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Abstract

Chronic pain represents a significant global disease burden, affecting 1 in 5 adults
worldwide and costing billions of dollars annually. Due to poor efficacy and undesirable
side effects including tolerance, nausea, constipation, diarrhoea, dizziness and addiction;
current therapeutic options are less than ideal. In order to improve upon current therapeutic
options, an improved mechanistic understanding underlying the generation and
maintenance of chronic pain conditions is required. Communication between the immune
system and the nervous system is an emerging area of interest in pain research. Known as
neuroimmune signalling, this interaction is involved in altering key elements of the
nociceptive signalling pathway and therefore represents an interesting target for future
novel therapeutics. Recently, an interaction between innate immune receptor toll-like
receptor 4 (TLR4), and neuronal ion channel transient receptor potential cation channel
subfamily V member 1 (TRPV1) has been suggested as a clinically relevant neuroimmune
interaction. A clinical model provides evidence that TLR4 agonist lipopolysaccharide
(LPS), potentiates responses mediated by TRPV1 agonist capsaicin. We aim to further
clarify the nature of this interaction in an in vitro overexpression system. And secondly, we
aim to replicate the clinical findings in a preclinical model that allows investigation of
peripheral and central mechanisms. Our in vitro investigations reveal that TLR4 alters
TRPV1 mediated calcium influx dynamic and accumulation in HEK293FT cells. The
dynamic was not altered by antagonising or activating TLR4 signalling, although both
potentiated calcium accumulation. We were unable to back-translate the clinical
endotoxin-capsaicin model into BALB/c mice; however, a primed, peripherally targeted
LPS challenge potentiated capsaicin-induced mechanical hypersensitivity in a population
of BALB/c mice. However, we found that consecutive intraplantar injections result in
attenuated capsaicin-induced mechanical hypersensitivity, an effect reversed by both
classical and non-classical opioid antagonists (-)- and (+)-naltrexone. Further, (-)- and (+)-
naltrexone produced an extended and potentiated capsaicin-induced mechanical
hypersensitivity. The effect of naltrexone appeared to be dependent on the state of
nociceptive activity at the time of application. We also present a systematic review of the
literature analysing capsaicin-induced animal pain models in order to better inform future
research decisions. Therefore, we present a study investigating the TLR4/TRPV 1
functional interaction in vitro and in vivo; finding TLR4 alters TRPV1 function. Our

results agree with previous studies which postulate both a direct physical interaction and



indirect interaction via intracellular calcium-induced signalling and/or pro-inflammatory
mediators. Therefore, we present evidence suggesting the interaction between TLR4 and
TRPV1 warrants further investigation as a relevant neuroimmune signalling element in

chronic pain states; representing a novel therapeutic target.
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Chapter 1. An Introduction to pain and neuroimmune signalling

This chapter provides background to pain signalling, highlighting interactions with
classically immune systems and their impacts on pain perception. This includes a basic
introduction to pain and the mechanisms of nociceptive signal transduction, followed by an
introduction to commonly utilised animal models of pain. Neuroimmune interactions will
then be introduced in the context of altering nociceptive transmission. The information
presented will highlight the consequences of neuroimmune interactions and their
importance to chronic pain. This will give relevance to a review of the relationship
between toll-like receptor 4 (TLR4) and transient receptor potential cation channel

subfamily V member 1 (TRPV1), presented in chapter 2.

1.1 Definition of pain

Pain, and pain related diseases remain a leading cause of disability and disease burden
globally (Kassebaum et al., 2017). Defined as an “unpleasant sensory experience
associated with actual or potential tissue damage or described in terms of such damage” by
The International Society for the Study of Pain (Merskey et al., 1979). As such, pain is
viewed as an individual’s experience, separating it from the physiological process in which
noxious stimuli are processed by the nervous system, known as nociception. Pain generally
serves a protective purpose, warning of potential tissue damage. However, pain can
become maladaptive, persistent and without purpose; referred to as either pathological or
chronic pain, which has profound negative impacts on individuals and society (Cao et al.,

2008; Painaustralia, 2019).

1.1.1 Acute Pain

Acute pain is also referred to as physiological pain, and can be further categorised into
either nociceptive or inflammatory pain (Cao et al., 2008; Costigan et al., 2009). Acute
pain is transient, with a protective purpose, alerting individuals to potentially damaging
stimuli, thereby guarding against tissue damage (Cao et al., 2008). As such, acute pain is
mediated by high threshold sensory neurons which can respond to external chemical,
mechanical or thermal stimuli, as well as internal danger signals, such as those generated
following muscle cramp or myocardial infarction (Millan, 1999; Woolf et al., 2007).
Inflammatory pain serves to aid healing following tissue damage (Costigan et al., 2009).
To achieve this, inflammation results in reduction of thresholds required to activate

sensory neurons (Huang et al., 2006). This results in the affected area becoming more



sensitive, and therefore protected (Huang et al., 2006). Typically, both nociceptive pain
and inflammatory pain abate following removal of stimulus or resolution of tissue damage
(Costigan et al., 2009). However, either long term changes in the sensory pathway, or

chronic inflammatory conditions can result in persistent, pathological pain.

1.1.2  Pathological and chronic pain

Pathological pain no longer serves a purpose to protect and/or support healing (Costigan et
al., 2009). Pathological pain can be divided further into neuropathic pain (associated with
damage or dysfunction to the nervous system, e.g. trauma, diabetic neuropathy,
postherpetic neuralgia), cancer pain, dysfunctional pain (no identifiable inflammation or
damage, e.g. fibromyalgia, irritable bowel syndrome) and aforementioned inflammatory
pain (e.g. theumatoid arthritis). A number of pain types fall into multiple categories (e.g.
HIV pain, lower back pain) (Cao et al., 2008; Chwistek, 2017; Costigan et al., 2009;
Feldman et al., 2019; Grace et al., 2014; Hadley et al., 2016; Uebelacker et al., 2015; Urits
et al., 2019). Collectively these conditions fall under the overarching umbrella of chronic
pain. Chronic pain is often defined in terms of pain duration, commonly, that which lasts
longer than three months (Treede et al., 2019). While often the result of disease or injury, it
is considered a separate condition which represents a significant personal trauma and wider
economic burden (Costigan et al., 2009; Kassebaum et al., 2017; Painaustralia, 2019).
Estimated to affect 20% of the global population, in Australia chronic pain affects 3.24
million people (Goldberg et al., 2011; Painaustralia, 2019). In Australia alone, the
estimated cost is $139.3 billion annually (2018), accounting for treatment, lost
productivity, care/aid, and loss in quality of life; this figure is predicted to reach $215.6
billion by 2050 (Painaustralia, 2019).

Common chronic pain symptoms include spontaneous pain generation (ongoing pain),
painful responses to innocuous stimuli (allodynia), and exaggerated responses to noxious
stimuli (hyperalgesia) (Milligan et al., 2009). Allodynia generated by dynamic mechanical
stimuli, such as putting on clothing or brushing against furniture is considered particularly
debilitating and can present in 20 — 40% of neuropathic pain patients (Hansson, 2003;
Mogil, 2009). In neuropathic pain patients, cold allodynia is the second most commonly
reported form of allodynia (Hansson, 2003). Studies indicate elicited pain sensitivities
(allodynia or hyperalgesia) of mechanical and thermal sources present in 64 and 38% of

patients respectively (Backonja et al., 2004). However, spontaneous pain, both continuous



and paroxysmal, is the primary complaint in chronic pain patients and consists of stabbing,
shooting, and burning sensations which are associated with the highest reported pain scores
in routinely administered pain intensity questionnaires (Backonja et al., 2004). Commonly,
individuals also report abnormal tingling (paraesthesia) and numbness (Hansson, 2003). As
mentioned above, these symptoms along with associated anxiety, decreased motivation,

depression and fatigue cause a significant decrease in quality of life (Loeser, 2000).

Unfortunately, current therapeutic options provide limited efficacys; it is estimated only one
in four patients experience over 50% pain relief (Nightingale, 2012). Common therapeutics
include non-steroidal anti-inflammatory drugs (NSAIDs), antidepressants, anticonvulsants
and opioids, which along with questionable efficacy all present side effects making them
less than ideal options. Pregabalin and duloxetine, a commonly administered
anticonvulsant and antidepressant respectively offer questionable efficacy and side effects
including sedation, dizziness, dry mouth, constipation and nausea (Saarto et al., 2010).
NSAIDs only offer short term relief and are associated with gastrointestinal symptoms
(pain, diarrhoea), dizziness, headaches and tiredness (Roelofs et al., 2008; Ryder et al.,
2005). The efficacy of opioids is also questionable in chronic pain, and when administered
present challenges in the form of diminished efficacy over time, nausea, sedation,
constipation, risk of addiction and opioid-induced pain (Baldini et al., 2012; Reinecke et
al., 2015). A number of topically applied agents are also used, examples include lidocaine
and capsaicin patches; however repeated and painful application processes respectively
result in limited uptake of these therapies (Nightingale, 2012). It is clear that for such a
significant health problem, treatment options must be improved with a push for improved
efficacy. This is a major catalyst behind increased research effort into understanding the

underlying physiology of generation and maintenance of chronic pain states.

1.2 Pain mechanisms

1.2.1 Peripheral and central nervous systems

The somatosensory system is responsible for converting signals from noxious stimuli into
pain sensations. Separated into two anatomically separate systems; the peripheral (PNS)
and central (CNS) nervous systems communicate in order to detect visceral or peripheral
stimuli and process it in higher brain regions (D'Mello et al., 2008; Woolf et al., 2007).
The peripheral nervous system is composed of sensory primary afferent neurons known as

nociceptors, which convert noxious stimuli into electrical impulses, initiating nociceptive



signalling (Woolf et al., 2007). These neurons are pseudo-unipolar, with cell bodies
located in dorsal root ganglia (DRG) or trigeminal ganglia (TG) for skin and visceral or
orofacial innovation respectively. Either side of the cell body, long axonal process extend
distally to peripheral sites and centrally into the spinal cord from DRG or the spinal tract
nucleus from TG (Huang et al., 2013). Primary afferent neurons can be subdivided into C-,
Ad- and AB-fibres. The majority of nociceptors are the small diameter, un-myelinated and
therefore slow conducting C-fibres; medium diameter, thinly myelinated Ad-fibres are also
involved in nociceptive signalling (Woolf et al., 2007). C-fibres have a high-threshold for
activation, while Ad-fibres have a lower, intermediate threshold which makes these neuron
classes ideal for detecting high intensity noxious signals. Ap-fibres are large diameter,
highly myelinated, fast conducting neurons responsible for detection of non-noxious low
intensity stimuli including touch, pressure and vibration (Millan, 1999). Non-neural cells
considered part of the peripheral nervous system include Schwann cells, responsible for
myelination and neural nutrition; and satellite glia located at the ganglion, which
communicate with neurons and influence activity by inducing changes in receptor

expression and neuropeptide release (Catala et al., 2013; Huang et al., 2013).

Neural components of the CNS include the spinal cord (SC), brainstem and brain; while
microglia, astrocytes and oligodendrocytes make up the non-neural components (D'Mello
et al., 2008; Milligan et al., 2009). Input from the PNS is transferred to the CNS at the
dorsal horn of the spinal cord from the DRG, while the medullary dorsal horns of the
trigeminal spinal tract nucleus receives input from the TG (Huang et al., 2013). The grey
matter of the spinal cord is subdivided into 10 sections (laminae) containing numerous cell
types, including nociceptive-specific (NS), low-threshold (LS), wide dynamic range
(WDR) neurons and interneurons (Basbaum et al., 2009; D'Mello et al., 2008; Millan,
1999; Steeds, 2016). Sensory information is processed in the dorsal horn region which
includes the first 6 laminae, as well as the tenth (grey matter around central canal)
(D'Mello et al., 2008; Millan, 1999). NS cells are primarily found in the most superficial
laminae, I and II (specifically the superficial section known as outer laminae II (Ilo)) and
only respond to nociceptive input from C- and Ad-fibres; a smaller number are present in
deeper laminae; IV, V, VI and X (Basbaum et al., 2009; Millan, 1999; Todd, 2002). These
deeper laminae also contain LS cells which only respond to input from Ap-fibres, and

WDR cells which are able to respond to all types of peripheral input from light touch to



noxious mechanical and thermal (D'Mello et al., 2008; Steeds, 2016). Therefore,
nociceptive signals alone are processed in the most superficial laminae, while all neuron
types can signal through deeper laminae. Excitatory (glutamatergic) and inhibitory
(GABAergic, glycinergic) interneurons make up a significant proportion of dorsal horn
neurons influencing the activity of NS and WDR cells and are therefore important in
output from the dorsal horn (D'Mello et al., 2008; Maxwell et al., 2007). Inhibitory
interneurons play multiple important roles; including preventing spontaneous excitatory
firing, separating different signalling modalities (e.g. low-threshold vs nociceptive) and
preventing spatial spread of nociceptive input to maintain somatotopic representation
(Cioffi, 2018). Higher structures involved in nociceptive transmission include the
parabrachial nuclei (PB) and periaqueductal grey (PAG) of the brainstem, thalamus
(ventrocaudal, medial), and numerous cortical regions (primary and secondary
somatosensory, insular, anterior cingulate and prefrontal) (D'Mello et al., 2008). The

details of these pathways will be discussed further in section 1.2.2.

Astrocytes are the most abundant cell type in the CNS. Connected by gap junctions,
astrocytes support neuron function. They also encapsulate the synapse and are closely
associated with capillaries enabling them to become a signalling pathway between
neurons, astrocytes and capillaries. This allows modulation of water balance, synaptic
transmission, blood flow, and potassium and glutamate homeostasis (Haydon, 2001;
Milligan et al., 2009; Ransohoff et al., 2012). Microglial cells are considered macrophage
cells of the CNS and constitute approximately 10% of all cells (Ransohoff et al., 2012).
The first line of defence against homeostatic changes including invading pathogens,
microglia survey their environment by extending and retracting philopodia (Cao et al.,
2008; Nimmerjahn et al., 2005). Like astrocytes, microglia are intimately linked with the
synapse providing support for synaptic transmission (Cao et al., 2008). Oligodendrocytes
are primarily involved in myelination of CNS axons, while also assisting neural

communication and modulating neuronal function (Cao et al., 2008; Milligan et al., 2009).

To maintain its delicate chemical composition while preventing entry of neurotoxic plasma
components, pathogens and blood cells, the blood brain barrier (BBB) isolates the CNS
from peripheral tissues (Sweeney et al., 2019). Endothelial cells form continuous non-
fenestrated capillaries and the innermost layer. Pericytes incompletely cover the

endothelial layer and are embedded in a basement membrane; to which astrocytes, linked



by gap junctions attach. Peripheral and central immune cells in the form of macrophages
and microglia are also present at the BBB (Sharif et al., 2018; Sweeney et al., 2019).
Further, epithelial cells at the choroid plexus form the blood-CSF (BCSF) barrier and
arachnoid membrane (surrounding brain and SC) (Abbott et al., 2010). These sites are
important for the infiltration of peripheral immune cells during injury and/or disease, the

importance of which will be discussed in section 1.4.

1.2.2  Nociception — neural pathways

Specific neural pathways receive nociceptive signals and relay them to higher brain
centres; each pathway is responsible for different sensory aspects of pain, related to its SC
origin and final destination (Tracey et al., 2007). All nociceptive signals begin outside the
CNS, synapsing with either NS, LS or WDR cells, known as second order projection
neurons. Numerous tracts originate from these second order neurons, with major outputs
being from laminae I and V (Basbaum et al., 2009). Major tracts include the spinothalamic
and spinoreticular tracts, of which the majority of second order neurons cross-over
(decussate) to the white matter on the opposite (contralateral) side of primary afferent
stimulation; before projecting to higher CNS sites (Millan, 1999; Tracey et al., 2007; Yam
et al., 2018). A majority of the ascending tracts synapse at the thalamus before reaching
cortical regions including the primary and secondary somatosensory cortices; the insula,
anterior cingulate and prefrontal cortex (D'Mello et al., 2008; Millan, 1999). Sending the
signal to multiple cortical areas allows differentiation of nociceptive input, from sensory
discriminative aspects (e.g. location, intensity, sharp/diffuse) to autonomic and
affected/emotional aspects of pain (D'Mello et al., 2008; Yam et al., 2018). Multiple
ascending tracts enter the thalamus only after synapsing or sending offshoots at brain stem
sites, including the periaqueductal grey (PAQG), reticular formation, rostral ventral medulla
(RVM) and tectum (Kendroud et al., 2020; Yam et al., 2018). From these brainstem sites,
along with the thalamus, further ascending tracts connect the hypothalamus and limbic
system (Kendroud et al., 2020). Nociceptive input from visceral organs follows the same
ascending routes, which is often the reason for referred pain, as the brain interprets visceral
input as the somatic input entering at the same spinal cord level (Steeds, 2016). Trigeminal
nociceptors relay information from the orofacial region (head, face, intraoral), entering the
CNS at the brainstem (pons, medulla). From here, second order neurons synapse at the

thalamus before projecting to somatosensory cortical regions (Kendroud et al., 2020).



Descending pathways play an important role in nociceptive transmission. Signals from the
brainstem influence activity at the SC level, both facilitating and inhibiting nociceptive
transmission (D'Mello et al., 2008; Millan, 1999; Tracey et al., 2007). Two important
regions are the PAG and RVM. The PAG receives input from the spinothalamic tract,
thalamus, hypothalamus, limbic system and cortex (D'Mello et al., 2008; Steeds, 2016).
PAG neurons then excite cells of the RVM, an important site for integrating spinal cord
descending influence. RVM projections return to the dorsal horn and generally inhibit
transmission of nociceptive signals by modulating neurotransmitter release and altering
activity of inhibitory interneurons, mechanisms of which are discussed in section 1.2.4.
(Millan, 1999; Steeds, 2016). Further to the PAG-RVM system, the dorsal reticular
nucleus (DRt) and ventrolateral medulla (VLM) also exert descending modulation
(Heinricher et al., 2009). Similarly to the PAG-RVM system, these descending tracts can
communicate directly with primary and secondary neurons as well as dorsal horn

interneurons to influence pain outcomes (Cioffi, 2018).

1.2.3  Signal generation and transmission

Nociceptors detect noxious stimuli due to the array of surface ion channels and receptors at
their exposed peripheral terminals; the type and amount of which determine which
stimulus, be it heat, chemical or mechanical, excites the nociceptor (Woolf et al., 2007).
Nociceptors can be classified as high-threshold mechanoreceptors, responding to intense
mechanical stimuli; thermal receptors, responding to thermal (hot or cold) stimuli; and
polymodal receptors, responding to mechanical, thermal and chemical stimuli (Basbaum et
al., 2009; Kendroud et al., 2020). Major channel types include transient receptor potential
(TRP), acid sensing ion channels (ASICs) and two pore background potassium channels

(K2P) (e.g. TRAAK, TREK-1) (Basbaum et al., 2009).

TRP channels are nonselective cation channels, considered the most important family for
detection of noxious stimuli due to wide expression profile and polymodal nature. Three of
the six subfamilies, ankyrin (TRPA), vanilloid (TRPV) and melastatin (TRPM) play
important roles in nociception (Gonzalez-Ramirez et al., 2017). Detection of thermal
stimuli is well documented in TRP channels, transient receptor potential cation channel
subfamily V member 1 (TRPV1), discovered as the receptor for capsaicin, is found on the
majority of heat sensitive nociceptors, while transient receptor potential cation channel

subfamily M member 8 (TRPMBS) is expressed on the majority of cold sensitive



nociceptors (Caterina et al., 1997; Peier et al., 2002). Multiple other TRP channels are
involved in the detection of noxious heat (TRPV2, TRPV3, TRPV4) and cold (TRPATI)
(Basbaum et al., 2009; Dhaka et al., 2006). As mentioned, TRP channels are polymodal
and respond to numerous chemical stimuli including capsaicin, protons, toxins (TRPV1),
mustard, wasabi, cinnamaldehyde (TRPA1) and menthol (TRPMS8) (Basbaum et al., 2009).
ASICs including ASIC3, ASIC1A and ASICIB are permeable to cations and implicated in
nociception. Known for the response to protons produced by tissue ischemia, activation by
mechanical stimuli and non-proton chemical stimuli has also been observed (Basbaum et
al., 2009; Wemmie et al., 2013; Yu et al., 2010). Potassium channels present at peripheral
terminals play a regulatory, rather than faciliatory role in nociceptive firing. Potassium
channels respond to thermal (TREK-1, -2, TRAAK), mechanical (TREK-1, -2, TRAAK)
and chemical (TREK-1, TASK-1,- 3.) stimuli (Du et al., 2013; Honore, 2007; Kang et al.,
2005).

Increases in cation influx at the afferent terminals has a depolarising effect on membrane
potential, in turn activating voltage-gated ion channels critical for propagation of the action
potential, the frequency of which determines stimulus intensity (Basbaum et al., 2009).
Voltage gated sodium (NaV) and calcium channels are important for this process, while
K2Ps and voltage gated potassium channels (Kvs) exert regulatory influence. NaV1.7 and
1.8 in particular are well characterised due to their high expression levels in C-fibres; with
altered function resulting in clinical pain disorders erythromelalgia and paroxysmal
extreme pain disorder (Basbaum et al., 2009; Nassar et al., 2004). Generally, it is NaV
channels which are activated when the appropriate membrane potential is reached, starting

the action potential which propagates along the neuron (Yam et al., 2018).

Numerous Kv and K2P channels are associated with nociceptor function; maintaining
resting potential and therefore nociceptor threshold, repolarising the cell following action
potential, and as mentioned above, responding to noxious stimuli (Tsantoulas et al., 2014).
Due to their activity at resting membrane potential, Kv7 (M channels) are considered an
important element of maintaining resting membrane potential and overall nociceptor
activation threshold. Enhancing Kv7 activity by altering voltage characteristics reduces
nociceptive stimulation (Brown et al., 2009). Due to their presence on small diameter
primary afferents, alongside TRPV1, Kv1.4 is implicated in nociceptive function (Rasband

et al., 2001). Further, Kv1.4 levels are reduced in neuropathic pain models and implicated



in alteration of membrane potential and decreased excitability in glycoprotein 130 deficient
nociceptors (Langeslag et al., 2014; Rasband et al., 2001). T-type voltage gated calcium
channels (VGCC) present on the cell body and neuronal dendrites are also important to
maintenance of resting potential. Knockdown of these low-voltage activated channels
results in attenuated nociceptive sensitivity following nerve injury; highlighting their

regulatory role in nociceptive threshold maintenance (Cao, 2006).

Upon reaching the presynaptic terminal, an action potential induces neurotransmitter
release by activating VGCCs. High threshold N-, Q/T- and R-type VGCCs exist within the
dorsal horn, with differing distribution across the laminae (Cao, 2006; Zamponi et al.,
2009). Following activation of VGCCs, calcium enters the presynaptic terminal promoting
fusion of neurotransmitter vesicles to the neuronal membrane. Typically, Ad-fibres release
glutamate, while C-fibres release various neuropeptide neurotransmitters, including
calcitonin gene-related peptide (CGRP) and substance P (SP) (Kendroud et al., 2020).
Glutamate exerts its excitatory effect on multiple receptors once crossing the synapse,
including; a-amino-3-hydroxy 5-methyl-4-isoxazeloproprionic acid (AMPA), N-methyl-
D-aspartate (NMDA) and G-protein coupled metabotropic receptors (mGluR), inducing
calcium influx (D'Mello et al., 2008; Stanley, 2016). SP and CGRP bind to neurokinin 1
receptors (NK-1) and the receptor activity modifying protein 1 (RAMP1) accessory
protein/calcitonin receptor-like receptor (CRLR) complex respectively, inducing
intracellular signalling and activating kinases which facilitate glutamatergic transmission
(Iyengar et al., 2017; Zieglgansberger, 2019). Neurotransmitters must be removed from the
synaptic cleft in order to stop continued signal transmission. This can be achieved by
degradation, reuptake by the releasing nociceptor, removal by astrocytes and drifting (Yam
et al., 2018). Glutamatergic transmission results in excitatory post-synaptic currents
(EPSCs) in the secondary order projections. Summation of ESPCs results in action

potential, transmitting the nociceptive signal (Basbaum et al., 2009).

In addition to neurotransmitters, a number of neuromodulatory substances may be released
by nociceptors depending on the CNS environment. Fractalkine, a chemokine expressed by
nociceptors is cleaved from the membrane in response to overstimulation (Chapman et al.,
2000; Verge et al., 2004). Adenosine triphosphate (ATP) is released by damaged cells as

well as during synaptic transmission, modulating excitatory signals by binding presynaptic



ATP receptors (P2X), enhancing glutamate release (Li et al., 1998; Nakatsuka et al., 2001).
Synaptic vesicle release can also promote 3-opioid receptors (DOR) to the cell membrane,
joining p-opioid receptors (MOR) and cannabinoid receptors (CB1) in an analgesic role at

the presynaptic terminal (Guan et al., 2005; Woolf et al., 2007).

1.2.4 Descending influence

As described above, ascending pathways are moderated by descending inhibition and
facilitation by a PAG-RVM system (Heinricher et al., 2009). The dorsal horn is a key site
for integration of ascending and descending signals; ultimately it is the dynamic interaction
of descending inhibitory and excitatory signals which determine nociceptor output to
higher brain centres. This balance is altered by multiple factors, including illness, injury,
stress and fear (Heinricher et al., 2009). Activity of pain inhibiting OFF-cells or pain
facilitating ON-cells in the RVM determines the descending effect on the dorsal horn, with
low nociceptive thresholds associated with an active ON-cell population and inactive OFF-
cell population (Heinricher, 2016; Heinricher et al., 1989; Ossipov et al., 2010). The
modulation of each of these RVM cell types by the PAG is the mechanism of action for a
number of receptor systems, importantly, opioids and cannabinoids (Maione et al., 2006;
Maione et al., 2009). Outside of the PAG-RVM system, the areas of caudal medulla, DRt
and VLM participate in descending modulation. Both systems consist of closed loops with
the dorsal horn. The DRt receives ascending input and plays a mainly facilitatory role in
descending modulation (Lima et al., 2002). While the VLM exerts a tonic inhibitory

function via noradrenergic cells (Tavares et al., 2002).

Endogenous opioids, including B-endorphin, dis-inhibit PAG output neurons, increasing
OFF-cell firing while inhibiting ON-cells and exerting an inhibitory tone onto the dorsal
horn (Adams et al., 1986; Fields et al., 1991; Heinricher, 2016). This inhibition is
associated with an increase in inward potassium conductance at presynaptic GABAergic
inputs and postsynaptic PAG and RVM GABAergic interneurons (Chieng et al., 1994; Lau
et al., 2014). An interaction with co-expressed TRPV1 has also been observed in vivo as
non-analgesic doses of either agonist when co-administered produce analgesia to thermal
stimuli in rats, inhibited by both TRPV1 and opioid receptor antagonists (Maione et al.,
2009).
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CBI1 receptors are also highly expressed in the RVM descending tracts. Excessive
glutamate production activates glutamate receptor mGluS5, releasing endocannabinoids
(endogenous cannabinoids), in turn, activating CB1 receptors in the RVM. Activation of
CBI1 receptors reduces GABAergic tone by presynaptic inhibition thereby dis-inhibiting
OFF cell descending tracts (Lau et al., 2014; Maione et al., 2006). The effect of
endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG) on OFF-cell
activity is dependent on their relative levels in tissue, therefore can have either a
facilitatory or inhibitory role (Maione et al., 2006). Their pro-nociceptive effect at low
doses is thought to involve their CB1 activation on excitatory (glutamatergic) neurons
(Maione et al., 2006; Marsicano et al., 2003). Like opioid expressing cells within the PAG,
CBI1 receptors are colocalised with TRPV1 which is activated by AEA, resulting in
immediate analgesia in rat a thermal pain model by activation of OFF cells. Therefore, the
effects of endocannabinoids in the PAG on descending pain modulation is determined by
concentrations, relative timing of release and their actions at both CB1 and TRPV1

receptors (Maione et al., 2006).

Descending projections include serotonergic, glycinergic, GABAergic and noradrenergic
neurons. Hydroxydopamine (5-HT), also known as serotonin, can be both pro- and anti-
nociceptive depending on which receptor it binds; it is unclear which RVM population is
serotonergic, or indeed if action is direct or via interneurons (Ossipov et al., 2010).
Nevertheless, antagonising spinal receptors 5-HT7 and 5-HT3 has both pro- and anti-
nociceptive effects respectively, suggesting relevance of serotonergic tone on the dorsal
horn (Dogrul et al., 2009). Noradrenergic neurons are not found at either the PAG or
RVM, however these regions connect with noradrenergic sites, including A5, A6 and A7
nuclei which project to the spinal cord (Ossipov et al., 2010). Noradrenaline (NE) is
released by descending neurons and targets a2 and o1-adrenergic receptors. a2-adrenergic
receptors inhibit pre- and post-synaptic terminals resulting in nociceptive inhibition, while
al-adrenergic receptors depolarise inhibitory GABAergic interneurons (Gassner et al.,
2009; Pertovaara, 2006). In addition to the vast literature on SHT and NE as descending
neurotransmitters, there is also evidence of direct GABAergic and glycinergic descending

projections from the RVM (Antal et al., 1996; Lau et al., 2014).
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1.3 Pathological Pain Models

1.3.1 Neurogenic pain models

Neurogenic compounds are pain producing and do not directly reflect a particular clinical
pain state, but recruit nociceptive mechanisms leading to altered pain processing. They can
also be considered inflammatory pain models due to their neurogenic inflammatory effect
and are often utilised for investigation of nociceptive mechanisms and as tools for
screening therapeutic compounds of interest. Capsaicin is widely used in animal and
human pain models, directly activating TRPV1 channels resulting in spontaneous pain and
longer lasting (up to 120 min) hypersensitivity (Gilchrist et al., 1996; Hutchinson et al.,
2013). Further to inducing symptoms relevant to pathological pain states; preclinical
capsaicin models respond to commonly utilised opioid and anti-epileptic drugs (Joshi et
al., 2006). Similarly, mustard oil is used to elicit spontaneous pain by direct activation of
TRPAI1 channels in human and animal models (Andersen et al., 2017; Laird et al., 2002).
Bee venom is also utilised to produce short lived spontaneous pain and longer lasting
hypersensitivity (Lariviere et al., 2000). These compounds directly activate nociceptors
and allow greater control of pain outcomes. In addition, the procedures are minimally
invasive, and pain induced is transient in comparison to other pain models mentioned here,
improving ethical considerations (Joshi et al., 2006). While neurogenic compounds result
in relevant behavioural outcomes and are attenuated by known analgesics, the overall
clinical relevance to pathological pain is questionable given they do no replicate clinical

pathophysiological events.

1.3.2  Inflammatory pain models

Numerous immune stimulating substances are used to induce inflammatory pain. TLR4
agonist lipopolysaccharide (LPS) is commonly used, which does not produce spontaneous
pain behaviours but induces pain hypersensitivity in clinical and preclinical animal models
(Calil et al., 2014; Maier et al., 1993; Wegner et al., 2014). Similarly, intrathecal human
immunodeficiency virus-1 envelope glycoprotein, gp120 is used to induce thermal and
mechanical hyperalgesia (Milligan et al., 2001b). Complete Freund’s adjuvant (CFA) and
carrageen represent commonly administered immune driven pain mediators. CFA and
carrageen are commonly administered into the hind-paw producing peak hypersensitivity
between 6-8 h post administration; carrageen-induced sensitivity persists compared to CFA
(Cunha et al., 2005; Ren et al., 1999). Similarly, zymosan can be administered into the

hindpaw for short lasting (6 h) sensitivity, or centrally to induce mechanical

12



hypersensitivity lasting weeks (Milligan et al., 2003; Sweitzer et al., 1999). Formalin,
commonly administered subcutaneously, causes both spontaneous pain and mechanical
hypersensitivity lasting 60 min (Choi et al., 2003; Sweitzer et al., 1999). Less common
inflammatory mediators include lithium chloride, picrotoxin, and kainite (LaBuda et al.,
2000; Maier et al., 1993; Oliveras et al., 1996). Similar to neurogenic compounds, these
compounds don’t reflect clinical pathophysiology in terms of causation and timeframes.
However, they can be useful for understanding mechanisms associated with inflammatory-
induced nociceptive signalling changes. Further, many of these models are carried out over
longer time periods, a disadvantage to both subject and experimenter compared to

neurogenic models.

There are however inflammatory pain models which aim to replicate clinical disease
pathophysiology. Arthritis models are often used as a screen for compounds ready for early
clinical trials (Berge, 2011). These models include antigen-induced arthritis (AIA),
collagen-induced arthritis (CIA), and monosodium iodoacetate arthritis (MIA). Models of
arthritis can induce mechanical and thermal hypersensitivity upwards of 30 days (Boettger
et al., 2008; Ebbinghaus et al., 2012; Fernihough et al., 2004; Inglis et al., 2007). Multiple
behaviours are observed in arthritis models which are potentially relevant in clinical
situations, including weight bearing and limb movement (Gregory et al., 2013). Other
examples of preclinical inflammatory models aimed at specific clinical pathologies include
remifentanil administration to replicate opioid-induced hyperalgesia (OIH), incision
models imitating post-surgical pain and meningeal inflammatory stimulation to mimic

migraine (Aguado et al., 2018; Melo-Carrillo et al., 2013; Pogatzki et al., 2002).

1.3.3  Neuropathic pain models

Neuropathic pain models are developed to recreate the pathophysiological mechanisms
following nervous system damage. Damage to peripheral nerves is a common method of
inducing neuropathic pain hypersensitivity, resulting in common clinical sensitivity
changes (Campbell et al., 2006). Multiple nerve ligation models exist due to multiple
attempts to create a standardised approach (Berge, 2011). Chronic constriction injury
(CCI) of the sciatic nerve is commonly performed, inducing thermal and mechanical
hypersensitivity up to 4 weeks (De Leo et al., 1997). Ligation of spinal nerve roots (SNL)
causes similar hypersensitivity (up to 35 days) (Arruda et al., 2000; Hashizume et al.,

2000; Kim et al., 1992). Similar time frames are observed following partial sciatic nerve
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ligation (PSNL) (Seltzer et al., 1990). Spinal cord hemisection is a form of spinal cord
injury (SCI) used to create mechanical hypersensitivity lasting 6 weeks (Peng et al., 2006).
Spared nerve injury (TST), transecting the common peroneal and tibial nerves, results in
significantly greater duration of sensitivity, (upwards of 200 days) for mechanical, heat
and cold stimuli (Decosterd et al., 2000). Less common techniques, include sciatic
cryoneurolysis, sciatic nerve transection and facial nerve ablation albeit with varying
timeframes owing to the nature of injury (De Leo et al., 1994; Kiefer et al., 1993;
Rotshenker et al., 1992). A significant downside to this approach is that it is in contrast to
clinical trials of neuropathic pain, which don’t use subjects with comparable lesions.
Instead, they more frequently include patients with port-herpetic neuralgia and diabetic
neuropathies (Finnerup et al., 2010; Rice et al., 2008). This approach makes it difficult to
compare clinical and preclinical outcomes. Finally, these models report elicited

behavioural sensitivities, ignoring the significant clinical symptom of spontaneous pain.

Neuropathic pain results from numerous clinical pathologies, the pathophysiology of
which are recreated in preclinical pain models in an attempt to overcome the relevance
issues of above models which utilise traumatic lesions. Diabetic neuropathy is one such
example, including the streptozotocin-diabetic model, numerous diabetic mouse strains and
diet-induced diabetes (Ahlgren et al., 1993; Obrosova, 2009; Wuarin-Bierman et al., 1987).
Chemotherapy-induced neuropathic pain (CINP) models are widely used, utilising multiple
drugs including paclitaxel, vincristine, cisplatin and bortezomib (Flatters et al., 2004;
Robinson et al., 2015; Yan et al., 2015). Cancer pain models are also commonly utilised,
inoculating tumour cells to specific target areas (Jaggi et al., 2011; Shimoyama et al.,
2002). Whether these models reflect clinical symptoms is questionable however (Berge,
2011; Gregory et al., 2013). While the exact mechanisms underlying the generation of
pathological pain remain elusive, these models, along with the clinical disease mimicking

inflammatory models, currently offer the best chance of bridging the knowledge gap.

1.3.4 Measurable Outcomes

All models require measurable outcomes from which researchers can infer pain. As
mentioned above, spontaneous pain is clinically the most significant symptom of
pathological pain; many neurogenic and inflammatory models monitor spontaneous
behaviours, including flinching, biting, tail flick, blinking and altered body position/or
movement (Gregory et al., 2013; Kemper et al., 1998; Laird et al., 2001a; Liu et al., 2013;
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Sakurada et al., 1992). Pain sensitivities are monitored by eliciting responses to mechanical
or thermal stimuli. Common tests for mechanical sensitivity include the von Frey test and
paw withdrawal thresholds which apply a static force to the hindpaw (Gilchrist et al., 1996;
Gregory et al., 2013; Otuki et al., 2005). Thermal tests include withdrawal from hot or cold
surfaces and water, commonly used are the Hargreaves test (light source), hot/cold plate
tests, tail withdrawal/flick tests and acetone application (Gregory et al., 2013; Honda et al.,
2008; Ko et al., 1998; Negri et al., 2006; Yalcin et al., 2009). While these observations are
relevant to clinical symptoms, the relevance is often limited, and some clinical symptoms
are ignored altogether. For example, spontaneous behaviours mentioned above are induced
by direct neuronal stimulation or inflammation, dissimilar to non-evoked spontaneous pain
in clinical chronic pain patients (Backonja et al., 2004; Hansson, 2003). Similarly, static
mechanical testing ignores clinical instances of allodynia induced by dynamic stimulation.
Further, paraesthesia (abnormal sensations) and sensory loss are ignored in animal pain
models (Hansson, 2003). Consideration of these less explored, yet clinically relevant

symptoms may provide greater context to the relevance of currently utilised models.

1.4 Neuroimmune pain

1.4.1 Neuroimmune background

As described earlier, the nervous system contains numerous non-neural cell types
including satellite glia, Schwann cells, astrocytes, microglia and oligodendrocytes, which
are important for maintaining nervous system homeostasis (Greenhalgh et al., 2020; Huang
et al., 2013; Stevens, 2003). Following injury or illness, astrocytes and microglia are
considered the major responsive cell types of the CNS, and along with CNS infiltrating
peripheral monocytes and T-cells are involved in identifying and removing pathogens and
repairing associated damage (Ransohoff et al., 2012). This involves release of immune
mediating cytokines, chemokines and neurotrophic factors which instigate changes in
surrounding glia and neurons (Grace et al., 2014; Greenhalgh et al., 2020). This
communication is referred to as neuroimmune signalling and ultimately leads to alteration
in processing of nociceptive signals in both the PNS and CNS following illness or injury
(Grace et al., 2014). The three major contributors are neurons (pre- and post-synaptic
terminals), astrocytes and microglia which form a tetrapartite synapse, an important site for
central neuroimmune communications (De Leo et al., 2006). Outside of the CNS,
important neuroimmune communication occurs at peripheral nerve terminals influenced by

peripheral immune responses and neuropeptide release (Baral et al., 2019). As such,
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neuroimmune signalling is a bidirectional relationship between neural and non-neural

elements to affect outcomes of nociceptive input (Baral et al., 2019; Cao et al., 2008).

1.4.2  Immunologically active glia

Glial cells are able to respond to illness and injury due to the plethora of pattern
recognition receptors (PRRs) they express. PRRs recognise molecular epitopes released by
damaged and stressed endogenous cells known as DAMPs (danger associated molecular
patterns), as well as exogenous pathogens known as PAMPs (pathogen associated
molecular patterns) (Takeuchi et al., 2010). Commonly expressed PRRs include toll-like
receptors (TLRs) and NOD-like receptors (NLRs). Glia also express receptors which
detect neuropeptides released by nociceptors and postsynaptic neurons including SP,
glutamate, CGRP, ATP, fractalkine, prostaglandins (PGs) and nitric oxide (NO) (Cao et
al., 2008).

Constitutively expressed membrane receptors are key to initiating microglial responses and
include TLRs, purinergic receptors and fractalkine receptors (CX3CR1) (Cao et al., 2008).
Microglia respond rapidly following stimulation, resulting in morphological changes
(stratified to ameboid appearance), increased proliferation, altered migration and
phagocytosis, and changes in gene expression. This includes changes in cell-surface
molecules including, complement receptor 3 (CD3), major histocompatibility complex
(MHC) class 1 and 2, PRRs and numerous cytokine and chemokine receptors (Hanisch,
2002; Olson et al., 2004). Further to changes in receptor expression, multiple soluble
factors are released, including cytokines; interleukins (IL-1f, IL-6, IL-8, IL-10, IL-18 IL-
2) and tumour necrosis factor o (TNFa), chemokines (incl. CCL2, CCLS5, M-CSF), NO,
ATP and PGs (Hanisch, 2002; Inoue, 2006; Li et al., 2003; Ransohoff et al., 2012).

Evidence suggests the molecular signals released following afferent damage is key to
engaging microglial signalling, of which ATP plays a significant role. ATP is an important
microglia “reactivator;” binding P2-type purinergic receptors (Basbaum et al., 2009).
P2X4, P2X7 and P2Y are expressed on microglia and upregulated following activation. P2
receptors are cation channels, activation therefore increases intracellular calcium,
promoting activation of p38 mitogen-activated protein kinase (MAPK) (Trang et al.,

2012). p38 MAPK activity following P2X4 activation results in release of brain-derived
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neurotrophic factor (BDNF), while IL-1f and cathepsin S are released following P2X7
activation (Clark et al., 2010; Clark et al., 2007; Trang et al., 2009).

CX3CRI, the fractalkine receptor is another cation channel upregulated in microglia,
activation of which results in increased intracellular calcium and increased p38 MAPK
(Chapman et al., 2000; Verge et al., 2004; Zhuang et al., 2007). CX3CRI1 in the CNS is
restricted to microglia and considered to have neuroprotective function in uninjured
tissues, supporting neuronal and microglial survival in neurotoxic environments (Cardona
et al., 2006). Cathepsin S, released by microglia following ATP stimulation, cleaves
fractalkine from the presynaptic membrane, resulting in a positive feedback loop further
enhancing microglia responses, providing a mechanism by which fractalkine signalling
contributes to the pathological pain state. Indeed, cathepsin S inhibitor LHVS attenuates
mechanical hypersensitivity associated with neuropathic pain in rats (Clark et al., 2007).
Chemotactic cytokine receptor 2 (CCR2) is another receptor upregulated on microglia in
inflammatory conditions, enhancing chemoattraction, and microglial activation (Abbadie

et al., 2003; Zhang et al., 2018).

Multiple TLRs (1 - 9) are expressed at low levels on microglia in healthy tissues and
upregulation occurs rapidly upon activation (Bsibsi et al., 2002; Konat et al., 2006;
Lehnardt, 2010). TLR activation results in activation of transcription factor nuclear factor
kappa-light-chain enhancer of activated B cells (NF-kB), leading to transcription of
interleukin-1 (IL-1) family genes, producing pro forms of IL-1 and IL-18 (Chakraborty et
al., 2010; Ransohoff et al., 2012). Key to the conversion or pro-IL-1f and pro-IL-18 into
their active forms (IL-1[3, IL-18) is caspase-1, which itself is activated by inflammasomes,
large structures containing pattern recognition NLRs, adaptor proteins and effector
caspases (Martinon et al., 2004). Extensively studied in microglia, inflammasome
(NLRP3) activation is induced by numerous DAMPS and PAMPS including ATP, uric
acid and bacterial protein and RNA (Halle et al., 2008; Petrilli et al., 2007; Ransohoff et
al., 2012). Caspase independent cleavage of pro-IL-1[ has also been reported in
neuropathic pain following TNFa-induced microglial activation, by matrix
metalloprotease-9 (MMP-9) (Kawasaki et al., 2008). Of particular interest due to their
apparent role in pathological pain are TLR2 and TLR4. In models of nerve injury,
knockout of both TLR4 and TLR2 produce significant reduction in cytokine output and

17



reduced glial morphological changes, highlighting their role in glial responses to injury
(Kim et al., 2007; Tanga et al., 2005). TLR4 responds to exogenous ligands including gram
negative bacterial cell wall component LPS, and endogenous ligands including heat shock
proteins (HSPs), causing release of proinflammatory cytokines (interferon-y (IFN y), IL-
1B, IL-6 and TNFa) and other immunomodulatory substances including inducible-nitric
oxide synthase (iNOS) (Nicotra et al., 2012; Olson et al., 2004; Tanga et al., 2005). TLR4
activation also induces microglial neuroprotective effects including phagocytic repair
(Glezer et al., 2006). TLR2 activation results in the same pro-inflammatory milieu induced
by TLR4 although alternate danger signals activate the receptor, including gram positive

bacterial cell wall components (Kawai et al., 2007b; Kim et al., 2007).

Astrocyte responses are delayed and persist compared to those of microglia in preclinical
pain models. Changes in astrocyte activation often correlate with induction of altered
behavioural sensitivity (Hashizume et al., 2000; Ren et al., 2008). Interestingly in contrast
to astrocytes, microglial stimulation is not always required for persistent pain in animal
models and human tissues, as observed in rat CINP and clinical HIV tissues (Robinson et
al., 2014; Shi et al., 2012). In contrast to microglia, astrocytes constitutively express only
few TLRs; in humans TLR 2 and -3 have been detected, while TLR2, -3, -4, and -9 have
been reported in murine astrocytes (Bowman et al., 2003; Bsibsi et al., 2002; Gorina et al.,
2009). Following stimulation of TLRs and NLRs astrocytes produce inflammatory
cytokines IL-1f and IL-6, and chemokines CCL2, CXCL1, CXCL10 and CXCL12
(Ransohoff et al., 2012). Similar to microglia, cleavage of pro-IL-1p in astrocytes is
mediated by MMP-2, however at later time points associated with its relatively late
response (Kawasaki et al., 2008). This cleavage of pro-IL-1f is also observed in satellite
glia with comparable timing (Kawasaki et al., 2008). In further contrast to microglia,
expression of MHC in astrocytes is low, which brings into question their in vivo
significance to antigen presentation. However there is strong evidence that astrocytes are
heavily involved in T-cell activation (Tian et al., 2012). Along with microglia, astrocyte-
induced chemokines recruit T-helper cells (Th1, Th2), promote recruitment of T regulatory
cells (Treg) via cytokine transforming growth factor B (TGF- ) and CXCL1, while also
releasing anti-inflammatory IL-10, capable of suppressing T cell and microglia activation

(Meiron et al., 2008; Nair et al., 2008; Trajkovic et al., 2004).
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Upregulation of gap junction proteins is observed in CINP, CCI and SCI pain models
(Chen et al., 2014; Cronin et al., 2008; Robinson et al., 2015). Of particular importance is
connexin 43 (CX43), upregulated in aforementioned pain models, inhibition of which
results in reversal of mirror image allodynia, brief attenuation of ipsilateral thermal
hyperalgesia and improved recovery times (Cronin et al., 2008; Spataro et al., 2004). These
results suggest that astrocytic communication influences distant synapses, potentially
through release of pro-inflammatory cytokines IL-1 and IL-6 (Spataro et al., 2004).
Further, CX43 forms hemichannels following nerve injury, allowing release of numerous
neuromodulator substances including ATP, glutamate and CXCL1, exacerbated by the

concurrent upregulation of CX43 (Chen et al., 2014; Huang et al., 2012; Ji et al., 2019).

