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Abstract

Cancer is inherently linked to pain, making it one of the most common symptoms in cancer
patients during the progression, and even remission, of the disease. Specifically, cancer-induced bone
pain (CIBP), one of the most frequent forms of cancer pain associated with skeletal metastases, is poorly
managed by current analgesic treatments and has become a major area of unmet medical need. To
understand the mechanisms underpinning CIBP, the studies presented herein were designed to
examine, at both the molecular and circuit level, manifestations of pain in rodent models of CIBP during

both disease progression (rat and mouse) and regression (rat).

The results evidence how, following cancer cell tibial implantation, CIBP female rats developed
progressive mechanical and thermal heat hypersensitivity in behavioural assays concurrent to
progressive trabecular and cortical bone degeneration. While this behavioural phenotype did not
correlate with alterations in the electrophysiological properties of spinal deep dorsal horn neurons,
diffuse noxious inhibitory controls (DNIC), a unique form of descending modulation, were found to be
dysfunctional one week following cancer cell implantation but recovered on posterior weeks. Targeted
diphtheria toxin cancer cell ablation on week one led to 1) prolonged DNIC dysregulation, 2) stabilisation
of pain-like behaviours, and 3) reversal of bone degeneration. These results were followed by the
establishment of a female and male mouse tibial CIBP model, which faithfully recreated the mechanical
hypersensitivity and progressive trabecular and cortical bone degeneration observed in the rat CIBP
model, with a mirrored impact on DNIC expression. Wishing to tie central nervous system manifestations
of pain (dysfunctional DNIC) to activity in the peripheral nervous system, primary afferent activity was
measured in naive mice at the level of the dorsal root ganglion, demonstrating that DNIC evocation had
no impact on mass activity. These findings not only expand our understanding of the neural basis of the
complex mechanisms driving CIBP, highlighting the dynamic nature of the disease and the need for
tailored and mechanistically targeted therapeutical approaches, but also lay the foundation for future
studies that will interrogate the synergy between central and peripheral nervous system manifestations

of pain.
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1. Introduction

1.1. Overview: pain and cancer

Cancer represents one of the leading causes of death worldwide, accounting for nearly 10 million
deaths per year (World Health Organization). Improvements in cancer detection and therapeutic
strategies have extended the life expectancy of cancer patients, leading to an increased focus on
improving patient quality of life. Sadly, around 50% of cancer patients suffer from moderate to severe
pain during the progression, and even remission, of the disease (with numbers reaching nearly 70% in
late/terminal stages) (Breivik et al., 2009; Deandrea et al., 2008; van den Beuken-van Everdingen et al.,
2016). This, in addition to the inability of cancer pain treatments to target the underlying mechanisms
leading any one particular pain state, makes pain one of the most invalidating symptoms in the

oncological population.

Cancer-induced pain may be borne from the tumour itself, anticancer treatments (such as
chemotherapy, radiotherapy, and/or surgery), and/or pre-existing comorbid diseases (Caraceni and
Shkodra, 2019; Cavaletti et al., 2011; Dropcho, 2010; Schreiber et al., 2013; Siembida et al., 2021).
Considering that cancer patients present a wide variety of additional symptoms including fatigue,
anorexia, cachexia, chronic nausea, dyspnoea, anxiety, and depression, it is easy to understand why the

pain experience may escalate to an unbearable level.

Cancers can be broadly divided into primary cancers (original location where the cancer started
developing) and secondary cancers (additional locations invaded by metastatic primary cancer cells).
Specifically, some of the most common cancers (e.g., breast, prostate, lung) tend to metastasise to
skeletal structures, making bones the third most frequent site of metastases (only surpassed by the
lungs and the liver) (Ryan et al., 2022). These bone metastases lead to one of the most common types
of cancer pain named cancer-induced bone pain (CIBP), with 50% of hospitalised cancer patients
suffering from it (Brescia et al., 1992; Grond et al., 1996). Although primary bone cancers (e.g.,
osteosarcoma, Ewing sarcoma, chondrosarcoma) also produce bone pain, they account for less than 1%
of the total diagnosed cancers (Biermann et al., 2013). Secondary bone cancers, on the other hand, are
way more frequent, with up to 85% of the patients dying from breast, prostate, or lung cancer showing
bone involvement at autopsy (Mercadante, 1997). However, the location and severity of the cancer itself
does not always correlate with the severity of the pain. This is best exemplified when considering that,

after successful treatment and remission of the disease, around 40% of patients still suffer from chronic
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pain (Cox-Martin et al., 2020; Forsythe et al., 2013; Green et al., 2011; Halpern et al., 2022; Jiang et al.,
2019; Karlson et al., 2020; Lu et al., 2011; Seretny et al., 2014; van den Beuken-van Everdingen et al.,
2007). The mechanisms driving this pain state are poorly understood and, as such, their investigation
forms the basis of this thesis. Below, the broader classification and mechanistic underpinning of pain

are outlined before a focus on preclinical models, and understanding, of CIBP.

1.2. The burden and classification of pain

Pain has an immense evolutionary importance, serving a vital protective mechanism essential for
survival, alerting the body to damage (potential or actual). This permits the organism to take steps to
avoid, for example, tissue injury, or to prevent further damage from occurring (Lee and Neumeister,
2020). Without pain, continued exposure of damaged tissue to everyday menial tasks could lead to
catastrophic inflammatory cascades and/or painless fractures, that themselves, if untreated, would lead
to body deformities, recurrent soft tissue infections, and/or self-mutilating injuries (Nagasako et al.,
2003). In short, ‘life without pain could really hurt you’ (Brand and Yancey, 1993). Short-lived protective
pain is referred to as ‘acute’ pain, one of two broad pain classifications that vary according to their

temporal progression:

e Acute pain: Its appearance coincides with tissue damage (potential or actual) and resolves once
the tissue has healed (Grichnik and Ferrante, 1991). Acute pain is self-limited and, clinically, refers

to pain lasting less than 3 months (Michaelides and Zis, 2019).

e Chronic pain: This type of pain has no clear biological purpose and arises when pain persists
beyond the resolution of the injury or insult (Burma et al., 2017). In the clinical context, chronic

pain refers to pain that lasts longer than 3 months (Michaelides and Zis, 2019).

Unfortunately, chronic pain is one of the most common diseases worldwide (Rice et al., 2016),
placing a huge burden on the healthcare system and being tightly associated with suffering, social
isolation, and disability (Domenichiello and Ramsden, 2019). The prevalence of chronic pain, when
reported as a singular condition, is around 30% in the general adult population (Elzahaf et al., 2012;
Leadley et al., 2012), suggested to be as high as 75% in some cases in the elderly population (Abdulla et

al., 2013), and around 30-40% in the adolescent population (Gobina et al., 2019; King et al., 2011).
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Gender (Greenspan et al., 2007), socio-economic background (Janevic et al., 2017), employment and
occupational status (Teasell and Bombardier, 2001), lifestyle (to include alcohol consumption and
smoking) (Egli et al., 2012; Orhurhu et al., 2015), physical activity (Geneen et al., 2017), nutrition (Brain
et al., 2019), and sun exposure (Straube et al., 2009) are all factors known to modulate the prevalence
of chronic pain within a population. Clinical components also contribute to the development of chronic
pain, including multiple or previous pain conditions (Elliott et al., 2002), multi-morbidities (Dominick et
al., 2012), mental health (Lee et al., 2018), surgical and medical interventions (Gan, 2017), weight (Hitt
et al., 2007), sleep disorders (Jank et al., 2017), and genetic aspects (Zorina-Lichtenwalter et al., 2016).
Finally, attitudes and beliefs towards pain (Blyth et al., 2005), and a history of traumatic events (Nelson
et al., 2018) will also impact the propensity of an individual to suffer from chronic pain. Simply put, the
experience of pain is a complex personal phenomenon, and one’s subjective perception is influenced to

varying degrees by biological, psychological, and social factors.

In addition to the pain classification according to its temporal progression (in terms of acute and
chronic classifications), pain can also be subdivided according to its mechanistic/etiologic aspects (Kosek

et al., 2016; Trouvin and Perrot, 2019):

¢ Nociceptive pain: Encompasses pain that arises from actual or threatened damage to non-neural

tissue leading to nociceptor activation.

¢ Neuropathic pain: Comprises any type of pain caused by a lesion or disease of the somatosensory

nervous system.

e Nociplastic pain: Includes any pain that arises from altered nociception despite no clear evidence
of actual or threatened tissue damage causing nociceptor activation nor evidence for disease or

lesion of the somatosensory system causing the pain.

Moreover, tissue injury that results in cell damage will likely involve the release of inflammatory
mediators which may activate and sensitise nociceptors, leading to inflammatory pain. This type of pain
typically improves and resolves after the tissue has healed, although a pain component can persist after
injury resolution (chronic inflammatory pain) (Kehlet et al., 2006). Thus, every classification of pain can

also have an inflammatory component, boosting the complexity of classification of the pain experience.
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Cancer pain is a mixed-mechanism pain state exhibiting elements that can be classified as nociceptive,
neuropathic, or nociplastic (concurring with inflammatory components in most cases). However, it is
also characterised by distinctive modifications to the peripheral nervous system and tissues as well as
unique neurochemical changes that cannot be included in any of the categories mentioned (e.g.,
vascular changes, hypoxic tumorigenic microenvironment, compression/distension/invasion of nerves)

(Falk and Dickenson, 2014).

Finally, the verbal descriptive approach also offers a classification of pain according to its
characteristics, pain behaviour, and present symptomatology. As a subjective experience, pain is often
scored using self-reported pain measures or scales with numerous verbal descriptors (e.g., aching, sharp,
tender, throbbing, burning, stabbing, itchy, tiring, exhausting, frightening, annoying, troublesome,
miserable) (Wilkie et al., 2001). Nevertheless, verbal descriptors show inconsistent results when used
alone to classify pain, and therefore, can offer only marginal utility (Boureau et al., 1990; Putzke et al.,
2002). As such, medical diagnoses serve as an additional useful tool when establishing a pain
classification, especially regarding chronic pain. In each chronic syndrome, pain is conceived either as a
disease itself (chronic primary syndromes) or as a symptom of another health condition (chronic

secondary pain syndromes) (Treede et al., 2019).

1.3. Pain vs Nociception

The International Association for the Study of Pain (IASP) describes pain as ‘an unpleasant sensory
and emotional experience associated with, or resembling that associated with, actual or potential tissue
damage’ (Raja et al., 2020). The pain experience encompasses three dimensions: sensory-discriminative
(regarding the location, quality, and severity), affective-motivational (referring to feelings of
unpleasantness, distress, and threat), and cognitive-evaluative (reflecting the individual’s attitudes and
beliefs towards pain) (Melzack, 1999). Nevertheless, some have argued that social factors must be
included and that a fourth dimension should be added to the list: the psychosocial dimension (Gustin et

al., 2011). Crucially, all the dimensions mentioned may co-exist or exist separately.

Nociception, on the other hand, is defined as ‘the neural process of encoding noxious stimuli’
(Nitzschke et al., 2022). When discussing nociception, we generally refer to it as one of four main

processes of somatosensation. The somatosensory system accounts for processing information
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regarding body sensation, including external (environmental) information and the internal body state.
Hence, the somatosensitive modalities are responsible of the sensations of touch (mechanoreception),
temperature (thermoception), pain (nociception), and body position and movement (proprioception)
(Manivannan and Suresh, 2012). It is noteworthy that, even though transmission of nociceptive
information results in pain perception under most circumstances, nociception does not always lead to

pain, and pain can occur in the absence of measurably noxious stimuli (Garland, 2012).

1.4. Anatomical nociceptive components

1.4.1. Nociceptor functionality

Sensory neurons (also known as primary afferents or first-order neurons) constitute the basic
units of the somatosensory system and subserve the peripheral nervous system (PNS) transforming and
transmitting external and internal body information to the central nervous system (CNS). The cell bodies
of the primary afferents are clustered in the trigeminal ganglia (TG) or the dorsal root ganglia (DRG),
depending on whether they innervate, respectively, orofacial areas or the rest of the body. Primary
afferents display a pseudounipolar anatomy (see Figure 1.1), presenting one single axon that bifurcates
generating two branches (or processes), one of which projects to peripheral tissues and the second of

which projects to the spinal cord, relaying the information (Dubin and Patapoutain, 2010).

These neuronal processes can be classified according to the electrophysiological and anatomical
characteristics of the primary afferent. One of the main characteristics is the presence or absence of a
myelin sheath, that increases the efficiency and velocity of the signal transmission and determines the
diameter of the fibre (Middleton et al., 2022). Primary afferent fibres may be designated as Aa-, AB-,
Ab-, or C-fibre subtypes according to these parameters (or as types |, I, lll, and IV, respectively).
Ao-fibres are normally related to the transmission of proprioceptive information, AB-fibres are mainly
responsible for innocuous mechanoreceptive transmission, and Aé- and C-fibres are generally related to
nociception and are responsible for ‘first/sharp’ pain and ‘second/slow’ pain, respectively (see Table 1.1
for a broad classification of somatosensory fibre types and their characteristics) (Basbaum et al., 2009;

Julius and Basbaum, 2001).

Particularly, nociceptors are a subtype of primary afferents characterised by their ‘naked’ (free)

nerve endings that preferentially encode and transmit noxious stimuli (defined as high mechanical
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pressure, extreme temperatures, and/or exposure to irritant chemicals) (Sneddon, 2018). Thinly
myelinated Ab-fibres and unmyelinated C-fibres that demonstrate exclusive sensitivity to mechanical
stimuli are termed ‘mechanonociceptors’, while those with restricted sensitivities to thermal or
chemical stimuli are referred to as ‘thermonociceptors’ or ‘chemonociceptors’, respectively. Moreover,
fibres can express a combination of these sensitivities, being collectively referred to as ‘polymodal’
nociceptors (Prato et al., 2017). Broadly, nociceptive Ad-fibres can be subclassified into type |
(characterised by high heat thresholds) and type Il (defined by high mechanical thresholds) (Treede et
al., 1998; see also Basbaum et al., 2009), whilst nociceptive C-fibres are broadly classified as mechano-
sensitive (CM) or mechano-insensitive (CM;) (Serra et al., 2004; see also Middleton et al., 2021).
Interestingly, a unique nociceptor subtype is insensitive to noxious stimulation under normal
physiological conditions but becomes mechanically and/or thermally sensitive after the induction of
local inflammation, revealing the capacity of nociceptors to become sensitised in disease states. These
insensitive nociceptors receive the name of ‘silent’ or ‘sleeping’ nociceptors and account for up to 25%
of total C-fibres in humans (Schmidt et al., 1995), with lower values in murine species (Kress et al., 1992;

Wetzel et al., 2007).

Axon

A
Myelin ‘
sheath

Figure 1.1. Structural classification of neurons. Neurons can be classified according to the distribution and
number of neuronal processes originating from the cell bodies (i.e., axons and dendrites). (A) Anaxonic neuron
(e.qg., amacrine cells in the retina). (B) Unipolar neuron (e.g., unipolar brush cells in the cerebellum). (C) Bipolar
neuron (e.g., olfactory sensory neurons in the nasal epithelium). (D) Pseudounipolar neuron (e.g., sensory
neurons or primary afferents). (E) Multipolar neurons (e.g., majority of the neurons in the central nervous

system).
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Table 1.1. Classification of peripheral sensory fibres. Sensory fibres can be divided according to their
electrophysiological and anatomical characteristics. Values taken from multiple reference sources (Koga et
al., 2005; Sneddon, 2018; West et al., 2015).

GROUP FIBRE DIAMETER MYELINATION CONDUCTION MODALITY INFORMATION
Type | Very large Very thickly Super-fast . . Body sensation (internal
(la & 1b) Aa (12-20 pum) myelinated (70-120 m/s) Proprioception and external)
Tvpe Il AB Large Thickly Fast Proprioception Mechanical (light touch and
yp (5-12 um) myelinated (20-100 m/s) Mechanoreception pressure)
Medium Thinly Intermediate MechanorecePt|on Mechanlcal and the.rmal
Type lll AS . Thermoception (innocuous and noxious;
(1-6 um) myelinated (5-40 m/s) . ;i L
Nociception fast transmission)
Mechanoreception Mechanical, thermal, and
Type IV C small Unmyelinated Slow Thermoception chemical (innocuous and
P (0.3-2.3 um) y (0.5-2 m/s) nocep . >
Nociception noxious; slow transmission)

In addition, nociceptors can be classified attending to their genetic and molecular profile. Each
new embryonic nociceptor expresses tropomyosin receptor kinase A (TrKA), a transmembrane receptor
with high affinity for the nerve growth factor (NGF). These two components (TrKA and NGF) are critical
for nociceptor development, with a defect in TrKA leading to congenital insensitivity to pain (Indo et al.,
1996). According to the embryonic nociceptive differentiation pathway, nociceptors can be classified

into two broad categories (Basbaum et al., 2009):

e Peptidergic nociceptors: These nociceptors constitute the largest group and generally maintain
TrKA expression, making them NGF-dependant. They are defined by the synthesis and release of

sensory neuropeptides such as calcitonin gene-related peptide (CGRP) and/or substance P.

e Non-peptidergic nociceptors: These nociceptors usually stop expressing TrKA and, instead,
express the transmembrane complex formed by the glial factor receptor a and the ‘rearranged
after transduction’ receptor (GFRa-RET), becoming dependent on the glial cell line-derived
neurotrophic factor (GDNF) for survival. They are characterised by the expression of the P2X

purinergic ion channel type 3 receptor (P2X3) and/or by isolectin B4 (IB4) binding.

However, even though this historical classification is broadly used, single cell ribonucleic acid

(RNA) sequencing studies have proven the existence of numerous additional nociceptive
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subpopulations, showing the complexity of primary afferent functional and molecular division (Li et al.,
2018; Usoskin et al., 2015; see also Chen et al., 2023). Moreover, several studies have found overlapping
markers, features, and functions between species (Price and Flores, 2007; Rostock et al., 2018; Shiers et

al., 2021).

The great heterogeneity of nociceptors offers the opportunity to make additional classifications
according to the noxious specificity based on the expression of different receptor subtypes. To name a
few, nociceptors can express transient receptor potential channels (TRPs), which can be sensitive to heat
(e.g., TRPV1), cold (e.g., TRPMS8), or chemical irritants (e.g., TRPA1); acid-sensing ion channels (ASICs),
sensitive to protons (H*) and acidic milieu; purinergic P2 receptors, especially sensitive to adenosine
5'-triphosphate (ATP) fluctuations (e.g., P2X3); and/or receptors from the Piezo family, that are

mechanosensitive (e.g., Piezo2) (Basbaum et al., 2009; Benarroch, 2015; Della Pietra et al., 2020).

1.4.2. Spinal cord architecture

The spinal cord is a highly organised and complex component of the central nervous system that
acts as a modulatory and integrative relay point of peripheral somatosensory input to the brain. The
spinal cord also serves as a transmission centre for information originating in higher brain structures
associated to peripheral motor control, as well as being accountable for the initiation and coordination

of many reflex arcs (Geertsen et al., 2017; Rabchevsky, 2006).

From a structural point of view, the spinal cord is a cylindrical structure of nervous tissue enclosed
in the vertebrae bones that can be longitudinally divided into segments determined by the emergence
of the spinal nerves. These segments are classified as cervical (C), thoracic (T), lumbar (L), sacral (S), and
coccygeal (Co), with the human spinal cord showing a total of 31 segments (C1-C8, T1-T12, L1-L5, S1-S5,
and Col), whilst the murine spinal cord presents 34 (C1-C8, T1-T13, L1-L6, S1-S4, and Co1-Co3)

(Molander et al., 1984; Sengul et al., 2012).

The spinal cord shows a clear differentiation between the grey matter and the surrounding white
matter (cell bodies and axons, respectively) (see Figure 1.2). Specifically, the white matter is grouped in
bundles of axons called funiculi that can be classified as dorsal, ventral, and lateral, while the grey matter

can be divided into the dorsal and ventral horns (in some segments, a lateral horn can be also present).
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The grey matter is arranged in a ‘butterfly’ or ‘H’ shape and can be further divided in a series of layers
(named the laminae of Rexed) according to their anatomical and electrophysiological characteristics
(Rexed, 1954). Ten laminae are recognised (laminae I-X): dorsally located laminae (laminae I-VI) receive
and transmit somatosensory information; laminae conforming the ventral horn (laminae VII-IX) receive
and transmit motor information; lamina X surrounds the central canal (Dinakar and Stillman, 2016).
Moreover, some laminae can be subdivided; the best example being lamina Il, that can be divided into
an outer (ll,) and an inner (ll;) section. This latter part of lamina Il can even be further subdivided into

inner dorsal (llis) and inner ventral (lliy) (Alles and Smith, 2018).

In the human spinal cord, the estimated number of cells are in the order of 1.5 billion, with
roughly 15% of those cells corresponding to neurons (sensory, motor, and interneurons), 10% to
endothelial cells, and 75% to glial cells (Bahney and von Bartheld, 2018). Specifically, sensory neurons in
the dorsal horn of the spinal cord can be classified in accordance with their sensitive convergence, which
includes the type of information they receive from primary afferents and their respective input

sensitivity:

e Non-nociceptive (NN) neurons: Responsive only to innocuous mechanical and thermal as well as
proprioceptive stimuli. These cells receive peripheral information from Aa-, AB-, and Ad-fibres.
They are located predominantly within laminae Il and IV but also laminae | and Il, to a lesser

extent (Almeida et al., 2004; Kibaly et al., 2016).

e Nociceptive-specific (NS) neurons: Activated exclusively by strong noxious stimulation and
unresponsive to innocuous stimulation. Their activity is mediated by C- and Ab-fibre input,
showing punctiform receptive fields with limited gradual responses to stimulus intensities and
fast adaptative firing during prolonged stimulation periods (i.e., the response to the stimulus is
transient with a quick decline in firing rate). These cells are vastly located in laminae | and Il but
can also be present in deeper layers like laminae V, VI, and X (Christensen and Perl, 1970; Coghill

et al., 1993).

e Wide-dynamic range (WDR) neurons: Reactive to a broad range of input, these neurons are
activated by noxious and innocuous stimuli. They manifest considerable convergence from C-and

Ab-fibres as well as AB- and Aa-fibres. These cells present gradual responses to the intensity of
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the stimulus, variable receptive field sizes, and slow adaptative firing to prolonged stimulation
(i.e., minimal firing frequency decline, firing continues for the duration of the stimulus). These
neurons are predominantly present in lamina V but can also be found within laminae I, 11, IV, VI,

and X (Coghill et al., 1993; Dubner et al., 1989).

Of special interest, WDR neuronal properties are conserved across species as they are involved in
multiple aspects of nociceptive processing. As previously mentioned, WDRs are defined by fine-tuned
intensity coding that correlates to pain thresholds and are generally characterised by prolonged after-
firing following noxious stimulation (post-discharge) (O'Neill et al., 2015). Additionally, WDRs encode for
spatial summation, a multisynaptic physiological phenomenon whereby increasing the area of a
stimulus, or concurrent application of noxious stimuli in different areas, have a cumulative effect upon
cell activity and nociceptive input (Reid et al., 2015; Sikandar et al., 2013). Spinal WDRs also show
temporally driven summation mechanisms known as ‘wind-up’ thought to reflect and encode for
temporal summation, defined as a homosynaptic event where application of a given stimulus in a
periodic repeated pattern progressively facilitates neuronal firing rates and nociceptive drive (Staud et

al., 2003; Trendafilova et al.,2022).

.

Dorsal funiculus

Dorsal horn

Lateral funiculus

Ventral horn

Ventral funiculus

Figure 1.2. Spinal cord functional division. Transversal section of the spinal cord (lumbar level) representing
the inner grey matter (with the characteristic ‘butterfly’ or ‘H’ shape) and the surrounding white matter
(including funiculi division). The grey matter is divided into dorsal (laminae I-VI) and ventral horns (laminae
VII-IX) and is connected to the central canal (lamina X). Lateral horns and laminae subdivisions not pictured.
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1.5. The physiology of nociception

1.5.1. Transducing noxious stimuli

The first step in the nociceptive process is the transformation of a noxious stimulus (internal or
external) into an electrochemical signal (action potential) (see Figure 1.3). This mechanism (named
‘transduction’) is performed by the unique and complex mosaic of ion channels present in the primary
afferent. Some of the most well characterised channels involved in nociceptive transduction include
subtypes of the previously mentioned transient receptor potential channels (TRPs), acid-sensing ion
channels (ASICs), purinergic P2 receptors, and receptors from the Piezo family (Benarroch, 2015; Della

Pietra et al., 2020).

Typically, neurons present a negative resting membrane potential of -70 mV caused by
differences in ionic concentrations against the extracellular environment. The presence of large
gradients of ions across the cell and the relative membrane permeability to them are responsible for the
maintenance of this value. Thus, when presented with the appropriate stimulus, the corresponding
channels undergo conformational changes, leading to complex excitatory and inhibitory ionic fluxes that
result in alterations of the membrane potential. If a noxious stimulus is of sufficient intensity and the
depolarization surpasses the threshold potential (around -55 mV), the signal is transformed into an

action potential (around +40 mV) and propagated along the primary afferent (Yam et al., 2018).

The maintenance and propagation of action potentials is caused by the opening of depolarizing
voltage-gated sodium (Na,) and calcium (Cay) channels, followed by the repolarizing activity of voltage-
gated (Ky), sodium-activated (Kna), and calcium-activated (Kca) potassium channels. Specific sodium (e.g.,
Na,1.7, Na,1.8, Na,1.9), calcium (e.g., Cay1.2, Ca,2.2, Ca,3.2), and potassium channels (e.g., K\1.1, K,1.4,
Kv2.2, K3.4, K\4.3, K,7) are preferentially expressed in nociceptive primary afferents (Benarroch, 2015),
where functional abnormalities lead to abnormal nociceptive processing and/or altered pain perception
(Bennett et al., 2019; Gribkoff, 2006; Tsantoulas and McMahon, 2014; see also Cregg et al., 2010). Action
potentials can initiate in the peripheral terminal of the primary afferent, propagating along the neuron,
and terminating in the dorsal horn of the spinal cord. Here, different neurotransmitters are released by
the presynaptic terminal into the synaptic cleft (in a calcium dependent manner), resulting in activation
of the postsynaptic terminal and the propagation of the signal to the second-order neuron. Virtually all

primary afferents use glutamate as their primary neurotransmitter, but additional neurotransmitters
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like vasoactive peptide, somatostatin, calcitonin gene-related peptide (CGRP), substance P, and/or ATP
may additionally be released depending on the primary afferent fibre (Gold and Gebhart, 2010; Mantyh
et al., 1989; Yam et al., 2018). Less frequently, action potentials may also initiate in the central terminal

and travel in the ‘reverse’ direction to the periphery (named dorsal root reflexes) (Willis, 1999).
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Figure 1.3. Nociceptive transduction in the primary afferent. Representation of the initiation, propagation,
and transmission of the action potential in the nociceptive primary afferent. (A) Natural noxious stimuli (i.e.,
chemical, mechanical, thermal) activate the corresponding channels in the periphery (e.g., P2X3, Piezo2,
TRPV1) and depolarise the primary afferent. (B) If the depolarization reaches the threshold potential (-55 mV),
the signal is transformed into an action potential (+40 mV). (C) Action potentials are propagated along the
neuron thanks to the depolarizing sodium and calcium channels as well as the hyperpolarizing potassium
channels. (D) Once the action potential reaches the central terminal at the spinal cord, neurotransmitter
release occurs (e.g., glutamate) in a calcium-dependent manner, and the action potential is transmitted to

the second-order neuron.
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1.5.2. Spinal cord nociceptive transmission

After entering the dorsal horn of the spinal cord (via the so-called Lissauer’s tract), primary
afferent terminals widely arborise and synapse with spinal cord neurons. This allows for signal
transmission between primary afferents (first-order neurons) and projection neurons (second-order
neurons), that will transmit the signal to various supraspinal structures and are concentrated in lamina
I (and scattered throughout laminae IlI-VI) (Wercberger and Basbaum, 2019). However, primary
afferents frequently synapse with spinal excitatory or inhibitory interneurons (located predominantly in
laminae |, I, and Ill) that modulate the signal strength and will, ultimately, transmit the information to

a projection neuron (Todd, 2010).

Relay of the primary afferent input to the dorsal horn occurs mostly ipsilaterally (same side),
however, some input may also be transmitted contralaterally (opposite side). Interestingly, in the dorsal
horn, sensory neurons terminate in modality-specific patterns (see Figure 1.4). Specifically, AB-fibres
mainly project to deep laminae (lll, IV, and V), Ad-fibres project primarily to lamina | as well as lamina V,
and C-fibres principally project directly to superficial laminae | and Il with indirect (polysynaptic)

projections to lamina V (Basbaum et al., 2009; D'Mello and Dickenson, 2008).

Dorsal horn

Ab-fibre

Figure 1.4. Primary afferent laminar projections in the dorsal horn. Different populations of primary
afferents project to different regions of the dorsal horn. Input carried by unmyelinated C-fibres terminates in
superficial laminae (laminae | and Il) with indirect projections to deeper laminae (lamina V). AS-fibres project
to both, superficial laminae as well as deeper laminae (laminae | and V, respectively) whilst innocuous
information carried by and AB-fibres usually ends in deep laminae (laminae Ill, IV, and V). Laminae subdivisions

not pictured. WDR: wide-dynamic range.

35



1. Introduction

When released at the presynaptic terminal, glutamate can bind to a range of glutamate family
receptors present in the membrane of the spinal neurons, including ionotropic AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid), ionotropic NMDA (N-methyl-D-aspartate), and/or
metabotropic glutamate (mGlu) receptors (Yam et al., 2018). The activity of these receptors will lead to
the creation of an action potential in the spinal neurons (interneurons and/or projection neurons),
propagating the signal. Excitatory spinal cord interneurons use glutamate as their major
neurotransmitter (glutamatergic), whilst gamma-aminobutyric acid (GABA) and glycine represent the
main transmitters of inhibitory spinal cord interneurons (GABAergic and glycinergic, respectively) (Todd,

2010).

1.5.3. Ascending nociceptive pathways

Nociceptive information transmitted to second-order neurons projects (ascends) through the
white matter funiculi to supraspinal areas. This occurs in a contralateral manner (vast majority of cases)
with projection neurons crossing the midline at different levels, although it can also happen ipsilaterally
or bilaterally (Liu et al., 2009; Spike et al., 2003). There are numerous somatosensory ascending
pathways originating in the spinal cord (see Figure 1.5) that can be anatomically grouped in three main

categories (Chandar and Freeman, 2014; Tan et al., 2023):

e Dorsal column-medial lemniscal (DCML) system: Relays information primarily related to
discriminative (fine) touch, stereognosis, vibratory sense, and conscious proprioception. Includes
the fasciculus gracilis and the fasciculus cuneatus, carrying sensory information from the lower and

upper body, respectively.

e Spinocerebellar system: Largely carries unconscious proprioceptive information to the cerebellum
for the coordination of movements and balance. Includes the dorsal (posterior) spinocerebellar
tract (or its upper-limb homologue cuneocerebellar tract) and the ventral (anterior) spinocerebellar

tract (or its upper-limb homologue rostral spinocerebellar tract).

e Anterolateral system (ALS): Predominantly relays pain and temperature sensation, as well as non-
discriminative (crude) touch, pressure, and some proprioceptive sensation. Encompasses

numerous pathways.
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Dorsal column-medial lemniscal system:
Fasciculus gracilis

Fasciculus cuneatus

Spinocerebellar system:
Dorsal spinocerebellar tract
Ventral spinocerebellar tract
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Anterolateral system:
Lateral spinothalamic tract
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Figure 1.5. Spinal distribution of ascending sensory pathways. Different ascending pathways projecting to
supra-spinal areas show different anatomical distributions in the white matter of the spinal cord. The dorsal-
medial lemniscal system, spinocerebellar system, and anterolateral system (with their respective subdivisions)
are depicted.

Of particular interest to the nociceptive process, the anterolateral system (ALS) can be subdivided
into different ascending pathways that include different types of projection neurons which themselves
can relay (but are not restricted to) nociceptive information (see Figure 1.6). These numerous
subdivisions, which may present anatomical, functional, and physiological overlaps due to collateral

synapses and/or multiple region projections (Al-Khater and Todd, 2009; Spike et al., 2003), include:

e Spinothalamic tract: Comprises projections from the spinal cord to the thalamus (e.g., ventral
posterolateral nucleus, central lateral nucleus, posterior complex). This tract is formed by the
ventral (or anterior) spinothalamic tract, transmitting crude touch and pressure, and the lateral
spinothalamic tract, conveying information related to temperature and pain. There is also
evidence of a dorsolateral spinothalamic tract that relays nociceptive-specific information

(Apkarian and Hodge, 1989; Martin et al., 1990).

e Spinohypothalamic tract: Includes ascending projections to the hypothalamus and areas of the
brain known to be involved in the production of autonomic, neuroendocrine, and affective-

motivational responses to noxious stimuli (Burstein et al., 1990; Burstein et al., 1991).
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e Spinomesencephalic tract: Encompasses several projection systems that terminate in diverse
areas in the midbrain (e.g., periaqueductal grey, superior colliculus/tectum, raphe nuclei). Due to
the nature of the different innervated areas, this tract is involved in descending modulation of
pain as well as spinovisual reflexes and locomotor responses to pain (Menétrey et al., 1982;

Yezierski and Schwartz, 1986).

e Spinoparabrachial tract: Projects to the parabrachial regions in the pons with a significant role in
the integration of the autonomic, motivational-affective, and endocrinal responses to pain since
it relays noxious inputs to other structures (e.g., amygdala, hypothalamus) (Cechetto et al., 1985;

Gauriau & Bernard, 2002).

e Spinoreticular tract: Terminates in several nuclei of the reticular formation of the brainstem and
is involved in the signalling of homeostatic changes, arousal, and affective-motivational responses

to pain, as well as activation of endogenous analgesia (Haber et al., 1982; Lima, 1990).

e Spinocervical tract: Ascends to the lateral cervical nucleus in the caudal part of the medulla. This
tract serves as a relay point to the thalamus receiving mostly tactile and hair movement input, as

well as relaying muscular noxious information (Bryan et al., 1974; Cervero et al., 1977).

