2016). Similarly, in the current study we found that in L3 

DRG neurons, which innervate a smaller proportion of the paw (Rigaud et al., 2008; 

da Silva Serra et al., 2016), more than 95% of sensory neurons responded to a single 

modality. On the other hand, two other groups, using different anaesthesia and imaging 

methods, as well as viral delivery of GCaMP have reported a much larger proportion 

of polymodal neurons (Chisholm et al., 2018; Wang et al., 2018a). 

At least some of the observed differences in the proportion of polymodal neurons in 

the DRG may depend on the definition of polymodality. While others have reported 

the percentage of heat responsive neurons that respond to pinch (Chisholm et al., 

2018), we have determined the percentage of total neurons that respond to more than 

one noxious stimulus modality, including pinch, 50 °C heat, and 0 °C cold ((Emery et 

al., 2016), current study). Others have described polymodality in more than 30% of 

sensory neurons using in vivo imaging. Here mechanosensitive neurons were defined 

as those responding to either pinch or brush, thus including LTMRs. Moreover, a large 

range of temperatures for heat and cold, including non-noxious stimuli were used 

(Wang et al., 2018a). Therefore, the different results do not necessarily contradict each 

other but rather depend on the semantics associated with the definition of 

polymodality. 

Different approaches in terms of imaging methods, such as the choice of confocal vs. 

two-photon imaging, may also contribute to the discrepancy in results between these 

studies. Neuronal cells are densely packed within the DRG, thus when using animals 

expressing GCaMP under the control of a pan-DRG promoter it is crucial to reduce 

the pinhole opening during confocal microscopy to efficiently discriminate between 
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single neurons. In our studies we have kept the pinhole opening to a minimum, so that 

single cells with their nuclei could be visually recognized. It is possible that with this 

approach our results are biased, as we record from a single z-plane with a maximum 

width of 215µm in this study. However, given that with our approach we have now 

characterized a large number of cells and always found similar results regarding 

polymodality (Emery et al., 2016; Luiz et al., 2019), this is unlikely to be the case. A 

large pinhole, as used in (Chisholm et al., 2018), could result in artefacts, as neurons 

which lie on top of each other on the z-axis may be counted as single neurons (also 

see section 4.4.4). On the other hand, two-photon microscopy which was employed 

by Wang et al., offers deeper penetration in the tissue, reduced photobleaching and 

scattering (Carter and Shieh, 2015). However, two-photon imaging is more sensitive 

to movement artefacts in the z-axis which as discussed can be generated with 

inappropriate depth of anaesthesia.  

Finally, a further point contributing to technical variability within these studies is the 

receptive field covered with different stimulations. In all three studies, pinch was 

applied with non-calibrated forceps, leading to large variability between operators 

applying the stimulus and thus contributing to the discrepancy between results. 

4.4.8 Conclusion 

In this study we found that cutaneous afferents in animals with CIBP show a 

phenotypic shift towards mechanical hypersensitivity, consistent with the behavioural 

phenotype observed in these animals. This is likely mediated by an increase in 

polymodal neurons, as well as increased events of cross-activation at the level of the 

DRG. Cancer bearing animals exhibited increased intraosseous pressure, as evidenced 

by prolonged times needed for the injection of a solution into tumour-bearing femurs. 

Interestingly, response properties of bone afferents to both pressure and acid were 

unchanged by the presence of cancer. We also noted that GCaMP expression was 

absent in a subset of sensory neurons, including Calb1+ bone afferents.  

The technical limitations of in vivo imaging include reduced temporal sensitivity and 

the assumption that all calcium transients reflect action potentials; however, it allows 

for the monitoring of population neuronal activity with high spatial resolution. Here 

we have shown that in vivo calcium imaging is a useful method to study sparse 

populations of sensory neurons, such as bone afferents. The continuous development 
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of more sensitive, high signal-to-noise ratio GECIs, which do not impair calcium 

dynamics and signalling will in the future allow for improved characterization of 

neuronal physiology and cross-communication with this method. We have also shown 

that in vivo imaging can be combined with retrograde tracing and reporter lines for the 

molecular labelling of neuronal populations. Similarly, it is possible use this method 

in animals which lack specific subsets of primary afferents through chemogenetic 

approaches, in order to investigate their contribution to pain processing.  
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 DO OSTEOCLASTS PLAY A ROLE 

IN SKELETAL PAIN? 

5.1 Introduction 

Bone cancer pain is a complex pain disease with multidimensional aspects. Increased 

osteoclasts activity and associated resorption is one of the hallmarks of many 

metastatic cancers, contributing to the “vicious cycle” (Mundy, 2002). While bone-

targeting agents, such as bisphosphonates and the RANKL-antibody denosumab, have 

shown to be useful in pain management for cancer patients, the mechanisms by which 

osteoclasts contribute to malignant skeletal pain remain elusive. In this Chapter we 

aimed to identify a putative role of osteoclasts in the induction of bone pain. 

5.1.1 Bone resorption and pain 

Aside from bone cancer other painful diseases are associated with increased bone 

resorption, notably osteoporosis and fracture repair. As mentioned earlier (1.3.2), bone 

remodelling is controlled by a variety of local and systemic factors, including 

prostaglandins, cytokines, glucocorticoids, parathyroid hormone (PTH), androgen, 

and notably estrogen (Streicher et al., 2017). Indeed, osteopenia (reduced bone 

mineral density) and osteoporosis are more common in postmenoupausal women. 

Osteoporotic pain is often only present after vertebral fractures and resolves after 

healing (Kim and Vaccaro, 2006), but chronic pain persists in some cases, especially 

in older patients (Paolucci et al., 2016). The most widely used animal models for 

osteoporosis resemble postmenopausal changes, as they are based on ovariectomy 

(OVX) in rodents. Both ovariectomized mice and rats show mechanical hyperalgesia 

(Sanoja and Cervero, 2005; Li et al., 2014b). The pain phenotype, as well as the 

reduced bone mineral density can be reversed with bisphosphonate therapy (Abe et 

al., 2015).  

Following a fracture, bone is regenerated in a multistep process, involving initial 

inflammation, followed by formation of a cartilaginous callus which is then ossified 

to form a callus of immature woven bone, that finally undergoes bone remodelling 

(Einhorn, 2005). Osteoclasts play an important role during fracture healing, showing 

low grade activity already during the inflammatory phase, which persists to reach a 

peak during bone remodelling (Schell et al., 2006). Indeed, daily administration of the 
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bisphosphonate ibandronate in rats subjected to tibial osteotomy, impaired fracture 

healing (Savaridas et al., 2013). Similarly, prolonged administration of zoledronic acid 

has been shown to impair fracture healing in rats by impacting bone remodelling, 

whereas a single bolus of the bisphosphonate did not delay fracture repair (McDonald 

et al., 2008). Thus, osteoclast activity is essential for normal fracture repair, especially 

during the bone remodelling phase. Patients report severe pain in the initial months 

following a fracture, which associates with movement of the affected bone 

(Macdermid JC et al., 2003). Similarly mouse models of fractures exhibit mechanical 

and thermal hyperalgesia (Minville et al., 2008), as well as increased spontaneous pain 

behaviours, such as guarding and flinching of the affected limb (Ghilardi et al., 2011). 