Glutamate transporters (GLT1, GLAST) constitutively expressed on astrocytes and
important for maintaining glutamate homeostasis at the synapse, are downregulated in
preclinical pain models. PSNL and CINP models report astrocytic downregulation of
GLT1 and GLAST in rats (Robinson et al., 2015; Xin et al., 2009). While minocycline pre-
treatment prevents decreases in glutamate transport in a CIPN model (Robinson et al.,
2015). Interestingly, SC analysis shows an initial upregulation in GLAST and GLT-1 4
days after CCI, followed by downregulation at 14 days. PSNL initiates expression of GLT-
1 and GLAST in microglia, potentially explaining rapid increases in SC glutamate
transporters, while delayed downregulation is associated with later responding astrocytes

(Sung et al., 2003).

It is clear that activation of typically immune receptors and associated signalling can alter
the neuromodulatory elements surrounding neurons. These include changes to glutamate,
cytokine, chemokine, ATP, NO, cathepsin S and PG levels. In addition to DAMPs and
PAMPs, elements released by/from neurons, such as SP, glutamate, fraktaline and ATP
also stimulate glia to induce further changes. It is now important to understand how these

neuroimmune interactions alter nociceptive transmission, both centrally and in the

periphery.

1.4.3 Neuroimmune interactions — peripheral sensitisation
Peripheral sensitisation results in increased excitability of nociceptors, causing
hyperalgesia and allodynia within their receptive field (Grace et al., 2014). Excitability

changes are a result of lowered activation thresholds, by a process known as sensitisation.
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Sensitisation can result from numerous mechanisms, including; upregulation of, or altered
ion channel kinetics (increased receptor activation for a given stimulus), and changes in
thresholds for NaV opening (Campbell et al., 2006). Immune activation in the periphery, or
release of immune modulating neurotransmitters and neuropeptides from nociceptor

terminals contribute to peripheral sensitisation.

Peripheral inflammation, including neuronal injury results in secretion of monocyte-
chemoattractant protein 1 (CCL2) and leukemia inhibitory factor (LIF), recruiting
macrophages to the injury site, a key step in the process of Wallerian degeneration
(Sugiura et al., 2000; Tofaris et al., 2002). Further recruitment of mast cells, basophils,
fibroblasts, neutrophils, T- and B-cells and Schwann cells produces a proinflammatory
milieu along with resident endothelial cells, neurons and keratinocytes (Basbaum et al.,
2009; Woolf et al., 2007). Often concurrently, multiple nociceptor inputs result in action
potential propagation along collateral axon branches to the periphery releasing
neurotransmitters which contribute to the inflammatory milieu (Yam et al., 2018). This
milieu contains a multitude of potential neural sensitisers including cytokines, chemokines,
PG, nerve growth factor (NGF), SP, CGRP, bradykinin, NE, 5-HT, glial derived
neurotrophic factor (GDNF), TNFa, activin, prokineticin, proteases, protons, NO and ATP
(Basbaum et al., 2009; Woolf et al., 2007; Yam et al., 2018). Sensitising agents bind their
respective receptors initiating intracellular signalling, of which important regulators
include; protein kinase C (PKC), protein kinase A (PKA), phospholipase C (PLC),
phosphoinositide 3-kinase (PI3K), ERK- and p38- MAPK (Cheng et al., 2008; Yam et al.,
2018).

PKC, PKA and PI3K are implicated in phosphorylation of TRPV1 receptors, increasing
their response to chemical stimuli (Varga et al., 2006; Zhang et al., 2005). Similarly, PKC
activation following bradykinin stimulation sensitises TRPA1 channels to cold stimuli
(Bautista et al., 2006). Mechanical sensitivity induced by NGF, which binds to receptor
tyrosine kinase (TrkA) and neurotrophin receptor p75, is attenuated by inhibitors of PLC,
ERK and PI3K (Malik-Hall et al., 2005). TNFa, acting on TNFR1 causes modulation of
NaV channels via activation of p38 MAPK, facilitating channel opening (Jin et al., 2006).
These studies also highlight the key effector channels in peripheral sensitisation, namely
TRP and NaV channels. Of which TRPV1, TRPA1 and NaV-1.7, -1.8 and -1.9 contribute
significantly to peripheral sensitisation (Amaya et al., 2006; Caterina et al., 2000; del

20



Camino et al., 2010; Kerr et al., 2001; Nassar et al., 2004; Varga et al., 2006). Membrane
channel activity is also altered by lipid membrane components which can be altered by
these intracellular signalling effectors. Hydrolysis of phosphatidylinositol 4,5-bisphospate
(PIP2) by bradykinin- and NGF-induced PLC activation releases TRPV1 from PIP>
mediated inhibition (Chuang et al., 2001).

While the primary role of cytokines in peripheral sensitisation is the potentiation of the
inflammatory response, there is evidence of direct effects. Nociceptors express a variety of
classical immune receptors including those for TNFa and IL-10 (Opree et al., 2000).
Direct sensitisation of nociceptors by TNFa and IL-1f has been reported. TNFa induces
joint sensitivity in the rat knee joint via p38 MAPK, which is associated with increased
excitability of excised DRG neurons (Richter et al., 2010). IL-1 reduces rat nociceptor
thresholds to noxious heat, potentiating accumulation of intracellular calcium (Obreja et
al., 2002). Both TNFa and IL-1f produce mechanical hypersensitivity following
intraplantar injection in mice lasting up to 5 h, in the case of IL-13 however this was via
downstream PG release (Cunha et al., 2005). Further, IL-1[3 is shown to increase

expression of NGF, resulting in increased surface expression of TRPV1 and sensitisation
of NaV channels in rat DRG neurons (Binshtok et al., 2008; Ebbinghaus et al., 2012;
Kanaan et al., 1998; Lindholm et al., 1987).

Upregulation of ion channels TRPV1 and TRPA1 on injured nociceptors is associated with
increased hot and cold sensitivity respectively in neuropathic pain models (Hudson et al.,
2001; Katsura et al., 2006b). Likewise, rat and mouse models of inflammatory pain report
upregulation of NaV1.7 and NaV1.8 in DRG neurons as well as NaV1.3 in the rat and
NaV1.9 in mice (Black et al., 2004; Strickland et al., 2008). Further to ion channels, there
is also upregulation of neurotransmitters, neuropeptides and cytokines (SP, CGRP, BDNF,
TNFa and IL-1) in nociceptors following inflammation and/or nociceptive activity
(Cheng et al., 2008). Upregulation of CGRP, BDNF and P2X3 has also been reported in
uninjured nociceptors following nerve ligation (Fukuoka et al., 2001; Fukuoka et al., 1998;
Tsuzuki et al., 2001) Inflammation and nerve injury also result in both upregulation and

downregulation of MORs respectively (Kohno et al., 2005; Puehler et al., 2004).
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Neurotransmitters released in the periphery act at multiple targets to induce an
inflammatory response and drive neurogenic inflammation. SP and CGRP both act at
vasculature promoting neurogenic inflammation by inducing permeability, oedema and
NO release (Baral et al., 2019). SP targets monocytes and macrophages inducing IL-1p,
IL-6 and TNFa release (Cunin et al., 2011; Lotz et al., 1988). In contrast, CGRP also
induces anti-inflammatory effects including release of IL-10. The overall impact of these
contradictory mechanisms on nociceptive outcomes is yet to be elucidated (Baliu-Pique et
al., 2014; Baral et al., 2019). SP also acts directly at mast cells resulting in degranulation,
releasing numerous nociceptor effector substances including histamine, leukotrienes,

TNFa, tryptases and PG (Baral et al., 2019; Lewin et al., 1994).

Peripheral nerve injury can induce increased firing of the injured nociceptor population or
in the surrounding uninjured nociceptors away from their peripheral terminals, known as
afterdepolarisation or ectopic discharge (Blumberg et al., 1984; Djouhri et al., 2006; Liu et
al., 2002). Not classical nociceptive action potentials, this ectopic firing results from
abnormal membrane excitability at the site of injury. Proposed mechanisms include TNFa
released from Schwann cells, altered activity of potassium and calcium channels,
hyperpolarisation-activated current and Ca?*-activated chloride currents (Hilaire et al.,
2005; Lee et al., 2005a). Like inflammation at peripheral terminals, the resulting
sensitisation results in reduced activation thresholds due to altered membrane surface

molecules and function, upregulation of neurotransmitters, and spontaneous firing.

1.4.4 Neuroimmune interactions — central sensitisation

Central sensitisation is the common mechanism responsible for multiple chronic pain
states, associated with decreased activation thresholds in nociceptive projection neurons
and increased responsiveness, resulting in a state of neuronal excitability within the spinal
cord (Costigan et al., 2009; Grace et al., 2014). This change is mediated by afferents
supplying the region, associated inflammatory responses and changes to descending input
(Campbell et al., 2006). Central sensitisation can be broadly broken down into neural
plasticity which is functional and protective, and neuroimmune components present in
injury or illness, which can induce longer lasting changes leading to pathological pain

states.

22



Neural inputs to the spinal cord can be considered homosynaptic (input from a single
synapse) or heterosynaptic (input from multiple synapses) on the second order neuron
(Latremoliere et al., 2009). Intense, repetitive, sustained high frequency homosynaptic
input such as spontaneous firing following nerve injury results in “wind-up”’; and long-
term potentiation (LTP). Wind-up results in a prolonged response lasting tens of seconds,
while LTP amplifies subsequent stimulations and can last for several hours (Campbell et
al., 2006; Dickenson et al., 1987; Ji et al., 2003; Latremoliere et al., 2009). NMDA
receptors which are usually inactive, become active after sustained glutamate, SP, CGRP
and BDNF release from nociceptors alters the receptor pore. The resulting increased
calcium influx boosts synaptic efficiency and consequently amplifies the signal to produce
this LTP effect (Mayer et al., 1984). Increased calcium influx boosts synaptic efficiency by
activating kinases (PKC, PKA, ERK, Ca**/Calmodulin-dependant protein kinase CaMKII)
which induces changes in NMDA and AMPA activation kinetics and surface expression
(Latremoliere et al., 2009). Long term synaptic changes can result from activation of
transcription factors, upregulating expression of NK1 and TrkB (Latremoliere et al., 2009).
Heterosynaptic input is responsible for interactions between large magnitude C-fibre inputs
and low threshold input from mechanoreceptors (AB-fibres) (Campbell et al., 2006; Ji et
al., 2003). Multiple C-fibre inputs alter the activity of the postsynaptic membrane as
described above, augmenting the response to a secondary synapse. Therefore,
heterosynaptic activity is responsible for secondary hyperalgesia and allodynia, whereas
homosynaptic inputs can only increase responses to noxious input of the same synapse and
contribute to primary hyperalgesia (Latremoliere et al., 2009). In pathological pain this
functional plasticity is augmented by continuous neuroimmune interaction at the

tetrapartite synapse.

The importance of neuroimmune interactions to generation of central sensitisation is
highlighted by the attenuation of neuropathic pain by glial and inflammatory attenuator
propentofylline (Raghavendra et al., 2003). As described above, glial activation following
nerve injury and inflammation results in release of a proinflammatory milieu. TNFa, IL-13
and IL-6 are all implicated in spinal mediated nociceptive alteration correlating with
nociceptive hypersensitivity in numerous injury and inflammatory-induced preclinical pain
models, and chemically-induced pain in clinical models (Arruda et al., 2000; De Leo et al.,

1997; Hutchinson et al., 2013; Peng et al., 2006; Raghavendra et al., 2004; Sweitzer et al.,
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1999). Further highlighting their importance, antagonism of TNFa, IL-1f and IL-6 activity
reverses pain hypersensitivity (Arruda et al., 2000; Milligan et al., 2003; Peng et al., 2006).
It should be noted that centrally administered IL-6 produces both pro- and anti-nociceptive
effects seemingly dependent on the nociceptive stimulation type, complicating our
understanding of its role in nociception (Choi et al., 2003; Flatters et al., 2003). As
mentioned above, p38 MAPK is believed to be a key integrator of multiple stimuli
resulting in cytokine release. Inhibitor of p38 MAPK, CNI-1493, blocks the pro-
inflammatory pain inducing cytokine responses and reverses thermal and mechanical
hypersensitivities (Milligan et al., 2001a; Milligan et al., 2003). Decreased phosphorylation
of p38 MAPK has been directly associated with decreased dorsal horn TNFa expression
and mechanical hypersensitivity (Peng et al., 2006). Inflammatory associated increases in
NGF also facilitate central nociceptive signalling by increasing NMDA receptor activity

(Lewin et al., 1994).

As in the periphery, both glia and neurons express pro-inflammatory cytokine receptors
(Vitkovic et al., 2000). As discussed above this direct activation causes further cytokine
release and proliferation in glia. TNFa application to superficial lumbar spinal cord results
in increased spontaneous firing in WDR neurons (Onda et al., 2002). TNFa induces a
change in membrane conductance by altering calcium channel function, similar
mechanisms have been proposed for changes in neuronal excitability by IL-6 and IL-1[3
(Qiu et al., 1998; van der Goot et al., 1999; Wilkinson et al., 1996). IL-1[3 also induces
central cyclooxygenase-2 (COX-2), important for the production of PG in the SC (Samad
et al., 2001). Centrally, PG facilitates presynaptic neuropeptide release, including SP and
CGRP (Vasko, 1995). Microglial release of TNFa is associated with increased synaptic
glutamate due to its effect on astrocytes. This mechanism involves PG release from
astrocytes, which in an autocrine and paracrine fashion induces glutamate release from self
and surrounding astrocytes. This signal is self-propagating leading to further increases in
TNFa, PG and glutamate resulting in an excited synaptic environment (Bezzi et al., 2001).
Astrocytes further amplify this feedback loop, releasing CXCL12 which binds to astrocyte
and microglial CXCR4 receptors further increasing TNFa, and further increasing
glutamate levels (Bezzi et al., 2001). Bradykinins further augment glutamatergic release
from presynaptic terminals, which appears to depend on TRPA1 mediated calcium influx

(Bautista et al., 2006; Kosugi et al., 2007; Wang et al., 2005). Bradykinins also alter
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AMPA and NMDA receptors at postsynaptic terminals increasing spontaneous currents

(Wang et al., 2005).

A number of factors released from both neuronal and non-neuronal sources can reduce
inhibitory input in the dorsal horn. Downregulation of MORs following nerve injury
results in decreased inhibition by endogenous opioids (Kohno et al., 2005). ATP-induced
microglial BDNF release following nerve injury downregulates potassium chloride co-
transporters (KCC2), altering the ionic gradient and altering GABA receptor function to
induce depolarisation, thus reducing inhibitory and enhancing excitatory tone (Coull et al.,
2005; Coull et al., 2003). Effects on glycinergic inhibition have been observed in an
inflammatory pain model. PG, acting at the PGE2 receptor alters strychnine-sensitive
glycine receptor (GlyR) function in a PKA-dependant mechanism. This results in the
excitatory interneurons and secondary projection neurons which express GlyR becoming
unresponsive to glycinergic input inducing both mechanical and thermal hypersensitivity
(Harvey et al., 2004). Finally, injury-induced apoptosis due to glutamate toxicity in the
dorsal horn results in the loss of GABAergic inhibitory interneurons (Scholz et al., 2005).

Outcomes of central sensitisation therefore depend on the relationship of multiple
excitatory and inhibitory processes which are impacted by neuronal and classically
immune input. Although neural elements of central sensitisation alone account for
relatively short-term hypersensitivity, neuroimmune interaction can lead to long lasting
pathological pain. Despite this knowledge, the key mechanisms for generating and
maintaining an environment of central sensitisation remain elusive and continue to drive

pain research.

1.5 Conclusion

Evidence presented here clearly highlights the importance of neuroimmune interaction in
the alteration of nociceptive signal transmission. The consequences of these interactions
can result in centrally and peripherally mediated alterations in pain sensitivity contributing
to chronic pain. Preclinical pain models typically target either the neuronal mechanism,
evidenced by numerous neurogenic pain models; direct immune stimulation, or unspecific
activation of elements of neuroimmune signalling via nerve injury. The most relevant
options are those models which aim to mimic clinical pathophysiology. One potential

improvement in this space are models which independently, and therefore controllably
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stimulate each of the elements involved in neuroimmune signalling. This will allow further
mechanistic investigation with behavioural outcomes, as well as offer the possibility of
investigating how timing and duration of each signalling modality independently affects
long term nociceptive outcomes. Due to the unreliability of therapeutics to combat chronic
pain; further research into the clinical importance of neuroimmune interactions is required.
This thesis will now provide an investigation into a potentially clinically relevant

neuroimmune interaction between TLR4 and TRPV1.
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Chapter 2: Introducing toll-like receptor 4 and transient receptor potential cation
channel subfamily V member 1

This chapter introduces the clinically relevant neuroimmune interaction between toll-like
receptor 4 (TLR4) and transient receptor potential cation channel subfamily V member 1
(TRPV1). Each receptor is introduced individually in relation to their role in pain, before a
discussion of their functional interaction. Along with the opening chapter, the information
presented will highlight the importance of continued research into the mechanisms and

relevance of the interaction and frame the aims of this thesis.

2.1 Toll-like receptor 4 (TLR4)

TLR4 is a transmembrane innate immune receptor responsible for initiating inflammatory
signal cascades. TLR4 is expressed in multiple tissue types including; respiratory, urinary
and digestive epithelia, endothelial cells, cardiac myocytes, peripheral and central myeloid
cells (e.g. glia, macrophages) and peripheral and central neurons (Buchanan et al., 2010;
Ferraz et al., 2011; Frantz et al., 1999; Ghosh et al., 2015; Helley et al., 2015; Kielian,
2006; Smolinska et al., 2008; Taylor et al., 2004). Activation can occur by interaction with
a number of danger and pathogen associated molecular patterns (DAMPs/PAMPS),
including heat shock proteins (HSPs), yeast cell wall components, protozoan glycolipids
and viral envelope proteins (Lee et al., 2007; Ohara et al., 2013; Ransohoff et al., 2012).
However, the most well-known and widely used agonist is the gram-negative bacterial cell

wall component lipopolysaccharide (LPS) (Poltorak et al., 1998; Shimazu et al., 1999).

2.1.1 Structure

TLR4 consists of an extracellular region containing a leucine rich repeat domain and
intracellular region containing a toll/interluekin-receptor-1 (TIR) domain (Buchanan et al.,
2010; Hashimoto et al., 1988). An extracellular binding partner, myeloid differentiation
factor 2 (MD?2) is required for agonist binding (Shimazu et al., 1999). While co-receptor
CD14 and extracellular LPS binding protein (LBP) act to chaperone LPS to the
TLR4/MD?2 complex; CD14 dramatically increases sensitivity to LPS (Delude et al., 1995;
Janova et al., 2016; Zanoni et al., 2011).

2.1.2  Signal transduction
LPS binding induces dimerisation of the TLR4/MD2 complex, recruiting TIR domain

containing adaptor proteins which interact with the TIR domain of TLR4. Two distinct
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signalling pathways are involved in TLR4 signal transduction, each with separate TIR
containing adaptor proteins. Myeloid differentiation primary response protein 88 (MyD88),
and MyD88-adaptor protein (MAL) (also known as TIR domain-containing adaptor
protein (TIRAP)) associate with TLR4 to initiate the MyD88 dependent pathway, known
as the early phase response (Buchanan et al., 2010; Horng et al., 2002). While TIR
domain-containing adapter inducing IFNf (TRIF) and TRIF-related adaptor molecule
(TRAM) are recruited to induce the late response phase MyD88 independent pathway.
Evidence from a microglial (BV2) cell line suggests initial increases in
phosphatidylinositol 4,5-bisphosphate (PIP,) following LPS promotes TIRAP translocation
to the membrane (Nguyen et al., 2013). Similarly, another study concluded PIP; is key for
facilitating MyD88 interaction with the TLR4 complex by binding and mediating TIRAP
membrane translocation; MyD88 engineered to bind PIP, does not need TIRAP to activate
the MyD88 dependent pathway (Kagan et al., 2006). Activation of the MyD88 dependent
pathway occurs mainly at the plasma membrane, and TLR4 association with
TIRAP/MyD88 induces translocation of transcription factors nuclear factor kappa-light-
chain enhancer of activated B cells (NF-kB) and activator protein 1 (AP-1). Transcription
factor translocation occurs after a chain of kinase activations including, IL-1R-associated
kinases (IRAKs), TNF receptor-associated factor 6 (TRAF6), transforming growth factor
B-activated kinase 1 (TAK1), mitogen activate protein kinases (MAPKs) (JUN N-terminal
kinase (JNK), p38, extracellular signal related kinases (ERKSs)) and the IxB kinase (IKK)
complex (Fig. 2.1). This pathway induces transcription of proinflammatory cytokines and
chemokines including tumour necrosis factor o (TNFa) and CCL2 (Kawai et al., 2007a;
Kielian, 2006; Molteni et al., 2016). In contrast, the MyD88 independent pathway occurs
in the cytoplasm following TLR4/MD?2 internalisation (Buchanan et al., 2010; Tanimura et
al., 2008). This pathway leads to nuclear translocation of transcription factors interferon
regulatory factor 3 (IRF3) and NFkB/AP-1 via TRIF/TRAM activation of TRAF3 and
TRAF6 respectively (Fig. 2.1). IRF3 promotes interferon (IFN)-3 synthesis and further
production of type 1 IFNs which counteract the pro-inflammatory NFxB outcomes
(Buchanan et al., 2010; Kielian, 2006). CD14 is important for modulating responses by
inducing TNFf mediated negative feedback and for TLR4 internalisation following LPS
activation, suggesting it is important for induction of the MyD88 independent pathway
(Zanoni et al., 2011).
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Figure 2.1: TLR4 Signalling Cascade Highlighting MyD88 Dependant and

Independent Pathways. LPS binding involves LBP, CD14, MD-2 and TLR4. Orange and
green proteins represent signalling cascades unique to MyD88 dependant and independent
pathways respectively. Dark blue represents proteins common to both pathways resulting

in nuclear translocation of AP-1 and NFxB.
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In addition to the pathways described above, TLR4 activation induces a host of
intracellular changes which influence the pro-inflammatory outcome. These include
changes in intracellular calcium, expression of microRNAs (miRNAs) and activity of
multiple kinases. LPS binding causes increases in cytosolic calcium in mouse dendritic
cells and DRG neurons, from both intracellular stores and extracellular sources upon
activation of calcium release activated calcium channels (CRAC) (Grobner et al., 2014).
Despite this data some discussion persists around LPS being the true initiator of these
calcium changes (Salter et al., 2009). Nevertheless, it is a phenomenon also observed in
human bladder and mouse lung epithelial cells (Song et al., 2007; Tauseef et al., 2012).
Multiple NFxB dependent miRNAs have been identified following TLR4 activation,
including miR-145, miR-146 and miR-348. miRNA influence at multiple points of the
NF«B signalling cascade negatively regulates the pro-inflammatory response (O'Neill et

al., 2011; Taganov et al., 20006).

TLR4 mediated increases in protein kinase A and C (PKA, PKC), and calcium dependent
increases in phospholipase C (PLC) and phosphoinositide 3-kinase (PI3K) following LPS
have been reported (Cabral et al., 2015; Kim et al., 2015). PI3K is important for activation
of the serine/threonine kinase, Akt, and production of IL-1p, TNFa and macrophage
activating factor-2 (MAF-2) (Ojaniemi et al., 2003). While PLC-induced diacylglycerol
(DAG) increase correlates with rapid NF«B translocation in mouse lung epithelial cells
(Tauseef et al., 2012; Yamamoto et al., 1997). LPS results in calcium dependent activation
of Src kinase associated with production of oxidants in a mouse macrophage (RAW264.7)
cell line (Check et al., 2010). Activation of Src, as well as other members of the Src
tyrosine kinase (STK) family, Fyn and Yes, are reported to last between 5 and 60 min
following LPS administration in human lung microvascular epithelial cells, reversed by
TLR4 small interfering (si)RNA-induced knockdown (Gong et al., 2008). Highlighting
their role in TLR4 outcomes, antagonising STK activity inhibits output of TLR4 induced
pro-inflammatory mediators in human and murine macrophages, including; TNFa., IL-8,
IL-10, CXCL10 and inducible nitric oxide synthase (iNOS) (Lee et al., 2005b; Smolinska
et al., 2008). In this case, cytokine and chemokine outcomes were independent of NFkB
activation and ERK, JNK and p38 phosphorylation, although modulation of AP-1 was
observed, suggesting an effect on the MyD88 independent pathway (Smolinska et al.,
2008). Another STK member, Lyn kinase, is important for phosphorylation of the TIR
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domain and endotoxin induced signalling (Medvedev et al., 2007). Altogether, this
evidence suggests kinase activity is an important regulator of the TLR4 signalling system.
It appears further mechanistic elucidation of kinase activation following TLR4 ligand
binding is necessary due to the varied evidence of TLR4-induced intracellular calcium

elevation.

2.1.3 TLR4 and pain

Change in pain sensitivity is associated with TLR4 activity through a number of
mechanisms, including peripheral and central sensitisation, and direct nociceptor TLR4
activation. Neuronal subsets express TLR4, MD2 and CD14, which can be directly
influenced by TLR4 agonists (Ochoa-Cortes et al., 2010; Tse et al., 2014). In mouse dorsal
root ganglia (DRG) neurons, LPS increases both the generation of action potentials
following electrical stimulation and the expression of IL-1p, TNFa and cyclooxygenase -2
(COX-2) in a MyD88 dependent fashion (Ochoa-Cortes et al., 2010; Tse et al., 2014). LPS
also induces calcium influx in rat trigeminal (TG) and DRG neurons; the number of DRG
neurons responding to LPS increases above 10 ng/mL (Diogenes et al., 2011; Li et al.,
2015). In addition to LPS, HSP70 binding to TLR4 expressing TG neurons is a suggested
mechanism of action for referred tongue pain during tooth pulp inflammation; while
chemotherapy agent paclitaxel increases presynaptic glutamate release, an effect blocked
by TLR4 antagonist LPS-RS in mice spinal cord (SC) slices (Ohara et al., 2013; Yan et al.,
2015).

Indirect effects of TLR4 have been widely reported following systemic and peripheral LPS
administration. Intravenous (i.v.) LPS (4 ng/kg) reduces pain thresholds to electrical,
mechanical and cold stimulation in humans (de Goeij et al., 2013). While lower doses (0.4
ng/kg) produce mechanical visceral hypersensitivity (Benson et al., 2012). Similarly, 0.4
ng/kg i.v. produces peripheral mechanical hypersensitivity which interestingly is
dependent on anatomical location, observed on the back and shoulder, and only observed
at the calf or neck at higher doses (0.8 ng/kg) (Wegner et al., 2014; Wegner et al., 2015).
This opens the interesting possibility of anatomically distinct nociceptive processes
involving TLR4. Similarly, a mouse nerve injury model of orofacial pain produced
widespread TLR4 dependent pain sensitivity at distant sites (hind paw) but not at the

vibrissae pad, again suggesting region specific nociceptive mechanisms (Hu et al., 2017).
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In the clinical examples above, peak pro-inflammatory cytokine levels (IL-6, IL-8, IL-10,
TNFa) occurred between one and three hours post LPS, correlating with peak hyperalgesia
at 3 h for all anatomical locations tested (Benson et al., 2015; Wegner et al., 2014).
Peripheral application of between 30 and 300 ng of LPS induces mechanical
hypersensitivity 3 h after intraplantar (i.pl.) injection into the mouse paw. This involves
nociceptor sensitisation by MyD88 dependent increases in IL-13, TNFo and CXCL1 (Calil
et al., 2014). Further, two intraperitoneal (i.p.) (0.2 mg/kg) or intracerebroventricular
(i.c.v.) (0.2 mg) doses of LPS produce a priming effect, whereby the second dose 24 h later
produces increased mechanical and thermal hypersensitivities when compared to the initial
dose (Cahill et al., 1998). Intrathecally (i.t.) applied LPS induces mechanical
hypersensitivities correlated with astrocytic and microglial derived TNFa (Saito et al.,

2010).

TLR4 has been implicated in the development and maintenance of multiple neuropathic
pain models. L.t. delivery of TLR4 antagonists LPS-RS, (+)-naloxone and (+)-naltrexone
reverse mechanical hypersensitivity 14 days following chronic constriction injury (CCI)
for up to 3 h (Hutchinson et al., 2008). Likewise, systemic application of (+)-naloxone
reverses mechanical hypersensitivity for up to 3 h. This attenuation was correlated with
reduction of microglial marker CD11b, but not astrocyte marker GFAP, following
sustained (4 day) delivery of (-)- or (+)-naloxone (Hutchinson et al., 2008). Another study
correlated CCI-induced mechanical hypersensitivity with increased spinal cord and DRG
TLR4 expression (Jurga et al., 2016). Interestingly 3 days of spinal cord stimulation
attenuates CCI-induced TLR4 and NF«B expression, tissue IL-1f, IL-6 and TNFa, and
associated mechanical hypersensitivity (Yuan et al., 2014). Use of peroxisome proliferator-
activated receptor gamma (PPAR-y) antagonist to reverse CCI hypersensitivity is also
correlated with decreased spinal cord IL-13, TNFa and TLR4 mRNA (Jia et al., 2016).
Paclitaxel treatment causes chemotherapy-induced neuropathic pain (CINP) and is
associated with TLR4 activity. TLR4 and MyD88 expression in DRG neurons are
increased at 1- and 7-days , while TRIF is upregulated at 7 days; corresponding with the
observed mechanical hypersensitivity beginning 7 days post paclitaxel administration (L1
et al., 2014). Both LPS and MyD88 antagonists result in attenuation of paclitaxel-induced
mechanical hypersensitivity; although interestingly LPS antagonism results in reduced

DRG MyD88 but not TRIF, suggesting an alternative source. Interestingly, increased
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TLR4 expression has been observed from days 1 to 21 following paclitaxel administration
in typically late responding astrocytes, but not microglia (Li et al., 2014). Finally, TLR4
signalling is also implicated in joint inflammation associated hyperalgesia, diabetic
neuropathy, opioid-induced hyperalgesia, postoperative pain, bone cancer pain, and
migraine models (Aguado et al., 2018; Chen et al., 2017a; Guerrero et al., 2016; Lan et al.,
2010; Su et al., 2018; Xing et al., 2018).

In addition to the activation of peripheral immune mechanisms, centrally activated glia
play an important role in the action of TLR4 at the spinal cord level. Briefly mentioned
above, upregulation of microglia and astrocyte TLR4 levels in paclitaxel CINP and CCI
correlate with observed mechanical hypersensitivity (Bettoni et al., 2008; Li et al., 2014;
Tanga et al., 2005). Further, paclitaxel-induced CINP reduces surface expression of glial
transporters, glial glutamate transporter 1 (GLT1) and glutamate aspartate transporter
(GLAST) on astrocytes, effects which are reversed by LPS-RS (Yan et al., 2015).
Knockdown of TLR4 by i.t. siRNA administration reduced microglial activation and
development of bone cancer pain (Lan et al., 2010). While a spinal nerve transection pain
model shows that microglial and astrocyte activation markers are significantly reduced in
TLR4 knockout animals compared to wildtype, correlating with attenuation of mechanical
and thermal hypersensitivity (Tanga et al., 2005). Finally, in a skin and muscle incision
pain model, TLR4 upregulation in astrocytes and microglia at 10 days, correlates with peak
mechanical hypersensitivity (Sun et al., 2015b). It is evident that the action of TLR4,
whether indirect by the action of pro-inflammatory signalling, or direct binding of neuronal

TLRA4, is influential to preclinical and clinical nociceptive outcomes.

2.2 Transient receptor potential cation channel subfamily V member 1 (TRPV1)
TRPV1 is a non-selective cation channel belonging to transient receptor potential (TRP)
channel family and vanilloid subfamily (Zheng, 2013). The receptor was first classified in
1997 by Caterina and colleagues as vanilloid receptor 1 (VR1), a receptor for capsaicin,
the pungent ingredient of chilli peppers, and resiniferatoxin (RTX), an ultrapotent
capsaicin analogue from Euphorbia plants (Moroccan cactus) (Caterina et al., 1997,
Szallasi et al., 1989). Initial cloning of the receptor also revealed it was activated by heat

and modulated by protons (Caterina et al., 1997).
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TRPV1 is found on numerous cell types including; keratinocytes, cardiomyocytes, oral and
gastric epithelium, mast cells, thymocytes, T-cells, fibroblasts, pancreatic islet cells,
hepatocytes, lung epithelium, urothelial cells, male germ cells, microglia and peripheral
and central neurons (Akiba et al., 2004; Amantini et al., 2004; Bertin et al., 2014; Birder et
al., 2001; Biro et al., 1998; Denda et al., 2001; Dvorakova et al., 2001; Jang et al., 2012;
Kato et al., 2003; Kido et al., 2003; Lowin et al., 2015; Mezey et al., 2000; Mizrak et al.,
2008; Wadachi et al., 2006). We will be focussing on TRPV1 effects related to pain and
nociceptive processing. Compared to other tissue types mentioned, TRPV1 is abundant on
primary afferent neurons as seen by expression in dorsal, trigeminal and nodose ganglia;
where it is expressed on small diameter C-fibres and medium diameter Ad-fibres
responsible for detection and transduction of nociceptive stimuli (Brito et al., 2014; Jang et
al., 2012; Kunert-Keil et al., 2006; Szallasi et al., 2007). Within the CNS, TRPV1 is
expressed in the SC dorsal horn, hypothalamus, hippocampus and cortex (Mezey et al.,

2000).

2.2.1 Structure

The TRPV1 channel is a homo-tetramer with an internal pore consisting of an external
selectivity filter and a lower gate (Cao et al., 2013). Each monomer consists of an
intracellular TRP domain at the C-terminal end, 6 transmembrane domains and an
intracellular ankyrin repeat segment at the N-terminal end. A pore forming loop is present
between transmembrane domains 5 and 6, forming part of the pore and influencing
selectivity (Liao et al., 2013; Nilius et al., 2007). Channel opening threshold is altered by
changes in phosphorylation state and the availability and/or activity of potentiating or

negative regulators which will be discussed in detail below.

2.2.2 TRPVI in pain literature

Activation of TRPV1 is widely used to study pain physiology and analgesic efficacy. In
this respect TRPV1 provides an interesting juxtaposition, where activation results in
spontaneous pain and extended hypersensitivity or analgesia, depending on dose and
duration of stimulation (Holzer, 1991; Laird et al., 2001a; Menendez et al., 2004; Rashid et
al., 2003a; Sakurada et al., 1992). The importance of TRPV1 in the generation of thermal
hypersensitivity has been highlighted in multiple knockout models, while sensitivity to

mechanical stimulation is also observed following channel activation (Caterina et al., 2000;
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Cavanaugh et al., 2009; Davis et al., 2000; Ren et al., 1994). Further, centrally and
peripherally acting TRPV1 antagonist AS1928370 attenuates spontaneous capsaicin-
induced pain and mechanical hypersensitivity associated with spinal nerve ligation (SNL),
highlighting the role of TRPV1 in physiological and pathological pain (Watabiki et al.,
2011).

The importance of TRPV1 in pathological pain is highlighted in numerous preclinical pain
models. TRPV1 is upregulated in CFA-induced inflammatory pain, opioid-induced
hyperalgesia, dextran sulfate sodium-induced colitis, CFA-induced orofacial pain and
spinal cord injury (SCI) (Amaya et al., 2003; Lapointe et al., 2015; Vardanyan et al., 2009;
Watase et al., 2018; Wu et al., 2013). In contrast, total numbers of TRPV1 expressing
neurons remain unchanged or decrease following CCI (Malek et al., 2014; Malek et al.,
2015). Blockade of TRPV1 in CFA-induced orofacial pain leads to attenuation of head
withdrawal thresholds to mechanical and thermal stimuli (Watase et al., 2018). Likewise,
blocking TRPV1 in a model of orthodontic pain reduced expression and mouth wiping
behaviour (Gao et al., 2016). While TRPV1 antagonists attenuate mechanical
hypersensitivity in a paclitaxel CINP model (Li et al., 2015). Centrally, TRPV1
upregulation has been observed in mouse prelimbic and infralimbic structures following
spinal nerve injury (SNI), with antagonism of TRPV1 at these sites resulting in attenuation
of mechanical hypersensitivity (Giordano et al., 2012). While centrally administered
TRPV1 antagonists block postsynaptic TRPV1 activity and attenuate mechanical
allodynia, suggesting TRPV1 is an important element in the disinhibition of SC
GABAergic inhibitory interneurons (Kim et al., 2012).

Clinically, TRPV1 activation by capsaicin is potentiated in patients with unilateral sciatica
and rheumatoid arthritis, consistent with upregulation observed in preclinical studies
(Shenker et al., 2008; Sumracki et al., 2012). TRPV1 upregulation is also observed in
human tissues from irritable bowel syndrome patients (Akbar et al., 2008). There is
abundant literature to suggest TRPV1 plays a significant role in both physiological and
pathological pain. Characterising the key mechanisms with which TRPV1 contributes to

pathological pain would represent an important step in pathological pain research.
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2.2.3  Activation and agonists

In addition to capsaicin and RTX, direct activation is possible via natural exogenous
agonists including; inhibitor cystine knot peptides (component of spider venom), piperine
(component of black pepper), eugenol (component of clove oil), gingerols, shogaols,
zingerone (components of ginger) and camphor (component of camphor trees) (Table 2.1)
(Iwasaki et al., 2006; Liu et al., 1996; Siemens et al., 2006; Yang et al., 2003). Direct
activation can occur by a number of endogenous ligands, including: polyamines (e.g.
spermine) and lipid compounds comprising biogenic amines (including endocannabinoids
anandamide (AEA) and N-arachidonoyl dopamine (NADA)), oxygenated eicosatetraenoic
acids (e.g. oleoylethanolamide (OEA)) and lipoxygenase products (e.g. 12-(S)-
hydroperoxyeicosatetraenoic acid (12-(S)-HPETE)) (Table 2.1) (Ahern, 2003; Ahern et al.,
2006; Brito et al., 2014; Hwang et al., 2000; Toth et al., 2003; Vriens et al., 2009; Zygmunt
et al., 1999). While not considered a direct activator, protons can sensitise the channel by
binding directly, allowing the temperature threshold to drop below physiological
temperatures at low enough pH (< 5.6) (Tominaga et al., 1998). Acidification produced by
osteoclast activity in bone cancer models is associated with TRPV1 mediated pain
sensitivity (Ghilardi et al., 2005). Similarly, basic conditions following ammonia
application sensitise the channel, although through unknown mechanisms theorised to
involve deprotonation of key residues (Dhaka et al., 2009). In lieu of direct agonist
binding, TRPV1 activation can result from temperatures above 43°C, however this
threshold can be reduced (sensitised) by proton binding and multiple intracellular pathways

detailed below (Caterina et al., 1997).

Capsaicin is a widely utilised TRPV1 agonist and warrants further introduction. Consisting
of an aromatic ring, amide bond and hydrophobic side chain, capsaicin binds an
intermembrane region between transmembrane domain 3 and 4 (Elokely et al., 2016; Yang
et al., 2015). Capsaicin elicits an initial burning sensation in mammals followed by a
period of increased sensitivity, followed by a period of desensitisation resulting from
depletion of neurotransmitters, calcium-induced cytotoxicity and calcium-induced receptor
desensitisation (Caterina et al., 2001). As a result of its contradictory effects on
nociception, capsaicin has a number of applications from self-defence (pepper spray) to
analgesic agents (Szallasi et al., 1999; Szallasi et al., 2007). Currently, capsaicin is used to
treat multiple pain conditions, including post herpetic neuralgia, diabetic neuropathy,

arthritis and post-surgical pain (Baranidharan et al., 2013; Szallasi et al., 2007). Capsaicin-
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induced pain models are utilised in both clinical and preclinical pain studies due to its
ability to produce observable spontaneous pain behaviours and produce symptoms
associated with both peripheral and central sensitisation (Hutchinson et al., 2013; Kinnman
et al., 1995; Laird et al., 2001a). Measurable sensitisation effects include induction of
primary and secondary hypersensitivities and visible neurogenic flare responses (Aykanat
et al., 2012; Hutchinson et al., 2013; O'Neill et al., 2012; Tominaga et al., 1998; Willis,
2002).

Table 2.1: Naturally occurring TRPV1 agonists

Exogenous

Camphor (Xu et al., 2005)
Capsaicin (Caterina et al., 1997)
Eugenol (Yang et al., 2003)
Gingerol (Dedov et al., 2002)
Inhibitor cystine knot (ICK) peptides (Siemens et al., 2006)
Piperine (McNamara et al., 2005)
Resiniferatoxin (RTX) (Caterina et al., 1997)
Shogaol (Iwasaki et al., 2006)
Zingerone (Witte et al., 2002)
5-(S)-hydroxyeicosatetraenoic acid (5-(S)-HETE) (Hwang et al., 2000)

12-(S)-hydroperoxyeicosatetraenoic acid (12-(S)-HPETE) (Hwang et al., 2000)
15-(S)-hydroperoxyeicosatetraenoic acid (15-(S)-HPETE) (Hwang et al., 2000)

15-(S)-hydroxyeicosatetraenoic acid (15-(S)-HETE) (Hwang et al., 2000)
Anandamide (AEA) (Zygmunt et al., 1999)
Leukotriene B4 (LTB4) (Hwang et al., 2000)
N-arachidonoyldopamine (NADA) (Huang et al., 2002)
Oleoylethanolamide (OEA) (Ahern, 2003)
Spermine (Ahern et al., 2006)




2.2.4 Regulation
As mentioned above, the activity of TRPV1 is altered by multiple phosphorylation events.
Below the key extracellular mediators and intracellular contributors to phosphorylation are

discussed.

2.2.4.1 Kinases

Kinase activity induced by inflammatory mediators and/or calcium influx are a key
contributing factor of TRPV1 activation and therefore nociceptive outcomes. PKC, PKA
and Ca**-calmodulin dependant kinase IT (CaMKII) phosphorylate key sites resulting in
receptor activation and sensitisation. PKC and CaMKII mediate receptor function by
phosphorylating key serine (S502, S800) and threonine (T704) residues (Bhave et al.,
2003; Numazaki et al., 2002). Mutation of S800 alone results in attenuation of capsaicin-
induced spontaneous pain and inflammatory muscle pain (Joseph et al., 2019). While S502
and T704 phosphorylation by CaMKII is required for capsaicin binding (Jung et al., 2004).
PKA phosphorylates serine (S502, S116), and threonine (T117, T370) residues (Bhave et
al., 2002; Mohapatra et al., 2003, 2005). Upregulation of PKA, PKC and CaMKII in
TRPV1 positive cells is observed following CCI in rats (Malek et al., 2015). While
downregulation of PKC and PKA and the subsequent effect on TRPV1 has been associated
with the analgesic effect of electroacupuncture (Yang et al., 2017). Scaffolding protein A-
kinase anchoring protein 150 (AKAP150) in rodents (human orthologue AKAP79) is
crucial to the function of PKA and PKC (Faux et al., 1997, Jeske et al., 2008; Jeske et al.,
2009; Zhang et al., 2008). Src kinase similarly acts to lower activation threshold by
phosphorylation of tyrosine residue Y200 (Jin et al., 2004; Zhang et al., 2005). In addition
to phosphorylation, kinase activity is associated with increased TRPV1 activity by
mediating translocation of the receptor to the cell membrane. PKC is associated with
increased TRPV1 surface expression by promoting SNARE-mediated exocytosis
(Morenilla-Palao et al., 2004). While forskolin induced cyclic adenosine monophosphate
(cAMP)-dependant PKA activity has been associated with rapid cell membrane insertion
of TRPV1, although further mechanistic analysis of this pathway is required (Vetter et al.,
2008).

Dephosphorylation of the aforementioned TRPV1 residues is associated with decreased
TRPV1 activity known as receptor desensitisation. Short term, desensitisation can be

categorised as either acute desensitisation, resulting in reduced response due to prolonged
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agonist exposure; and tachyphylaxis, a reduction in response to repeated agonist
applications (Vyklicky et al., 2008). Literature suggests these responses result from the
balance between numerous phosphorylation and dephosphorylation events induced by
calcium. Highly phosphorylated in its resting state; decreased phosphorylation of TRPV1
is observed following capsaicin application (Bhave et al., 2002). Highlighting the role of
calcium-induced desensitisation, solutions replacing calcium with barium do not result in
desensitisation of TRPV1 following capsaicin exposure. Interestingly, piperine agonism
does result in desensitisation under these conditions, suggesting alternate mechanisms
depending on agonist binding site (Gunthorpe et al., 2000; McNamara et al., 2005).
Following from this, direct calcium application alone reduces capsaicin-induced current,
the same effect is not seen following direct magnesium application (Rosenbaum et al.,
2004). Calcium dependant messenger protein Calmodulin (CaM) binds two sites on the
TRPV1 monomer, an N-terminal and a C-terminal region, both of which are important to
channel desensitisation (Numazaki et al., 2003; Rosenbaum et al., 2004). In low
intracellular calcium conditions, CaM in a calcium independent fashion binds at the C-
terminal site, however ATP outcompetes CaM for the N-terminal ankyrin repeat domain
(Lishko et al., 2007; Vyklicky et al., 2008). Due to increased intracellular calcium (such as
following TRPV1 activation), CaM activity is altered, leading to binding both N and C-
terminal sections, altering receptor configuration, resulting in desensitisation (Lishko et al.,
2007; Vyklicky et al., 2008). Fluorescence resonance energy transfer (FRET) shows CaM
also interferes with the association of AKAP150 and TRPV1. CaM mediated disruption
AKAP150/TRPV1 interaction is associated with decreased capsaicin-induced calcium
accumulation in Chinese hamster ovary cells (Chaudhury et al., 2011). Another regulator
of desensitisation is the calcium and CaM dependent protein phosphatase 2b (calcineurin),
which produces acute desensitisation and tachyphylaxis of TRPV1 (Jung et al., 2004;
Mohapatra et al., 2005). Calcineurin desensitisation is hypothesised to depend on relative
levels of calcineurin dephosphorylation and PKA and CaMKII phosphorylation events
(Jung et al., 2004; Mohapatra et al., 2005). In addition to phosphorylation events, Fas-
associated factor 1 (FAF1), co-expressed on primary afferents and associated by physical
interaction, attenuates TRPV1 responses to acids, thermal and chemical stimuli (Kim et al.,
2006). Longer lasting desensitisation results from receptor internalisation and degradation
as observed following extended capsaicin application in TRPV1 expressing HEK293FT
cells and DRG neurons. This action is mediated by calcium dependent PKA

phosphorylation of S116 and a clathrin mediated endocytosis pathway (Sanz-Salvador et
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al., 2012). The kinases mentioned above are activated by multiple inflammatory mediators

which are discussed individually below.