There are additional ascending antero-lateral pathways like the spino-olivary tract (synapses with
the olivary nuclei in the medulla, carries proprioceptive information, and is involved in body movement
control) (Swenson and Castro, 1983), the solitary tract (projects to the solitary nucleus in the medulla,
receives mostly noxious visceral information, and it is associated with its modulation) (Traub et al.,
1996), the spinotrigeminal tract (connects with the spinal trigeminal nucleus in the medulla, relays pain
and temperature sensations from the head, and is involved in the integration of head and neck
functions) (Phelan and Falls, 1991), and the spinotelencephalic tract (relays nociceptive information to
different telencephalic structures like the globus pallidus, nucleus accumbens, amygdala, etc., and plays

a role in motivational-affective responses to pain) (Burstein et al., 1987).
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Figure 1.6. Main ascending and descending spinal nociceptive pathways. Principal ascending nociceptive
pathways (i.e., spinothalamic and spinoparabrachial tracts) project to supra-spinal areas (thalamus and

parabrachial nuclei, respectively) which connect to regions associated with discriminative and affective

components of pain (e.g., insula, somatosensory cortex, anterior cingulate cortex, hypothalamus, amygdala)
(left diagram, blue). Descending nociceptive pathways are directed by supraspinal brainstem structures (e.g.,
periaqueductal grey, rostral ventral medulla, pontine tegmentum nuclei) that are modulated by corticolimbic
areas (e.g., amygdala, anterior cingulate cortex, hypothalamus, insula) and project directly to the spinal cord
modifying incoming nociceptive information (right diagram, red).

1.5.4. Descending modulatory nociceptive pathways

Nociceptive information is modulated by descending control pathways that originate in

brainstem, midbrain, and higher brain centre structures, highlighting that modulatory controls may be
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recruited and further regulated by cognitive and emotional forebrain activity (‘top-down’ control) from

areas involved in memory, attention, mood, etc. (e.g., amygdala, insular cortex, prefrontal cortex)

(Bannister, 2019; Chen and Heinricher, 2022; Choi et al., 2018) (see Figure 1.6). These discrete

modulatory circuits encompass the descending pain modulatory system (DPMS) (Granit and Kaada,

1952; Hagbarth and Kerr, 1954; see also Bannister and Hughes, 2023), where the interplay between

sensory input and circuits in the DPMS governs pain perception. Despite the immense therapeutic

potential, harnessing activity in the DPMS has not yet been realised; the anatomical, pharmacological,

and functional nature of the circuits therein needs investigating. Some of the key brainstem areas

involved in descending modulation include:

Periaqueductal grey (PAG): The PAG represents a central node in pain modulation where
stimulation of this midbrain structure typically inhibits dorsal horn responses to noxious stimuli,
eliciting analgesia (Cui et al., 1999; Gerhart et al., 1984; Hosobuchi et al., 1977; Leith et al., 2010;
Waters and Lumb, 1997). Direct descending spinal cord projections originating in the PAG are
infrequent and mostly to lamina V (Mantyh and Peschanski, 1982; Mouton and Holstege, 1994;
Skirboll et al., 1983); rather, PAG-governed descending modulation is largely conveyed through
relay areas including the rostral ventromedial medulla and pontine tegmentum nuclei (Bajic and
Proudfit, 1999; Lakos and Basbaum, 1988; Odeh and Antal, 2001). The extensive reciprocal
connections of the PAG with corticolimbic structures (e.g., hypothalamus, amygdala, parabrachial
area, anterior cingulate cortex, prefrontal cortex) (An et al., 1998; Behbehani et al., 1988; Krout
et al., 1998; Lee et al., 2022; Rizvi et al., 1991) place it front and centre of circuits that regulate

affective and emotional nociceptive integration (Buhle et al., 2013; see also Benarroch, 2012).

Rostral ventromedial medulla (RVM): The RVM is considered a key structure in descending pain
modulation that provides bidirectional control over spinal nociceptive processing. Due to the
modular organization of the RVM, its stimulation may induce facilitation or inhibition of spinal
neuronal activity depending on the intensity of the signal, although some areas show exclusive
inhibitory or facilitatory effects. In the biphasic areas, low intensity activation increases spinal
neuronal activity, whilst high intensity activation decreases dorsal horn neuronal responses
(Urban and Gebhart, 1997; Zhuo and Gebhart, 1990; Zhuo and Gebhart, 1992; Zorman et al.,

1981). The neural basis for this bidirectional modulation relies on the engagement and
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synchronicity of RVM ‘ON-cells’, which fire in response to application of a noxious stimulus at the
periphery, and ‘OFF-cells’, which, conversely, stop firing upon application of a noxious stimulus
(Fields et al., 1983; Heinricher et al., 1989; Heinricher et al., 1994; Neubert et al., 2004). The RVM
exerts its modulatory activity by projecting directly to the dorsal horn (mainly to laminae |, Il, and
V) (Aicher et al., 2012; Fields et al., 1995; Martin et al., 1985). Although RVM recruitment comes
mostly from PAG projections (Aimone and Gebhart, 1986), direct corticolimbic connections (or
indirectly via the PAG) can also recruit the RVM (Chen et al., 2017; McGaraughty and Heinricher,

2002; Wagner et al., 2013; see also Chen and Heinricher, 2022).

e Pontine tegmentum nuclei: These nuclei provide a putative relay for descending pain modulatory
actions. Specifically, activation of the A5, A6, and A7 cell clusters (also known as fifth arcuate,
locus coeruleus, and subcoeruleus, respectively) has been historically linked to inhibitory effects
and reduction of the nociceptive signal (Burnet and Gebhart, 1991; Margalit and Segal, 1979;
Yeomans et al., 1992), but it has been demonstrated that these nuclei can also facilitate
nociception, showing a bidirectional nature depending on the cell subpopulation targeted (Hickey
et al., 2014; Marques-Lopes et al., 2010; Martin et al., 1999; Nuseir and Proudfit, 2000). All three
nuclei have direct projections to the dorsal horn of the spinal cord with descending fibres
originating in the A6 presenting the greatest network with projections (most densely) to
superficial laminae (I and Il), A5 projections to deep laminae (IV, V and VI), and A7 projections
predominantly to the ventral horn (with some disperse dorsal horn projections) (Bruinstroop et
al., 2012; Clark and Proudfit, 1991; Clark and Proudfit, 1993; Howorth et al., 2009). These nuclei
are directly connected to corticolimbic structures (e.g., amygdala, hypothalamus, parabrachial
area, prefrontal cortex) (Byrum and Guyenet, 1987; Cedarbaum and Aghajanian; 1978; Chandler
et al., 2014) as well as the PAG and RVM (Bajic and Proudfit, 1999; Tanaka et al., 1996; see also

Taylor and Westlund, 2017).

Ultimately, descending modulation may proffer tonic or phasic control of spinal neuronal activity,
according to the circuit in question (Lapirot et al., 2011; Li et al., 1998; McMahon and Wall, 1988;
Sandkuhler et al., 1995). Additionally, and contrary to the ascending pathways, descending modulatory
pathways show ipsilateral preference (Bruinstroop et al., 2012; Levine et al., 1991) as well as predilection

for modulating nociceptive signals over non-nociceptive ones (Mayer et al., 1971; Reynolds, 1969;
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Waters and Lumb, 1997). This modulation is exerted at the level of the spinal cord by direct synapses of
descending pathway terminals with spinal neurons (projection neurons and/or interneurons) along with
indirect volume transmission (non-synaptic diffusion of transmitters in the extracellular matrix allowing
for persistent and widespread effects of distant targets) (Marlier et al., 1991; Rajaofetra et al., 1992;
Ridet et al., 1993). Despite direct connections between descending projections and primary afferents
being sporadic (Hagihira et al., 1990; Light et al., 1983), volume transmission may affect primary afferent

activity (Travagli and Williams, 1996).

Broadly, facilitatory descending modulation may be orchestrated by serotonin (also known as 5-
hydroxytryptamine or 5-HT), while inhibitory descending modulation was traditionally viewed as being
underpinned by noradrenaline (also called norepinephrine). The predominant source of spinal serotonin
arises from the RVM (Bowker et al., 1981; Bowker et al., 1982; Kwiat and Basbaum, 1992), whilst the
source of spinal noradrenaline originates in the noradrenergic A5, A6, and A7 nuclei (Kwiat and
Basbaum, 1992; Westlund et al., 1983; Westlund et al., 1984). However, individual neurotransmitters
may elicit contradictory mechanisms depending on the neuron targeted (e.g., inhibitory interneuron vs
excitatory interneuron) and the receptor activated. Serotoninergic receptors can be classified into
different families including 5-HT; (subdivided into 5-HTia, 5-HT1s, 5-HTip, 5-HT1g, and 5-HT3g), 5-HT;
(involving 5-HTza, 5-HT2g, and 5-HTac), 5-HTs, 5-HT4, 5-HTs (including 5-HTsa and 5-HTsg), 5-HTs, and 5-
HT>, with their actions being extremely variable (Godinez-Chaparro et al., 2011; Granados-Soto et al.,
2010; Kayser et al., 2007; see also Cortes-Altamirano et al., 2018; Eide and Hole, 1993; Millan, 2002). On
the other hand, the impact of noradrenaline release in the spinal cord has a more robust consistency
with adrenergic receptors being classified as facilitatory a;- (with a1a, a1s, and aup subtypes), inhibitory
a- (subdivided into aa, azs, and axc), or facilitatory B-adrenergic receptors (encompassing B1, B2, and
Bs subtypes) (Arora et al., 2021; Asano et al., 2000; Wada et al., 1997; see also Millan, 2002; Pertovaara,

2006).

Of special interest, one of the most widely known noradrenergic descending modulatory
mechanisms correspond to diffuse noxious inhibitory controls (DNIC), largely driven by a2-adrenergic
receptor responses, although different transmission systems can also modulate their expression (e.g.,
serotoninergic system, opioidergic system) (Bannister et al., 2015; Bannister et al., 2017; see also

Kucharczyk et al., 2021). DNIC describes a circuit that underpins the ‘pain inhibits pain’ phenomenon
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whereby application of a noxious stimulus to one part of the body inhibits pain perception in remote
body regions (Le Bars et al., 1979a). This effect is quantified as the inhibitory action of a noxious
conditioning stimulus on the firing rates of spinal and trigeminal neurons. For DNIC to be expressed, the
conditioning stimulus needs to be noxious, implying AS- and/or C-fibre drive (Villanueva and Le Bars,
1995), and the inhibitory actions may present long-lasting effects (even minutes) following its removal
if sufficient conditioning intensity is reached (Cadden, 1993). DNIC exclusively act upon convergent
wide-dynamic range (WDR) neurons (see section 1.4.2), inhibiting their responses to innocuous and
noxious stimuli via a hypothesised postsynaptic mechanism (without excluding additional presynaptic
mechanisms) (Le Bars et al., 1979a; Le Bars et al., 1979b; Villanueva et al., 1984a; Villanueva et al.,

1984b).

While DNIC is a phenomenon restricted to measurement in anesthetised animals, where direct
recording of WDR neurons can be made, the descending control of nociception (DCN) reflects a more
complex and cognitive-influenced modulatory phenomenon as measured in wakeful animals (Bannister
etal., 2021; Nemoto et al., 2023; see also Kucharczyk et al., 2021). A human counterpart may be elicited
with a conditioned pain modulation (CPM) paradigm (Harvie et al., 2022; Schliessbach et al., 2019;
Yarnitsky et al., 2010). Paradigms used to assess the efficacy and/or expression of DNIC, DCN, or CPM

serve as a surrogate measure of activity in the DPMS.

1.5.5. Perception of pain

Pain is a highly subjective, complex, and conscious sensation that often shows a non-linear
relationship between nociceptive input and pain perception. In the majority of cases, once the
nociceptive signal reaches the cerebrum via subcortical projections, a complex network of cortical
structures (including those that originate modulatory controls) will be activated, leading to the
perception of pain, ‘a subjective awareness of a noxious stimulus’. These cortical areas, widely inter-
connected (collectively referred to as the ‘pain matrix’), are mainly involved in the sensory and/or the
affective aspects of pain. Although the areas implicated and their level of activation upon perceiving a
noxious stimulus differ widely between individuals, brain imaging techniques have demonstrated
several standard and frequent cortical structures involved in the perception of pain (Apkarian et al.,

2005; Schnitzler and Ploner, 2000):
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Primary somatosensory cortex (Sl): Suggested to code pain intensity (Timmermann et al., 2001),
it is located in the parietal lobe, and receives nociceptive thalamic input (Gingold et al., 1991).
Neuronal recordings have shown the Sl to respond to noxious stimulation (Kanda et al., 2000;

Kenshalo et al., 2000; see also Vierck et al., 2013).

Secondary somatosensory cortex (Sll): This parietal-located structure is thought to be involved
in the recognition of the noxious nature of a stimulus (Timmermann et al.,, 2001), receiving
nociceptive projections from the thalamus (Stevens et al., 1993). A very small subpopulation of
SIl neurons have been shown to be responsive to noxious input, with most of them presenting a

polymodal phenotype (Dong et al., 1989; Maihofner et al., 2006; see also Mauguiére, 2004).

Insular cortex (IC): Located in the insular lobe, this area is suggested to play a role in autonomic
reactions to noxious stimuli as well as pain-related empathy and learning mechanisms (Gu et al.,
2012). The nociceptive information received in this area is mostly thalamic (Jasmin et al., 2004)
and it has been shown to be activated upon noxious stimulation (Hanamori et al., 1998;

Ostrowsky et al., 2002; see also Labrakakis, 2023).

Anterior cingulate cortex (ACC): Located in the frontal lobe, it is hypothesised to be involved in
affective pain (i.e., the unpleasantness of pain) as well as pain avoidance behaviours (LaGraize et
al., 2004). Receives nociceptive signals from several thalamic nuclei (Xue et al., 2022) and has
proved to react to noxious stimuli (Hutchison et al., 1999; Yamamura et al., 1996; see also Fuchs

et al., 2014).

Prefrontal cortex (PFC): Comprises a major part of the frontal lobe and is assumed to participate
in acute pain processing, pain expectation, aversive learning, and decision making (Zhou et al.,
2018), as well as originating endogenous pain modulatory controls due to its connection with the
periaqueductal grey (Drake et al., 2021). The PFC receives input from numerous supraspinal
structures that may convey nociceptive information (Hoover and Vertes, 2007) and has shown to
be activated by noxious stimuli (Condés-Lara et al., 1989; Lorenz et al., 2003; see also Ong et al.,

2019).
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Additionally, not only a purely somatic phenomenon, pain is also influenced by cognitive aspects.
Cognition involves processes like acquisition, processing, storage, and retrieval of information by the
brain (Bayne et al., 2019), and is composed of diverse elements (e.g., attention, perception, memory,
verbal/language skills, motor skills, executive functioning) that will, ultimately, modify pain perception

and bias nociceptive processing in the human brain (Wiech et al., 2008).

1.6. Preclinical models of CIBP

Animal models of cancer-induced bone pain (CIBP) are mainly generated following the injection
of various types of cancer cells into the bone marrow of different bones. The mechanistic underpinning
of CIBP involves a plethora of interactions between tumour cells, bone cells, immune cells, and bone-
innervating neurons that lead to a state of neuronal hyperexcitability in primary sensory neurons
(peripheral sensitization) as well as hyperexcitability at spinal and supraspinal levels (central

sensitization) (Zhen et al., 2022) (see Figure 1.7).

1.6.1. Peripheral mechanisms of CIBP

Bones constitute a dense sensory-innervated system that can be anatomically divided into
cortical (compact outer layer surrounded by the periosteum) and trabecular (spongiform inner layer
separated from the cortical layer by the endosteum) tissue. Both cortical and trabecular bone are highly
innervated by primary afferents (mainly involving peptidergic AS- and C-fibres), meaning that their
integrity, if compromised, will contribute to a pain state (Castafieda-Corral et al., 2011; Mach et al.,

2002; Steverink et al., 2021).

Bones are in a constant state of remodelling, which is directed by a finely tuned interplay of bone
creation (osteoblast-driven) and bone reabsorption (osteoclast-mediated). Cancer cells disrupt this
homeostasis by releasing different mediators (e.g., endothelin) that stimulate osteoblast proliferation,
leading to the formation of futile bone (Kristianto et al., 2017). These activated osteoblasts then secrete
additional ligands (e.g., receptor activator of nuclear factor-kappa B ligand; RANKL) that serve to signal
osteoclast proliferation and maturation, triggering excessive bone absorption (Zhang, Li et al., 2022).
This creation of new and structurally weak bone together with the weakening of the pre-existing bone,

induces painful micro-fractures that not only directly activate nociceptors but can also lead to complete
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bone fractures (Oefelein et al., 2002). Thus, bone tumours can be broadly classified into osteosclerotic
(e.g., prostate cancer), osteolytic (e.g., breast cancer), or mixed (e.g., bladder cancer), according to
whether they preferentially promote bone formation, bone degradation, or show mixed characteristics

(Guise et al., 2006).

This abnormal bone remodelling causes acidification of the tumour microenvironment driven by
the release of ATP and protons linked to osteoclast activity and bone degradation. Cancer cells have also
proven to participate in this acidification by direct release of protons and lactate as they tend to undergo
anaerobic respiration even in the abundance of oxygen (Warburg effect), worsened by the fact that
bones are a naturally hypoxic environment (Eliasson and Jénsson, 2010). This local acidosis induces
direct activation and sensitization of primary nociceptive afferents by stimulation of different channels

(e.g., ASIC3, TRPV1, P2X3) (Nagae et al., 2007; Yoneda et al., 2015).

Additionally, and highlighting the importance of the neuro-immune interactions in the
development of CIBP, these conditions favour immune cell recruitment in the tumorigenic area, where
nociceptors may act as promoters and enhancers of pro-tumoral immune responses (e.g., regulatory T
cells, myeloid-derived suppressor cells) while also inhibiting and exhausting anti-tumoral immune
responses (e.g., cytotoxic T lymphocytes, natural killer cells) (Balood et al., 2022; Bruno et al., 2021;
Mcllvried et al., 2022; see also Mardelle et al.,, 2024). This differentially controlled immune cell
recruitment leads to the release of proinflammatory factors and mediators including prostaglandins,
cytokines (chemokines, interleukins, and tumour necrosis factor), neurotrophins, bradykinin, and
endothelins, known for being powerful nociceptor activators and sensitisers (Eskander et al., 2015;

Gokin et al., 2001; Haley et al., 1989; Richter et al., 2010; Taylor-Clark et al., 2008).

Specifically, neurotrophic factors (e.g., NGF) promote tumour cell proliferation increasing
intraosseous pressure and activating mechanoreceptive primary afferents (Nencini and lvanusic, 2017).
This, in conjunction with the aforementioned osteoblast/osteoclast imbalance, induces a drastic
remodelling of the bone structure leading to direct afferent activation by entrapment, injury, and/or
bending of nerves (Park et al., 2018). Moreover, neurotrophic factors initiate the abnormal sprouting
and reorganization of bone-innervating primary afferents as well as sympathetic fibres, inducing

receptive field size amplification and sensitization (Jimenez-Andrade et al., 2010). This highly
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disorganised sprouting causes an intermingling of sensory and sympathetic fibres leading to the creation

of neuroma-like connections, allowing sympathetic fibres to potentially trigger nociceptive afferents

(Mantyh et al., 2010; Jimenez-Andrade et al., 2011).
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Figure 1.7. Peripheral mechanism driving CIBP. Tumours weaken the bone structure by creating an
osteoclast/osteoblast imbalance. This extreme remodelling entails the release of substances (e.g., protons,

lactate) that acidify the microenvironment. Immune cells are additionally recruited in the area and release
proinflammatory factors (causing the sensitization of primary afferents) as well as neurotrophic factors

(producing abnormal sprouting and neuroma-like connections). Exponentially growing tumours also lead to

the entrapment, bending, and damage of nerves as well as an intraosseous pressure increase.
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1.6.2. Central mechanisms of CIBP

Intricated tumour-driven peripheral interactions and the subsequent long-term stimulation of the
sensitised primary afferents cause an increase in excitatory glutamate release in the spinal cord, leading
to severe immune central responses (e.g., microglia/astrocyte activation, T cell infiltration) (Fu et al.,
2016; Huo et al., 2019; Ni et al., 2019; Wu et al., 2022; Yang et al., 2022; Zhang, Liang et al., 2022), which
are tightly linked to the release of proinflammatory mediators (known key factors for the initiation and
maintenance of central sensitization) (Chen et al., 2018; Hald et al., 2009). This central inflammation has
been shown to induce reorganizational changes as well as spinal sensitization by postsynaptic glutamate
receptor modifications (e.g., NMDA phosphorylation) (Yanagisawa et al., 2010; Wang et al., 2012; Zhang
et al., 2008). This is associated with higher cell metabolism (i.e., c-Fos) and upregulated release of
pronociceptive mediators (e.g., dynorphin) (Schwei et al., 1999; Yang et al., 2022). Moreover, alterations
in the ratio between nociceptive-specific (NS) and wide-dynamic range (WDR) neurons have been
observed in the spinal cord, favouring the latter (Donovan-Rodriguez et al., 2005). This, together with
the CIBP-mediated increase in WDR receptive field sizes and WDR neuronal responses to evoked stimuli
in superficial layers (with deep layers displaying less pronounced changes), results in an increased
probability of responses to low-threshold peripheral inputs with a higher magnitude of response

(Donovan-Rodriguez et al., 2005; Urch et al., 2003).

Exacerbated input from sensitised spinal cord neurons may produce frequent and long-lasting
stimulation of supraspinal structures which, in turn, impacts descending modulation, promoting
inhibitory loss and/or facilitatory gain. Particularly, structures known to be direct participants in
descending modulation (e.g., periaqueductal grey, rostral ventromedial medulla) have been shown to
exert an enhanced descending serotoninergic facilitation driven by immune activatory actions (Falk,
Schwab et al., 2015; Huang et al., 2014; Liu et al., 2012; Ni et al.,, 2019). Additionally, descending
noradrenergic transmission is aberrant during cancer progression (Kucharczyk, Derrien et al., 2020)
evidencing that the increased spinal excitability seen in CIBP models is unlikely to be driven simply by
peripheral mechanisms, but rather that altered spinal mechanisms and abnormal descending control

activity (i.e., centrally mediated mechanisms) contribute also.
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1.7. Aims of thesis

Investigating the neurobiology of cancer has emerged as a discipline that tries to unravel tumour-
driven modifications in pain processing as well as the interactions and crosstalk between the neurons
and the cancer cells in the tumorigenic microenvironment. This thesis aims to elucidate some of the
underpinning descending modulatory mechanisms that are involved in the development of chronic pain
during cancer progression and following cancer ablation. The understanding of these mechanisms is of

utmost importance to develop effective therapeutic interventions and improve patients’ quality of life:

e My first aim was to characterise the expression profile of diffuse noxious inhibitory controls
(DNIC) in naive and CIBP female rats, linking results to adrenergic pharmacological manipulation
of DNIC expression, behavioural outcomes, and bone microarchitectural analysis (see Chapter 2

and Chapter 3).

e My second aim was to study spinal nociceptive processing following selective cancer cell ablation
in CIBP female rats using diphtheria toxin, linking results to DNIC functionality, behavioural

outcomes, and bone microarchitecture (see Chapter 2 and Chapter 4).

e My third aim was to develop a tibial CIBP mouse model, linking results to DNIC functionality in
naive and CIBP female and male mice, bone microarchitecture, and behavioural outcomes.
Peripheral nerve functionality was additionally assessed in naive mice before and during
application of a conditioning stimulus to assess possible impacts on primary afferent activity (see

Chapter 2 and Chapter 5).
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2. Materials and methods

2.1. Animals

Adult female Sprague Dawley rats (Charles River Laboratories or Inotiv, UK) and adult female and
male C57BL/6 wild-type mice (Charles River Laboratories, UK) were housed in their respective mixed-
sex rooms at the Biological Service Unit (King’s College London, UK). Animals were arbitrarily allocated
in groups of 3-5 animals per cage on a 12:12 hour light-dark cycle (lights on 7:00 a.m. to 19:00 p.m.).
Polysulfone open ventilated cages (conventional EU type IV cage) with raised stainless steel wire bar lids
were used for rats (dimensions: 598 x 380 x 200 mm; floor area: 1820 cm?), whilst polysulfone
individually ventilated cages were employed for mice (dimensions: 391 x 199 x 160 mm; floor area:
501 cm?) (Tecniplast Group, Italy). Chopped aspen wood bedding, recycled paper nesting strands, and
enrichment tubes were also provided in every cage (LBS Serving Biotechnology, UK). Highly formulated
rodent pellets (LabDiet, USA) and filtered water in clear polycarbonate bottles with stainless steel caps
(Tecniplast Group, ltaly) were available ad libitum. Animal house conditions were strictly controlled,
maintaining stable room levels of humidity (55 + 10%), temperature (22 + 2°C) and light intensity (350 +

50 lux).

All procedures described were approved by the UK Home Office and conformed to the Animals
(Scientific Procedures) Act 1986 and ARRIVE guidelines (Kilkenny et al., 2010). Every effort was made to
limit animal suffering, and the number of animals used is in accordance with IASP ethical guidelines

(Zimmermann, 1983).

2.2. Cancer cell lines

Syngeneic metastatic rat mammary tumour cells (MRMT-1) isolated from female Sprague Dawley
rats (mammary gland adenocarcinoma) were used for the tibial CIBP rat model (Riken BioResource
Research Center, Japan). MRMT-1 cells were cultured in T25 flasks (Greiner Bio-One, Austria) using
Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with glutamine (L-alanyl-L-
glutamine), 10% foetal bovine serum (FBS), and 2% penicillin/streptomycin (Thermo Fisher Scientific,
USA). Syngeneic mouse Lewis lung carcinoma cells (LLC) isolated from C57BL/6 mice (epidermoid lung
carcinoma) were used for the tibial CIBP mouse model (American Type Culture Collection, USA). LLC cells
were cultured in T25 flasks with Dulbecco's modified Eagle medium (DMEM) (Merck Group, Germany)

supplemented with 10% FBS, and 2% penicillin/streptomycin.
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Both MRMT-1 and LLC cell lines were maintained in an incubation chamber (BINDER, Germany)
at highly controlled levels of CO; (5%), temperature (37°C) and humidity (100%, no condensation). Cell
passages were performed every 3-4 days for both cell lines. On the day of the surgery, after medium
discard and cell wash with 1X Dulbecco's phosphate-buffered saline (DPBS) (Corning, USA), MRMT-1 or
LLC cancer cells (according to whether rat or mouse surgery was to be carried out respectively) were
briefly exposed to 0.1% solution of trypsin-ethylenediaminetetraacetic acid (EDTA) for detachment
(Thermo Fisher Scientific, USA). Fresh medium was subsequently added, and cells underwent a 5-minute
centrifugation cycle at 1000 rpm (Andreas Hettich, Germany). Following supernatant discard, pellet was
washed with 1X Hanks’ balanced salt solution (HBSS) (Thermo Fisher Scientific, USA) and underwent an
additional 5-minute centrifuge cycle at 1000 rpm. The resulting supernatant was again discarded, and
cells were re-suspended in HBSS (MRMT-1) or DMEM (LLC). Cell viability was checked using a
haemocytometer chamber (also known as Neubauer chamber) (Hausser Scientific, USA) and 0.1% trypan
blue staining (Thermo Fisher Scientific, USA) with subsequent dilution to achieve the desired
concentration (MRMT-1: 3 x 10° cells/ml; LLC: 4 x 10° cells/ml). Cells were kept on ice until use, and cell

viability was checked again after surgery, with no more than 5% of cells found dead.
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Figure 2.1. Cancer cell implantation surgery. Following peri-operative analgesia, and under gaseous
anaesthesia, the anteromedial surface of the right tibia was carefully exposed. A hole was drilled, and the
cancer cells were implanted into the intramedullary cavity using a thin polyethylene tube (rats) or a custom-
made needle tip (mice). Rats received 3 x 10° MRMT-1 cancer cells whilst mice received 2 x 10* LLC cells. Bone
restorative material was used to plug the hole and wound was skin-sutured.
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2.3. Cancer-induced bone pain models

2.3.1. Rat cancer cell implantation surgery

A validated tibial CIBP rat model was generated as previously described (see Figure 2.1)
(Kucharczyk, Derrien et al.,, 2020; Medhurst et al.,, 2002). Briefly, female rats (160-250 g) were
anaesthetised using isoflurane (induction 4% v/v, maintenance 1.5-2% v/v) (Henry Schein, USA) in O (1
I/min). After subcutaneous peri-operative meloxicam injection (50 pl; 2 mg/kg) (Boehringer Ingelheim
International, Germany) and carbomer eye protective gel application (Novartis, Switzerland), animals
underwent surgical cancer cell implantation into the right tibia. In aseptic conditions, a small incision
was made on a shaved and povidone-iodine disinfected area (Vetark Products, UK) of the tibial
anteromedial surface. The tibia was carefully exposed with minimal damage to the surrounding tissue.
Using a 0.6-mm dental drill (Blackstone Industries, USA), a hole was made in the bone through which a
thin polyethylene tube (0.28 mm ID x 0.60 mm OD) (Instech Laboratories, USA) was inserted 1.0-1.5 cm
into the intramedullary cavity. With a 50-ul syringe (Hamilton Company, USA) connected to the
polyethylene tube, either 3 x 103 MRMT-1 carcinoma cells in 10 pl HBSS or 10 pl HBSS alone (sham) were
injected into the cavity. The tubing was removed, and the hole plugged with intermediate bone
restorative material (Dentsply Sirona, USA). The wound was irrigated with 0.9% sodium chloride (B.
Braun, Germany), skin closed with 4-0 absorbable sutures (Ethicon, USA) following a simple interrupted
pattern, and secured with tissue adhesive (3M, USA). Rat breathing rate was visually monitored during
the surgery and body core temperature was maintained using a homeothermic blanket (Harvard
Apparatus, USA). Animals, placed in a thermo-regulated recovery box until fully awake (ThermoCare,
USA), were closely monitored after surgery for any adverse effects, with no post-operative analgesic

regime.

2.3.2. Mouse cancer cell implantation surgery

The tibial CIBP mouse model was designed, optimised, and established following a previously
described and validated femoral CIBP mouse model for reference (see Figure 2.1) (de Clauser et al.,
2020; Honore et al., 2000). Female and male mice (18-31 g) were anaesthetised using isoflurane
(induction 4% v/v, maintenance 1.5-2% v/v) in Oz (1 |/min), subcutaneously injected with peri-operative
buprenorphine (50 pl; 0.1 mg/kg) (Ceva, France), and eye-protected with carbomer gel. Following

disinfection of the shaved area, the tibial anteromedial surface was exposed with minimal damage to
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surrounding tissue. Subsequently, a hole was made in the bone using a 0.5-mm dental drill and a custom-
made 34-gauge needle (ESSLAB, UK) attached to a 10-ul syringe (Hamilton Company, USA) was inserted
in the intramedullary cavity. Bone wax (Ethicon, USA) was used as sealant to avoid any leakage during
the implantation. Subsequently, either 2 x 10% LLC cells in 5 ul DMEM or 5 ul DMEM alone (sham) were
injected into the cavity. The needle was removed, and the hole was plugged with wax and additional
bone restorative material. Saline solution was used to irrigate the wound and 6-0 absorbable sutures
(Ethicon, USA) and surgical adhesive glue were employed for wound closure. Breathing and body core
temperature were monitored and controlled during the surgical intervention. Animals recovered in a
thermo-regulated recovery box until fully awake and were regularly monitored for any adverse effects

on the days following surgical intervention with no post-operative analgesic regime.

2.3.3. Diphtheria toxin receptor cancer cell transduction

Modification of MRMT-1 cells was achieved by genomic alteration (lentiviral integrative
transduction) to confer diphtheria toxin (DT) sensitivity. Precisely, the lentiviral custom-made construct
(pFIV3.2-EF1a-DTR-P2A-eGFP-T2A-puro; 5.1 x 10° TU/ml) (University of lowa, USA) was cloned into the
feline immunodeficiency virus (FIV) and expressed the elongation factor 1a (EFla, promoter), the DT
receptor (simian DTR, gene of interest), the enhanced green fluorescent protein (eGFP, transduction
marker), and puromycin resistance (puro, selection marker). Equimolar expression was achieved thanks
to the presence of 2A self-cleaving peptides (P2A and T2A). The control construct expressed the exact

same elements with the exception of the DTR gene (pFIV3.2-EF1a-eGFP-T2A-puro; 4.4 x 10° TU/ml).

Transduction efficiency was optimised at different multiplicities of infection (MOls), representing
the ratio of infectious virions to cells. MRMT-1 cells were seeded in a 24-well plate (Thermo Fisher
Scientific, USA) at a cell density of 1 x 103 cells per well in 500 pl of medium. Following cell attachment
(1 hour in the incubation chamber after seeding), cells were exposed to a viral MOI of 1000. After 24h,
additional medium (500 pl) was added in each well and cells were left undisturbed for an extra 48h. Cells
were then transferred to normal T25 flasks and cultured as previously detailed (see section 2.2).
Following several cell passages, transduced cells were selected using the aminonucleoside antibiotic
puromycin (optimised at 2.5 ug/ml) (Merck Group, Germany). For any cell growth and viability

comparisons between cell lines, cells were seeded in normal T25 flasks at a cell density of 5 x 10° cells
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per flask and incubated for 3 days. Following incubation, alive, dead, and total cells were counted and

compared using a haemocytometer chamber and 0.1% trypan blue staining. This process was repeated

in 5 consecutive occasions.
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Figure 2.2. Overview of in vivo spinal cord electrophysiological recordings. Under gaseous anaesthesia,
animals were secured and fixed to a stereotaxic frame. A laminectomy was performed to expose the lumbar
spinal cord and the electrode was manually lowered through the dorsal horn. Action potentials generated by
single WDRs following stimulation of the right hind paw were amplified, filtered, and displayed on an
oscilloscope, and subsequently quantified and analysed using Spike2 software. WDR: wide-dynamic range.
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2.3.4. Diphtheria toxin cancer cell ablation

The generation of the MRMT-1_DTR_eGFP (expressing DTR) and the control MRMT-1_eGFP
(lacking DTR) cell lines allowed for targeted cancer cell ablation using DT. Diphtheria toxin (Santa Cruz
Biotechnology, USA) was diluted in saline solution and stored at -80°C until use. Animals received daily
intraperitoneal (IP) DT injections for 4 consecutive days at specific timepoints (starting at post-operative
days 3, 7, or 14). This 4-day treatment consisted of one high dose DT injection (300 ul; 0.02 mg/kg)
followed by three lower dose DT injections (300 pl; 0.004 mg/kg) using previously optimised DT

concentrations (Raoof et al., 2021).