Our understanding of bone remodelling significantly improved with the discovery of 

RANKL and osteoprotegerin in the 90s. This knowledge has recently lead to the 

establishment of a new model of osteoporosis employing exogenous administration of 

RANKL to induce bone resorption (Tomimori et al., 2009). Compared to the OVX 

model, RANKL administration achieves the same decrease in bone mineral density 

lasting for up to 6 weeks in a much shorter time and is less invasive, as it only requires 

two i.p. injections. Based on these findings, localized bone resorption has been 

achieved by others through multiple intracalvarial injections of RANKL (Shin et al., 

2014; Li et al., 2015). Effects on pain processing as a result of RANKL-mediated bone 

resorption remain to be investigated. 
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5.1.2 Aim of this chapter 

The aim of this study was to determine the specific role of osteoclasts in cancer 

associated bone pain. As shown in Chapter 2 CIBP is associated with pain behaviour 

and increased bone resorption, which does not worsen from when animals start 

limping until they completely avoid limb use. While osteoclasts are thought to 

contribute to CIBP, it is not known if these cells alone can cause pain. Aside from 

CIBP, osteoclast activity is involved in other conditions associated with skeletal pain, 

including osteoporosis and fracture healing. We hypothesized that osteoclast activity 

alone is sufficient to induce bone pain. We worked on establishing a model of local 

bone resorption, through application of exogenous osteoclasts or osteoclastogenic 

factors in the mouse femoral marrow. Moreover, we used a previously described 

model of widespread osteoporosis to investigate estrogen independent effects on pain, 

mediated by homeostatic osteoclasts. 
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5.2 Materials and Methods 

5.2.1 Cell Culture 

5.2.1.1 Osteoclasts 

RAW264 cells, a kind gift from Dr. Benni Chain, were cultured in DMEM 

supplemented with 10% FBS and 1% AB/AM (antibiotic-antimitotic). When 80% 

confluence was reached cells were passaged and supplemented with 30ng/ml RANKL 

to induce differentiation into osteoclasts as previously described (Collin-Osdoby and 

Osdoby, 2012).  

Primary osteoclasts were differentiated from either spleen or bone marrow derived 

cells (BMDCs). Bone marrow was harvested by carefully flushing tibias and femurs 

of naïve C57BL/6J. Cells were washed in PBS and grown in a T75cm2 flask in MEM, 

supplemented with 10% FBS + 1% AB/AM, PGE2 (10-7 M) and M-CSF (25ng/ml). 

After 24h non-adherent cells were seeded at 3.2x105 cells/cm2 in osteoclast 

differentiating medium containing PGE2 (10-7 M, Sigma, P5640), M-CSF (50ng/ml, 

Novus Biologicals, NBP2-35165) and RANKL (10ng/ml, R&D Systems, 462-TEC-

010) (Orriss and Arnett, 2012); these cells will be subsequently called BMDC 1. The 

remaining adherent cells were kept in culture till they reached confluence. They were 

then seeded at 4x104 cells/cm2 in the presence of osteoclast differentiating medium 

containing 50ng/ml M-CSF and 10ng/ml RANKL and are here referred to as BMDC 

2 (Marino et al., 2014). 

Splenocytes were harvested by carefully homogenizing spleen of naïve C57BL/6J 

through a 70µm nylon mesh. Cells were loaded on a ficoll gradient, centrifuged, and 

splenocytes at the interface collected. Splenocytes were cultured at different densities 

in αMEM, supplemented with 10% FBS + 1% AB/AM, M-CSF (25ng/ml) and 

RANKL (50ng/ml).  

All cells were grown at 37°C, 5% CO2 and medium was refreshed every 48-72h. Cells 

were processed after 6-8 days in culture for tartrate resistant acid phosphatase (TRAP) 

staining. 

5.2.1.2 Osteoclast purification 

Cells were detached with Trypsin-EDTA (Gibco, 25300-054) and/or using a cell 

scraper, resuspended in Moscona’s high bicarbonate (0.8% NaCl, 0.02% KCl, 0.005% 



 

195 

 

NaH2PO4 , 0.1% NaHCO3 , 0.2% dextrose, 1% AB/AM pH = 7.2), and loaded on an 

FBS gradient, ranging from 70% to 40%, as previously described (Collin-Osdoby and 

Osdoby, 2012). Cells were allowed to settle for 30min. Three layers were then 

carefully collected: top layer with mononuclear cells, middle layer containing both 

mononuclear and some multinuclear cells, and bottom layer predominantly containing 

multinuclear osteoclasts.  

5.2.2 TRAP staining 

Both RAW264 and primary cells were fixed in 4%PFA, washed and then stained for 

10min at 37°C using the Leucognost AP kit for TRAP staining (Millipore). Cells were 

washed with PBS and pictures taken in the centre of wells for quantification. 

5.2.3 Animals 

A total of 54 male and 8 females, ten to fourteen-week-old C57BL/6J were purchased 

from Charles River for this study.  

5.2.3.1 Surgery 

10μl RANKL (1mg/ml) (human recombinant RANKL, OYC, 47187000) in 1mM 

EDTA in PBS or vehicle were administered intrafemorally as previously described 

(section 2.2.2.1). 

5.2.3.2 Systemic RANKL injection 

To reproduce the previously described widespread bone loss model (Tomimori et al., 

2009), animals were weighed and 1mg/kg (48h) or 2mg/kg RANKL (20days) injected 

intraperitoneally for 2 days at a 24h interval. Control animals received vehicle 

injections of 1mM EDTA in PBS. 

5.2.4 Behavioural tests 

Limb use score, weight bearing, von Frey and hotplate were performed as previously 

described (sections 2.2.2.2 and 4.2.2.2). 

5.2.4.1 Rotarod 

The accelerating rotarod test is a behavioural paradigm to asses motor coordination 

(Jones and Roberts, 1968). Mice were placed on top of an accelerating rod and the 

rotation speed was set at 4 rpm. This speed was maintained for 30 seconds to allow 

animals to acclimatise. Time spent on the rotarod was recorded from the end of this 

period at which point the speed was increased from 4 rpm to 40 rpm in a 3min ramp 
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with a cut-off point of 5 minutes from the start of acceleration. The time was recorded 

till the animal fell from the rotarod. The test was repeated 3 times and the times 

averaged for each animal.  