2.2.4.2 Lipids

Lipid regulation of TRPV1 function is controversial due to the contrasting in vitro
literature which centres around the role of PIP,. Evidence suggesting that PIP; interactions
are inhibitory, report calcium dependent activation of PLC and subsequent hydrolysis of
PIP; into inositol triphosphate and DAG, releases TRPV1 from lipid mediated inhibition.
This results in potentiation of TRPV1 responses to low pH, capsaicin and heat (Chuang et
al., 2001; Prescott et al., 2003). In contrast, multiple studies in HEK393 cells and primary
DRG neurons report that PIP; is required for channel sensitisation, and is an important
component of recovery of channel function following desensitisation (Klein et al., 2008;
Stein et al., 2006; Sun et al., 2015a; Ufret-Vincenty et al., 2015; Yao et al., 2009). This
mechanism also involves PIP; hydrolysis by calcium dependent PLC action, resulting in
the breakdown of an interaction between the proximal C-terminal region of TRPV1 and
PIP>. This PIP2/TRPV1 separation prevents the desensitising binding action of calmodulin
(CaM) to both C- and N-terminal domains (Kwon et al., 2007; Lishko et al., 2007).
Similarly to the CaM mechanism discussed above, ATP is critical to re-sensitisation,
responsible for PIP> resynthesis by phosphatidylinositol-4-kinase activity (Liu et al., 2005).
One study reports both an inhibitory and sensitising effect of PIP> based on the
concentration of capsaicin administered. In this case the authors suggest any inhibitory
effect is likely to be indirect due failure to observe the inhibition in excised patches
(Lukacs et al., 2007). Membrane protein phosphoinositide interacting regulator of TRP
(Pirt) has been proposed as an important competent of PIP> regulation. Pirt is associated
with both the C-terminus of TRPV1 and PIP,, and is a critical component of PIP> mediated
enhancement of heat- and capsaicin-induced currents in DRG neurons (Kim et al., 2008).
Although the weight of evidence points to PIP; sensitisation of TRPV 1, more study is
required to understand the conditions in which multiple studies have reported an inhibitory

effect.

2.2.4.3 Prostaglandins

Binding of prostaglandin E> (PGE:) and I» (PI,) to their respective receptor’s EP and IP,
reduce the temperature threshold of TRPV1 to below physiological temperature. This
effect is PKC and PKA mediated depending on the receptor type activated (Moriyama et
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al., 2005). Disruption of AKAP79/150 following EP or IP activation abolishes
prostaglandin sensitisation effects on TRPV1, highlighting the importance of PKA/PKC
activity (Zhang et al., 2008). TRPV sensitisation by PGE is responsible for increased

spontaneous pain in a model of chemotherapy-induced mucositis (Yamaguchi et al., 2016).

2.2.4.4 Nerve growth factor (NGF) and bradykinin

Highlighting their importance to nociceptive transmission, both bradykinin and NGF
produce thermal hypersensitivity following intraplantar injection (Chuang et al., 2001).
NGEF activation results in potentiation of TRPV1 responses to capsaicin stimulation
through multiple mechanisms. The major mechanism is activation of a PI3K/PKCd/Src
kinase mediated phosphorylation (Zhang et al., 2005). PI3K associates with TRPV1,
forming a complex with TrkA (NGF receptor), which once activated by NGF results in
PIP> phosphorylation to PIP3;, promoting TRPV trafficking to the cell membrane (Stein et
al., 2006; Stratiievska et al., 2018). Another sensitisation pathway, common to both NGF
and bradykinin activation involves PLC and PKCg activity, resulting in receptor
phosphorylation (Cesare et al., 1999; Zhang et al., 2005). This same pathway is implicated
in the PIP> hydrolysis scenarios mentioned above. Therefore, continued TrkA activation
inhibits recovery of the desensitised channel (Liu et al., 2005). Finally, an NGF-induced
PI3K/ERK pathway is also implicated in capsaicin-induced thermal sensitivity (Zhuang et
al., 2004).

2.2.4.5 Serotonin and dopamine

Serotonin (5-HT) is implicated in the sensitisation of TRPV1 following visceral capsaicin
administration by promoting CaMKII activity (Qin et al., 2010). This is corroborated by
work in TG neurons reporting 5-HT increases capsaicin-induced calcium accumulation and
CGREP release, attenuated by targeting peripheral 5-HT receptors (Loyd et al., 2011). In
contrast, dopamine is associated with reduced TRPV1 current induced by capsaicin.
Inward current is attenuated by inhibition of CaMKII, but not PKC or PKA (Chakraborty
etal., 2015).

2.2.4.6 Opioids
Activation of pu- and d-opioid receptors (MOR, DOR) have been linked with TRPV1

sensitisation via recruitment of scaffolding protein -arrestin 2. Coimmunoprecipitation
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reveals an interaction between TRPV1 and [-arrestin 2 in rat TG neurons, while siRNA
knockdown potentiates and reduces desensitisation to capsaicin by modulating PKA
phosphorylation (Por et al., 2012). Activation of MOP with DAMGO and morphine in TG
neurons results in B-arrestin 2 recruitment and dissociation from TRPV 1. This is associated
with potentiated capsaicin responses and TRPV1 dependent thermal hypersensitivities
following chronic DAMGO and morphine exposure (Rowan et al., 2014a; Vardanyan et
al., 2009). Interestingly, DOP agonist SNC80 produced comparable results in rats but not
mice, suggesting species specific effects (Rowan et al., 2014b). In contrast, short term
morphine administration potentiates capsaicin-induced TRPV1 desensitisation (Endres-
Becker et al., 2007; Shaqura et al., 2014). Centrally, TRPV1 and MOP interaction has been
reported in the rostroventral medulla (RVM), simultaneous activation resulting in reduced

ON-cell tone, inhibited by both TRPV1 and MOP antagonists (Maione et al., 2009).

2.2.4.7 Cytokines

Cytokines are responsible for activating kinase pathways leading to upregulation and
sensitisation of TRPV1 attributed to increases in pain sensitivity. IL-6 induces
upregulation of TRPV1, as well as activation of the Janus activated kinase (JAK)/PI3K
signalling pathway and subsequent receptor sensitisation, associated with mechanical
hypersensitivity in a bone cancer pain model (Fang et al., 2015). IL-1f is also associated
with upregulation of TRPV1 in arthritis pain models, correlating with increased thermal
hypersensitivity (Ebbinghaus et al., 2012). TRPV1 dependent thermal hypersensitivity
resulting from increased IL-1f is associated with prostaglandin and PKC activity (Russell
et al., 2009). Similarly, TNFa results in TRPV1 upregulation in cultured DRG neurons in
an ERK dependent mechanism (Hensellek et al., 2007). A TNFa-induced upregulation of
TRPV1 expression is found in CINP models, thermal and mechanical hypersensitivity are
attenuated by both TRPV1 and TNFa inhibitors (Wang et al., 2018). Interestingly,
blockade of TRPV1 in orthodontic pain models results in reduced IL-1f3 secretions in
gingival fluid, highlighting the role of TRPV1 in peripheral immune activation (Gao et al.,
2016).

2.2.4.8 Other

Activation of numerous other receptor types also influence TRPV1 thresholds. Purinergic

P2Y receptor activation by ATP results in reduction of temperature threshold in both
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HEK293FT cells and rat DRG neurons, dependent on PKC activation (Kress et al., 1999;
Tominaga et al., 2001). Protease-activated receptor 2 (PAR2), co expressed with TRPV1 in
rat DRG neurons also causes PKC dependent sensitivity changes. Increasing responses to
protons, capsaicin and reducing temperature threshold upon stimulation in TRPV1/PAR2
co-expressing HEK293FT cells (Dai et al., 2004). Similarly, activation of prokineticin
receptors (PKR1, PKR2), sensitises thermal hypersensitivity and potentiates capsaicin

responses (Negri et al., 2006).

2.3 TLR4/TRPVI1 interaction

Potentiation of capsaicin responses following immune activation was discovered prior to
the capsaicin receptor itself. Rat vagus nerve exposed to LPS for 5 h showed potentiated
capsaicin-induced calcitonin gene related peptide (CGRP) content, correlating with
increased capsaicin-induced CGRP release from excised trachea. Interestingly this effect
was not observed following a 2 h LPS treatment and was blocked by IL-1f3 and COX
inhibitors (Hua et al., 1996). The timing and effect of antagonising pro-inflammatory
mediators suggests an indirect relationship of LPS on capsaicin effects. In a study
investigating headache mechanism, systematic LPS decreased the incidence of a multitude
of intracisternal capsaicin-induced immobilisation behaviours, which did not correlate with
increased neuronal activation marker, c-Fos (Kemper et al., 1998). This data suggests the
potentiated behavioural effects are not related to changes in c-Fos and that the output of
capsaicin sensitive neurons was increased by LPS. As above, a 5 h LPS incubation was
required to observe these changes, suggesting an indirect effect resulting from LPS
stimulation (Kemper et al., 1998). Following discovery and characterisation of TLR4 and
TRPV1, these studies lead to the exploration of a potential functional interaction between
the two receptors. Functional TLR/TRP relationships have been proposed for other
receptor types. TLR4 activation indirectly results in activation of transient receptor
potential cation channel subfamily C member 6 (TRPC6) due to LPS-induced DAG
production (Tauseef et al., 2012).

While the above examples suggest indirect, immune sensitisation and kinase activation

events, the possibility of direct TRP and TLR interactions have previously been observed.

Coimmunoprecipitation reveals an interaction between TLR7 and TRPA1, enhanced by
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TLR7 and TRPA1 agonist miRNA lethal-7 (let-7b). Further, TLR7 and TRPA1 are
colocalised in mouse DRG neurons (Park et al., 2014). This interaction induces functional
consequences; let-7b activated TRPA1 mediated inward currents are enhanced by co-
expression of TLR7 in HEK293FT cells. This potentiation is unaffected by blocking
common intracellular mediators (PKA, PKC, PLC) and TRPAI1 currents are reduced in
TLR7 deficient DRG neurons (Park et al., 2014). Taken together, this data suggests a
functional relationship between TLR7 and TRPA1, although further studies are required to
ascertain a potential direct protein-protein interaction. Investigation of a TLR4/TRPV1
relationship in vitro and in vivo has attempted to clarify the nature of a potential interaction

with mixed results.

2.3.1 Nociception - TLR4/TRPV 1 in vitro

In vitro studies reveal expression of TLR4 in TLR4/TRPV1 co-expression systems is
capable of modulating TRPV1 activity. Expression of TLR4 with TRPV1 in HEK293FT
cells increases the amplitude of capsaicin responses and magnitude of calcium
accumulation (Min et al., 2014). This mechanism is postulated to involve direct
interactions between TRPV1 and the TIR domain of TLR4. An interaction which prevents
internalisation and desensitisation of TRPV1 (Min et al., 2018). Contradicting this finding,
evidence shows TRPV1 desensitisation to a second capsaicin stimulation in TLR4/TRPV 1
co-expressed HEK293FT cells, a phenomenon not observed in cells expressing TRPV1
only (Li et al., 2015). It should be noted that this study introduced the whole TLR4
receptor complex, including MD2 and CD14, which were not co-expressed in the studies
mentioned above. The same paper reported that short LPS (15 min, 10 ng/mL) exposure
potentiated inward currents in HEK293FT cells co-expressing TLR4 and TRPV1, as well
as the chemotherapy and TLR4 stimulating agent paclitaxel (Li et al., 2015). Therefore, in

engineered overexpression systems, the presence of TLR4 potentiates TRPV1 responses.

Multiple studies investigating primary cultures have shown that TLR4 activation is able to
alter the function of TRPV1. A 15 min LPS stimulation of rat trigeminal neurons produces
potentiation of capsaicin evoked calcium accumulation and CGRP release attenuated by
antagonising TLR4 (Diogenes et al., 2011; Ferraz et al., 2011). These and other studies
reveal co-expression of TLR4 and TRPV1 in rat TG, DRG and human dental pulp and
DRG neurons (Diogenes et al., 2011; Ferraz et al., 2011; Li et al., 2015; Wadachi et al.,
2006; Wu et al., 2019). The short LPS incubation times of these and engineered co-
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expression studies contrasts the previously discussed interaction in rat vagus nerves and
suggests the possibility of a direct receptor interaction as postulated by studies in

HEK?293FT cells.

2.3.2  Pain—TLR4/TRPV1 in vivo

Preclinical pain models have given greater relevance to the in vitro results discussed
above. The chemotherapy agent paclitaxel increases TRPV1 sensitisation in a TLR4
dependant manner in a rat CINP model, as well as excised human and rat DRG neurons (Li
et al., 2015). Similar to the rat TG studies above, increased TRPV 1 mediated calcium
responses in the presence of paclitaxel were attenuated when TLR4 antagonist LPS-RS
was co-administered in DRG culture. Paclitaxel not only induces nociceptor changes, but
spinal changes; ex vivo studies show an increased rate of miniature excitatory postsynaptic
currents (mEPSCs) to a second application of capsaicin following paclitaxel treatment, an
effect blocked by LPS-RS. Although, no changes in spontaneous EPSCs (sEPSCs) were
observed suggesting the paclitaxel effect was on pre-, not post-synaptic terminals (Li et al.,
2015). In contrast, long term paclitaxel effects on postsynaptic TRPV1 responses were
reported due to increased sSEPSCs 7 days following paclitaxel treatment (Li et al., 2015).
Comparable findings are observed in a 2,4,6-trinitrobenzine sulfate (TNBS)-induced colitis
model. TLR4 knockout results in attenuated TRPV1 expression, consistent with the above
theory that TLR4 prevents internalisation and thus desensitisation of TRPV1 (Wu et al.,
2019). Upregulation of TLR4 in WT mice is associated with increased TRPV1 expression
and visceral hypersensitivity. Excised DRG neurons also revealed that the inflammatory
conditions predictably potentiated capsaicin-induced current, however, responses from
TLR4 knockout animals were significantly attenuated in both TNBS and control animals,
suggesting TLR4 expression alone is responsible for increasing capsaicin responses (Wu et

al., 2019).

Evidence of functional and relevant TLR4/TRPV1 interaction in humans has been
established in a clinical capsaicin model (Hutchinson et al., 2013). In this case, potentiation
of mechanical allodynia and hyperalgesia was observed at three hours, but not two hours or
directly following intravenous low dose (0.4 ng/kg) LPS. Interestingly this effect was
anatomically variable, observed on the forearm but not the forehead. Further, the timing of
potentiation correlated with peak levels of serum IL-6 (Hutchinson et al., 2013). Therefore,

the mechanisms of action here appears to be one of inflammatory mediated receptor

45



sensation, rather than the rapid changes observed in primary DRG, TG and HEK293FT

cultures.

2.3.3  Outside pain literature

Outside of pain literature, but within the sensory space, there have been increasing
investigations regarding the role of TLR4/TRPV1 interactions in chronic itch. Increases in
TLR4 expression are associated with increased histamine-induced itch. While histamine-
induced calcium currents are potentiated by LPS in DRG neurons of animals with
increased TLR4 expression (Ji et al., 2018). Similarly, histamine-induced calcium signals
are reduced in TLR4-deficient neurons. These results suggest histamine mediated itch is
altered by TLR4’s impact on TRPV1 function (Min et al., 2014). Stroke models have also
investigated the role of TLR4 and TRPV1. TLR2 and -4 are increased around the infarct,
interestingly TRPV1 antagonism both reverses infarct volume and reduced TLR2 and -4
expression. This suggests the possibility that TRPV1 can modulate TLR4 expression
(Hakimizadeh et al., 2017). TRPV1 modulation of TLR4 function has also been observed
in macrophages and salivary gland epithelial cells where capsaicin application attenuates

TLR4 mediated inflammatory responses (Park et al., 2004; Shin et al., 2013).

2.4 Conclusion

Neuroimmune interactions play an important role in pathogenesis of chronic pain and
warrants further investigation to uncover novel therapeutic targets. Improving the
relevance of preclinical models to screen novel targets would be an important step. TLR4
and TRPV1 represent receptor targets which are important in multiple pathological pain
models and neuronal tissues. Further, multiple studies have highlighted a potential
functional interaction whereby TLR4 mediates TRPV1 functional changes. The interaction
involving TLR4 and TRPV1 offers a potential novel neuroimmune mechanism with
clinical relevance in pathological pain states, the nature of this mechanism is the focus of
current research. Further characterisation of the TLR4/TRPV1 interaction is required,
including a greater understanding of mechanisms leading to direct and rapid receptor
sensitisation. Rapid increases in receptor sensitivity are observed following LPS
application, while the presence of TLR4 alone is also proposed to alter channel activity by
direct protein-protein interaction. TLR4 activation by LPS results in increased levels of

multiple kinases (PKC, PKA, PI3K, Src) as well as intracellular calcium, all of which are
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associated with increased TRPV1 activity due to alteration in receptor phosphorylation and
cell membrane expression. Potential direct and rapidly induced TLR4-dependent routes of
TRPV1 sensitisation are presented in Figure 2.2 based on the literature of each receptor
presented above. Investigation of both rapid, and proinflammatory driven sensitisation is
required to understand the potential role in generation and/or maintenance of central
sensitisation and pathological pain. The importance of each receptor to pathological pain
states and central sensitisation suggests the interaction warrants further investigation in this
context. Ultimately, novel mechanisms which influence central sensitisation are potential

drug targets in efforts to improve chronic pain treatment outcomes.
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Figure 2.2: Proposed mechanisms of direct and rapid TLR4 induced TRPV1
sensitisation. (A) Direct interaction proposed between the TIR domain of TLR4 and
TRPV1. (B) LPS-induced increase in enzymatic activity (Src, PKA, PKC, PLC) alters
TRPV1 sensitisation. (C) LPS-induced increase in enzymatic activity (PKC, PKA, PI3K)
results in increased trafficking of TRPV1 to the cell membrane. Green represents actions
resulting in receptor sensitisation; red represents actions resulting in receptor
desensitisation; purple represents actions where evidence exists of both sensitising and

desensitising effects.
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Thesis Aims and Hypotheses

The introductory chapters highlight that further research is required to ascertain the exact
nature of a TLR4/TRPV1 functional interaction. It is clear that sensitisation of the TRPV1
channel occurs through multiple agents induced by inflammation. The timing of
potentiated capsaicin responses in multiple in vivo studies correlates with the induction of
pro-inflammatory responses, suggesting an indirect mechanism of receptor sensitisation.
However, in vitro studies point to a much shorter LPS incubation altering TRPV1 function.
Further, both in vitro and in vivo studies suggest the presence of TLR4 alone, in the
absence of activation, alters TRPV1 function. The nature of this relationship could be any
one of a number of candidates, from physical interaction, alteration of scaffolding proteins,
the fast activation of multiple relevant kinases, or alteration of membrane lipid
composition. Understanding this relationship will help improve our understanding of
neuroimmune interactions important in the generation and maintenance of chronic pain

states.

The aim of the first research chapter is to further investigate mechanisms surrounding the
rapid induction of sensitisation in vitro. This involves creating a TLR4/TRPV1 co-
expression system and assessing TRPV in the presence and absence of TLR4. Further, we
aim to reproduce previously observed short term agonist-induced sensitisation in order to
target multiple intracellular components which are potentially responsible. Based on the
literature presented above, we hypothesise we will see a TLR4 dependent potentiation of
capsaicin-induced intracellular calcium in TLR4/TRPV1 expressing HEK293FT cells. We
then expect agonism of TLR4 with LPS will induce rapid (< 20 min) potentiation of
calcium responses compared to vehicle treated TLR4/TRPV1 expressing cells. Further we
hypothesise that antagonism of TLR4 signalling will inhibit potentiation, as will inhibition
of TRPV1 acting protein kinases (PKA, PKC).

The second major aim relates to understanding the mechanisms underlying LPS-induced
potentiation of capsaicin sensitivity in humans. A significant obstacle in the chronic pain
field is the preclinical to clinical translation and relevance of preclinical pain models. One
exciting possibility, given the clinical endotoxin-capsaicin model, is a unified preclinical,
clinical model. Such a paradigm would offer the unique possibility of studying central
cellular and molecular changes associated with both preclinical and clinical behavioural

outcomes. We aim to reproduce the clinical endotoxin-capsaicin model in a preclinical
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BALB/c mouse model. Following the creation of the model we aim to investigate if key
mechanisms are central or peripheral by targeted TLR4 antagonism. Further we aim to

characterise central glial activity and pro-inflammatory cytokine levels. We hypothesise
that systemic endotoxin will potentiate mechanical hypersensitivity in a BALB/c mouse

model, associated with an inflammatory response and glial activation.

In conjunction with this second aim, we will present a systematic review discussing the use
of capsaicin in pain models. We hope such a review will help inform our decisions and
interpretations of a BALB/c endotoxin-capsaicin model. Likewise, the review will assist
future researchers and inform decisions to help improve the use and relevance of capsaicin

in preclinical pain models.

Achieving these aims will further our understanding of potentially important neuroimmune
interactions, and their role in pain sensitivity. Further, we hope to produce a novel
neuroimmune pain model which targets both immune and neural elements separately to
produce heightened pain sensitivity. This will create a unified clinical and preclinical
model, a unique situation in pain literature. We hypothesis that TLR4 plays a critical role
in TRPV1-induced pain and these investigations will improve understanding of the
TLR4/TRPV1 interaction, it’s importance to pain hypersensitivities, and relevance as a

novel therapeutic target.
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Chapter 3. Activation and antagonism of toll-like receptor 4 signalling potentiates
TRPV1 mediated calcium accumulation in HEK293FT cells.

3.1 Abstract

Interaction between nociceptive signalling and the immune system is becoming
increasingly relevant in the search for novel therapeutics to treat chronic pain. Two
receptor types in particular have been repeatedly implicated in the generation and
maintenance of chronic pain in preclinical models. These are the innate immune receptor,
toll-like receptor 4 (TLR4), and the neuronal ion channel, transient receptor potential
cation channel subfamily V member 1 (TRPV1). Recently, a functional relationship
between these receptors has been reported in clinical and preclinical models. We utilise a
dual overexpression model in HEK293FT cells in an attempt to understand the mechanism
of this interaction. We report potentiated intracellular calcium and altered influx dynamics
in cells expressing both TLR4 and TRPV1 compared to TRPV1 only, including increased
rate of calcium accumulation (p < 0.0001). TLR4 antagonists LPS-RS, (+)-naloxone, 1J
and TAK-242 do not affect calcium influx dynamic but do increase intracellular calcium
accumulation. Likewise, short term (18 min) but not long term (4 h) stimulation of TLR4
with LPS does not affect calcium influx dynamic, but produces increased calcium
accumulation in TLR4/TRPV1 expressing HEK293FT cells. TLR4 is able to alter the
function of the TRPV1 receptor independent of TLR4 signalling events raising the
possibility of a physical protein-protein interaction which alters TRPV1 mediated calcium

influx.

3.2 Introduction

Chronic pain represents a significant worldwide health problem, affecting an estimated
20% of adults globally, with an estimated economic impact in 2010 of between $560 and
635 billion in the United States (Goldberg et al., 2011; Loeser, 2012). Changes in ion
channel sensitivity are associated with increased neural excitability and symptoms of
chronic pain (Gonzalez-Ramirez et al., 2017). Increasing evidence implicates transient
receptor potential cation subfamily V member 1 (TRPV1) in mechanical and thermal
hypersensitivities; as a result, research has focussed on improving understanding

surrounding regulation of TRPV1 function (Caterina et al., 2000; Malek et al., 2015).
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A neural receptor found centrally and peripherally, TRPV1 is activated by endogenous and
exogenous ligands (e.g. anandamide, capsaicin) as well as environmental factors including
temperature and pH (Brito et al., 2014; Caterina et al., 1997; Szallasi et al., 2007).
Sensitisation and/or increased expression of TRPV1 leading to increased neuronal
excitability occurs in the presence of numerous inflammatory mediators including
interleukins (IL-1, IL-6), prostaglandins (PGs), bradykinins, adenosine triphosphate (ATP)
and nerve growth factor (NGF) (Chuang et al., 2001; Fang et al., 2015; Hensellek et al.,
2007; Moriyama et al., 2005; Tominaga et al., 2001; Zhang et al., 2005). Use of knockout
models and expression studies reveal its importance in the maintenance of numerous pain
phenotypes including morphine-induced thermal hyperalgesia, orofacial pain, orthodontic
pain and complete Freund’s adjuvant (CFA)-induced inflammatory pain (Amaya et al.,

2003; Gao et al., 2016; Vardanyan et al., 2009; Watase et al., 2018).

The importance of neuroimmune interactions on neural sensitivity is becoming
increasingly evident; and the role of innate immune toll-like receptors (TLRs) in particular,
which are heavily linked to chronic pain (Lacagnina et al., 2017; Nicotra et al., 2012).
TLR3, 4, 5 and 7 have all been implicated in pain via upregulation in pain models or
presence on primary afferent nociceptors. (Chen et al., 2017b; Lacagnina et al., 2017; Qi et
al., 2011; Shi et al., 2017). The most intensively studied is TLR4, well known for its
detection of gram-negative bacterial cell wall component lipopolysaccharide (LPS). TLR4
antagonists LPS-RS and (+)-naloxone reverse neuropathic pain in rat models, while low
dose LPS produces location-specific hypersensitivities in clinical trials (Hutchinson et al.,
2008; Jurga et al., 2016; Lewis et al., 2012; Wegner et al., 2014). TLR4 has also been
implicated in direct neural activation (Chiu et al., 2013). Unsurprisingly, due to anatomical
proximity and their apparent roles in pain hypersensitivities, a functional relationship

between TLR4 and TRPV1 has been proposed.

LPS potentiates capsaicin-induced neural responses in a number of primary cell and ex
vivo models including rat vagus nerve, dorsal root and trigeminal ganglia (Diogenes et al.,
2011; Ferraz et al., 2011; Hua et al., 1996). Hutchinson et al. revealed the clinical
relevance of a TLR4/TRPV1 interaction, reporting low-dose endotoxin potentiates
mechanical hypersensitivity following intradermal forearm application of capsaicin

(Hutchinson et al., 2013). The timing of potentiation creates questions around the nature of
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the TLR4/TRPV1 interaction. Clinical potentiation and ex vivo vagus nerve studies suggest
an indirect relationship via increased production of proinflammatory mediators (Hua et al.,
1996; Hutchinson et al., 2013). While primary cell and overexpression system studies
suggest potentiation after a much shorter stimulation period (15 min), suggesting a more

direct interaction (Diogenes et al., 2011; Ferraz et al., 2011; Li et al., 2015).

Despite the apparent clinical implications of a TLR4/TRPV1 interaction, the exact nature
of this relationship is yet to be determined. This study aims to further define the functional
relationship between TLR4 and TRPV1 by exploring changes in TRPV1 function in the
presence of TLR4 alone, as well as during agonist and antagonist induced TLR4 signalling

manipulations.

3.3 Methods

3.3.1 Materials

Human TRPV1 cloned into a PcDNA 3.1 D-V5/His6 TOPO mammalian expression vector
was kindly donated by Dr. Christopher Reilly of the University of Utah, USA (Reilly et al.,
2003). Gibco™ Hanks’ Balanced Salt Solution (HBSS) — supplemented with calcium,
magnesium and glucose; phenol red and sodium pyruvate free, purchased from
ThermoFisher (NSW, AUS, cat#: 14025). IM HEPES purchased from Sigma-Aldrich
(NSW, AUS), diluted to 25 mM in HBSS. Lipopolysaccharide (LPS) from Escherichia
coli 0111:B4 purified by phenol extraction purchased from Sigma-Aldrich (Castle Hill,
NSW). (+)-Naloxone and 1J were kindly provided by Dr Kenner Rice (Chemical
Biological Research Branch, National Institute on Drug Abuse and National Institute on
Alcohol Abuse and Alcoholism, National Institutes of Health, Rockville, MD), solubilised
to 10 mM in 100% DMSO. LPS from Rhodobacter sphaeroides (LPS-RS) purchased from
Invivogen (CA, USA), solubilised to 100 pg / mL in 1X PBS. CLI-095 (TAK-242)
purchased from Invivogen (CA, USA), solubilised to 10 uM in 1X PBS. Capsazepine
purchased from Sigma-Aldrich (NSW, AUS) and solubilised to 5 mM in 100% DMSO.
Capsaicin purchased from Sigma-Aldrich (NSW, AUS), solubilised to 50 mM in 100%
DMSO. Viafect™ purchased from Promega (WI, USA). Fluo-4AM purchased from
Thermo Fisher (NSW, AUS), solubilised to 1 mM in 100% DMSO.
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3.3.2 Cell culture

Human embryonic kidney 293-FT (HEK293FT) cells were purchased from Life
Technologies (VIC, AUS), HEK293FT cells stably expressing TLR4 and accessory
proteins (CD14 and MD2) (TLR4 cells) were purchased from InvivoGen (CA, USA).
HEK293FT and TLR4 cell lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 4.5 g/L glucose, (10%) (w/v) fetal bovine serum (FBS), 2
mM L-glutamine, 50 U/ml penicillin and 50 mg/mL streptomycin. TLR4 cell line was
further supplemented with 100 pg/mL normocin, 50 pg/mL hygromycin, and 10 pg/mL

blasticidin as per the manufacturer’s protocol.

3.3.3 TRPV1 transient transfection

Cells were plated in 96 well clear bottom black cell culture plate (plate-based assay) or 8
well ibidi ibiTreat p-Slide 8 well (live-cell assay) 24 h prior to transfection. All cell types
were plated in basic media (antibiotic free DMEM supplemented with 4.5 g/L glucose,
(10%) (w/v) fetal bovine serum (FBS), 2 mM L-glutamine) in a total volume of 200 pL.
HEK293FT and TLR4 cell lines were plated at 25000 and 45000 cells/well respectively.
Transfection was carried out 24 h after plating when cells were 60-80% confluent using
ViaFect™ as per the manufacturer’s protocol. ViaFect™ was used at a ratio of 6:1 (6 uL/1
png DNA), 80 ng of DNA was added to each well. Cells were used for plate based or live

cell calcium assay 24 h post transfection.

3.3.4 Fluo-4AM calcium assay

Supernatant was aspirated and 200 puLL. of HBSS added. 150 pL of supernatant was
removed and replaced with 150 uL, repeated for a total of three washes — all remaining
supernatant was removed during the final wash. 50 uL of 3 uM Fluo-4AM in HBSS + 25
mM HEPES was added to each well and left to incubate in the dark for 45 min at room
temperature (RT). Fluo-4AM was removed and the cells were washed as above. Following
the removal of the last wash step, 90 uL (96 well) or 150 uL (8 well) HBSS + 25 mM
HEPES with/without TLR4 agonist/antagonist or TRPV1 antagonists were added to each

well.
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3.3.4.1 Plate reader

BMG FLUOstar OPTIMA was used for plate-based calcium assays and preheated to 37°C
before all experiments. The plate was added immediately following the addition of 90 pL.
HBSS + 25 mM HEPES and read 18 min after removal of Fluo-4AM to allow appropriate
de-esterification (timing optimised in pilot studies). Fluorescence was measured at 2 s
intervals for 32 s (exc. 485, em. 520) per well with a maximum of 16 wells per run, 10 pL

of capsaicin or vehicle was injected at 5.5 s.

3.3.4.2 Live cell

Olympus FV3000 Confocal and associated FV31S-SW viewer software (Ver2.3) was used
to record live cell calcium flux. Slides were added to the preheated stage (37°C) following
addition of 150 uL HBSS + 25 mM HEPES and allowed to sit for 18 min to allow
appropriate de-esterification prior to the addition of capsaicin. Imaging was initiated, and 5
s later 150 uL of 1 uM capsaicin was administered via PE10 tubing attached to a 30G
needle and 1 mL syringe. Total image time was 40 s per well. ImageJ software (Ver 2.0.0-

rc-69/1.52p) was used to analyse fluorescence changes in responding cells.

3.3.5 Antagonist assays

Capsazepine (10 uM), (+)-naloxone (200 uM), and 1J (10 uM) were applied to cells after
removal of the final wash. TAK-242 (1 uM) and LPS-RS (200 ng/mL) were applied 1 and
3 h respectively, prior to the first HBSS wash and re-applied during the 45 min Fluo-4AM
incubation and following the final wash in HBSS + 25 mM HEPES to ensure total pre-

treatment time of 2 and 4 h respectively.

3.3.6 Endotoxin — capsaicin study

An 18-min LPS pre-treatment; 10, 100 or 1000 ng/mL in HBSS + 25 mM HEPES was
added after the final wash in HBSS + 25 mM HEPES. For the 4 h pre-treatment; 10, 100 or
1000 ng/mL LPS in basic media was added to cells 3 h prior to the first wash and re-
applied during the 45 min Fluo-4AM incubation and after the final wash in HBSS + 25
mM HEPES.
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3.3.7 Assessment of TLR4 function

Transfection of HEK293FT and TLR4 cell lines was performed as above. 24 h following
transfection, supernatant was removed and cells treated with LPS in basic media (100 pL -
100 ng/mL) or vehicle (media only) for 4 h. 80 puL of supernatant was removed, and IL-8
content was measured using an ELISA kit (BD-Bioscience, Cat#555244, USA) according
to the manufacturer’s instructions. Due to the high concentrations of IL-8 in the
supernatant, samples were diluted (1:25) in assay diluent so they did not exceed the

detection limits (samples receiving LPS-RS were the exception (1:2)).

3.3.8 Analysis

GraphPad Prism (Ver 8.2.0) was used to analyse all data. To compare AUC, time to
maximum intensity and linear regression slope between HEK293FT and TLR4 expressing
cell lines, two-way ANOVA with Sidak’s multiple comparisons test was performed. To
compare intensity over time from plate reader experiments two-way ANOVA with
Geisser-Greenhouse correction and Tukey’s multiple comparison test was performed. All
other AUC and ELISA data was analysed by one-way ANOVA with Tukey’s multiple
comparisons test. An unpaired two-tailed t-test was used to compare linear regression slope

between populations following live cell experiments.

3.4 Results

3.4.1 TLR4 alters TRPVI dependent capsaicin responses in HEK293FT cells

Capsaicin induces a sudden TRPV1 dependent increase in Fluo-4AM signal in cells
transfected with TRPV1 (Fig. 3.1A, B). Post hoc analysis following two-way ANOVA
revealed that TLR4 cells have significantly higher AUC at 50 (p <0.05) and 0.5 uM (p <
0.001) compared to HEK293FT cells, no differences are observed at the lower
concentrations tested. Time to maximum fluorescence intensity was significantly reduced
for all concentrations tested (Fig. 3.1D), while the rate of intensity increase calculated by
the slope from baseline to maximum was significantly higher in TLR4 expressing cells at
50 uM (p < 0.0001), 0.5 uM (p < 0.0001), and 50 pM (p < 0.05) but not 50 fM (Fig. 3.1E).
ELISA results confirmed functionality of TLR4 in cells expressing TRPV1 (Fig. 3.1F).
Post hoc analysis revealed LPS-RS significantly attenuated LPS-induced IL-8 responses in
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both TRPV1 and empty vector control transfections (p < 0.0001) (Fig. 3.1F). Interestingly,
the TRPV1 antagonist capsazepine also attenuated the IL-8 response in both TRPV1 (p <
0.0001) and empty vector controls (p < 0.001). No significant difference in IL-8 response
between TRPV1 and empty vector transfected cells was observed (p = 0.81). Together,
these results indicate an altered TRPV1 dependant capsaicin-induced calcium influx

dynamic in the presence of functional TLR4.
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Figure 3.1: TLR4 alters TRPV1 dependent capsaicin responses in HEK293FT cells.
Capsaicin dose response (50 uM, 0.5 uM, 50 pM, 50 fM) in TLR4/TRPV1 (A) and
TRPV1 expressing cells (B) with AUC comparison (C). Comparison of time to peak
fluorescence intensity (D) and rate of intensity increase (E). (F) TLR4 functionality
confirmation in TRPV1 transfected cells by human IL-8 ELISA. n = 4 for calcium assay
studies, n = 5 for ELISA results. Error bars represent SEM, dotted vertical line represents
time of capsaicin injection. * = p < 0.05, ** =p < 0.01, **** = p <(0.0001 for
TLR4/TRPV1 vs TRPV1 expressing cells. #### = p < 0.0001 for LPR-RS + LPS vs LPS
only cytokine response for respective transfections. &&& =p < 0.001, &&&& =p <
0.0001 for CPZ + LPS vs LPS only cytokine response for respective transfections.
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3.4.2 Live cell calcium analysis reveals a population of fast responding TLR4/TRPV1
HEK293FT cells.

Live cell images reveal a rapid increase in calcium accumulation following capsaicin
treatment in TRPV1 and TLR4/TRPV1 expressing cells. The rate of intensity increase
varies within the population (Fig. 3.2). Linear regression of baseline to maximum intensity
revealed a significant difference between the mean slope of TLR4/TRPV1 (5.3 £ 0.5) and
TRPV1 (3.5 £ 0.3) cells (p < 0.001). Distribution of the two populations suggests a

separate population with unique response characteristics may exist within the TLR4

responders (Fig. 3.2C).
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Figure 3.2: Live cell analysis reveals a fast responding population within the
TLR4/TRPV1 cell line. Example recoding of TLR4 (A) and HEK293FT (B) cells
transfected with TRPV1 at baseline, 1, 10 and 40 s following capsaicin administration (500
nM). (C) Violin plot comparing linear regression slope (baseline to max.) of the two
populations of cells showing median, 1 and 3™ quartiles. Representative single cell
fluorescent changes for TLR4/TRPV1 (D) and TRPV1 expressing HEK293FT cells (E). A,
B, D and E represent one trial only. n =5 recordings for violin plot (n =326 & 356
individual capsaicin responders from TLR4/TRPV1 and TRPV1 populations respectively).
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3.4.3 TLR4 antagonists potentiate capsaicin-induced calcium accumulation in
TLR4/TRPV1 expressing HEK293FT cells.

TLR4 antagonists LPS-RS, (+)-naloxone, TAK-242 and 1J were administered to assess the
potential action of TLR4 on TRPV1 function. Two-way ANOVA revealed an effect of
time (F(1.9,28.9) = 2393, p < 0.0001) and interaction (F(0,225) = 2.3, p < 0.0001) but not
treatment (F4, 15) = 2.0, p = 0.15) when capsaicin fluorescence intensity plots were
analysed (Fig. 3.3A). Multiple comparisons revealed no significant differences at all time
points for LPS-RS, TAK-242 and 1J compared to capsaicin only. (+)-Naloxone showed
increased fluorescence intensity at 12 s post capsaicin but at no other time point (Fig.
3.3A). Comparison of AUC analysis by one-way ANOVA revealed that all TLR4
antagonists; LPS-RS (p = 0.012), TAK-242 (p = 0.0017), 1J (p = 0.0025) and (+)-naloxone
(p <0.0001) produced a significant increase compared to vehicle treated cells (Fig. 3.3B).
Unlike all other antagonists, LPS-RS produced a significant intensity increase over vehicle
cells in the absence of capsaicin from 14 s post addition of vehicle until the end of
recording (Fig. 3.3A). This difference was observed in AUC analysis in LPS-RS treated
cells (p = 0.0011), no statistical differences were observed between vehicle treated cells
and all other antagonists tested; (+)-naloxone (p = 0.873), TAK-242 (p = 1.0), 1J (p = 1.0)
(Fig. 3.3B). These results suggest TLR4 antagonist activity increases overall capsaicin-

induced calcium accumulation without altering the influx dynamics.
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Figure 3.3: TLR4 antagonists potentiate capsaicin-induced calcium accumulation in
TLR4/TRPV1 expressing HEK293FT cells. (A) Intensity changes induced by capsaicin
(500 nM) in the presence of TLR4 antagonists LPS-RS (200 ng/mL), (+)-naloxone (200
uM), TAK-242 (10 uM) and 1J (10 uM). (B) AUC analysis of intensity plot in (A). n=5
for capsaicin-vehicle and vehicle-vehicle treated cells, n = 4 for all other groups except
cells administered 1J (n = 3). Error bars represent SEM, dotted vertical line represents time
of capsaicin injection. * = p < 0.05, ** =p < 0.01, *** =p < 0.001, **** =p < 0.0001 for
(+)-naloxone + capsaicin (A) and antagonist + capsaicin (B) vs vehicle + capsaicin treated

cells. # =p < 0.05, ## = p < 0.01for LPR-RS + vehicle vs vehicle + vehicle treated cells.
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3.4.4 Endotoxin potentiates capsaicin-induced calcium accumulation following 18 min
but not 4 h pre-treatment.

Representing the range of LPS doses previously found to potentiate TRPV1 responses; 10,
100 or 1000 ng/mL LPS was administered 18 min or 4 h prior to capsaicin (Ferraz et al.,
2011; Liet al., 2015; Wu et al., 2019). After an 18 min pre-treatment a two-way ANOVA
revealed significant effect of time (F(1.9,232) = 387, p < 0.0001) but not treatment (F3,12) =
1.0, p=0.4) or interaction (Fus,180) = 1.4, p = 0.05) when capsaicin treated data was
analysed (Fig. 3.4A). Two-way ANOVA of cells not treated with capsaicin reveals a
significant effect of time (F.0,24.0)= 119, p < 0.0001), treatment (F3,12) = 6.9, p = 0.006)
and interaction (Fs,180) = 5.9, p <0.0001) (Fig. 3.4A). Post hoc analysis revealed no time
point differences between LPS-capsaicin and vehicle-capsaicin treated cells (Fig. 3.4A).
Significant differences were observed for 1000 ng/mL LPS-vehicle compared to vehicle-
vehicle treated cells from 20 s onwards (Fig. 3.4A). AUC analysis revealed a significant
difference between 1000 ng/mL (p < 0.01) and 100 ng/mL (p < 0.0001) LPS-capsaicin and
vehicle-capsaicin treated cells (Fig. 3.4C). Likewise, compared to vehicle-vehicle treated
cells, AUC analysis revealed significant difference with 1000 ng/ml LPS-vehicle (p <
0.001) and 100 ng/ml LPS-vehicle (p < 0.001) groups (Fig. 3.4C). Following a 4 h pre-
treatment two-way ANOVA revealed significant effect of time (F(1.6,19.7) =353, p <
0.0001). However, no significant effect of treatment (F(,12) = 0.2, p = 0.9) or interaction
(Fs,180) = 0.4, p = 1.0) was found when capsaicin treated data was analysed (Fig. 3.4B).
Two-way ANOVA of cells not treated with capsaicin reveals a significant effect of time
(F2.1,253) =104, p < 0.0001) and interaction (Fs,180) = 1.8, p = 0.004) but not treatment
(F,12)=2.5, p=0.1). Post hoc analysis revealed no time point differences between
vehicle-capsaicin and all LPS-capsaicin groups, or vehicle-vehicle and all LPS-vehicle
groups (Fig. 3.4B). AUC analysis revealed a significant difference between 100 ng/mL
LPS-vehicle and vehicle-vehicle treated cells (p < 0.05) (Fig. 3.4D). Despite this increase,
there were no differences due to LPS treatment in capsaicin treated cells (Fig. 3.4D).
Therefore, the shorter 18 min, but not 4h pre-treatment, resulted in potentiated capsaicin-
induced calcium accumulation. However, LPS alone induced increased calcium
accumulation at the same concentrations (100, 1000 ng/ml) following 18 min pre-

treatment.
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Figure 3.4: Endotoxin potentiates capsaicin-induced calcium accumulation following
18 min but not 4 h pre-treatment in cells expressing TLR4 and TRPV1. Intensity
changes induced by capsaicin (500 nM) pre-treated with LPS for 18 min (A) or 4 h (B).
AUC of intensity plot for 18 min (C) and 4 h (D) pre-treatment. n = 4 for all groups. Error
bars represent SEM, dotted vertical line represents time of capsaicin injection. # = p <
0.05, ## =p < 0.01, for 1000 ng/mL - VEH vs VEH - VEH. * =p <0.05, ** =p <0.01,
Rk = p <0.001, **** =p <0.0001.
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3.5 Discussion

Neural sensitisation resulting in pain hypersensitivity leads to symptoms of chronic pain.
TRPV1 plays an important role in nociception and hypersensitivity; it’s relationship with
immune receptor TLR4 is a potentially important neuroimmune interaction contributing to
receptor sensitisation. Here we show that TLR4/MD2/CD14 (TLR4), co-expressed in
HEK293FT cells with TRPV, alters the dynamics of calcium influx following capsaicin
exposure. The presence of TLR4 increased the rate of calcium accumulation when
compared to un-transfected controls (Fig. 3.1). This agrees with similar studies in
TLR4/TRPV1 expressing HEK293FT cells which showed increased calcium influx when
compared to ionomycin control treatments (Min et al., 2018; Min et al., 2014). In contrast
to these studies, we did not observe a sustained calcium difference for the duration of
recording, although we used a different (non-ratiometric) calcium indicator and a 20-fold
lower capsaicin concentration. It should also be noted that these studies do not mention co-
expressing TLR4 associated CD14 and MD?2. Primary cell patch clamp studies report
similar findings in mouse DRG neurons; TLR4 knockout tissue shows decreased current
density when compared to wild-type (WT) controls (Wu et al., 2019). Itch studies have
postulated increased TRPV1 mediated histamine-induced itch is potentiated in older (75
day) compared to younger (45 day) mice as a result of increased DRG expression of TLR4
(Jietal., 2018). Upregulation of TLR4 in vivo is also associated with increased capsaicin
responses in models of inflammatory pain; paclitaxel-induced neuropathy and TNBS-
induced colitis (Ji et al., 2018; Li et al., 2015; Wu et al., 2019). Our live cell analysis
reveals a fast responding population of TLR4/TRPV1 cells, resulting in significantly
higher calcium accumulation rate following capsaicin when compared to TRPV1
expressing cells (Fig. 3.2). These separate populations potentially explain the fluorescence
ratio slope differences observed between TLR4/TRPV1 and TRPV1 expressing
HEK293FT cells in a plate reader assay.