2.4. Invivo spinal cord electrophysiology

2.4.1. Rat electrophysiological set-up

In vivo spinal cord electrophysiological recordings in female rats (200-290 g) were performed in
surgical animals on post-operative weeks 1, 2, or 3, or on weight-matched naive rats, as previously
described (see Figure 2.2) (Kucharczyk, Derrien et al., 2020). Briefly, animals were anesthetised in an
induction box delivering 4% v/v isoflurane in a gaseous mix (0.5 I/min) of nitrous oxide (N20) and oxygen
(0,) at a 3:2 ratio. Rats were then transferred to a nose cone and, once areflexive, underwent a
tracheotomy following blunt dissection of surrounding tracheal muscle and tracheal transverse incision.
A polyethylene cannula (1.57 mm ID x 2.08 mm OD) (Scientific Commodities, USA) was inserted and
secured with 3-0 silk threads (Corza Medical, USA) and surgical adherent glue. For the remainder of the
experiment, the anaesthetic gaseous mix was delivered directly through the cannula. The respiratory
rate was visually monitored throughout, and the core body temperature was controlled via rectal probe

feedback and maintained at 37°C using a homeothermic blanket.

Rats were subsequently secured to a stereotaxic frame using ear bars (Kopf Instruments, USA),
and the vertebral column was exposed under 2.5% v/v isoflurane. The vertebral column was clamped
and fixed following paraspinal incisions at the upper spinal cord levels. Muscle and vertebrae were
removed (laminectomy) to expose the desired spinal cord segments (L4-L6, receiving peripheral input
from the hind paw), with saline solution regularly applied to prevent dehydration. Extra paraspinal
incisions were made below the laminectomy level to place an additional clamp for straightness and

stabilization purposes. Rats were maintained at 1.5-2% v/v isoflurane levels for the rest of the
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experiment. Isoflurane overdose (5% v/v) followed by cervical dislocation were performed at the end of

the experiment.

2.4.2. Mouse electrophysiological set-up

In vivo spinal cord electrophysiological recordings in female and male mice (20-33 g) were
performed in surgical animals on post-operative weeks 1-2 or 3-4, or on weight-matched naive mice, as
previously described (see Figure 2.2) (Trendafilova et al., 2022). Briefly, mice were anesthetised using
an induction box at 4% v/v isoflurane in a gaseous mix (0.5 |/min) of nitrous oxide and oxygen at a 3:2
ratio. Once reflex loss occurred, animals were placed on a mouse stereotaxic frame adaptor (World
Precision Instruments, USA) and secured with zygomatic bars. For the duration of the experiment, the
gaseous mix was delivered through a nosecone mask attached to the adaptor (World Precision
Instruments, USA). Core body temperature was maintained at 37°C by the use of a homeothermic
blanket, and respiratory rate was visually monitored during the experiment. After a clean skin cut, the
vertebral column was exposed under 2.5% v/v isoflurane. Following paraspinal incisions above the area
of the recording segments, a single clamp was positioned and stabilised. A laminectomy was performed
to expose the L4-L6 segments of the spinal cord (hind paw input), and mineral oil (Merck Group,
Germany) was applied regularly to prevent dehydration. Mice were maintained at 2% v/v isoflurane
levels at the beginning of the recording with progressive lowering of the isoflurane level according to
experiment progression (lower limit at 0.5% v/v). Isoflurane overdose (5% v/v) prior to cervical

dislocation was carried out at the end of the experiment.

2.4.3. Wide-dynamic range neuronal recordings

Extracellular recordings were made from deep dorsal horn neurons using parylene-coated
tungsten electrodes (diameter: 125 um; impedance: 2 MQ) (A-M systems, USA) that were manually
inserted into a headstage fixed to a micro-manipulator (Narishige Group, Japan) and connected to an
AC Neurolog recording system (Digitimer, UK). To ground the system, a lead was attached to the
stereotaxic frame and a second lead was connected to the animal. Subtraction of the animal signal (“B”)
from the electrode signal (“A”) was performed to reduce interference, with the resulting signal being
recorded by the NeuroLog system. A hum bug noise eliminator (Digitimer, UK) was also in place for

removal of mains or line noise (50-60 Hz). This signal was subsequently amplified (amplification gain
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between 5 x 10* - 5 x 10°, depending on the cell), filtered (low and high frequency cut off points of 1 kHz
and 5 kHz, respectively), and displayed on an oscilloscope (Tektronix, USA) as well as being made audible
via the sound system. Data was then captured (20 kHz sampling frequency), quantified, and analysed
with a CED 1401 interface coupled to Spike2 software (Cambridge Electronic Design, UK) (see Figure

2.2).

Recordings were obtained from single wide-dynamic range (WDR) neurons located in deep dorsal
horn laminae (IV-V), characterised according to the neuronal response to both innocuous and noxious
stimuli in a graded manner with coding of increasing intensity. Receptive fields were located by periodic
light tapping of the glabrous surface of the hind paw and stimulated using an array of natural stimuli,
with the number of fired action potentials recorded along this stimulation period. Each trial consisted
of consecutive stable baseline responses to the stimulus (<10% variation) followed by responses to

concomitant activation of diffuse noxious inhibitory controls (DNIC).

Concisely, receptive fields in the rat recordings were stimulated using dynamic mechanical
(squirrel-hair filbert head No2 artist’s brush), punctate mechanical (8 g, 26 g, and 60 g von Frey
monofilaments) (North Coast Medical, USA), and punctate mechanical stimuli upon DNIC activation (8 g
DNIC, 26 g DNIC, and 60 g DNIC). The number of action potentials fired during a 10-second stimulation
window was recorded. This set of stimulations was repeated in four occasions (trials) per recording in
the described order, with a minimum rest period of 30 seconds between each stimulus and a 5-minute
non-stimulation recovery period between each trial to avoid sensitisation (see Figure 2.3). The number
of action potentials fired during the stimulation period was averaged for every stimulus and used for

statistical analysis.

Similarly, mouse receptive fields underwent 10-second dynamic mechanical (brush), punctate
mechanical (1 g, 4 g, 8 g, and 15 g), punctate mechanical with DNIC induction (15 g DNIC), and thermal
(42°C, 45°C, and 48°C) stimulation. The number of action potentials fired was recorded and a rest period
was allowed between each stimulus (minimum of 30 seconds) to avoid sensitization (see Figure 2.3).
Each stimulus was recorded once in the described order, except 15 g and 15 g DNIC, that had one

repetition. Heat stimulation was applied with a constant waterjet onto the centre of the receptive field.
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For statistical analysis, the number of action potentials fired was used and/or averaged according to the

stimulus.

2.4.4. Electrophysiological DNIC quantification

DNIC were induced using a noxious stimulus on a distant part of the body (conditioning stimulus),
while the peripheral receptive field was concurrently stimulated with the stimulus of choice (testing
stimulus). A DNIC response was quantified as an inhibitory effect on neuronal firing during the
simultaneous application of the test stimulus and the conditioning stimulus, compared to the baseline

response during the application of the test stimulus alone.

To induce DNIC in rats, a micro serrefine clamp (pressure force: 125 g; length: 13 mm) (AgnTho's
AB, Sweden) was applied to the ipsilateral ear exactly 5 seconds before any peripheral stimulation and
left undisturbed for the whole 10-second stimulation period. For DNIC induction in mice, a micro
serrefine clamp was applied on the tail of the animal 5 seconds before any stimulation and left in place

during the subsequent receptive field stimulation (see Figure 2.3).

2.4.5. Rat spinal cord pharmacology

Following baseline and DNIC data collection, female rats underwent pharmacological
characterisation of WDR activity (to include a measure of DNIC expression) following topical spinal cord
administration (100 pg in 50 pl) of the selective a2-adrenoceptor antagonist atipamezole hydrochloride
(Cayman Chemical, USA) using previously optimised concentrations (Bannister et al., 2015). Atipamezole
was previously dissolved in a solution mix of 97% normal saline, 2% polyethoxylated castor oil, and 1%
dimethyl sulfoxide (DMSO) (Merck Group, Germany). Each drug dose effect was followed for 60 minutes
with tests performed at 10, 20, 30, 40, and 60 minutes after drug administration. For each time point, a
single trial consisting of punctate mechanical stimuli (8 g, 26 g, and 60 g) and punctate mechanical stimuli
upon activation of DNIC (8 g DNIC, 26 g DNIC, and 60 g DNIC) were performed. The number of action
potentials fired was recorded during the 10-second stimulation window, with a minimum rest period of
30 seconds between each stimulus. A single neuronal pharmacological recording per rat was performed,

comparing post-drug cell-firing rates against pre-drug averaged values for each stimulus.
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Figure 2.3. Peripheral stimulation protocol during in vivo spinal cord electrophysiology. The receptive field
located in the right hind paw of the animal was stimulated with a battery of different natural stimuli. DNIC
were induced by noxious clamp application (125 g) on the ipsilateral ear (rats) or tail (mice). A recovery period
(minimum of 30 seconds) was allowed between each stimulation to avoid cell sensitization. DNIC: diffuse

noxious inhibitory controls.

2.5. Exvivo micro-computed tomography

Following in vivo spinal cord electrophysiological recordings, isoflurane overdose, and cervical
dislocation, tibial samples were collected from rats (post-operative week 1, 2, or 3) and mice (post-
operative week 1-2 or 3-4), or weight -matched naive animals. Tibiae, carefully cleaned from
surrounding muscle and tissue, underwent a 2-day paraformaldehyde (PFA) fixation (4%) followed by
ethanol preservation (70%) (Merck Group, Germany), and were stored at 4°C until scanning. Tibial
samples were scanned using SkyScan 1172F, an ex vivo micro-computed tomography (LCT) scanner with

embedded software (Bruker Corporation, USA) and incorporated 11 Mp camera (Hamamatsu, Japan).

Tibial samples were placed in the scanner, with a pre-heated X-ray tube operating under strictly
set parameters (rat values / mouse values) of source voltage (59 kV / 50 kV), source current (167 pA /

200 pA), rotation (0.60 degrees), frame averaging (2 frames), random movement compensation (20
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pixels), exposure (960 ms), filtering (aluminium, 0.5 mm), and voxel sizing (8 um /5 um). Samples were
then reconstructed transforming the 2D projection images into 3D volumes using NRecon software
(Bruker Corporation, USA), being automatically compensated for any misalignments, and with
consistent values for smoothing (Gaussian kernel, 1 pixel-width), ring artifact reduction (10-15 units),
beam-hardening correction (40% / 35%), and attenuation coefficient (minimum of 0.00 and maximum
of 0.16). Following reconstruction, samples were re-oriented using DataViewer software (Bruker
Corporation, USA), so that the long axis of the bone was aligned along the Z axis or perpendicular to the

Y axis.

90-70% of total

tibia length — | ROl selection

95-75% of total

tibia length — | ROl selection

Figure 2.4. Micro-computed tomography analysis. Following scanning, reconstruction (transformation of 2D
projection images to 3D volumes), and reorientation (alignment of the long axis of the bone to the Z axis),
samples were segmented. Cortical and trabecular bone were separated by ROI drawing (90-70% of total tibial
length in rats; 95-75% of total tibial length in mice). The selected ROIs underwent subsequent 2D/3D analysis.

Samples depicted are from sham female animals. ROI: region of interest.
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Finally, 2D/3D analyses were performed using CTAn software (Bruker Corporation, USA). Total
tibial length was measured, and regions of interest (ROls) were chosen based on the tumour growing
zone. This area, corresponding to 90-70% of total tibial length in rats and 95-75% of total tibial length in
mice, was selected for further analysis. Trabecular ROIs were separated from cortical ROls by freehand
drawing, leaving some free voxels from the endocortical surfaces in order to avoid inclusion of remnants
of primary spongiosa associated with cortical bone (see Figure 2.4). Morphometric parameters of the
ROIs were recorded and analysed using CTAn BatMan plugin software (Bruker Corporation, USA).
Additional CTvox software (Bruker Corporation, USA) was used for 3D volume rendering, visualisation,
and production of colour-coded images. In order to assess cortical and trabecular tissue/bone mineral
density, two calcium hydroxyapatite bone phantoms with known mineral densities (0.25 and 0.75 g/cm?3)
were used (Bruker Corporation, USA). Bone phantoms were scanned and reconstructed with the same

settings used for rat and mouse tibiae.

2.6. Invivo dorsal root ganglion calcium imaging

2.6.1. Calcium indicator injection

Green fluorescent genetically encoded calcium indicators based on calmodulin / M13-peptide
(GCaMP) in their slow variant (GCaMP6s) were used to label primary afferents in female and male mice
via adeno-associated viral vector serotype 9 (AAV9) delivery. Newborn pups (litters comprising 7-8 mice)
from pregnant C57BL/6 wild-type mice (Charles River Laboratories, UK) were briefly separated from
their mothers at post-natal days 2-5 (P2-P5) and were returned after receiving a single subcutaneous
(SC) injection containing 5 pl of the virus (AAV9.CAG.GCaMP6s.WPRE.SV40; 2.4 x 103 GC/ml) (Addgene,
USA). Every injection was delivered at the nape of the neck using a 10-pl disinfected syringe and a 30-
gauge needle (Hamilton Company, USA). Mice were sex-divided and separated from their mother after

weaning and left undisturbed until the calcium imaging session.

2.6.2. Calcium imaging recording set-up

In vivo calcium imaging recordings were performed on naive female and male mice (20-33 g) as
previously described (Goodwin et al., 2022). Mice were anesthetised using isoflurane (4% v/v) inside an
induction box. Once areflexive, animals received a single intraperitoneal (IP) injection of urethane (300

ul; 1.00 g/kg) (Sigma, UK) and were maintained under anaesthesia using low levels of isoflurane during
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the surgical procedure (2% v/v) and the rest of the experiment (0.5-1.0% v/v). Core body temperature
was maintained at 37°C using a homeothermic heating mat and breathing rate was visually monitored

throughout the experiment.

Subsequently, a clean skin cut was made into the shaved back skin to expose the vertebral
column. Overlying muscle at the L3, L4, and L5 vertebral segments was removed, and the mouse
vertebral column was secured to the custom-made imaging stage using a spinal clamp (Precision
Systems and Instrumentation, USA) at the L2 vertebra. Bone surrounding the DRG at the L3 level (leg
input) was carefully removed with the exposed DRG being washed and frequently hydrated with saline
solution. After complete DRG exposure, a second spinal clamp was secured at the lower dorsal spinous
process (L4 level) and the animal was positioned intermediate between prone and lateral recumbent to
achieve a horizontal-plane DRG orientation. Finally, the exposed cord and DRG were covered with
translucent silicone elastomer (World Precision Instruments, USA) to maintain moisture and a

physiological microenvironment during the recordings.

Mice were subsequently placed under the upright confocal/multiphoton microscope Eclipse Ni-E
focusing nosepiece type (Nikon, Japan). The microscope stage was diagonally orientated to optimise the
DRG focus and the temperature in the full enclosure incubation chamber (Solent Scientific, UK) was kept
at 32°C for the duration of the experiment. All images were acquired using the Nikon imaging software-
elements advanced research (NIS-Elements AR) (Nikon, Japan) in 1-photon mode using a 10X dry
objective and a 488-nm argon ion laser line. GCaMP signal was collected at 500-550 nm and time series
recordings were taken with a resolution of 512 x 512 pixels and a partly open pinhole with galvo-
resonant scanner for video-rate acquisition. Image acquisition varied between 4-8 Hz depending on the
experimental requirements and signal strength (typically at 7.6 Hz). At the end of the experiment, mice
were sacrificed by isoflurane overdose (5% v/v), followed by pentobarbital sodium intraperitoneal
injection (300 pl; 200 mg/ml) (Animalcare, UK). Several minutes after breathing ceased the DRG was
scanned in confocal mode with several z-steps to reconstruct the previously functionally imaged area in

higher resolution.

63



2. Materials and methods

2.6.3. Primary afferent calcium recordings

Animals underwent direct calf stimulation. In order to avoid any random movement, the pre-
shaved leg was secured and stabilised. Peripheral stimulation followed a strict timeline (see Table 2.1)
and comprised a battery of dynamic mechanical (brush), tonic mechanical (100 g, 300 g, 500 g, and 700
g pressures), tonic mechanical upon DNIC activation (300 g DNIC and 700 g DNIC), electrical volley (7.5
mA; 2 ms; 2 Hz), and electrical volley upon DNIC activation stimuli. Each peripheral stimulation had a
duration of 10 seconds with a 2-minute non-stimulation period provided between each stimulation to
allow cell activity to return to baseline values. Tonic mechanical pressure was applied using a graded
custom-made pressure manipulator attached to a rectangular stimulation tip (6 x 4 mm with 24 blunt
pins in a 6 x 4 distribution) (Avere Solutions, Germany). This device was electrically controlled and was
previously used in calcium imaging recordings (Oehler et al., 2022). An electrical NeurolLog stimulator
(Digitimer, UK) was used to deliver the current via two tuberculin needles inserted into the receptive

field of the tibial area, followed by a 3-minute recovery period after needle insertion.

2.6.4. Calcium imaging DNIC quantification

DNIC were induced using a noxious stimulus on a distant part of the body (conditioning stimulus),
while concurrent to this, the peripheral receptive field was stimulated with the stimulus of choice
(testing stimulus). A DNIC response was quantified as an effect on neuronal activity during the
simultaneous application of the test stimulus and the conditioning stimulus, compared to the baseline
response during the application of the test stimulus alone. During in vivo dorsal root ganglion calcium
recordings, DNIC were induced by applying a clamp to the ipsilateral ear concurrent to the primary

afferent stimulation. The ear clamp was left undisturbed for the whole 10-second stimulation period.

2.6.5. Calcium imaging data analysis

For every recording, the Nikon Elements software (Nikon, Japan) was used to obtain the raw files
(ND2 format), which were subsequently processed through Fiji/Imagel software (National Institutes of
Health, USA) and converted into TIFF format files (Schindelin et al., 2012; Schneider et al., 2012). These
files were then imported into the image analysis pipeline Suite2P (Howard Hughes Medical Institute,
USA) where they underwent motion correction, automatic region of interest (ROI) detection, and signal

extraction (Pachitariu et al., 2016). Following ROI detection and signal extraction, three background
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regions without any visible neurons were selected using Fiji/Imagel software. The averaged pixel values
obtained from these three background regions were subtracted from every ROl in the corresponding
frame to remove excess noise. Fluorescence intensity (F) was then calculated for every ROI using a
custom Python script* and underwent stringent selection criteria where a signal reaching baseline
fluorescence plus 4 standard deviations qualified as a response. Additionally, to generate normalised
data, the calculation AF/Fo = (Ft- Fo)/Fo was performed, where F; is the fluorescence at time t and Fo is
the fluorescence average over a baseline period (see Table 2.1). To avoid any aberrant amplification due
to low Fo in some neurons (i.e., low basal fluorescence), whenever Fq < 1, the Fo value in the previous
formula was changed to 1 in the denominator (but not in the numerator) (Chisholm et al., 2018; Ingram
et al., 2023). Finally, fluorescence intensity was analysed only for responding cells. Non-responding cells
(insensitive to the chosen modality or outside the stimulated receptive field) were not analysed as they

would artificially introduce biased zero values, diluting any possible differences.

Table 2.1. Peripheral stimulation protocol during in vivo calcium imaging. The receptive field located in the
calf of the animal was stimulated with a battery of different stimuli following the stimulation protocol detailed
below. DNIC were induced by noxious clamp application on the ipsilateral ear. A recovery period of 2 minutes
was allowed between each stimulation to avoid cell sensitization. DNIC: diffuse noxious inhibitory controls.

TEST AREA STIMULUS DURATION STIMULATION

Baseline Ear clamp
Brush 300g
100 g 700 g
300g 300 g DNIC
500 g 700 g DNIC
700 g Ear clamp

Test 1 Calf Mechanical 24 minutes

Baseline

Electrical

Ear clamp
Electrical DNIC

Test 2 Calf Electrical 8 minutes

* Calcium imaging custom Python script was provided and run by Dr Alina-Cristina Marin.

65



2. Materials and methods

2.7. Behavioural testing

2.7.1. Experimental conditions and timeline

Behavioural experiments were performed in designated rat or mouse behaviour rooms with
stable light, humidity, and temperature testing conditions. All items and pieces of equipment were
consistently placed and positioned the same way throughout the experiments. No different species,
strains, or animal sexes were present in the room at any point. Behavioural testing was carried out in a
single batch (per species) during late wintertime with every test being performed by the same
researcher (Diego Valiente). New laboratory polycotton coats (1st BioTech, UK) were strictly assigned to
a specific animal group (female rats, female mice, or male mice) and stored in different rooms for the
remainder of the experiments to avoid scent cross-contamination. Nitrile gloves (Ansell, Belgium) were
utilised for mouse handling and testing, whereas no gloves were employed for rats. Perfumes and strong
deodorants were entirely avoided, and experiments were performed in silence (some ambient

background sound present).

All experiments abided by strict timing. Thorough room and equipment disinfection was carried
out every morning prior to testing (6:30 to 7:00 a.m.). Rooms were additionally ventilated in order to
clear any remaining odours (7:00 to 7:30 a.m.). Animals were allowed to acclimatise in the behaviour
room in the absence of the researcher for 30 minutes before testing (7:30 to 8:00 a.m.). Deep hand
washing up to the elbow level was performed by the researcher during this time with unscented soap.
A further 15-minute acclimatization period was allowed for the animals once the researcher entered the
room (8:00 to 8:15 a.m.), with behavioural tests starting at 8:15 a.m. Animal testing order was
randomised for each cage in every testing session using a computer-based random order generator,
while cage sequential order was consistently maintained. Following every cage, gloves were renewed,

and every surface and piece of equipment used were meticulously cleaned.

All animals underwent one handling session to get accustomed to the researcher (10 minutes per
individual animal; day 10 prior to surgery) and three habituation sessions to get familiarised with the
equipment and experimental protocols (days 8, 6, and 4 prior to cancer cell implantation). No
stimulation was applied to the animals during habituation sessions to avoid animal priming. Following
baseline measurements (day 2 preceding CIBP surgery), cages were randomly allocated to an

experimental group using a computer-based random order generator. All cages had the same number
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of animals (5 animals per cage) with every animal in the same cage corresponding to the same
experimental group. Cancer cell implantation surgery (day 0) was performed by the same researcher as
previously described (see section 2.3), with consistent timing for each animal (around 20 minutes per
rat and 30 minutes per mouse) and receiving the same number of sutures (3 simple interrupted sutures
with surgeon knots per animal). Rat behavioural post-surgical readouts were taken on days 2, 7, 14, 21,
28, and 35, while mouse readouts were taken on post-surgical days 2, 7, 14, 21, and 28. The researcher

was blinded following CIBP surgery and remained blinded until data analysis was finalised.

2.7.2. Non-evoked behavioural assessment

After the acclimatization period, animals were taken out of the cage using the cupping method
and placed inside the plexiglass enclosure (rat or mouse size) of the static weight bearing station (Linton
Instrumentation, UK). Hind limbs were positioned on top of the two weighing pads, ensuring that each
hind paw was laid on a separate plate and the spine of the animal was straightened and aligned.
Forelimbs were rested in the plexiglass designated area, while the tail was positioned outside the loading
pads through the assigned orifice and delicately but firmly grasped to avoid the animal from turning.
Once the animal acquired a relaxed position, the mass exerted by each hind paw was measured 3 times
(expressed in grams), with a resting period between measurements to allow the animal to re-equilibrate
or slightly shift weight distribution (around 10-20 seconds). Measurements from each paw were
averaged and results were transformed into the percentage of total weight borne on each side

(summation of rear legs’ bearing was considered 100%).

2.7.3. Evoked behavioural assessment

Following non-evoked paradigms, female rats (but not mice) underwent nociceptive thermal
withdrawal threshold assessment using the plantar test (also known as Hargreaves test) (Ugo Basile,
Italy). Rats were placed in a modular square enclosure (dimensions: 200 x 200 x 250 mm) that allowed
for lined-up animal testing (maximum of 4 rats), with 3 or 2 animals being successively tested at any
given time. Prior to any stimulation, rats were left undisturbed for 3 minutes in the enclosure. The
plantar surface of the hind paw was then stimulated by a constant infrared focused light source applied
through a translucent glass pane (170 mW/cm?) with the test automatically finishing once a paw

withdrawal occurred, or as soon as the cut-off limit was reached (25 seconds). Three measurements of
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the nociceptive threshold (measured as the withdrawal latency) were recorded and averaged in the
ipsilateral rat hind paw with a 2-minute inter-stimulus recovery period between each stimulation. Every
surface was thoroughly cleaned after each animal line-up, making sure the glass surface was completely

dry during the whole experiment.

Additionally, both rats and mice underwent nociceptive mechanical withdrawal threshold
assessment using the paw pressure test algesimeter (also known as Randall-Selitto test) (Ugo Basile,
Italy). Animals were restrained using the encircling method in rats and the scruffing method in mice. The
plantar surface of the hind paw was carefully placed on the designated plinth and increasing mechanical
force was applied onto the dorsal surface of the hind paw using either a cone-shaped tip (rats) or a
chisel-shaped tip (mice). Steady increasing pressure (rats: 15 g/s; mice: 7.5 g/s) was applied and the test
was finished after a withdrawal response or vocalisation occurred, or when the cut-off limit was reached
(rats: 200 g; mice: 150 g). Three measurements were recorded and averaged in the ipsilateral rat hind
paw whilst one ipsilateral and one contralateral readout were obtained in mice. Every stimulation was

followed by a 2-minute inter-stimulus recovery period.

2.8. Experimental design, statistical analysis, and illustrations

Experimental group sizes, selected to provide sufficient statistical power for detection of
differences between experimental groups, were determined based on the effect reported in previously
published studies using in vivo spinal cord electrophysiology (Kucharczyk, Derrien et al., 2020), micro-
computed tomography (Kucharczyk, Chisholm et al., 2020), in vivo dorsal root ganglion calcium imaging
(Kucharczyk, Chisholm et al., 2020), and behavioural testing (Falk, Ipsen, et al., 2015) in the CIBP model.
To ensure the integrity of the experimental results, blinding was implemented throughout the in vivo
calcium imaging and behavioural experiments. Additionally, when experimental work was carried out in
conjunction with other researcher/s, the external researcher was always blinded to experimental
conditions. Animal subjects comprised the experimental units for in vivo electrophysiology, in vivo dorsal
root ganglion calcium imaging, and behavioural testing (with single spinal WDRs and responsive DRG
primary afferent somas considered replicates within the same experimental unit). Individual tibial
samples were the experimental units for micro-computed tomography. Each experimental unit was

randomly assigned to its respective experimental group to minimize confounding variables.
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Data were analysed using SPSS v.28 (IBM, USA) and are expressed as the mean + SEM. For
comparisons between two groups or comparisons within a single group across time, data were assessed
for normality (Kolmogorov-Smirnov). If data did not follow a normal distribution, non-parametric tests
were performed. For comparisons between three or more groups (or two groups across time), data were
tested for normality (Kolmogorov-Smirnov) and variances homogeneity (Levene). Whenever normality
was violated but data showed homoscedasticity (variances homogeneity), parametric tests were still
used due to the robustness of the test to not normally distributed data (Blanca et al., 2017; Blanca et
al., 2023). If homoscedasticity was additionally violated, non-parametric tests were used if possible.
Whenever non-parametric tests were not a possibility (e.g., in the case of 2-way repeated measures
ANOVAs or 2-way mixed ANOVAs), data were transformed (logarithmic transformation) to achieve
homoscedasticity. Whenever data were non-spherical (Mauchly), the Greenhouse-Geisser adjusted F
ratios were employed. A significance level of p < 0.05 was used to determine statistical significance for
all comparisons, with post hoc analyses conducted whenever this threshold p-value was exceeded
(except for two-group comparisons, where the p-value obtained directly from the statistical test was
used). All figures and graphs were created using GraphPad Prism v.10 (GraphPad Software, USA) or

BioRender software (BioRender, Canada).
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3.1. Introduction

Diffuse noxious inhibitory controls (DNIC) describes the phenomenon whereby the application of
a noxious stimulus to one part of the body (conditioning stimulus) inhibits pain generated by another
noxious stimulus applied to a remote body region (testing stimulus) (see section 1.5.4). The inhibitory
effect is mediated via a descending circuit, manifests as a reduction in spinal or trigeminal wide-dynamic
range (WDR) neuronal activity, and is noradrenergic in nature, subserved by a2-adrenergic receptors
(Bannister et al., 2015). Interestingly, DNIC expression is dysfunctional in different animal models of
chronic pain (Bannister et al., 2015; Bannister et al., 2017; Boyer et al., 2017; Lockwood and Dickenson,
2019; Lockwood et al., 2019; Patel and Dickenson, 2020; Phelps et al., 2019), correlating with the
absence of descending control of nociception (DCN) in wakeful chronic pain animal models (Irvine et al.,
2020; Navratilova et al., 2020; Phelps et al., 2019; Yoneda et al., 2020). Clinically, application of a
conditioned pain modulation (CPM) paradigm (where CPM is the human DCN counterpart) also displays
impairments in patients living with chronic pain (Albu et al., 2015; Cathcart et al., 2010; King et al., 2009;

Kosek and Ordeberg, 2000; Normand et al., 2011; see also Lewis et al., 2012).

Importantly, many of these chronic pain conditions have shown sexual dimorphism at multiple
levels in preclinical studies, ranging from differential immune responses (Alessio et al., 2021; Lopes et
al., 2017), proinflammatory mediators (Chistyakov et al., 2018), gene-expression profiles (Stephens et
al., 2019), primary afferent responsiveness (Cabafero et al., 2022), pain-like phenotype progression
(Francis-Malavé et al., 2023; Sorge et al., 2011; Vacca et al., 2016), and/or drug treatment responses
(Inyang et al., 2019; Sorge et al., 2015), revealing distinctive underlying pain mechanisms. Specifically,
one chronic pain condition that can also be affected by sexual dimorphism and circulating hormones is
cancer pain, being especially important in prostate (Hsieh et al., 2005) and breast (Yue et al., 2010)

cancers.

Numerous cancers may metastasise to the bone, leading to cancer-induced bone pain (CIBP), one
of the most common types of chronic cancer pain sharing mixed nociceptive, neuropathic, and/or
nociplastic pain components alongside inflammatory elements and distinct cancer-related modifications
(see section 1.6). Such distinct modifications include dysfunctionality in descending modulatory controls
where DNIC expression was previously shown to be dynamic during disease progression in male rats

(Kucharczyk, Derrien et al., 2020). Therefore, the possibility of sexually dimorphic traits together with
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specific policies mandating the integration of sex as a biological variable (SABV) in preclinical studies
means that the investigation of the mechanisms driving CIBP in both male and female animals is

necessary to achieve inclusive clinically relevant results.

3.2. Rationale and aims

Despite great advances in preclinical research using animal pain models, a clear gravitation
towards the inclusion of only male data is historically undeniable. This situation is reinforced by the
expectation that preclinical female data would inherently present higher variability due to cycling
gonadal hormones, needing to increase sample sizes. However, these female hormonal effects do not
outweigh inter-subject male variability, therefore including female animals in preclinical studies is not
equivalent to larger sample sizes (Becker et al., 2016; Itoh and Arnold, 2015; see also Beery, 2018; Mogil,

2020).

In the CIBP rat model, the most commonly used cancer cell line comes from a rat mammary gland
adenocarcinoma, making the inclusion of both sexes even more necessary. Specifically, the male CIBP
rat model has shown a dynamic DNIC functionality where DNIC expression was absent 1 week after
cancer cell implantation surgery but recovered 2 weeks post-surgery (Kucharczyk, Derrien et al., 2020).
These cancer progression stages, named ‘early’ and ‘late’ stage respectively, refer to the degree of bone
destruction: trabecular integrity is predominantly compromised on week 1, whilst trabecular as well as
cortical bone lesions dominate by week 2 (Kucharczyk, Chisholm et al., 2020). Thus, with no prior
electrophysiological investigation of DNIC expression in naive female or CIBP female rats, this chapter
characterises DNIC expression in both sets of animals. | performed in vivo spinal electrophysiological
characterisation of deep dorsal horn WDR neurons and DNIC expression alongside spinal
pharmacological manipulation of a2-adrenergic receptors and bone morphometric analysis.

Additionally, to assess CIBP effects on animal behaviour, rodent pain-like phenotypes were analysed.

3.3. Materials and methods

Naive, sham, and CIBP female Sprague Dawley rats (see section 2.1) underwent in vivo spinal cord
electrophysiology for single-unit WDR characterisation under isoflurane anaesthesia where CIBP and

sham rats underwent tibial cancer cell implantation surgery (or sham surgery) 1, 2, or 3 weeks prior to
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the spinal cord recordings according to the timeline of the experiment (see section 2.2 and section 2.3).
Evoked WDR firing rates to natural stimuli (dynamic mechanical brush and punctate mechanical von
Frey) were recorded before and during simultaneous ipsilateral application of a noxious conditioning
stimulus (ear clamp, 125 g) to evoke DNIC (see section 2.4). Recordings were followed by spinal cord
pharmacology (see section 2.4) before euthanasia and bone collection for analysis (see section 2.5).
Evoked and non-evoked behavioural testing was also carried out in naive, sham, and CIBP female rats
(see section 2.7). For the statistical analysis, a value of p < 0.05 was considered significant for all

comparisons (see section 2.8).