5.2.4.2 Palpation 

Animals were gently restrained by one experimenter, while the other experimenter 

applied pressure to the distal femur as described in section 4.2.2.2.3. Aside from 

recording nocifensive responses in the 2min period after palpation, the number of 

responses during the 2min palpation, defined as attempted withdrawal and 

vocalizations, were also quantified. 

5.2.4.3 Dry ice test 

For cold testing the mice were put in Plexiglas enclosures on a glass flooring. Animals 

were allowed to acclimatize for at least 2h. Prior to testing feces and urine were 

removed, and the animal allowed to resettle. Dry ice was crushed, loaded onto a blunt 

end 2ml syringe and compressed. This was then applied on the glass surface just below 

the affected paw. Time for withdrawal was measured with a cut-off of 45sec. Testing 

was repeated for 3 times, with a waiting period of 15min between stimulations. 

5.2.5 Tissue processing  

At the end of the experiment, animals were euthanized using carbon dioxide. When 

needed, blood was collected through cardiac puncture. Blood was kept at RT for 30min 

to 1h and then centrifuged for 10min at 2000g. Supernatant serum was collected and 

kept at -80° C till further use. Femurs were collected and fixed in 4% PFA for 24h. 

They were then transferred to 70% EtOH till scanning with micro CT (µCT). 

5.2.6 Quantitative analysis of TRAP in serum 

TRAP solution buffer was obtained by adding freshly made 50mM L-Ascorbic acid, 

20mM disodium tartrate, 80mM 4-nitrophenylphosphate to TRAP reaction buffer (1M 

Acetate, 0.5% Triton X-100, 1M NaCl, 10mM EDTA, pH = 5.5), and ultrapure water 

at a ratio of 1:1:1:2:3. Serum samples were diluted 1:10 and 20μl of each sample were 

loaded in triplicate into a 96 flat bottom well plate (Nunc-Immuno). 80μl of freshly 

made TRAP solution buffer was added to each well. The microplate was incubated at 

37° C for 1h, in the dark. The reaction was stopped by adding 100μl of 0.3M NaOH 

to each well. Absorbance was measured at 405nm using a microplate reader (Karsdal 

et al., 2005). 
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5.2.7 Micro CT (µCT) and bone microarchitecture 

Images were collected as previously described (section 2.2.5). When stated bone 

mineral density was also determined for 0.2mm VOI regions at different distances 

from the growth plate. BoneJ2, a collection of skeletal biology plug-ins for ImageJ, 

was used for microarchitecture analysis (Doube et al., 2010). The 1mm VOI was 

binarized and standardized 3D geometric parameters were determined, including total 

volume (TV), total bone volume (BV), bone surface (BS), trabecular thickness 

(Tb.Th.), and trabecular spacing (Tb.Sp.). To determine trabecular number (Tb.N.) 

and connectivity density (~number of trabeculae per unit volume), the images were 

first purified using a chunk size of 4 slices and a mapped labelling algorithm, to obtain 

a single connected structure throughout the image stack. 

5.2.8 Statistical analysis 

Statistical analysis was performed as previously described (see section 2.2.6). 
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5.3 Results 

5.3.1 Optimization of osteoclast cell culture for intrafemoral implantation 

To test if osteoclast activity is sufficient to produce skeletal pain, osteoclasts (OCs) 

were grown in culture, purified and subsequently we planned to introduce them into 

mouse femur, similarly to models of bone cancer pain.  

We used a cell line and two primary cell types to identify the precursors and culturing 

protocol which produces the best yield of OC-like cells. We used two different 

protocols for bone marrow derived cells (BMDCs) isolated from long bones of naïve 

mice, one for splenocytes, and one for the macrophage cell line RAW264. All cells 

were differentiated in the presence of M-CSF and RANKL and after 6-8 days in 

culture they were fixed and stained for TRAP, a specific marker for differentiated OCs. 

Mature osteoclasts were identified by the presence of multiple nuclei (Figure 5.1B). 

In terms of percentage, a higher proportion of TRAP+ mononuclear, i.e. putative OC-

precursor cells, were derived from bone marrow and splenocytes (two-way ANOVA 

with Bonferroni post-hoc, ****p<0.0001 for RAW264, BMDC 1 vs. BMDC 2, 

splenocytes; *p=0.400 for BMDC 2 vs. splenocytes) (Figure 5.1A). The highest 

percentage of OC-like cells was obtained in cells derived from spleen, but significantly 

differed only from BMDC 1 OC-precursors (two-way ANOVA with Bonferroni post-

hoc, *p=0.0391).  
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Figure 5.1 Quantification of osteoclasts obtained from different precursor cell lines or 

primary culture. A. Absolute values of TRAP+ multinuclear (osteoclasts – black bar), 

TRAP+ mononuclear (osteoclast precursors – grey bar), and TRAP- cells (light grey 

bar) B. Representative images of TRAP staining on specified cell type after 6-8 days 

in culture in the presence of RANKL. 

Following these preliminary results, splenocytes were chosen for further optimization 

steps. To increase the yield of OC-like cells, splenocytes were grown using normal 

and heat inactivated growth serum at different seeding densities and seeded either on 

collagen or plastic (Figure 5.2A, raw data). Collagen coating was used in the prospect 

to use collagenase for later detachment of cells, rather than using the more invasive 

trypsin treatment. Cells were fixed after 7 days in culture and OCs identified by TRAP 

staining. Both seeding density (Figure 5.2B) and type of serum used (Figure 5.2C) did 

not significantly affect the proportions of cells obtained (one-way ANOVA with 

Bonferroni post-hoc, p>0.9999). It should be noted that the proportion of OC-like cells 

in this experiment was reduced compared to preliminarily obtained data. This, at least 

in part depends on the high variability in culturing osteoclasts from primary cells, 

where not only culture conditions, but also inter-animal variation contributes to quality 

and purity of the final differentiated cell pool. 
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Figure 5.2 Quantification of osteoclasts obtained from primary cell culture, using 

different seeding densities, serum conditions and pre-coating with collagen. A. 

Absolute values of TRAP+ multinuclear (osteoclasts – black bar), TRAP+ 

mononuclear (osteoclast precursors – grey bar), and TRAP- cells (light grey bar). B. 