These unstimulated effects strengthen a proposed direct protein-protein interaction
between TRPV1 and TLR4. The toll-interleukin receptor 1 (TIR) domain of TLR4 has
been proposed as a potential site of interaction. TLR4 mutants without a TIR domain,
expressed with TRPV1, results in decreased capsaicin responses compared to wild-type
TLR4, whose responses resemble TRPV1 only expressing HEK293FT cells (Min et al.,
2018). TIR domain potentiates TRPV1 activity by blocking activation-induced

desensitisation (Min et al., 2018). It is unclear however if the interaction is direct; no
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interaction between TIR domain containing proteins and TRP channels has been
previously reported. While the authors identifying the TIR/TRPV1 interaction
acknowledge unidentified intermediary proteins may be involved in the observed
potentiation of TRPV1 activity (Min et al., 2018). One potential intermediary is
cytoplasmic scaffolding protein A-kinase anchoring protein 79 (AKAP79) (rodent
orthologue AKAP150), which is important to the sensitising effect of protein kinase A and
C (PKA, PKC) on TRPV1 (Faux et al., 1997; Jeske et al., 2008; Jeske et al., 2009; Zhang
et al., 2008). TLR-TRP interactions have been observed previously, co-
immunoprecipitation revealed an interaction between TRPA1 and TLR7 which potentiates
TRPA1 induced inward current, suggesting a physical interaction (Park et al., 2014).
Further research is required to confirm a protein-protein interaction between TLR4 and
TRPV1. Detection of unmodified protein interactions in tissues remains elusive due to the
unreliability of available TLR4 antibodies (McCarthy et al., 2017). Advances in protein-
protein interaction assays such as bioluminescence resonance energy transfer (BRET) have
the potential to improve our understanding using overexpression models (Dimri et al.,

2016).

TLR4 antagonists were applied to identify potential TLR4 signalling effects. Interestingly,
at concentrations which inhibit LPS-induced IL-8 release in TLR4 cells, all antagonists
showed increased calcium accumulation analysed by AUC when compared to vehicle
treated cells (Fig. 3.3). (+)-Naloxone is the opioid inactive stereoisomer of opioid
antagonist (-)-naloxone, and a TLR4 antagonist; its mechanism of action requires further
investigation (Lewis et al., 2012). Like (+)-naloxone, (+)-naltrexone is an opioid inactive
stereoisomer of an opioid antagonist, and TLR4 antagonist. Unsurprisingly its analogue 1J,
modified for increased potency and decreased cytotoxicity, resulted in the same significant
increase as (+)-naloxone (Fig. 3.3) (Selfridge et al., 2015). LPS-RS prevents many
endotoxin sources from interacting with MD-2 (Gaikwad et al., 2015; Kutuzova et al.,
2001). While TAK-242 inhibits the association of TLR4 with adaptor molecules
toll/interleukin-1 receptor domain-containing adaptor protein (TIRAP) or toll/interleukin 1
receptor domain-containing adaptor protein inducing interferon-f-related adaptor molecule
(TRAM) by binding a cysteine residue (C747) in the intracellular TIR domain (Matsunaga
et al., 2011; Shirey et al., 2020). As interfering with this conserved region potentiates,

rather than inhibits capsaicin-induced calcium accumulation, it is unlikely this represents

65



an important residue for a potential protein-protein interaction between TLR4 and TRPV1.
Further, it suggests that TIRAP or TRAM don’t facilitate an interaction. Taken together
these results reveal blocking external and internal signalling components of the TLR4
signalling cascade causes an increase in calcium influx following capsaicin. This is in
contrast to Diogenes et al. who did not report an antagonist effect on capsaicin response,

either calcium accumulation or CGRP release from rat TG neurons (Diogenes et al., 2011).

To further elucidate mechanism, we tested the widely reported endotoxin-capsaicin
paradigm where LPS potentiates TRPV1 dependent calcium responses. Studies using rat
TG and mouse DRG report potentiated capsaicin responses (Ca*? influx, CGRP release and
current density) following 5 and 15 min LPS treatments (Diogenes et al., 2011; Ferraz et
al., 2011; Wu et al., 2019). Importantly, antagonism of TLR4 reversed the effect in rat TG
neurons and the potentiated capsaicin responses were not observed in DRG neurons from
TLR4 knockout mice (Diogenes et al., 2011; Wu et al., 2019). Due to limitations with
calcium detection by Fluo-4AM, we were unable to replicate this timing exactly but
applied capsaicin after an 18 min LPS incubation. We observed potentiation at 1000 and
100 but not 10 ng/mL LPS (Fig. 3.4). In contrast, potentiation of inward current has been
observed after 10 ng/ml LPS over a similar timeframe in TLR4/TRPV1 overexpressing
HEK293FT cells; although the serotype used was not reported in this case (Li et al., 2015).
In the same study, activation of TLR4 by chemotherapeutic agent paclitaxel over the same
time period produced TRPV1 potentiation (Li et al., 2015). This effect is in contrast with
primary cell studies which concluded 20 and 200 ng LPS did not potentiate a response, and
between 2 and 200 pg/mL were required (Diogenes et al., 2011; Ferraz et al., 2011; Wu et
al., 2019). This result is not unexpected given in vitro TLR4 overexpression models are
likely to show greater sensitivity to LPS. Given the low dose of LPS (0.4 ng/kg) which
produced potentiated capsaicin-induced pain behaviours in the clinical model, this data
further strengthens the argument of immune mediator driven rather than direct receptor
interaction causing potentiation in the clinical setting. This in vitro data further supports
the hypothesis that early consequences of TLR4 signalling cause rapid sensitisation of
TRPV1. Together with our antagonist data, we may also suggest that conformational
changes induced by binding at TLR4 can affect TRPV1 function if a protein-protein

interaction is present.
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Potentiation of capsaicin responses caused by longer term LPS stimulation have been
observed in rat ex vivo and behavioural studies (5 hr LPS treatment) as well as clinical
studies (3.5 hr LPS) (Hua et al., 1996; Hutchinson et al., 2013; Kemper et al., 1998).
Interestingly a clinical endotoxin-capsaicin study observed potentiation at 3.5 h but not at
earlier time points (2 h) using a low dose of endotoxin (Hutchinson et al., 2013). In
contrast animal studies required a much higher LPS concentration to observe a potentiated
capsaicin response (Hua et al., 1996; Kemper et al., 1998). Nevertheless, in both cases the
changes were associated with inflammatory cytokines. In humans, the timing of
potentiation correlated with peak IL-6, while blockade of cyclooxygenase-2 (COX-2) and
IL-1p activity reversed potentiation in ex vivo rat trachea (Hua et al., 1996; Hutchinson et
al., 2013). Our in vitro studies were unable to replicate potentiation over a range of LPS
concentrations despite producing a detectable inflammatory response (Fig. 3.1, 4). Despite
the IL-8 increase we observed in our overexpression system, perhaps the gamut of
inflammatory mediators known to sensitise TRPV1 were not present in our homogenous
single cell culture system. While verifying the function of TLR4 in our TLR4/TRPV1
overexpression system, TRPV1 antagonist capsazepine reduced IL-8 output. TRPV1
antagonism with AMG9810 has been shown to decrease TLR2 and TLR4 expression in rat
stroke models suggesting TLR4/TRPV1 relationship is not one-way, potentially explaining
our result (Hakimizadeh et al., 2017). Like TLR4’s impact on TRPV 1, the potential impact
of TRPV1 on TLR4 function requires further investigation.

LPS caused significant increases in calcium accumulation past 20 seconds in vehicle
treated cells after an 18 min pre-treatment at 1000ng/mL, a result also observed following
LPS-RS pre-treatment (Fig. 3.3, 4). While not significant, the same situation is observed
after 4 h of LPS treatment (Fig. 3.4). Increase in baseline calcium levels, a phenomena
previously observed in microglia could potentially explain enhanced neuronal excitability
following LPS treatment (Hoffmann et al., 2003; Tzour et al., 2017). Multiple studies
suggest LPS alone is capable of exciting nociceptive neurons, increasing action potential
generation following long and short term exposure (Diogenes et al., 2011; Ochoa-Cortes et
al., 2010; Tzour et al., 2017). Interestingly the same effects were not observed in cells not
co-expressing TRPV1 (Sup. Fig. 3.1). Similar results have been observed in nodose and
trigeminal ganglion neurons, where calcium influx following LPS treatment are

independent of TLR4 expression and dependant on expression of ion channel TRPA1
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(Meseguer et al., 2014). These increases potentially explain the increased calcium
accumulation observed following capsaicin treatment. However, increased calcium
accumulation in LPS-vehicle treated cells did not correlate with potentiated responses in
LPS-capsaicin treated cells following 4 h pre-treatment. Further investigation is required to

ascertain if these effects are mediated by TRPV1, TLR4 or both in combination.

In the present study we have shown cells expressing TLR4, MD-2 and CD14 have altered
TRPV1 mediated calcium influx dynamic following stimulation with capsaicin. Antagonist
investigation reveals the effect is unlikely to be connected to TLR4 signalling. We were
able to observe a potentiated capsaicin induced calcium accumulation following short term
administration of LPS at 1000 and 100 ng/mL but not following a longer-term
administration as previously observed in primary cell lines. More investigation into a
potential physical interaction between the receptors is required to fully understand this
mechanism. Both a potential physical interaction and secondary effect of TLR4 signalling
on TRPV1 function play a role in neuronal hypersensitivity, and further insight could

improve our understanding of crucial elements underlying pain hypersensitivities.
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3.6 Supplementary figures
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Supplementary Figure 3.1: Endotoxin effects on intracellular calcium in TLR4
expressing HEK293FT cells are observed following short, but not long term
incubations. Intensity changes induced by capsaicin (500 nM) pre-treated with LPS for 18
min (A) or 4 h (B). AUC of intensity plot for 18 min (C) and 4 h (D) pre-treatment. n = 4
for all groups. Error bars represent SEM, dotted vertical line represents time of capsaicin

injection. * =p < 0.05, *** =p <0.001.
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The next section of this thesis will relate to our second aim and focus on the generation of
a preclinical endotoxin-capsaicin model. The first chapter confirmed a functional
relationship between the two targeted receptors. Taking into account chapter 3 and
previous studies we will look to incorporate a second, shorter time point. We begin the
development of an endotoxin-capsaicin model by delivering a literature review analysing
the use of capsaicin in preclinical animal models utilising behavioural assessment. The
review began as a means of understanding the best approach to back-translate the clinical
model into a rodent model. As a consequence, we have been able to analyse the capsaicin
literature, providing a valuable resource for future researchers utilising capsaicin-induced

behavioural pain assessment.

Chapter 4. Review: The use of capsaicin as a pro-nociceptive stimulus in animal pain

models utilising behavioural assessment

4.1 Abstract

Animal models of pain have been instrumental in advancing our understanding of pain
mechanisms. However, translating this understanding into positive clinical outcomes has
been lacking, with pain remaining a significant worldwide burden. As a result, researchers
are having to re-evaluate their use of animal models in pain research, aiming to improve
clinical relevance and improve therapeutic options. One commonly used model of pain is
the application of capsaicin, the pungent ingredient of chilli peppers. Capsaicin directly
activates neurons by activating transient receptor potential cation channel subfamily V
member 1 (TRPV1), resulting in burning pain and sensitivity to numerous stimuli. This
review analyses capsaicin use as a pro-nociceptive stimulus in pain literature, reporting on
its current and historical use. We report species and sex used, routes of administration,
associated behavioural testing, range of doses and duration of nociceptive hypersensitivity
induced. We then discuss potential improvements on the use of capsaicin in the context of
the broader pain literature with the aim of helping to inform the decisions of future

research utilising capsaicin-induced pain in animal models.
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4.2 Introduction

Capsaicin is an alkaloid recognisable as the main pungent ingredient of chilli peppers
(Szallasi et al., 1999). It binds transient receptor potential cation channel subfamily V
member 1 (TRPV1), a heat sensitive non-selective cation channel (Caterina et al., 1997;
Szallasi et al., 2007). TRPV1 is found on multiple tissues types, including small to medium
primary afferent neurons known as nociceptors, responsible for the transmission of
noxious stimuli to produce the sensation of pain (Brito et al., 2014; Szallasi et al., 2007).
TRPV1 is also activated by protons (low pH), resiniferatoxin, and various endogenous
ligands including anandamide (Szallasi et al., 2007). Following activation of the receptor,
cation influx results in action potential generation and nociceptive firing in the peripheral
nervous system (PNS), ultimately leading to generation of pain sensation in higher brain
regions (Brito et al., 2014; Sutherland, 2014). This makes capsaicin an excellent compound

for the study of basic mechanistic questions around nociception both in vitro and in vivo.

In mammals, application of capsaicin leads to a sensation of burning, followed by a period
of increased sensitivity (sensitisation), and finally a loss of sensation known as
desensitisation/analgesia (Sawynok, 2005). Desensitisation is likely the result of one or
multiple of the following factors; a depletion of neurotransmitters (e.g. substance P),
calcium-induced receptor desensitisation or calcium-induced neuronal ablation (Caterina et
al., 2001). As a result, capsaicin has multiple practical applications ranging from self-
defence (pepper spray) to therapeutic agents targeting pain (Szallasi et al., 1999; Szallasi et
al., 2007). Capsaicin has been used as an analgesic for over 100 years, currently a number
of topical patches are available to treat chronic pain conditions including post herpetic
neuralgia (PHN), diabetic neuropathy, arthritis and post-surgical pain (Baranidharan et al.,

2013; Szallasi et al., 2007).

The dose, application method and age of the subject all contribute to the effects of
capsaicin; single, low doses are able to produce nociceptor sensitisation without long term
desensitising effects (Holzer, 1991). Sensitisation of TRPV1 produces nociceptor
sensitivity to a number of mechanical and thermal (hot and cold) stimuli (Szallasi et al.,
1999). In clinical studies this sensitisation is referred to as either hyperalgesia, an
exaggerated painful response to noxious stimuli, or allodynia, a painful response to a
previously non-noxious stimulus (Ji et al., 2003; Milligan et al., 2009). Capsaicin is able to

cause sensitisation to areas surrounding the application site, known as secondary
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hyperalgesia/allodynia as well as at further sites, known as referred hyperalgesia/allodynia
(Kinnman et al., 1995; Laird et al., 2000; Willis, 2002). Mice lacking TRPV1 do not
develop thermal hyperalgesia following capsaicin administration, highlighting the
importance of the receptor to this sensitisation event (Caterina et al., 2000). The processes
by which capsaicin is able to cause sensitisation to secondary areas of tissue are known as

peripheral and central sensitisation (Carlton et al., 2001; Dai et al., 2002).

Peripheral sensitisation is a term given to multiple events on or within neurons of the PNS
which result in lowered activation threshold and therefore increased chance of firing
(Grace et al., 2014). Likewise, central sensitisation results in increased neuronal
excitability, but refers to neurons within the central nervous system (CNS) (Woolf et al.,
2000). These processes are of particular interest to the field of chronic pain, a disease state
affecting 1 in 5 adults worldwide and costing billions of dollars annually (Goldberg et al.,
2011; Loeser, 2012). Allodynia, hyperalgesia and spontaneous pain are major symptoms of
many chronic pain types, as such, capsaicin is an interesting option for mechanistic
investigations (Mogil, 2009). Further to symptomatic similarities, TRPV1 is upregulated in
multiple preclinical animal models of chronic pain (Rashid et al., 2003a; Rashid et al.,

2003b).

Capsaicin pain models have been described as potential surrogates for models of
neuropathic pain due to the production of secondary hyperalgesia comparable to nerve
ligation models, which are both attenuated by the same opioid combinations (Joshi et al.,
2006). Beneficially, capsaicin models are able to reduce time and cost to the experimenter
and reduce the amount of pain animals endure compared to nerve ligation models.
However, the relevance of animal models which look to emulate human disease is being
debated due to the poor translation of results for new therapeutic agents. Numerous
examples exist of positive preclinical results not translating into successful therapeutic
agents, including neurokinin-1 (NK1) receptor antagonists, sodium channel and gap
junction blockers and microglial attenuators (Goadsby et al., 2009; Hill, 2000; Landry et
al., 2012; Wallace et al., 2002).

Successful examples of translation from preclinical to clinical results exist but are less
common than the failures. N-type voltage sensitive sodium channel blocker (ziconotide)

showed promise in rat pain models, which translated into clinical trials and to Food and
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Drug Administration (FDA) and European Medicines Agency (EMEA) approval.
However, side effects limit use to individuals experiencing severe pain (Bowersox et al.,
1996; Schmidtko et al., 2010). To a lesser extent aforementioned capsaicin patches are
another example, however low compliance rates due to multiple painful applications limit
their success (Baranidharan et al., 2013). Despite these positive outcomes of animal model
use, there is an obvious need to improve use of animals in respect to finding improved

clinical therapeutic options.

Behaviour assessed is a crucial element of preclinical models; one potential reason for the
lack of success in preclinical translation is the use of irrelevant behavioural measures
(Mogil, 2009). Researchers can observe both stimulus-evoked (elicited) or stimulus
independent (spontaneous) responses which represent mechanical and thermal
hyperalgesia/allodynia and spontaneous pain observed in pain patients, making these
measures seemingly relevant (Vierck et al., 2008). Sufferers of chronic pain report
sensitivity to thermal and mechanical sensitivities. However, the most prevalent symptom
is spontaneous pain (Backonja et al., 2004). It is important that researchers consider
models that mimic these phenotypes in order to measure relevant outcomes. Likewise,
species selection, dose and location of stimulus application can affect the timing, intensity
and location of pain (Gregory et al., 2013; Henze et al., 2010; Holzer, 1991). Therefore,
multiple factors need to be considered when assessing the validity of a pain model to a

particular condition.

Capsaicin is a valuable tool in which to study pain due to both the pain response it induces
and the importance of TRPV1 to pain mechanisms. Given the relative efficacy of current
therapeutics utilising capsaicin, TRPV1 also remains a viable target in pain medicine. To
improve the clinical relevance of capsaicin research we must understand how capsaicin is
currently used. This review will explore the use of preclinical capsaicin pain models and
discuss the relevance of current approaches and potential improvements. We will focus on
capsaicin use intended to provoke an observable nociceptive response, not intended for

analgesia, desensitisation, denervation or treatment in alternative pain models.
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4.3 Methods

4.3.1 Research strategy
The PRISMA statement was used to prepare the following systematic review. Literature
searches of PubMed and Embase databases were used to identify all eligible studies.

29 <6

Search terms included “pain,” “capsaicin”, “behaviour” and related words. Papers used
were published in English up until February 2018, these were the only limits of the search.
The exact search string can be found in Table 4.1. Additional eligible studies were

identified after manually searching the reference lists of included articles.

4.3.2 Systematic review publication selection criteria

To determine eligibility; titles, abstracts and/or full text were screened. Studies were
eligible for inclusion if they were an original study which used a preclinical in vivo model
to assess behaviour following application of capsaicin. Studies were excluded if they (i)
did not include a vehicle control group in the behavioural assessment, (ii) used capsaicin
for the purpose of denervation/desensitisation/analgesia; (iii) the behaviours observed were

not related to pain or pain related behaviour (i.e. drinking).

4.3.3 Systematic review publication data extraction

The following was extracted from each included study: (i) study characteristics (first
author, year of publication); (ii) animals used (species, sex, strain), (iii) route of capsaicin
administration (including anatomical location); (ii1) dose of capsaicin used, (iv)
behavioural test used (including testing time and duration of observed sensitivity post
capsaicin application), (v) purpose of study (hypothesis/stated aim) and (vi) the role of
capsaicin in study design. Behavioural consequences of capsaicin administration were

assessed.
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Table 4.1. Search terms

Pubmed

capsaicin

AND

allodynia OR hyperalgesia OR assessment, pain[MeSH Terms] OR animal
behavior[MeSH Terms]

AND animal model[MeSH Terms] OR mice OR rat OR primate

Embase
capsaicin

AND allodynia OR hyperalgesia

AND behaviour OR pain assessment OR von Frey test OR Hargreaves OR licking
OR bite

AND animal model OR mouse OR rat OR primate
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4.4 Results

4.4.1 Systematic review search outcomes

The screening process is described in Figure 4.1. The initial search yielded 540 results, 73
of which were duplicates and immediately discarded. Upon examination of abstracts a
further 148 were excluded for not meeting entry criteria, including, studies that were not
preclinical, reported no vehicle control in capsaicin experiments, used alternative TRPV1
agonists, included no behavioural assessment following capsaicin and were not primary
research articles. The remaining 319 articles underwent full text review. 85 additional
articles were identified based on references while a further 96 were excluded. The majority
of exclusions were due to primary intentions of capsaicin either being
denervation/desensitisation or as an analgesic intervention rather than to induce a pro-
nociceptive response. Articles were also excluded for analysing non-pain behaviours (i.e.
drinking), insufficient reporting and not being primary research articles. 309 articles

remained and underwent further analysis.
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Pubmed: N = 288

Embase: N =252

Total: N = 540
Duplicates: N=73
Excluded: N = 148
Did not meet inclusion criteria:
- Preclinical
> - Vehicle control
- Use of capsaicin
- Behavioural assessment
- Journal Article
\ 4
Total: N= 319
Excluded: N =96
N = 12 Poster/abstract
Included: N = 86 N = 7 Insufficient reporting
Identified by manual search > Capsaicin used for:
N = 51 Denervation/desensitisation
N = 22 Analgesia/antinociception
N = 4 Non-Pain related behaviour
Total: N = 309

Figure 4.1. Flow diagram outlining study selection process.
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4.4.2 Paper characteristics

Use of capsaicin in preclinical models to induce nociceptive behaviours increased in the
latter half of the 1990’s and has remained a constant research interest (Fig. 4.2A).
Administration, observations and pain testing are primarily focused at peripheral sites
(90.3%), the remaining minority explore visceral sites (9.7%). Rodent species are the most
common animal model used, accounting for 93.2% of all identified studies, followed by
primates of the genus Macaca (mulatta & fuscata) which account for 6.1% (Fig. 4.2D).
Two studies in pigs were also identified. It should be noted the use of primates has reduced
with only one incidence in the 5 years prior to this review, while porcine use is relatively
recent, the first paper published in 2011 (Fig. 4.2B). Interestingly, there has been a shift in
the last decade towards the use of mice compared to rats (Fig. 4.2B). Sex is unevenly
distributed amongst studies using rodents with 18% and 10% of mouse and rat studies
respectively including females. This discrepancy is not present in the smaller number of
porcine and primate studies. The relative proportion of male and females used in rodent

studies has remained constant for the past two decades (Fig. 4.2C).
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Figure 4.2. Study characteristics. Total number of papers by year of publication (A),
behaviours assessed (A), species (B) and sex (C). (D) Species used by total number of

papers.
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4.4.3 Behaviour assessed

Following capsaicin administration, both the direct impact (spontaneous behaviour) and

longer lasting sensitisation are assessed. 48% of studies assessed spontaneous behaviours

only, 36% assessed elicited behaviours only and 16% assessed both (Fig. 4.3A).
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Figure 4.3. Study characteristics. Total number of papers by behaviours assessed (A),

and type of sensitivity assessed (B).

4.4.3.1 Spontaneous pain

Mice are the most common species used to identify spontaneous behaviours following
capsaicin administration (68.7%) followed by rats (30.8%) and primates (0.5%) (Fig.
4.3A). 32 different tests were used to quantify spontaneous behaviours (Table 4.2). Five
techniques require subjective pain scale evaluation, the remaining quantify behaviours by
number or duration of behaviours, or distance travelled. The most common behaviours
assessed include movements of the hind paw including licking, flinching, biting, retracting,
lifting, wiping and grooming (Table 4.2). Paw licking was the assessment first used in
1992 and remains the most common spontaneous measure following capsaicin (Fig. 4.4A).
Assessment of spontaneous behaviours for visceral pain (squashing, retracting, licking,
stretching) originated in 2000 and remain in use and unchanged to the present day (Fig.
4.4A). No new techniques for spontaneous behavioural assessment have been widely
adopted in the last decade (Fig. 4.4A). Visceral pain behaviours hunching (2010) and

abdominal contraction (2014), as well as peripheral pain behaviours, withdrawal latency
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(2010) and flicking (2013) are the most recent to be introduced to the field; none of which
have been published more than twice. It is clear that mice are favoured in studies assessing
spontaneous behaviours, and that historical measures of spontaneous pain dominate

modern capsaicin-pain research.

4.4.3.2 Elicited pain

Rats constitute the most utilized animal to study elicited pain following capsaicin (58.2%),
followed by mice (29.7%), primates (10.9%) and pigs (1.2%). 20 different behavioural
tests have been used to evaluate elicited pain responses (Table 4.2). Mechanical
stimulation is used more often (61%) than thermal (hot or cold) (39%). Allodynia is more
commonly reported after mechanical stimulation (75%) compared with hyperalgesia
(25%). In contrast, hyperalgesia is more commonly reported following thermal challenge
(77%) than allodynia (23%). Primates account for 84.2% of papers reporting thermal
allodynia, and 84.2% of papers utilising primates investigate thermal allodynia via water
immersion withdrawal latency. Commonly used techniques remain those first published
before 2003 (Fig. 4.4B). The von Frey test was the first elicited pain test used following
capsaicin (1995) and remains the most utilised, comprising 48.5% of all tests used and
43.6% of tests used over the past decade. Multiple von Frey techniques have been used,
‘best of” techniques arose in the capsaicin literature in 1995 and account for 29.5% of von
Frey analysis. Von Frey methods assessing mechanical threshold were introduced in 1997
and account for 64.3% of von Frey analysis. ‘Up Down’ threshold methods are frequently
used in this analysis, Chaplan et al. 1994 ‘up down’ method is frequently cited, a new
method (SUDO) was introduced in 2014 and has been published three times in the
capsaicin literature. Recently introduced von Frey analysis methods include withdrawal
latency and pain score, which are found in 5 and 2 articles respectively. Air puff (2016),
cold plate (2013), colorectal distension (2015), dynamic hot/cold plate (2009), thermal
gradient response (2017), optogenetic stimulus positioning (2017), pinprick (2009), sticky
tape (2013), mechanical threshold versus reward (2011), withdrawal latency to cold (2014)
and grip force (2013) tests have been introduced in the last decade. These techniques have
only been published once, with exception of the pinprick and mechanical stimulus versus
reward tests (twice). Therefore, in contrast to spontaneous behaviours, rats are most often
utilised to analyse elicited behaviours, and there is less reliance on rodents overall.
However, like spontaneous behaviours, novel behavioural assessments have not been

widely adopted and historical approaches remain the most commonly utilised. The
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reviewer considers any threshold measurement as testing for allodynia, likewise the use of
innocuous stimuli. As a result, allodynia was recorded for tests which met these criteria
regardless of what the authors reported. Inconsistency of behavioural reporting is discussed

in section 4.4.3.3.
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Table 4.2: Behavioural tests used to classify responses to capsaicin administration in

preclinical literature.

Activity Score 4 Acetone 1

Abdominal Pain Score 1 Air Puff 1
Blinking 4 Cotton Bud 1
Biting 20 Cold Plate 1
Eyes Closed 2 Colorectal Distension 1
Contractions 2 Dynamic Cold Plate 1
Distance Travelled 2 Dynamic Hot plate 1
Escape Behaviour 2 Hargreaves 37
Eye Movement Score 2 Hot Plate 10
Exploring 2 Movement (thermal stimuli) 1
Flicking 1 Position (optogenetics)

Flinching 28 Pin Prick 2
Grooming 11 Sticky Tape

Guarding 5 von Frey 99
Hump-backed 1 With. Lat. (radiant heat)

Hunching 1 With. Lat. (rad. heat vs rew.)
Immobilisation 2 With. Lat. (mechanical)

Lifting 13 With. Lat. (water immers.) 27
Licking 146 With. Thre. (mechanical) 7
Locomotion Score 3 With. Thre. (mech. vs rew.)

Pain Scale 2

Rubbing 10

Retracting 17

Rearing 1

Rest 3

Shaking 12

Squinting 1

Squashing 15

Scratching 10

With. Lat. 1

Wiping 14
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Figure 4.4. First reported use of the most commonly (>10 studies) recorded
spontaneous behaviours (A) and elicited pain tests (B) following capsaicin in

preclinical literature.

4.4.3.3 Reporting consistency

Reporting of allodynia or hyperalgesia was inconsistent across the articles reviewed.
Mechanical threshold showed the greatest reporting inconsistency. Mechanical allodynia is
reported in 47% of threshold testing with 53% reporting mechanical hyperalgesia.
Interestingly, of the papers that reported hyperalgesia, 3 also referred to allodynia in the
introduction and/or concluding remarks. Similarly, there are 3 articles which refer to
thermal hyperalgesia and allodynia when only using innocuous heat stimuli. Reporting of

von Frey data also displayed inconsistency. Twenty-three articles using a ‘best of” von
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Frey approach report hyperalgesia and allodynia when applying a noxious or innocuous
stimulus respectively (innocuous stimulus for von Frey is considered a fibre that elicits
lower than one response per trial). In contrast, nine articles referred to hyperalgesia due to
increased response rate when testing both innocuous and noxious filaments, with one
example using only noxious stimuli while reporting allodynia. It should be noted the last
occurrence of such an inconsistency was 2005. Four articles use the terms allodynia and
hyperalgesia interchangeably throughout the text, one of which only referring to a single
stimulus (cotton bud wiping). Ten articles, 9 of which were published post 2010, did not
classify elicited responses as either allodynia or hyperalgesia, but rather referred to

‘hypersensitivity’, ‘sensitivity’, ‘withdrawal threshold’ or ‘reactivity.’

4.4.4 Capsaicin administration

4.4.4.1 Administration route and location

Route of administration is distinct for peripheral and visceral pain (Table 4.3). Intra-
colonic administration is the most common method of delivery for visceral pain
assessment accounting for 86.7 and 87% of elicited and spontaneous observations
respectively, primarily used in mouse models, with three incidences in rats. The intra-
colonic method is the only technique which is utilised to investigate referred (visceral)
elicited pain using von Frey stimulation of the abdomen. One study utilised intraperitoneal
administration to induce visceral pain, while two others inject the prostate to investigate
prostate-specific pain, all of which observe spontaneous behaviours only, using unique

pain scores (abdominal and eye movement scores respectively).

Peripheral application is more varied. The dominant method is intraplantar, used in 185
studies (Table 4.3). Intraplantar administration has been utilised in both rat and mouse
models. Mice usage is dominant in spontaneous observations accounting for 77.2%, which
differs from elicited studies, 31.8% of which use mice (Table 4.4). Additionally, hind paw
administration is also achieved via subcutaneous (dorsal aspect) and topical routes,
accounting for 32% and 15.8% of subcutaneous and topical studies respectively.
Subcutaneous application is the second most prevalent peripheral administration route,
accounting for 51 studies. In studies investigating elicited sensitivities, the tail is the most
common location accounting for 59%, due to this being the dominant method of delivery
in primates. Hind-paw and vibrissae pad are the most common subcutaneous

administration sites for studies examining spontaneous behaviour. Topical application
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accounts for 19 studies, all of which investigate elicited behaviours; with the cheek, tail
and hind paw being used in multiple studies (Table 4.4). Intraocular administration is the
only other method present in greater than 10 studies, used to observe spontaneous blinking
almost exclusively in rats (one study in primates) (Table 4.3, 4). Despite a wide array of
administration routes and sites it is evident that intraplantar and intra-colonic

administration are overwhelmingly used for peripheral and visceral pain respectively.

Table 4.3: Frequency of various capsaicin administration routes in experiments

observing spontaneous or elicited responses.

Peripheral Pain

Administration Elicited Spontaneous
(total papers) (%) (%)
Intra-Articular (2) 1.3 -
Intracranial (3) 0.7 1.1
Intra-Dental (2) - 1.1
Intradermal (7) 2.0 3.9
Intramuscular (6) 4.0 1.1
Intraocular (11) - 6.1
Intra-Oral (1) - 0.6
Intraplantar (185) 60.7 68.3
Intra-Prostatic (2) - 1.1
Intrathecal (6) 0.7 33
Subcutaneous (51) 18.0 14.4
Topical (19) 12.7 -
Intra-Colonic (22) 86.7 87.0
Intraperitoneal (2) 13.3 43
Intra-Prostatic (2) - 8.7

Table 4.4: Location of capsaicin administration by species and behaviour assessed.
Three marks indicates species used > 50% of studies, two marks indicates species
used < 50% of studies, one mark indicates only a single study uses that location in a
particular species.
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Spontaneous Elicited

Location Rat  Mouse | Mac. Pig Rat | Mouse Mac.
Intra-Articular

Ankle - - - - NN - - -
Intra-Colonic vV IV - - JV NN i |
Intracranial

Cisterna Magna - - - - NN - - -
LLVL. PAG - - - - v - - -

Intra-Dental
Crown Cavity VNN - - - - - - -

Intradermal

Calf v - - - v - - -
Cheek - NN - - - - - -
Neck - v - - - - - -
Tail - - - - - - - v
Vibrissae Pad v - - - - - v -
Intramuscular

Masseter NN - - - IV - - -
Plantar - - - - V4 - - -
Intraocular

Cornea NN - v - - - - -
Intra-Oral

Tongue v - - - - - - -
Intraperitoneal v - - - J J g -
Intraplantar VN4 VNN - - VYV JV i -
Intra-Prostatic /J// - - = = a a -
Intrathecal VN4 YV - - v a i -
Subcutaneous

Cheek - IV - - NN - - -
Flank - - - - - V4 - -
Hind Paw Vv VAVAYS - - VAVAYS - - -
Lip v v - - v - - -
Tail - - - - vV v VY -
Upper Limb - v - - - - - -
Vibrissae Pad NN V4 - - NN V4 - -
Topical

Cheek - - - - VAN v v -
Ear - - - - V4 - - -
Flank - - - - - - - v
Hind Paw - - - - NN YV V4 -
Tail - - - - - - NN -

* Mac. = Macaque
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4.4.4.2 Dose and sensitivity

Delivery method, species and associated anatomic location are an important contributor to
dose. Administration to sensitive highly innervated tissues (e.g intrathecal, intraocular and
intracranial) show lower doses most commonly in the nanogram range (Fig. 4.5). Larger
tissues including viscera are able to tolerate larger doses, as seen in the case of intra-
colonic, intraperitoneal, intramuscular and topical capsaicin application with doses
commonly between 100 - 200 micrograms (Fig. 4.5). Well established doses in the
capsaicin literature include intraplantar doses in both mice (1.6 pg) and rats (10 pg) having
been used in 51 and 28 studies respectively (Table 4.5). This dose is also often used in
subcutaneous administration of the dorsal hind paw in mice. Similarly, in Macaques,
subcutaneous tail administration dose is well established with 10 studies — 63% - using 10
ng of capsaicin (Table 4.5). Reporting of topical doses is difficult to quantify as
application of specific volumes is not often stated, instead ‘applied liberally’ is commonly
used. Duration of reporting following capsaicin administration is highly variable. Well
established timelines are intra-colonic capsaicin in mice and subcutaneous capsaicin in

Macaques, at 20 and 15 min respectively (Table 4.5).
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Table 4.5: Range of doses and median observation/testing times reported in each

species.
Administration - Median Ol.)servafion/Test
. Dose (pg) - (incidence) Dur.atl(.)n (min) —
(incidence)
Minimum Median Maximum Spontaneous  Elicited
Rat
Intra-Articular (2) 100 (2) 100 (2) 100 (2) N/A 20220 (0)
Intracranial (6) 32E-4(1) 0.032 (1) 1.8 (1) 6.5 (0) 60 (1)
Intra-Colonic (3) 200 (3) 200 (3) 200 (3) 20 (2) 50 (1)
Intra-Dental (5) 3(1) 100 (2) 150 (1) 60 (2) N/A
Intradermal (1) 25 (1) 25 (1) 25(1) 15 (1) 60 (1)
Intramuscular (8) 1(1) 100 (5) 100 (5) 3.5(0) 90 (3)
Intraocular (9) 0.001 (2) 1(4) 4(2) 54) N/A
Intra-Oral (6) 0.001 (1) 0.55 (0) 100 (1) 10 (1) N/A
Intraperitoneal (2) 750 (1) 875 (0) 1000 (1) 30 (1) 60 (1)
Intraplantar (87) 0.3 (1) 10 (28) 1500 (1) 11 (0) 120 (12)
Intra-Prostatic (4) 0.3 (1) 27.5 (0) 305 (1) 30 (2) N/A
Intrathecal (9) 0.003 (1) 0.3 (1) 6 (1) 5(1) N/A
Subcutaneous (37) 0.1 (1) 3(5) 500 (2) 20 (2) 60 (3)
Topical (3) 1.2 (1) 184 (1) 305 (1) N/A 30 (2)
Mouse
Intra-Colonic (24) 7.5 (1) 50 (11) 500 (3) 20 (13) 20 (6)
Intradermal (10) 0.15 (1) 7.5 (0) 40 (1) 30 (2) 120 (1)
Intraperitoneal (2) 25 (1) 27.5(0) 30 (1) N/A 180 (1)
Intraplantar (124) 2E-6(1) 1.6 (52) 300 (1) 5 (66) 62.5 (0)
Intrathecal (5) 0.008 (1) 0.03 (1) 0.06 (2) 10 (1) N/A
Subcutaneous (27) | 1.56 E-3 (1) 1.6 (11) 50 (2) 5(11) 105 (0)
Macaque
Intraocular (1) 1 (1) 1 (D) 1(D) N/A N/A
Subcutaneous (16) 10 (2) 100 (10) 320 (1) N/A 15 (6)
Topical (7) 46 (1) 366 (4) 366 (4) N/A 75 (0)
Pig
Intradermal (1) 30 (1) 30 (1) 30 (1) N/A 240 (1)
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There is no strong correlation in the literature between increasing dose and duration of
elicited sensitivity. Groups containing greater than 10 studies were analysed for dose -
duration correlations (Fig. 4.6). Mechanical stimulation in mice and rats and thermal
stimulation in rats following intraplantar capsaicin showed a positive correlation (0.21 (n =
29), 0.10 (n = 58) and 0.21 (n = 29) respectively) (Fig. 4.6). R squared values indicate a
poor fit in each case, 0.05, 0.01 and 0.18 respectively (Fig. 4.6). A similar pattern is
observed in subcutaneous tail administration in rats (n = 13) and Macaques (n = 14) with a
positive slope of 0.20 and 0.47 respectively with R squared values of 0.10 and 0.40
respectively. Mice receiving intra-colonic capsaicin (n = 15) produced a weak correlation
(R squared = 0.03) and negative slope -0.29 (Fig. 4.6). It is evident that dramatic increases
in dose have little effect on duration of reported sensitivity. It should be noted that duration
of sensitivity is often dependent on historically chosen timeframes and behavioural
experiments are rarely carried out until complete reversal of hypersensitivity. For this
reason, it is difficult to make concrete conclusions regarding a relationship between dose
and duration of hypersensitivity and compare doses and responses across species. It is
evident that researchers are using doses above those necessary to produce hypersensitivity

duration suitable for their testing timeframes.
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4.4.5 Sex differences

For the past two decades between 85 — 90 % of rodent studies published each year used
male subjects only (Fig. 4.2C). Of all species 77% used male only subjects, 7% used
female only and 12% used both; 4% of papers did not report sex. Of studies that
investigated both sexes, 67% did not report sex independent results, 13% reported no sex

specific effects on capsaicin-induced behaviours and 5% reported an effect of sex.

Of studies which analysed both sexes independently, six studies reported no sex difference
including two using spontaneous and 6 using elicited (4 mechanical, 4 thermal) responses
(Carey et al., 2016; Entrena et al., 2009; Hu et al., 2010; Lavand'’homme et al., 1999;
Neubert et al., 2008; Slivicki et al., 2016; White et al., 2014). Two studies show sex
differences in capsaicin-induced sensitivities using both mechanical and thermal
stimulation (Barrett et al., 2003; Nasir et al., 2016). Using capsaicin as a pain model to
examine opioid effects, three studies report greater antinociceptive effects of mixed-
opioids following capsaicin in males (Lomas et al., 2007; Lomas et al., 2008; Saloman et
al., 2011). Despite the majority of papers reporting no sex effect on capsaicin-induced
nociception in preclinical models, mixed results in a small sample size suggest more
investigation is required. This outcome is not aided by low levels of female inclusion, and

poor reporting of sex independent results in studies which include both sexes.

4.4.6 Capsaicin purpose

The majority of capsaicin use in preclinical literature aimed to investigate TRPV1 specific
molecular pain mechanisms (49%). A high proportion of studies (39%) used capsaicin as a
pain model for screening analgesic compounds. Development of new pain models using
capsaicin accounted for 9% of all studies. Fewer studies were conducted to understand
drug/treatment effect mechanism (2%) and discovery of novel TRPV1 antagonists (0.5%).
One paper was identified as investigating a novel treatment mechanism - involving TRPV1

targeting adenovirus (Xiang et al., 2017).

4.5 Discussion
Since the discovery of its receptor, capsaicin has been consistently used as a direct pain
activating agent eliciting an observable behavioural response (Caterina et al., 1997).

Behavioural responses highlight changes influenced by multiple body systems, adding
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relevance to in vivo and in vitro cellular and molecular results. Using capsaicin as a
nociceptive stimulus is most commonly utilised to explore basic physiological questions,
providing valuable evidence for the role of TRPV1 in pain signalling. Another significant
utility for capsaicin is as a screening tool for novel therapeutic agents. The relevance of
capsaicin as a model for drug screening requires further discussion, especially considering

aforementioned translatability limitations of preclinical pain research.

4.5.1 Species assessed

Rodent models are overwhelmingly used in preclinical pro-nociceptive capsaicin studies
involving animal behaviour (91%), in studies investigating spontaneous behaviours this
rises to 99% (1 primate study being the exception). Considering the lack of successful
clinical translation, and 40% of papers were investigating novel therapeutic options, it may
be relevant to consider alternative models. Although infrequently, non-human primates and
pigs offer ready tested options for thermal and mechanical elicited sensitivities respectively
following capsaicin (Asad et al., 2016; Di Giminiani et al., 2014; Kupers et al., 1997).
Larger animal species are part of the wider pain space, as well as pigs and non-human
primates, dogs have been used to study acute (synovitis) and chronic inflammatory pain
therapies (natural arthritis) (Brown et al., 2008; Hamilton et al., 2005; Henze et al., 2010).
A sheep neuropathic pain model has also been developed, evidence the field is actively
seeking to find potentially more clinically relevant models (Wilkes et al., 2012). Rodents
absolutely have their place within pain research, offering excellent opportunities for
mechanistic discoveries. However, novel alternatives should be investigated if screening

for clinically relevant compounds is a study aim.

4.5.2 Pain type assessed

Two response types are reported following capsaicin; non-elicited (spontaneous) and
elicited; the latter comprising allodynia and hyperalgesia from either mechanical or
thermal stimuli. 64% of studies reported spontaneous data, while 52% reported sensitivity
to elicited stimuli. In chronic pain; clinical studies report higher prevalence and intensity of
non-elicited compared to elicited symptoms (Attal et al., 2008; Backonja et al., 2004). The
prevalence of spontaneous behaviours in capsaicin literature is promising given what is
being reported in the wider pain community. Between 2000 and 2004 only 10% of animal
studies published in the journal ‘Pain’ report spontaneous behaviours, thus overlooking

important mechanisms relevant to clinical pain (Mogil, 2009; Mogil et al., 2004). Further
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to simply reporting on non-evoked behaviours, we must consider which are an appropriate

representation of pain that may lead to improved clinical outcomes.

In the capsaicin literature 32 different spontaneous behavioural observations were reported.
Licking was by far the most commonly reported, accounting for 43% of all tests, well
above the next behaviour, flinching (8%) (Table 4.2). Unfortunately, despite the lack of
clinical translation in pain literature in general, these historical methods remain the most
commonly utilised behaviours to judge “pain” in capsaicin models (Fig. 4.4). Discovering
and introducing different behavioural cues as reliable indicators of spontaneous pain into
the capsaicin model are needed to improve its relevance in anti-nociceptive drug discovery.
Facial grimace scores have more recently been used in models with similar duration
(formalin test, intraplantar mustard oil) (Langford et al., 2010). This type of approach,
observing responses not directly directed towards the application/injury site is rare in
capsaicin literature. Two studies using a capsaicin-induced non-bacterial prostatitis model
have used similar eye movement scores (Chuang et al., 2008; Chuang et al., 2007). The
capsaicin-induced prostatitis model also reports on locomotion, another potential pain
score based on automated analysis. As well as locomotion (type and distance) automated
behavioural analysis can pick up on grooming and gustation behaviours that change based
on pain state. Locomotion (activity) scores have been used in a single drug discovery
model; reporting that novel compound AMG0347 decreases activity in the first 30 seconds
following intrathecal capsaicin (Wu et al., 2008). This result helped confirm the
compounds activity at TRPV1 but AMG0347 has not yet been used in further pain studies.
Activity scores (movement, distance and rest time) have also been used in rat intraplantar
capsaicin models exploring central pathways as well as central and peripheral kinase
effects, however not in drug discovery studies (Fang et al., 2002; Palecek et al., 2002; Sun
et al., 2007). Other non-evoked behaviours used in pain literature include burrowing,
weight bearing and gait analysis, which offer potential alternatives for investigation in

preclinical capsaicin models (Deuis et al., 2017).

Evoked responses in the capsaicin literature heavily lean on static mechanical allodynia
and hyperalgesia following von Frey stimulation (49%). However, evoked
hypersensitivities reported by pain sufferers occurs via both static and dynamic mechanical
stimuli (i.e. clothes brushing against the skin) (Hansson, 2003; Ochoa et al., 1993). The

dynamic cotton bud test has been used twice in the capsaicin literature, testing hind paw
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responses following intraplantar capsaicin to examine the roles of tachykinin receptors
(NK1) and cation-chloride co-transporters (NKCC1) (Laird et al., 2004; Laird et al.,
2001b). Air puffs have also been utilised in a single model of orofacial pain (intradermal
vibrissae application) to study the role of protein kinase C gamma (PKCy) expressing
interneurons in orofacial sensitivity (Peirs et al., 2016). Therefore, despite a much higher
clinical prevalence (20-40%) only 2% of studies utilising capsaicin tested a dynamic
stimulus (Hansson, 2003). Thermal sensitivities are tested in 39% of evoked behavioural
studies following capsaicin (and 47% of drug screening studies using evoked responses).
Although the symptom does present in clinical trials, sensitivity to heat is not reported as a
common problem in daily life for neuropathic pain patients (Hansson, 2003; Maier et al.,
2010; Staud et al., 2012). Interestingly, three assays tested cold hyperalgesia following
capsaicin with mixed results. Dynamic cold plate following topical application of the hind
paw revealed cold sensitivity based on number of jumps (Yalcin et al., 2009). However,
standard cold plate tests revealed no capsaicin effect and cold probes show an increase in

thresholds (Honda et al., 2014; Roberson et al., 2013).