3.4. Results

3.4.1. CIBP female rats present with mechanical and thermal hyperalgesia

Pain-like behaviours were studied in naive (n = 10), sham (n = 10), and CIBP (n = 10) female
Sprague Dawley rats on pre-surgical day 2 (baseline) and post-operative days 2, 7, 14, 21, 28, and 35
(with CIBP rats only reaching day 21 for ethical reasons). Following baseline data collection, CIBP and
sham rats underwent surgical tibial cancer cell implantation (or sham surgery) (day 0). Animal weight
prior to behavioural testing (baseline weight) showed no differences between any of the groups (1-way
ANOVA: F(3, 27y = 0.944, p > 0.05). Analysis of animal weight over time between groups (2-way mixed
ANOVA) revealed weight gain across time (F(1.935, 52.246) = 197.207, p < 0.001; Bonferroni post hoc), with

this weight gain being consistent across all groups (F.s70, 52.246) = 0.653, p > 0.05) (see Figure 3.1A).

Static weight-bearing: The non-evoked paradigm revealed significant differences in the rear-leg
body weight distribution between groups across time (2-way mixed ANOVA: F(s 10s) = 14.279, p < 0.001).
When compared to naive rats, sham rats showed no differences in weight distribution at any given
timepoint (Bonferroni post hoc: p > 0.05 for all tests). In contrast, CIBP rats showed gradual impairment
of weight distribution on the ipsilateral (cancer-bearing) leg from day 7 onwards (Bonferroni post hoc:
p < 0.05) but not before (Bonferroni post hoc: p > 0.05) (see Figure 3.1B). Sham rats did not show any
differences on day 28 (Independent Samples Test: t(15) = -0.905, p > 0.05) nor on day 35 (Independent

Samples Test: tjs) = 0.519, p > 0.05) when compared to naive rats.

Plantar test: Thermal ipsilateral paw stimulation revealed significant differences between groups

across time (2-way mixed ANOVA: Fs, 10s) = 2.917, p < 0.01). When compared to naive rats, sham rats
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showed no differences at any given timepoint (Bonferroni post hoc: p > 0.05 for all tests). In contrast,
CIBP rats showed thermal hypersensitivity on the ipsilateral (cancer-bearing) leg on day 21 (Bonferroni
post hoc: p < 0.01) but not before (Bonferroni post hoc: p > 0.05) (see Figure 3.1C). Sham rats did not
show any differences on day 28 (Independent Samples Test: tj1) = 0.126, p > 0.05) nor on day 35

(Independent Samples Test: t(1s) = 0.258, p > 0.05) when compared to naive rats.
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Figure 3.1. Cancer progression leads to mechanical and thermal hypersensitivity in CIBP female rats. (A)
Animal weight gain following surgery. (B) Weight percentage born on the ipsilateral leg (expressed as % of
total rear-bearing weight) (static weight-bearing test). (C) Paw withdrawal latency in response to ipsilateral
heat stimulation (plantar test). (D) Paw withdrawal threshold in response to gradual mechanical ipsilateral
pressure (paw pressure test). Differences between control sham and naive rats (*) and between CIBP and
naive rats (*) are included. *P <0.05; **P<0.01; ***P<0.001. Data represent mean * SEM. Each line
represents the same group of naive (n = 10), sham (n = 10), or CIBP (n = 10) female rats across time. The figure

key presented in (A) is valid for the entire figure. CIBP: cancer-induced bone pain.
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Paw pressure test: Mechanical ipsilateral paw stimulation revealed significant differences
between groups across time (2-way mixed ANOVA: Fs 99, 76.930) = 13.286, p < 0.01). When compared to
naive rats, both sham and CIBP rats showed mechanical hypersensitivity on the ipsilateral (cancer-
bearing) leg from day 7 onwards (Bonferroni post hoc: p < 0.01) but not before (Bonferroni post hoc: p
> 0.05) (see Figure 3.1D). The differences between sham and naive rats were also present on day 28
(Independent Samples Test: t(1s) = 2.727, p < 0.05) but disappeared by day 35 (Independent Samples

Test: tug) = 1.042, p > 0.05).

Summarising, the behavioural data clearly demonstrate that tumour growth in CIBP female rats
produces ipsilateral thermal and mechanical hypersensitivity, leading to changes in body weight

distribution with rats favouring the non-tumour bearing side.

3.4.2. CIBP female rats show compromised bone macro and microstructure

Evaluation of bone integrity in naive, sham, and CIBP female Sprague Dawley rats was carried out
using high-resolution micro-computed tomography (UCT) following collection of tibiae (with the
corresponding fibula and patella) from sham week 1 (n = 5), sham week 2 (n = 5), sham week 3 (n =5),
CIBP week 1 (n =5), CIBP week 2 (n =5), and CIBP week 3 (n = 5) rats, where a naive group provided the

reference control for all comparisons (n = 5).

Sham groups (week 1, week 2, and week 3): Total tibial length showed no differences between
any of the groups (1-way ANOVA: F3, 16) = 2.338, p > 0.05) nor signs of macroscopic bone damage (see
Figure 3.2A). When compared to naive rats, trabecular bone properties were stable with no notable
significant differences (see Table 3.1 for a result overview). Of special interest, the trabecular tissue
mineral density (degree of mineralization within the bone volume of interest) remained stable (Kruskal-
Wallis test: Hz) = 6.269, p > 0.05) (see Figure 3.2B). Cortical bone morphometric characteristics followed
a similar pattern (see Table 3.1 for a result overview), with cortical tissue mineral density showing no
differences at any given timepoint (1-way ANOVA: F3, 16) = 3.747, p < 0.05; Bonferroni post hoc: p > 0.05

for all comparisons against naive rats) (see Figure 3.2B).
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Figure 3.2. Bone macro and microarchitecture remain stable in sham female rats. (A) Representative

scanned tibial samples (micro-computed tomography) showcasing the lack of macroscopic changes following

sham surgery. (B) Trabecular and cortical tissue mineral density (degree of mineralization within the bone
volume of interest) comparisons. Data represent mean + SEM. Each dot corresponds to individual tibial
samples from naive (n = 5), sham week 1 (n = 5), sham week 2 (n = 5), or sham week 3 (n = 5) female rats.
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Table 3.1. Impact of sham surgery on rat bone microarchitecture. Summary of representative parameters

obtained from the trabecular and cortical micro-computed tomography tibial analysis. Data represent the

mean * SEM from naive (n = 5), sham week 1 (n = 5), sham week 2 (n = 5), and sham week 3 (n = 5) female

rats. One-way ANOVA with Bonferroni post-hoc test: *p < 0.05, **p < 0.01 (comparisons against naive rats).

Whenever homoscedasticity was not met, Welch’s one-way ANOVA with Games-Howell post-hoc test was

performed (or Kruskal-Wallis test with Dunn-Bonferroni post hoc test if data were additionally not normally

distributed).
Naive Sham week 1
Trabecular total surface mm? 79.20£3.54 87.32+2.35 92.00 + 2.84* 81.74+2.52
Trabecular bone surface mm? 212.95 +42.69 269.21 +29.06 315.76 +37.40 220.25 + 18.69
Trabecular bone surface fraction % 70.92 £3.36 74.88 +£1.97 76.60 £2.23 72.45+2.22
Trabecular total volume mm3 28.61+2.98 33.74+1.98 36.97 £2.14 29.58 +1.91
Trabecular bone volume mm?3 4.42 +0.98 5.03 £+ 0.69 6.36 +0.76 4.53+0.45
Trabecular bone volume fraction % 15.16 +2.54 14.78 £ 1.55 16.94+1.29 15.93+2.13
Trabecular number mm-! 2.01+£0.30 2.20+0.20 2.34+0.21 2.13+£0.27
Trabecular pattern factor mm-? 14.07 +1.22 15.17+1.78 13.50+0.74 13.67 +0.93
Trabecular separation mm 0.42+0.10 0.30+0.02 0.30+0.03 0.39+0.08
Trabecular thickness (x102) mm 7.44+0.16 6.68 +0.19 7.29+0.20 7.43+0.18
Trabecular tissue mineral density g/cm3 1.28 +0.02 1.26 £0.01 1.26 £0.02 1.31+0.01
Connectivity density (x107) mm?-3 3.86+0.71 5.01+0.80 4.95+0.77 4.27+0.77
Degree of anisotropy N/A 0.66 +£0.01 0.65+0.01 0.65+0.01 0.63+£0.01
Fractal dimension N/A 2.40 £0.04 2.44 £ 0.03 2.47 £0.03 2.42 £0.03
Naive Sham week 1
Cortical total area (mean) mm? 9.04 +0.51 9.95+0.35 10.52 £0.31 9.53+0.30
Cortical bone area (mean) mm? 4.33+0.16 4.25 +0.09 4.47 £0.06 4.67 £0.10
Cortical bone area fraction % 48.23+2.14 42.88+1.17 42.64+1.38 49.07 +1.35
Cortical total surface (mean) mm? 134.92 +4.04 142.49 +2.45 148.47 +3.18 142.87 £2.65
Cortical bone surface (mean) mm? 326.30+21.92 390.73 +£19.21 400.40 + 18.92 333.85+7.32
Cortical bone surface fraction % 70.56 + 0.87 73.18 £ 0.63 72.86 +0.58 70.02 +0.35
Cortical thickness mm 0.25+0.01 0.20 + 0.01** 0.21+0.01 0.27 £0.01
Cortical tissue mineral density g/cm3 1.41+0.03 1.40 £0.01 1.38 £0.02 1.47 £0.01
Cortical porosity % 51.86+2.14 57.23+1.17 57.47 £1.38 51.03+1.35
Connectivity density (x107) mm?-3 1.00 +0.00 1.60 £ 0.25 1.20 £0.20 1.20 £ 0.00
Eccentricity N/A 0.61+0.03 0.61+0.01 0.58 £0.03 0.61+0.02
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Figure 3.3. Bone macro and microarchitecture progressively degenerate in CIBP female rats. (A)
Representative scanned tibial samples (micro-computed tomography) showcasing the macroscopic changes
following CIBP surgery. (B) Trabecular and cortical tissue mineral density (degree of mineralization within the
bone volume of interest) comparisons. *P<0.05; **P<0.01. Data represent mean + SEM. Each dot
corresponds to individual tibial samples from naive (n = 5), CIBP week 1 (n = 5), CIBP week 2 (n = 5), or CIBP
week 3 (n = 5) female rats. CIBP: cancer-induced bone pain.
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Table 3.2. Impact of cancer cell implantation on rat bone microarchitecture. Summary of representative

parameters obtained from the trabecular and cortical micro-computed tomography tibial analysis. Data
represent the mean + SEM from naive (n = 5), CIBP week 1 (n = 5), CIBP week 2 (n =5), and CIBP week 3 (n =
5) female rats. One-way ANOVA with Bonferroni post-hoc test: *p < 0.05, **p < 0.01, ***p < 0.001

(comparisons against naive rats). Whenever homoscedasticity was not met, Welch’s one-way ANOVA with

Games-Howell post-hoc test was performed (or Kruskal-Wallis test with Dunn-Bonferroni post hoc test if data

were additionally not normally distributed). CIBP: cancer-induced bone pain.

Naive CIBP week 1 CIBP week 3
Trabecular total surface mm? 79.20£3.54 83.58 +2.83 85.32 +1.95 88.07 +3.25
Trabecular bone surface mm? 212.95 +42.05 262.15+21.04 228.51+41.53 125.16 + 14.44
Trabecular bone surface fraction % 70.92 £3.36 75.55+1.24 71.02 +3.64 58.08 £2.46
Trabecular total volume mm3 28.61+2.98 31.76 £2.04 32.68+1.77 35.06+2.43
Trabecular bone volume mm?3 4.42 +0.98 4.87£0.51 4.06 +0.82 1.99 +0.27
Trabecular bone volume fraction % 15.16 +2.54 15.34+1.29 12.55+2.40 5.77+0.83
Trabecular number mm-! 2.01+£0.30 2.31+0.16 1.96 +0.37 0.92+0.11*
Trabecular pattern factor mm-? 14.07 +1.22 14.43 £ 0.65 16.40£2.03 23.33 +1.13**
Trabecular separation mm 0.42+0.10 0.31+0.03 0.37+0.05 0.55 +0.05
Trabecular thickness (x102) mm 7.44+0.16 6.60 £ 0.15* 6.40 + 0.03* 6.20 + 0.22*
Trabecular tissue mineral density g/cm3 1.28 +0.02 1.20£0.02 1.17 £ 0.01%** 1.16 £ 0.03**
Connectivity density (x107) mm?-3 3.86+0.71 5.19+0.31 4.01+1.01 1.29+0.21
Degree of anisotropy N/A 0.66 £ 0.01 0.66 +0.01 0.64 +0.02 0.57 £0.03
Fractal dimension N/A 2.4010.04 2.45+0.02 2.38 £0.05 2.35+0.03*

Naive CIBP week 1 CIBP week 3
Cortical total area (mean) mm? 9.04 +0.51 9.50+0.41 10.11 £0.27 14.52 +2.06*
Cortical bone area (mean) mm? 4.33+0.16 4.05+0.13 4.10+0.12 4.12+0.53
Cortical bone area fraction % 48.23+2.14 42.75+0.93 40.68 + 1.85 29.04 + 2.58**
Cortical total surface (mean) mm? 134.92 +4.04 137.00 +3.92 156.78 + 7.40 293.24 + 32.55*
Cortical bone surface (mean) mm? 326.30+21.93 380.44 +18.81 429.71 +23.48 1013.32 +332.21**
Cortical bone surface fraction % 70.56 + 0.87 73.43+0.70 73.13+1.48 73.81+3.98
Cortical thickness mm 0.25+0.01 0.20 +£0.01* 0.18 £ 0.01* 0.10 + 0.02%**
Cortical tissue mineral density g/cm3 1.41+0.03 1.32£0.03 1.25 +0.01* 1.17 £ 0.01%*
Cortical porosity % 51.86+2.14 57.37+£0.93 59.45+1.85 71.19 + 2.60**
Connectivity density (x107) mm?-3 1.00 £ 0.00 1.60 £ 0.25 2.20+0.20 11.20 + 4.26%*
Eccentricity N/A 0.61+0.03 0.62+0.01 0.59 £0.02 0.55+0.02
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CIBP groups (week 1, week 2, and week 3): Total tibial length showed no differences between
any of the groups (1-way ANOVA: F3, 16 = 1.738, p > 0.05) despite clear progressive macroscopic bone
damage (see Figure 3.3A). When compared to naive rats, trabecular bone properties showed
progressive degradation (see Table 3.2 for a result overview). Of special interest, trabecular tissue
mineral density (degree of mineralization within the bone volume of interest) showed differences on
week 2 and week 3 (1-way ANOVA: F(3,16) = 6.913, p < 0.01; Bonferroni post hoc: p < 0.01), but not before
(Bonferroni post hoc: p > 0.05) (see Figure 3.3B). Cortical bone morphometric characteristics followed a
similar degradation pattern (see Table 3.2 for a result overview), with cortical tissue mineral density
showing differences from week 2 onwards (Welch’s 1-way ANOVA: F3,5331) = 22.233, p < 0.001; Games-

Howell post hoc: p < 0.05), but not before (Games-Howell post hoc: p > 0.05) (see Figure 3.3B).

These results showcase how disease progression affects trabecular and cortical bone properties
in CIBP rats, with trabecular bone being compromised from week 1, while cortical bone was additionally
impaired from week 2 onwards. Reduction in tissue mineral density tightly reflects visually evident bone

lesions.

3.4.3. DNIC are expressed in naive female rats

Spinal WDR responses to natural stimuli as well as DNIC expression were studied in naive female
Sprague Dawley rats under isoflurane anaesthesia in a gaseous N,O/0, mix (see Figure 3.4A). A
minimum of one and maximum of two neurons were recorded per rat (n = 30; N = 26). Each WDR neuron
responded to dynamic brush and punctate von Frey stimulation with intensity coding to 8 g, 26 g, and
60 g bending forces (1-way RM-ANOVA: F1.3ss, 40.240) = 294.859, p < 0.001; Bonferroni post hoc: p <0.001
for all tests) (see Figure 3.4B). Upon application of a noxious ear clamp (conditioning stimulus), WDR
baseline neuronal activity was significantly reduced for all von Frey filaments tested (2-way RM-ANOVA:
F(2, 58) = 7.479, p < 0.01; Bonferroni post hoc: p < 0.001 for all tests) (see Figure 3.4C and Figure 3.4D).
The inhibitory effect of DNIC (% reduction of cell activity with respect to baseline upon ear clamp
application) was differentially affected according to the von Frey bending force (Friedman test: %) =
13.400, p < 0.01; Dunn-Bonferroni post hoc) (see Figure 3.4E). These results clearly evidence a functional

DNIC system expressed upon noxious conditioning stimulation in naive female Sprague Dawley rats.
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Figure 3.4. DNIC are expressed in naive female rats. (A) Schematic representation of the experimental

paradigm. (B) WDR neuronal responses to dynamic mechanical stimulation (brush) and increasing punctate

mechanical forces (von Frey). (C) Representative example of spinal WDR neuronal traces and action potential

quantification before and upon simultaneous noxious ear clamp application (DNIC). (D) DNIC effects on WDR

baseline activity. (E) Inhibitory DNIC effect comparison (% reduction in cell activity with respect to baseline)
attending to different von Frey bending forces. *P < 0.05; **P <0.01; ***P <0.001. Data represent mean *

SEM. Each dot corresponds to an individual cell from naive female rats (n = 30, N = 26). WDR: wide-dynamic

range; DNIC: diffuse noxious inhibitory controls.
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3.4.4. DNIC are not affected by the oestrous cycle in naive female rats

Every naive electrophysiological readout was classified as proestrus (n = 8; N = 8), estrus (n=6; N
= 6), metestrus (n = 9; N = 6), or diestrus (n = 7; N = 7) according to the stage of the oestrous cycle
determined following fresh vaginal sample collection and analysis*. Neuronal WDR responses to
dynamic brush (1-way ANOVA: F3, 24) = 0.705, p > 0.05) and punctate von Frey stimulation (2-way mixed
ANOVA: F(a.135, 35.840) = 0.172, p > 0.05) showed no significant differences between any of the groups (see
Figure 3.5A and Figure 3.5B, respectively). Upon application of a noxious ear clamp (conditioning
stimulus), WDR baseline neuronal activity was significantly reduced for all von Frey filaments tested in
proestrus (2-way RM-ANOVA: F(;, 14) = 47.843, p < 0.001; Bonferroni post hoc: p < 0.01 for all tests),
estrus (2-way RM-ANOVA: F2, 10) = 157.303, p < 0.001; Bonferroni post hoc: p < 0.05 for all tests),
metestrus (2-way RM-ANOVA: F(3, 16) = 28.881, p < 0.001; Bonferroni post hoc: p < 0.01 for all tests), and
diestrus (2-way RM-ANOVA: F(2, 12) = 21.276, p < 0.001; Bonferroni post hoc: p < 0.001 for all tests) (see
Figure 3.5C for 60 g von Frey). The inhibitory effect of DNIC (% reduction of cell activity with respect to
baseline upon ear clamp application) was comparable throughout groups for 8 g von Frey (Kruskal-Wallis
test: Hiz) = 4.149, p > 0.05), 26 g von Frey (Kruskal-Wallis test: H(z) = 1.200, p > 0.05), and 60 g von Frey
(Kruskal-Wallis test: H(z) = 3.059, p > 0.05) bending forces (see Figure 3.5D). These results demonstrate
that WDR neuronal responses to mechanical stimuli as well as DNIC expression and inhibitory intensity

are not affected by the oestrous cycle in naive female Sprague Dawley rats.

3.4.5. Spinal a2-adrenoceptors mediate DNIC in naive female rats

Following spinal WDR and DNIC characterisation, an investigation of the pharmacological control
of DNIC was carried out in naive female Sprague Dawley rats. Following topical spinal cord atipamezole
(a selective a2-adrenoceptor antagonist), WDR activity and DNIC expression were recorded at 10-, 20-,

30-, 40-, and 60-minutes post-drug application. One neuron was recorded per naive rat (n=7; N = 7).

Topical spinal atipamezole application showed no effect on evoked WDR neuronal activity across
time (2-way RM-ANOVA: F(2.071, 12.426) = 2.316, p > 0.05) (see Figure 3.6A for 60 g von Frey), and it was
not differentially affected according to the von Frey bending force (2-way RM-ANOVA: F(10, 60) = 0.653, p

> 0.05). Upon application of a noxious ear clamp (conditioning stimulus), atipamezole abolished DNIC

* Electrophysiological rat recordings were classified by Dr Caitlin Mcintyre according to their stage in the oestrous cycle.
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expression for every von Frey filament tested (3-way RM-ANOVA: F(10, 60) = 5.344, p < 0.001; Bonferroni
post hoc: p > 0.05 up to 60 minutes) (see Figure 3.6C and Figure 3.6D for 60 g von Frey) (see Figure 3.7
for individual von Frey forces). The inhibitory effect of DNIC (% reduction of cell activity with respect to
baseline upon ear clamp application) showed significant differences along time for 8 g von Frey (Kruskal-
Wallis test: His) = 15.172, p < 0.01; Dunn-Bonferroni post hoc), 26 g von Frey (Kruskal-Wallis test: H(s) =
18.959, p < 0.01; Dunn-Bonferroni post hoc), and 60 g von Frey (Kruskal-Wallis test: His) = 24.571, p <
0.001; Dunn-Bonferroni post hoc) bending forces (see Figure 3.6B for 60 g von Frey). These results
confirm that DNIC are subserved by noradrenergic transmission via a2-adrenoceptors in naive female

Sprague Dawley rats.

3.4.6. DNIC expression is dynamic in the CIBP female rat model

CIBP and sham Sprague Dawley female rats underwent surgical tibial cancer cell implantation (or
sham surgery) 1, 2, or 3 weeks prior to the electrophysiological recordings. A minimum of one and
maximum of two neurons were recorded per sham week 1 (n = 15, N = 14), sham week 2 (n =15, N =
15), sham week 3 (n =15, N = 12), CIBP week 1 (n = 15, N = 14), CIBP week 2 (n = 15, N = 14), and CIBP
week 3 (n =15, N = 12) rat under isoflurane anaesthesia in a gaseous N2O/O, mix, where a naive group

provided the reference control for all comparisons (n = 15; N = 13).

Sham groups (week 1, week 2, and week 3): Neuronal WDR responses to dynamic brush (1-way
ANOVA: F(3, 52 = 0.456, p > 0.05) and punctate von Frey stimulation (2-way mixed ANOVA: F3.ss3, 72.476) =
0.646, p > 0.05) showed no significant differences between any of the groups (see Figure 3.8A and Figure
3.8B, respectively). Upon application of a noxious ear clamp (conditioning stimulus), WDR baseline
neuronal activity was significantly reduced for all von Frey filaments tested in sham week 1 (2-way RM-
ANOVA: F(3,28) = 20.361, p < 0.001; Bonferroni post hoc: p < 0.001 for all tests), sham week 2 (2-way RM-
ANOVA: F(1.247,17.453) = 45.733, p < 0.001; Bonferroni post hoc: p < 0.001 for all tests), and sham week 3
rats (2-way RM-ANOVA: F(3, 2s) = 86.749, p < 0.001; Bonferroni post hoc: p <0.001 for all tests) (see Figure
3.8C for 60 g von Frey). The inhibitory effect of DNIC (% reduction of cell activity with respect to baseline
upon ear clamp application) was comparable throughout groups for 8 g von Frey (Kruskal-Wallis test:
Hi)=3.919, p>0.05), 26 g von Frey (Kruskal-Wallis test: Hz) = 5.852, p > 0.05), and 60 g von Frey (Kruskal-

Wallis test: Hs) = 4.305, p > 0.05) bending forces (see Figure 3.8D).
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Figure 3.5. DNIC are not affected by the oestrous cycle in naive female rats. (A) WDR neuronal responses to
dynamic mechanical stimulation (brush). (B) WDR neuronal responses to increasing punctate mechanical
forces (von Frey). (C) DNIC effect on WDR baseline activity upon simultaneous noxious ear clamp application
(60 g von Frey). (E) DNIC effect comparison (% reduction in cell activity with respect to baseline) attending to
different von Frey bending forces. ***P <0.001. Data represent mean * SEM. Each dot corresponds to an
individual cell from naive female rats in proestrus (n = 8; N = 8), estrus (n = 6; N = 6), metestrus (n =9; N = 6),
or diestrus (n = 7; N = 7). The figure key presented in (B) is valid for the entire figure. WDR: wide-dynamic
range; DNIC: diffuse noxious inhibitory controls.
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CIBP groups (week 1, week 2, and week 3): Neuronal WDR responses to dynamic brush (1-way
ANOVA: F(3, 52 = 1.653, p > 0.05) and punctate von Frey stimulation (2-way mixed ANOVA: F.350, 81.761) =
1.009, p > 0.05) showed no significant differences between any of the groups (see Figure 3.9A and Figure
3.9B, respectively). Upon application of a noxious ear clamp (conditioning stimulus), WDR baseline
neuronal activity was significantly reduced for all von Frey filaments tested in CIBP week 2 (2-way RM-
ANOVA: F(1.247,17.453) = 45.733, p < 0.001; Bonferroni post hoc: p < 0.001 for all tests) and CIBP week 3
rats (2-way RM-ANOVA: F(,, 2s) = 92.127, p < 0.001; Bonferroni post hoc: p < 0.001 for all tests), but not
in CIBP week 1 rats (2-way RM-ANOVA: F(3, 25) = 0.082, p > 0.05) (see Figure 3.9C for 60 g von Frey). Thus,
the inhibitory effect of DNIC (% reduction of cell activity with respect to baseline upon ear clamp
application) showed significant differences between groups for 8 g von Frey (Kruskal-Wallis test: H) =
33.772,p<0.001), 26 g von Frey (Kruskal-Wallis test: Hz) = 33.791, p <0.001), and 60 g von Frey (Kruskal-
Wallis test: Hg) = 33.753, p < 0.001) bending forces. These differences were observed in CIBP week 1
rats for all von Frey forces (Dunn-Bonferroni post hoc: p < 0.001 for all tests), but not in CIBP week 2 nor
week 3 rats when compared to naive rats (Dunn-Bonferroni post hoc: p > 0.05 for all tests) (see Figure

3.9D).

These results showcase that cancer progression does not affect WDR neuronal responses to
mechanical stimulation in CIBP female rats. However, similar to that shown in CIBP male rat data, disease
progression correlates with dynamic DNIC expression in CIBP female rats, whereby DNIC is abolished on
post-surgical week 1, but once again recovered on post-surgical weeks 2 and 3 (see Figure 3.10 and

Figure 3.11).

3.4.7. Spinal a2-adrenoceptors mediate DNIC in CIBP female rats

Following spinal WDR and DNIC characterisation, an investigation of the pharmacological control
of DNIC was carried out in sham and CIBP female Sprague Dawley rats 1, 2, or 3 weeks post-cancer cell
implantation (or sham surgery). Following topical spinal cord atipamezole (a selective a2-adrenoceptor
antagonist), WDR activity and DNIC expression were recorded at 10-, 20-, 30-, 40-, and 60-minutes post-
drug application. One neuron was recorded per sham week 1 (n =6; N = 6), sham week 2 (n=7; N=7),
sham week 3 (n=7; N=7), CIBP week 1 (n=7; N=7), CIBP week 2 (n=7; N=7),and CIBP week 3 rat (n

=6; N = 6), where a naive group provided the reference control for all comparisons (n=7; N = 7).
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Figure 3.8. DNIC are expressed in sham female rats. (A) WDR neuronal responses to dynamic mechanical
stimulation (brush). (B) WDR neuronal responses to increasing punctate mechanical forces (von Frey). (C) DNIC
effects on WDR baseline activity upon simultaneous noxious ear clamp (60 g von Frey). (D) DNIC effect
comparison (% reduction in cell activity with respect to baseline) attending to different von Frey bending
forces. ***P <0.001. Data represent mean + SEM. Each dot corresponds to an individual cell from naive (n =
15; N = 13), sham week 1 (n = 15, N = 14), sham week 2 (n = 15, N = 15), or sham week 3 (n = 15, N = 12)
female rats. The figure key presented in (B) is valid for the entire figure. WDR: wide-dynamic range; DNIC:

diffuse noxious inhibitory controls.

87



3. Results |

A 1200 B , 1207 o naive
o o
T 1000 < 1000 [0 CIBP week 1
0 0 A CIBP week 2
© ©
£ 800 ¢ £ 8004 @ CIBPweek3
2 . " 2
S 6004 = S 6004
& 5
g 400y | g 4007
° L]
g 200 sk % 2004
2 8 ° o =
0 0 T T T
8¢9 26¢g 60 g
von Frey bending force
C EZ 3 3 ns %k Xk Xk % %k 5k
o 120001 — — —
o ° [ ]
= 1000- .
0 °® u = L
-IES 800- o e - -3
T °
Q 2 4—
S eo0d [ ¥ = |-+
Q L] . ° L] = [ ]
c UK ° u "
.9 LX) T L] n
-g 400 +
& 2004 -
g °
c 1 1 1 1
60g 60g 60g 60g 60g 60g 60g 60g
DNIC DNIC DNIC DNIC

von Frey bending force

D ns ns

-
[=]
T

~
T

3]
<

o
1

Inhibition after DNIC induction (%)
N
a
1

]
8¢g 26g 60g
von Frey bending force

Figure 3.9. DNIC are dynamically expressed in CIBP female rats. (A) WDR neuronal responses to dynamic
mechanical stimulation (brush). (B) WDR neuronal responses to increasing punctate mechanical forces (von
Frey). (C) DNIC effects on WDR baseline activity upon simultaneous noxious ear clamp (60 g von Frey). (D)
DNIC effect comparison (% reduction in cell activity with respect to baseline) attending to different von Frey
bending forces. ***P <0.001. Data represent mean *+ SEM. Each dot corresponds to an individual cell from
naive (n =15; N = 13), CIBP week 1 (n =15, N = 14), CIBP week 2 (n = 15, N = 14), or CIBP week 3 (n =15, N =
12) female rats. The figure key presented in (B) is valid for the entire figure. WDR: wide-dynamic range; CIBP:
cancer-induced bone pain; DNIC: diffuse noxious inhibitory controls.

88



3. Results |

8g 26 g 60 g 8¢ 26 g 60 g
DNIC DNIC DNIC

L joam weys

l
" W YY)

40 spikes

8¢9 269 60 g

40 spikes
-
i
=
—
—
=
—
-2
]

60 g 8¢9 269 60 g

| s Wﬂm_ U0 | T Mﬂ . \Wmm

10s

40 spikes

Figure 3.10. DNIC are expressed in sham female rats (neuronal traces). Representative examples of spinal
WDR neuronal traces and action potential quantification in (A) sham week 1, (B) sham week 2, and (C) sham
week 3 female rats before and upon simultaneous noxious ear clamp application (DNIC). Each example
corresponds to the same cell during the same stimulation trial. Some non-stimulation periods (resting time

between each stimulus) may have been cropped out for illustrative purposes. DNIC: diffuse noxious inhibitory

controls.
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Figure 3.11. DNIC are dynamically expressed in CIBP female rats (neuronal traces). Representative examples
of spinal WDR neuronal traces and action potential quantification in (A) CIBP week 1, (B) CIBP week 2, and (C)
CIBP week 3 female rats before and upon simultaneous noxious ear clamp application (DNIC). Each example
corresponds to the same cell during the same stimulation trial. Some non-stimulation periods (resting time

between each stimulus) may have been cropped out for illustrative purposes. CIBP: cancer-induced bone pain;

DNIC: diffuse noxious inhibitory controls.
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Sham groups (week 1, week 2, and week 3): Topical spinal atipamezole application showed a
facilitatory effect on evoked WDR neuronal activity in sham week 1 (2-way RM-ANOVA: F(s, 25) = 3.161,
p < 0.05; Bonferroni post hoc), sham week 2 (2-way RM-ANOVA: Fs, 30) = 3.838, p < 0.01; Bonferroni post
hoc), and sham week 3 rats (2-way RM-ANOVA: F(s, 30) = 5.841, p < 0.001; Bonferroni post hoc), with this
increase being consistent across different von Frey forces (F10, s0) = 1.031, p > 0.05; F(10, 60) = 1.003, p >
0.05; and (F0, 60) = 1.696, p > 0.05; respectively) (see Figure 3.12A). Upon application of a noxious ear
clamp (conditioning stimulus), atipamezole abolished DNIC expression for every von Frey filament
tested in sham week 1 (3-way RM-ANOVA: F10,50) = 2.259, p < 0.05; Bonferroni post hoc: p > 0.05 up to
60 minutes), sham week 2 (3-way RM-ANOVA: F(10, 60) = 4.511, p < 0.001; Bonferroni post hoc: p > 0.05
up to 60 minutes), and sham week 3 rats (3-way RM-ANOVA: F10, 0 = 3.258, p < 0.01; Bonferroni post
hoc: p > 0.05 up to 60 minutes) (see Figure 3.12C, Figure 3.12D) (see Figure 3.13 for individual von Frey
forces). The inhibitory effect of DNIC (% reduction of cell activity with respect to baseline upon ear clamp
application) for 8 g von Frey (2-way mixed ANOVA: F(15,115) = 0.641, p > 0.05), 26 g von Frey (2-way mixed
ANOVA: F15,115) = 0.679, p > 0.05), and 60 g von Frey (2-way mixed ANOVA: F(10.121, 77.598) = 1.033, p >

0.05) bending forces showed no differences when compared to naive rats (see Figure 3.12B).