Percentage of different cells, grouped by serum did not significantly differ at different 

densities. C. Percentage of each cells grouped by serum and collagen pre-coating did 

not significantly differ. Abbreviations: h.i.s = heat inactivated serum, n.h.i.s. = non 

heat inactivated serum, col = collagen coating. 

In parallel to optimization of osteoclast differentiation protocols, an attempt to purify 

multinuclear osteoclasts from other cells present in culture was made. To start with a 

large number of cells, we pooled primary osteoclast obtained from both splenocytes 

and BMDCs. It was not possible to identify the cells by TRAP staining as this would 

have required their fixation. Instead they were identified morphological, i.e. by size 

(e.g. Figure 5.3B), before and after fractioning through an FBS gradient producing 

three layers. In accordance with percentages of mature osteoclasts identified by TRAP 

staining, we found 17% of OC-like cells before purification. This yield could be 
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increased to ~30% in the bottom layer, containing the heaviest fraction of cells (Figure 

5.3A). 

 

Figure 5.3 Isolation of multinucleated osteoclasts. A. Percentage of osteoclast-like 

cells identified by morphology and counted before and after isolation on an FBS 

gradient for size purification. B. Example of OC identification by morphology, arrow 

pointing to a multinuclear cell. 

To produce a mouse model where exogenous osteoclast are introduced, we wanted to 

obtain a culture with few other contaminant cells, so that any observable phenotype 

could be related directly to the action of osteoclasts. Given large animal inter-

variability in differentiation of mature osteoclasts and the high degree (~70%) of 

contamination from other cell types following OC isolation, we decided to shift our 

approach to activate locally resident osteoclasts instead.  
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5.3.2 Determining the effects of a model of local bone resorption on pain 

behaviour and bone mineral density 

To activate locally resident osteoclasts, we reasoned a single injection of RANKL into 

the mouse femur could be used to induce confined bone resorption. After injecting 

0.01mg RANKL in a 10μl volume in the mouse femur, animals were tested for pain-

related behaviour over a period of 20 days and at the end bone mineral density was 

quantified by μCT (Figure 5.4). There were no differences between RANKL and 

vehicle injected animals for weight bearing on the affected limb (two-way ANOVA 

with Bonferroni post-hoc, p>0.9999) (Figure 5.4A) and mechanical sensitivity to von 

Frey stimulation (two-way ANOVA with Bonferroni post-hoc, p>0.9999) (Figure 

5.4B). To measure primary hyperalgesia at the injected site, we counted the number 

of responses during and after a 2min gentle palpation of the distal femur head. While 

the number of responses both during (two-way ANOVA with Bonferroni post-hoc, 

time factor: p=0.0031) (Figure 5.4C) and after palpation (two-way ANOVA with 

Bonferroni post-hoc, ***time factor: p=0.0007) (Figure 5.4D) initially increased for 

RANKL and vehicle injected animals, there was no difference between groups (two-

way ANOVA with Bonferroni post-hoc, p>0.9999). Further, response rate to noxious 

heat (two-way ANOVA with Bonferroni post-hoc, p>0.9999) (Figure 5.4E) and cold 

stimulation (two-way ANOVA with Bonferroni post-hoc, p>0.9999) (Figure 5.4F) did 

not differ between groups. Importantly, there was also no significant difference in 

trabecular BMD (Welch’s t-test, p=0.6408) (Figure 5.4G). To investigate the 

possibility of the local RANKL injection having an effect early on, rather than after 

20 days, we collected bones 48h post-surgery. Importantly, BMD was not affected at 

this early time point either (Welch’s t-test, p=0.3026) (Figure 5.4H), suggesting a 

single local injection is not sufficient to induce activation of resident osteoclast 

precursors. 
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Figure 5.4 A single injection of RANKL in the intramedullary space of the femur is 

not sufficient to induce either pain or bone resorption. A/F. No differences between 

RANKL injected (black) and sham animals (yellow) in different behavioural pain 

phenotypes, including weight bearing (A), von Frey (B), responses during (C) and 

after (D) non-noxious palpation of the distal femur head, hotplate (E), and dry ice test 

(F) were observed. G/H. Trabecular BMD did not differ between groups in the 

ipsilateral paw after 20 days (G) and 48h (H).  
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Aside from promoting differentiation of mature osteoclasts, RANKL drives the 

migration of its hematopoietic precursor cells to bone (Kotani et al., 2013). Therefore, 

we repeated the experiment, combining an i.p. injection of 2mg/kg RANKL followed 

by intrafemoral injection of 10μl of RANKL the following day (Figure 5.5). Both 

vehicle and RANKL injected animals showed normal motor function, assessed as time 

spent on rotarod (two-way ANOVA with Bonferroni post-hoc, p=0.9608) (Figure 5.5). 

No differences in weight bearing on the affected limb (two-way ANOVA with 

Bonferroni post-hoc, p=0.4935) (Figure 5.5B), as well as responses to mechanical von 

Frey stimulation (two-way ANOVA with Bonferroni post-hoc, p=0.6040) (Figure 

5.5C), noxious heat (two-way ANOVA with Bonferroni post-hoc, p=0.3571) (Figure 

5.5D), and cold (two-way ANOVA with Bonferroni post-hoc, p=0.8013) (Figure 

5.5E) were observed between groups. Consistently with the behavioural results, 

trabecular BMD (Welch’s t-test, p=0.8499) (Figure 5.5F) and serum levels of the bone 

resorption biomarker TRAP (Welch’s t-test, p=0.0973) (Figure 5.5G) did not differ 

between RANKL and sham injected animals.  
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Figure 5.5 The combination of a priming i.p. injection, followed by a localized 

injection in the mouse femur is not sufficient to induce either pain or bone resorption. 

A/E. No differences between RANKL (black) and vehicle injected animals (yellow) 

were found in motor function (A) and ongoing pain behaviour, assessed through 

weight bearing (B), von Frey stimulation (C), hotplate (D), and dry ice test (E). F. 

Trabecular BMD did not differ between groups in the ipsilateral paw. G. Serum levels 

for biomarker TRAP did not differ between groups.  

5.3.3 A widespread model of osteoporosis produces bone resorption after 48h 

in male mice 

To determine if the lack in bone resorption was related to the low dose of RANKL 

used for intrafemoral injection, we reproduced a previously described murine model 

of widespread osteoporosis (Tomimori et al., 2009), involving consecutive i.p. 

injections of 1mg/kg of RANKL (Figure 5.6A). According to the literature, this would 

lead to a reduction of trabecular BMD for a period of up to 6 weeks. 48h after the 
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second RANKL injection we found a reduction in trabecular BMD in male (Welch’s 

t-test *p=0.0443), but not female mice (Welch’s t-test, p=0.2675) (Figure 5.6B).  