Very few novel techniques have been introduced into the capsaicin animal model
literature. Three studies introduced operant reward for measuring evoked responses, all of
which were attempting to develop new models (Neubert et al., 2008; Neubert et al., 2006;
Nolan et al., 2011; Rohrs et al., 2015). Movement of mice over a thermal gradient surface
is a unique technique developed to study vasomotor symptoms using capsaicin, with
capsaicin causing the animals to spend longer at cooler temperature compared to controls
(Krull et al., 2017). It should also be noted that sensory loss, hypoalgesia, paraesthesia and
dysesthesias are also symptoms of clinical pain that can be assessed using evoked
behavioural tests and are not reported here (Hansson, 2003; Maier et al., 2010). Although
these are rarely tested for in pain literature, they would have been screened out of our
search with articles using capsaicin for desensitisation and/or analgesia (Mogil, 2009).
Interestingly, operant and condition-placed preference behavioural analysis produces
different results when compared to historically utilised evoked behavioural testing. This
preclinical data correlates with clinical behavioural observations, suggesting these novel

models should be investigated further (Clark, 2016; King et al., 2009).
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Capsaicin is overwhelmingly used to elicit peripheral pain, with only 9.7% of studies
exploring mechanisms of visceral pain. TRPV1 is implicated in numerous visceral pain
models and importantly is implicated in clinical irritable bowel syndrome and functional
dyspepsia cases (Akbar et al., 2008; Du et al., 2019; Hammer et al., 2008). The majority of
studies included here explored visceral pain mechanisms and drug mechanisms associated
with visceral pain, only 12% used a capsaicin model to assess novel drugs. Interestingly
92% of studies targeting visceral sites measure non-evoked behaviours involving
abdominal movements, 100% of intra-colonic capsaicin models assess abdominal licking,
stretching, squashing and retracting. A significant proportion (54%) of these studies report
both evoked (colorectal distension, referred mechanical hyperalgesia) and non-evoked
behaviours, while less than 1% report only evoked behaviours; in complete contrast to the

peripheral capsaicin studies discussed above.

Lastly, it is prudent to note the inconsistencies in use of pain specific nomenclature within
the studies analysed. In an attempt to make the animal models seem relevant, clinical
symptoms of allodynia and hyperalgesia are used to describe behaviours in animal pain
models. However, due to the inability of animals to self- report, it is difficult to define a
painful versus non-painful stimulus, leading to researchers describing either allodynia or
hyperalgesia employing the same behavioural methodology. We observed a growing
number of publications using the terms; ‘hypersensitivity’, ‘sensitivity’ and ‘reactivity’
rather than allodynia and hyperalgesia. In either case, confusion arises from the use of
multiple terms to describe the same behavioural phenomenon, and the next step is to agree
upon a universally accepted nomenclature for these behaviours. The author suggests
hypersensitivity is an appropriate term which would suit the studies using elicited
behaviours in this review. While the terms allodynia and hyperalgesia absolutely have a
place in clinical studies, it may be appropriate to find alternatives in preclinical literature to

eliminate confusion caused by inconsistent reporting.

4.5.3 Dose and capsaicin administration

Both species and route of administration influence the dose used. Higher doses are
typically used in larger animals to produce comparable sensitivities to those observed in
smaller animals. Within the same species, higher doses are used for deeper administration
(e.g. visceral, intramuscular) compared to superficial application, such as topical or

intraplantar. An ethical consideration arising from this data is the use of high doses of
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capsaicin to elicit pain. This data reveals no strong correlation between increasing dose and
observed length of sensitivity (Fig. 4.6). The strongest correlations were following
subcutaneous tail administration in primates (R? = 0.47). In this instance doses 3.5 - 10
times greater were used to elicit sensitivity lasting only an extra 15 min (Fig. 4.6). This is
observed in many routes of application and it may be useful to consider when making
decisions regarding refinement of methods. There were notable exceptions, two studies
using intraplantar capsaicin in mice reported sensitivity at 24 and 72 h post administration,
well beyond anything else for the comparable species/administration combination (Chen et

al., 2009; La et al., 2017).

Larger doses of capsaicin are used to cause denervation and analgesia in adult animal
studies. A single subcutaneous application can be between 10 and 1000 times greater than
the median dose observed here, with multiple applications (Miranda et al., 2015; Saade et
al., 2008). Topical application for desensitisation delivers comparable low doses to studies
examined here, however multiple applications over multiple days are administered
(Yamaoka et al., 2007). Likewise, intrathecal doses are comparable but administered for

extended time periods, up to 24 h (Kamei et al., 2000; Mousseau et al., 1994).

4.5.4 Sex bias

A greater proportion of chronic pain patients are females and recent evidence suggests
there may be mechanistic difference in the way sexes process pain (Fillingim et al., 2009;
Mogil, 2012). Despite this, male subjects remain overwhelmingly the most utilised sex in
preclinical pain research (Mogil et al., 2005). Capsaicin behavioural studies analysed here
are typical of what is found in the wider pain community, with 80% of studies using male
only subjects (Mogil et al., 2005). Of studies which did use both sexes, a large proportion
(69%) did not report sex independent results or excluded females from behavioural
experiments. Three papers stated sexes would be evenly distributed and analysed together,
presumably other studies did the same. Of the small number of studies remaining which
treated males and females separately there is no consensus on the sex effect of capsaicin-
induced behaviours, which warrants further investigation and greater inclusion of female
subjects in future studies. Similar contradictory evidence is also found in the clinical
capsaicin literature (Frot et al., 2004; Jensen et al., 2006). Further emphasising the need for
the use of both sexes was the increased antinociceptive ability of mixed-opioid analgesics

in males, observed in multiple studies (Lomas et al., 2007; Lomas et al., 2008; Saloman et
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al., 2011). The effect of sex on capsaicin sensitivity requires further clarification, this can
be improved initially by researchers reporting sex independent results when both sexes are
used. Further, attitudes need to shift in regards to variability imparted by oestrous, and
researchers should become more open to including female subjects in their studies (Mogil

et al., 2005).

4.5.5 Limitations

One of the main drawbacks of using a capsaicin model is the increasingly complicated
nature of central sensitisation observed in chronic pain. The cross talk between immune
modulating elements of the CNS (e.g. glia, infiltrating T-cells) and neurons, known as
neuroimmune signalling, cannot be replicated in models which only use capsaicin (Grace
et al., 2014). Despite producing comparable behavioural outcomes, capsaicin’s relevance
to chronic pain is potentially a little superficial. Further, the time frame suggests it does not
cause prolonged changes from periphery to higher brain regions, again making the model
different to the theorised mechanisms of chronic pain in humans (Vierck et al., 2008).
Lastly, blinding of animal experiments is very difficult due to obvious flare response
elicited by capsaicin, especially for commonly used subcutaneous and intraplantar
administration. This is perhaps another reason to move away from user evoked behavioural
assays towards operant or position place preference style assays where user subjectivity is

less influential.

4.6 Conclusion

Currently, use of animal behaviour is crucial to pain research. It enables researchers to
answer basic physiological questions, validate model relevance and preclinical molecular
observations, and assess therapeutic options. No doubt behavioural observation following
capsaicin administration will continue to be used for these purposes. This systematic
review will aid in advising decisions on capsaicin dosing, behaviour assessed, sex selection
and to improve and eliminate inaccurate reporting. These points will improve animal

welfare, standardise confusing nomenclature and improve clinical relevance.
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Following a review of capsaicin literature, we were ready to attempt a back-translation of
the clinical endotoxin-capsaicin model. The first step is in line with our original aim, to
replicate the conditions of the preclinical model. However, due to the results of chapter 3,
and previous work in primary cells, we also plan to investigate a more directed LPS
approach. This enables investigation into the relevance of short LPS activation influencing
TRPV1 activity in vivo. Therefore, the rodent endotoxin-capsaicin model will be
investigated in terms of both a systematic and localised LPS administration at previously

examined short (< 20 min) and longer immune activating incubation periods.

Chapter 5. A peripherally administrated primed LPS response potentiates capsaicin-

induced mechanical hypersensitivity in BALB/c mice.

5.1 Abstract

Interactions between immune and neural elements of the nervous system are important
contributing mechanisms to chronic pain, which represents a significant global disease
burden. Recently, a functional interaction between innate immune receptor, toll-like
receptor 4 (TLR4) and neuronal ion channel, transient receptor potential cation channel
subfamily V member 1 (TRPV1) has been discovered both in vitro and in clinical models.
The clinical model reports that systematic endotoxin potentiates the effect of intradermal
TRPV1 agonist, capsaicin. Potentiation of flare responses as well as mechanical allodynia
and hyperalgesia are observed. Our aim is back-translate this clinical model into a rodent
model and investigate the molecular and cellular mechanisms behind the response. We
generated an intraplantar capsaicin pain model that allowed assessment of mechanical
hypersensitivity to 90 min. Systemic (1 pg, 1 mg/kg) and local (100 ng) lipopolysaccharide
(LPS) administration did not potentiate mechanical hypersensitivity at multiple time
points. Interestingly we observed potentiation of capsaicin responses using two separate
LPS doses administered into the hind-paw; an effect blocked by TLR4 antagonist (+)-
naloxone. However, there appeared to be two populations of responders in this study,
animals who showed LPS-induced potentiation and animals who showed no potentiation.
Therefore, we were unable to replicate the clinical endotoxin-capsaicin model but did
observe a population in which a locally primed endotoxin response results in potentiated

capsaicin-induced mechanical hypersensitivity.
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5.2 Introduction

Effective chronic pain treatment remains elusive, with the condition affecting quality of
life for billions worldwide (Goldberg et al., 2011; Jacobs, 2005). Current options offer
poor efficacy and negative side effects including tolerance, potential addiction,
constipation and drowsiness, impacting on the ability to work, care and drive; necessitating
the search for novel targets (Jacobs, 2005; Nightingale, 2012; Rogers et al., 2013; Whitten
et al., 2005). Chronic pain refers to pain that extends past the resolution of injury, typically
longer than three months, and may result from numerous common insults including nerve
injury, cancer, chemotherapy, diabetes, surgery and infection (Milligan et al., 2009;
Nightingale, 2012).

Enhanced neuronal excitability is the cause of several symptoms of chronic pain including
hypersensitivity to a range of noxious (hyperalgesia) and non-noxious (allodynia) stimuli,
as well as spontaneous pain (Backonja et al., 2004; Ji et al., 2003; Milligan et al., 2009).
However, targeting neuronal excitability is the aim of currently underperforming
pharmaceutical options including opioids, antidepressants and anticonvulsants (Whitten et
al., 2005). In light of this evidence, the search for novel target mechanisms to treat chronic

pain has switched away from its neuro-centric stance.

Understanding that both neural and non-neural elements communicate to create an
environment of enhanced excitability has been an important advance in chronic pain
science (Grace et al., 2014; Woolf et al., 2000). The peripheral and central nervous systems
(PNS/CNS) contain multiple interacting cell-types including neurons, glia (astrocytes,
microglia, oligodendrocytes, satellite glia) and peripheral immune cells. Their interactions
are collectively referred to as neuroimmune signalling, important in altering neuronal
excitability in both the PNS and CNS; processes known as peripheral and central
sensitisation respectively (Grace et al., 2014; Woolf et al., 2000). T-cell knockout,
blocking glial signalling cascades (e.g. sphingosine-1-phosphate receptor (SIPR1), toll-
like receptors (TLRs), ERK pathway, Src kinase activity), and disrupting
cytokine/chemokine binding (e.g. interleukin-1 receptor antagonists (IL-1Ra), colony
stimulating factor 1 (CSF-1) have all attenuated generation or maintenance of pain
sensitivity in animal models (Guan et al., 2016; Katsura et al., 2006a; Kobayashi et al.,

2015; Lacagnina et al., 2017; Milligan et al., 2001b; Milligan et al., 2003). Targeting
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neuroimmune interaction has the potential to revolutionise therapeutic outcomes for

chronic pain.

Despite the importance of neuroimmune mechanisms observed in preclinical studies, there
has been little clinical impact. Clinical trials which attempt to alter neuroimmune
communication have not produced promising results. (Huggins et al., 2012; Landry et al.,
2012). However, evidence shows pain sensitivity is altered by disease and inflammatory
stimuli in humans (Hutchinson et al., 2013; Shenker et al., 2008; Sumracki et al., 2012;
Wegner et al., 2014). Again, this suggests a lack of relevant mechanistic understanding; if
neuroimmune targeting therapies are to be introduced, relevant clinical mechanisms must
be understood. Development of quality clinical and preclinical models of pain which
encompass both neuro- and immune- molecular mechanisms and aspects of somatosensory

processing would be an important step forward.

The capsaicin pain model is currently utilised in both the clinical and preclinical literature
(Kinnman et al., 1995). Capsaicin is the pungent component in chilli peppers and agonist
of ion-channel, transient receptor potential cation channel subfamily V member 1 (TRPV1)
(Caterina et al., 1997; Szallasi et al., 2007). It is commonly used due to its ability to
directly activate pain signalling neurons (nociceptors) and produce symptoms of central
sensitisation including allodynia, hyperalgesia and spontaneous pain (Aykanat et al., 2012;
Simone et al., 1989; Tominaga et al., 1998; Wong et al., 2014). Capsaicin also causes
sensitivity in surrounding (secondary) tissues following intradermal injection, indicative of
threshold changes within the CNS, and further evidence of central sensitisation (Willis,
2002). For these reasons the capsaicin model has been likened to neuropathic pain models,

despite solely targeting neural pain mechanisms (Joshi et al., 2006).

Pain produced by capsaicin is potentiated in individuals diagnosed with unilateral sciatica
and rheumatoid arthritis, suggesting TRPV1 function is altered in the chronic pain
environment (Shenker et al., 2008; Sumracki et al., 2012). Evidence of a relationship
between the immune system and TRPV1 exists and potentially explains these clinical
results. Activating the innate immune system with gram-negative cell wall component
lipopolysaccharide (LPS), potentiates TRPV1 response in a the rat vagus nerve and dorsal

root ganglia neurons (Diogenes et al., 2011; Ferraz et al., 2011; Hua et al., 1996). Along
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with the well-established capsaicin pain model, these results open the possibility of a

model involving direct manipulation of both immune and neural elements of pain.

The clinical relevance of this endotoxin/TRPV1 interaction was demonstrated by
Hutchinson et al. (2013). A low dose of systemic LPS potentiated capsaicin-induced
allodynia, hyperalgesia and flare when administered to the forearm (Hutchinson et al.,
2013). Further, the potentiation occurred at 3.5 hrs post LPS administration and not at
earlier time points, correlating with maximum serum IL-6 and suggesting an immune-
induced sensitisation event. This endotoxin-capsaicin model is important evidence that
neuroimmune interactions are relevant in clinical pain and offer the exciting potential of a

unified clinical and preclinical model in which to study neuroimmune interaction.

It is not possible for further cellular and mechanistic investigation of the clinical
endotoxin-capsaicin model, leaving a myriad of unanswered mechanistic questions. For
example, it is not known if LPS is acting centrally by effecting glial activity, or on
peripheral afferent fibres by direct activation or peripheral immune activity. LPS is an
agonist of innate immune receptor toll-like receptor 4 (TLR4); with the potential to
activate both peripheral nociceptors and glia in the CNS (Borges et al., 2012; Buchanan et
al., 2010; Lin et al., 2015; Wadachi et al., 2006). Questions also surround the nature of a
TLR4/TRPV1 relationship, if this potentiation is resulting from direct interaction, or
indirect via TLR4 induced transcription outcomes as the serum IL-6 correlation suggests.
Translating the clinical endotoxin-capsaicin model into a preclinical model will allow

further elucidation of molecular and cellular mechanisms.

“Back-translation” of clinical results into preclinical animal models has been successfully
demonstrated for numerous pain therapeutic agents including; non-steroidal anti-
inflammatories (NSAIDs), opioids and those approved for chronic neuropathic pain
(anticonvulsants, antidepressants and anaesthetics) (Berge, 2011; Whiteside et al., 2008).
However, pharmacological comparison of responses in humans and animal models reveal
differences in sensitivity to these compounds, hypothesised as differences in tissue
penetration, metabolism or binding characteristics (Whiteside et al., 2008). This gives hope
of potential back translation of the endotoxin-capsaicin model. However, particular care
must be taken in drug delivery and dose in order to achieve a comparative systemic

Immune activation.
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This study aims to ‘back-translate’ the clinical endotoxin-capsaicin model into a preclinical
model, and to study the potentiation mechanism at a molecular and cellular level. We
hypothesise that in BALB/c mice we can recreate the LPS potentiated capsaicin-induced
hypersensitivity. In order to achieve this, we will look to replicate as many aspects of the
clinical model as possible, including sex, relative doses, relative timings and behavioural
outcomes in a mouse intraplantar capsaicin model. If successful, this raises the exciting
possibility of a unified clinical and preclinical model of neuroimmune potentiated pain. A
novel situation, with the potential to reveal key similarities and differences between the

models we use to screen therapeutic options, and the clinical system we aim to treat.

5.3 Methods

5.3.1 Animals

Male adult BALB/c mice (6-12 weeks) (n = 6 - 10 per group) obtained from Laboratory
Animal Services of the University of Adelaide (Adelaide, SA) were used in these
experiments. Despite no previous usage in capsaicin-induced preclinical pain models,
BALB/c mice were used due the characteristics of their immune response. Given the LPS
challenge that accompanies capsaicin in this model, it was decided the Th2 dominant
BALB/c strain would provide a more balanced immune response compared to the Th1
dominant, commonly used C57/Bl6 strain (Watanabe et al., 2004). All mice were group-
housed in the Medical School Animal Facility of the University of Adelaide. Mice were
allowed free access to food and water in a temperature-controlled environment (23 + 3°C)
maintained on a 12:12 h light/dark cycle (lights on at 0700). Animals were left to
acclimatise to the facility for at least one week before handling began. One week of
handling and acclimatisation to the experimental set-up was carried out prior to use. All
experiments reported in this study were approved by the University of Adelaide Animal
Ethics Committee (Ethics approval number M-227-13B) and complied with the Australian

code for the care and use of animals for scientific purposes.

5.3.2 Materials
Capsaicin and (2-Hydroxypropyl)-B-cyclodextrin were purchased from Sigma-Aldrich
(Castle Hill, NSW). (+)-Naltrexone was kindly provided by Dr Kenner Rice (Chemical
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Biological Research Branch, National Institute on Drug Abuse and National Institute on
Alcohol Abuse and Alcoholism, National Institutes of Health, Rockville, MD). Sterile

saline (0.9%) was purchased from Baxter Australia (Old Toongabbie, NSW, Australia).
Von Frey filaments were purchased from North Coast Medical Inc. (Gilroy, California).

(2-Hydroxypropyl)-B-cyclodextrin was diluted in 0.9% sterile saline to make a 38%
solution. A stock capsaicin solution of 5 mg/mL was created using 38% (2-
Hydroxypropyl)-B-cyclodextrin, protected from light, and stored at 4°C for a maximum of
1 month. On the morning of use, this was further diluted in (2-Hydroxypropyl)-f3-
cyclodextrin to the experimental concentration. (+)-Naltrexone was made up to the desired

concentration in 0.9% sterile saline the week of experiment, and kept at 4°C.

5.3.3 Intraplantar drug (i.pl.) administration

Intraplantar administration was chosen for this model as the most commonly utilised
technique in capsaicin literature which allows assessment of secondary mechanical
hypersensitivity, while resembling the targeted peripheral administration of the clinical
model (intradermal). All capsaicin and B-cyclodextrin administrations were conducted
using the following technique. All injections were performed with a primed 25 pL
Hamilton micro-syringe and 30G needle. To prime the micro-syringe, the plunger was
removed, and 0.9% saline was injected into the barrel of the syringe until no air remained
inside, the plunger was then reinserted. A 30G needle was attached to a I mL syringe
containing 0.9% saline and saline was dispensed, filling the needle tip. The 30G needle tip
was then carefully removed, filled with 0.9% saline and attached to the full micro-syringe;
leaving no air inside either the micro-syringe or needle tip. The plunger was then pushed
all the way down, and pulled up to the 5 pL mark, creating a small air bubble. The desired
volume of solution could then be withdrawn and dispensed. Animals were gently
restrained in a thin towel and 5 pL of the solution was injected at the distal end of the

plantar surface, directly under the skin at the footpads (Fig. 5.1).
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Figure 5.1: Intraplantar (i.pl.) drug administration. (X) represents the site of needle
insertion, (A) represents the site of drug injection, (B) represents the site of von Frey

mechanical stimulation.

5.3.4 Behavioural testing

A von Frey test modified from the Nicotra et al. (2014) method was performed on all
animals. Immediately following all i.pl. drug administrations, animals were placed on a
wire mesh shelf that allowed access to the plantar surface of the hindpaw and covered with
an opaque cup. Von Frey filaments were touched to the proximal end of the plantar surface
of the hindpaw to allow assessment of secondary hypersensitivity, as elicited in the clinical
model (Fig. 1). Force was then applied until the filament bent and held for two seconds
before being slowly removed for one second and reapplied. Animals were tested at 7, 45
and 90 min following i.pl. capsaicin administration, timings which would allow resolution
of hypersensitivity based on review of preclinical capsaicin literature. All animals received

10 applications of each von Frey filament per time point, with a minimum of 8 min
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between application of a different filament strength. Baseline testing was conducted 24 h

prior to i.pl. capsaicin administration for all experiments.

5.3.5 Systemic endotoxin-capsaicin model

BALB/c mice were administered LPS (1 pg or 1 mg/kg) or the equivalent volume of saline
by intraperitoneal (i.p.) injection. Capsaicin (0.8 pg/5 pL i.pl.) was administered 4 h
following LPS. Animals were tested with filaments 1.65 (0.008 g), 2.44 (0.04 g) and 3.22
(0.16 g). Capsaicin dose for this and all subsequent experiments was based on data from
pilot studies guided by review of literature utilising capsaicin to produce mechanical

hypersensitivity.

5.3.6 Local administration endotoxin-capsaicin model

BALB/c mice were administered LPS (100 ng/5 pL i.pl.) (Calil et al., 2014) or equivalent
volume saline. Capsaicin (0.8 pg/5 pL i.pl.) was administered 15 min or 4 h following
LPS. Animals were tested with filaments 1.65 (0.008 g), 2.44 (0.04 g), 3.22 (0.16 g) and
3.84 (0.6g).

For experiments involving a primed LPS response, the first dose of LPS (100 ng/5 pL i.pl.)
or saline was administered 7 days prior to the second dose, all other doses and
administration timings remained the same. (+)-Naltrexone (60 mg/kg i.pl.) was

administered 30 min prior to the first dose of LPS (Lewis et al., 2012).

5.3.7 Analysis

Data was analysed using GraphPad Prism v7.0a (GraphPad software, Inc. San Diego, CA).
Two-way ANOVA with repeated measures and Tukey’s multiple comparison test was used
to compare treatment effect over time from all behavioural experiments. Sidak’s multiple
comparisons test was used to compare treatment groups at individual time points. P-values

< 0.05 were considered statistically significant.
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5.4 Results

5.4.1 The human endotoxin-capsaicin model does not directly translate to BALB/c mice
Systemic LPS did not affect capsaicin-induced hypersensitivity in BALB/c mice.
Capsaicin-induced hypersensitivity was observed across both LPS and saline groups as
shown by increased von Frey responses (Fig. 5.2), however not consistently across all von
Frey filaments tested. Post hoc analysis revealed that among LPS treated animals all
filaments produced a significantly higher number of responses at 7 min post capsaicin
compared to baseline (Fig. 5.2A. p <0.0001, Fig. 5.2B. p <0.01, Fig. 5.2C. p <0.05). In
the vehicle groups the 0.008 and 0.16g filaments produced a significant increase in the
number of responses at 7 min compared to baseline (Fig. 5.2A. p <0.001, Fig. 5.2C.p <
0.05), while there was no difference observed for the 0.04g filament. In all groups,
hypersensitivity was resolved by 45 min, with no significant differences seen at 45 and 90
min post capsaicin when compared to baseline. Two-way ANOVA comparing the change
in responses from baseline between LPS and vehicle groups revealed an effect of time
following capsaicin administration for all three von Frey forces tested (Fig. 5.2A. Fi330) =
19.82, p <0.0001, Fig. 5.2B. F330) = 8.09, p < 0.001, Fig. 5.2C. F330) = 7.27, p < 0.001),
however no effect of treatment (Fig. 5.2A. F1,10) = 0.78, p = 0.40, Fig. 5.2B. F(1,10)= 0.07,
p =0.80, Fig. 5.2C. F1,10)=0.018, p = 0.68) and no interaction (Fig. 5.2A. F;330)=0.28, p
=0.84, Fig. 5.2B. F330)=0.75, p = 0.53, Fig. 5.2C. F330) = 0.19, p = 0.90) (Fig. 5.2). Post
hoc analysis revealed no significant difference between LPS and saline groups at any time
point. These results are representative of multiple experiments using multiple LPS doses (1
ng, 1 mg/kg), capsaicin doses (1.6, 1.0, 0.8 pg/ 5 puL) and different time points (3, 4 h)
(Ostberg et al., 2000) (Supp Fig. 5.1).
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Figure 5.2: Systemic LPS does not potentiate capsaicin-induced hypersensitivity. Mice
were administered LPS (1 mg/kg; i.p.) or saline 4 h prior to capsaicin (0.8 pg/5 pL; i.pl).

Testing included 10 applications of von Frey filaments (0.008 (A), 0.04 (B), 0.16g (C)) and
was performed at 7, 45 and 90 min following capsaicin administration. n = 6 for all groups,

error bars represent SEM.
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5.4.2 Local LPS administration does not consistently produce potentiated capsaicin-
induced hypersensitivity at multiple time points

Applying LPS directly to the capsaicin injection site resulted in a large amount of variation
in von Frey responses. Analysis revealed increased responses to the 0.6g filament in the
LPS group for both 15 min and 4 h treatment groups (Fig. 5.3). However, the time at which
potentiated hypersensitivity occurred was not consistent. A 15 min gap between LPS and
capsaicin injection was chosen based on in vitro endotoxin-capsaicin studies (Diogenes et
al., 2011). Two-way ANOVA revealed an effect of time for all filaments tested (Fig. 5.3A.
Fzs0=7.79, p <0.001, Fig. 5.3B. F330) = 4.3, p <0.05, Fig. 5.3C. F330=7.41,p <
0.001) but not treatment (Fig. 5.3A. F(1,100=0.95, p = 0.35, Fig. 5.3B. F1,100=0.42, p =
0.53, Fig. 5.3C. F(1,100=4.50, p = 0.06) or interaction (Fig. 5.3A. F;330)=0.74, p = 0.54,
Fig. 5.3B. F330)=0.14, p = 0.93, Fig. 5.3C. F330) = 2.59, p = 0.07) on von Frey responses
when there was 15 min between LPS and capsaicin injections. Interestingly, post hoc
analysis revealed that von Frey scores did not significantly deviate from baseline at 7 min
post capsaicin (Fig. 5.3A-C), while at 45 min the LPS group had significantly higher von
Frey responses to the 0.6g filament than the saline control (p < 0.05) which did not deviate
from baseline (Fig. 5.3C). As with the systemic LPS administrations we considered 4 h
between LPS and capsaicin; which corresponds to the timing of potentiation observed in
the Human endotoxin-capsaicin model (Hutchinson et al., 2013). Two-way ANOVA
revealed an effect of time for all filaments tested (Fig. 5.3D. F330) = 22.63, p < 0.0001,
Fig. 5.3E. F330) = 22.73, p <0.0001, Fig. 5.3F. F330)= 7.41, p <0.001) and an effect of
treatment for the 0.16g filament (Fig. 5.3E. F(1,10)= 6.337, p = 0.03). No treatment effect
was observed for the two other filaments tested (Fig. 5.3.D. F(1,10)= 1.61, p = 0.23, Fig.
5.3F. F1,100= 1.96, p = 0.19) and no interaction was observed for any filament (Fig. 5.3D.
Fi30)=0.84, p=0.48, Fig.5.3E. F330) = 1.20, p = 0.33, Fig. 5.3F. F330) = 2.90, p = 0.05).
Unlike for the 15 min time-point, capsaicin-induced hypersensitivity was observed for all
filaments; with post hoc analysis revealing that von Frey responses significantly increased
at 7 min compared to baseline for both saline (p < 0.0001 (Fig. 5.3D, F); p <0.001 (Fig.
5.3E)) and capsaicin (p < 0.0001 (Fig. 5.3D-F)) groups. Post hoc analysis also revealed
that for the 0.6g filament there was a significantly increased response in the LPS group at
90 min following capsaicin (p < 0.05) (Fig. 5.3F). A lower dose of LPS was also tested (50
ng/5 pL), interestingly again a treatment effect was observed (F(1,9) = 6.10, p = 0.04) for
the 0.16g filament, although this time in the 15min LPS group, no other group differences
were observed (Supp. Fig. 5.2).
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Figure 5.3. Local LPS (100 ng) administration does not consistently produce

potentiated capsaicin hypersensitivity. BALB/c mice were administered LPS (100 ng / 5

uL; i.pl) 15 min or 4 h prior to capsaicin (0.8 pg/5 uL; i.pl.). Von Frey testing was carried

out at 7, 45 and 90 min following capsaicin administration. Three von Fey filaments were

used, 0.04 (A, D), 0.16g (B, E) and 0.6g (C, F). n = 6 for all groups. Error bars represent

SEM. * p < 0.05.
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5.4.3 A primed LPS response produces extended capsaicin-induced hypersensitivity, an
effect reversed by (+)-naltrexone

In the next study, 2 doses of LPS (i.pl./i.pl.) separated by 7 days were administered prior to
capsaicin; using the same von Frey stimulations as in the previous experiment. (+)-
Naltrexone was used as a TLR4 antagonist and administered prior to the first LPS dose.
Two-way ANOVA revealed a main effect of time (Fig. 5.4A. Fi3,03 = 102.8, p < 0.0001,
Fig. 5.4B. F393y=119.4, p <0.0001, Fig. 5.4C. F393y = 129.9, p < 0.0001) across all three
filaments. However, a treatment effect was only observed across the 0.04 (Fig. 5.4A. F31)
=7.5,p=10.002) and 0.6g (Fig. 5.4C. F231) = 7.0, p = 0.003) filaments, with no treatment
effect observed for the 0.016g (Fig. 5.4B. F231) = 6.3, p = 0.05) filament. An interaction
effect was observed for all three filaments (Fig. 5.4A. F93 = 3.1, p=0.008, Fig. 5.4B.
F693)=3.5, p=0.003, Fig. 5.4C. Fs,93) = 3.4, p = 0.004). Post hoc analysis revealed that
LPS alone had no effect on von Frey scores (Fig. 5.4). For all filaments, extended
hypersensitivity was observed; the LPS-capsaicin group had significantly increased von
Frey responses when compared to the saline control at both 45 (p < 0.01) and 90 (p <
0.001) min. Despite significant differences between these groups, it should be noted that
there appears to be two populations of responders. Between 6 and 8 out of 14 (depending
on filament) animals tested produced a response that didn’t significantly differ from the
saline group, while the remaining animals showed potentiation and extended
hypersensitivity (Fig. 5.4D-F). In fact, if the LPS primed group was split into two based on
level of response, high (90 min score outside 2 standard deviations of vehicle control) and
low, it is possible to view significant differences between the two (Fig. 5.4D-F). At 45 min
a significant difference was observed at the 0.04g filament (P < 0.01) and at the 0.6g
filament (p < 0.05). At 90 min all three filaments showed a significant difference between
high and low groups (p < 0.01). The high responding group was significantly higher than
vehicle for all filaments at 45 and 90 min (p < 0.01) and at the 7 min time point for the
0.04¢ filament (p < 0.05) (Fig. 5.4D-F). The group receiving (+)-naltrexone did not differ
from the saline group at any point. Significant differences between (+)-naltrexone-LPS and
LPS only groups were only observed at the 90min time point for 0.04g (p < 0.05) and 0.6g
(p <0.01) filaments (Fig. 5.4A-C).
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Figure 5.4. Two LPS doses prolongs capsaicin-induced hypersensitivity, an effect
reversed by (+)-naltrexone. BALB/c mice were administered two doses of LPS (100 ng /
5 uL; i.pl.) 7 days apart. 4 h after the final dose animals received capsaicin (0.8 pg/5 pL:
i.pl). Von Frey testing was carried out at 7, 45 and 90 min following capsaicin
administration. Three von Frey filaments were used, 0.04 (A, D), 0.16g (B, E) and 0.6g (C,
F). D, E and F represent the 2 x LPS + capsaicin group split into high and low responders
compared with the 2 x veh + capsaicin control group. n = 6 for (+)-naltrexone group, n =
14 for all other groups receiving capsaicin, n = 8 for LPS-vehicle group. For graphs (D, E,
F) which split 2 x LPS + capsaicin group, n = 7 (D), 6 (E) and 8 (F) for high responding
group and 7 (D), 8 (E) and 6 (F) for the low responding group. Error bars represent SEM. *
p <0.05; ** p <0.01, *** p<0.001, p <0.0001 2 x LPS + capsaicin and 2 x LPS +
capsaicin (high responders) vs 2 x saline + capsaicin; # p < 0.05; # p < 0.0l NTX + 2 x
LPS + capsaicin vs 2 x LPS + capsaicin; & p < 0.05; && p <0.01, &&& p <0.001 for 2 x

LPS + capsaicin (high responders) vs 2 x LPS + capsaicin (low responders).
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5.5 Discussion

The aim of this study was to back-translate the clinical endotoxin-capsaicin model into
BALB/c mice. Not only would this enable investigation of mechanisms underlying the
clinical endotoxin-capsaicin results but create a unified clinical/preclinical model; a unique
drug screening paradigm. Further to these, it may also shed light on the nature of the
relationship between TLR4 and TRPV1. We failed to replicate the mechanical
hypersensitivity observed in the clinical endotoxin-capsaicin model using both systemic
and targeted peripheral LPS application. LPS priming did cause an observed potentiated
hypersensitivity, which was reversed by TLR4 antagonist (+)-naltrexone. However, the

variability of this response suggests further investigation is required.

We produced a reproducible capsaicin-induced hypersensitivity in BALB/c mice using a
best of 10 von Frey approach (Fig. 5.2), applying 0.8 ug of capsaicin per paw. To our
knowledge this is the first time this model has been established in BALB/c mice.
Hypersensitivity to von Frey stimuli is observed at 7 min and is resolved by 45 min; a
timeframe which correlates well with clinical observations following intradermal capsaicin
(Aykanat et al., 2012; Liu et al., 1998). Importantly the magnitude of hypersensitivity
following 0.8 pg of capsaicin never exceeds 80% of the maximum response rate and drops

rapidly, which allows room for potentiation of magnitude and duration to be observed.

Systemic LPS was unable to potentiate capsaicin-induced hypersensitivity at 1 ug or 1
mg/kg, across all filament strengths tested (Fig. 5.2, Sup Fig. 5.1). Multiple filaments were
tested for numerous reasons, the most practical being minimising the chance of reaching an
effect ceiling. Secondly, in the case potentiation occurs in only a particular subset of
nociceptors. TRPV1 is found on both small and medium C and Ad primary afferents,
which have been shown to be activated by different stimuli and stimulus force (Hsieh et
al., 2015; Szallasi et al., 2007). In the event of potentiation, using multiple forces may have
revealed if a particular neuronal subset was responsible for the change. Finally, the lowest
fibre we used elicited less than one response from 10 at baseline, considered completely
innocuous (data not shown). The highest filament we used elicited an average of 2
responses from 10 and was considered noxious (data not shown). This gave the study the

possibility of distinguishing if the observed hypersensitivity may be a result of an allodynic
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(innocuous filament) or hyperalgesia (noxious filament) mechanism in the event that

potentiation occurred.

Careful consideration was given to the timing of LPS as this was an important factor in
clinically observed potentiation; peak plasma cytokine (IL-6) levels correlated with
potentiated allodynia in that case (Hutchinson et al., 2013). Inflammatory mediators
including TNFa, bradykinin, NGF, IL-1p, IL-6 are implicated in TRPV1 sensitisation and
upregulation; suggesting pro-inflammatory conditions induced by TLR4 signalling may be
responsible for the observed potentiation (Chuang et al., 2001; Fang et al., 2015; Hensellek
et al., 2007; Zhang et al., 2005). Therefore, capsaicin potentiation was tested at observed
peak cytokine following LPS administration in BALB/c mice (4 h) (Ostberg et al., 2000).
Interestingly, recent evidence reports differences in cytokine response due to variation in
LPS administration. With the exception of IL-10, cytokine levels were delayed and
variable after i.p. administration compared to i.v.. Again, this suggests the use of an
extended time period between endotoxin and capsaicin, compared to that observed in the
clinical model (Somann et al., 2019). Timing is a factor that could be explored further,
clinical studies which administered the same (0.4 ng/kg) and higher (0.8 & 2 ng/kg) LPS
doses report peak pro-inflammatory cytokines (IL-6, TNFa., IL-8) at 2 h, earlier than
reported by Hutchinson et al. during the clinical endotoxin-capsaicin study (Benson et al.,
2012; de Goeij et al., 2013; Hutchinson et al., 2013; Wegner et al., 2014). Therefore, any
future studies might consider a longer timepoint of 5-7 h, past peak plasma cytokine
resulting from i.p. administration. While i.v. administration should also be considered if

the nature of a systemic immune response is altered by administration location.

LPS potentiated capsaicin responses have also been observed in trigeminal nociceptors
over much shorter time frames. LPS stimulation of rat trigeminal ganglion neurons for 15
min causes a potentiation of capsaicin-induced increase in intracellular calcium and CGRP
release, which is attenuated by TLR4 antagonist LPS-RS (Diogenes et al., 2011; Ferraz et
al., 2011). We attempted to stimulate peripheral neurons directly based on this direct and
fast acting potentiation. TLR4/TRPV1 co-localisation has been observed in peripheral
tissues including dental pulp, TG and DRG of humans, rats and mice respectively (Ferraz
et al., 2011; Min et al., 2014; Wadachi et al., 2006). Reports of direct activation of afferent
nociceptors by LPS alone, further supports evidence that TLR4 may be directly involved in
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nociceptive responses (Li et al., 2015; Meseguer et al., 2014). Administration of local LPS
did not potentiate capsaicin-induced hypersensitivity at either the 15 min or 4 h time
points. In contrast with earlier studies, we observed no sensitivity to LPS alone at 100
ng/paw at the tested time points (15 — 105; 240 — 330 min) (data not shown) (Calil et al.,
2014). Interestingly the addition of an intraplantar injection 15 min prior to intraplantar
capsaicin-administration eradicated capsaicin-induced hypersensitivity (Fig. 5.3A-C).
Further investigation is warranted to understand which systems attenuate capsaicin

hypersensitivity following injection stressor in the hind paw.

Local priming of the LPS response produced a statistically different hypersensitivity in
LPS primed and control groups. It has been observed that LPS priming has significant
impact on pain sensitivity and immune cell activation when administered centrally (Cahill
et al., 1998; Clark et al., 2010). Our model produced an all or nothing response, with
animals either displaying an extended hypersensitivity to 90 min, or no change from
vehicle control, resulting in a large amount of variability. An extra group of 8 animals was
used after post hoc power analysis, which did lead to a statistically significant effect.
However, this did not resolve the obvious variability. Rather than considering this an
unreliable model, we suggest that differences in mechanisms between these two
populations (high and low responders) would be of interest. Just as the mechanisms
between a pain patient and a patient without pain if they had been given the same stimulus
would be of interest — why did one develop the symptoms and the other did not?
Interestingly the potentiation displayed a markedly different profile to the magnitude shift
seen in the clinical model, with potentiated hypersensitivity not observed immediately
following capsaicin administration. Taken together with the single peripheral application
data above, it appears within BALB/c mice, for any given batch and serotype of LPS the
response behavioural outcomes are highly variable. Genetic variability is a candidate for
observed differences given evidence of significant variation in inbred strains including
BALB/c’s (Pritchard et al., 2006). For greater relevance it would be useful to determine
how local LPS administration, and priming, elicits molecular and cellular changes in
central and peripheral tissues. If analysis of immune cell infiltration or reactivation and/or
locally induced inflammatory mediators also display significant intrasubject variability it is

reasonable that they contribute to the variable behavioural outcomes.
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Although capsaicin-induced hypersensitivity is overwhelmingly tested using rodent hind-
paw models, sensitisation by LPS in clinical models is region specific. In the clinical
endotoxin-capsaicin model, allodynia and hyperalgesia were observed on the forearm, and
not on the forehead, interesting considering preclinical endotoxin-capsaicin models have
utilised trigeminal nociceptors (Hutchinson et al., 2013). Wegner et al. reported low-dose
systemic LPS sensitisation in man, reporting lower back sensitisation while the calf and
shoulder remain unaffected (Wegner et al., 2014). These results in particular introduce the
possibility that some anatomical regions may involve different pain mechanisms, however
anything from altered peripheral sub-populations to varied higher order CNS processing
could account for such variances. Subcutaneous, intramuscular in intradermal capsaicin
administration over the back or calf is perhaps an option in rodent models if further
investigation was to occur, although new testing paradigms would need to be designed to

assess mechanical sensitivity at these locations.

Poor preclinical to clinical translation of novel therapeutic agents has rightly brought into
question the usefulness of current preclinical models in pain research (Hill, 2000; Huggins
et al., 2012; Landry et al., 2012). We attempted to bridge the clinical to preclinical gap by
creating a unified pain model involving both immunological and immune elements of pain
signalling. Unfortunately, this study was unable to replicate the behavioural results seen in
the clinical endotoxin-capsaicin model. Therefore, we were unable to shed any further light
on the mechanism that underlies LPS-induced capsaicin potentiation observed in the
clinical setting. We did observe a potentially interesting paradigm whereby a primed LPS
response potentiates capsaicin hypersensitivity in a subset of our subjects, which warrants

further investigation.
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5.6 Supplementary figures
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Supplementary Figure 1. Systemic LPS does not potentiate capsaicin-induced

allodynia. Mice were administered LPS (1 pg/kg or 1 mg/kg; I.P.) or vehicle (0.9% sterile

saline) 3- (G-I) or 4- (A-F) h prior to capsaicin (1.0 pg or 1.6 pg/10 pL; i.pl). Testing
included 5 applications of a 0.008 (A, D, G), 0.04 (B,E,H) or 0.16g (C,F,I) von Frey

filament. Testing was performed at 7, 13, 23, 30, 45, 60, 75 and 90 min following

capsaicin administration, the 7 and 23 min timepoint were skipped for the 0.04g filament. n

= 6 for all LPS groups except in the group receiving 1 mg/kg LPS and 1.0 pg/10 pL
capsaicin (A - C) where n = 12; for vehicle groups n = 18 (A-C), 8 (D-F) and 2 (H-I). * p <
0.05 vehicle vs 1 mg/kg LPS; # p <0.05, ## p <0.01 1 mg/kg LPS vs 1 ng/kg LPS, error

bars represent SEM.
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Supplementary Figure 2. Local administration of LPS (50 ng) does not potentiate

capsaicin-induced allodynia. Mice were administered LPS (50 ng/5 pL; i.pl) or vehicle
(0.9% sterile saline) 15 min (A-C) or 4 h (D-F) prior to capsaicin (0.4 pg/5 pL; i.pl).
Testing included 10 applications of a 0.04 (A, D), 0.16 (B, E) or 0.6g (C,F) von Frey

filament. Testing was performed at 7, 45 and 90 min following capsaicin administration. n

= 6 for all groups, error bars represent SEM.
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Chapter 5 revealed that intraplantar (i.pl.) administration of LPS 15 min prior to capsaicin
completely attenuated capsaicin-induced mechanical hypersensitivity. This effect limits
our ability to understand the in vivo relevance of short LPS stimulation on TRPV1 activity.
We therefore aim to uncover mechanisms behind this response, as well as any potential
effects on capsaicin responses following hindpaw administration. We hypothesised the role
of endogenous opioids are key to this response, and we therefore investigate the role of
opioid antagonists at various time points in relation to i.pl. administration of capsaicin.

Further we look to examine if this peripheral stimulation elicits central changes.

Chapter 6. Naltrexone non-stereoselectively reverses intraplantar injection-induced

analgesia and extends capsaicin-induced mechanical hypersensitivity.

6.1 Abstract

Capsaicin-induced pain models are used to investigate nociceptive physiology and screen
for novel analgesic agents. Capsaicin activates neuronal ion channel, transient receptor
potential cation channel subfamily V member 1 (TRPV1) to produce localised burning
pain and extended hypersensitivity resulting from peripheral and central sensitisation. A
common method of inducing pain in preclinical models is an injection into the ventral
hindpaw of rodents. Our aim is to understand the effects of intraplantar (i.pl.)
administration on the nociceptive outcome of capsaicin-induced pain. We found that i.pl.
administration of saline (5 pL) 15 min before capsaicin challenge attenuates mechanical
hypersensitivity in BALB/c mice. This effect was blocked by classical and non-classical
opioid antagonists (-)- and (+)-naltrexone, restoring capsaicin-induced mechanical
hypersensitivity to 90 min (p < 0.05). Both (-)- and (+)-naltrexone had no effect on
capsaicin-induced mechanical hypersensitivity when administered pre-capsaicin.
Interestingly, when administered following induction of hypersensitivity they significantly
potentiated and extended capsaicin-induced mechanical hypersensitivity up to 135 min (p
< 0.0001). If hypersensitivity recovered, naltrexone had no effect, even if administered
prior to 135 min post capsaicin. Immunohistochemical analysis of the spinal cord revealed
that extended hypersensitivity was not a result of increased neural activity measured by c-
Fos activation at the spinal cord level. Therefore, i.pl. administration influences
nociceptive outcomes of capsaicin administration by classical and non-classical opioid
mechanisms. Behavioural effects of antagonising these mechanisms are dependent on

nociceptive environment at the time of administration.
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6.2 Introduction

Capsaicin is commonly utilised in pain research for its ability to produce observable,
spontaneous behavioural responses and extended hypersensitivity (O'Neill et al., 2012).
Capsaicin, the pungent ingredient of chilli peppers, is an agonist of transient receptor
potential cation subfamily V, member 1 (TRPV1), a non-selective cation channel found on
multiple tissue types including C and Ad-fibre primary afferent neurons (Brito et al., 2014;
Caterina et al., 1997; Szallasi et al., 2007). In addition to capsaicin, TRPV1 channel
opening is induced by endogenous ligands and environmental factors (e.g. temperature,
pH) resulting in activation of nociceptors, primary afferent neurons involved in
transmission of noxious stimuli (Brito et al., 2014; Sutherland, 2014). Controlled, direct
activation of nociceptive circuits by capsaicin makes it ideal for models investigating pain
physiology; it is also frequently used to assess novel analgesic efficacy (Fialho et al., 2017;

Hutchinson et al., 2013; Kang et al., 2010; Ren et al., 1994).

Preclinical pain models allow investigation of molecular and cellular mechanisms that are
not possible in clinical models, while providing multi-system input that in vitro
experiments lack. Use of capsaicin in preclinical animal models dates back multiple
decades, utilising multiple animal species and routes of administration (Kinnman et al.,
1995; Kupers et al., 1997; Laird et al., 2000). In addition to producing spontaneous pain
behaviours, a number of common behavioural tests can be performed to establish
hypersensitivity to mechanical and thermal stimuli following capsaicin administration.
Mechanical application of force to the hind paw offers the ability to assess sensitivity at a
secondary site, away from the application of noxious stimulation (Kinnman et al., 1995;
Tamaddonfard et al., 2017). This gives researchers using capsaicin the ability to
discriminate between peripheral and central origins of pain sensitivity, known respectively

as peripheral and central sensitisation (von Hehn et al., 2012).