CIBP groups (week 1, week 2, and week 3): Topical spinal atipamezole application showed a
facilitatory effect on evoked WDR neuronal activity in CIBP week 1 (2-way RM-ANOVA: F(s, 30) = 4.321, p
< 0.01; Bonferroni post hoc) and CIBP week 3 rats (2-way RM-ANOVA: Fs, 25y = 4.468, p < 0.001;
Bonferroni post hoc), with this increase being consistent across different von Frey forces (F10, 60) = 0.964,
p > 0.05; and Fo, s0) = 1.156, p > 0.05; respectively). Atipamezole showed no effect in evoked WDR
neuronal activity in CIBP week 2 rats (2-way RM-ANOVA: Fs, 30) = 1.364, p > 0.05), being differentially
affected according to the von Frey bending force (F(io, s0) = 2.972, p < 0.01; Bonferroni post hoc) (see
Figure 3.14A). Upon application of a noxious ear clamp (conditioning stimulus), atipamezole abolished
DNIC expression for every von Frey filament tested in CIBP week 2 (3-way RM-ANOVA: F(1¢, 60) = 6.660, p
< 0.001; Bonferroni post hoc: p > 0.05 up to 60 minutes) and week 3 rats (3-way RM-ANOVA: F1, 50) =
4.817, p < 0.01; Bonferroni post hoc: p > 0.05 up to 60 minutes), but did not impact DNIC expression in
CIBP week 1 rats (3-way RM-ANOVA: F(, 60) = 1.239, p > 0.05) (see Figure 3.14C, Figure 3.14D) (see
Figure 3.15 for individual von Frey forces). The inhibitory effect of DNIC (% reduction of cell activity with

respect to baseline upon ear clamp application) for 8 g von Frey (2-way mixed ANOVA: F(10.516, 2.270) =
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2.270, p < 0.05), 26 g von Frey (2-way mixed ANOVA: F(gs2, 64.796) = 2.708, p < 0.05), and 60 g von Frey
(2-way mixed ANOVA: F(s.032,72.838) = 2.717, p < 0.01) bending forces showed differences between groups.
These differences were shown exclusively at baseline by CIBP week 1 rats when compared to naive rats
(Bonferroni post hoc: p < 0.001), but not for any other timepoint (Bonferroni post hoc: p > 0.05 for all
tests) nor any other CIBP group (week 2 and week 3) (Bonferroni post hoc: p > 0.05 for all tests) (see

Figure 3.14B).

These results confirm that, in line with those results observed in CIBP male and naive female rats,
there is a fully functional noradrenergic system sub-serving DNIC expression in sham and CIBP female
rats. Thus, DNIC inhibition is blocked by selective a2-adrenoceptor antagonists (i.e., atipamezole) at any

post-surgical week, except on CIBP week 1 rats, where DNIC expression is absent.
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Figure 3.12. Spinal a2-adrenergic receptors mediate DNIC in sham female rats. (A) Atipamezole effect on
evoked WDR neuronal responses (60 g von Frey). Comparisons against their respective baselines. (B)
Atipamezole effect on DNIC (% reduction in cell activity with respect to baseline) (60 g von Frey). Comparisons
against naive values. (C) and (D) DNIC effect on WDR baseline activity upon simultaneous noxious ear clamp
before (pre-drug) and 30 minutes after atipamezole application, respectively (60 g von Frey). ***P < 0.001.
Data represent mean + SEM. Each line represents the same group of cells across time and each dot
corresponds to an individual cell from naive (n = 7, N = 7), sham week 1 (n = 6; N = 6), sham week 2 (n=7; N
=7), or sham week 3 (n = 7; N = 7) female rats. The figure key presented in (A) is valid for the entire figure.

WDR: wide-dynamic range; DNIC: diffuse noxious inhibitory controls.
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Figure 3.13. Spinal a2-adrenergic receptors mediate DNIC in sham female rats (continued). Atipamezole
effect on evoked WDR neuronal responses to 8 g, 26 g, or 60 g von Frey stimulation alone or upon
simultaneous ear clamp application (DNIC) in (A) (B) (C) sham week 1, (D) (E) (F) sham week 2, and (G) (H) (I)
sham week 3 rats, respectively. *P <0.05; **P < 0.01; ***P <0.001. Data represent mean + SEM. Each line
represents the same group of cells across time from sham week 1 (n =6; N = 6), sham week 2 (n=7; N =7), or
sham week 3 (n = 7; N = 7) female rats. WDR: wide-dynamic range; DNIC: diffuse noxious inhibitory controls.
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Figure 3.14. Spinal a2-adrenergic receptors mediate DNIC in CIBP female rats. (A) Atipamezole effect on
evoked WDR neuronal responses (60 g von Frey). Comparisons against their respective baselines. (B)
Atipamezole effect on DNIC (% reduction in cell activity with respect to baseline) (60 g von Frey). Comparisons
against naive values. (C) and (D) DNIC effect on WDR baseline activity upon simultaneous noxious ear clamp
before (pre-drug) and 30 minutes after atipamezole application, respectively (60 g von Frey). ***P < 0.001.
Data represent mean + SEM. Each line represents the same group of cells across time and each dot
corresponds to an individual cell from naive (n =7, N =7), CIBP week 1 (n=7, N=7), CIBP week2 (n=7, N =
7), or CIBP week 3 (n = 6, N = 6) female rats. The figure key presented in (A) is valid for the entire figure. WDR:

wide-dynamic range; CIBP: cancer-induced bone pain; DNIC: diffuse noxious inhibitory controls.
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Figure 3.15. Spinal a2-adrenergic receptors mediate DNIC in CIBP female rats (continued). Atipamezole
effect on evoked WDR neuronal responses to 8 g, 26 g, or 60 g von Frey stimulation alone or upon
simultaneous ear clamp application (DNIC) in (A) (B) (C) CIBP week 1, (D) (E) (F) CIBP week 2, and (G) (H) (1)
CIBP week 3 rats, respectively. *P <0.05; **P <0.01; ***P <0.001. Data represent mean + SEM. Each line
represents the same group of cells across time from CIBP week 1 (n =7, N = 7), CIBP week 2 (n=7, N =7), or
CIBP week 3 (n = 6, N = 6) female rats. WDR: wide-dynamic range; CIBP: cancer-induced bone pain; DNIC:

diffuse noxious inhibitory controls.
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3.5. Discussion

3.5.1. Tumour progression in CIBP female rats

Both mechanical and thermal detection anomalies are a common symptom in cancer patients
suffering from pain (Dams et al., 2021; Lipton et al., 1991; Scott et al., 2012) and are deeply affected by
the type of anticancer treatment (Martland et al., 2020). Here | provide evidence of how localised tibial
MRMT-1 cancer cell injection results in the progressive development of mechanical ipsilateral
hypersensitivity in a CIBP rat model. These characteristic mechanical hypersensitivity, motor
impairments, and pain-related loading elements have been recapitulated in previous studies using the
MRMT-1 cell line under different behavioural paradigms showing the reproducibility of the model (Doré-
Savard et al., 2010; Falk, Ipsen, et al., 2015; Kucharczyk, Derrien et al., 2020; Medhurst et al., 2002;
Tétreault et al., 2011). Additionally, my results demonstrate that CIBP female rats present with thermal
heat hypersensitivity, a phenomenon also evidenced in previous studies using different CIBP rodent

models (Liu et al., 2021; Menéndez et al., 2003; Xu et al., 2013; Yang et al., 2017).

As expected, these gradual pain-related behaviours correlate with progressive trabecular and
cortical bone destruction. The high-resolution morphometric analysis presented here reveals clear signs
of small radiolucent tibial trabecular lesions on week 1, loss of trabecular bone and erosion of the
cortical bone by week 2, and full thickness cortical bone loss and severely compromised bone integrity
by week 3 (evidenced by tissue mineral density and thickness reduction in CIBP rats) following cancer
cell implantation surgery. Osteolytic lesions (i.e., creation of cavities, holes, and weakened bone areas)
appearing by week 3 are accompanied by marked signs of potential fracture and match previously
described timeframes in CIBP female rats (Salamanna et al., 2013). Interestingly, and in contrast to
female rats, osteolytic macroscopic lesions appear on CIBP male rats on week 2, as previously described
(Kucharczyk, Chisholm et al., 2020). These results suggest a slower tumour growth rate in female rats,
something that could be inferred from previous behavioural outcomes (Ungard et al., 2020; Zhu et al.,
2017) and could also be linked to previous studies showing how female rats present a higher chance of

recovery following cancer cell implantation (Falk, Al-Dihaissy, et al., 2015).

The mechanisms driving this differential sex-dependent tumour growth are not simple to
elucidate as MRMT-1 cancer cells express a-oestrogen receptors (Barriére et al., 2019; Doré-Savard et

al., 2010), which stimulate cell proliferation, initiate mutations, and promote breast carcinogenesis in
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both humans and animals (Turan et al., 2004; Yue et al., 2010; see also Yager and Davidson, 2006). Thus,
CIBP female rats should present a higher cancer division rate. However, and adding another layer of
complexity, androgens (e.g., testosterone) can be transformed into oestrogens (e.g., oestradiol) by
aromatase actions (Roncati et al., 2016). Interestingly, cancerous breast metastatic cells present
increased aromatase expression, making androgens a key factor in cancer cell malignancy and
survivability in oestrogen-deprived conditions, which could explain the higher growth rate seen in male
rats (Mukhopadhyay et al., 2015; Sikora et al., 2009; Sonne-Hansen and Lykkesfeldt, 2005; see also
Hankinson and Eliassen, 2007). These intricate and multilayered hormonal interactions in the CIBP

model remain elusive and require extensive future study.

3.5.2. WDR activity and DNIC expression in naive female rats

There are a disproportionate number of females living with chronic pain compared to males
(Zimmer et al., 2022). This imbalance is driven by numerous factors including a higher susceptibility to
develop pain-associated chronic conditions, greater willingness to seek medical help, higher pain
sensitivity, and greater reporting of pain (all of which are proposed affected by female-linked gendered
and cultural norms) (Kréner-Herwig et al., 2012; Neziri et al., 2011; Riley et al., 1998; Samulowitz et al.,
2018; see also Mogil, 2012; Mogil, 2020). In accordance, preclinical studies have also demonstrated that
female animals characteristically exhibit lower thresholds to noxious stimuli and exaggerated pain
responses to prolonged pain (Barrett et al., 2002; Gaumond et al., 2002; Nicotra et al., 2014; Terner,
Barrett et al., 2003; Terner, Lomas et al., 2003), although the animal strain tested can have a drastic
impact in these results (DeLeo and Rutkowski, 2000; Vendruscolo et al., 2004). All these factors highlight

that including female animals in preclinical studies is of utmost importance.

In the present body of work, | evidenced DNIC expression in naive female rats and comparable
evoked WDR neuronal responses to those previously reported in male rat studies. | also observed similar
WDR activity inhibition following the concomitant application of a noxious conditioning stimulus (ear
clamp) (consistently reaching 40-60% inhibition) (Bannister et al., 2015; Cummins et al., 2020;
Kucharczyk, Derrien et al., 2020; Kucharczyk et al., 2023; Patel and Dickenson, 2020). The data also
support that sex hormonal fluctuations during the oestrous cycle do not impact electrophysiological

readouts (including WDR evoked activity and DNIC inhibitory effects), showcasing that the inclusion of
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female animals in WDR and DNIC in vivo electrophysiological studies is not equivalent to larger sample

sizes.

Additionally in this chapter, and following its male counterpart, | evidenced DNIC expression in
naive female rats as governed by noradrenaline, revealed by abolished DNIC upon spinal application of
atipamezole (a selective a2-adrenoceptor antagonist). These results highlight a fully functional phasic
noradrenergic system subserving DNIC in naive female rats, something already well established in male
rats (Bannister et al., 2015; Bannister et al., 2017; see also Kucharczyk et al., 2021). Moreover, despite
spinal atipamezole not demonstrating a significant effect on baseline WDR activity in naive female rats,
the presence of a tonic noradrenergic input has been evidenced in previous electrophysiological male
rat studies, where atipamezole showed a facilitatory effect in WDR baseline activity (Bannister et al.,

2015; Green et al., 1998; Lockwood et al., 2019; Patel et al., 2018).

It is worth noting that sex-driven differences when comparing WDR baseline activity and/or the
inhibitory effect of DNIC (marked by the phasic noradrenergic drive during the application of a noxious
conditioning stimulus) may still exist. Previous data have demonstrated that primary afferents in female
rats are more likely to respond to mechanical stimulation (Ross et al., 2018) and there is also evidence
that the descending control of nociception (DCN) in wakeful animals is weaker in females compared to

males (Da Silva et al., 2018; Da Silva et al., 2020). Thus, modest sex differences remain to be explored.

3.5.3. WDR activity in CIBP female rats

The characteristic ‘pain’ phenotype expressed by CIBP rats has been previously linked to an
increased peripheral input, driven by augmented primary afferent sensitivity (Zhu et al., 2016) and/or
increased number of recruited primary afferents (threefold increase in CIBP rats) (Kucharczyk, Chisholm
et al.,, 2020). These recruited afferents were hypothesised to be ‘silent’ nociceptors that had been ‘un-
silenced’ by the inflammatory mediators and neurotrophic factors present in the tumoral
microenvironment (Kucharczyk, Chisholm et al., 2020; Prato et al., 2017). An enhanced nociceptive
peripheral input would suggest hyperexcitability in the spinal cord of the model described herein,
causing increased WDR activity. Hyperexcitability in superficial dorsal horn WDR neurons (laminae | and
II) in response to natural and electrical stimuli has been electrophysiologically reported in CIBP male rats

(Donovan-Rodriguez et al., 2004; Donovan-Rodriguez et al., 2005). Interestingly, here | provide evidence
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of a lack of hyperexcitability in deep dorsal horn WDR neurons of CIBP female rats, in line with previous
studies using the exact same model in male rats (Falk, Schwab et al., 2015; Kucharczyk, Derrien et al.,
2020). However, it is worth mentioning that some studies have reported extremely marginal higher deep
dorsal horn WDR neuronal responses in CIBP rats in response to electrical and/or thermal, but not

mechanical, stimuli (Donovan-Rodriguez et al., 2006; Urch et al., 2003).

This divergence in responsiveness between superficial and deep dorsal horn WDR neurons in the
CIBP rat model could be partly explained based on the projection site of primary afferents. Superficial
laminae receive direct inputs from AS- and C-fibres as well as silent nociceptors (Prato et al., 2017),
whilst deep laminae receive direct inputs from large AB- and small Ab- fibres as well as indirect
polysynaptic connexions from superficial C-fibres (Basbaum et al.,, 2009). This differential input, in
addition to the extreme plasticity and heterogeneity of spinal networks, may lead to changes in
transmission circuits that promote inhibitory mechanisms in deeper laminae to compensate for a gain
of peripheral input. The reverse has been shown in models of neuropathy where the experimental
model induces substantial denervation (e.g., spinal nerve ligation), but deep dorsal horn WDR baseline
activity remains unchanged, suggesting an increase in neuronal excitability to compensate for a loss of

peripheral input (Brignell et al., 2008; Patel et al., 2014).

3.5.4. DNIC expression in CIBP female rats

As previously mentioned, descending inhibitory controls have been shown to be impacted in
different animal pain models. Under anaesthesia, electrophysiological DNIC expression on WDR neurons
has shown to be absent in animal pain models (Bannister et al., 2015; Bannister et al., 2017; Lockwood
and Dickenson, 2019; Lockwood et al., 2019; Patel and Dickenson, 2020; Phelps et al., 2019).
Interestingly, cancer pain male animal models have shown a dynamic DNIC effect, where DNIC
expression is lost (week 1) and then recovered further in the course of the disease (week 2) (Kucharczyk,
Derrien et al., 2020). This dynamism has not been seen in any previous animal pain models, highlighting
the intricacy of the mechanisms subserving this disease. In this chapter, | have provided clear evidence
of dynamic DNIC expression in female rats, replicating the same timeframe seen in male rats with DNIC
expression being abolished on week 1 and recovered by weeks 2 and 3 following cancer cell

implantation. The replication of the same DNIC expression pattern despite slower tumour growth in
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female rats evidences a clear dynamic reorganization of spinal descending modulatory actions that are
more tightly linked to peripheral plasticity and input barrage rather than tumour size. However, this
dynamic reorganization is not limited to inhibitory descending controls, as facilitatory descending spinal

mechanisms are also altered in CIBP rats (Donovan-Rodriguez et al., 2006).

Additionally, and similarly to naive rats, | have demonstrated that DNIC are subserved by
noradrenaline in both sham and CIBP female rats. Spinal atipamezole application (a selective a2-
adrenoceptor antagonist) inhibited DNIC expression in all sham and CIBP groups, except for week 1 CIBP
rats (where DNIC were not expressed in the first instance). The source of spinal noradrenaline is
exclusively supraspinal and limited to the A5, A6 (locus coeruleus), and A7 pontine nuclei (Howorth et
al., 2009; Westlund et al., 1983). The results provided in this chapter could be explained by recent
studies showing how restricted activation of direct spinally-projecting noradrenergic neurons located in
the ventral locus coeruleus abolished DNIC expression, while the dorsal locus coeruleus had either no
effect or facilitated DNIC functionality (Kucharczyk et al., 2022). Thus, one could speculate that cancer
progression in the CIBP model originates plastic descending modulatory changes, leading to a
maladaptive communication between the locus coeruleus and DNIC circuits (e.g., A5 nucleus), driving
the loss of DNIC expression on week 1. On posterior weeks, where DNIC expression is recovered, this
coerulean maladaptive communication could be reverted, or plastic changes could occur to compensate

for it, restoring DNIC expression.

Moreover, in this chapter, atipamezole also showed a facilitatory effect on baseline WDR activity
in sham rats (weeks 1, 2, and 3) as well as CIBP rats (weeks 1 and 3), revealing a tonic inhibitory
noradrenergic drive. In line with these results, both inhibition and lesion of the major descending
pathway for noradrenergic fibres (i.e., dorsolateral funiculus) have proved to increase WDR baseline
activity, indicative of tonic inhibitory noradrenergic actions (Kucharczyk et al., 2023; Villanueva et al.,
1986). However, individualised inhibition of the providers of spinal noradrenaline (A5, A6, and A7 nuclei)
has no effect on WDR baseline activity (Kucharczyk et al., 2023). This situation may be indicative of an
underlying interplay between these nuclei and their spinal output that cannot be reached by their

individual manipulation.
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3.6. Summary

In conclusion, these data evidence the expression of a functional noradrenergic DNIC system in
female rats. The integrity of this descending pain modulatory pathway is compromised by disease
progression in the animal CIBP model, leading to a transient DNIC expression loss. Mechanisms
underpinning these deep and complex plastic changes are crucial for understanding sensorimotor

modulation in health and disease to reach tailored and effective patient therapeutical approaches.
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4.1. Introduction

Diphtheria toxin (DT), produced by Corynebacterium diphtheriae, is a potent bacterial toxin that
leads to eukaryotic cell death by binding to the ubiquitously expressed heparin-binding epidermal
growth factor-like growth factor (HB-EGF) receptor, inactivating elongation factor 2 (EF2), and inhibiting
protein synthesis (Bennett and Eisenberg, 1994; Gill, 1982). Importantly, rodents are mainly insensitive
to its toxic effects due to amino acid receptor changes that impede the toxin from binding and entering
rodent specific cells (Mitamura et al., 1995; Cha et al., 1999). This impervious nature has been exploited
by the research community for targeted and conditional cell ablation, allowing for the functional
characterisation of specific cell lineages (Buch et al., 2005; Saito et al., 2001). Specifically, in rodent pain
studies, different subsets of sensory neurons (Abrahamsen et al., 2008; Pogorzala et al., 2013; Santana-
Varela et al., 2021), immune cells (Liu, Liu et al., 2022; Lopes et al., 2017; Raoof et al., 2021), neural stem
cells (Li et al., 2023), and spinal neurons (Albisetti et al., 2023; Cheng et al., 2017; Frezel et al., 2023)

have been targeted in this manner.

As previously mentioned, pain is one of the most invalidating symptoms in the oncological
population, where cancer-induced bone pain (CIBP) is frequently present in metastatic cases (Brescia et
al.,, 1992; Grond et al., 1996). Whilst preclinical oncological studies have previously employed DT
targeted ablation with a focus on cancer immunosurveillance and immunotherapy (Dupont and
Vosshenrich, 2019; Oraki Kohshour et al., 2014; Teijeira et al., 2022; Zhang, Dong et al., 2023), pain
studies have focused on unveiling the mechanisms driving CIBP using animal models of disease
progression that successfully recreate this clinical phenomenon (Ji et al., 2022; Kucharczyk, Derrien et
al., 2020; Medhurst et al., 2002; Schwei et al., 1999) (see section 1.6). However, the fact that patients
experience pain during both the active and remission stage of the disease (Haenen et al., 2022; Jensen
et al., 2010; van den Beuken-van Everdingen et al., 2007; van den Beuken-van Everdingen et al., 2016),
where CIBP is an especially frequent symptom in cases where survival is prolonged (Brown and
Farquhar-Smith, 2017), highlights the importance of investigating the mechanisms that underpin CIBP

in the remission state.

With the progressively higher survival rates and the increasing proportion of patients achieving
successful curative treatment, improving quality of life and maximising symptom relief during the

remission phase of the disease have become a priority in the preclinical research community. To achieve
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pain symptom relief, it is necessary to deeply investigate the mechanisms that underpin CIBP in this

remission state such that mechanistically targeted analgesics may be revealed.

4.2. Rationale and aims

Despite numerous advances using animal models that recreate the progressive pathophysiology
of CIBP, an animal model that allows for mechanisms underpinning pain after cancer remission/ablation
to be studied is not widely described. For this part of the thesis, | established a model that would allow
me to ablate a bone dwelling tumour for subsequent analysis of pain-like phenotypes. Specifically, | used

a modified cancer cell line expressing the simian diphtheria toxin receptor (DTR) to confer DT sensitivity.

In the previous chapter, | demonstrated that the expression of diffuse noxious inhibitory controls
(DNIC), a naturally occurring pain inhibitory pathway (see section 1.5.4), is dynamic in CIBP female rats,
being absent 1 week after cancer cell implantation, and recovered by post-surgical weeks 2 and 3. In the
study described herein | investigated the effect of cancer ablation on DNIC expression at key timepoints
in the CIBP female rat model by performing in vivo spinal electrophysiological characterisation of deep
dorsal horn wide-dynamic range (WDR) neurons and DNIC expression alongside spinal pharmacological
manipulation of a2-adrenergic receptors and bone morphometric analysis. Additionally, to assess

cancer regression effects on animal behaviour, rodent pain-like phenotypes were analysed.

4.3. Materials and methods

CIBP female Sprague Dawley rats (see section 2.1) underwent in vivo spinal cord
electrophysiology for single-unit WDR characterisation under isoflurane anaesthesia where rats
underwent tibial cancer cell implantation surgery 1, 2, or 3 weeks prior to spinal cord recordings
according to the timeline of the experiment (see section 2.2 and section 2.3). All experiments included
in this chapter incorporated the use of the transduced MRMT-1 cell lines expressing the simian DTR
(CIBP_DTR_eGFP) (i.e., sensitive to the toxin) or the control group equivalent (CIBP_eGFP) (i.e.,
insensitive to the toxin). Daily DT injections were performed for 4 consecutive days at different key
timepoints (injections starting on day 3, day 7, or day 14) (see section 2.3). Evoked WDR firing rates to
natural stimuli (dynamic mechanical brush and punctate mechanical von Frey) were recorded before

and during simultaneous ipsilateral application of a noxious conditioning stimulus (ear clamp, 125 g) to
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evoke DNIC (see section 2.4). Recordings were followed by spinal cord pharmacology (see section 2.4)
before euthanasia and bone collection for analysis (see section 2.5). Evoked and non-evoked
behavioural testing was also carried out in naive, CIBP_eGFP, and CIBP_DTR_eGFP female rats (see
section 2.7). For the statistical analysis, a value of p < 0.05 was considered significant for all comparisons

(see section 2.8).

4.4. Results

4.4.1. Cancer cell transduction does not affect in vitro cell growth nor viability

In vitro cell line growth and viability were assessed following transduction and puromycin
selection in transduced MRMT-1_eGFP (n = 5) and MRMT-1_DTR_eGFP (n = 5) cells, as well as
unmodified MRMT-1 cells (n = 5). Cell growth, quantified as number of alive cells/ml, showed no
differences between cell lines (1-way ANOVA: F,, 14) = 0.797, p > 0.05) (see Figure 4.1A)". Cell viability,
measured as the percentage of alive cells in the total cell count, also showed no differences between
cell lines (Kruskal-Wallis test: Hp) = 3.120, p > 0.05) (see Figure 4.1B). Additionally, both MRMT-1_eGFP
and MRMT-1_DTR_eGFP cells showed construct stability evidenced by the expression of green

fluorescence after 20 cell passages (see Figure 4.1C).

4.4.2. Cancer ablation on week one does not resolve mechanical hypersensitivity in CIBP
female rats

Pain-like behaviours were studied in naive (n = 10), CIBP_eGFP (n = 10), and CIBP_DTR_eGFP (n =
10) female Sprague Dawley rats on pre-surgical day 2 (baseline) and post-operative days 2, 7, 14, 21, 28,
and 35 (with CIBP_eGFP rats only reaching day 21 for ethical reasons). Following baseline data collection,
CIBP_eGFP and CIBP_DTR_eGFP rats underwent surgical tibial cancer cell implantation (day 0) with
subsequent daily DT injections performed on post-surgical days 7-10 (+ DTd7). Animal weight prior to
behavioural testing (baseline weight) showed no differences between any of the groups (1-way ANOVA:
F(2, 27) = 2.063, p > 0.05). Analysis of animal weight over time between groups (2-way mixed ANOVA)
revealed weight gain across time (F(2.1s3, 58.137) = 339.452, p < 0.001; Bonferroni post hoc), with this weight

gain being consistent across all groups (F(4.306, 58.137) = 1.789, p > 0.05) (see Figure 4.2A).

* cell counting and seeding were performed by Mr Benjamin Wan in consecutive timely-separated batches.
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Static weight-bearing: The non-evoked paradigm revealed significant differences in the rear-leg
body weight distribution between groups across time (2-way mixed ANOVA: Fs s, 76.359) = 10.101, p <
0.001). When compared to naive rats, both CIBP_eGFP (+ DTd7) and CIBP_DTR_eGFP (+ DTd7) rats
showed gradual impairment of weight distribution on the ipsilateral (cancer-bearing) leg from day 7
onwards (Bonferroni post hoc: p < 0.01 for all tests), but not before (Bonferroni post hoc: p > 0.05) (see
Figure 4.2B). The differences between CIBP_DTR_eGFP (+ DTd7) and naive rats were also present on day
28 (Independent Samples Test: tj1s) = 5.169, p < 0.001) and day 35 (Independent Samples Test: t(g) =

4.489, p < 0.001).

Plantar test: Thermal ipsilateral paw stimulation revealed no significant differences between
groups across time (2-way mixed ANOVA: Fss70, 79248y = 1.168, p > 0.05) (see Figure 4.2C).
CIBP_DTR_eGFP (+ DTd7) rats did not show any differences on day 28 (Independent Samples Test: t(1s)

= 0.505, p > 0.05) nor on day 35 (Independent Samples Test: tag = 1.059, p > 0.05) when compared to

naive rats.
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Figure 4.1. Cancer cell transduction does not affect in vitro cell dynamics. (A) Cell growth comparisons
between unmodified (MRMT-1) and transduced cell lines. (B) Cell viability comparison (% of alive cells in the
total cell count) between cell lines. (C) Representative images of both transduced cell lines 20 cell passages
after cell transduction and puromycin selection. Data represent mean + SEM. Each dot corresponds to different
cell counts (performed in consecutive timely-separated batches) from MRMT-1 (n =5), MRMT-1_eGFP (n =5),
or MRMT-1_DTR_eGFP (n = 5) cells. DTR: diphtheria toxin receptor.
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Paw pressure test: Mechanical ipsilateral paw stimulation revealed significant differences
between groups across time (2-way mixed ANOVA: Fs 749, 77.616) = 9.638, p < 0.001). When compared to
naive rats, both CIBP_eGFP (+ DTd7) and CIBP_DTR eGFP (+ DTd7) rats showed mechanical
hypersensitivity on the ipsilateral (cancer-bearing) leg from day 7 onwards (Bonferroni post hoc: p <
0.01) but not before (Bonferroni post hoc: p > 0.05) (see Figure 4.2D). The differences between
CIBP_DTR_eGFP (+ DTd7) and naive rats were also present on day 28 (Independent Samples Test: t(1g) =

6.502, p < 0.001) and day 35 (Independent Samples Test: t(1s) = 4.632, p < 0.001).
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Figure 4.2. Cancer ablation on week one does not resolve mechanical hypersensitivity in CIBP female rats.
(A) Animal weight gain following surgery and DT treatment on week 1. (B) Weight percentage born on the
ipsilateral leg (expressed as % of total rear-bearing weight) (static weight-bearing test). (C) Paw withdrawal
latency in response to ipsilateral heat stimulation (plantar test). (D) Paw withdrawal threshold in response to
gradual mechanical ipsilateral pressure (paw pressure test). Differences between control CIBP_eGFP (+ DTd7)
and naive rats (#) and between CIBP_DTR_eGFP (+ DTd7) and naive rats (*) are included. **P < 0.01;
***Pp < 0.001. Data represent mean * SEM. Each line represents the same group of naive (n = 10), CIBP_eGFP
(+ DTd7) (n = 10), or CIBP_DTR_eGFP (+ DTd7) (n = 10) female rats across time. The figure key presented in (C)
is valid for the entire figure. CIBP: cancer-induced bone pain; DTR: diphtheria toxin receptor; DT: diphtheria
toxin.
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Additional comparisons between the pain-like phenotype elicited by the unmodified MRMT-1 cell
line (results presented in the previous chapter) and the control CIBP_eGFP (+ DTd7) showed no
differences at any given timepoint for the static weight-bearing test (2-way mixed ANOVA: F.s57, 51.430)
= 0.498, p > 0.05), the plantar test (2-way mixed ANOVA: F(2.297, 41.338) = 0.892, p > 0.05), nor the paw

pressure test (2-way mixed ANOVA: F(4,72) = 1.012, p > 0.05).

Summarising, cancer cell transduction did not affect the behavioural pain-like phenotype (neither
in terms of its initiation nor progression) when compared to the unmodified cancer cell line. However,
following cancer cell ablation on week 1, CIBP_DTR_eGFP rats did not develop a progressive and
degenerative pain-like phenotype although they retained (to a lesser extent) mechanical
hypersensitivity, indicating a long-lasting modification that still manifests as a pathophysiological

phenotype even after cancer elimination.

4.4.3. Cancer ablation on week one prevents bone degeneration in CIBP female rats

Evaluation of bone integrity in naive, CIBP_eGFP, and CIBP_DTR_eGFP female Sprague Dawley
rats was carried out using high-resolution micro-computed tomography (UCT) following collection of
tibiae (with the corresponding fibula and patella) from CIBP_eGFP (+ DTd7) week 2 (n = 5), CIBP_eGFP
(+ DTd7) week 3 (n =5), CIBP_DTR_eGFP (+ DTd7) week 2 (n =5), and CIBP_DTR_eGFP (+ DTd7) week 3
(n = 5) rats and daily DT injections on post-surgical days 7-10 (+ DTd7), where a naive group provided

the reference control for all comparisons (n = 5).

CIBP_eGFP (+ DTd7) groups (week 2 and week 3): Total tibial length showed no differences
between any of the groups (1-way ANOVA: F(3,12)=0.092, p > 0.05) despite clear progressive macroscopic
bone damage (see Figure 4.3A). When compared to naive rats, trabecular bone properties showed
progressive degradation (see Table 4.1 for a result overview). Interestingly, trabecular tissue mineral
density (degree of mineralization within the bone volume of interest) showed no differences between
groups (1-way ANOVA: F(;, 12y = 2.361, p > 0.05) (see Figure 4.3B). Cortical bone morphometric
characteristics followed a similar degradation pattern (see Table 4.1 for a result overview), with cortical
tissue mineral density (surprisingly but following the trabecular results) showing no differences between

groups (1-way ANOVA: F(3,12) = 1.235, p > 0.05) (see Figure 4.3B).

109



4. Results Il

” CIBP_eGFP

B o 2.00+ O Naive

E: 1.75 A CIBP_eGFP (+DTd7) week 2
‘E 1.504 @ CIBP_eGFP (+DTd7) week 3
2 q.254 L=t
3
— 1.004
o
g 0.754
£
o 0.50-
=]
g 0.25-
=

0.00

Trabecular bone Cortical bone

Figure 4.3. DT treatment on week one does not affect bone degeneration in CIBP female rats. (A)
Representative scanned tibial samples (micro-computed tomography) showcasing the macroscopic changes
following CIBP surgery and DT treatment on week 1. (B) Trabecular and cortical tissue mineral density (degree
of mineralization within the bone volume of interest) comparisons. Data represent mean + SEM. Each dot
corresponds to individual tibial samples from naive (n = 5), CIBP_eGFP (+ DTd7) week 2 (n = 5), or CIBP_eGFP
(+ DTd7) week 3 (n = 5) female rats. CIBP: cancer-induced bone pain; DT: diphtheria toxin.
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Table 4.1. Impact of week-one DT treatment on rat bone microarchitecture. Summary of representative
parameters obtained from the trabecular and cortical micro-computed tomography tibial analysis. Data
represent the mean + SEM from naive (n = 5), CIBP_eGFP (+ DTd7) week 2 (n = 5), and CIBP_eGFP (+ DTd7)
week 3 (n = 5) female rats. One-way ANOVA with Bonferroni post-hoc test: *p < 0.05, **p <0.01, ***p <0.001
(comparisons against naive rats). Whenever homoscedasticity was not met, Welch’s one-way ANOVA with
Games-Howell post-hoc test was performed (or Kruskal-Wallis test with Dunn-Bonferroni post hoc test if data
were additionally not normally distributed). CIBP: cancer-induced bone pain; DT: diphtheria toxin.