 

Figure 5.6 Two consecutive i.p. injections of RANKL (1mg/kg) induce a reduction in 

trabecular BMD after 48h in male mice. A. Schematic representation of the study 

design. B. Trabecular BMD is significantly reduced in male, but not female mice 

injected with RANKL.  

5.3.4 Pain phenotypes are absent in a widespread model of osteoporosis 

Next, a high dose of 2mg/kg RANKL was administered on two consecutive days in 

male mice via i.p. injection and pain behaviour was closely followed over a period of 

20 days (Figure 5.7). Motor behaviour was not impaired in RANKL injected animals 

compared to vehicle, as assessed through time spent on rotarod (two-way ANOVA 

with Bonferroni post-hoc, p=0.3365) (Figure 5.7A). Responses to mechanical 

stimulation of the paw with von Frey filaments showed no significant difference 

between groups (mixed effects model with Bonferroni post-hoc, p=0.2277) (Figure 

5.7B). Latency to respond to thermal stimuli, measured with hotplate (two-way 

ANOVA with Bonferroni post-hoc, p=0.2706) (Figure 5.7C) and dry ice test (two-

way ANOVA with Bonferroni post-hoc, p=0.8533) (Figure 5.7D) were similar 

between groups. In terms of osteoclast activity, we found no difference in systemic 

levels of TRAP in serum between RANKL and vehicle injected animals (Figure 5.7E). 

The difference in BMD, which was previously observed after 48h, using half the dose 

of two systemic RANKL injections, could not be observed after 20 days (Welch’s t-

test, p=0.1328) (Figure 5.7F). However, 3D reconstructions of μCT data suggest that 

a more localized reduction in BMD was present in most animals. Indeed, stratification 

of the data, by dividing the analysed 1mm volumetric region in smaller segments of 

0.2mm, revealed a significant reduction in BMD in the two segments which were 
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further away from the growth plate (Welch’s t-test, *p=0.0183 for 1.2-1.4mm and 

**p=0.0057 for 1.4-1.6mm, p>0.1000 for the other segments) (Figure 5.7G).  

 

Figure 5.7 Two consecutive i.p. injections of RANKL (2mg/kg) do not affect pain 

behaviour and produce increased localized bone resorption after 20 days. A/D. No 

differences between vehicle (yellow) and RANKL injected animals (black) were 

found in time spent on rotarod (A), 50% withdrawal threshold to von Frey filaments 

(B), hotplate (C), and dry ice test (D). E. Serum levels for biomarker TRAP does not 

differ between groups. F. Trabecular BMD did not significantly differ between 

RANKL and vehicle injected animals. G. Trabecular BMD determined for 0.2mm 

thick volumetric sections shows a significant reduction at 1.2-1.4 and 1.4-1.6mm from 

the growth plate. 
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These findings prompted us to investigate changes in trabecular bone 

microarchitecture in RANKL and vehicle injected animals. The results are 

summarized in Table 5.1. 48h after two consecutive injections of 1mg/kg RANKL we 

found a substantial reduction in %bone volume/total volume (%BV/TV) (Welch’s t-

test, **p=0.0227), bone surface/total volume (BS/TV) (Welch’s t-test, **p=0.0220), 

trabecular number (Tb.N.) (Welch’s t-test, **p=0.0050), and connectivity density 

(Conn.D.) (Welch’s t-test, **p=0.0069) in female mice. In male mice BS/TV (Welch’s 

t-test, p=0.0652), Tb.N (Welch’s t-test, p=0.3720), and Conn.D. (Welch’s t-test, 

p=0.3196) did not significantly differ, while only %BV/TV was substantially reduced 

in RANKL compared to vehicle injected animals (Welch’s t-test, *p=0.0377). 20 days 

after two consecutive injections of 2mg/kg RANKL changes were still visible in terms 

of bone microarchitecture, with treated male animals showing significantly reduced 

BS/TV (Welch’s t-test, ***p=0.0006), Tb.N. (Welch’s t-test, ***p=0.0003), and 

Conn.D. (Welch’s t-test, **p=0.0013), while %BV/TV did not differ between groups 

(Welch’s t-test, p=0.0907). Finally, RANKL injected animals showed a substantial 

increase in trabecular thickness (Tb.Th.) compared to vehicle injected mice (Welch’s 

t-test, *p=0.0375). 
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Table 5.1 Parameters of bone microarchitecture in C57BL/6J receiving two consecutive injections of RANKL or vehicle. 

Parameter 

48h female 48h male 20 days male 

Vehicle 
RANKL 

(1mg/kg) 
Diff. Vehicle 

RANKL 

(1mg/kg) 
Diff. Vehicle 

RANKL 

(2mg/kg) 
Diff. 

Cross-section 

  

 

 

 

 

  

 

1mm VOI 

  

 

  

 

  

 

%BV/TV 4.549±0.270 3.359±0.145 -26% 10.484±0.639 7.395±0.768 -29% 10.061±0.509 8.620±0.484 -14% 

BS/TV (mm-1) 3.759±0.191 2.898±0.086 -23% 6.331±0.433 4.918±0.311 -22% 6.787±0.230 5.078±0.222 -25% 

Tb.Th. (mm) 0.042±0.001 0.040±0.001 -4% 0.058±0.001 0.053±0.003 -9% 0.051±0.001 0.062±0.004 22% 

Tb.Sp. (mm) 0.544±0.017 0.542±0.022 0% 0.553±0.015 0.582±0.006 5% 0.564±0.011 0.591±0.012 5% 

Tb.N. (mm-1) 267.625±19.513 140.875±11.636 -47% 469.125±46.396 399.750±41.469 -15% 589.500±14.431 336.083±32.111 -43% 

Conn.D. (mm-3) 87.9670±6.740 47.674±4.333 -46% 128.926±11.003 111.227±8.762 -14% 151.946±6.373 91.194±9.163 -40% 

Data is shown as mean ± standard error of the mean. For each treatment data was compared with the respective control group using Welch’s t-test. Difference 

between control and treatment was defined as (treatmentmean - controlmean)/controlmean (Diff.). Highlighted in bold are the parameters which significantly differed 

between control and treatment group. Representative pictures were chosen based on the average measured BMD and show binarized cross-section at 1mm from 

the growth plate (upper row, scalebar 500µm) and 3D reconstructions of the 1mm VOI (0.6-1.6mm from growth plate) used to determine parameters for bone 

microarchitecture. Abbreviations: %BV/TV (%bone volume fraction), BS/TV (bone surface fraction), Tb.Th. (trabecular thickness), Tb.Sp. (trabecular spacing), 