Peripheral and central sensitisation are separate mechanisms which produce unique
outcomes, it is therefore important to distinguish between them to fully understand the
effect of treatment in pain models. Both mechanisms result in exaggerated responses to
noxious stimuli (hyperalgesia) and painful responses to innocuous stimuli (allodynia) (von

Hehn et al., 2012). However, peripheral sensitisation involves changes to structure and
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function of primary afferents; as such these symptoms are located at the site of
damage/insult (von Hehn et al., 2012). Central sensitisation involves changes within the
central nervous system (CNS), resulting in increased excitability and decreased inhibitory
tone (Grace et al., 2014). The ‘over-excited’ environment within the CNS results in
crosstalk between usually non-nociceptive sensory neurons and pain transmitting
secondary afferents. As a result, innocuous stimuli can cause pain sensations (allodynia).
Secondly, signals from primary afferents at sites away from the injury are amplified upon
entering the ‘over-excited” CNS; causing secondary hyperalgesia and allodynia (von Hehn
et al., 2012). Importantly, capsaicin models are able to produce both primary and

secondary hypersensitivities enabling researchers to analyse separate pain mechanisms.

Our group utilised a clinical intradermal capsaicin pain model in an attempt to investigate a
relationship between capsaicin-induced nociception and systemic endotoxin
(lipopolysaccharide (LPS)) (Hutchinson et al., 2013). This model used multiple
behavioural measures, including spontaneous pain, mechanical allodynia, punctate
mechanical hyperalgesia and flare, in order to elucidate either a central or peripheral effect.
Endotoxin potentiated capsaicin-induced hyperalgesia, allodynia and flare, suggesting both
central and peripheral actions, which required further investigation (Hutchinson et al.,
2013). It is necessary to recreate the observed endotoxin potentiated capsaicin response in
a preclinical model in order to ask detailed molecular and cellular questions within the

CNS.

In our preclinical capsaicin model, studies revealed an attenuation of capsaicin-induced
hypersensitivity due to pre-treatment injection timing, highlighting the complexities
present in even this basic pain model. Of particular concern are the effects of endogenous
opioid responses following a subcutaneous application of capsaicin to the hindpaw, an
effect known as stress-induced analgesia (SIA) (Butler et al., 2009). Common endogenous
opioid classes include endorphins, enkephalins, dynorphins and endomorphins which can
be released following stressful stimuli, acting at classical opioid receptors (Feng et al.,
2012; Labuz et al., 2016; Stein et al., 2003). Classical opioid receptors include p-, k- and
d-opioid receptors (MOR, KOR, DOR) (Ahlbeck, 2011; Feng et al., 2012). Upon
activation, alteration of ion channel function attenuates production and release of

neurotransmitters, subsequently reducing neuronal activity (Feng et al., 2012; Stein et al.,
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2003). Further, the relatively non-selective opioid antagonist naloxone blocks opioid
mediated SIA in multiple rodent models, including electroacupuncture, intraperitoneal
hypertonic saline administration and foot shock (Hemingway et al., 1987; Watkins et al.,
1982; Wright et al., 1985). There is evidence that endogenous opioid peptides also
attenuate mechanical hypersensitivity in a mouse neuropathic pain model (Labuz et al.,
2016). The potential of an endogenous opioid response in our preclinical capsaicin pain
model complicates the endotoxin-capsaicin effect we are aiming to replicate. Therefore, it
is necessary to investigate the potential role of opioid receptor activation following

intraplantar (i.pl.) capsaicin administration.

Classical opioid responses are not the only means by which stress-induced analgesia
occurs. Non-classical opioid effects refer to morphine-like analgesia which do not engage
classical opioid receptors (McDonald et al., 2013). Glutamate, y-aminobutyric acid
(GABA), endocannabinoids and monoamines are examples of endogenous non-classical
opioid compounds, due to their role in descending inhibitory facilitation (Butler et al.,
2009). Synthetic, clinically approved compounds include Tapentadol, which inhibits
norepinephrine re-uptake and MOR activation, however retains efficacy in MOR knockout
models (Langford et al., 2016) (Kogel et al., 2011). Likewise, stereoisomers of classical
opioid antagonists (+)-naltrexone and (+)-naloxone are able to attenuate neuropathic pain
in rodents, despite lack of affinity to classical receptors (Hutchinson et al., 2008; Lewis et
al., 2012; Valentino et al., 1983). Nociceptin/orphanin GQ (N/OFQ) receptor (NOP) is an
identified non-classical opioid receptor. NOP is structurally homologous to classical opioid
receptors but shows low affinity towards their agonists and is therefore recognised as a

non-classical opioid receptor (Mollereau et al., 1994; Toll et al., 2016).

This study aimed to investigate the effects of i.pl. administration on capsaicin-induced
mechanical hypersensitivity. I.pl. administration of saline (5 pL) 15 min before capsaicin
challenge attenuates mechanical hypersensitivity in BALB/c mice. Both (+)-and (-)-
naltrexone reversed the attenuated capsaicin response, while immunohistochemical
examination showed no effect on c-Fos expression in the spinal cord. Both naltrexone
stereoisomers were able to extend hypersensitivity, however only when administered post-

capsaicin. The results suggest a local endogenous non-classical opioid response alters
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neuronal function, the effects of which are dependent on the current activity levels of

nociceptive circuitry.

6.3. Methods

6.3.1 Animals

Male adult BALB/c mice (6-14 weeks) (n = 6-10 per group) obtained from Laboratory
Animal Services of the University of Adelaide (Adelaide, SA) were used in these
experiments. All mice were group-housed in the Medical School Animal Facility of the
University of Adelaide. Mice were allowed free access to food and water in a temperature-
controlled environment (23 + 3°C) maintained on a 12:12 h light/dark cycle (lights on at
0700h). Animals were left to acclimatise to the facility for at least one week before
handling began. One week of handling and acclimatisation to the experimental set-up was
carried out prior to use. All experiments reported in this study were approved by the
University of Adelaide Animal Ethics Committee (Ethics approval number M-227-13B)
and complied with the Australian code for the care and use of animals for scientific

purposes.

6.3.2 Materials

Capsaicin in 38% (2-hydroxy-propyl)-B-cyclodextrin was kindly donated by the PARC
clinical research group of the University of Adelaide (Adelaide, SA). (-)-Naltrexone was
kindly provided by Dr Andrew Somogyi (University of Adelaide, School of Medicine,
Adelaide, SA). (+)-Naltrexone was kindly donated by Dr Kenner Rice (Chemical
Biological Research Branch, National Institute on Drug Abuse and National Institute on
Alcohol Abuse and Alcoholism, National Institutes of Health, Rockville, MD). (2-
Hydroxypropyl)-B-cyclodextrin was purchased from Sigma-Aldrich (Castle Hill, NSW).
Sterile saline (0.9%) was purchased from Baxter Australia (Old Toongabbie, NSW,
Australia). Von Frey filaments were purchased from North Coast Medical Inc. (Gilroy,
California). PBS (10X) (137 mM sodium chloride, 2.7 mM potassium chloride, 1.5mM
dihydrogen potassium orthophosphate, 8 mM disodium hydrogen orthophosphate
(purchased from Chem Supply, South Australia, Australia)) was made and diluted in on-
site Milli-Q filtered H>O. Rabbit @ c-Fos antibody (K-25: sc-253) was purchased from
Santa Cruz Biotechnology, Texas, USA. Donkey (@ Rabbit secondary antibody and 3,3'-
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Diaminobenzidine (DAB) substrate were purchased from Vector Laboratories (California,
USA). Pierce™ streptavidin peroxidase-conjugated antibodies were purchased from

ThermoFisher Scientific (North Ryde, NSW).

(2-Hydroxypropyl)-B-cyclodextrin was diluted in 0.9% sterile saline to make a 38%
solution. A stock capsaicin solution of 5 mg/mL was created using 38% (2-
Hydroxypropyl)-B-cyclodextrin, protected from light and stored at 4°C for a maximum of
1 month. On the morning of use, this was further diluted in (2-Hydroxypropyl)-f3-
cyclodextrin to the experimental concentration. Both (-)- and (+)-naltrexone were made up
to the desired concentration in 0.9% sterile saline the week of the experiment and kept at

4°C.

6.3.3 Intraplantar drug administration

All capsaicin and B-cyclodextrin administrations were conducted using the following
technique. All injections were performed with a primed 25 pL. Hamilton micro-syringe and
30G needle. To prime the micro-syringe, the plunger was removed, and 0.9% saline was
injected into the barrel of the syringe until no air remained inside, the plunger was then
reinserted. A 30G needle was attached to a 1 mL syringe containing 0.9% saline and saline
was dispensed, filling the needle tip. The 30G needle tip was then carefully removed, filled
with 0.9% saline and attached to the full micro-syringe; leaving no air inside either the
micro-syringe or needle tip. The plunger was then pushed all the way down, and pulled up
to the 5 uL mark, creating a small air bubble. The desired volume of solution could then be
withdrawn and dispensed. Animals were gently restrained in a thin towel and 5 pL of the
solution was injected at the distal end of the plantar surface, directly under the skin at the

footpads (Fig. 6.1).
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Figure 6.1: Intraplantar (i.pl.) drug administration. (X) represents the site of needle
insertion, (A) represents the site of drug injection, (B) represents the site of von Frey

mechanical stimulation.

6.3.4 Behavioural testing

A von Frey test modified from the Nicotra et al. (2012) method was performed on all
animals. Immediately following i.pl. drug administration, animals were placed on a wire
mesh shelf that allowed access to the plantar surface of the hindpaw and covered with an
opaque cup. Von Frey filaments were touched to the proximal end of the plantar surface of
the hindpaw to allow assessment of secondary hypersensitivity, as elicited in the clinical
model (Fig. 6.1). Force was then applied until the filament bent and held for two seconds
before being slowly removed for one second and reapplied. Animals were tested up to 180
min following i.pl. drug administration. All animals received 10 applications of each von

Frey filament per time point, with a minimum of 8 min between application of a different
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filament strength. Baseline testing was conducted 24 h prior to i.pl. capsaicin

administration for all experiments.

6.3.5 Naltrexone studies

6.3.5.1 Intermediate saline

BALB/c mice were administered (-)-naltrexone (6 mg/kg) or equivalent volume saline by
intraperitoneal (i.p.) injection 15 min pre i.pl injection of saline. 15 min later animals were
administered capsaicin (0.4 pg/5 uL; i.pl.) or the equivalent volume of B-cyclodextrin
(Bazzo et al., 2013). Animals were tested with filaments 2.44 (0.04 g), 3.22 (0.16 g) and
3.84 (0.6g) at 7, 45, 90 and 135 min following capsaicin administration.

Baseline Naltrexone/ Saline Capsaicin Start
L . " End vF
vF Salinei.p. 1i.pl i.pl. vF
L 1 1 1 1 1
-30 -15 0 7 135
-24h min min min min min

Figure 6.2: Intermediate saline effect. Time course of drug administration and

behavioural testing investigating pre-capsaicin i.pl. injection stress effect.

6.3.5.2 Naltrexone pre-capsaicin

BALB/c mice were administered (-)- or (+)-naltrexone (6 mg/kg) or equivalent volume
saline (i.p.) 30 min prior to capsaicin (0.4 pg/5 pL; i.pl.) or the equivalent volume of -
cyclodextrin (Bazzo et al., 2013). Animals were tested with filaments 2.44 (0.04 g), 3.22
(0.16 g) and 3.84 (0.6g) at 7, 45, 90 and 135 min following capsaicin administration.

Baseline Naltrexone/ Capsaicin Start
vF Saline i.p. i.pl. vF End vF
L 1 1 1 1
-30 0 7 135
-24h min min min min

Figure 6.3: Pre-naltrexone effect on capsaicin-induced hypersensitivity. Time course

of drug administration and behavioural testing investigating pre-capsaicin naltrexone.
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6.3.5.3 Naltrexone post-capsaicin

BALB/c mice were administered (-)- or (+)-naltrexone (6 mg/kg) 30 min post capsaicin
(0.4 pg/5 pL; i.pl.) or (-)-naltrexone (6 mg/kg) 110 min post capsaicin (0.4 pg/5 pL; i.pl.)
(Bazzo et al., 2013). Control animals were administered equivalent volume saline (i.pl.) at
the same time points. Animals were tested with filaments 2.44 (0.04 g), 3.22 (0.16 g) and
3.84 (0.6g) at 7, 45, 90 and 135 min following capsaicin administration. Animals

administered (-)-naltrexone at 110 min, were also tested at 180 min following capsaicin.

Baseline Capsalcln Start Nalt_rcxgnc/ Naltfcxc_)nc/ End vF End vF
vF i.pl. vF Saline i.p. Saline i.p.
L ] 1 ] ] ] ]
-24h y 7 20 "~y 135/180 min
min min min min

Figure 6.4: Post-naltrexone effect on capsaicin-induced hypersensitivity. Time course

of drug administration and behavioural testing investigating post-capsaicin naltrexone.

6.3.6 Tissue collection

Animals were administered (-)-naltrexone (6 mg/kg) 30 min following capsaicin (0.4 pg/5
uL; i.pl.). 2 h following capsaicin, animals were sacrificed by i.p. sodium pentobarbitone
(300 ng/ kg), immediately followed by transcardial perfusion with 4% paraformaldehyde
(PFA) and flushed with sterile PBS (pH 7.4). The spinal column and brain were dissected
and post fixed in 4% PFA for 48 h. Tissue was then washed twice for 30 min in sterile PBS
(pH 7.4); the lumbar spinal cord (SC) was dissected out. Tissue was then stored in 70%
ethanol before overnight processing in a Sakura Tissue Tek VIP Junior Vacuum
Infiltration Processor (Olympus, Notting Hill, Australia). Tissue was then embedded in
paraffin using a Sakura Tissue Tek TEC 5 Embedding Centre (Olympus, Notting Hill,
Australia). Tissue was cut into 10 pum slices using a Leica RM2125 RT microtome (Leica

Microsystems, Mt Waverly, Australia) and mounted on Superfrost microscope slides.

6.3.7 Immunohistochemistry

Slides were placed in an oven at 37°C for 15 min, then into a Dako CoverStainer (Santa
Clara, United States) for de-waxing. Slides were removed, washed in water and placed in
methanol containing 3% H20> for 30 min. Slides were washed twice in PBS for 5 min.

Heat-induced epitope antigen retrieval was performed in 10 mM sodium citrate (pH 6).
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Slides in sodium citrate were brought to the boil and kept at 95°C for 10 min. Slides were
allowed to cool to room temperature (RT) before two, 5 min washes in 1X PBS. Slides
were dried and 3.3% normal horse serum (NHS) applied to each section for 30 min in a
humidifying chamber at RT. NHS was removed and c-Fos antibody (1:3000) was added to
each section. Slides were left in a humidifying chamber overnight at RT. Slides were
washed twice in 1X PBS for 5 min and biotin conjugated Donkey (@ Rabbit (1:250) diluted
in 1X PBS was applied for 30 min at RT. Slides were washed twice for 5 min in 1X PBS
and Pierce™ streptavidin peroxidase-conjugated antibodies (ThermoFisher Scientific)
(1:1000) were applied for 60 min at RT. Slides were then washed in 1X PBS twice for 5
min before DAB was applied for 7 min. DAB was removed and slides washed in running
water for 10 min before haematoxylin counterstaining and cover slipping in a Dako
CoverStainer (Santa Clara, United States). Slides were allowed to dry overnight and
imaged using a NanoZoomer (Hamamatsu C10730-12 2.0RS, Shimokanzo, Japan).
Staining in dorsal horn lamina I - III was analysed for c-Fos positive cells and area stained

using Image J (1.52t, Maryland, USA).

6.3.8 Analysis

Data was analysed using GraphPad Prism v7.0a (GraphPad software, Inc. San Diego, CA).
Two-way ANOVA with repeated measures and Tukey’s multiple comparison test was used
to compare treatment effect over time for all behavioural experiments with the following
exception. Sidak’s multiple comparisons test was used to compare treatment groups at
individual time points for (-)-naltrexone administered at 110 min post capsaicin and to
compare individual time points to baseline for all experiments. One-way ANOVA with
Tukey’s multiple comparison test was used to compare treatment effect in each of the

spinal cord sections analysed. P-values < 0.05 were considered statistically significant.

6.4 Results

6.4.1 Lpl. saline attenuates i.pl. capsaicin-induced mechanical hypersensitivity when
administered 15 min prior, an effect reversed by (-)-naltrexone
An i.pl. injection of capsaicin produces rapid hypersensitivity in BALB/c mice. This

response was not observed when saline (i.pl.) is administered just 15 min before capsaicin
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(Fig. 6.5). No values significantly differed from baseline at the lowest filament; a
significant difference was observed for the 0.16g (p < 0.01) and 0.6g (p < 0.05) filaments
at 7 min only (Fig. 6.5). The magnitude of these differences was much lower than observed
in previous studies. (-)-Naltrexone (6 mg/kg) administered 30 min before capsaicin,
reversed this effect. Two-way ANOVA revealed an effect of time (Fig. 6.5A. F2552) =
36.72, p <0.0001, Fig. 6.5B. F2.6,55 = 50.81, p < 0.0001, Fig. 6.5C. F3.3,70) = 66.96, p <
0.0001) and treatment (Fig. 6.5A. F21y = 15.31, p <0.0001, Fig. 6.5B. F221)=19.98, p <
0.0001, Fig. 6.5C. F221)=17.57, p <0.0001), as well as an interaction effect (Fig. 6.5A.
Fss4)=11.98, p <0.0001, Fig. 6.5B. Fs,84y= 16.93, p <0.0001, Fig. 6.5C. F(s84)=16.14, p
<0.0001), on von Frey responses for all filaments tested. Post hoc analysis revealed
capsaicin-induced hypersensitivity was significantly greater in the (-)-naltrexone pre-
treated group versus the saline pre-treated for all filaments at 7 (p < 0.01) and 45 min (p <
0.05) (Fig. 6.5). Interestingly for the heaviest filaments an extension in hypersensitivity
was observed until 90 min (p < 0.05). Von Frey responses were also significantly different
for the (-)-naltrexone-capsaicin group compared to the (-)-naltrexone-vehicle control at 7
(p <0.01) and 45 min (p < 0.05) for all filaments tested (Fig. 6.5). Like the saline-
capsaicin group, an effect was observed for the (-)-naltrexone-vehicle group compared to
baseline at 7 min for the heaviest filament (p < 0.05). At all other points no significant
difference from baseline were observed. Interestingly, (-)-naltrexone alone appeared to

cause extended hypersensitivity at higher doses (60 mg/kg) (Supp. Fig. 6.1)
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Figure 6.5. L.pl. saline 15 min pre-capsaicin attenuates mechanical hypersensitivity;
an affect is reversed by (-)-naltrexone. Mice were administered 0.9% saline (i.pl.) 15 min
prior to capsaicin (0.4 pg/5 uL; i.pl). (-)-Naltrexone (6 mg/kg; i.p.) or saline (0.9%; i.p.)
were administered 15 min prior to saline (0.9 %; i.pl.), followed by either capsaicin (0.4
ng/5 uL; i.pl) or vehicle (5 pL; i.pl). Testing included 10 applications of von Frey
filaments (0.04 (A), 0.16 (B), 0.6g (C)) and was performed at 7, 45, 90 and 135 min
following capsaicin administration. n = 12 for saline + capsaicin, n = 6 for all other groups.
*p <0.05, ¥ p<0.01, **** p <0.0001 (-)-naltrexone + saline + capsaicin vs saline +
capsaicin; & p < 0.05, && p <0.01, &&&& p < 0.0001 (-)-naltrexone + saline + capsaicin

vs (-)-naltrexone + saline + vehicle. Error bars represent SEM.
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6.4.2 Neither (+)- or (-)-naltrexone affect capsaicin-induced mechanical hypersensitivity
when administered pre-capsaicin.

To examine the effects of naltrexone on capsaicin-induced hypersensitivity the
‘intermediate’ i.pl. saline injection was removed from the protocol; leaving a single i.p.
administration of (+)- or (-)-naltrexone 30 min prior to i.pl. capsaicin. Two-way ANOVA
revealed an effect of time (Fig. 6.6A. F,63) =40.24, p <0.0001, Fig. 6.6B. F2655 = 38.64,
p <0.0001, Fig. 6.6C. F3.2,66) = 66.32, p < 0.0001) on von Frey reposes for all filaments
tested. A treatment effect was also observed for the 0.04 and 0.16 g filaments (Fig. 6.6A.
Fe21)=5.13, p=0.0153, Fig. 6.6B. F221) = 4.49, p = 0.0205) but not for the 0.6g filament
(Fig. 6.6C. F221) = 1.603, p = 0.2249). No interaction effect was observed for all filaments
(Fig. 6.6A. Fgs4) = 1.395, p=0.211, Fig. 6.6B. Fgg4) = 1.232, p = 0.2909, Fig. 6.6C. F(ss4)
=1.310, p = 0.2497). Post hoc analyses revealed there was no significant difference
between the (-)-naltrexone group and saline control at any time point tested (Fig. 6.6).
Interestingly when (+)-naltrexone was administered hypersensitivity was observed at 135

min (p < 0.05) for the intermediate filament (0.16g) (Fig. 6.6).
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Figure 6.6. Neither (-)- or (+)-naltrexone effect i.pl. capsaicin-induced
hypersensitivity. (+)-Naltrexone, (-)-naltrexone (6 mg/kg; i.p.) or saline were
administered 30 min prior to capsaicin (0.4 pg/ 5 uL; i.pl.). Von Frey testing was
conducted 7, 45, 90 and 135 min post capsaicin administration. n = 10 for saline group, n =
8 for (+)-naltrexone group, n = 6 for (-)-naltrexone group. & p <0.01 (+)-naltrexone vs (-)-

naltrexone. Error bars represent SEM.
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6.4.3 Both (+) and (-)-naltrexone administered post capsaicin extend hypersensitivity.
Following the observed (+)-naltrexone effect (Fig. 6.6) and extended hypersensitivity
observed at high (-)-naltrexone doses (Supp. Fig. 6.1); (+)- and (-)-naltrexone were
administered 30 min post-capsaicin. We observed a significant effect of time (Fig. 6.7A.
F@33,700=53.15, p <0.0001, Fig. 6.7B. F2.8,58) = 74.28, p < 0.0001, Fig. 6.7C. F.0,62) =
149.8, p <0.0001) and treatment ((Fig. 6.7A. F21) = 6.988, p = 0.0047, Fig. 6.7B. F21) =
22.63, p <0.0001, Fig. 6.7C. F21) = 42.89, p < 0.0001) on von Frey responses for all
filament strengths. An interactive effect was also observed for all filaments (Fig. 6.7A.
Fs84)=3.17, p=0.0034, Fig. 6.7B. Fg34)=4.99, p < 0.0001, Fig. 6.7C. Fgg4) = 13.43, p <
0.0001). Of interest were the group differences at 45 min onwards (as naltrexone was
introduced at 30 min). Post hoc analysis revealed that 15 min following naltrexone
administration (+)-naltrexone produced significantly higher scores for the 0.04g (p < 0.05),
0.16g (p <0.0001) and 0.6g (p < 0.0001) filaments compared to saline control animals. In
contrast, (-)-naltrexone was significantly different than the saline group at 45 min using
only the heaviest filament (0.6g) (p < 0.0001). Both (+)- and (-)-naltrexone produced
significantly higher von Frey scores at 90 and 135 min post capsaicin (Fig. 6.7). There was
no significant difference between the (+)- and (-)- naltrexone groups at any time point (Fig.
6.7). In the absence of capsaicin, (+) - and (-)-naltrexone had no effect on von Frey
responses; no significant differences were observed from baseline at all time points (data

not shown).
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Figure 6.7. (+)- and (-)-naltrexone extended hypersensitivity when administered 30

min following i.pl. capsaicin. (+)-Naltrexone, (-)-naltrexone (6 mg/kg; i.p.) or saline were

administered 30 min (dotted line) following capsaicin (0.4 pg/ 5 uL; i.pl.). Von Frey

testing was conducted 7, 45, 90 and 135 min post-capsaicin. n = 10 for saline group, n =8

for (+)-naltrexone group, n = 6 for (-)-naltrexone group. * p < 0.05, ** p <0.01, *** p <

0.001, **** p <(.0001 (-)-naltrexone vs saline; # p < 0.05, ## p < 0.01, ### p < 0.001,

###H# p < 0.0001 (+)-naltrexone vs saline. Error bars represent SEM.
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6.4.4 Administration of (-)-naltrexone at later time points does not restore mechanical
hypersensitivity following capsaicin.

Following the extended hypersensitivity observed above we asked whether addition of
naltrexone at later time points would reverse a return to baseline. Using (-)-naltrexone we
observed no difference compared to control when administered 110 min following
capsaicin (Fig. 6.8). Two-way ANOVA revealed an effect of time (Fig. 6.8A. F2.9,29) =
19.18, p <0.0001, Fig. 6.8B. F2.828)=21.68, p <0.0001, Fig. 6.8C. F2.929)=31.51,p <
0.0001), however, no treatment (Fig. 6.8A. F1,10) = 0.62, p = 0.4508, Fig. 6.8B. F(1,10)=
1.74, p=0.2163, Fig. 6.8C. F(1,100=0.08, p = 0.7861) or interaction effect (Fig. 6.8A.
Fs.50 = 0.14, p -= 0.98, Fig. 6.8B. F(550)=0.91, p = 0.4862, Fig. 6.8C. F(550)=1.89, p =
0.1137), on von Frey responses for all filaments tested. Post hoc analysis revealed no
difference between groups at any time point. For the lightest filament (0.04g) there was no
time point significantly greater than baseline past (-)-naltrexone administration. For the
0.16g filament, the (-)-naltrexone group only was significantly higher than baseline at 135
min (p < 0.05), neither group was statistically different than baseline at 180 min. Similarly,
(-)-naltrexone group only was significantly higher than baseline for the 0.6g filament at
180 min (p < 0.01), neither group differed from baseline at 135 min (Fig. 6.8). Reflecting
these results, we observe no effect when (-)-naltrexone is delivered at 155 min post
capsaicin; no group differences and no change from baseline post (-)-naltrexone

administration (Supp. Fig. 6.2).
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Figure 6.8. Administration of (-)-naltrexone 110 min following i.pl. capsaicin does not
restore mechanical hypersensitivity. (-)-Naltrexone (6 mg/kg; i.p.) or saline were
administered 110 min (dotted line) following capsaicin (0.4 pg/ 5 pL; i.pl.). Von Frey
testing was conducted 7, 45, 90, 135 and 180 min post-capsaicin. n = 6 for all groups.

Error bars represent SEM.
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6.4.5 Spinal cord c-Fos is unaltered by application of (-)-naltrexone applied 30 min
following capsaicin administration.

Neuronal activation marker c-Fos was investigated 120 min post capsaicin and 90 min post
(-)-naltrexone, a time point where we observed significantly higher sensitivity compared to
controls (Fig. 6.7). No changes were observed, in either the contralateral or ipsilateral
dorsal horn of the lumbar spinal cord (Fig. 6.9). One-way ANOVA revealed no effect of
treatment on cell count or area stained for all ipsilateral and contralateral spinal cord

sections (Supp. Tab. 6.1). Post hoc analysis revealed no differences between treatments at

all cord segments.
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Figure 6.9. Administration of (-)-naltrexone 30 min post capsaicin does not alter c-Fos
expression in the lumbar spinal cord lamina 1-3. C-Fos staining in the lumbar spinal
cord 90 min following (-)-naltrexone (6 mg / kg; i.p.) and 120 min following capsaicin (0.4
ng/ 5 pL; i.pl.). Representative images at L3 (A, B, C), L4 (D, E, F) and L5 (G, H, I) of
saline (A, D, G), capsaicin (B, E, H) and (-)-naltrexone-capsaicin (C, F, I) groups. Scale
bar represents 250 um. J and K represent the number of c-Fos positive cells in the
ipsilateral and contralateral dorsal horn respectively. L and M represent the area stained by
c-Fos antibody as a percentage of ipsilateral and contralateral dorsal horn lamina 1-3

respectively. n = 2, error bars represent SEM.
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6.5 Discussion

The aim of this study was to investigate the effect of i.pl. administration on capsaicin-
induced mechanical hypersensitivity. This would enable improved interpretation of i.pl.
capsaicin behavioural data by gaining a more rounded multi-system understanding. We
observed injection-induced attenuation of capsaicin hypersensitivity, which was reversed
by both opioid receptor antagonist (-)-naltrexone and its opioid inactive stereoisomer (+)-
naltrexone. Further to this, we were able to extend capsaicin-induced hypersensitivity
when naltrexone was administered during a period of behavioural sensitivity post-
capsaicin. Analysis of CNS c-Fos activation revealed no increase in c-Fos positive cells in
the spinal cord dorsal horn that would account for the behavioural observations. These
results suggest i.pl. drug administration recruits both endogenous opioid and non-classical
opioid systems, and the consequences of these systems depends upon the current level of

activity within the nociceptive pathway.

We were able to demonstrate that an i.pl. injection stressor 15 min before capsaicin
administration attenuated the magnitude of hypersensitivity in BALB/c mice. To the best
of our knowledge, the effect of an i.pl. injection stressor on nociceptive hypersensitivity
has not been reported. Injection-induced stress effects in rodent models are well
documented. L.p. saline administration in rats increases blood and tissue (ventral
hippocampus) corticosterone, and decreases blood nitric oxide (Freiman et al., 2016).
These findings suggest a single injection was able to activate the hypothalamic-pituitary-
adrenal (HPA) axis which is involved in stress responses (Freiman et al., 2016). Further,
corticosterone is elevated 30 min following intraperitoneal injection in male BALB/c mice,
again suggesting involvement of the HPA axis (Drude et al., 2011). Rats and mice have
also been used to show the effects of restraint handling during injection, with increased
restraint resulting in increased blood cortisone; an area of concern for i.pl. administration
which requires significant animal restraint (Meijer et al., 2006; Stuart et al., 2015). While
there is no doubt that handling and injection cause stress responses in animal models, the

mechanisms behind the analgesia reported here requires further investigation.

Stress-induced analgesia (SIA) is a well-documented phenomena with multiple potential
mechanistic drivers including opioid, endocannabinoid and monoaminergic systems acting
at all levels of pain circuitry (Butler et al., 2009). Injection stressors are not used to study

SIA, making comparisons to this work difficult. I.p. injection of hypertonic saline causes
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reduced tail withdrawal latency to radiant heat in rats, however in this case it appears the
effect is due to the hypertonic nature of saline rather than the injection itself (Wright et al.,
1985). Opioid antagonist naloxone did not reverse this effect but enhanced analgesia, again
suggesting the mechanism is dissimilar to what we observe here (Wright et al., 1985).
Electric foot shocks are a commonly used stressor in both clinical and preclinical pain
models, and perhaps the most relevant method to the i.pl. effect we observe here. Both
mouse and rat studies have used intrathecal naloxone to block the analgesic effects of foot
shock (Chesher et al., 1977; Hemingway et al., 1987; Watkins et al., 1982). One study
reported location-dependent opioid actions, with reversal of analgesia observed in forepaw,
but not hindpaw (Watkins et al., 1982). This is in contrast to our study which found
hindpaw analgesia was resolved by both classical and non-classical opioid antagonism. An
interesting finding here is that naloxone could not reverse analgesia past onset; we did not
administer naloxone between saline injection and capsaicin to test this in our model
(Watkins et al., 1982). Such an experiment could be conducted in future to determine if our
analgesia is similarly spinally mediated. Acupuncture-induced analgesia is another, less
commonly utilised stressor with potentially similar impact to our model. In rabbits,
naloxone reverses tail withdrawal analgesia induced by electroacupuncture (Zakusov et al.,
1981). While SIA is a possible cause of the observed analgesia further characterisation of
opioid vs non-classical opioid mechanism and peripheral or central action needs to be

determined.

Both classical and non-classical opioid antagonists administered prior to the injection
stressor, reversed analgesia in this study. Interestingly, not only was the analgesia reversed
but hypersensitivity was observed at 90 min following stimulation with the highest
filament. L.pl. capsaicin-induced hypersensitivity has never lasted 90 min in this, or any of
our previous experiments utilising i.pl. capsaicin at higher doses. Evidence from the wider
pain community for similar and higher capsaicin doses also shows resolution of
hypersensitivity prior to 90 min using a von Frey test (Abdelhamid et al., 2013; Carey et
al., 2016; Laird et al., 2001b). This suggests an effect of (+)- and (-)-naloxone in not only
reversing attenuation but extending allodynia, an effect observed both with and without the

intermediary i.pl. saline injection.

To further investigate, we administered naltrexone at later time points to observe their

effect on the duration of capsaicin-induced hypersensitivity. Naloxone administered 30
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min post capsaicin caused extensions of hypersensitivity for the duration of the testing
period (135 min), significantly longer than that observed due to pre-capsaicin naltrexone.
These results mimic those observed in a mouse complete Freund’s adjuvant (CFA) pain
model, which administered (-)-naltrexone post i.pl. administration (Corder et al., 2013). An
inflammatory pain model, CFA produces mechanical hypersensitivity lasting 10 days,
however (-)-naltrexone was infused throughout this entire resolution phase. Mechanical
hypersensitivity remained elevated until the infusion was ended. The authors postulate a
MOR mediated inhibition of pain is blocked by (-)-naltrexone (Corder et al., 2013). In
contrast to our study however, the authors were able to reinstate mechanical and thermal
hypersensitivity when (-)-naloxone was administered (i.p.) after initial resolution. They
were also able to show that peripherally restricted naltrexone (naltrexone methobromide)
had no effect, suggesting a central site of action (Corder et al., 2013). The authors propose
enhanced pronociceptive synaptic strength via an N-methyl-D-aspartate (NMDA)
mediated adenyl cyclase activation. While this is in contrast to our result which shows no
reinstatement of hypersensitivity (Fig. 6.8), it agrees with multiple clinical and preclinical
studies. In mice, surgical incision and remifentanil administration-induced mechanical
hypersensitivity resolves by day 20. At day 21 mechanical hypersensitivity was reinstated
by (-)-naloxone, but not (+)-naloxone or peripherally acting naloxone methiodide. Again,
the authors identified the effect was centrally mediated, however through KOR, with
involvement of NMDA receptors (NMDAR) (Campillo et al., 2011). Similarly, primary
and secondary mechanical hypersensitivity was reinstated in a concentration dependent
manner by (-)-naloxone in mice and humans following mild heat shock (Pereira et al.,
2015). NMDARs are also implicated in non-nociceptive stress-induced latent pain
sensitisation in rats (Le Roy et al., 2011). Latent sensitisation is a theory which postulates
central sensitisation outlasts signs of hyperalgesia which can be reversed by antagonism of
central opioid actions (Pereira et al., 2015). While much evidence exists for this process,
our results only partially corroborate an opioid-induced latent central sensitisation due to

the nature of classical and non-classical opioid extension of hypersensitivity.

While limited, there are studies which indicate a possible mechanism by which opioid
action can increase intracellular calcium and neurotransmitter/neurotrophic factor release
(Samways et al., 2006). Enkephalin, noradrenaline and adenosine are released from
guinea-pig myenteric plexus, rat spinal cord and SH-SY5 cells respectively following

opioid exposure (Cahill et al., 1993; McDonald et al., 1996; Xu et al., 1992). However, in
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each case concomitant stimulation of a secondary receptor (muscarinic receptor, N-type
voltage-operated calcium channels and Gi/Go-coupled neuropeptide Y receptors
respectively) was required. Similarly, in mouse dorsal root ganglion neurons capsaicin-
induced calcium is able to induce a rapid increase (30 s - 10 min) of surface DOR. Upon
activation, DOR’s are able to release internal calcium stores leading to sustained elevated
calcium (Bao et al., 2003). We suggest this mechanism warrants further investigation
based on the context of this behavioural data. The rapid increase in surface DOR following
capsaicin perhaps accounts for the observed potentiated responses only in the period
immediately following capsaicin administration. Further evidence of naloxone-induced
potentiation of hypersensitivity can be found in freezing behaviour induced by electric
shock in rats (Fanselow et al., 1979). The authors suggest by blocking endogenous
analgesic action, the shocks become more of an aversive stimulus, resulting in amplified
and extended shock-induced behaviours (Fanselow et al., 1979). While we do not observe
amplified hypersensitivity, we do observe an extended response. Interestingly the authors
also note that timing is crucial to this effect. Naltrexone must be present before the shock,
with no effect observed if naltrexone is administered post shock, in contrast to what we see
here (Fanselow et al., 1979). The possibility of opioid and non-opioid mediated increases
in intracellular calcium after TRPV1 activation offer an interesting alternative explanation

to what we observe and warrants further study.

Despite the mechanisms, the central and/or peripheral origins of the naloxone effect need
to be determined. Future studies should consider the use of peripheral or centrally
restricted antagonists, such as those used in the studies discussed above. We used multiple
filament strengths in this study in order to attempt to behaviourally distinguish mechanism.
The lowest fibre we used elicited less than one response from 10 at baseline, considered
completely innocuous (data not shown). The highest filament we used elicited an average
of 2 responses from 10 and was considered noxious (data not shown). This gave the study
the possibility of distinguishing between an allodynic (innocuous filament) and
hyperalgesic (noxious filament) mechanism. Secondly, stimulating away from the site of
injury (Fig. 6.1) narrowed focus on changes induced by central mechanisms. Including an
array of behavioural tests in this protocol would have been beneficial. Firstly, to monitor
spontaneous behaviours which are clinically relevant and secondly a wider range of
elicited behaviours (Backonja et al., 2004). Mechanical sensitivities at the site of

administration would have allowed for peripheral sensitisation effects but may require
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administration at separate sites that allow easier access to the injection site than the
footpads of a mouse. For example, cheek or calf administration which have been
demonstrated previously (Akiyama et al., 2014; Shimada et al., 2008). Secondly,
introducing thermal testing, which would provide useful comparisons to previous studies
in which opioid antagonism has varying effects on mechanical and thermal stimuli (Labuz

etal., 2016).

We investigated neuronal activation (c-Fos) states in the dorsal horn of the spinal cord.
Pilot studies were unable to identify differences between groups, suggesting that increased
neuronal activation is not responsible for the observed behavioural differences. Multiple
studies report increased c-Fos in superficial lamina at comparable doses between 30 min
and 1.5 h post capsaicin (Hossaini et al., 2014; Hossaini et al., 2011; Zou et al., 2001).
Despite the difference in timing, one would expect to see increased c-Fos in capsaicin
treated animals. The induction of phosphorylated extracellular signal-regulated kinase
(pERK) may also be worth considering as an alternative. Associated with noxious
stimulation, pERK is produced rapidly in dorsal horn neurons correlating closely with
induction of hypersensitivity compared to c-Fos, which is induced 30 - 60 min following
stimulation (Gao et al., 2009). Further, pERK was used in the previously mentioned study
by Corder et al. (2013). They use pERK to highlight the effect of naltrexone in reinstating
mechanical hypersensitivity. Their protocol included anaesthetising mice and applying
light mechanical stimulation of the hindpaw (cotton bud wiping) prior to sacrifice and
histological processing (Corder et al., 2013). We did not mechanically stimulate the paw in
our protocol, which should be considered in future immunohistochemical studies

investigating the effect of naltrexone potentiation of mechanical hypersensitivity.

Understanding the multisystem effects elicited by drug administration is important when
interpreting data from subsequent behavioural testing. Here we show that i.pl.
administration can affect capsaicin-induced hypersensitivity. Further to this we show that
blocking both opioid and non-classical opioid pathways can reverse this effect and extend
hypersensitivity following capsaicin depending on the timing of administration. The
production of extended hypersensitivity appears to be dependent on the environment of the
nociceptive pathway at the time of antagonism but is not due to increased neuronal activity

at the level of the spinal cord. Despite the need for further elucidation of mechanism, these

142



results improve understanding of the effects of i.pl. drug administration on nociceptive

outcomes.

6.6 Supplementary figures
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Supplementary Figure 6.1: (-)-Naltrexone reverses i.pl. saline attenuated capsaicin-
induced mechanical hypersensitivity, which is extended at high doses. Mice were
administered 0.9% saline (i.pl.) 15 min prior to capsaicin (0.8 pg/5 uL; i.pl). (-)-Naltrexone
(0.6 mg/kg (A, B, C); 60 mg/kg (D,E, F); i.p.) or saline (0.9%; i.p.) was administered 15
min prior to saline (0.9 %; 1.pl.), followed by either capsaicin (0.8 pg/5 pL; i.pl) or vehicle
(5 pL; i.pl). Testing included 10 applications of von Frey filaments (0.04 (A, D), 0.16 (B,
E), 0.6g (C, F)) and was performed at 7, 45, 90 and 135 min following capsaicin
administration. n = 12 for saline + capsaicin, n = 6 for all other groups. * p <0.05, ** p <
0.01, *** p <0.001, **** p <0.0001 (-)-naltrexone + saline + capsaicin vs saline +
capsaicin; & p < 0.05, && p <0.01, &&&& p < 0.0001 (-)-naltrexone + saline + capsaicin
vs (-)-naltrexone + saline + vehicle; $ p < 0.05, $$ p <0.01 (-)-naltrexone + saline +

vehicle vs saline + capsaicin. Error bars represent SEM.
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Supplementary Figure 6.2. (-)-Naltrexone does not restore capsaicin-induced

135

mechanical hypersensitivity when administered 155 min following i.pl. capsaicin. (-)-

Naltrexone (6 mg/kg; i.p.) or saline were administered 155 min (dotted line) following

capsaicin (0.8 pug/ 5 pL; i.pl.). Von Frey testing included 10 applications of von Frey
filaments (0.04 (A), 0.16 (B), 0.6g (C)) at 7, 45, 90, 135 and 180 min post-capsaicin. n = 6

for all groups. Error bars represent SEM.

Supplementary Table 6.1. One-way ANOVA results reveal no effect of treatment on

cell count or area stained by c-Fos antibody (n = 2) (Fig. 6.9).

Normalised Cell Count Area (%)
L3 L4 L5 L3 L4 L5
Fe»n= |Fe3y= |Feo= |Fen= |Fesy= |Fes=
Ipsilateral 0.2032 0.3071 0.4837 0.1834 0.1908 2.926
P=0.8265 | P=0.7562 | P=0.6484 | P=0.8411 | P=0.8356 | P=0.1648
Fe»n= |Fe3= |Fen= |Fey= |Fan= |Fey=
Contralateral 0.3803 2.729 0.7842 0.3253 3.439 1.288
P=0.7125 | P=0.2113 | P=0.5321 | P=0.7449 | P=0.1674 | P=0.3946
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Chapter 7. Discussion

The first aim of this thesis was to investigate the specifics of a functionally relevant
interaction between toll-like receptor 4 (TLR4) and transient receptor potential cation
channel subfamily V member 1 (TRPV1). Secondly, we aimed to utilise this interaction
and create a novel preclinical pain model which directly engages both the immune and
neuronal elements of neuroimmune signalling. This would create a unified preclinical and
clinical pain model and enable further molecular and cellular investigation of mechanisms
underlying endotoxin potentiated capsaicin-induced allodynia, hyperalgesia and flare in
humans. We were able to successfully demonstrate TLR4 altered TRPV1 function in a
HEK293FT cell line co-expressing both TLR4 and TRPV 1. In this system we observed
endotoxin potentiated increases in calcium accumulation following capsaicin but no altered
influx dynamic. Interestingly we also observed TLR4 antagonists resulted in increased
intracellular calcium accumulation. We were unable to replicate potentiated capsaicin
responses observed in the clinical endotoxin-capsaicin study in a preclinical mouse model.
Although we do report a potentiated mechanical hypersensitivity following primed locally
applied LPS in a population of BALB/c mice. Complicating our efforts in creating a
preclinical model was an apparent endogenous analgesic response following intraplantar
capsaicin administration. We were able to identify this was the result of classical and non-
classical opioid analgesic mechanisms, blocked by the addition of both (-)- and (+)-
naltrexone. Therefore, we confirm the existence of a TLR4/TRPV1 functional interaction,

both dependent and independent of TLR4 signalling, with relevant in vivo consequences.

We were able to confirm that the presence of TLR4 is sufficient to alter TRPV1 function in
a co-expression system. This result agrees with multiple studies which show alteration of
TRPV1 mediated current and calcium accumulation when co-expressed with TLR4 (Min et
al., 2018; Min et al., 2014). Live cell analysis suggests a population of TLR4/TRPV1 co-
expressing cells exhibit a rapid response, but what would cause this in our system is yet to
be identified. Due to the unreliability of TLR4 antibodies we were unable to identify the
relative expression of TLR4 protein, which may have provided more insight into these
responses (McCarthy et al., 2017). In future, using conjugated LPS may offer an
alternative while in situ TLR4 protein identification remains elusive (Diogenes et al.,
2011). In the absence of any intentional added stimulus these results suggest either a

physical interaction or some level of basal signalling. A physical interaction has been
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proposed between TRPV1 and the TIR domain of TLR4, which when removed reverses
potentiated TRPV 1 mediated calcium responses (Min et al., 2018). To investigate basal
signalling effects we applied multiple antagonists which inhibit various aspects of the
TLR4 complex including the MD2/endotoxin interaction (1J, (+)-Naloxone, LPS-RS) and
interaction of TLR4 with its intracellular TIR adaptor proteins (TAK-242) (Gaikwad et al.,
2015; Matsunaga et al., 2011; Selfridge et al., 2015). These antagonists had no effect on
the calcium response curve of TLR4/TRPV1 co-expressed HEK293FT cells, and
surprisingly led to increased calcium accumulation following capsaicin, contrasting
previous work in primary DRG neurons which shows no effect of LPS-RS on intracellular
calcium (Diogenes et al., 2011). Based on these results, it is unlikely basal signalling is the
cause of our altered capsaicin-induced calcium responses, further implicating physical
interaction. Future studies will need to establish a physical protein-protein interaction to
confirm this hypothesis; resonance energy transfer techniques such as bioluminescence or
fluorescence resonance energy transfer (BRET or FRET) offer interesting avenues for this

live cell work given the unreliability of TLR4 antibodies (Dimri et al., 2016).

Relating to our second aim, we hypothesised the potentiation of TRPV1 responses
following activation of TLR4 by LPS in vitro. Activation with LPS did not alter TRPV 1
mediated calcium influx dynamics, although it did induce increased calcium accumulation
at high doses (100, 1000 ng/mL) following 18 min but not 4 h LPS incubation. It should be
noted that cells not exposed to capsaicin expressing both TLR4 and TRPV1 showed
increased calcium accumulation following 18 min LPS stimulation at 100 and 1000 ng/mL
which may account for the difference observed in capsaicin stimulated cells. This response
to LPS is also seen in rat DRG neurons, where the effect is blocked by TLR4 antagonism,
suggesting the influx is TLR4 mediated; although LPS has no effect on calcitonin gene-
related peptide (CGRP) release (Diogenes et al., 2011; Li et al., 2015). Likewise, we
recorded increases in intracellular calcium accumulation in cells only expressing TLR4.
Together, these results suggest that TLR4 mediated intracellular calcium increases do not
influence neuropeptide release, but offer an alternative mechanism to rapid alteration in

TRPV1 sensitivity.