. CIBP_ eGFP
Naive
(+DTd7) week 3

Trabecular total surface mm?2 79.20+3.54 80.28 + 1.80 81.38+0.99
Trabecular bone surface mm?2 212.95 +42.05 156.25 £ 19.70 68.75+12.15
Trabecular bone surface fraction % 70.92 +3.36 64.87 +3.88 44.22 + 4.66*
Trabecular total volume mm?3 28.61+2.98 29.59 + 1.63 32.73+0.64
Trabecular bone volume mm3 4.42 +0.98 2.91+0.46 1.06 £0.21
Trabecular bone volume fraction % 15.16 £+ 2.54 10.18 +1.83 3.23 +0.61*
Trabecular number mm-1 2.01+0.30 1.48+0.53 0.51 + 0.09**
Trabecular pattern factor mm-? 14.07 £1.22 17.66 +1.93 26.58 + 1.14%**
Trabecular separation mm 0.42 £0.10 0.50 + 0.07 0.77 £ 0.07*
Trabecular thickness (x102) mm 7.44+0.16 6.75+0.22 6.30 + 0.23**
Trabecular tissue mineral density g/cm3 1.28 £0.02 1.27 £0.02 1.22+0.01
Connectivity density (x107) mm?-3 3.86+0.71 2.60 +0.40 0.80 +0.20*
Degree of anisotropy N/A 0.66 +0.01 0.60 + 0.03 0.54 + 0.02**
Fractal dimension N/A 2.40 +0.04 2.30 £ 0.06 2.03 + 0.06**

. CIBP_ eGFP

Naive
(+DTd7) week 3

Cortical total area (mean) mm? 9.04 £0.51 9.58 +£0.36 13.69 + 0.67***
Cortical bone area (mean) mm? 4.33+0.16 4.15 +0.05 4.12+0.15
Cortical bone area fraction % 48.23+2.14 43.58+1.73 30.25 + 1.28%*
Cortical total surface (mean) mm? 134.92 +4.04 137.63 +3.54 253.95 + 36.64
Cortical bone surface (mean) mm? 326.30+21.93 331.62+11.28 709.57 + 89.77*
Cortical bone surface fraction % 70.56 + 0.87 70.48 £ 0.63 73.76 £1.75
Cortical thickness mm 0.25+0.01 0.24 +0.01 0.12 +0.01%**
Cortical tissue mineral density g/cm3 1.41+0.03 1.46 +0.01 1.41+0.02
Cortical porosity % 51.86+2.14 56.23 +1.73 69.93 £ 1.30**
Connectivity density mm?-3 1.00 + 0.00 1.00 + 0.00 7.60 + 1.50**
Eccentricity N/A 0.61+0.03 0.62 +0.02 0.56 +0.02
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Figure 4.4. Cancer ablation on week one prevents bone degeneration in CIBP female rats. (A) Representative
scanned tibial samples (micro-computed tomography) showcasing the lack of macroscopic changes following
CIBP surgery and cancer cell ablation on week 1. (B) Trabecular and cortical tissue mineral density (degree of
mineralization within the bone volume of interest) comparisons. Data represent mean *+ SEM. Each dot
corresponds to individual tibial samples from naive (n = 5), CIBP_DTR_eGFP (+ DTd7) week 2 (n = 5), or
CIBP_DTR_eGFP (+ DTd7) week 3 (n = 5) female rats. CIBP: cancer-induced bone pain; DTR: diphtheria toxin
receptor; DT: diphtheria toxin.
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Table 4.2. Impact of week-one cancer cell ablation on rat bone microarchitecture. Summary of

representative parameters obtained from the trabecular and cortical micro-computed tomography tibial
analysis. Data represent the mean * SEM from naive (n = 5), CIBP_DTR_eGFP (+ DTd7) week 2 (n = 5), and
CIBP_DTR_eGFP (+ DTd7) week 3 (n = 5) female rats. One-way ANOVA with Bonferroni post-hoc test: **p <
0.01 (comparisons against naive rats). Whenever homoscedasticity was not met, Welch’s one-way ANOVA

with Games-Howell post-hoc test was performed (or Kruskal-Wallis test with Dunn-Bonferroni post hoc test if

data were additionally not normally distributed). CIBP: cancer-induced bone pain; DTR: diphtheria toxin

receptor; DT: diphtheria toxin.

CIBP_DTR_eGFP

Naive
(+DTd7) week 3
Trabecular total surface mm? 79.20 +3.54 78.11+2.15 73.49 +3.57
Trabecular bone surface mm?2 212.95 +42.05 202.81+ 14.66 151.83 + 14.60
Trabecular bone surface fraction % 70.92 +3.36 71.93+1.40 67.01+1.22
Trabecular total volume mm3 28.61+2.98 26.82+1.27 26.44 +2.24
Trabecular bone volume mm3 4.42 +0.98 3.97+031 2.85+0.28
Trabecular bone volume fraction % 15.16 +2.54 14.87 +1.19 10.74 +0.34
Trabecular number mm-? 2.01+0.30 2.11+0.15 1.53 £0.05
Trabecular pattern factor mm-? 14.07 £1.22 13.78 £ 0.62 16.83 +0.12
Trabecular separation mm 0.42+0.10 0.39+0.02 0.41 +0.02
Trabecular thickness (x102) mm 7.44+£0.16 7.05+0.12 7.03 £0.09
Trabecular tissue mineral density g/cm3 1.28 +0.02 1.29£0.01 1.27 £0.01
Connectivity density (x10-) mm-3 3.86+0.71 4.40 +0.51 2.60+0.25
Degree of anisotropy N/A 0.66 +0.01 0.65+0.01 0.59 + 0.01**
Fractal dimension N/A 2.40+£0.04 2.40 +£0.02 2.33+0.02
. CIBP_DTR_eGFP
Naive
(+DTd7) week 3
Cortical total area (mean) mm? 9.04 +0.51 9.27+0.19 9.31+0.37
Cortical bone area (mean) mm? 4.33+0.16 4.48 +0.09 4.43 £0.06
Cortical bone area fraction % 48.23+2.14 48.41+1.51 47.86+2.11
Cortical total surface (mean) mm? 134.92 £+ 4.04 141.41+£2.30 130.77 £3.32
Cortical bone surface (mean) mm? 326.30+£21.93 386.67 +20.96 309.13 +17.88
Cortical bone surface fraction % 70.56 + 0.87 73.09 £0.75 70.13+0.79
Cortical thickness mm 0.25+0.01 0.22+0.01 0.27 £0.02
Cortical tissue mineral density g/cm3 1.41+0.03 1.43£0.01 1.46 +0.02
Cortical porosity % 51.86+2.14 51.70 +1.52 52.23+2.11
Connectivity density (x107) mm-3 1.00 £ 0.00 1.52+0.21 0.80+0.11
Eccentricity N/A 0.61+0.03 0.62 +0.02 0.57 +0.01
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CIBP_DTR_eGFP (+ DTd7) groups (week 2 and week 3): Total tibial length showed no differences
between any of the groups (1-way ANOVA: F(;, 12) = 3.941, p > 0.05) nor signs of macroscopic bone
damage (see Figure 4.4A). When compared to naive rats, trabecular bone properties were stable with
no notable significant differences (see Table 4.2 for a result overview). Of special interest, the trabecular
tissue mineral density (degree of mineralization within the bone volume of interest) remained stable (1-
way ANOVA: F(, 12) = 0.265, p > 0.05) (see Figure 4.4B). Cortical bone morphometric characteristics
followed a similar pattern (see Table 4.2 for a result overview), with cortical tissue mineral density

showing no differences at any given timepoint (1-way ANOVA: F(;,12)= 0.968, p > 0.05) (see Figure 4.4B).

These results showcase how disease progression affects trabecular and cortical bone properties
in control CIBP_eGFP (+ DTd7) rats similarly to the original unmodified cancer cell line, although tissue
mineral density did not tightly reflect visually evident bone lesions. More importantly, cancer ablation
on week 1 prevented trabecular and cortical bone alterations on posterior weeks in CIBP_DTR_eGFP (+

DTd7) rats, showing no evidence of macro or microarchitectural changes.

4.4.4. Cancer ablation on week one prevents DNIC recovery in CIBP female rats

Spinal WDR responses to natural stimuli as well as DNIC expression were studied in CIBP_eGFP
and CIBP_DTR_eGFP female Sprague Dawley rats under isoflurane anaesthesia in a gaseous N,O/O; mix.
CIBP_eGFP and CIBP_DTR_eGFP rats underwent surgical tibial cancer cell implantation 2 or 3 weeks
prior to the electrophysiological recordings followed by subsequent daily DT injections performed on
post-surgical days 7-10 (+ DTd7). A minimum of one and maximum of two neurons were recorded per
CIBP_eGFP (+ DTd7) week 2 (n =10, N = 8), CIBP_eGFP (+ DTd7) week 3 (n =10, N = 6), CIBP_DTR_eGFP
(+ DTd7) week 2 (n =10, N = 8), and CIBP_DTR_eGFP (+ DTd7) week 3 (n = 10, N = 6) rat, where a naive

group provided the reference control for all comparisons (n = 10; N = 9).

CIBP_eGFP (+ DTd7) groups (week 2 and week 3): Neuronal WDR responses to dynamic brush
(1-way ANOVA: F(2, 26) = 0.302, p > 0.05) and punctate von Frey stimulation (2-way mixed ANOVA: F(2.227,
30.064) = 0.843, p > 0.05) showed no significant differences between any of the groups (see Figure 4.5A
and Figure 4.5B, respectively). Upon application of a noxious ear clamp (conditioning stimulus), WDR
baseline neuronal activity was significantly reduced for all von Frey filaments tested in CIBP_eGFP (+

DTd7) week 2 (2-way RM-ANOVA: F(, 1s) = 41.499, p < 0.001; Bonferroni post hoc: p < 0.001 for all tests)
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and CIBP_eGFP (+ DTd7) week 3 rats (2-way RM-ANOVA: F(1.274, 11.470) = 97.339, p < 0.001; Bonferroni
post hoc: p < 0.001 for all tests) (see Figure 4.5C for 60 g von Frey). The inhibitory effect of DNIC (%
reduction of cell activity with respect to baseline upon ear clamp application) was comparable
throughout groups for 8 g von Frey (Kruskal-Wallis test: H(z) = 2.449, p > 0.05), 26 g von Frey (Kruskal-
Wallis test: Hp) = 2.550, p > 0.05), and 60 g von Frey (Kruskal-Wallis test: Hp) = 3.169, p > 0.05) bending

forces (see Figure 4.5D).

CIBP_DTR_eGFP (+ DTd7) groups (week 2 and week 3): Neuronal WDR responses to dynamic
brush (1-way ANOVA: F,, 26) = 2.668, p > 0.05) and punctate von Frey stimulation (2-way mixed ANOVA:
F(2.347, 31.680) = 0.819, p > 0.05) showed no significant differences between any of the groups (see Figure
4.6A and Figure 4.6B, respectively). However, upon application of a noxious ear clamp (conditioning
stimulus), WDR baseline neuronal activity showed no significant reduction for any von Frey filaments
tested in CIBP_DTR_eGFP (+ DTd7) week 2 (2-way RM-ANOVA: F(;, 13 = 0.042, p > 0.05) and
CIBP_DTR_eGFP (+ DTd7) week 3 rats (2-way RM-ANOVA: F,, 15) = 2.655, p > 0.05) (see Figure 4.6C for
60 g von Frey). Thus, the inhibitory effect of DNIC (% reduction of cell activity with respect to baseline
upon ear clamp application) showed significant differences between groups for 8 g von Frey (Kruskal-
Wallis test: Hpz) = 24.351, p < 0.001), 26 g von Frey (Kruskal-Wallis test: Hz = 20.191, p < 0.001), and 60
g von Frey (Kruskal-Wallis test: Hz) = 19.667, p < 0.001) bending forces. These differences were observed
in both CIBP_DTR_eGFP (+ DTd7) week 1 and week 2 rats for all von Frey forces when compared to naive

rats (Dunn-Bonferroni post hoc: p < 0.01 for all tests) (see Figure 4.6D).

Additional comparisons between the unmodified MRMT-1 cell line (CIBP week 2 and week 3 rats)
(results shown in previous chapter) and the control CIBP_eGFP (+ DTd7) week 2 and week 3 rats, showed
no differences between neuronal WDR responses to dynamic brush (1-way ANOVA: F, 46) = 0.277, p >

0.05) nor punctate von Frey stimulation (2-way mixed ANOVA: F3.912, 59.990) = 1.316, p > 0.05).

In sum, cancer cell ablation on week 1, a timepoint at which DNIC expression is known to be
dysfunctional following cancer cell implantation (see previous chapter), prevents DNIC recovery in

CIBP_DTR_eGFP rats (see Figure 4.7).
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Figure 4.5. DT treatment on week one does not affect DNIC recovery in CIBP female rats. (A) WDR neuronal
responses to dynamic mechanical stimulation (brush). (B) WDR neuronal responses to increasing punctate
mechanical forces (von Frey). (C) DNIC effect on WDR baseline activity upon simultaneous noxious ear clamp
(60 g von Frey). (D) DNIC effect comparison (% reduction in cell activity with respect to baseline) attending to
different von Frey bending forces. ***P <0.001. Data represent mean * SEM. Each dot corresponds to an
individual cell from naive (n = 10; N = 9), CIBP_eGFP (+ DTd7) week 2 (n = 10, N = 8), or CIBP_eGFP (+ DTd7)
week 3 (n = 10, N = 6) female rats. The figure key presented in (B) is valid for the entire figure. WDR: wide-
dynamic range; CIBP: cancer-induced bone pain; DT: diphtheria toxin; DNIC: diffuse noxious inhibitory

controls.
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Figure 4.6. Cancer ablation on week one prevents DNIC recovery in CIBP female rats. (A) WDR neuronal
responses to dynamic mechanical stimulation (brush). (B) WDR neuronal responses to increasing punctate
mechanical forces (von Frey). (C) DNIC effects on WDR baseline activity upon simultaneous noxious ear clamp
(60 g von Frey). (D) DNIC effect comparison (% reduction in cell activity with respect to baseline) attending to
different von Frey bending forces. ***P <0.001. Data represent mean * SEM. Each dot corresponds to an
individual cell from naive (n = 10; N =9), CIBP_DTR_eGFP (+ DTd7) week 2 (n = 10, N = 8), or CIBP_DTR_eGFP
(+ DTd7) week 3 (n = 10, N = 6) female rats. The figure key presented in (B) is valid for the entire figure. WDR:
wide-dynamic range; CIBP: cancer-induced bone pain; DTR: diphtheria toxin receptor; DT: diphtheria toxin;

DNIC: diffuse noxious inhibitory controls.
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Figure 4.7. Cancer ablation on week one prevents DNIC recovery (neuronal traces). Representative examples
of spinal WDR neuronal traces and action potential quantification in (A) CIBP_eGFP (+ DTd7) week 2, (B)
CIBP_eGFP (+ DTd7) week 3, (C) CIBP_DTR_eGFP (+ DTd7) week 2, and (D) CIBP_DTR_eGFP (+ DTd7) week 3
female rats before and upon simultaneous noxious ear clamp application (DNIC). Each example corresponds
to the same cell during the same stimulation trial. Some non-stimulation periods (resting time between each
stimulus) may have been cropped out for illustrative purposes. CIBP: cancer-induced bone pain; DTR:

diphtheria toxin receptor; DT: diphtheria toxin; DNIC: diffuse noxious inhibitory controls.

4.4.5. Spinal a2-adrenoceptor blockade inhibits WDR activity in CIBP female rats
following cancer ablation on week one

Following spinal WDR and DNIC characterisation, an investigation of the pharmacological control
of DNIC was carried out in CIBP_DTR_eGFP female Sprague Dawley rats 2 weeks post-cancer cell
implantation followed by subsequent daily DT injections performed on post-surgical days 7-10 (+ DTd7).
Following topical spinal cord atipamezole (a selective a2-adrenoceptor antagonist), WDR activity and
DNIC expression were recorded at 10-, 20-, 30-, 40-, and 60-minutes post-drug application. One neuron
was recorded per CIBP_DTR_eGFP (+ DTd7) rat (n=7; N =7), where a naive group provided the reference

control for all comparisons (n=7; N = 7).

CIBP_DTR_eGFP (+ DTd7) group (week 2): Topical spinal atipamezole application showed an
inhibitory effect on evoked WDR neuronal activity (2-way RM-ANOVA: F1.603, 9.617) = 7.633, p < 0.001;
Bonferroni post hoc: p < 0.05) (see Figure 4.8A for 60 g von Frey), with this effect being differentially
affected according to the von Frey bending force (F(io, 60) = 9.610, p < 0.001). Upon application of a
noxious ear clamp (conditioning stimulus), atipamezole did not impact DNIC expression for any of the
von Frey filaments tested (3-way RM-ANOVA: F10, 60) = 0.496, p > 0.05) (see Figure 4.8C and Figure 4.8D
for 60 g von Frey) (see Figure 4.9 for individual von Frey forces). The inhibitory effect of DNIC (%
reduction of cell activity with respect to baseline upon ear clamp application) for 8 g von Frey (2-way
mixed ANOVA: Fs, 60) = 4.383, p < 0.01), 26 g von Frey (2-way mixed ANOVA: Fs, 60) = 5.072, p < 0.001),
and 60 g von Frey (2-way mixed ANOVA: Fs, 60) = 5.372, p < 0.001) bending forces showed significant
differences along time when compared to naive rats. These differences were shown exclusively at
baseline and 60 minutes post drug application (Bonferroni post hoc: p < 0.05) but not for any other

timepoint (Bonferroni post hoc: p > 0.05) (see Figure 4.8B for 60 g von Frey).
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Figure 4.8. Spinal aa2-adrenergic receptors mediate WDR activity following cancer ablation on week one.
(A) Atipamezole effect on evoked WDR neuronal responses (60 g von Frey). (B) Atipamezole effect on DNIC (%
reduction in cell activity with respect to baseline) (60 g von Frey). (C) and (D) DNIC effect on WDR baseline
activity upon simultaneous noxious ear clamp before (pre-drug) and 30 minutes after atipamezole application,
respectively (60 g von Frey). *P<0.05;, **P<0.01; ***P<0.001. Data represent mean * SEM. Each line
represents the same group of cells across time and each dot corresponds to an individual cell from naive (n =
7, N =7)or CIBP_DTR _eGFP (+ DTd7) week 2 (n = 7, N = 7) female rats. The figure key presented in (A) is valid
for the entire figure. WDR: wide-dynamic range; CIBP: cancer-induced bone pain; DTR: diphtheria toxin
receptor; DT: diphtheria toxin; DNIC: diffuse noxious inhibitory controls.

4.4.6. Cancer ablation on week zero prevents DNIC loss in CIBP female rats

CIBP_eGFP and CIBP_DTR_eGFP Sprague Dawley female rats underwent surgical tibial cancer cell
implantation 1 week prior to in vivo electrophysiological recordings followed by subsequent daily DT
injections performed on post-surgical days 3-6 (+ DTd3). A minimum of one and maximum of two
neurons were recorded per CIBP_eGFP (+ DTd3) week 1 (n = 10, N = 6) and CIBP_DTR_eGFP (+ DTd3)
week 1 (n =10, N = 6) rat under isoflurane anaesthesia in a gaseous N,O/O, mix, where a naive group

provided the reference control for all comparisons (n = 10; N = 9).
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Figure 4.9. Spinal a2-adrenergic receptors mediate WDR activity following cancer ablation on week one
(continued). Effect of atipamezole across time on evoked WDR neuronal responses to (A) 8 g, (B) 26 g, or (C)
60 g von Frey stimulation alone or upon simultaneous ear clamp application (DNIC). Data represent mean +
SEM. Each line represents the same group of cells across time from CIBP_DTR_eGFP (+ DTd7) week 2 female
rats (n =7, N = 7). WDR: wide-dynamic range; CIBP: cancer-induced bone pain; DTR: diphtheria toxin receptor;
DT: diphtheria toxin; DNIC: diffuse noxious inhibitory controls.

CIBP_eGFP (+ DTd3) group (week 1): Neuronal WDR responses to dynamic brush (Independent
T-Test: t17) = -1.042, p > 0.05) and punctate von Frey stimulation (2-way mixed ANOVA: F(1.210, 21.780) =
0.945, p > 0.05) showed no significant differences between groups (see Figure 4.10A and Figure 4.10B,
respectively). Upon application of a noxious ear clamp (conditioning stimulus), WDR baseline neuronal
activity showed no significant effect for any von Frey filaments tested in CIBP_eGFP (+ DTd3) week 1 rats
(2-way RM-ANOVA: F2, 15) = 0.980, p > 0.05) (see Figure 4.10C for 60 g von Frey). Thus, the inhibitory
effect of DNIC (% reduction of cell activity with respect to baseline upon ear clamp application) showed
significant differences compared to naive rats for 8 g von Frey (Mann-Whitney test: U = 0.000, p < 0.001),

26 g von Frey (Mann-Whitney test: U = 0.000, p < 0.001), and 60 g von Frey (Mann-Whitney test: U =

0.000, p < 0.001) bending forces (see Figure 4.10D).

CIBP_DTR_eGFP (+ DTd3) group (week 1): Neuronal WDR responses to dynamic brush
(Independent T-Test: t(17) = -1.320, p > 0.05) and punctate von Frey stimulation (2-way mixed ANOVA:
F(1.274, 22.930) = 1.165, p > 0.05) showed no significant differences between groups (see Figure 4.11A and
Figure 4.11B, respectively). Upon application of a noxious ear clamp (conditioning stimulus), WDR
baseline neuronal activity was significantly reduced for all von Frey filaments tested in CIBP_DTR_eGFP
(+ DTd3) week 1 rats (2-way RM-ANOVA: F(3, 1s) = 56.947, p < 0.001; Bonferroni post hoc: p < 0.01 for all
tests) (see Figure 4.11C for 60 g von Frey). The inhibitory effect of DNIC (% reduction of cell activity with
respect to baseline upon ear clamp application) was comparable to naive rats for 8 g von Frey (Mann-
Whitney test: U = 36.000, p > 0.05), 26 g von Frey (Mann-Whitney test: U = 39.000, p > 0.05), and 60 g

von Frey (Mann-Whitney test: U = 45.000, p > 0.05) bending forces (see Figure 4.11D).
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Additional comparisons between the unmodified MRMT-1 cell line (CIBP week 1 rats) (results
shown in previous chapter) and the control CIBP_eGFP (+ DTd3) week 1 rats, showed no differences
between neuronal WDR responses to dynamic brush (Independent T-Test: t;0) = 1.198, p > 0.05) nor

punctate von Frey stimulation (2-way mixed ANOVA: F(1.s53, 35.728) = 0.932, p > 0.05).

In sum, cancer cell ablation on week 0 following cancer cell implantation, a timepoint at which
DNIC expression is not yet dysfunctional, prevents DNIC loss in CIBP_DTR_eGFP rats (see Figure 4.12)

highlighting a role for active tumour growth on modulatory mechanisms in the CIBP rat model.
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Figure 4.10. DT treatment on week zero does not affect DNIC loss in CIBP female rats. (A) WDR neuronal
responses to dynamic mechanical stimulation (brush). (B) WDR neuronal responses to increasing punctate
mechanical forces (von Frey). (C) DNIC effects on WDR baseline activity upon simultaneous noxious ear clamp
(60 g von Frey). (D) DNIC effect comparison (% reduction in cell activity with respect to baseline) attending to
different von Frey bending forces. ***P <0.001. Data represent mean * SEM. Each dot corresponds to an
individual cell from naive (n = 10; N = 9) or CIBP_eGFP (+ DTd3) week 1 (n = 10, N = 6) female rats. The figure
key presented in (B) is valid for the entire figure. WDR: wide-dynamic range; CIBP: cancer-induced bone pain;
DT: diphtheria toxin; DNIC: diffuse noxious inhibitory controls.
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Figure 4.11. Cancer ablation on week zero prevents DNIC loss in CIBP female rats. (A) WDR neuronal

responses to dynamic mechanical stimulation (brush). (B) WDR neuronal responses to increasing punctate

mechanical forces (von Frey). (C) DNIC effects on WDR baseline activity upon simultaneous noxious ear clamp

(60 g von Frey). (D) DNIC effect comparison (% reduction in cell activity with respect to baseline) attending to

different von Frey bending forces. ***P <0.001. Data represent mean * SEM. Each dot corresponds to an
individual cell from naive (n = 10; N = 9) or CIBP_DTR_eGFP (+ DTd3) week 1 (n = 10, N = 6) female rats. The
figure key presented in (B) is valid for the entire figure. WDR: wide-dynamic range; CIBP: cancer-induced bone

pain; DTR: diphtheria toxin receptor; DT: diphtheria toxin; DNIC: diffuse noxious inhibitory controls.
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Figure 4.12. Cancer ablation on week zero prevents DNIC loss (neuronal traces). Representative examples of
spinal WDR neuronal traces and action potential quantification in (A) CIBP_eGFP (+ DTd3) week 1 and (B)
CIBP_DTR_eGFP (+ DTd3) week 1 female rats before and upon simultaneous noxious ear clamp application
(DNIC). Each example corresponds to the same cell during the same stimulation trial. Some non-stimulation
periods (resting time between each stimulus) may have been cropped out for illustrative purposes. CIBP:
cancer-induced bone pain; DTR: diphtheria toxin receptor; DT: diphtheria toxin;, DNIC: diffuse noxious

inhibitory controls.

4.4.7. Cancer ablation on week two does not affect DNIC recovery in CIBP female rats

Control CIBP_eGFP and experimental CIBP_DTR_eGFP rats underwent surgical tibial cancer cell
implantation 3 weeks prior to the electrophysiological recordings followed by subsequent daily DT
injections performed on post-surgical days 14-17 (+ DTd14). One or two neurons were recorded per rat
in CIBP_eGFP (+ DTd14) week 3 (n = 10, N = 6) and CIBP_DTR_eGFP (+ DTd14) week 3 (n =10, N = 6)

groups, with naive rats being used as the reference control for all comparisons (n = 10; N = 9).
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CIBP_eGFP (+ DTd14) group (week 3): Neuronal WDR responses to dynamic brush (Independent
T-Test: t17) = -1.439, p > 0.05) and punctate von Frey stimulation (2-way mixed ANOVA: F(1.174, 21.141) =
0.851, p > 0.05) showed no significant differences between groups (see Figure 4.13A and Figure 4.13B,
respectively). Upon application of a noxious ear clamp (conditioning stimulus), WDR baseline neuronal
activity was significantly reduced for all von Frey filaments tested in CIBP_DTR_eGFP (+ DTd14) week 3
rats (2-way RM-ANOVA: F(2,15) = 63.196, p < 0.001; Bonferroni post hoc: p <0.001 for all tests) (see Figure
4.13C for 60 g von Frey). The inhibitory effect of DNIC (% reduction of cell activity with respect to
baseline upon ear clamp application) was comparable to naive rats 8 g von Frey (Mann-Whitney test: U
=61.000, p > 0.05), 26 g von Frey (Mann-Whitney test: U = 51.000, p > 0.05), and 60 g von Frey (Mann-

Whitney test: U = 52.000, p > 0.05) bending forces (see Figure 4.13D).

CIBP_DTR_eGFP (+ DTd14) group (week 3): Neuronal WDR responses to dynamic brush
(Independent T-Test: t(17) = -0.742, p > 0.05) and punctate von Frey stimulation (2-way mixed ANOVA:
F(1.282, 23.070) = 0.598, p > 0.05) showed no significant differences between groups (see Figure 4.14A and
Figure 4.14B, respectively). Upon application of a noxious ear clamp (conditioning stimulus), WDR
baseline neuronal activity was significantly reduced for all von Frey filaments tested in CIBP_DTR_eGFP
(+ DTd14) week 3 rats (2-way RM-ANOVA: F(2,13) = 27.607, p < 0.001; Bonferroni post hoc: p < 0.001 for
all tests) (see Figure 4.14C for 60 g von Frey). The inhibitory effect of DNIC (% reduction of cell activity
with respect to baseline upon ear clamp application) was comparable to naive rats 8 g von Frey (Mann-
Whitney test: U = 61.000, p > 0.05), 26 g von Frey (Mann-Whitney test: U = 63.000, p > 0.05), and 60 g

von Frey (Mann-Whitney test: U = 53.000, p > 0.05) bending forces (see Figure 4.14D).

Additional comparisons between the unmodified MRMT-1 cell line (CIBP week 3 rats) (results
shown in previous chapter) and the control CIBP_eGFP (+ DTd14) week 3 rats, showed no differences
between neuronal WDR responses to dynamic brush (Independent T-Test: t(23) = -0.342, p > 0.05) nor

punctate von Frey stimulation (2-way mixed ANOVA: F(1.354, 31.143) = 0.349, p > 0.05).

These results demonstrate that while cancer cell ablation on week 1 (coinciding with the absence
of DNIC expression) has long lasting effects on a descending pain modulatory mechanism, cancer
ablation on week 2 (a timepoint where DNIC expression is recovered) does not impact DNIC (see Figure

4.15).
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Figure 4.13. DT treatment on week two does not affect DNIC recovery in CIBP female rats. (A) WDR neuronal

responses to dynamic mechanical stimulation (brush). (B) WDR neuronal responses to increasing punctate

mechanical forces (von Frey). (C) DNIC effects on WDR baseline activity upon simultaneous noxious ear clamp

(60 g von Frey). (D) DNIC effect comparison (% reduction in cell activity with respect to baseline) attending to

different von Frey bending forces. ***P <0.001. Data represent mean * SEM. Each dot corresponds to an
individual cell from naive (n = 10; N = 9) or CIBP_eGFP (+ DTd14) week 3 (n = 10, N = 6) female rats. The figure

key presented in (B) is valid for the entire figure. WDR: wide-dynamic range; CIBP: cancer-induced bone pain;

DT: diphtheria toxin; DNIC: diffuse noxious inhibitory controls.
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Figure 4.14. Cancer ablation on week two does not affect DNIC recovery in CIBP female rats. (A) WDR
neuronal responses to dynamic mechanical stimulation (brush). (B) WDR neuronal responses to increasing
punctate mechanical forces (von Frey). (C) DNIC effects on WDR baseline activity upon simultaneous noxious
ear clamp (60 g von Frey). (D) DNIC effect comparison (% reduction in cell activity with respect to baseline)
attending to different von Frey bending forces. ***P<(0.001. Data represent mean * SEM. Each dot
corresponds to an individual cell from naive (n = 10; N = 9) or CIBP_DTR_eGFP (+ DTd14) week 3 (n =10, N =
6) female rats. The figure key presented in (B) is valid for the entire figure. WDR: wide-dynamic range; CIBP:
cancer-induced bone pain; DTR: diphtheria toxin receptor; DT: diphtheria toxin;, DNIC: diffuse noxious

inhibitory controls.
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Figure 4.15. Cancer ablation on week two does not affect DNIC recovery (neuronal traces). Representative
examples of spinal WDR neuronal traces and action potential quantification in (A) CIBP_eGFP (+ DTd14) week
3 and (B) CIBP_DTR_eGFP (+ DTd14) week 3 female rats before and upon simultaneous noxious ear clamp
application (DNIC). Each example corresponds to the same cell during the same stimulation trial. Some non-
stimulation periods (resting time between each stimulus) may have been cropped out for illustrative purposes.
CIBP: cancer-induced bone pain; DTR: diphtheria toxin receptor; DT: diphtheria toxin; DNIC: diffuse noxious

inhibitory controls.
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4.5. Discussion

4.5.1. Tumour progression in CIBP female rats following cancer cell ablation

For the data described in this chapter, | created a cell line by transducing cancerous MRMT-1 cells
with the simian DTR to confer DT sensitivity (CIBP_DTR_eGFP), as well as a control cell line without the
gene of interest (CIBP_eGFP), allowing for targeted cancer cell ablation at specific timepoints during the
disease. These new cell lines showed in vitro dynamics comparable to the unmodified MRMT-1 cells and
demonstrated a strong and long-lasting construct expression after numerous cell divisions. In vivo, |
assessed how cancer cell ablation on week 1 (coinciding with DNIC expression loss) would affect
behavioural outcomes. Localised tibial transduced cancer cell implantation in CIBP_eGFP rats (i.e.,
insensitive to DT) faithfully replicated the progressive pain-like phenotype of CIBP rats implanted with
the unmodified cell line previously presented in this thesis. More importantly, localised tibial transduced
cancer cell implantation in CIBP_DTR_eGFP rats (i.e., sensitive to DT) also recreated this pain-like
phenotype. However, following cancer cell ablation on week 1, stabilisation of this phenotype occurred,
with no signs of progressive degeneration, despite still retaining (albeit to a lesser extent) mechanical

hypersensitivity.

Collectively, these results support that pain-like behavioural outcomes in the CIBP rat model can
be reliably replicated using transduced cancer cells without affecting the initiation nor the evolution of
the progressive pain-like phenotype, in accordance with previous CIBP studies using modified MRMT-1
cell lines (Appel et al., 2017; Falk, Al-Dihaissy, et al., 2015; Zhu et al., 2017). Once the early pain-like
phenotype was established, cancer cell ablation prevented this hypersensitivity from advancing,
although it was not completely resolved. Theoretically, this long-lasting hypersensitivity following cancer
ablation could be mechanistically underpinned by primary afferent sprouting on the tumour area; in
vitro exposure of primary afferents to the MRMT-1 secretome (conditioned medium exposed to MRMT-
1 cells and containing secreted factors) led to neuronal sprouting increasing the number of neurites (20-
25% neurite increase after 5 days) in a previous study (Jerard et al., 2023). Moreover, DT induces cell
death via apoptosis (Chang et al., 1989), which can release proinflammatory components into the
microenvironment if not quickly phagocytosed, stimulating a host response (Faouzi et al., 2001). This
inflammation would lead to hyperaemia (increase of blood flow to the affected tissue), leak of plasma

proteins, and recruitment of leukocytes to deal with any cell remnants affecting the previously
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mentioned recruitment of silent nociceptors (Kucharczyk, Chisholm et al., 2020), prolonging their ‘un-
silencing’ and increasing the peripheral drive even further. Thus, the retained ‘residual’ hypersensitivity
following cancer cell ablation could be affected by an abnormal peripheral neuronal sprouting and/or
the recruitment of silent nociceptors that persist in time, altering primary afferent responses even after

successful cancer cell ablation.

Additionally, and similarly to results presented in the previous chapter, gradual pain-related
behaviours correlate with progressive trabecular and cortical bone destruction regardless of the
transduced cell used. The data presented here follow the same timeframe of disease progression,
evidencing once again, differential tumour growth between CIBP female and male rats (Kucharczyk,
Chisholm et al., 2020). Radiolucent tibial trabecular lesions and trabecular bone loss were evident in
control CIBP_eGFP rats from week 2 onwards, with cortical bone loss and severely compromised bone
integrity appearing on week 3 (despite DT treatment on week 1). Interestingly, notwithstanding clear
progressive bone deterioration and osteolytic lesions, tissue mineral density did not show significant
alterations. Differential interactions between cancer cells and bone tissue leading to disparate bone
damage, higher mineralization and density of the newly created bone, different age of the animals
(Fukuda and lida, 2004), and/or possible previous parturitions (McAlpine et al., 2021; Zeni et al., 1999)
could explain this situation. Conversely, high-resolution morphometric analysis showed comparable
parameters between CIBP_DTR_eGFP and naive rats following cancer cell ablation on week 1,

demonstrating efficient targeted ablation preventing any bone loss and/or radiolucent lesions.