Tb.N. (number of trabeculae), Conn.D. (Connectivity density or number of trabeculae per volume). 
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5.4 Discussion 

5.4.1 Culture and purification of mouse osteoclasts  

The first attempts to grow osteoclasts in culture date back to the 80s, when these highly 

differentiated cells were first maintained in co-culture with osteoblasts. Stimulation of 

these cells with 1,25-dihydroxyvitamin D3 leads to expression of RANKL and M-CSF 

resulting in the differentiation of osteoclast precursors present in the pool of bone 

marrow or spleen cells (Takahashi et al., 1988). Co-culture systems represent a useful 

tool to study interactions between these cells in vitro, but they produce only 2-5% of 

osteoclasts which can be purified with an 80% efficiency (Tanaka et al., 1992). To 

obtain higher yields of pure osteoclasts in the present study, these cells were 

differentiated directly from their precursors. Cells derived from spleen were cultured 

as previously described (Neutzsky-Wulff et al., 2008), while for bone marrow derived 

osteoclasts two different protocols where used. Adult BMDCs obtained from long 

bones were first treated with M-CSF for differentiation into macrophage lineage. We 

ran two protocols alongside, where in one protocol we used attached cells (Marino et 

al., 2014), and in the other one we used non-adherent cells (Orriss and Arnett, 2012), 

to further differentiate these precursors in the presence of M-CSF and RANKL. We 

also used the macrophage-like cell line RAW264 (Collin-Osdoby and Osdoby, 2012), 

which has been previously described as exhibiting a genetic pattern representative of 

RANKL induced osteoclasts, with both TRAP and cathepsin K expression (Cuetara et 

al., 2006). However, the high heterogeneity of different clones of the cell line limits 

its capacity to reproducibly form resorbing osteoclasts (Cuetara et al., 2006). In our 

hands, we were not able to obtain more than 50% of osteoclast like cells, in terms of 

TRAP expression, whereas the yield for multinucleated cells was even more scarce. 

Even after osteoclast enrichment through an FBS gradient based on cell size, 

contamination from other cell types was still present. We therefore opted against 

implantation of exogenously differentiated osteoclasts into naïve mice and 

investigated a different approach. 

5.4.2 The role of osteoclasts in a model of RANKL induced bone resorption 

To induce activation of locally resident osteoclasts, 10μg of RANKL were 

administered in the intramedullary space of the mouse femur. In a timeframe of 20 

days following RANKL injection, the animals did not develop any signs of 
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hypersensitivity. As RANKL not only promotes osteoclastogenesis, but also 

recruitment of hematopoietic precursors from the bloodstream (Kotani et al., 2013), 

we reasoned a priming i.p. injection of RANKL could increase the number of pre-

osteoclasts which would be activated by a second localized injection into the femur. 

Previous studies indicate that a single i.p injection of RANKL is not sufficient to 

induce bone resorption (Tomimori et al., 2009). Therefore, we were confident our 

protocol would only produce local effects. However, similar to the single intrafemoral 

injection of RANKL, animals did not present hypersensitivity and there was no 

evidence of dysregulated bone remodelling. Most likely, the injected concentration of 

10μg RANKL is not enough to induce sustained osteoclast activation, even by 

increasing the number of osteoclast precursors migrating towards bone tissue. 

Unfortunately, given the instability of RANKL at higher concentrations and the 

maximum volume capacity of the mouse femur (Zilber et al., 2008b), we could not 

deliver a higher dosage. Therefore, we moved to a systemic model of RANKL induced 

osteoporosis to determine if osteoclasts alone are sufficient to induce pain.  

As previously described, mice received two consecutive i.p. injections of RANKL or 

vehicle (Tomimori et al., 2009) to induce a reduction in bone mineral density. We first 

determined the effects of systemic RANKL injections after 48h. Surprisingly, we 

found a significant decrease in BMD in male, but not female animals. Previous work 

shows osteoclast activation in both male and female mice (Tomimori et al., 2009; Shin 

et al., 2014; Li et al., 2015). The inability of detecting changes in bone mineral density 

for female mice receiving RANKL injections in the current study, may depend on a 

drop in accuracy with trabecular BMDs below 250mg/cm3, when using two phantoms 

of calcium-hydroxyapatite of 250mg/cm3 and 750mg/cm3 to estimate density. 3D 

reconstructions and detailed analysis of bone microarchitecture, incuding trabecular 

number, connectivity density, bone volume and surface, suggest some degree of bone 

resorption is present in female mice 48h after two consecutive RANKL injections, in 

accordance with previous studies. 

We next investigated the effect of bone resorption 20 days after systemic RANKL 

treatment using a double dose compared to the 48h experiments (2mg/kg). The 

significant decrease in BMD after 48h in male mice, was not sustained after the 

experimental period of 20 days, reflecting previous descriptions of recovery of normal 

bone turnover over a prolonged time period (Tomimori et al., 2009). However, using 
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3D reconstructions we observed localized effects on bone resorption. When dividing 

the volumetric region in smaller segments of 0.2mm thickness, we found significantly 

reduced BMD in the two segments located further away from the growth plate. 

Chondrocytes play an important role in endochondral ossification during growth and 

their progenitors are still present in adult mice, maintaining the capacity of self-

renewal (Newton et al., 2019). As cells from this pool are able to differentiate into 

osteoblasts (Mizuhashi et al., 2019), a higher turnover of bone formation near the 

growth plate, given by the presence of chondrocytes, may explain why bone resorption 

was more evident further away from this region. Aside from BMD, several other 

parameters indicated an effect of RANKL in producing osteoclast mediated bone 

resorption. We found a significantly reduced bone surface fraction, trabecular number, 

and connectivity density in mice receiving two systemic RANKL injections. 

Unexpectedly, trabecular thickness was significantly higher in RANKL treated mice, 

potentially reflecting a reduction in small trabeculae in these animals. Similar findings 

have been reported in an OVX rat model of bone resorption, where in young animals 

estrogen deprivation leads to reduced trabecular thickness, an effect that was reversed 

with ageing (Butler et al., 2007). Similarly, in C57BL/6J mice, ovariectomy produces 

a reduction in trabecular thickness in 8 week old female mice, whereas an increase is 

observed 12 weeks or older animals (Zhou et al., 2018).  

In summary, several bone microarchitecture parameters suggests significant 

alterations in bone microstructure in animals receiving two consecutive systemic 

injections of RANKL, as previously reported. The extent of osteoclast activation was 

however not sufficient to induce pain behaviour, even at early timepoints when 

differences in BMD were more pronounced between RANKL and vehicle injected 

animals. Compared to other inbred mouse strains, C57BL/6J, have only few trabeculae 

and less mineralized bone (Zhou et al., 2018). Other mouse strains may therefore 

constitute a better model to study the effects of osteoclast activation and bone 

resorption. 