Studies in both primary and HEK293FT cells agree that short LPS stimulation (< 1 min to
15 min) potentiates TRPV1 responses measured using alternate assays, including inward

current and CGRP release (Diogenes et al., 2011; Li et al., 2015; Wu et al., 2019).
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HEK293FT cells are used in overexpression studies due to their active signal transduction
pathways; importantly they express the intracellular components important for the
sensitisation of TRPV1, including AKAP79, PKC, PKA, PI3K and PLC (Atwood et al.,
2011; Gardner et al., 2006; Song et al., 2014). Apart from ligand-induced physical
changes, these scaffolding proteins and kinases represent a plausible route of rapid,
calcium-induced sensitisation. Our conditions were almost identical to the HEK293FT
overexpression system used previously which reported LPS-induced potentiation of
capsaicin-induced inward currents (Li et al., 2015). Future studies which explore
mechanism would be wise to include patch clamp data to ascertain if the small, rapid LPS-

induced intracellular calcium changes translate to altered TRPV1 channel conductance.

In order to achieve our second aim and back-translate the clinical endotoxin-capsaicin
model, an exhaustive literature review of preclinical pro-nociceptive capsaicin models was
undertaken. It is evident that there are areas in need of refinement in this space; in
particular in relation to capsaicin dose, reporting nomenclature and the use and reporting of
data from both sexes. One such improvement is recognising which doses are necessary to
produce duration of hypersensitivity required for the behavioural assessment. Rarely do
researchers test animals for more than 3 h post capsaicin application, yet doses can vary
hundreds of micrograms within the same species and application site. This is particularly
evident in intra-colonic mouse studies, where a dose of 50 pg is established, yet to 500 pg
is still used despite testing at the same 20minute time point (Gonzalez-Cano et al., 2017;
Hockley et al., 2017). Likewise, in rat intraplantar injection studies 10 pg is established,
while recently doses above 1 pug were administered for testing at the same or shorter time
points (Huang et al., 2016; Leblanc et al., 2014). This is not true of all applications; 1.6 ug
is commonly used at the mouse hindpaw with no evidence that significantly higher doses
are used. We incorporated this dose in our pilot studies, eventually choosing to use 0.8 pg
as it produced similar outcomes. We further reduced this to 0.4 pg in the later animal
studies, finding it as effective as the higher doses. We suggest many doses used in
capsaicin literature can be significantly refined. Another area in need of refinement is the
use of language around subject responses. Throughout this manuscript we use the term
‘hypersensitivity’ in reference to reduced mechanical and thermal thresholds. It became
clear in our literature search that terms allodynia and hyperalgesia - commonly used in

clinical trials due to the ability of subjects to self-report pain — are used interchangeably. It
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is recommended to reduce confusion that researchers agree on a consensus term to refer to
reduced sensory thresholds in pain literature. Finally, only 10% of studies include female
subjects, presumably due to the added variables introduced by oestrous. However, this
removes a significant research interest and is an important step forward in future
experimental design. In addition, poor reporting of sex-independent results should be
reviewed in order to clarify persistent questions around sex-related difference in pain. In
order to back-translate the clinical model, an attempt was made to replicate as close as
practicable the clinical conditions, leading to the initial use of male mice. Further
investigations into the potentiated responses following a primed LPS response should
investigate the phenomenon in female mice. We were therefore able to use the literature
review to refine or procedures and reporting, while future steps should aim investigate

primed LPS-induced capsaicin potentiation in female mice.

We were unable to replicate potentiated capsaicin-induced mechanical hypersensitivity in
BALB/c mice. As stated above, we attempted to replicate conditions present in the clinical
model including; sex, stimulus intensity, route of administration and behavioural outcome;
however, adaptions were necessary for a rodent model. These included relative capsaicin
and LPS doses as well as LPS timing. Systemic LPS timing was investigated at both 3 and
4 h to firstly replicate the clinical study, and then at a later timepoint to reflect the
comparatively delayed peak cytokine response in BALB/c mice (Ostberg et al., 2000).
Capsaicin doses were optimised to generate a submaximal response to mechanical
stimulation, allowing for detection of potentiation. LPS doses 1 pg/kg and 1 mg/kg reflect
both low and moderate immune inducing stimulus in BALB/c mice, reflecting low levels
of serum cytokine increase in the clinical model (Kadafi et al., 2019; Meneses et al., 2018;
Ostberg et al., 2000). However, none of the variables tested produced potentiated

mechanical hypersensitivity.

We chose to utilise a common method of measuring mechanical hypersensitivity in mice
following application of capsaicin to the hindpaw. The clinical model reports potentiated
mechanical allodynia, hyperalgesia and flare. Therefore, we adopted a von Frey approach
using a range of filaments to replicate both innocuous and noxious mechanical stimulation.
This would allow assessment of both allodynia and hyperalgesia in a rodent model.

Adopting a best of 10 von Frey approach limited the number of fibres we could test due to
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the rapid onset and transient nature of capsaicin-induced mechanical hypersensitivity;
however, this offered significantly decreased variability over a best of 5 approach.
Determining a threshold using either the Chaplan or the modified SUDO up-down methods
rather than a best of 10 approach may be advantageous in future work using manual von
Frey filaments across a short time frame. While they won’t allow inferences regarding
allodynic or hyperalgesic mechanism, they offer fewer applications per animal per time
point (Bonin et al., 2014; Chaplan et al., 1994). Ideally, electronic von Frey would be used
to further minimise filament applications. It should be noted that the clinical endotoxin-
capsaicin model observed a larger potentiation to mechanical allodynia compared to
hyperalgesia (Hutchinson et al., 2013). Hyperalgesia was measured using von Frey
filaments, a static mechanical stimulus; while capsaicin-induced allodynia was measured
using a foam brush, representing dynamic mechanical stimulation (Hutchinson et al.,
2013). Dynamic and mechanical stimuli can be differentiated by use of analgesics which
block only either static or dynamic stimulation and can be produced independently by
different nerve injuries (Field et al., 1999). These results suggest that each stimulation type
recruits different nociceptor subsets, raising the possibility that LPS potentiation may not
occur in those activated by punctate mechanical stimulation. Dynamic stimulation has been
reported in capsaicin literature with use of cotton bud wiping, an alternative to consider in

future studies (Laird et al., 2004; Laird et al., 2001b).

In addition, we needed to modify the anatomical region tested when compared to the
clinical endotoxin-capsaicin model. The hindpaw is an overwhelmingly popular choice to
assess capsaicin-induced pain, however multiple studies have shown TLR4-dependent pain
hypersensitivity is anatomically variable (Hu et al., 2017; Wegner et al., 2014; Wegner et
al., 2015). In the clinical endotoxin-capsaicin model, the forearm produced potentiated
sensitivity, however this is not an ideal location for administration of mechanical
stimulation in rodent models. Alternatives already present in the capsaicin literature
include intradermal application at the calf, vibrissae pad and nape (Akiyama et al., 2014;
Peirs et al., 2016; Shimada et al., 2008). Based on clinical data suggesting LPS-induced
mechanical sensitivity presents in back muscles, the back offers another potential
alternative for intradermal capsaicin administration in mice (Wegner et al., 2014). A
disadvantage of our intraplantar model is the endogenous analgesia induced by injection
and its subsequent effect on hindpaw sensitivity. This becomes particularly relevant if

these mechanisms impact any potential effects of LPS.
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We identified that injection stress attenuated capsaicin responses in BALB/c mice within
15 min. Both classical and non-classic opioid antagonists (-)- and (+)-naltrexone reversed
this response when administered pre-capsaicin. When administered post-capsaicin
however, (-)- and (+)-naltrexone potentiated and extended capsaicin-induced mechanical
hypersensitivity. Therefore, the timing of this effect was critical to this potentiation, and
suggests it is not a result of nociceptor potentiation, but an attenuation of an endogenous
analgesic response. Potential mechanisms must be rapid given the short time period
between injection and altered capsaicin response and includes stress-induced analgesia
resulting from intraplantar application of capsaicin, a phenomenon observed in rodent
hindpaw following electric shock and acupuncture (Wright et al., 1985; Zakusov et al.,
1981). However, more investigation is required to narrow down mechanism, importantly,
identifying if the effects are peripherally or centrally mediated would enable a more

targeted mechanistic investigation.

Although we weren’t able to observe potentiated capsaicin-induced hypersensitivity
following systemic LPS, potentiated responses were observed following locally applied
LPS. Due to the effects of LPS on DRG neurons described above we attempted to cause
potentiation by targeting peripheral neurons directly (Diogenes et al., 2011; Ferraz et al.,
2011; Li et al., 2015; Wadachi et al., 2006). This was only possible at later time points due
to the previously discussed analgesic action of intraplantar drug administration. We were
unable to produce significant potentiation of capsaicin-induced mechanical
hypersensitivity following a single LPS dose, with exception of a single time point (90
min) using the strongest filament tested (0.6 g). Based on evidence in mice that primed
LPS responses produce thermal and mechanical hypersensitivities and single LPS doses
can lead to long lasting (> 2 weeks) but slow inducing thermal hyperalgesia, we tested a
primed LPS response with two identical doses separated by 7 days (Abu-Ghefreh et al.,
2010; Cahill et al., 1998). We found that primed responses produced potentiated capsaicin-
induced mechanical hypersensitivity; an effect completely attenuated by TLR4 antagonist
(+)-naltrexone. This data displayed considerable variability, with apparent high and low
responding populations within the primed LPS capsaicin group. Separating this group
reveals responses to mechanical stimulation were significantly higher in 50, 42 and 58% of
animals stimulated with 0.16, 0.04 and 0.6g filaments respectively; with the remaining

animals not statistically different from vehicle treatment. This potentiation is comparable
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to that reported in the clinical endotoxin-capsaicin study, with enhanced mechanical
sensitivity over multiple time points. It should also be noted that primed LPS alone did not
result in changes to mechanical hypersensitivity in this case. We propose that mechanistic
differences between the two populations are of interest, shedding light on why only a
portion of animals developed hypersensitivity may highlight important mechanisms. This
is an important question in clinical pain, in which some people develop chronic,
dysfunctional pain and others do not despite being exposed to the same stimuli, for
example chemotherapy or surgery (Borsook et al., 2018). In this case both central and
peripheral blockade of TLR4 would emphasise areas for more detailed investigation.
Further regional analysis of cellular activation states, gene activation and inflammatory
mediators may highlight potential biological factors responsible for biasing

hypersensitivity over unaffected nociception.

The evidence presented here reinforces that innate immune receptors and pathogen
associate molecular pattern (PAMP) activity are important elements of immune driven
nociceptive sensitisation. Typically, innate immune responses are associated with
inflammatory pain; nociceptive sensitisation to promote repair of damaged tissue.
However, we show TLR4 influences nociception in the absence of activation, and LPS
alters nociceptive processing at doses which do not induce inflammatory hypersensitivity.
This suggests an alternate role in pain signalling. One suggestion is the direct activation or
sensitisation of nociceptors by PAMPs as a danger signal similar to the effect of noxious
chemical, thermal and mechanical stimuli. Direct activation of nociceptors by pathogens
has been reported, with Staphylococcus aureus inducing pain hypersensitivity correlated
with bacterial load. Interestingly, nociceptor activation by Staphylococcus aureus is
associated with local nociceptor-induced immune suppression (Chiu et al., 2013). LPS
induces TLR4 and TRPA1 dependent calcium influx in mouse DRG and nodose ganglion
neurons respectively (Diogenes et al., 2011; Meseguer et al., 2014). In addition to TLR4,
TLR3, -5, -7 and -9 are expressed on small and medium diameter nociceptors (Liu et al.,
2012; Liu et al., 2010; Wadachi et al., 2006; Xu et al., 2015). Activation of TLR3 and
TLR7 by their respective ligands results in inward currents in mouse DRG neurons (Liu et
al., 2012; Liu et al., 2010). While activation of TLR3, -7 and -9 result in prostaglandin
(PGE?) release and upregulation of pro-inflammatory cytokines in murine DRGs (Qi et al.,
2011). Activation of TLRS by flagellin allows entry of membrane impermeable compound

QX-314 in medium diameter DRG neurons, further evidence of direct pathogen
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recognition by nociceptors via innate immune receptors (Xu et al., 2015). Therefore,
further to the role in generation and maintenance of chronic pain following illness or
injury, we suggest TLRs allow pathogen detection, sensitisation of neuronal ion channels
and subsequent recruitment of local immune responses. Contradictory reports on the nature
of nociceptive driven immune responses suggest further research is required. It is likely
responses are pathogen specific, with suppression of immune reposes by some a host
avoidance strategy, in other cases enhanced pro-inflammatory responses may represent an

immune priming event.

We were unable to successfully back-translate the clinical endotoxin-capsaicin model,
although there are a number of variables outlined above which can be investigated further.
We were however able to show in a similar model involving targeted LPS application that
LPS indeed induces in vivo changes in TRPV1 function; requiring further mechanistic
investigation. There is clear evidence in the literature, supported here, that TLR4 enhances
TRPV1 action in vitro, although the mechanisms underlying rapid receptor sensitisation
need to be elucidated. Understanding if these rapid changes are relevant in vivo is also
necessary, as evidence here and in the wider literature suggest TLR4 mediated potentiation
of TRPV1 in vivo occurs over longer timeframes, consistent with inflammatory
sensitisation events. Given the importance of both TLR4 and TRPV1 to pathological pain
models, and the clinical endotoxin-capsaicin proof of concept, the implications of a
functional physical receptor interaction offers an interesting, novel, and specific
therapeutic target. Additionally, a unique unified clinical/preclinical model offers
interesting possibilities for drug screening and investigation into the relevance of murine

models in drug screening.

152



References

Abbadie, C., Lindia, J. A., Cumiskey, A. M., Peterson, L. B., Mudgett, J. S., Bayne, E. K.,
... Forrest, M. J. (2003). Impaired neuropathic pain responses in mice lacking the
chemokine receptor CCR2. Proc Natl Acad Sci U S A4, 100(13), 7947-7952.
doi:10.1073/pnas.1331358100

Abbott, N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R., & Begley, D. J. (2010).
Structure and function of the blood-brain barrier. Neurobiol Dis, 37(1), 13-25.
do0i:10.1016/j.nbd.2009.07.030

Abdelhamid, R. E., Kovacs, K. J., Honda, C. N., Nunez, M. G., & Larson, A. A. (2013).
Resiniferatoxin (RTX) causes a uniquely protracted musculoskeletal hyperalgesia
in mice by activation of TRPV1 receptors. J Pain, 14(12), 1629-1641.
doi:10.1016/j.jpain.2013.07.021

Abu-Ghefreh, A. A., & Masocha, W. (2010). Enhancement of antinociception by
coadministration of minocycline and a non-steroidal anti-inflammatory drug
indomethacin in naive mice and murine models of LPS-induced thermal
hyperalgesia and monoarthritis. BMC Musculoskelet Disord, 11, 276.
doi:10.1186/1471-2474-11-276

Adams, M. L., Brase, D. A., Welch, S. P., & Dewey, W. L. (1986). The role of endogenous
peptides in the action of opioid analgesics. Ann Emerg Med, 15(9), 1030-1035.
doi:10.1016/s0196-0644(86)80124-x

Aguado, D., Bustamante, R., & Gomez de Segura, I. A. (2018). Toll-like receptor 4
deficient mice do not develop remifentanil-induced mechanical hyperalgesia: An

experimental randomised animal study. Eur J Anaesthesiol.

doi:10.1097/EJA.0000000000000803

Ahern, G. P. (2003). Activation of TRPV1 by the satiety factor oleoylethanolamide. J Bio/
Chem, 278(33), 30429-30434. doi:10.1074/jbc.M305051200

153



Ahern, G. P., Wang, X., & Miyares, R. L. (2006). Polyamines are potent ligands for the
capsaicin receptor TRPV1. J Biol Chem, 281(13), 8991-8995.
doi:10.1074/jbc.M513429200

Ahlbeck, K. (2011). Opioids: a two-faced Janus. Curr Med Res Opin, 27(2), 439-448.
doi:10.1185/03007995.2010.545379

Ahlgren, S. C., & Levine, J. D. (1993). Mechanical hyperalgesia in streptozotocin-diabetic
rats. Neuroscience, 52(4), 1049-1055. doi:10.1016/0306-4522(93)90551-p

Akbar, A., Yiangou, Y., Facer, P., Walters, J. R., Anand, P., & Ghosh, S. (2008). Increased
capsaicin receptor TRPV1-expressing sensory fibres in irritable bowel syndrome
and their correlation with abdominal pain. Gut, 57(7), 923-929.
doi:10.1136/gut.2007.138982

Akiba, Y., Kato, S., Katsube, K., Nakamura, M., Takeuchi, K., Ishii, H., & Hibi, T. (2004).
Transient receptor potential vanilloid subfamily 1 expressed in pancreatic islet beta

cells modulates insulin secretion in rats. Biochem Biophys Res Commun, 321(1),

219-225. doi:10.1016/j.bbrc.2004.06.149

Akiyama, T., Nagamine, M., Carstens, M. 1., & Carstens, E. (2014). Behavioral model of
itch, alloknesis, pain and allodynia in the lower hindlimb and correlative responses

of lumbar dorsal horn neurons in the mouse. Neuroscience, 266, 38-46.

doi:10.1016/j.neuroscience.2014.02.005

Amantini, C., Mosca, M., Lucciarini, R., Perfumi, M., Morrone, S., Piccoli, M., & Santoni,
G. (2004). Distinct thymocyte subsets express the vanilloid receptor VR1 that
mediates capsaicin-induced apoptotic cell death. Cell Death Differ, 11(12), 1342-
1356. doi:10.1038/sj.cdd.4401506

Amaya, F., Oh-hashi, K., Naruse, Y., lijima, N., Ueda, M., Shimosato, G., . . . Tanaka, M.
(2003). Local inflammation increases vanilloid receptor 1 expression within

distinct subgroups of DRG neurons. Brain Res, 963(1-2), 190-196.

Amaya, F., Wang, H., Costigan, M., Allchorne, A. J., Hatcher, J. P., Egerton, J., . . . Woolf,
C.J. (2006). The voltage-gated sodium channel Na(v)1.9 is an effector of

154



peripheral inflammatory pain hypersensitivity. J Neurosci, 26(50), 12852-12860.
doi:10.1523/INEUROSCI.4015-06.2006

Andersen, H. H., Lo Vecchio, S., Gazerani, P., & Arendt-Nielsen, L. (2017). Dose-
response study of topical allyl isothiocyanate (mustard oil) as a human surrogate

model of pain, hyperalgesia, and neurogenic inflammation. Pain, 158(9), 1723-

1732. do0i:10.1097/j.pain.0000000000000979

Antal, M., Petko, M., Polgar, E., Heizmann, C. W., & Storm-Mathisen, J. (1996). Direct
evidence of an extensive GABAergic innervation of the spinal dorsal horn by fibres

descending from the rostral ventromedial medulla. Neuroscience, 73(2), 509-518.

doi:10.1016/0306-4522(96)00063-2

Arruda, J. L., Sweitzer, S., Rutkowski, M. D., & DeLeo, J. A. (2000). Intrathecal anti-IL-6
antibody and IgG attenuates peripheral nerve injury-induced mechanical allodynia

in the rat: possible immune modulation in neuropathic pain. Brain Res, 8§79(1-2),

216-225. doi:10.1016/s0006-8993(00)02807-9

Asad, A. B., Seah, S., Baumgartner, R., Feng, D., Jensen, A., Manigbas, E., . . . Chin, C. L.
(2016). Distinct BOLD fMRI Responses of Capsaicin-Induced Thermal Sensation
Reveal Pain-Related Brain Activation in Nonhuman Primates. PLoS One, 11(6),
€0156805. doi:10.1371/journal.pone.0156805

Attal, N., Fermanian, C., Fermanian, J., Lanteri-Minet, M., Alchaar, H., & Bouhassira, D.
(2008). Neuropathic pain: are there distinct subtypes depending on the aetiology or
anatomical lesion? Pain, 138(2), 343-353. doi:10.1016/j.pain.2008.01.006

Atwood, B. K., Lopez, J., Wager-Miller, J., Mackie, K., & Straiker, A. (2011). Expression
of G protein-coupled receptors and related proteins in HEK293, AtT20, BV2, and
N18 cell lines as revealed by microarray analysis. BMC Genomics, 12, 14.

doi:10.1186/1471-2164-12-14

Aykanat, V., Gentgall, M., Briggs, N., Williams, D., Yap, S., & Rolan, P. (2012).
Intradermal capsaicin as a neuropathic pain model in patients with unilateral

sciatica. Br J Clin Pharmacol, 73(1), 37-45. do1:10.1111/j.1365-2125.2011.04059.x

155



Backonja, M. M., & Stacey, B. (2004). Neuropathic pain symptoms relative to overall pain
rating. J Pain, 5(9), 491-497. do0i:10.1016/j.jpain.2004.09.001

Baldini, A., Von Korff, M., & Lin, E. H. (2012). A Review of Potential Adverse Effects of
Long-Term Opioid Therapy: A Practitioner's Guide. Prim Care Companion CNS
Disord, 14(3). doi:10.4088/PCC.11m01326

Baliu-Pique, M., Jusek, G., & Holzmann, B. (2014). Neuroimmunological communication
via CGRP promotes the development of a regulatory phenotype in TLR4-
stimulated macrophages. Eur J Immunol, 44(12), 3708-3716.
doi:10.1002/eji.201444553

Bao, L., Jin, S. X., Zhang, C., Wang, L. H., Xu, Z. Z., Zhang, F. X, . . . Zhang, X. (2003).
Activation of delta opioid receptors induces receptor insertion and neuropeptide

secretion. Neuron, 37(1), 121-133. doi:10.1016/s0896-6273(02)01103-0

Baral, P., Udit, S., & Chiu, I. M. (2019). Pain and immunity: implications for host defence.
Nat Rev Immunol, 19(7), 433-447. doi:10.1038/s41577-019-0147-2

Baranidharan, G., Das, S., & Bhaskar, A. (2013). A review of the high-concentration
capsaicin patch and experience in its use in the management of neuropathic pain.

Ther Adv Neurol Disord, 6(5), 287-297. doi:10.1177/1756285613496862

Barrett, A. C., Smith, E. S., & Picker, M. J. (2003). Capsaicin-induced hyperalgesia and
mu-opioid-induced antihyperalgesia in male and female Fischer 344 rats. J

Pharmacol Exp Ther, 307(1), 237-245. doi:10.1124/jpet.103.054478

Basbaum, A. 1., Bautista, D. M., Scherrer, G., & Julius, D. (2009). Cellular and molecular
mechanisms of pain. Cell, 139(2), 267-284. doi:10.1016/j.cell.2009.09.028

Bautista, D. M., Jordt, S. E., Nikai, T., Tsuruda, P. R., Read, A. J., Poblete, J., . . . Julius,
D. (2006). TRPA1 mediates the inflammatory actions of environmental irritants

and proalgesic agents. Cell, 124(6), 1269-1282. doi:10.1016/j.cell.2006.02.023

Bazzo, K. O., Souto, A. A., Lopes, T. G., Zanin, R. F., Gomez, M. V., Souza, A. H., &
Campos, M. M. (2013). Evidence for the analgesic activity of resveratrol in acute

models of nociception in mice. J Nat Prod, 76(1), 13-21. d0i:10.1021/np300529x

156



Benson, S., Kattoor, J., Wegner, A., Hammes, F., Reidick, D., Grigoleit, J. S., . . .
Elsenbruch, S. (2012). Acute experimental endotoxemia induces visceral
hypersensitivity and altered pain evaluation in healthy humans. Pain, 153(4), 794-
799. doi:10.1016/j.pain.2011.12.001

Benson, S., Rebernik, L., Wegner, A., Kleine-Borgmann, J., Engler, H., Schlamann, M., . .
. Elsenbruch, S. (2015). Neural circuitry mediating inflammation-induced central
pain amplification in human experimental endotoxemia. Brain Behav Immun, 48,

222-231.doi:10.1016/5.bb1.2015.03.017

Berge, O. G. (2011). Predictive validity of behavioural animal models for chronic pain. Br

J Pharmacol, 164(4), 1195-1206. doi:10.1111/5.1476-5381.2011.01300.x

Bertin, S., Aoki-Nonaka, Y., de Jong, P. R., Nohara, L. L., Xu, H., Stanwood, S. R, . ..
Raz, E. (2014). The ion channel TRPV1 regulates the activation and
proinflammatory properties of CD4(+) T cells. Nat Immunol, 15(11), 1055-1063.
doi:10.1038/n1.3009

Bettoni, I., Comelli, F., Rossini, C., Granucci, F., Giagnoni, G., Peri, F., & Costa, B.
(2008). Glial TLR4 receptor as new target to treat neuropathic pain: efficacy of a
new receptor antagonist in a model of peripheral nerve injury in mice. Glia, 56(12),

1312-1319. doi:10.1002/glia.20699

Bezzi, P., Domercq, M., Brambilla, L., Galli, R., Schols, D., De Clercq, E., . . . Volterra,
A. (2001). CXCR4-activated astrocyte glutamate release via TNFalpha:

amplification by microglia triggers neurotoxicity. Nat Neurosci, 4(7), 702-710.
doi:10.1038/89490

Bhave, G., Hu, H. J., Glauner, K. S., Zhu, W., Wang, H., Brasier, D. J., . . . Gereau, R. W.
t. (2003). Protein kinase C phosphorylation sensitizes but does not activate the

capsaicin receptor transient receptor potential vanilloid 1 (TRPV1). Proc Natl Acad

Sci US A4, 100(21), 12480-12485. doi:10.1073/pnas.2032100100

Bhave, G., Zhu, W., Wang, H., Brasier, D. J., Oxford, G. S., & Gereau, R. W. t. (2002).
cAMP-dependent protein kinase regulates desensitization of the capsaicin receptor

(VR1) by direct phosphorylation. Neuron, 35(4), 721-731.

157



Binshtok, A. M., Wang, H., Zimmermann, K., Amaya, F., Vardeh, D., Shi, L., . . . Samad,
T. A. (2008). Nociceptors are interleukin-1beta sensors. J Neurosci, 28(52), 14062-
14073. doi:10.1523/JNEUROSCI.3795-08.2008

Birder, L. A., Kanai, A. J., de Groat, W. C., Kiss, S., Nealen, M. L., Burke, N. E., . ..
Caterina, M. J. (2001). Vanilloid receptor expression suggests a sensory role for
urinary bladder epithelial cells. Proc Natl Acad Sci U S A, 98(23), 13396-13401.
doi:10.1073/pnas.231243698

Biro, T., Maurer, M., Modarres, S., Lewin, N. E., Brodie, C., Acs, G., . . . Blumberg, P. M.
(1998). Characterization of functional vanilloid receptors expressed by mast cells.

Blood, 91(4), 1332-1340.

Black, J. A., Liu, S., Tanaka, M., Cummins, T. R., & Waxman, S. G. (2004). Changes in
the expression of tetrodotoxin-sensitive sodium channels within dorsal root ganglia
neurons in inflammatory pain. Pain, 108(3), 237-247.
do0i:10.1016/j.pain.2003.12.035

Blumberg, H., & Janig, W. (1984). Discharge pattern of afferent fibers from a neuroma.
Pain, 20(4), 335-353. d0i:10.1016/0304-3959(84)90111-8

Boettger, M. K., Hensellek, S., Richter, F., Gajda, M., Stockigt, R., von Banchet, G. S., . ..
Schaible, H. G. (2008). Antinociceptive effects of tumor necrosis factor alpha
neutralization in a rat model of antigen-induced arthritis: evidence of a neuronal

target. Arthritis Rheum, 58(8), 2368-2378. doi:10.1002/art.23608

Bonin, R. P., Bories, C., & De Koninck, Y. (2014). A simplified up-down method (SUDO)
for measuring mechanical nociception in rodents using von Frey filaments. Mol

Pain, 10, 26. doi:10.1186/1744-8069-10-26

Borges, B. C., Rorato, R., Antunes-Rodrigues, J., & Elias, L. L. (2012). Glial cell activity
is maintained during prolonged inflammatory challenge in rats. Braz J Med Biol

Res, 45(8), 784-791.

Borsook, D., Youssef, A. M., Simons, L., Elman, 1., & Eccleston, C. (2018). When pain
gets stuck: the evolution of pain chronification and treatment resistance. Pain,

159(12), 2421-2436. doi:10.1097/j.pain.0000000000001401

158



Bowersox, S. S., Gadbois, T., Singh, T., Pettus, M., Wang, Y. X., & Luther, R. R. (1996).
Selective N-type neuronal voltage-sensitive calcium channel blocker, SNX-111,
produces spinal antinociception in rat models of acute, persistent and neuropathic

pain. J Pharmacol Exp Ther, 279(3), 1243-1249.

Bowman, C. C., Rasley, A., Tranguch, S. L., & Marriott, I. (2003). Cultured astrocytes
express toll-like receptors for bacterial products. Glia, 43(3), 281-291.
doi:10.1002/glia.10256

Brito, R., Sheth, S., Mukherjea, D., Rybak, L. P., & Ramkumar, V. (2014). TRPV1: A
Potential Drug Target for Treating Various Diseases. Cells, 3(2), 517-545.
doi:10.3390/cells3020517

Brown, D. A., & Passmore, G. M. (2009). Neural KCNQ (Kv7) channels. Br J Pharmacol,
156(8), 1185-1195. doi:10.1111/5.1476-5381.2009.00111.x

Brown, D. C., Boston, R. C., Coyne, J. C., & Farrar, J. T. (2008). Ability of the canine
brief pain inventory to detect response to treatment in dogs with osteoarthritis. J

Am Vet Med Assoc, 233(8), 1278-1283. doi:10.2460/javma.233.8.1278

Bsibsi, M., Ravid, R., Gveric, D., & van Noort, J. M. (2002). Broad expression of Toll-like
receptors in the human central nervous system. J Neuropathol Exp Neurol, 61(11),

1013-1021. doi:10.1093/jnen/61.11.1013

Buchanan, M. M., Hutchinson, M., Watkins, L. R., & Yin, H. (2010). Toll-like receptor 4
in CNS pathologies. J Neurochem, 114(1), 13-27. doi:10.1111/j.1471-
4159.2010.06736.x

Butler, R. K., & Finn, D. P. (2009). Stress-induced analgesia. Prog Neurobiol, 88(3), 184-
202. doi:10.1016/j.pneurobio.2009.04.003

Cabral, J. M., Gracio, D., Soares-da-Silva, P., & Magro, F. (2015). Short- and long-term
regulation of intestinal Na+/H+ exchange by toll-like receptors TLR4 and TLRS.
Am J Physiol Gastrointest Liver Physiol, ajpgi 00124 02015.
doi:10.1152/ajpgi.00124.2015

159



Cahill, C. M., Dray, A., & Coderre, T. J. (1998). Priming enhances endotoxin-induced
thermal hyperalgesia and mechanical allodynia in rats. Brain Res, 8§08(1), 13-22.

Cahill, C. M., White, T. D., & Sawynok, J. (1993). Morphine activates omega-conotoxin-
sensitive Ca2+ channels to release adenosine from spinal cord synaptosomes. J

Neurochem, 60(3), 894-901. doi:10.1111/5.1471-4159.1993.tb03234.x

Calil, I. L., Zarpelon, A. C., Guerrero, A. T., Alves-Filho, J. C., Ferreira, S. H., Cunha, F.
Q., ... Verri, W. A,, Jr. (2014). Lipopolysaccharide induces inflammatory
hyperalgesia triggering a TLR4/MyD88-dependent cytokine cascade in the mice
paw. PLoS One, 9(3), €90013. doi:10.1371/journal.pone.0090013

Campbell, J. N., & Meyer, R. A. (2006). Mechanisms of neuropathic pain. Neuron, 52(1),
77-92. doi:10.1016/j.neuron.2006.09.021

Campillo, A., Cabanero, D., Romero, A., Garcia-Nogales, P., & Puig, M. M. (2011).
Delayed postoperative latent pain sensitization revealed by the systemic
administration of opioid antagonists in mice. Eur J Pharmacol, 657(1-3), 89-96.

doi:10.1016/j.ejphar.2011.01.059

Cao, E., Liao, M., Cheng, Y., & Julius, D. (2013). TRPV1 structures in distinct
conformations reveal activation mechanisms. Nature, 504(7478), 113-118.

doi:10.1038/nature12823

Cao, H., & Zhang, Y. Q. (2008). Spinal glial activation contributes to pathological pain
states. Neurosci Biobehav Rev, 32(5), 972-983.
doi:10.1016/j.neubiorev.2008.03.009

Cao, Y. Q. (2006). Voltage-gated calcium channels and pain. Pain, 126(1-3), 5-9.
d0i:10.1016/j.pain.2006.10.019

Cardona, A. E., Pioro, E. P., Sasse, M. E., Kostenko, V., Cardona, S. M., Dijkstra, [. M., . .
. Ransohoff, R. M. (2006). Control of microglial neurotoxicity by the fractalkine
receptor. Nat Neurosci, 9(7), 917-924. doi:10.1038/nn1715

160



Carey, L. M., Slivicki, R. A., Leishman, E., Cornett, B., Mackie, K., Bradshaw, H., &
Hohmann, A. G. (2016). A pro-nociceptive phenotype unmasked in mice lacking
fatty-acid amide hydrolase. Mol Pain, 12. doi:10.1177/1744806916649192

Carlton, S. M., & Coggeshall, R. E. (2001). Peripheral capsaicin receptors increase in the
inflamed rat hindpaw: a possible mechanism for peripheral sensitization. Neurosci

Lett, 310(1), 53-56. d0i:10.1016/50304-3940(01)02093-6

Catala, M., & Kubis, N. (2013). Gross anatomy and development of the peripheral nervous
system. Handb Clin Neurol, 115,29-41. doi:10.1016/B978-0-444-52902-2.00003-5

Caterina, M. J., & Julius, D. (2001). The vanilloid receptor: a molecular gateway to the
pain pathway. Annu Rev Neurosci, 24,487-517.
doi:10.1146/annurev.neuro.24.1.487

Caterina, M. J., Leffler, A., Malmberg, A. B., Martin, W. J., Trafton, J., Petersen-Zeitz, K.
R., ... Julius, D. (2000). Impaired nociception and pain sensation in mice lacking

the capsaicin receptor. Science, 288(5464), 306-313.

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D., & Julius,
D. (1997). The capsaicin receptor: a heat-activated ion channel in the pain pathway.

Nature, 389(6653), 816-824. do0i:10.1038/39807

Cavanaugh, D. J,, Lee, H., Lo, L., Shields, S. D., Zylka, M. J., Basbaum, A. [., &
Anderson, D. J. (2009). Distinct subsets of unmyelinated primary sensory fibers

mediate behavioral responses to noxious thermal and mechanical stimuli. Proc Nat!

Acad Sci U S 4, 106(22), 9075-9080. doi:10.1073/pnas.0901507106

Cesare, P., Dekker, L. V., Sardini, A., Parker, P. J., & McNaughton, P. A. (1999). Specific
involvement of PKC-epsilon in sensitization of the neuronal response to painful

heat. Neuron, 23(3), 617-624.

Chakraborty, S., Kaushik, D. K., Gupta, M., & Basu, A. (2010). Inflammasome signaling
at the heart of central nervous system pathology. J Neurosci Res, 88(8), 1615-1631.
doi:10.1002/jnr.22343

161



Chakraborty, S., Rebecchi, M., Kaczocha, M., & Puopolo, M. (2015). Dopamine
modulation of transient receptor potential vanilloid type 1 (TRPV1) receptor in

dorsal root ganglia neurons. J Physiol. doi:10.1113/JP271198

Chaplan, S. R., Bach, F. W., Pogrel, J. W., Chung, J. M., & Yaksh, T. L. (1994).
Quantitative assessment of tactile allodynia in the rat paw. J Neurosci Methods,

53(1), 55-63. doi:10.1016/0165-0270(94)90144-9

Chapman, G. A., Moores, K., Harrison, D., Campbell, C. A., Stewart, B. R., & Strijbos, P.
J. (2000). Fractalkine cleavage from neuronal membranes represents an acute event

in the inflammatory response to excitotoxic brain damage. J Neurosci, 20(15),

RC87.

Chaudhury, S., Bal, M., Belugin, S., Shapiro, M. S., & Jeske, N. A. (2011). AKAP150-
mediated TRPV1 sensitization is disrupted by calcium/calmodulin. Mol Pain, 7, 34.
doi:10.1186/1744-8069-7-34

Check, J., Byrd, C. L., Menio, J., Rippe, R. A., Hines, 1. N., & Wheeler, M. D. (2010). Src
kinase participates in LPS-induced activation of NADPH oxidase. Mol Immunol,

47(4), 756-762. doi:10.1016/j.molimm.2009.10.012

Chen, G., Park, C. K., Xie, R. G., Berta, T., Nedergaard, M., & Ji, R. R. (2014). Connexin-
43 induces chemokine release from spinal cord astrocytes to maintain late-phase

neuropathic pain in mice. Brain, 137(Pt 8), 2193-2209. doi:10.1093/brain/awu140

Chen, T., Li, H., Yin, Y., Zhang, Y., Liu, Z., & Liu, H. (2017a). Interactions of Notch1l and
TLR4 signaling pathways in DRG neurons of in vivo and in vitro models of

diabetic neuropathy. Sci Rep, 7(1), 14923. doi:10.1038/s41598-017-15053-w

Chen, W., & Lu, Z. (2017b). Upregulated TLR3 Promotes Neuropathic Pain by Regulating
Autophagy in Rat With L5 Spinal Nerve Ligation Model. Neurochem Res, 42(2),
634-643. doi:10.1007/s11064-016-2119-2

Chen, Y., Willcockson, H. H., & Valtschanoff, J. G. (2009). Influence of the vanilloid
receptor TRPV1 on the activation of spinal cord glia in mouse models of pain. Exp

Neurol, 220(2), 383-390. doi:10.1016/j.expneurol.2009.09.030

162



Cheng, J. K., & Ji, R. R. (2008). Intracellular signaling in primary sensory neurons and
persistent pain. Neurochem Res, 33(10), 1970-1978. doi:10.1007/s11064-008-9711-

V4

Chesher, G. B., & Chan, B. (1977). Footshock induced analgesia in mice: its reversal by
naloxone and cross tolerance with morphine. Life Sci, 21(11), 1569-1574.
doi:10.1016/0024-3205(77)90233-8

Chieng, B., & Christie, M. J. (1994). Hyperpolarization by opioids acting on mu-receptors
of a sub-population of rat periaqueductal gray neurones in vitro. Br J Pharmacol,

113(1), 121-128. doi:10.1111/5.1476-5381.1994.tb16183.x

Chiu, I. M., Heesters, B. A., Ghasemlou, N., Von Hehn, C. A., Zhao, F., Tran, J., . ..
Woolf, C. J. (2013). Bacteria activate sensory neurons that modulate pain and

inflammation. Nature, 501(7465), 52-57. doi:10.1038/nature12479

Choi, H. S., Ju, J. S., Lee, H. J., Kim, B. C., Park, J. S., & Ahn, D. K. (2003). Effects of
intracisternal injection of interleukin-6 on nociceptive jaw opening reflex and
orofacial formalin test in freely moving rats. Brain Res Bull, 59(5), 365-370.
doi:10.1016/s0361-9230(02)00931-0

Chuang, H. H., Prescott, E. D., Kong, H., Shields, S., Jordt, S. E., Basbaum, A. 1, . ..
Julius, D. (2001). Bradykinin and nerve growth factor release the capsaicin receptor
from PtdIns(4,5)P2-mediated inhibition. Nature, 411(6840), 957-962.
doi:10.1038/35082088

Chuang, Y. C., Yoshimura, N., Huang, C. C., Wu, M., Chiang, P. H., & Chancellor, M. B.
(2008). Intraprostatic botulinum toxin a injection inhibits cyclooxygenase-2
expression and suppresses prostatic pain on capsaicin induced prostatitis model in

rat. J Urol, 180(2), 742-748. doi:10.1016/j.jur0.2007.07.120

Chuang, Y. C., Yoshimura, N., Wu, M., Huang, C. C., Chiang, P. H., Tyagi, P., &
Chancellor, M. B. (2007). Intraprostatic capsaicin injection as a novel model for
nonbacterial prostatitis and effects of botulinum toxin A. Eur Urol, 51(4), 1119-
1127. doi:10.1016/j.eururo.2006.11.037

163



Chwistek, M. (2017). Recent advances in understanding and managing cancer pain.

F1000Res, 6,945. doi:10.12688/f1000research.10817.1

Cioffi, C. L. (2018). Modulation of Glycine-Mediated Spinal Neurotransmission for the
Treatment of Chronic Pain. J Med Chem, 61(7), 2652-2679.
doi:10.1021/acs.jmedchem.7b00956

Clark, A. K., Staniland, A. A., Marchand, F., Kaan, T. K., McMahon, S. B., & Malcangio,
M. (2010). P2X7-dependent release of interleukin-1beta and nociception in the
spinal cord following lipopolysaccharide. J Neurosci, 30(2), 573-582.
doi:10.1523/JINEUROSCI.3295-09.2010

Clark, A. K., Yip, P. K., Grist, J., Gentry, C., Staniland, A. A., Marchand, F., . . .
Malcangio, M. (2007). Inhibition of spinal microglial cathepsin S for the reversal of
neuropathic pain. Proc Natl Acad Sci U S A, 104(25), 10655-10660.
doi:10.1073/pnas.0610811104

Clark, J. D. (2016). Preclinical Pain Research: Can We Do Better? Anesthesiology, 125(5),
846-849. doi:10.1097/ALN.0000000000001340

Corder, G., Doolen, S., Donahue, R. R., Winter, M. K., Jutras, B. L., He, Y., . . . Taylor, B.
K. (2013). Constitutive mu-opioid receptor activity leads to long-term endogenous
analgesia and dependence. Science, 341(6152), 1394-1399.
doi:10.1126/science.1239403

Costigan, M., Scholz, J., & Woolf, C. J. (2009). Neuropathic pain: a maladaptive response
of the nervous system to damage. Annu Rev Neurosci, 32, 1-32.

doi:10.1146/annurev.neuro.051508.135531

Coull, J. A., Beggs, S., Boudreau, D., Boivin, D., Tsuda, M., Inoue, K., . . . De Koninck,
Y. (2005). BDNF from microglia causes the shift in neuronal anion gradient
underlying neuropathic pain. Nature, 438(7070), 1017-1021.
doi:10.1038/nature04223

Coull, J. A., Boudreau, D., Bachand, K., Prescott, S. A., Nault, F., Sik, A., ... De

Koninck, Y. (2003). Trans-synaptic shift in anion gradient in spinal lamina I

164



neurons as a mechanism of neuropathic pain. Nature, 424(6951), 938-942.

do1:10.1038/nature01868

Cronin, M., Anderson, P. N., Cook, J. E., Green, C. R., & Becker, D. L. (2008). Blocking
connexin43 expression reduces inflammation and improves functional recovery
after spinal cord injury. Mol Cell Neurosci, 39(2), 152-160.
doi:10.1016/j.mcn.2008.06.005

Cunha, T. M., Verri, W. A., Jr., Silva, J. S., Poole, S., Cunha, F. Q., & Ferreira, S. H.
(2005). A cascade of cytokines mediates mechanical inflammatory
hypernociception in mice. Proc Natl Acad Sci U S A, 102(5), 1755-1760.
doi:10.1073/pnas.0409225102

Cunin, P., Caillon, A., Corvaisier, M., Garo, E., Scotet, M., Blanchard, S., . . . Jeannin, P.
(2011). The tachykinins substance P and hemokinin-1 favor the generation of
human memory Th17 cells by inducing IL-1beta, IL-23, and TNF-like 1A
expression by monocytes. J Immunol, 186(7), 4175-4182.
doi:10.4049/jimmunol.1002535

D'Mello, R., & Dickenson, A. H. (2008). Spinal cord mechanisms of pain. Br J Anaesth,
101(1), 8-16. doi:10.1093/bja/aen088

Dai, Y., Iwata, K., Fukuoka, T., Kondo, E., Tokunaga, A., Yamanaka, H., . . . Noguchi, K.
(2002). Phosphorylation of extracellular signal-regulated kinase in primary afferent

neurons by noxious stimuli and its involvement in peripheral sensitization. J

Neurosci, 22(17), 7737-7745.

Dai, Y., Moriyama, T., Higashi, T., Togashi, K., Kobayashi, K., Yamanaka, H., . . .
Noguchi, K. (2004). Proteinase-activated receptor 2-mediated potentiation of
transient receptor potential vanilloid subfamily 1 activity reveals a mechanism for
proteinase-induced inflammatory pain. J Neurosci, 24(18), 4293-4299.
doi:10.1523/INEUROSCI.0454-04.2004

Davis, J. B., Gray, J., Gunthorpe, M. J., Hatcher, J. P., Davey, P. T., Overend, P., . . .
Sheardown, S. A. (2000). Vanilloid receptor-1 is essential for inflammatory
thermal hyperalgesia. Nature, 405(6783), 183-187. doi:10.1038/35012076

165



de Goeij, M., van Ejjk, L. T., Vanelderen, P., Wilder-Smith, O. H., Vissers, K. C., van der
Hoeven, J. G, . . . Pickkers, P. (2013). Systemic inflammation decreases pain
threshold in humans in vivo. PLoS One, 8(12), e84159.
doi:10.1371/journal.pone.0084159

De Leo, J. A., Colburn, R. W., & Rickman, A. J. (1997). Cytokine and growth factor
immunohistochemical spinal profiles in two animal models of mononeuropathy.

Brain Res, 759(1), 50-57. do0i:10.1016/5s0006-8993(97)00209-6

De Leo, J. A., Coombs, D. W., Willenbring, S., Colburn, R. W., Fromm, C., Wagner, R., &
Twitchell, B. B. (1994). Characterization of a neuropathic pain model: sciatic

cryoneurolysis in the rat. Pain, 56(1), 9-16. doi:10.1016/0304-3959(94)90145-7

De Leo, J. A., Tawfik, V. L., & LaCroix-Fralish, M. L. (2006). The tetrapartite synapse:
path to CNS sensitization and chronic pain. Pain, 122(1-2), 17-21.
doi:10.1016/j.pain.2006.02.034

Decosterd, 1., & Woolf, C. J. (2000). Spared nerve injury: an animal model of persistent
peripheral neuropathic pain. Pain, 8§7(2), 149-158. doi:10.1016/s0304-
3959(00)00276-1

Dedov, V. N., Tran, V. H., Duke, C. C., Connor, M., Christie, M. J., Mandadi, S., &
Roufogalis, B. D. (2002). Gingerols: a novel class of vanilloid receptor (VR1)
agonists. Br J Pharmacol, 137(6), 793-798. doi:10.1038/sj.bjp.0704925

del Camino, D., Murphy, S., Heiry, M., Barrett, L. B, Earley, T. J., Cook, C. A., . ..
Moran, M. M. (2010). TRPA1 contributes to cold hypersensitivity. J Neurosci,
30(45), 15165-15174. doi:10.1523/JNEUROSCI.2580-10.2010

Delude, R. L., Savedra, R., Jr., Zhao, H., Thieringer, R., Yamamoto, S., Fenton, M. J., &
Golenbock, D. T. (1995). CD14 enhances cellular responses to endotoxin without
imparting ligand-specific recognition. Proc Natl Acad Sci U S A, 92(20), 9288-
9292. doi:10.1073/pnas.92.20.9288

Denda, M., Fuziwara, S., Inoue, K., Denda, S., Akamatsu, H., Tomitaka, A., & Matsunaga,
K. (2001). Immunoreactivity of VR1 on epidermal keratinocyte of human skin.