4.5.2. WDR activity in CIBP female rats following cancer cell ablation

Increased peripheral input in CIBP rats driven by augmented primary afferent sensitivity (Zhu et
al., 2016), an increased number of recruited primary afferents (e.g., silent nociceptors) (Kucharczyk,
Chisholm et al., 2020), and/or abnormal primary afferent sprouting (Jimenez-Andrade et al., 2010) can
be linked to the behavioural hypersensitivity observed in this model. Interestingly, in the previous
chapter | demonstrated that any previously evidenced enhanced peripheral input/painful phenotype
did not translate into spinal deep dorsal horn WDR hyperactivity in the CIBP model, in line with previous
studies (Falk, Schwab et al., 2015; Kucharczyk, Derrien et al., 2020). Here, | demonstrate an identical

finding in the case of control CIBP_eGFP and experimental CIBP_DTR_eGFP rats (where no differences
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in WDR basal evoked responses, regardless of the post-operative week and/or the toxin treatment

received, were observed).

As already mentioned in the previous chapter, primary afferents project differentially to
superficial and deep dorsal horn laminae. The fact that some fibres (e.g., C-fibres) project indirectly (i.e.,
polysynaptically) to the deep dorsal horn offers a spatial local anatomical window for modulation
favouring a reduction of any enhanced peripheral nociceptive input (e.g., by inhibitory interneuron
activation). Spinal modulation of peripheral input is an important consideration; compared to the
diversity of primary afferent skin-innervating fibres, bone innervation has a more limited repertoire,
with AS- and C-fibres comprising most bone-innervating primary afferents (where AB-fibre counts are
marginal) (lvanusic, 2009; Mahns et al., 2006). These bone-innervating Ad- and C-fibres were
demonstrated to be responsive to noxious chemical and/or mechanical stimulation, contributing to
nociception and modulating CIBP (Ishida et al., 2016; Morgan et al., 2019; Nencini and Ivanusic, 2017;
Nencini et al., 2017). Moreover, even though every bone compartment has sensory innervation, fibre
density is significantly variable, with the periosteum being the most innervated area, followed by the
trabecular and cortical areas, respectively (Steverink et al., 2021; see also Mantyh, 2013). As such,
understanding spinal innervation of bone-originating afferent fibres is an important part of identifying
the molecular mechanisms that contribute to pain states borne from bone disease. It is noteworthy that
the electrophysiological recordings presented in this thesis are performed on WDR neurons that receive
their peripheral input from the glabrous surface of the hind paw of the animal. Thus, recording from
WDR cells that receive direct bone tibial peripheral input would likely return different results in evoked

baseline WDR activity to the ones obtained here.

Compensatory central nervous system activity promoting descending inhibitory mechanisms will
also impact the spinal response to peripheral input. For example, activity in the brainstem modulates
deep dorsal horn WDR neuronal activity via al-adrenoceptors even in health (Kucharczyk et al., 2022).
The al-adrenoceptor couples with G-proteins exerting a facilitatory action (Wada et al., 1997; see also
Millan, 2002), which makes its inhibitory effect on WDR activity likely to be indirectly mediated (e.g., via
activation of inhibitory interneurons) (Gassner et al., 2009; Sonohata et al., 2004). Altogether,
modulation of enhanced peripheral input in CIBP conditions (either by individual or combined

compensatory mechanisms) seems likely, maintaining a homeostatic balance that aims to reduce spinal
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WDR activity. New studies focused on understanding these plastic modulatory changes in CIBP
conditions may reveal novel insights requiring many complimentary anatomical and pharmacological

angles.

4.5.3. DNIC expression in CIBP female rats following cancer cell ablation

Having outlined that, like male rats, female Sprague Dawley rats show a transient DNIC expression
loss on week 1 following cancer cell implantation, | wanted to investigate whether cancer cell ablation
at key timepoints would impact DNIC expression with the aim of understanding the impact of dividing
cancer cells on DNIC dynamism. In finding that targeted cancer cell ablation on week 1 prolonged the
malfunctioning DNIC state, | revealed that it is likely that a compensatory central nervous system
mechanism normally leads to DNIC expression recovery in the CIBP model, perhaps driven by peripheral
plasticity. Moreover, cancer ablation prior to DNIC functionality loss on week 1 prevented this loss, while

cancer ablation following DNIC expression recovery on week 2 had no effect on this functionality.

As previously mentioned, optoactivation of ventrally located noradrenergic neurons in the locus
coeruleus abolishes DNIC expression (Kucharczyk et al., 2022). This could translate into a coerulean
hyperactivity driving DNIC dysfunctionality in the CIBP model, where plastic changes could revert or
compensate this effect on posterior weeks, restoring DNIC expression. Thus, cancer ablation on week 1
could impair or restrict the plastic changes necessary for DNIC recovery, hampering any compensatory
actions aimed to reverse these maladaptive communications. Altogether, these results evidence the
importance of actively dividing cancer cells in the initiation of DNIC malfunction as well as its recovery,
altering the peripheral microenvironment that will, ultimately, lead to and/or impact plastic central

changes.

Additionally, 1 have demonstrated how topical spinal atipamezole application (a selective a2-
adrenoceptor antagonist) inhibited WDR evoked responses in CIBP_DTR_eGFP rats (week 2) following
cancer cell ablation (week 1). These results are in line with the findings | provided in the previous chapter
where atipamezole also exerted a slight inhibitory effect on WDR evoked activity in CIBP female rats
(week 2). This outcome was unexpected, as one could infer that the transient atipamezole inhibition
observed in the CIBP model was driven by cancer progression and therefore would not be observed

following cancer cell ablation. However, some studies have also shown that blockade of inhibitory a2-
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adrenoceptors can counterintuitively lead to inhibitory potentiation (Hickey et al., 2014; Kucharczyk et

al., 2022).

In health, stimulation of spinally projecting noradrenergic neurons in the locus coeruleus inhibits
spinal WDR activity via activation of inhibitory interneurons, with spinal atipamezole potentiating this
effect (Kucharczyk et al.,, 2022). a2-adrenoceptors, functionally enhanced in animal models of
inflammatory pain (Pereira-Silva et al., 2020), are located in both pre- and postsynaptic terminals, with
the former location serving as a negative auto-regulatory noradrenergic feedback loop (Sonohata et al.,
2004; Stone et al., 1998; see also Fairbanks et al., 2009). Thus, and following the speculated coerulean
involvement in the CIBP model during cancer progression and after cancer cell ablation, blockade of
these functionally enhanced auto-regulatory a2-adrenoceptors on the spinal coerulean presynaptic
terminals could drive a higher noradrenaline release upon the inhibitory interneuron, leading to a
potentiated WDR inhibition. Collectively, despite DNIC expression loss and recovery being seemingly
dependant on the presence of active disease, changes affecting the noradrenergic spinal tone may occur

even in its absence.

4.6. Summary

To summarise, the data provided evidence how targeted and efficient cancer cell ablation can be
reached in the CIBP model. If this cancer cell ablation occurs at crucial timepoints when DNIC expression
is compromised by disease progression, the transient descending modulatory dysregulation endures
over time. Studies focusing on elucidating the complex mechanisms driving this such state are crucial
for understanding sensorimotor modulation in active disease as well as remission, allowing to reach

individualised and effective clinical treatments.

133



CHAPTER

RESULTS Ill: DNIC EXPRESSION IS DYNAMIC
IN A CIBP MOUSE MODEL OF
DISEASE PROGRESSION



5. Results lll

5.1. Introduction

Animal models of cancer-induced bone pain (CIBP) (see section 1.6) faithfully replicate pain-like
phenotypes that likely correspond to the pain experienced by cancer patients with bone metastases
originating from common cancers (face validity), while sharing the underlying mechanisms driving such
painful clinical states (construct validity) (Havelin et al., 2017; Tang et al., 2016; see also Sliepen, 2021).
In addition, CIBP models show good results when predicting and/or replicating clinically observed
treatment outcomes (predictive validity) (Mouedden and Meert, 2007; Wu et al.,, 2021). The
combination of distinct animal models using different species has allowed us to build our understanding
of pain mechanisms in this disease state. CIBP mouse and rat models have many parallels, including
similar pain-like phenotypes (Medhurst et al., 2002; Ji et al., 2022), bone remodelling (Doré-Savard et
al., 2013; Jimenez-Andrad et al., 2023), immune responses (Diaz-delCastillo et al., 2020; Wang et al.,
2021), mediator release (Halvorson et al., 2005; Wang et al., 2012), primary afferent sensitivity (Cain et
al., 2001; Zhu et al., 2016), and spinal alterations (Schwei et al., 1999; Yang et al., 2023). Nonetheless,
nuances in the development of the model itself and the ease with which different techniques can be
applied between species means that carrying out studies in both mouse and rat models has the potential

to reveal greater insight regarding disease.

Previously, studies that have used CIBP models to understand alterations in descending pain
modulatory pathways, have typically used rats (Donovan-Rodriguez et al., 2006; Falk, Schwab et al.,
2015; Kucharczyk, Derrien et al., 2020). Central nervous system dysfunction is likely to affect peripheral
tumour characteristics as descending modulation is exerted at the level of the spinal cord by both direct
synaptic connections and indirect volume transmission (non-synaptic diffusion of transmitters in the
extracellular matrix) (Marlier et al., 1991; Rajaofetra et al., 1992; Ridet et al., 1993), with the latter being
able to induce persistent and widespread effects on distant targets, including the central terminals of
primary afferents (Travagli and Williams, 1996; Zhang et al., 2015). This can lead to action potentials
that initiate in the central terminal and propagate retrogradely (antidromically) back to the periphery
(Barron and Matthews, 1935; Lin et al., 2000; Toennies, 1938; Weng and Dougherty, 2005). These action
potentials (named dorsal root reflexes) promote transmitter release in peripheral tissue (e.g.,
glutamate, substance P, CGRP) (de Groot et al., 2000; Sauer et al., 2001; White and Helme, 1985) and

contribute to neurogenic inflammation (Lobanov and Peng, 2011; Lucas-Romero et al., 2022; see also
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Sorkin et al., 2018), promoting all stages of tumorigenesis (Mitsou et al., 2023; see also Greten and
Grivennikov, 2019; Reavis et al., 2020). Thus, inter-species replication and/or the usage of different
animal models together with an exploration of peripheral and central processes and their impact on one
another (crosstalk and overlap) is necessary for novel molecular mechanism underlying this disease
phenotype to be revealed. This is vital if mechanistically targeted analgesia and effective clinical pain

relief is to be achieved.

5.2. Rationale and aims

While CIBP rat models are mostly induced in the tibia of the animal, CIBP mouse models
frequently use the femur as the inoculation site due to its relatively easy access (Fan et al., 2022; Haroun
et al,, 2023; Ji et al., 2022; Yang et al., 2018; Zhang et al., 2020). The reported tibial CIBP mouse models
are mostly induced by cancer cell implantation through tibial plateau injection (or in extremely close
proximity to it) (Wakabayashi et al., 2018; Zhou, Cui et al., 2022), which can lead to articular damage
and may not allow for sealing of the injection site, risking cell leaking (Heo et al., 2017; Menéndez et al.,
2003; Zinonos et al., 2014). This differential inter-species characterisation also extends to research
focusing on descending pain modulatory pathways, where the descending control of nociception (DCN)
has been studied using mouse pain models (Kopruszinski et al., 2021; Sahbaie et al., 2022; Yuan et al.,
2018), although its anaesthetised animal counterpart, diffuse noxious inhibitory controls (DNIC) (see
section 1.5.4), has not been widely characterised or indeed described in mice (neither in health nor CIBP
conditions). Furthermore, despite previous work studying in vivo primary afferent activity in CIBP models
(de Clauser et al., 2020; Kucharczyk, Chisholm et al., 2020), the influence of DNIC activation on primary
afferent neuronal activity (e.g., effect on spinal ganglion activity) remains unexplored in both health and

disease.

This study aims to recreate a CIBP mouse model following the same tibial induction methodology
used in rats (as already presented in this thesis). This chapter also characterises DNIC expression in both
naive and CIBP female and male mice with an additional assessment of rodent pain-like phenotypes
using evoked and non-evoked paradigms. Moreover, in vivo calcium imaging was performed in naive

mice to explore whether the activation of DNIC impacts primary afferent fibre responses.
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5.3. Materials and methods

Naive, sham, and CIBP female and male C57BL/6 wildtype mice (see section 2.1) underwent in
vivo spinal cord electrophysiology for single-unit wide-dynamic range (WDR) characterisation under
isoflurane anaesthesia where CIBP and sham mice underwent tibial cancer cell implantation surgery (or
sham surgery) 1-2 or 3-4 weeks prior to the spinal cord recordings according to the timeline of the
experiment (see section 2.2 and section 2.3). Evoked WDR firing rates to natural stimuli (dynamic
mechanical brush, punctate mechanical von Frey, and thermal heat waterjet) were recorded before and
during simultaneous ipsilateral application of a noxious conditioning stimulus (tail clamp, 125 g) to evoke
DNIC (see section 2.4)". Recordings were followed by euthanasia and bone collection for analysis (see
section 2.5). Evoked and non-evoked behavioural testing was also carried out in naive, sham, and CIBP

mice (see section 2.7).

Finally, in vivo dorsal root ganglion (DRG) calcium imaging was performed in naive female and
male C57BL/6 wildtype mice under urethane and isoflurane anaesthesia. Evoked primary afferent
responses to different stimuli (dynamic mechanical brush, tonic mechanical pressure, and electrical
volley) were recorded at DRG level L3 before and during simultaneous ipsilateral application of a noxious
conditioning stimulus (ear clamp) to evoke DNIC (see section 2.6)"". For the statistical analysis, a value

of p < 0.05 was considered significant for all comparisons (see section 2.8).

5.4. Results

5.4.1. CIBP mice present with progressive mechanical hyperalgesia

Pain-like behaviours were studied in naive (n = 10), sham (n = 10), and CIBP (n = 10) female (n=5
per group) and male (n =5 per group) C57BL/6 wildtype mice on pre-surgical day 2 (baseline) and post-
operative days 2, 7, 14, 21, and 28. Following baseline data collection, CIBP and sham mice underwent
surgical tibial cancer cell implantation (or sham surgery) (day 0). Animal weight prior to behavioural
testing (baseline weight) showed no differences between any of the groups (Kruskal-Wallis test: Hz) =
0.712, p > 0.05). Analysis of animal weight over time between groups (2-way mixed ANOVA) revealed

weight gain across time (F(s, 135) = 43.301, p < 0.001; Bonferroni post hoc), with this weight gain

* Electrophysiological mouse recordings were performed in parallel with Dr Ryan Patel, who recorded 18 out of 50 cells.

** calcium imaging mouse recordings were surgically set up and assisted by Dr Mateusz Kucharczyk.
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being consistent across all groups (F(1o, 135) = 1.883, p > 0.05) (see Figure 5.1A). Weight gain was also
consistent between females (2-way mixed ANOVA: F(0, 609) = 1.195, p > 0.05) and males (2-way mixed

ANOVA: Fi10,60) = 1.191, p > 0.05) across groups and time.

Static weight-bearing: The non-evoked paradigm revealed significant differences in the rear-leg
body weight distribution between groups across time (2-way mixed ANOVA: F(7.262, 95.032) = 18.099, p <
0.001). When compared to naive mice, sham mice showed no differences in weight distribution at any
given timepoint (Bonferroni post hoc: p > 0.05 for all tests). In contrast, CIBP mice showed gradual
impairment of weight distribution on the ipsilateral (cancer-bearing) leg from day 21 onwards
(Bonferroni post hoc: p < 0.01) but not before (Bonferroni post hoc: p > 0.05) (see Figure 5.1B). There
were no observed sex differences in naive (2-way mixed ANOVA: Fs, 40) = 1.863, p > 0.05), sham (2-way
mixed ANOVA: Fs, 40) = 1.628, p > 0.05), nor CIBP mice (2-way mixed ANOVA: Fs, a0) = 2.424, p > 0.05) at

any given timepoint.

Paw pressure test: Mechanical ipsilateral paw stimulation revealed significant differences
between groups across time (2-way mixed ANOVA: F1o, 135) = 30.594, p < 0.001). When compared to
naive mice, sham animals showed mechanical hypersensitivity on post-surgical days 2 and 7 (Bonferroni
post hoc: p < 0.01) with no differences at any other timepoints (Bonferroni post hoc: p > 0.05). In
contrast, CIBP mice showed mechanical hypersensitivity on the ipsilateral (cancer-bearing) leg from day
2 onwards (Bonferroni post hoc: p < 0.01) (see Figure 5.1C). There were no observed sex differences in
naive (2-way mixed ANOVA: F(s, a0) = 0.449, p > 0.05), sham (2-way mixed ANOVA: Fs, a0) = 0.735, p >
0.05), nor CIBP mice (2-way mixed ANOVA: Fs, a0y = 0.722, p > 0.05) at any given timepoint. As a control
measure, mechanical contralateral paw stimulation showed no distinctions between groups across time
(2-way mixed ANOVA: F(10,135) = 1.222, p > 0.05) (see Figure 5.1D), nor between sexes in naive (2-way
mixed ANOVA: F(s, a0) = 0.353, p > 0.05), sham (2-way mixed ANOVA: Fs, 409y = 0.633, p > 0.05), nor CIBP

mice (2-way mixed ANOVA: F(s, 40y = 0.482, p > 0.05) at any given timepoint.

Summarising, the behavioural data clearly demonstrate that tumour growth in CIBP female and
male mice produces ipsilateral mechanical hypersensitivity, leading to changes in body weight

distribution with mice favouring the non-tumour bearing side.
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Figure 5.1. Cancer progression leads to mechanical hypersensitivity in CIBP mice. (A) Animal weight gain
following surgery. (B) Weight percentage born on the ipsilateral leg (expressed as % of total rear-bearing
weight) (static weight-bearing test). (C) Paw withdrawal threshold in response to gradual mechanical
ipsilateral pressure (paw-pressure test). (D) Paw withdrawal threshold in response to gradual mechanical
contralateral pressure (paw-pressure test). Differences between control sham and naive mice (") and between
CIBP and naive mice (*) are included. ***P < 0.001. Data represent mean + SEM. Each line represents the same
group of naive (n = 10), sham (n = 10), or CIBP (n = 10) female (n = 5 per group) and male (n = 5 per group)

mice across time. The figure key presented in (A) is valid for the entire figure. CIBP: cancer-induced bone pain.

5.4.2. CIBP mice show compromised bone macro and microstructure

Evaluation of bone integrity in naive, sham, and CIBP female and male C57BL/6 wildtype mice
was carried out using high-resolution micro-computed tomography (uCT) following collection of tibiae
(with the corresponding fibula and patella) from sham week 1-2 (n = 10), sham week 3-4 (n = 10), CIBP
week 1-2 (n =10), and CIBP week 3-4 (n = 10) female (n = 5 per group) and male (n =5 per group) mice,

where a naive group provided the reference control for all comparisons (n = 10).
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Sham groups (week 1-2 and week 3-4): Total tibial length showed differences between groups
(Welch’s 1-way ANOVA: F3, 16.231) = 10.125, p < 0.01; Games-Howell post hoc) with no signs of
macroscopic bone damage (see Figure 5.2A) nor macroscopic sex differences. When compared to naive
mice, trabecular bone properties were stable with no notable significant differences (see Table 5.1 for
a result overview). Of special interest, the trabecular bone mineral density (degree of mineralization
within the tissue volume of interest) remained stable (1-way ANOVA: F(3,27) = 0.095, p > 0.05) (see Figure
5.2B). Cortical bone morphometric characteristics followed a similar pattern (see Table 5.2 for a result
overview), with cortical tissue mineral density (degree of mineralization within the bone volume of
interest) showing differences on week 1-2 (1-way ANOVA: F,, 27) = 4.997, p < 0.05; Bonferroni post hoc:

p < 0.05) but not after (Bonferroni post hoc: p > 0.05) (see Figure 5.2C).

CIBP groups (week 1-2 and week 3-4): Total tibial length showed no differences between any of
the groups (1-way ANOVA: F2,27) = 2.391, p > 0.05) despite clear progressive macroscopic bone damage
(see Figure 5.3A). When compared to naive mice, trabecular bone properties showed progressive
degradation (see Table 5.2 for a result overview). Of special interest, trabecular bone mineral density
(degree of mineralization within the tissue volume of interest) showed differences on week 3-4 (1-way
ANOVA: F(2,27) = 11.348, p < 0.001; Bonferroni post hoc: p < 0.001), but not before (Bonferroni post hoc:
p > 0.05) (see Figure 5.3B). Cortical bone morphometric characteristics followed a similar degradation
pattern (see Table 5.4 for a result overview), with cortical tissue mineral density (degree of
mineralization within the bone volume of interest) surprisingly showing no differences between groups

(Kruskal-Wallis test: Hi;) = 4.862, p > 0.05) (see Figure 5.3C).

These results showcase how disease progression affects trabecular and cortical bone properties
in CIBP mice, with trabecular bone being compromised from week 1-2, while cortical bone was

additionally impaired from week 3-4.
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Figure 5.2. Bone macro and microarchitecture remain stable in sham mice. (A) Representative scanned tibial

male samples (micro-computed tomography) showcasing the lack of macroscopic changes following sham

surgery. (B) Trabecular bone mineral density (degree of mineralization within the tissue volume of interest)

and cortical tissue mineral density (degree of mineralization within the bone volume of interest) comparisons.

*P < 0.05. Data represent mean + SEM. Each dot corresponds to individual tibial samples from naive (n = 10),

sham week 1-2 (n = 10), or sham week 3-4 (n = 10) female (n = 5 per group; solid symbols) and male (n = 5 per

group,; open symbols) mice.

141



5. Results lll

Table 5.1. Impact of sham surgery on mouse bone microarchitecture. Summary of representative parameters
obtained from the trabecular and cortical micro-computed tomography tibial analysis. Data represent the
mean + SEM from naive (n = 10), sham week 1-2 (n = 10), and sham week 3-4 (n = 10) female (n = 5 per group)
and male (n = 5 per group) mice. One-way ANOVA with Bonferroni post-hoc test: *p < 0.05, **p < 0.01
(comparisons against naive mice). Whenever homoscedasticity was not met, Welch’s one-way ANOVA with
Games-Howell post-hoc test was performed (or Kruskal-Wallis test with Dunn-Bonferroni post hoc test if data

were additionally not normally distributed).

Naive Sham week 1-2
Trabecular total surface mm? 17.17 £0.77 17.48 £0.76 17.35+0.45
Trabecular bone surface mm? 19.29 +3.46 16.87 +3.30 16.04 +2.16
Trabecular bone surface fraction % 48.98 +3.91 44.86 +4.10 46.04 +2.88
Trabecular total volume mm3 2.65+0.19 2.66+0.18 2.63+0.10
Trabecular bone volume mm?3 0.23 +£0.05 0.20 + 0.04 0.17 +£0.03
Trabecular bone volume fraction % 7.82+1.33 6.93+1.24 6.21+0.80
Trabecular number mm-? 1.77+0.26 1.52+0.25 1.52+0.17
Trabecular pattern factor mm-? 32.01+3.18 31.46+2.13 35.04 +2.48
Trabecular separation mm 0.27 +0.01 0.31+0.02 0.29+0.01
Trabecular thickness (x102) mm 4.29+0.14 458 +0.17 4.01+0.09
Trabecular bone mineral density g/cm3 0.26 £ 0.02 0.26 +0.02 0.25+0.01
Connectivity density (x107) mm?-3 1.38+£0.21 1.14£0.22 1.12£0.16
Degree of anisotropy N/A 0.64 +0.02 0.62 +£0.02 0.63+0.01
Fractal dimension N/A 2.08 £ 0.05 2.03 £0.05 2.05 +0.04
Naive Sham week 1-2
Cortical total area (mean) mm? 2.01+0.10 1.97 £0.09 1.99 £ 0.04
Cortical bone area (mean) mm? 0.90 +0.04 0.90 +0.04 0.89 +0.02
Cortical bone area fraction % 45.19+1.22 46.03 £0.79 44.67 +0.73
Cortical total surface (mean) mm? 35.31+1.01 36.45+1.23 36.61+0.65
Cortical bone surface (mean) mm? 69.16 +2.99 64.39 +2.63 70.35+2.19
Cortical bone surface fraction % 66.09 +0.42 63.80 £ 0.22** 65.69 + 0.52
Cortical thickness mm 0.12 £0.01 0.13 +£0.01* 0.12 £0.01
Cortical tissue mineral density g/cm3 1.71+£0.03 1.82 +0.03* 1.81+0.03
Cortical porosity % 54.93 £1.22 54.08 £0.79 55.45+0.73
Connectivity density (x10-) mm?-3 0.78 +0.06 0.46 + 0.04** 0.81+0.13
Eccentricity N/A 0.60 +0.01 0.62 £0.02 0.64 £ 0.01*
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Figure 5.3. Bone macro and microarchitecture progressively degenerate in CIBP mice. (A) Representative
scanned tibial male samples (micro-computed tomography) showcasing the macroscopic changes following
CIBP surgery. (B) Trabecular bone mineral density (degree of mineralization within the tissue volume of
interest) and cortical tissue mineral density (degree of mineralization within the bone volume of interest)
comparisons. ***P <0.001. Data represent mean + SEM. Each dot corresponds to individual tibial samples
from naive (n = 10), CIBP week 1-2 (n = 10), or CIBP week 3-4 (n = 10) female (n = 5 per group; solid symbols)
and male (n = 5 per group; open symbols) mice. CIBP: cancer-induced bone pain.
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Table 5.2. Impact of cancer cell implantation on mouse bone microarchitecture. Summary of representative
parameters obtained from the trabecular and cortical micro-computed tomography tibial analysis. Data
represent the mean + SEM from naive (n = 10), sham week 1-2 (n = 10), and sham week 3-4 (n = 10) female (n
=5 per group) and male (n = 5 per group) mice. One-way ANOVA with Bonferroni post-hoc test: *p < 0.05, **p
< 0.01, ***p < 0.001 (comparisons against naive mice). Whenever homoscedasticity was not met, Welch’s
one-way ANOVA with Games-Howell post-hoc test was performed (or Kruskal-Wallis test with Dunn-
Bonferroni post hoc test if data were additionally not normally distributed). CIBP: cancer-induced bone pain.

Naive CIBP week 1-2
Trabecular total surface mm? 17.17 £0.77 17.23+0.67 18.82+0.63
Trabecular bone surface mm? 19.29 +3.46 13.34+2.99 2.88 + 1.34**
Trabecular bone surface fraction % 48.98 +3.91 37.78 £5.76 10.60 + 4.22%**
Trabecular total volume mm3 2.65+0.19 2.61+0.15 3.22+0.18
Trabecular bone volume mm?3 0.23 +£0.05 0.15 + 0.04 0.03 +0.01**
Trabecular bone volume fraction % 7.82+1.33 525+1.21 0.89 + 0.41%***
Trabecular number mm-? 1.77+0.26 1.23+0.27 0.21 + 0.10%**
Trabecular pattern factor mm-? 32.01+3.18 35.45+2.53 40.90+3.14
Trabecular separation mm 0.27 +0.01 0.37 £0.04 0.65 + 0.05%**
Trabecular thickness (x102) mm 4.29+0.14 4.10+0.12 4.24+0.32
Trabecular bone mineral density g/cm3 0.26 +0.02 0.22 +0.07 0.13 +0.01%**
Connectivity density (x107) mm?-3 1.38+£0.21 0.91+0.23 0.12 +0.06***
Degree of anisotropy N/A 0.64 +0.02 0.66 +0.03 0.60+0.03
Fractal dimension N/A 2.08 £ 0.05 1.89+0.10 1.45 £ 0.10***
Naive CIBP week 1-2

Cortical total area (mean) mm? 2.01+0.10 1.93 £0.07 2.54 +0.16*
Cortical bone area (mean) mm? 0.90 +0.04 0.85+0.03 0.74 £ 0.04*
Cortical bone area fraction % 45.19+1.22 43.87 +£0.66 30.37 £ 2.20%**
Cortical total surface (mean) mm? 35.31+1.01 36.08 + 1.08 47.55 + 2.00%***
Cortical bone surface (mean) mm? 69.16 +2.99 64.51+2.12 78.10 +3.46
Cortical bone surface fraction % 66.09 +0.42 64.11£0.24 62.10 + 0.94%**
Cortical thickness mm 0.12 £0.01 0.12 £0.01 0.09 + 0.01%**
Cortical tissue mineral density g/cm3 1.71+0.03 1.78 £0.02 1.72 £0.02
Cortical porosity % 54.93 £1.22 56.25 + 0.66 69.77 £ 1.50%**
Connectivity density (x10-) mm?-3 0.78 +0.06 0.48 + 0.05** 1.60 +0.17**
Eccentricity N/A 0.60+£0.01 0.60+0.01 0.66 £ 0.02*
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5.4.3. DNIC are expressed in naive female and male mice

Spinal WDR responses to natural stimuli as well as DNIC expression were studied in naive female
and male C57BL/6 wildtype mice under isoflurane anaesthesia in a gaseous N2O/O, mix (see Figure
5.4A). A minimum of one and maximum of two neurons were recorded per mouse (n = 10; N = 7). Each
WDR neuron responded to dynamic brush and punctate von Frey stimulation with intensity coding to 1
g, 4 g, 8g,and 15 g bending forces (1-way RM-ANOVA: F3, 27) = 108.050, p < 0.001; Bonferroni post hoc:
p < 0.01 for all tests) (see Figure 5.4B and Figure 5.4C) as well as thermal 42°C, 45°C, and 48°C waterjet
(Friedman test: x%z2) = 20.000, p < 0.001; Wilcoxon post hoc: p < 0.01 for all tests) (see Figure 5.4D).
Neuronal WDR responses to dynamic brush (independent samples T-test: ts)= 0.483, p > 0.05), punctate
von Frey stimulation (2-way mixed ANOVA: F3,24) = 1.216, p > 0.05), and thermal waterjet (2-way mixed
ANOVA: F(1.009, 8.069) = 0.707, p > 0.05) showed no significant differences between female (n =5; N = 3)
and male (n = 5; N = 4) mice. Upon application of a noxious tail clamp (conditioning stimulus), WDR
baseline neuronal activity was significantly reduced for 15 g von Frey (paired samples T-test: tig)=11.209,
p < 0.001) (see Figure 5.4E). Moreover, the inhibitory effect of DNIC (% reduction of cell activity with
respect to baseline) upon tail clamp application was comparable between naive female and male mice

(Mann-Whitney U test: U = 11.000, p > 0.05) (see Figure 5.4F).

These results evidence a functional DNIC system expressed upon noxious conditioning
stimulation in naive female and male C57BL/6 wildtype mice, with WDR neuronal responses to
mechanical and thermal stimuli, as well as DNIC expression and inhibitory intensity, not being affected

by sex.

5.4.4. DNIC expression is dynamic in the CIBP mouse model

CIBP and sham female and male C57BL/6 wildtype mice underwent surgical tibial cancer cell
implantation (or sham surgery) 1-2 or 3-4 weeks prior to the electrophysiological recordings. A minimum
of one and maximum of two neurons were recorded per sham week 1-2 (n = 10, N = 8), sham week 3-4
(n =10, N =8), CIBP week 1-2 (n =10, N = 7), and CIBP week 3-4 (n = 10, N = 8) mouse under isoflurane
anaesthesia in a gaseous N,O/O, mix, where a naive group provided the reference control for all

comparisons (n = 10; N = 7). Each group included female (n = 5) and male (n =5) WDR recordings.
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Sham groups (week 1-2 and week 3-4): Neuronal WDR responses to dynamic brush (1-way
ANOVA: F(3,27)=0.135, p > 0.05) (see Figure 5.5A), punctate von Frey stimulation (2-way mixed ANOVA:
F(2.772,37.425) = 2.699, p > 0.05), and thermal waterjet (2-way mixed ANOVA: F(2.37s,32.105) = 0.719, p > 0.05)
showed no significant differences between any of the groups (see Figure 5.5B and Figure 5.5C,
respectively). Upon application of a noxious tail clamp (conditioning stimulus), WDR baseline neuronal
activity was significantly reduced in sham week 1-2 (paired samples T-test: t(g) = 20.953, p < 0.001) and
sham week 3-4 mice (Wilcoxon signed rank test: Z = 0.000, p < 0.01) (see Figure 5.5E). The inhibitory
effect of DNIC (% reduction of cell activity with respect to baseline upon tail clamp application) was
comparable throughout groups for 15 g von Frey bending force (Kruskal-Wallis test: Hz) = 3.827, p >
0.05) (see Figure 5.5D). This DNIC effect was comparable between sham week 1-2 female (n =5, N=5)
and male (n =5, N = 3) mice (Mann-Whitney U test: U = 10.000, p > 0.05), and between sham week 3-4

female (n =5, N =4) and male (n =5, N =4) mice (Mann-Whitney U test: U = 14.000, p > 0.05).

CIBP groups (week 1-2 and week 3-4): Neuronal WDR responses to dynamic brush (1-way
ANOVA: F(3,27) = 0.534, p > 0.05) (see Figure 5.6A), punctate von Frey stimulation (2-way mixed ANOVA:
F(2.569,34.680) = 1.323, p > 0.05), and thermal waterjet (2-way mixed ANOVA: F(2.235,30.172) = 1.249, p > 0.05)
showed no significant differences between any of the groups (see Figure 5.6B and Figure 5.6C,
respectively). Upon application of a noxious tail clamp (conditioning stimulus), WDR baseline neuronal
activity was significantly reduced in CIBP week 3-4 mice (paired samples T-test: tq) = 5.318, p < 0.001),
but not in CIBP week 1-2 mice (Wilcoxon signed rank test: Z = 16.000, p > 0.05) (see Figure 5.6E). Thus,
the inhibitory effect of DNIC (% reduction of cell activity with respect to baseline upon tail clamp
application) showed significant differences between groups for 15 g von Frey (Kruskal-Wallis test: Hy) =
14.895, p < 0.001). These differences were observed in CIBP week 1-2 (Dunn-Bonferroni post hoc: p <
0.01), but not in CIBP week 3-4 when compared to naive mice (Dunn-Bonferroni post hoc: p > 0.05) (see
Figure 5.6D). This DNIC effect (or lack thereof) was comparable between CIBP week 1-2 female (n=5, N
=4) and male (n =5, N = 3) mice (Mann-Whitney U test: U = 15.000, p > 0.05), and between CIBP week

3-4 female (n =5, N =4) and male (n =5, N = 4) mice (Mann-Whitney U test: U = 17.000, p > 0.05).