Finally, we cannot exclude the possibility that osteoclast activation needs to reach a 

certain threshold before producing a pain phenotype. Indeed, the reduction in BMD 

present in animals with CIBP (see section 2.3.1) is much more pronounced compared 

to that produced by systemic RANKL injection. A possible alternative approach to 

test this hypothesis is through the use of transgenic OPG deficient animals. These 
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present an osteoporotic phenotype, but also calcification of the aorta and renal arteries 

(Bucay et al., 1998). Therefore, a better alternative is the delivery of viral vectors 

expressing RANKL, which in mice can produce a robust reduction in trabecular BMD 

over a prolonged period of time (Enomoto et al., 2011).  

5.4.3 The inflammatory osteoclast 

An alternative explanation for the lack of pain-related behaviour in animals with 

increased bone resorption may depend on a phenotypic switch in osteoclasts present 

in pathologic conditions. The RANKL model used in the present study is the only 

existing osteoporosis model targeting osteoclasts specifically. Ovariectomized models 

of osteoporosis are based on cessation of estrogen production, which is one of the 

leading causes of the disease in humans (Raisz, 2005). Estrogen exerts its actions 

through the estrogen receptor α (ERα) and ERβ, expressed in several tissues, including 

the lung, liver, cardiovascular system, gastrointestinal tract, urogenital tract, central 

nervous system, and bone (Nilsson and Gustafsson, 2011). Interestingly, under 

physiological conditions estrogen inhibits the production of IL-6 from bone marrow 

cells, while estrogen-depletion results in a disinhibition followed by enhanced 

osteoclast formation (Jilka et al., 1992). In vitro studies indicate that the inflammatory 

cytokine IL-6 alone is not sufficient to induce osteoclastogenesis and bone resorption, 

but needs the concurrent presence of TNF-α (Yokota et al., 2014). 

In mice that underwent ovariectomy, the marrow of the femur shows increased levels 

of the cytokines TNF-α, IL-6, and IL-1β (Kanaya et al., 2016a). Similarly, in a model 

of injury to the intervertebral disc, anti-RANKL treatment reduced expression of TNF-

α and IL-6 in the bone, while also preventing the increase of CGRP in retrogradely 

labelled DRG neurons (Sato et al., 2015). IL-6 and TNF-α can induce 

osteoclastogenesis through a non-canonical pathway, which is independent from 

activation of RANK (O’Brien et al., 2016). In a serum-transfer model of arthritis, 

which induces robust expression of IL-6 and TNF-α (Ji et al., 2002) bone resorption 

and osteoclast formation is reduced in RANK deficient mice, but not completely 

absent (O’Brien et al., 2016). Interestingly, Lewis Lung carcinoma cells, which have 

also been used to induce CIBP in the present study, produce both IL-6 and TNF-α 

(Kim et al., 2009) contributing to the inflammatory soup found in the bone 

microenvironment. Thus, the two inflammatory cytokines act in synergy to induce 

osteoclastogenesis by RANK independent pathways, driving bone resorption in vivo. 
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Evidence from different skeletal inflammatory conditions suggests that IL-6 and TNF-

α induce “inflammatory osteoclasts”, with a distinct phenotypic profile, which might 

be compared to different macrophage subtypes (Novack, 2016). Given the difficulty 

in isolating osteoclasts due to their tight association with mineralized bone tissue, it 

remains a challenge to identify such differences. However, new advances in 

technologies, such as the possibility to perform RNAscope on mineralized tissue 

(Lassen et al., 2017), may prove useful in elucidating the presence of osteoclast 

subtypes. 

5.4.4  Multiple mechanisms involved in the pathophysiology of bone pain 

A final consideration is the number of changes in the bone microenvironment that 

must occur, aside from enhanced bone resorption, in order to produce pain behaviour 

in mice. Sprouting of both sensory and sympathetic neurons in the bone tissue may 

contribute to skeletal pain development. Neuronal sprouting is present in a variety of 

painful bone diseases (Freemont et al., 1997; Mantyh, 2013; Chartier et al., 2014). In 

a rat model of tibial fracture, the affected area is densely reinnervated by sprouting 

fibers, which are thought to play a role in delivering neural mediators required for 

fracture healing (Li et al., 2001). In mice, an increase in CGRP+ fibers at broken bone 

regions is observed (Chartier et al., 2014). Likewise, in ovariectomized rats the 

enhanced CGRP expression at the level of the DRG can be reversed by treatment with 

the bisphosphonate risedronate (Orita et al., 2010), indicating a potential interaction 

between osteoclasts and sensory neurons. Interestingly, similar changes are observed 

in SPARC-null mice, which exhibit age-dependent low back pain, correlating with 

increased CGRP+ innervation of the intervertebral discs (Miyagi et al., 2014).  

An increase in TRPV1 expression at the level of the DRG following femoral fracture 

in the rat, has also been reported (Kawarai et al., 2014). In bone cancer pain TRPV1 

expressed on primary afferents, is thought to induce hyperalgesia through osteoclast 

mediated acidification (Yoneda et al., 2015). Several studies have reported that 

inhibition of TRPV1 reduces pain associated with bone cancer (Ghilardi, 2005), which 

has been recently confirmed in knockout animals (Wakabayashi et al., 2018). 

Moreover, bafilomycin A, a selective inhibitor of the vacuolar proton pump expressed 

by osteoclasts to induce acidification, reduces pain behaviour in animals with CIBP 

(Wakabayashi et al., 2018). However, a functional link between bone acidity produced 

by osteoclasts and TRPV1 activation remains to be proven. Further studies looking at 
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the effect of bafilomycin or bisphosphonates in TRPV1 knockout animals with bone 

cancer, might be instrumental to this end. Additionally, investigating behavioural 

effects in ovariectomized TRPV1 deficient mice would be useful to draw generalized 

mechanistic parallels of osteoclast function in inflammatory skeletal pain conditions. 

Importantly, one should bear in mind that global knockouts, such as those used by 

Wakabayashi et al. likely exert an effect in several tissues with ubiquitous expression 

of the target gene and can cause developmental adaptative changes. Indeed, TRPV1 

global knockout animals showed increased BMD and impaired fracture healing 

compared to littermates (He et al., 2017). Similarly, pharmacological inhibition or 

genetic ablation of TRPV1 in ovariectomized mice prevents bone loss by reducing 

osteoclast activity (Rossi et al., 2014). TRPV1 expression is present in several bone 

cells, including osteoclasts and osteoblasts (Idris et al., 2010), which may contribute 

to the observed phenotypes in knockout mice. 