These results showcase how cancer progression does not affect WDR neuronal responses to

mechanical nor thermal stimulation in CIBP female and male mice. However, disease progression
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correlates with dynamic DNIC expression in CIBP mice, whereby DNIC is abolished on post-surgical week

1-2, but once again recovered on post-surgical week 3-4 (see Figure 5.7).
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Figure 5.4. DNIC are expressed in naive female and male mice. (A) Schematic representation of the

experimental paradigm. (B) WDR neuronal responses to dynamic mechanical stimulation (brush) and

increasing punctate mechanical forces (von Frey). (C) Representative example of spinal WDR neuronal traces

and action potential quantification before and upon simultaneous noxious tail clamp application (DNIC) (male

mouse). (D) WDR neuronal responses to increasing thermal heat stimulation (waterjet). (E) DNIC effects on

WDR baseline activity (15 g von Frey). (F) DNIC effect comparison (% reduction in cell activity with respect to

baseline) between sexes. **P < 0.01; ***P < 0.001. Data represent mean + SEM. Each dot corresponds to an

individual cell from naive (n = 10; N = 7) female (n = 5 per group; solid symbols) and male (n = 5 per group;

open symbols) mice. WDR: wide-dynamic range; DNIC: diffuse noxious inhibitory controls.
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Figure 5.5. DNIC are expressed in sham mice. (A) WDR neuronal responses to dynamic mechanical stimulation
(brush). (B) WDR neuronal responses to increasing punctate mechanical forces (von Frey). (C) WDR neuronal
responses to increasing thermal heat temperature (waterjet). (D) DNIC effect comparison (% reduction in cell
activity with respect to baseline). (E) DNIC effects on WDR baseline activity upon simultaneous noxious tail
clamp (15 g von Frey). **P < 0.01; ***P <0.001. Data represent mean + SEM. Each dot corresponds to an
individual cell from naive (n = 10; N = 7), sham week 1-2 (n = 10; N = 8), and sham week 3-4 (n = 10; N = 8)
female (n = 5 per group; solid symbols) and male (n = 5 per group; open symbols) mice. The figure key
presented in (B) is valid for the entire figure. WDR: wide-dynamic range; DNIC: diffuse noxious inhibitory
controls.
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Figure 5.6. DNIC are dynamically expressed in CIBP mice. (A) WDR neuronal responses to dynamic mechanical

stimulation (brush). (B) WDR neuronal responses to increasing punctate mechanical forces (von Frey). (C) WDR

neuronal responses to increasing thermal heat temperature (waterjet). (D) DNIC effect comparison (%

reduction in cell activity with respect to baseline). (E) DNIC effects on WDR baseline activity upon simultaneous

noxious tail clamp (15 g von Frey). ***P < 0.001. Data represent mean *+ SEM. Each dot corresponds to an
individual cell from naive (n = 10; N = 7), CIBP week 1-2 (n = 10, N = 7), and CIBP week 3-4 (n = 10, N = 8)

female (n = 5 per group; solid symbols) and male (n = 5 per group; open symbols) mice. The figure key

presented in (B) is valid for the entire figure. WDR: wide-dynamic range; CIBP: cancer-induced bone pain;

DNIC: diffuse noxious inhibitory controls.
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Figure 5.7. DNIC are dynamically expressed in CIBP mice (neuronal traces). Representative examples of
spinal WDR neuronal traces and action potential quantification in (A) sham week 1-2, (B) sham week 3-4, (C)
CIBP week 1-2, and (D) CIBP week 3-4 male mice before and upon simultaneous noxious tail clamp application
(DNIC). Each example corresponds to the same cell during the same stimulation trial. Some non-stimulation
periods (resting time between each stimulus) may have been cropped out for illustrative purposes. CIBP:
cancer-induced bone pain; DNIC: diffuse noxious inhibitory controls.

5.4.5. Primary afferent somas are not affected at the group level by DNIC in naive mice

Calcium responses of primary afferents to natural and electrical stimuli were studied in naive
female and male C57BL/6 wildtype mice (n = 9; n = 6 for electrical stimulation) at the DRG level (L3)
under a mix of urethane and isoflurane anaesthesia (see Figure 5.8A). All comparisons were made at
group level (i.e., responses according to primary afferent fibre diameter were not made; all sensory
neurons were grouped). Responses to dynamic brush, tonic pressure (100 g, 300 g, 500 g, and 700 g)
(Friedman test: x%3) = 17.284, p < 0.001; Dunn-Bonferroni post hoc), and electrical volley were evidenced
at the recorded DRG by an increase in the number of responding cells (see Figure 5.8B). Within these
responsive afferents, dynamic brush (Wilcoxon signed rank test: Z = 45.000, p < 0.01), tonic pressure
(Friedman test: x%s) = 33.156, p < 0.001; Dunn-Bonferroni post hoc), and electrical volley (paired samples
T-test: t(5) =-2.942, p < 0.05) elicited responses that correlated with an increase in fluorescence intensity
when compared to baseline values (see Figure 5.8C). Upon application of a noxious ear clamp
(conditioning stimulus), neuronal DRG calcium activity was not affected for any of the modalities tested,
including tonic pressure (300 g and 700 g) (2-way RM-ANOVA: F(;, 5) = 1.547, p > 0.05) and electrical

volley (paired samples T-test: t(s) = 2.202, p > 0.05) (see Figure 5.8D).

The number of recruited primary afferents during dynamic brush (Mann-Whitney U test: U =
5.000, p > 0.05), tonic pressure (2-way mixed ANOVA: F(1.028,7.199) = 1.875, p > 0.05), and electrical volley
(Mann-Whitney U test: U = 3.000, p > 0.05) showed no significant differences between naive female (n
= 5; n = 2 for electrical stimulation) and male (n = 4) mice. Within the responsive cells, the intensity of
the fluorescence elicited by dynamic brush (Mann-Whitney U test: U = 4.000, p > 0.05), tonic pressure
(2-way mixed ANOVA: F(1.317, 9.216) = 0.113, p > 0.05), and electrical volley (Mann-Whitney U test: U =

1.000, p > 0.05) showed no significant differences between sexes.
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Summarising, these preliminary data suggest that, at the group level, activation of the DNIC circuit
does not impact calcium flux in the DRG of healthy mice. While it is not possible to draw definitive
conclusions from this experiment due to its pilot nature, it lays the foundation for the research that will

follow, for example, regarding the influence of DNIC activation on individual sensory neuron types.
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Figure 5.8. Primary afferent somas are not affected at the group level by DNIC in naive mice. (A) Schematic
representation of the experimental paradigm. (B) Percentage of responding cells out of the total neuronal cell
bodies analysed during dynamic mechanical (brush), tonic mechanical (pressure), and electrical (volley)
stimulation. (C) Normalised fluorescence intensities of all responding neuronal cell bodies to the different
stimuli (comparisons against baseline values). (D) DNIC effects on normalised fluorescence intensities of all
responding neuronal cell bodies upon simultaneous noxious ear clamp (300 g, 700 g, and electrical
stimulation). *P < 0.05; **P < 0.01; ***P < 0.001. Data represent mean * SEM. Each dot represents averaged
animal data from naive (n = 9; n = 6 for electrical stimulation) female (n = 5; n = 2 for electrical stimulation;
solid symbols) and male (n = 4; open symbols) mice. DRG: dorsal root ganglion; F: fluorescence; DNIC: diffuse

noxious inhibitory controls.
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5.5. Discussion

5.5.1. Tumour progression in CIBP mice

Cancer patients often suffer from pain that incorporates skeletal-related phenotypes and
mechanical detection anomalies (Lipton et al., 1991; Martland et al.,, 2020; Scott et al., 2012).
Mechanical hypersensitivity, motor impairments, and loading pain have previously been recapitulated
in femoral CIBP male mice (where CIBP was induced using the LLC cell line) utilising a variety of
behavioural paradigms (Fan et al., 2022; Geppert et al., 2021; Maeda et al., 2016; Yang et al., 2018; Zhou,
Cui et al.,, 2022). Here | used localised LLC cancer cell implantation into the tibia to produce a mouse
model of CIBP, resulting in the progressive development of mechanical ipsilateral hypersensitivity. No
differences in behavioural outcomes were observed when comparing female and male mouse data.
Interestingly, a previous study using a femoral CIBP mouse model evidenced an earlier onset of the pain-
like phenotype in female mice when compared to males, although these sex differences quickly
disappeared with model progression (Falk et al., 2013). The earlier female onset could still exist in the
tibial CIBP model presented herein, as the chosen post-surgical timepoints differed from those used in

the aforementioned study, possibly impacting the observation of transient differences.

Progressive trabecular and cortical bone destruction was tightly linked with the onset of pain-
related behaviours. The data presented in this chapter revealed how small radiolucent tibial trabecular
lesions were present on week 1-2, while full cortical bone loss and severely compromised bone integrity
was seen on week 3-4 following cancer cell implantation surgery. These osteolytic lesions (i.e., creation
of cavities, holes, and weakened bone areas) on week 3-4 were accompanied by signs of potential
fracture, with no evident sex differences. These results are in line with previous femoral CIBP studies
that used the LLC cell line and pooled the data from both sexes together with no reported sex differences
(de Clauser et al., 2020: Haroun et al., 2023). Femoral CIBP studies that used different cancer cell lines

also showed no sex differences in bone degradation (Falk et al., 2013).

5.5.2. WDR activity and DNIC expression in naive mice

In the present body of work, | characterised WDR neuronal responses in naive female and male
mice, demonstrating that sex did not impact evoked responses to mechanical nor thermal stimulation.

Indeed, these evoked responses were comparable to those reported in previous electrophysiological
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experiments that included both female and male wildtype mice (Peck et al., 2021; Trendafilova et al.,
2022). Additionally, | described how, following the concomitant application of a noxious conditioning
stimulus (tail clamp), WDR activity was consistently inhibited in naive mice. The inhibitory effect (40-
60% inhibition) was comparable between sexes and similar to those reported in rats (see Chapter 3).
These results reveal that DNIC are functional in naive mice and support the fact that inclusion of female
animals in electrophysiological studies characterising WDR activity and DNIC expression is not

equivalent to larger sample sizes.

A clear definition of the neurotransmitter subserving DNIC in mice cannot be achieved at this
point due to pharmacological manipulations being extremely challenging and restricted by the nature
of the set-up and the species utilised. However, previous studies have revealed how brainstem
noradrenergic and serotonergic neurons are rapidly activated by nociceptive stimuli in mice (Moriya et
al., 2019) and how the inhibition produced by the application of a noxious conditioning stimulus in
wakeful mice (DCN) can be blocked by atipamezole (Nemoto et al., 2023). This is consistent with a role
in DNIC and matches previous pharmacological knowledge from rats (Bannister et al., 2015; Bannister

et al., 2017; see also Kucharczyk et al., 2021).

5.5.3. WDR activity and DNIC expression in CIBP mice

Previous studies have linked the progressive pain-like phenotype observed in CIBP mice to
primary afferent hyperexcitability (de Clauser et al., 2020) and/or an increase in peripheral neurotrophic
factors (e.g., NGF) that sensitise primary afferents, promote abnormal neuronal sprouting, and recruit
silent nociceptors (Hannila and Kawaja, 2005; Kawaja et al., 2011; Prato et al., 2017; Tanaka et al., 2023;
Sevcik et al., 2005). While one could speculate that such peripheral effects may be suggestive of
hyperexcitability in the spinal cord, the results described herein demonstrate that cancer progression
does not affect the evoked responses of WDR neurons to mechanical and thermal innocuous and

noxious stimulation in both CIBP female and male mice.

Previous electrophysiological characterisation of evoked WDR baseline activity in mouse models
of chronic pain have showed heterogeneous results. Studies using nerve constriction models declared
potentiated WDR responses to innocuous stimuli, while responses to noxious stimuli were reduced

(Medrano et al., 2016). On the other hand, mouse ligation models (Omori et al., 2009) as well as femoral

154



5. Results lll

mouse models of CIBP (Khasabov et al., 2007) revealed increased WDR neuronal responses to both
innocuous and noxious stimulation. As already mentioned, these differences could be partly explained
by a possible divergence in responsiveness between superficial and deep dorsal horn WDR neurons, as
some of these studies included deep dorsal horn WDR recordings exclusively (Omori et al., 2009), whilst
others grouped both superficial and deep dorsal horn WDR recordings, treating them as a whole
homogeneous group and potentially introducing a confounding element in the interpretation of the
results (Khasabov et al., 2007; Medrano et al., 2016). This highlights how treating the neurons that reside
in each of the laminae as separate functional populations is crucial not least since each neuronal type

comprises a distinct element of separable circuits that govern pain processing.

Akin to the rat CIBP model (Kucharczyk, Derrien et al., 2020; see Chapter 3), the mouse model of
CIBP incorporates DNIC dysfunctionality shortly after cancer cell implantation (week 1-2), where DNIC
expression is recovered further in the course of the disease (week 3-4). Despite the lack of studies
characterising DNIC in mice, mouse models of chronic pain have revealed descending modulatory
affections, evidenced by DCN alterations in wakeful mouse models of osteoarthritis (Yuan et al., 2018)
and traumatic brain injury (Kopruszinski et al., 2021; Sahbaie et al., 2022), consistent with previous rat

knowledge (Irvine et al., 2020; Yoneda et al., 2020).

Previously, chemogenetic activation of direct spinally-projecting noradrenergic neurons located
in the locus coeruleus was shown to abolish WDR spinal responses to both innocuous and noxious
stimulation in healthy mice (Li et al., 2022). This is in direct correlation with the results observed in
healthy rats, where optoactivation of this same set of neurons in a ventrally located area of the locus
coeruleus also inhibited deep dorsal horn WDR neuronal activity as well as DNIC expression (Kucharczyk
et al.,, 2022). However, despite both inhibitory spinal coerulean effects postulated as driven by
noradrenergic mechanisms, a2-adrenoceptors were reported as the underpinning effectors in mice
(revealed by the a2-adrenoceptor antagonist yohimbine) (Li et al., 2022), whilst al-adrenoceptors were
the main effectors in rats (revealed by the al-adrenoceptor antagonist prazosin) (Kucharczyk et al.,
2022), indicative of a possible differential mechanism of action upon WDR activity according to the
species. These findings could imply a shared but not necessarily identical inter-species mechanism
whereby hyperactivity in the locus coeruleus could drive the loss of DNIC expression in CIBP mice via

maladaptive communications with the DNIC circuitry. Sex differences could also add a further layer of
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complexity as previous studies have evidenced that coerulean neurons in female mice present fewer
noradrenergic cells with larger dendritic volumes (Mariscal et al., 2023). In summary, a large body of
research remains to be conducted before central nervous system manifestations of CIBP, in

pharmacological, anatomical, and functional terms, are fully revealed.

5.5.4. DRG calcium activity in naive mice

In part, our understanding of central nervous system manifestations of CIBP must include an
exploration of what is happening in the peripheral nervous system. Primary afferent fibres conduct
action potentials generated in the periphery, conveying this ‘pain message’ to the dorsal horn of the
spinal cord. The ‘law of dynamic polarization of the neuron’ states that even though their axons can
conduct in both directions, the propagation of action potentials is unidirectional, showing a preferred
direction for transmission from dendrites to axons (van Gehuchten, 1891; see also Berlucchi, 1999).
However, this preference can be reversed in situations where action potentials originate in the central
terminals of primary afferents, travelling retrogradely to the periphery (dorsal root reflex). Activation of
supraspinal areas involved in descending pain modulation has the potential to generate and/or
modulate dorsal root reflexes (Martin et al., 1979; Peng et al., 2001; Peng et al., 2003; see also Sorkin et
al., 2018). Interestingly, noradrenaline plays a role in this type of modulation, leading to a depression of
antidromic action potentials (Garcia-Ramirez et al., 2014; Mena-Avila et al., 2020). Thus, taking these
previous findings and current knowledge of the circuitry (Kucharczyk et al., 2023) into account, | crudely
investigated whether activation of DNIC had an effect on primary afferent activity at the level of the
DRG. Under the conditions of my study, activation of DNIC had no effect on primary afferent calcium
flux at the soma level in healthy mice. Of course, these results do not imply a lack of DNIC ‘modulation’
of the primary afferent fibres, but they do serve as a foundation for future studies that will delve into
this question more specifically. For example, in the future it would be necessary to investigate whether
there is a differential effect according to the type of fibre (i.e., AB-, AS-, and C-fibres), which could be

masked when analysing group level activity in the DRG as opposed to per specific fibre type.

It could also be possible that any effect of DNIC on primary afferent fibres is not as strong as to
elicit a dorsal root reflex, evidencing no effects at the DRG level. Dorsal root reflexes are only elicited

once the summation of primary afferent depolarizations (PADs) reach a threshold potential.
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Interestingly, PADs act as a modulatory mechanism of peripheral signals, offering a window for DNIC to
modulate primary afferent sensitivity even in the absence of dorsal root reflexes. Despite cell
depolarizations being associated with neuronal excitation, PADs lead to a counterintuitive inhibition of
transmitter release on the primary afferent terminal. The proposed mechanisms driving this
phenomenon may include impairing the propagation of action potentials from the periphery (via
inhibition of voltage-gated sodium channels), attenuating the amplitude of peripheral action potentials
with a subsequent reduction in spinal neurotransmitter release (through shunting inhibition), and/or
reducing presynaptic calcium influx and transmitter release (via inactivation of voltage-gated calcium
channels) (Graham and Redman, 1994; Willis, 2006; see also Bardoni et al., 2013; Guo and Hu, 2014).
Thus, DNIC could still act upon the presynaptic terminals, even if this effect is not strong enough to
produce a dorsal root reflex, and one could postulate that this is via a noradrenergic mechanism given

what we know about the subserving pharmacology.

Finally, with dorsal root reflexes reported to be increased in animal inflammation models (Lin et
al., 2000; Lucas-Romero et al., 2022; Sluka et al., 1995; Vicente-Baz et al., 2022) and with presynaptic
spinal inhibition revealed to be decreased in neuropathic models (Chen et al., 2014; Wei et al., 2013),
characterising these mechanisms in models of CIBP would prove extremely valuable (not further
pursued in this thesis due to time constraints). Thus, any possible DNIC effects on primary afferent
responsiveness remain to be further explored, with the results presented here serving as a first step in
a battery of experiments focusing on unveiling the underpinning mechanisms of pain processing not

only in health but also in disease.

5.6. Summary

To recapitulate, the data evidence the expression of a functional DNIC circuit in both female and
male mice. The output of this circuit is compromised in a mouse model of CIBP and its activation has no
effect on whole level primary afferent neuronal activity at a somatic level. These results demonstrate
shared inter-species mechanisms with previously characterised rat models, improving our
understanding of sensorimotor modulation in health and disease and allowing for potential therapeutic

targets to be ultimately revealed.
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6.1. Clinical value of CIBP models

This thesis largely focused on characterising spinal nociceptive processing in both health and
disease using rodent models of cancer-induced bone pain (CIBP) at different stages of tumour growth.
Considering sexual dimorphism and circulating hormones as crucial biological variables, | began by
investigating the functionality of a modulatory pathway, diffuse noxious inhibitory controls (DNIC), in
healthy naive female rats (previously characterised in healthy male rats) (Bannister et al.,, 2015;
Kucharczyk et al., 2023). A lack of impact of the oestrous cycle on DNIC expression correlated with
studies from the human literature where a paradigm proposed to elicit a proxy measure of DNIC, so
called conditioned pain modulation (CPM), also shows no difference in terms of expression patterns
along the menstrual cycle in the majority (Bartley and Rhudy, 2012; Palit et al., 2016; Rezaii and Ernberg,
2010; Teepker et al., 2014; Vollert et al., 2022; Wilson et al., 2013), but not all (Rezaii et al., 2012;

Tousignant-Laflamme and Marchand, 2009) studies.

Previous data demonstrated that the descending control of nociception (DCN), a measure of a
behavioural response to a conditioning stimulus in wakeful animals, is weaker in females compared to
males (Da Silva et al., 2018; Da Silva et al., 2020), with human studies also showing a slight tendency for
CPM to be stronger in the male population (Popescu et al., 2010; Staud et al., 2003; see also Hermans
et al., 2016). Interestingly, | observed no difference in DNIC expression between healthy naive female
and male mice, and so while the circulating hormonal and/or sex effects observed in wakeful animals
(DCN) and humans (CPM) may not rely on a cellular spinal mechanism, it may be associated with sex-
inferred cognitive-influenced differences in the processing of nociceptive information (Martin et al.,
2019; see also Mogil, 2020) when a conditioning stimulus is applied. Further research is required for this

to be addressed properly.

Having characterised DNIC expression patterns in healthy naive rats (female) and mice (male and
female), | investigated its function in CIBP animals. Expanding the previous results reported in CIBP male
rats (Kucharczyk, Derrien et al., 2020), | evidenced dynamic DNIC expression in CIBP female rats
following mammary gland adenocarcinoma cell implantation, characterised by a progressive bone
degeneration and pain-like behavioural phenotype. Moreover, using an epidermoid lung carcinoma cell
line (i.e., not sex-restricted), | observed the same pattern of DNIC expression in CIBP female and male

mice, with corresponding progressive bone degeneration and behavioural hypersensitivity. Having
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defined the function of a modulatory circuit in healthy animals as well as in rat (female) and mouse
(female and male) models of CIBP at different stages of disease, | next investigated the effect of cancer
cell ablation on DNIC expression patterns in female rats. My tumour cell targeting strategy resulted in
cessation of advancing bone degeneration and pain-like behavioural phenotypes in the animals tested,
and also highlighted how the peripheral nervous system, as per its output from the tumour dwelling
bone to the central nervous system, impacts central modulatory circuits, evidenced by the extended

abolishment of DNIC expression.

The precise molecular mechanisms that underpin the transient loss of DNIC observed in the CIBP
model are yet to be determined. Since we know that, in health, reciprocity between the locus coeruleus
and A5 nucleus permits functional DNIC (Kucharczyk et al., 2022; Kucharczyk et al., 2023), this transient
loss may involve plastic changes that lead to maladaptive coerulean-A5 communication. This plasticity
would correlate with clinical functional magnetic resonance imaging (fMRI) studies in which cancer
patients suffering from CIBP showed altered functional activity and connectivity in different brain areas
including the prefrontal cortex and the thalamus (Liu, Zhou et al., 2022; Zhou, Tan et al., 2022), which
are connected to and affected by the coerulean system (Kaushal et al., 2016; Voisin et al., 2005). Upon
tumour growth ablation, the extended time for which DNIC is dysfunctional could be linked to peripheral
and central nervous system communication, which drives maladaptivity in a bottom-up fashion. Both
are entirely discrete mechanisms that must be explored, bringing the importance of timing when it
comes to targeted cancer therapy to the fore (Cone et al., 2020; Gongalves et al., 2023; van Maaren et

al., 2017).

The next set of experiments that | performed laid the foundation for future research investigating
the role of peripheral and central nervous system communication in terms of pain development in CIBP,
where tumour growth, neurogenic inflammation, and primary afferent responsiveness are all likely to
be involved. | characterised the effect of DNIC on primary afferent activity in naive female and male
mice, demonstrating that application of a conditioning stimulus did not impact whole level dorsal root
ganglion (DRG) neuronal activity. Many experiments should follow this preliminary effort such that the
impact of DNIC on, for example, primary afferent spinal relays, in the progression of CIBP can be

understood.
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In sum, improving our understanding of the mechanisms underpinning CIBP is important since it
remains poorly controlled in nearly half of all sufferers (Breivik et al., 2009; Deandrea et al., 2008),
presenting itself as a combination of background pain (ongoing pain that can be successfully controlled
with traditional analgesics) and/or breakthrough pain (exacerbation of pain that ‘breaks through’ the
analgesic regimen) (Davies et al.,, 2013; Deandrea et al., 2014; Gonella et al.,, 2019). Commonly,
prescribed drugs for ongoing cancer pain follow the 3-step system proposed by the World Health
Organization (WHO), which heavily rely on opioids (e.g., morphine, oxycodone) making them the
mainstay of treatment for numerous patients (Maltoni et al., 2005; Sulistio et al., 2021; see also Fielding
et al., 2013). This situation, together with maximising symptom relief and a wide availability of analgesic
drugs, has created a more relaxed prescription pattern driving, ultimately, to a scenario whereby opioids
became synonymous with pain management, playing an obvious role in the opioid epidemic (see
Vadivelu et al., 2018). However, opioid pain relief does not mechanistically target the cause of the pain,
presenting numerous adverse effects and high addictive potential (Doyle et al., 2023; Kallupi et al.,
2020), evidencing the need for mechanistically targeted analgesics and cancer treatments to be

revealed, which would improve immensely cancer patients’ quality of life.

6.2. Experimental limitations

6.2.1. Behavioural testing

Behavioural tests offer highly informative cognitive-influenced outputs in relevant animal
models. Due to their partially subjective nature and susceptibility to environmental influences, multi-
dimensional precautions while measuring manifestations of pain with behavioural paradigms should
include group housing (to avoid isolation) (Han et al., 2016; Tuboly et al., 2009), minimal noise (Bulduk
and Canbeyli, 2004; Voipio et al., 2006) and odours (Aloisi et al., 2002; de Almeida et al., 2004;
Nakashima et al., 2004), researcher/equipment familiarity (Bigelow et al., 2023; Segelcke et al., 2023),
and correct researcher manipulation technique (Gouveia and Hurst, 2019; Kylie et al., 2023). | ensured
that each of these aspects were carefully attended to as well as employing a grouping strategy whereby
each cage exclusively housed animals from the same experimental group to prevent ‘pain’ transfer
between animals from different experimental conditions (empathy-like mechanism) (Andraka et al.,

2021; Li et al., 2014; Lu et al., 2018).
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6.2.2. Micro-computed tomography

Micro-computed tomography (uCT) is a very useful X-ray-based three-dimensional non-
destructive imaging method that provides valuable internal and external morphometric information
from biological samples. If longitudinal, the radiation received by animals undergoing this imaging
process should be carefully considered during in vivo studies, especially in oncological ones, where the
high amounts of radiation could interfere with tumour progression (Cowey et al., 2007; Johnson et al.,
2011). To avoid this, the experiments presented in this thesis used fixed ex vivo tibial samples collected
from animals following in vivo spinal cord electrophysiology. However, animal weight should be taken
into consideration as it was dictated by electrophysiological requirements, which could mask or
evidence small differences between samples due to slightly different animal ages (Beaucage et al., 2016;

Fukuda and lida, 2004; Jast and Jasiuk, 2013; Shim et al., 2022).

6.2.3. In vivo spinal cord electrophysiology

In vivo spinal cord electrophysiology is a powerful technique that allows for an objective
assessment of spinal neuronal responses where convergent deep dorsal horn wide-dynamic range
(WDR) neurons exhibit great sensitivity to small differences in stimulus intensity, showing many
analogies with human pain score results (Cummins et al., 2020; Patel et al., 2024; Sikandar et al., 2013).
However, it is important to acknowledge that WDR neurons are not representative of the whole spinal
neuronal population and that neurons exhibiting elevated spontaneous firing and/or extreme evoked
responses were often discarded, as these typically fail to stabilise and, in most cases, depolarise or burst.
Additionally, despite isoflurane anaesthesia showing minimal effects on evoked WDR responses at low
concentrations (Barter et al., 2009; Jinks, Antognini, and Carstens, 2003; Kim, Yao et al., 2007), it can
significantly reduce spinal neuronal excitability (Cuellar et al., 2005; Kim, Atherley et al., 2007) and DNIC
expression (Jinks, Martin et al., 2003) at medium-high concentrations. Thus, isoflurane was individually
tailored to the minimum concentration needed to achieve areflexia in each animal and was additionally
mixed with nitrous oxide, reducing the need for isoflurane even further (Santos et al., 2005; Stevens et

al., 1975).
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6.2.4. In vivo dorsal root ganglion calcium imaging

In vivo calcium imaging is a valuable technique that has significantly improved large cell
populational studies, enabling the investigation of collective firing patterns in neuronal matrices even in
freely moving animals (Wirtshafter and Disterhoft, 2022; Zong et al., 2022). However, calcium indicators
offer a lower temporal resolution when compared to electrophysiological recordings as they are an
indirect measurement of electrical activity, creating a potential window for information loss (Rahmati
et al., 2016; Wei et al., 2020). Generally, any attempt to improve the temporal resolution of calcium
indicators has translated into lower calcium affinities, although some new studies are trying to bridge
these gaps (Zhang, Rdzsa et al., 2023). Additionally, anaesthesia can affect cell properties during in vivo
calcium imaging, with isoflurane reducing primary afferent excitability (Kameyama et al., 1999; Nakahiro
et al.,, 1989). Thus, throughout all calcium recordings, isoflurane was reduced to the minimum
concentration needed to achieve areflexia in each animal and was additionally mixed with urethane to

achieve a more stable anaesthesia, limiting isoflurane levels (Bauquier and Golder, 2010).

6.3. Future directions

Differential coding properties between the deep WDR neurons characterised in this thesis and
their superficial laminae counterparts is likely in the CIBP model (Donovan-Rodriguez et al., 2004;
Donovan-Rodriguez et al., 2005). Thus, in healthy rats and mice, recordings that characterise superficial
WDR activity upon DNIC circuit activation would be highly informative, allowing for direct comparisons
between deep and superficial WDR responses and modulatory actions. These inter-laminar comparisons
in health could be expanded with a deep characterisation of WDR evoked responses and DNIC
expression in CIBP animals during both disease progression and regression (with characterisation of CIBP
mice following cancer cell ablation still lacking). These studies could pose some technical difficulties
since, when compared to deeper laminae residing WDR neurons, superficial WDR neurons are reduced
in number, show smaller evoked responses, and offer a more challenging stabilization (Seagrove et al.,

2004), complicating long term pharmacological studies.

In addition to the inter-laminar electrophysiological comparisons, identifying the mechanisms
driving DNIC dysfunctionality in the CIBP model during cancer progression and following cancer ablation

are critical for clinically relevant targets to be uncovered. Importantly, the recently revealed crosstalk
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between the locus coeruleus and the DNIC circuitry (e.g., A5 nucleus) and an overriding coerulean effect
upon DNIC expression (Kucharczyk et al., 2023) improves our understanding of pain processing in health
(crucial before focussing on processing in disease) and offers a base on which to build our knowledge of
brainstem mechanisms in CIBP. Thus, studies including optogenetic coerulean manipulation at
timepoints at which DNIC expression is known to be dysfunctional could evidence mechanisms that

underpin the pain phenotype.

With ongoing and breakthrough pain being clinically relevant CIBP symptoms (Laird et al., 2011;
Scarpi et al., 2014), behavioural studies are focusing on finding better indicators of overall animal
welfare that could be used as markers of ongoing and/or breakthrough pain. For such markers to be
revealed in the CIBP animal model, home-cage monitoring systems could prove highly informative as
they support long-term tracking and data analysis on group-housed animals, which could evidence
alterations in diverse parameters during disease progression and/or regression, including locomotor
activity, isolation, mobility, burrowing, and rearing (Hasriadi et al., 2021; Urban et al., 2011; Yip et al.,
2019). Moreover, to achieve a deeper understanding of the mechanisms driving the ‘residual’ pain-like
phenotype after successful cancer cell ablation, peripheral alterations affecting primary afferent
responses should be studied. Thus, investigating primary afferent sprouting by selectively marking bone
marrow- and periosteum-innervating primary afferents would be a great addition to further characterise

the model (Thai et al., 2020).

In vivo DRG calcium imaging could be performed in CIBP animals allowing for the exploration of
augmented primary afferent sensitivity (Zhu et al., 2016) and/or the recruitment of silent nociceptors
(Kucharczyk, Chisholm et al., 2020) during disease progression and regression. Any differential DNIC
effects upon primary afferent responsiveness and peripheral barrage should be studied attending to the
fibre type in the cancer model. If the impact of DNIC activation is only to alter the primary afferent spinal
relay with no impact on the sensory neuron soma, calcium imaging at the entrance level of the dorsal
root in the spinal cord would allow calcium flux in primary afferent axons to be measured and could be
used as a proxy measure of presynaptic activity allowing for this modulation to be revealed (Broussard
etal., 2018; Warwick et al., 2022). Complementary experiments to assess whether DNIC impacts primary
afferent activity could include individual teased primary afferent electrophysiological characterisations

(Goodwin et al., 2020; Satkeviciute et al., 2018) during opto-manipulation of the DNIC circuitry (e.g., A5
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nucleus) or the locus coeruleus, studying the electrical properties of different fibre types and dorsal root

reflexes during health and disease progression/regression.

Finally, characterising how clinically relevant therapies affect the CIBP model would prove
extremely valuable. Radiotherapy stands as one of the most effective treatments in patients suffering
from CIBP, showing pain relief even after one unique session (Chow et al., 2017; Chow et al., 2019; Sze
etal., 2003). Thus, the addition of a radiotherapy group in which CIBP animals undergo radiating sessions
could show whether radiotherapy also leads to the expanded DNIC dysfunctionality observed after
cancer cell ablation, linking these results to any changes in pain-like phenotypes and allowing for direct

inter-group comparisons.

6.4. Closing remarks

Cancer incidence is rapidly growing, with new cases estimated to reach nearly 30 million during
2040 (Sung et al., 2021). While these numbers reflect the growth of the aging global population, cancer
deaths are themselves declining, with more patients achieving complete curative treatment. This
scenario is intrinsically linked to an increase in pain prevalence, one of the most common symptoms in
cancer patients during both disease progression and remission. The studies outlined here support the
importance of revealing the underpinning processes that drive descending pain modulation
dysfunctionality during cancer progression and regression. ldentifying novel markers and mechanisms
would allow for mechanistically targeted analgesics to be revealed and tailored pain relief to be

achieved.
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