Aside from long bones, the role of TRPV1 has been investigated in periodontal tissue. 

TRPV1 knockout animals, show severe periodontal bone loss, as do mice in which 

TRPV1 expressing sensory neurons have been chemically ablated (Takahashi et al., 

2016). Oral administration of the TRPV1 agonist capsaicin induced expression of 

CGRP, which was shown to inhibit osteoclastogenesis in vitro. Molar ligation, which 

induces bone resorption in wildtype mice, was reduced in animals fed with a capsaicin 

diet. CGRP+ nerve fibers were found to be in direct contact with osteoclasts in the 

gingival tissue, suggesting that CGRP release in response to TRPV1 stimulation 

inhibits osteoclastogenesis (Takahashi et al., 2016). This study raises the possibility 

that the observed increase of TRPV1 expression in DRGs of mice with painful bone 

diseases, reflects a feedback loop to inhibit further osteoclastogenesis. Targeting 

osteoclasts in a pan-neuronal TRPV1 knockout strain, would help to exclude effects 

mediated by TRPV1 expressed on bone cells and contribute to our understanding of 

the role of this channel in skeletal pain.  

In summary, several painful skeletal conditions, including bone cancer, osteoporosis, 

and fractures are associated with increased osteoclast activity and sprouting, 

suggesting that several mechanisms may act in synchrony to produce and maintain 

chronic bone pain. 
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5.4.5 Conclusion 

In Chapter 2 we have shown that bone cancer pain is associated with a substantial 

decrease in BMD, which is already present when animals show early signs of bone 

pain. To our knowledge we are the first to investigate pain in a RANKL induced model 

of widespread osteoclast activity. We did not observe any behavioural pain phenotype, 

even at early timepoints of the study, when bone resorption was substantial. While not 

as evident, several bone microarchitecture parameters indicated that osteoclast activity 

is still present 20 days after RANKL injection. It is possible that a threshold of 

osteoclast activation needs to be reached, in order to observe a pain phenotype, as 

CIBP produced a much more pronounced reduction in BMD. Alternatively, 

homeostatic osteoclasts are not capable of inducing nociceptive signalling and 

engaging pain pathways, in contrast to their inflammatory counterparts which 

differentiate in response to IL-6 and TNF-α, which are unlikely to be present in 

homeostatic tissue. Future work, where RANKL is administered in combination with 

the two cytokines, could shed light on this possibility. Moreover, new techniques such 

as RNAscope, which can assess gene expression in mineralized tissue, could help to 

differentiate between osteoclast subtypes, as these cells have been difficult to isolate 

in vitro. Finally, it is likely that osteoclast activation is necessary, but not sufficient to 

induce bone pain. The sprouting of sensory nerve fibers in several painful skeletal 

conditions, may act in synergy with increased osteoclast activity. 
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SUMMARY 

This thesis investigated peripheral mechanisms, arising from the bone 

microenvironment, which contribute to the establishment and maintenance of skeletal 

pain, in particular metastatic bone cancer, by using molecular, transgenic and in vivo 

imaging approaches. The key findings of this work are: CIBP leads to vast changes in 

gene expression at the level of the DRG (Chapter 2); bone afferent neurons do not 

express the proprioceptive marker parvalbumin (Chapter 3); secondary hyperalgesia 

in CIBP depends at least in part on enhanced excitability of cutaneous afferents 

(Chapter 4); and enhanced activity of physiological osteoclasts is not sufficient to 

induced bone pain (Chapter 5).  

In Chapter 2 we aimed to identify potential targets for analgesia in CIBP. First, based 

on previous work in the lab, which found no role for the VGSCs Nav1.7 and Nav1.8 in 

CIBP, we investigated the effects of the third sodium channel preferentially expressed 

in the PNS, Nav1.9. Transgenic mice lacking the channel developed pain normally, 

even though at earlier timepoints compared to littermates. Further follow-up studies 

will be instrumental in revealing if Nav1.9 plays a protective function in cancer 

progression or the observed effect depends on the small sample size. Second, to 

identify novel genes and pathways driving CIBP in the PNS, we used an unbiased 

microarray approach. Interestingly, within the differentially expressed genes at the 

level of the DRG we identified a high proportion of micro RNAs, suggesting large 

changes at the post-transcriptional level in cancer bearing animals. Additionally, we 

identified 5 genes (Adamts5, Adcyap1, Calca, Gal, and Nts) which are associated with 

a pain-related phenotype, of which only one, neurotensin, has been previously 

described in the context of CIBP. The other genes may thus constitute novel targets 

for pain relief in metastatic cancer. 

In Chapter 3 we aimed to define the molecular identity of mouse bone marrow 

afferents, as most studies to date have been performed in rats. Additionally, instead of 

using immunohistochemistry, which is limited by the specificity of the antibody, we 

opted for the use of transgenic mouse reporter lines. We identified L3 as the DRG 

receiving major afferent input from the mouse femur. In contrast to previous studies 

using antibodies, we found that Nav1.8 is expressed in over three quarters of sensory 

neurons, suggesting that the Nav1.8 negative population is sufficient for the 
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establishment of CIBP, based on previous work in the lab were mice lacking Nav1.8 

expressing afferents develop cancer bone pain normally. Moreover, we found that the 

proprioceptive marker parvalbumin is never expressed in bone marrow afferents. 

These findings nicely correlate with published single cell RNAseq data indicating that 

these two markers are largely mutually exclusive. 

In Chapter 4 we used in vivo calcium imaging to characterize response properties of 

bone and cutaneous afferents in animals with CIBP. Interestingly, we detected no 

differences in the excitability of bone marrow afferents in cancer bearing animals, in 

accordance with another recent in vivo imaging study. Surprisingly, we found that a 

larger proportion of cutaneous afferents responds to mechanical stimulation in animals 

with CIBP, reflecting behavioural mechanical hypersensitivity. Moreover, cutaneous 

afferents in response to both thermal and mechanical stimuli showed increased 

calcium transients in animals with metastatic bone cancer, suggesting 

hyperexcitability at the level of the DRG contributes to secondary hyperalgesia. 

In Chapter 5 we hypothesized increased osteoclast activity alone may be sufficient to 

produce skeletal pain. Attempts to produce localized osteoclast activity failed, but a 

widespread model of osteoclast activation, which does not rely on estrogen depletion, 

produced a significant reduction in bone mineral density. However, animals failed to 

develop any signs of pain behaviour. We conclude that physiological osteoclasts alone 

cannot induce skeletal pain, and other changes in the bone microenvironment are 

necessary to drive pain directly or induce a phenotypic switch in osteoclasts.  
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