Biochem Biophys Res Commun, 285(5), 1250-1252. doi:10.1006/bbrc.2001.5299

166



Deuis, J. R., Dvorakova, L. S., & Vetter, 1. (2017). Methods Used to Evaluate Pain
Behaviors in Rodents. Front Mol Neurosci, 10, 284. doi:10.3389/fhmol.2017.00284

Dhaka, A., Uzzell, V., Dubin, A. E., Mathur, J., Petrus, M., Bandell, M., & Patapoutian, A.
(2009). TRPV1 is activated by both acidic and basic pH. J Neurosci, 29(1), 153-
158. doi:10.1523/INEUROSCI.4901-08.2009

Dhaka, A., Viswanath, V., & Patapoutian, A. (2006). Trp ion channels and temperature
sensation. Annu Rev Neurosci, 29, 135-161.

doi:10.1146/annurev.neuro.29.051605.112958

Di Giminiani, P., Petersen, L. J., & Herskin, M. S. (2014). Capsaicin-induced neurogenic
inflammation in pig skin: a behavioural study. Res Vet Sci, 96(3), 447-453.
do0i:10.1016/j.rvsc.2014.03.023

Dickenson, A. H., & Sullivan, A. F. (1987). Evidence for a role of the NMDA receptor in
the frequency dependent potentiation of deep rat dorsal horn nociceptive neurones
following C fibre stimulation. Neuropharmacology, 26(8), 1235-1238.
doi:10.1016/0028-3908(87)90275-9

Dimri, S., Basu, S., & De, A. (2016). Use of BRET to Study Protein-Protein Interactions In
Vitro and In Vivo. Methods Mol Biol, 1443, 57-78. d0i:10.1007/978-1-4939-3724-
05

Diogenes, A., Ferraz, C. C., Akopian, A. N., Henry, M. A., & Hargreaves, K. M. (2011).
LPS sensitizes TRPV1 via activation of TLR4 in trigeminal sensory neurons. J

Dent Res, 90(6), 759-764. doi:10.1177/0022034511400225

Djouhri, L., Koutsikou, S., Fang, X., McMullan, S., & Lawson, S. N. (2006). Spontaneous
pain, both neuropathic and inflammatory, is related to frequency of spontaneous
firing in intact C-fiber nociceptors. J Neurosci, 26(4), 1281-1292.
doi:10.1523/INEUROSCI.3388-05.2006

Dogrul, A., Ossipov, M. H., & Porreca, F. (2009). Differential mediation of descending
pain facilitation and inhibition by spinal SHT-3 and SHT-7 receptors. Brain Res,
1280, 52-59. doi:10.1016/j.brainres.2009.05.001

167



Drude, S., Geissler, A., Olfe, J., Starke, A., Domanska, G., Schuett, C., & Kiank-
Nussbaum, C. (2011). Side effects of control treatment can conceal experimental
data when studying stress responses to injection and psychological stress in mice.

Lab Anim (NY), 40(4), 119-128. doi:10.1038/laban0411-119

Du, Q., Liao, Q., Chen, C., Yang, X., Xie, R., & Xu, J. (2019). The Role of Transient
Receptor Potential Vanilloid 1 in Common Diseases of the Digestive Tract and the
Cardiovascular and Respiratory System. Front Physiol, 10, 1064.
doi:10.3389/fphys.2019.01064

Du, X., & Gamper, N. (2013). Potassium channels in peripheral pain pathways: expression,
function and therapeutic potential. Curr Neuropharmacol, 11(6), 621-640.
doi:10.2174/1570159X113119990042

Dvorakova, M., & Kummer, W. (2001). Transient expression of vanilloid receptor subtype
1 in rat cardiomyocytes during development. Histochem Cell Biol, 116(3), 223-225.
doi:10.1007/s004180100308

Ebbinghaus, M., Uhlig, B., Richter, F., von Banchet, G. S., Gajda, M., Brauer, R., &
Schaible, H. G. (2012). The role of interleukin-1beta in arthritic pain: main

involvement in thermal, but not mechanical, hyperalgesia in rat antigen-induced

arthritis. Arthritis Rheum, 64(12), 3897-3907. doi:10.1002/art.34675

Elokely, K., Velisetty, P., Delemotte, L., Palovcak, E., Klein, M. L., Rohacs, T., &
Carnevale, V. (2016). Understanding TRPV1 activation by ligands: Insights from

the binding modes of capsaicin and resiniferatoxin. Proc Natl Acad Sci U S 4,

113(2), E137-145. doi:10.1073/pnas. 1517288113

Endres-Becker, J., Heppenstall, P. A., Mousa, S. A., Labuz, D., Oksche, A., Schafer, M., . .
. Zollner, C. (2007). Mu-opioid receptor activation modulates transient receptor
potential vanilloid 1 (TRPV1) currents in sensory neurons in a model of

inflammatory pain. Mol Pharmacol, 71(1), 12-18. doi:10.1124/mol.106.026740

Entrena, J. M., Cobos, E. J., Nieto, F. R., Cendan, C. M., Gris, G., Del Pozo, E., . ..

Baeyens, J. M. (2009). Sigma-1 receptors are essential for capsaicin-induced

168



mechanical hypersensitivity: studies with selective sigma-1 ligands and sigma-1

knockout mice. Pain, 143(3), 252-261. doi:10.1016/j.pain.2009.03.011

Fang, D., Kong, L. Y., Cai, J., Li, S., Liu, X. D., Han, J. S., & Xing, G. G. (2015).
Interleukin-6-mediated functional upregulation of TRPV1 receptors in dorsal root
ganglion neurons through the activation of JAK/PI3K signaling pathway: roles in
the development of bone cancer pain in a rat model. Pain, 156(6), 1124-1144.
do0i:10.1097/j.pain.0000000000000158

Fang, L., Wu, J., Lin, Q., & Willis, W. D. (2002). Calcium-calmodulin-dependent protein
kinase II contributes to spinal cord central sensitization. J Neurosci, 22(10), 4196-

4204. doi:20026343

Fanselow, M. S., & Bolles, R. C. (1979). Naloxone and shock-elicited freezing in the rat. J
Comp Physiol Psychol, 93(4), 736-744. doi:10.1037/h0077609

Faux, M. C., & Scott, J. D. (1997). Regulation of the AKAP79-protein kinase C interaction
by Ca2+/Calmodulin. J Biol Chem, 272(27), 17038-17044.

Feldman, E. L., Callaghan, B. C., Pop-Busui, R., Zochodne, D. W., Wright, D. E., Bennett,
D. L., ... Viswanathan, V. (2019). Diabetic neuropathy. Nat Rev Dis Primers, 5(1),
41. doi:10.1038/s41572-019-0092-1

Feng, Y., He, X., Yang, Y., Chao, D., Lazarus, L. H., & Xia, Y. (2012). Current research
on opioid receptor function. Curr Drug Targets, 13(2), 230-246.
doi:10.2174/138945012799201612

Fernihough, J., Gentry, C., Malcangio, M., Fox, A., Rediske, J., Pellas, T, . . . Winter, J.
(2004). Pain related behaviour in two models of osteoarthritis in the rat knee. Pain,

112(1-2), 83-93. doi:10.1016/j.pain.2004.08.004

Ferraz, C. C., Henry, M. A., Hargreaves, K. M., & Diogenes, A. (2011).
Lipopolysaccharide from Porphyromonas gingivalis sensitizes capsaicin-sensitive

nociceptors. J Endod, 37(1), 45-48. doi:10.1016/j.joen.2007.07.001

Fialho, M. F. P., Brusco, 1., da Silva Brum, E., Piana, M., Boligon, A. A., Trevisan, G., &
Oliveira, S. M. (2017). Buddleja thyrsoides Lam. crude extract presents

169



antinociceptive effect on an arthritic pain model in mice. Biochem J, 474(17),

2993-3010. doi:10.1042/BCJ20170008

Field, M. J., Bramwell, S., Hughes, J., & Singh, L. (1999). Detection of static and dynamic
components of mechanical allodynia in rat models of neuropathic pain: are they

signalled by distinct primary sensory neurones? Pain, 8§3(2), 303-311.
do0i:10.1016/50304-3959(99)00111-6

Fields, H. L., Heinricher, M. M., & Mason, P. (1991). Neurotransmitters in nociceptive
modulatory circuits. Annu Rev Neurosci, 14,219-245.
doi:10.1146/annurev.ne.14.030191.001251

Fillingim, R. B., King, C. D., Ribeiro-Dasilva, M. C., Rahim-Williams, B., & Riley, J. L.,
3rd. (2009). Sex, gender, and pain: a review of recent clinical and experimental

findings. J Pain, 10(5), 447-485. doi:10.1016/j.jpain.2008.12.001

Finnerup, N. B., Sindrup, S. H., & Jensen, T. S. (2010). The evidence for pharmacological
treatment of neuropathic pain. Pain, 150(3), 573-581.
doi:10.1016/j.pain.2010.06.019

Flatters, S. J., & Bennett, G. J. (2004). Ethosuximide reverses paclitaxel- and vincristine-
induced painful peripheral neuropathy. Pain, 109(1-2), 150-161.
doi:10.1016/j.pain.2004.01.029

Flatters, S. J., Fox, A. J., & Dickenson, A. H. (2003). Spinal interleukin-6 (IL-6) inhibits
nociceptive transmission following neuropathy. Brain Res, 984(1-2), 54-62.

do0i:10.1016/5s0006-8993(03)03092-0

Frantz, S., Kobzik, L., Kim, Y. D., Fukazawa, R., Medzhitov, R., Lee, R. T., & Kelly, R.
A. (1999). Toll4 (TLR4) expression in cardiac myocytes in normal and failing
myocardium. J Clin Invest, 104(3), 271-280. doi:10.1172/JC16709

Freiman, S. V., Onufriev, M. V., Stepanichev, M. Y., Moiseeva, V. Y., Lazareva, N. A., &
Gulyaeva, N. V. (2016). The stress effects of a single injection of isotonic saline
solution: systemic (blood) and central (frontal cortex and dorsal and ventral
hippocampus). Neurochemical Journal, 10(2), 115-119.
doi:https://doi.org/10.1134/S1819712416020033

170



Frot, M., Feine, J. S., & Bushnell, M. C. (2004). Sex differences in pain perception and
anxiety. A psychophysical study with topical capsaicin. Pain, 108(3), 230-236.
doi:10.1016/j.pain.2003.11.017

Fukuoka, T., Kondo, E., Dai, Y., Hashimoto, N., & Noguchi, K. (2001). Brain-derived
neurotrophic factor increases in the uninjured dorsal root ganglion neurons in

selective spinal nerve ligation model. J Neurosci, 21(13), 4891-4900.

Fukuoka, T., Tokunaga, A., Kondo, E., Miki, K., Tachibana, T., & Noguchi, K. (1998).
Change in mRNAs for neuropeptides and the GABA(A) receptor in dorsal root

ganglion neurons in a rat experimental neuropathic pain model. Pain, 78(1), 13-26.

do0i:10.1016/50304-3959(98)00111-0

Gaikwad, S., & Agrawal-Rajput, R. (2015). Lipopolysaccharide from Rhodobacter
sphaeroides Attenuates Microglia-Mediated Inflammation and Phagocytosis and
Directs Regulatory T Cell Response. Int J Inflam, 2015, 361326.
doi:10.1155/2015/361326

Gao, Y., Liu, Y., Zhu, K., Zhang, Z., Qiao, H., Lu, Z., . . . Zhou, H. (2016). Blocking of
TRPV-1 in the parodontium relieves orthodontic pain by inhibiting the expression

of TRPV-1 in the trigeminal ganglion during experimental tooth movement in rats.

Neurosci Lett, 628, 67-72. doi:10.1016/j.neulet.2016.06.007

Gao, Y. J.,, & Ji, R. R. (2009). c-Fos and pERK, which is a better marker for neuronal
activation and central sensitization after noxious stimulation and tissue injury?

Open Pain J, 2, 11-17. doi:10.2174/187638630090201001 1

Gardner, L. A., Tavalin, S. J., Goehring, A. S., Scott, J. D., & Bahouth, S. W. (2006).
AKAP79-mediated targeting of the cyclic AMP-dependent protein kinase to the

betal-adrenergic receptor promotes recycling and functional resensitization of the

receptor. J Biol Chem, 281(44), 33537-33553. doi:10.1074/jbc.M601809200

Gassner, M., Ruscheweyh, R., & Sandkuhler, J. (2009). Direct excitation of spinal
GABAergic interneurons by noradrenaline. Pain, 145(1-2), 204-210.
doi:10.1016/j.pain.2009.06.021

171



Ghilardi, J. R., Rohrich, H., Lindsay, T. H., Sevcik, M. A., Schwei, M. J., Kubota, K., . . .
Mantyh, P. W. (2005). Selective blockade of the capsaicin receptor TRPV1
attenuates bone cancer pain. J Neurosci, 25(12), 3126-3131.
doi:10.1523/INEUROSCI.3815-04.2005

Ghosh, C., & Bishayi, B. (2015). Characterization of Toll-like receptor-4 (TLR-4) in the
spleen and thymus of Swiss albino mice and its modulation in experimental

endotoxemia. J Immunol Res, 2015, 137981. doi:10.1155/2015/137981

Gilchrist, H. D., Allard, B. L., & Simone, D. A. (1996). Enhanced withdrawal responses to
heat and mechanical stimuli following intraplantar injection of capsaicin in rats.

Pain, 67(1), 179-188.

Giordano, C., Cristino, L., Luongo, L., Siniscalco, D., Petrosino, S., Piscitelli, F., . . .
Maione, S. (2012). TRPV1-dependent and -independent alterations in the limbic
cortex of neuropathic mice: impact on glial caspases and pain perception. Cereb

Cortex, 22(11), 2495-2518. doi:10.1093/cercor/bhr328

Glezer, 1., Lapointe, A., & Rivest, S. (2006). Innate immunity triggers oligodendrocyte
progenitor reactivity and confines damages to brain injuries. FASEB J, 20(6), 750-
752. doi:10.1096/1].05-5234fje

Goadsby, P. J., Ferrari, M. D., Csanyi, A., Olesen, J., Mills, J. G., & Tonabersat, T. O. N.
S. G. (2009). Randomized, double-blind, placebo-controlled, proof-of-concept
study of the cortical spreading depression inhibiting agent tonabersat in migraine

prophylaxis. Cephalalgia, 29(7), 742-750. doi:10.1111/j.1468-2982.2008.01804.x

Goldberg, D. S., & McGee, S. J. (2011). Pain as a global public health priority. Bmc Public
Health, 11. doi:Artn 77010.1186/1471-2458-11-770

Gong, P., Angelini, D. J., Yang, S., Xia, G., Cross, A. S., Mann, D., . . . Goldblum, S. E.
(2008). TLR4 signaling is coupled to SRC family kinase activation, tyrosine
phosphorylation of zonula adherens proteins, and opening of the paracellular
pathway in human lung microvascular endothelia. J Biol Chem, 283(19), 13437-
13449. doi:10.1074/jbc.M707986200

172



Gonzalez-Cano, R., Tejada, M. A., Artacho-Cordon, A., Nieto, F. R., Entrena, J. M.,
Wood, J. N., & Cendan, C. M. (2017). Effects of Tetrodotoxin in Mouse Models of
Visceral Pain. Mar Drugs, 15(6). doi:10.3390/md 15060188

Gonzalez-Ramirez, R., Chen, Y., Liedtke, W. B., & Morales-Lazaro, S. L. (2017). TRP
Channels and Pain. Innd & T. L. R. Emir (Eds.), Neurobiology of TRP Channels
(pp. 125-147). Boca Raton (FL).

Gorina, R., Santalucia, T., Petegnief, V., Ejarque-Ortiz, A., Saura, J., & Planas, A. M.
(2009). Astrocytes are very sensitive to develop innate immune responses to lipid-

carried short interfering RNA. Glia, 57(1), 93-107. doi:10.1002/glia.20738

Grace, P. M., Hutchinson, M. R., Maier, S. F., & Watkins, L. R. (2014). Pathological pain
and the neuroimmune interface. Nat Rev Immunol, 14(4), 217-231.

do0i:10.1038/nri3621

Greenhalgh, A. D., David, S., & Bennett, F. C. (2020). Immune cell regulation of glia
during CNS injury and disease. Nat Rev Neurosci, 21(3), 139-152.
doi:10.1038/s41583-020-0263-9

Gregory, N. S., Harris, A. L., Robinson, C. R., Dougherty, P. M., Fuchs, P. N., & Sluka, K.
A. (2013). An overview of animal models of pain: disease models and outcome

measures. J Pain, 14(11), 1255-1269. doi:10.1016/].jpain.2013.06.008

Grobner, S., Lukowski, R., Autenrieth, I. B., & Ruth, P. (2014). Lipopolysaccharide
induces cell volume increase and migration of dendritic cells. Microbiol Immunol,

58(1), 61-67. doi:10.1111/1348-0421.12116

Guan, J. S., Xu, Z. Z., Gao, H., He, S. Q., Ma, G. Q., Sun, T., . . . Zhang, X. (2005).
Interaction with vesicle luminal protachykinin regulates surface expression of
delta-opioid receptors and opioid analgesia. Cell, 122(4), 619-631.
do0i:10.1016/j.cell.2005.06.010

Guan, Z., Kuhn, J. A., Wang, X., Colquitt, B., Solorzano, C., Vaman, S., . . . Basbaum, A.
I. (2016). Injured sensory neuron-derived CSF1 induces microglial proliferation

and DAP12-dependent pain. Nat Neurosci, 19(1), 94-101. doi:10.1038/nn.4189

173



Guerrero, A. T., Pinto, L. G., Cunha, F. Q., Ferreira, S. H., Alves-Filho, J. C., Verri, W. A.,
Jr., & Cunha, T. M. (2016). Mechanisms underlying the hyperalgesic responses
triggered by joint activation of TLR4. Pharmacol Rep, 68(6), 1293-1300.
doi:10.1016/j.pharep.2016.08.006

Gunthorpe, M. J., Harries, M. H., Prinjha, R. K., Davis, J. B., & Randall, A. (2000).
Voltage- and time-dependent properties of the recombinant rat vanilloid receptor

(rVR1). J Physiol, 525 Pt 3, 747-759. d0i:10.1111/5.1469-7793.2000.t01-1-00747.x

Hadley, G. R., Gayle, J. A., Ripoll, J., Jones, M. R., Argoff, C. E., Kaye, R. J., & Kaye, A.
D. (2016). Post-herpetic Neuralgia: a Review. Curr Pain Headache Rep, 20(3), 17.
doi:10.1007/s11916-016-0548-x

Hakimizadeh, E., Shamsizadeh, A., Roohbakhsh, A., Arababadi, M. K., Hajizadeh, M. R.,
Shariati, M., . . . Allahtavakoli, M. (2017). TRPV1 receptor-mediated expression of

Toll-like receptors 2 and 4 following permanent middle cerebral artery occlusion in

rats. fran J Basic Med Sci, 20(8), 863-869. do0i:10.22038/1JBMS.2017.9107

Halle, A., Hornung, V., Petzold, G. C., Stewart, C. R., Monks, B. G., Reinheckel, T., . ..
Golenbock, D. T. (2008). The NALP3 inflammasome is involved in the innate
immune response to amyloid-beta. Nat Immunol, 9(8), 857-865.

do0i:10.1038/n1.1636

Hamilton, S. M., Johnston, S. A., & Broadstone, R. V. (2005). Evaluation of analgesia
provided by the administration of epidural ketamine in dogs with a chemically
induced synovitis. Vet Anaesth Analg, 32(1), 30-39. doi:10.1111/j.1467-
2995.2004.00171.x

Hammer, J., Fuhrer, M., Pipal, L., & Matiasek, J. (2008). Hypersensitivity for capsaicin in
patients with functional dyspepsia. Neurogastroenterol Motil, 20(2), 125-133.
doi:10.1111/5.1365-2982.2007.00997.x

Hanisch, U. K. (2002). Microglia as a source and target of cytokines. Glia, 40(2), 140-155.
doi:10.1002/glia. 10161

Hansson, P. (2003). Difficulties in stratifying neuropathic pain by mechanisms. Eur J Pain,
7(4), 353-357. doi:10.1016/S1090-3801(03)00051-X

174



Harvey, R. J., Depner, U. B., Wassle, H., Ahmadi, S., Heindl, C., Reinold, H., . . . Muller,
U. (2004). GlyR alpha3: an essential target for spinal PGE2-mediated inflammatory
pain sensitization. Science, 304(5672), 884-887. doi:10.1126/science.1094925

Hashimoto, C., Hudson, K. L., & Anderson, K. V. (1988). The Toll gene of Drosophila,
required for dorsal-ventral embryonic polarity, appears to encode a transmembrane

protein. Cell, 52(2), 269-279. doi:10.1016/0092-8674(88)90516-8

Hashizume, H., DeLeo, J. A., Colburn, R. W., & Weinstein, J. N. (2000). Spinal glial
activation and cytokine expression after lumbar root injury in the rat. Spine (Phila

Pa 1976), 25(10), 1206-1217. doi:10.1097/00007632-200005150-00003

Haydon, P. G. (2001). GLIA: listening and talking to the synapse. Nat Rev Neurosci, 2(3),
185-193. doi:10.1038/35058528

Heinricher, M. M. (2016). Pain Modulation and the Transition from Acute to Chronic Pain.
Adv Exp Med Biol, 904, 105-115. doi:10.1007/978-94-017-7537-3 8

Heinricher, M. M., Barbaro, N. M., & Fields, H. L. (1989). Putative nociceptive
modulating neurons in the rostral ventromedial medulla of the rat: firing of on- and

off-cells is related to nociceptive responsiveness. Somatosens Mot Res, 6(4), 427-

439. doi:10.3109/08990228909144685

Heinricher, M. M., Tavares, 1., Leith, J. L., & Lumb, B. M. (2009). Descending control of
nociception: Specificity, recruitment and plasticity. Brain Res Rev, 60(1), 214-225.
doi:10.1016/j.brainresrev.2008.12.009

Helley, M. P., Abate, W., Bennett, J. H., & Thompson, S. W. (2015). The expression of
Toll-like receptor 4, 7 and co-receptors in neurochemical sub-populations of rat
trigeminal ganglion sensory neurons. Neuroscience.

doi:10.1016/j.neuroscience.2015.09.069

Hemingway, R. B., 3rd, & Reigle, T. G. (1987). The involvement of endogenous opiate
systems in learned helplessness and stress-induced analgesia. Psychopharmacology

(Berl), 93(3), 353-357. doi:10.1007/bf00187256

175



Hensellek, S., Brell, P., Schaible, H. G., Brauer, R., & Segond von Banchet, G. (2007).
The cytokine TNFalpha increases the proportion of DRG neurones expressing the
TRPV1 receptor via the TNFR1 receptor and ERK activation. Mo/ Cell Neurosci,
36(3), 381-391. doi:10.1016/j.mcn.2007.07.010

Henze, D. A., & Urban, M. O. (2010). Large Animal Models for Pain Therapeutic
Development. In L. Kruger & A. R. Light (Eds.), Translational Pain Research:
From Mouse to Man. Boca Raton (FL).

Hilaire, C., Campo, B., Andre, S., Valmier, J., & Scamps, F. (2005). K(+) current regulates
calcium-activated chloride current-induced after depolarization in axotomized
sensory neurons. Eur J Neurosci, 22(5), 1073-1080. doi:10.1111/;.1460-
9568.2005.04271.x

Hill, R. (2000). NK1 (substance P) receptor antagonists--why are they not analgesic in
humans? Trends Pharmacol Sci, 21(7), 244-246.

Hockley, J. R., Gonzalez-Cano, R., McMurray, S., Tejada-Giraldez, M. A., McGuire, C.,
Torres, A., . . . McMurray, G. (2017). Visceral and somatic pain modalities reveal
NaV 1.7-independent visceral nociceptive pathways. J Physiol, 595(8), 2661-2679.
doi:10.1113/JP272837

Hoffmann, A., Kann, O., Ohlemeyer, C., Hanisch, U. K., & Kettenmann, H. (2003).
Elevation of basal intracellular calcium as a central element in the activation of
brain macrophages (microglia): suppression of receptor-evoked calcium signaling

and control of release function. J Neurosci, 23(11), 4410-4419.

Holzer, P. (1991). Capsaicin: cellular targets, mechanisms of action, and selectivity for thin

sensory neurons. Pharmacol Rev, 43(2), 143-201.

Honda, K., Kitagawa, J., Sessle, B. J., Kondo, M., Tsuboi, Y., Yonehara, Y., & Iwata, K.
(2008). Mechanisms involved in an increment of multimodal excitability of
medullary and upper cervical dorsal horn neurons following cutaneous capsaicin

treatment. Mol Pain, 4, 59. doi:10.1186/1744-8069-4-59

176



Honda, K., Shinoda, M., Furukawa, A., Kita, K., Noma, N., & Iwata, K. (2014). TRPA1
contributes to capsaicin-induced facial cold hyperalgesia in rats. Eur J Oral Sci,

122(6), 391-396. doi:10.1111/e0s.12157

Honore, E. (2007). The neuronal background K2P channels: focus on TREK1. Nat Rev
Neurosci, 8(4),251-261. doi:10.1038/nrn2117

Horng, T., Barton, G. M., Flavell, R. A., & Medzhitov, R. (2002). The adaptor molecule
TIRAP provides signalling specificity for Toll-like receptors. Nature, 420(6913),
329-333. doi:10.1038/nature01180

Hossaini, M., Duraku, L. S., Kohli, S. K., Jongen, J. L., & Holstege, J. C. (2014). Spinal
distribution of c-Fos activated neurons expressing enkephalin in acute and chronic

pain models. Brain Res, 1543, 83-92. doi:10.1016/j.brainres.2013.10.044

Hossaini, M., Sarac, C., Jongen, J. L., & Holstege, J. C. (2011). Spinal glycinergic and
GABAergic neurons expressing C-fos after capsaicin stimulation are increased in
rats with contralateral neuropathic pain. Neuroscience, 196, 265-275.

doi:10.1016/j.neuroscience.2011.08.050

Hsieh, M. T., Donaldson, L. F., & Lumb, B. M. (2015). Differential contributions of A-
and C-nociceptors to primary and secondary inflammatory hypersensitivity in the

rat. Pain, 156(6), 1074-1083. doi:10.1097/j.pain.0000000000000151

Hu, E., Calo, G., Guerrini, R., & Ko, M. C. (2010). Long-lasting antinociceptive spinal
effects in primates of the novel nociceptin/orphanin FQ receptor agonist UFP-112.

Pain, 148(1), 107-113. doi:10.1016/j.pain.2009.10.026

Hu, T. T., Wang, R. R., Tang, Y. Y., Wu, Y. X,, Yu, J., Hou, W. W, . . . Chen, Z. (2017).
TLR4 deficiency abrogated widespread tactile allodynia, but not widespread

thermal hyperalgesia and trigeminal neuropathic pain following partial infraorbital

nerve transection. Pain. doi:10.1097/.pain.0000000000001100

Hua, X. Y., Chen, P, Fox, A., & Myers, R. R. (1996). Involvement of cytokines in
lipopolysaccharide-induced facilitation of CGRP release from capsaicin-sensitive

nerves in the trachea: studies with interleukin-1beta and tumor necrosis factor-

alpha. J Neurosci, 16(15), 4742-4748.

177



Huang, C., Han, X, Li, X., Lam, E., Peng, W., Lou, N., . . . Takano, T. (2012). Critical
role of connexin 43 in secondary expansion of traumatic spinal cord injury. J

Neurosci, 32(10), 3333-3338. doi:10.1523/JNEUROSCI.1216-11.2012

Huang, J., Zhang, X., & McNaughton, P. A. (2006). Inflammatory pain: the cellular basis
of heat hyperalgesia. Curr Neuropharmacol, 4(3), 197-206.
doi:10.2174/157015906778019554

Huang, L. Y., Gu, Y., & Chen, Y. (2013). Communication between neuronal somata and
satellite glial cells in sensory ganglia. Glia, 61(10), 1571-1581.
doi:10.1002/glia.22541

Huang, S. M., Bisogno, T., Trevisani, M., Al-Hayani, A., De Petrocellis, L., Fezza, F., . . .
Di Marzo, V. (2002). An endogenous capsaicin-like substance with high potency at
recombinant and native vanilloid VR1 receptors. Proc Natl Acad Sci U S A, 99(12),
8400-8405. doi:10.1073/pnas.122196999

Huang, Y. J., Lee, K. H., Murphy, L., Garraway, S. M., & Grau, J. W. (2016). Acute spinal
cord injury (SCI) transforms how GABA affects nociceptive sensitization. Exp

Neurol, 285(Pt A), 82-95. doi:10.1016/j.expneurol.2016.09.005

Hudson, L. J., Bevan, S., Wotherspoon, G., Gentry, C., Fox, A., & Winter, J. (2001). VR1
protein expression increases in undamaged DRG neurons after partial nerve injury.

Eur J Neurosci, 13(11),2105-2114. doi:10.1046/5.0953-816x.2001.01591.x

Huggins, J. P., Smart, T. S., Langman, S., Taylor, L., & Young, T. (2012). An efficient
randomised, placebo-controlled clinical trial with the irreversible fatty acid amide
hydrolase-1 inhibitor PF-04457845, which modulates endocannabinoids but fails to
induce effective analgesia in patients with pain due to osteoarthritis of the knee.

Pain, 153(9), 1837-1846. doi:10.1016/j.pain.2012.04.020

Hutchinson, M. R., Buijs, M., Tuke, J., Kwok, Y. H., Gentgall, M., Williams, D., & Rolan,
P. (2013). Low-dose endotoxin potentiates capsaicin-induced pain in man: evidence
for a pain neuroimmune connection. Brain Behav Immun, 30, 3-11.

do0i:10.1016/5.bb1.2013.03.002

178



Hutchinson, M. R., Zhang, Y., Brown, K., Coats, B. D., Shridhar, M., Sholar, P. W., . ..
Watkins, L. R. (2008). Non-stereoselective reversal of neuropathic pain by
naloxone and naltrexone: involvement of toll-like receptor 4 (TLR4). Eur J

Neurosci, 28(1), 20-29. doi:10.1111/5.1460-9568.2008.06321.x

Hwang, S. W., Cho, H., Kwak, J., Lee, S. Y., Kang, C. J., Jung, J., . . . Oh, U. (2000).
Direct activation of capsaicin receptors by products of lipoxygenases: endogenous
capsaicin-like substances. Proc Natl Acad Sci U S A, 97(11), 6155-6160.
doi:10.1073/pnas.97.11.6155

Inglis, J. J., Notley, C. A., Essex, D., Wilson, A. W., Feldmann, M., Anand, P., &
Williams, R. (2007). Collagen-induced arthritis as a model of hyperalgesia:
functional and cellular analysis of the analgesic actions of tumor necrosis factor

blockade. Arthritis Rheum, 56(12), 4015-4023. doi:10.1002/art.23063

Inoue, K. (2006). The function of microglia through purinergic receptors: neuropathic pain
and cytokine release. Pharmacol Ther, 109(1-2), 210-226.
doi:10.1016/j.pharmthera.2005.07.001

Iwasaki, Y., Morita, A., Iwasawa, T., Kobata, K., Sekiwa, Y., Morimitsu, Y., . ..
Watanabe, T. (2006). A nonpungent component of steamed ginger--[ 10]-shogaol--
increases adrenaline secretion via the activation of TRPV1. Nutr Neurosci, 9(3-4),

169-178. doi:10.1080/110284150600955164

Iyengar, S., Ossipov, M. H., & Johnson, K. W. (2017). The role of calcitonin gene-related
peptide in peripheral and central pain mechanisms including migraine. Pain,

158(4), 543-559. doi:10.1097/j.pain.000000000000083 1
Jacobs, T. (2005). No pain, no gain? Nat Biotechnol, 23(8), 934. doi:10.1038/nbt0805-934

Jaggi, A. S., Jain, V., & Singh, N. (2011). Animal models of neuropathic pain. Fundam
Clin Pharmacol, 25(1), 1-28. doi:10.1111/5.1472-8206.2009.00801.x

Jang, Y., Lee, Y., Kim, S. M., Yang, Y. D., Jung, J., & Oh, U. (2012). Quantitative
analysis of TRP channel genes in mouse organs. Arch Pharm Res, 35(10), 1823-
1830. doi:10.1007/s12272-012-1016-8

179



Janova, H., Bottcher, C., Holtman, I. R., Regen, T., van Rossum, D., Gotz, A., . ..
Hanisch, U. K. (2016). CD14 is a key organizer of microglial responses to CNS
infection and injury. Glia, 64(4), 635-649. doi:10.1002/glia.22955

Jensen, M. T., & Petersen, K. L. (2006). Gender differences in pain and secondary
hyperalgesia after heat/capsaicin sensitization in healthy volunteers. J Pain, 7(3),

211-217. doi:10.1016/j.jpain.2005.10.013

Jeske, N. A., Diogenes, A., Ruparel, N. B., Fehrenbacher, J. C., Henry, M., Akopian, A.
N., & Hargreaves, K. M. (2008). A-kinase anchoring protein mediates TRPV 1
thermal hyperalgesia through PKA phosphorylation of TRPV1. Pain, 138(3), 604-
616. doi:10.1016/j.pain.2008.02.022

Jeske, N. A., Patwardhan, A. M., Ruparel, N. B., Akopian, A. N., Shapiro, M. S., & Henry,
M. A. (2009). A-kinase anchoring protein 150 controls protein kinase C-mediated
phosphorylation and sensitization of TRPV1. Pain, 146(3), 301-307.
doi:10.1016/j.pain.2009.08.002

Ji, R. R., Donnelly, C. R., & Nedergaard, M. (2019). Astrocytes in chronic pain and itch.
Nat Rev Neurosci, 20(11), 667-685. doi:10.1038/s41583-019-0218-1

Ji, R. R., Kohno, T., Moore, K. A., & Woolf, C. J. (2003). Central sensitization and LTP:
do pain and memory share similar mechanisms? Trends Neurosci, 26(12), 696-705.

do0i:10.1016/;.tins.2003.09.017

Ji, Y., Jang, Y., Lee, W.J,, Yang, Y. D., & Shim, W. S. (2018). Different perception levels
of histamine-induced itch sensation in young adult mice. Physiol Behav, 188, 188-

193. doi:10.1016/j.physbeh.2018.02.015

Jia, H., Xu, S., Liu, Q., Liu, J., Xu, J., Li, W., . . . Ji, Q. (2016). Effect of pioglitazone on
neuropathic pain and spinal expression of TLR-4 and cytokines. Exp Ther Med,
12(4), 2644-2650. doi:10.3892/etm.2016.3643

Jin, X., & Gereau, R. W. t. (2006). Acute p38-mediated modulation of tetrodotoxin-
resistant sodium channels in mouse sensory neurons by tumor necrosis factor-

alpha. J Neurosci, 26(1), 246-255. doi:10.1523/JNEUROSCI.3858-05.2006

180



Jin, X., Morsy, N., Winston, J., Pasricha, P. J., Garrett, K., & Akbarali, H. I. (2004).
Modulation of TRPV1 by nonreceptor tyrosine kinase, c-Src kinase. Am J Physiol
Cell Physiol, 287(2), C558-563. doi:10.1152/ajpcell.00113.2004

Joseph, J., Qu, L., Wang, S., Kim, M., Bennett, D., Ro, J., . . . Chung, M. K. (2019).
Phosphorylation of TRPV1 S801 Contributes to Modality-Specific Hyperalgesia in
Mice. J Neurosci, 39(50), 9954-9966. doi:10.1523/JNEUROSCI.1064-19.2019

Joshi, S. K., Hernandez, G., Mikusa, J. P., Zhu, C. Z., Zhong, C., Salyers, A., . . . Honore,
P. (2006). Comparison of antinociceptive actions of standard analgesics in
attenuating capsaicin and nerve-injury-induced mechanical hypersensitivity.

Neuroscience, 143(2), 587-596. doi:10.1016/j.neuroscience.2006.08.005

Jung, J., Shin, J. S, Lee, S. Y., Hwang, S. W., Koo, J., Cho, H., & Oh, U. (2004).
Phosphorylation of vanilloid receptor 1 by Ca2+/calmodulin-dependent kinase I1
regulates its vanilloid binding. J Biol Chem, 279(8), 7048-7054.
doi:10.1074/jbc.M311448200

Jurga, A. M., Rojewska, E., Piotrowska, A., Makuch, W, Pilat, D., Przewlocka, B., &
Mika, J. (2016). Blockade of Toll-Like Receptors (TLR2, TLR4) Attenuates Pain
and Potentiates Buprenorphine Analgesia in a Rat Neuropathic Pain Model. Neural

Plast, 2016, 5238730. doi:10.1155/2016/5238730

Kadafi, K. T., & Wibowo, S. (2019). Differences in systemic humoral immune response
among Balb/c mice administered with probiotic, LPS Escherichia coli, and

probiotic-LPS E. coli. Iran J Microbiol, 11(4), 294-299.

Kagan, J. C., & Medzhitov, R. (2006). Phosphoinositide-mediated adaptor recruitment
controls Toll-like receptor signaling. Cell, 125(5), 943-955.
do0i:10.1016/j.cell.2006.03.047

Kamei, J., & Zushida, K. (2000). Effect of mexiletine on thermal allodynia and
hyperalgesia in diabetic mice. Jpn J Pharmacol, 84(1), 89-92.
doi:10.1254/jjp.84.89

181



Kanaan, S. A., Poole, S., Saade, N. E., Jabbur, S., & Safich-Garabedian, B. (1998).
Interleukin-10 reduces the endotoxin-induced hyperalgesia in mice. J

Neuroimmunol, 86(2), 142-150. doi:10.1016/50165-5728(98)00027-7

Kang, D., Choe, C., & Kim, D. (2005). Thermosensitivity of the two-pore domain K+
channels TREK-2 and TRAAK. J Physiol, 564(Pt 1), 103-116.
doi:10.1113/jphysiol.2004.081059

Kang, S., Wu, C., Banik, R. K., & Brennan, T. J. (2010). Effect of capsaicin treatment on
nociceptors in rat glabrous skin one day after plantar incision. Pain, 148(1), 128-

140. doi:10.1016/j.pain.2009.10.031

Kassebaum, N. J., Smith, A. G. C., Bernabe, E., Fleming, T. D., Reynolds, A. E., Vos, T., .
.. Collaborators, G. B. D. O. H. (2017). Global, Regional, and National Prevalence,
Incidence, and Disability-Adjusted Life Years for Oral Conditions for 195
Countries, 1990-2015: A Systematic Analysis for the Global Burden of Diseases,
Injuries, and Risk Factors. J Dent Res, 96(4), 380-387.
doi:10.1177/0022034517693566

Kato, S., Aihara, E., Nakamura, A., Xin, H., Matsui, H., Kohama, K., & Takeuchi, K.
(2003). Expression of vanilloid receptors in rat gastric epithelial cells: role in
cellular protection. Biochem Pharmacol, 66(6), 1115-1121. doi:10.1016/s0006-
2952(03)00461-1

Katsura, H., Obata, K., Mizushima, T., Sakurai, J., Kobayashi, K., Yamanaka, H., . . .
Noguchi, K. (2006a). Activation of Src-family kinases in spinal microglia
contributes to mechanical hypersensitivity after nerve injury. J Neurosci, 26(34),

8680-8690. doi:10.1523/JNEUROSCI.1771-06.2006

Katsura, H., Obata, K., Mizushima, T., Yamanaka, H., Kobayashi, K., Dai, Y., . ..
Noguchi, K. (2006b). Antisense knock down of TRPA1, but not TRPMS, alleviates
cold hyperalgesia after spinal nerve ligation in rats. Exp Neurol, 200(1), 112-123.
doi:10.1016/j.expneurol.2006.01.031

Kawai, T., & Akira, S. (2007a). Signaling to NF-kappaB by Toll-like receptors. Trends
Mol Med, 13(11), 460-469. doi:10.1016/j.molmed.2007.09.002

182



Kawai, T., & Akira, S. (2007b). TLR signaling. Semin Immunol, 19(1), 24-32.
d0i:10.1016/j.smim.2006.12.004

Kawasaki, Y., Xu, Z. Z., Wang, X., Park, J. Y., Zhuang, Z. Y., Tan, P. H., . . . Ji, R. R.
(2008). Distinct roles of matrix metalloproteases in the early- and late-phase

development of neuropathic pain. Nat Med, 14(3), 331-336. doi:10.1038/nm1723

Kemper, R. H., Spoelstra, M. B., Meijler, W. J., & Ter Horst, G. J. (1998).
Lipopolysaccharide-induced hyperalgesia of intracranial capsaicin sensitive

afferents in conscious rats. Pain, 78(3), 181-190.

Kendroud, S., & Hanna, A. (2020). Physiology, Nociceptive Pathways StatPearls.
Treasure Island (FL).

Kerr, B. J., Souslova, V., McMahon, S. B., & Wood, J. N. (2001). A role for the TTX-
resistant sodium channel Nav 1.8 in NGF-induced hyperalgesia, but not
neuropathic pain. Neuroreport, 12(14), 3077-3080. doi:10.1097/00001756-
200110080-00019

Kido, M. A., Muroya, H., Yamaza, T., Terada, Y., & Tanaka, T. (2003). Vanilloid receptor
expression in the rat tongue and palate. J Dent Res, 82(5), 393-397.
doi:10.1177/154405910308200513

Kiefer, R., Lindholm, D., & Kreutzberg, G. W. (1993). Interleukin-6 and transforming
growth factor-beta 1 mRNAs are induced in rat facial nucleus following
motoneuron axotomy. Eur J Neurosci, 5(7), 775-781. doi:10.1111/j.1460-
9568.1993.tb00929.x

Kielian, T. (2006). Toll-like receptors in central nervous system glial inflammation and

homeostasis. J Neurosci Res, 83(5), 711-730. doi:10.1002/jnr.20767

Kim, A. Y., Tang, Z., Liu, Q., Patel, K. N., Maag, D., Geng, Y., & Dong, X. (2008). Pirt, a
phosphoinositide-binding protein, functions as a regulatory subunit of TRPV1.
Cell, 133(3), 475-485. do0i:10.1016/j.cell.2008.02.053

Kim, D., Kim, M. A., Cho, I. H., Kim, M. S., Lee, S., Jo, E. K., . . . Lee, S. J. (2007). A

critical role of toll-like receptor 2 in nerve injury-induced spinal cord glial cell

183



activation and pain hypersensitivity. J Biol Chem, 282(20), 14975-14983.
doi:10.1074/jbc.M607277200

Kim, K. S., Jang, J. H., Lin, H., Choi, S. W., Kim, H. R., Shin, D. H., . . . Kim, S. J.
(2015). Rise and Fall of Kir2.2 Current by TLR4 Signaling in Human Monocytes:
PKC-Dependent Trafficking and PI3K-Mediated PIP2 Decrease. J Immunol,
195(7), 3345-3354. doi:10.4049/jimmunol. 1500056

Kim, S., Kang, C., Shin, C. Y., Hwang, S. W, Yang, Y. D., Shim, W. S., . .. Oh, U.
(2006). TRPV1 recapitulates native capsaicin receptor in sensory neurons in
association with Fas-associated factor 1. J Neurosci, 26(9), 2403-2412.
doi:10.1523/INEUROSCI.4691-05.2006

Kim, S. H., & Chung, J. M. (1992). An experimental model for peripheral neuropathy
produced by segmental spinal nerve ligation in the rat. Pain, 50(3), 355-363.
do0i:10.1016/0304-3959(92)90041-9

Kim, Y. H., Back, S. K., Davies, A. J., Jeong, H., Jo, H. J., Chung, G, ... Oh, S. B.
(2012). TRPV1 in GABAergic interneurons mediates neuropathic mechanical

allodynia and disinhibition of the nociceptive circuitry in the spinal cord. Neuron,

74(4), 640-647. doi:10.1016/j.neuron.2012.02.039

King, T., Vera-Portocarrero, L., Gutierrez, T., Vanderah, T. W., Dussor, G., Lai, J., . ..
Porreca, F. (2009). Unmasking the tonic-aversive state in neuropathic pain. Nat

Neurosci, 12(11), 1364-1366. doi:10.1038/nn.2407

Kinnman, E., & Levine, J. D. (1995). Involvement of the sympathetic postganglionic
neuron in capsaicin-induced secondary hyperalgesia in the rat. Neuroscience, 65(1),

283-291.

Klein, R. M., Ufret-Vincenty, C. A., Hua, L., & Gordon, S. E. (2008). Determinants of
molecular specificity in phosphoinositide regulation. Phosphatidylinositol (4,5)-
bisphosphate (PI(4,5)P2) is the endogenous lipid regulating TRPV1. J Biol Chem,
283(38), 26208-26216. doi:10.1074/jbc.M801912200

184



Ko, M. C., Butelman, E. R., & Woods, J. H. (1998). The role of peripheral mu opioid
receptors in the modulation of capsaicin-induced thermal nociception in rhesus

monkeys. J Pharmacol Exp Ther, 286(1), 150-156.

Kobayashi, Y., Kiguchi, N., Fukazawa, Y., Saika, F., Maeda, T., & Kishioka, S. (2015).
Macrophage-T cell interactions mediate neuropathic pain through the
glucocorticoid-induced tumor necrosis factor ligand system. J Biol/ Chem, 290(20),

12603-12613. doi:10.1074/jbc.M115.636506

Kogel, B., De Vry, J., Tzschentke, T. M., & Christoph, T. (2011). The antinociceptive and
antihyperalgesic effect of tapentadol is partially retained in OPRM1 (mu-opioid
receptor) knockout mice. Neurosci Lett, 491(2), 104-107.
doi:10.1016/j.neulet.2011.01.014

Kohno, T., Ji, R. R., Ito, N., Allchorne, A. J., Befort, K., Karchewski, L. A., & Woolf, C. J.
(2005). Peripheral axonal injury results in reduced mu opioid receptor pre- and
post-synaptic action in the spinal cord. Pain, 117(1-2), 77-87.
doi:10.1016/j.pain.2005.05.035

Konat, G. W., Kielian, T., & Marriott, I. (2006). The role of Toll-like receptors in CNS
response to microbial challenge. J Neurochem, 99(1), 1-12. doi:10.1111/5.1471-
4159.2006.04076.x

Kosugi, M., Nakatsuka, T., Fujita, T., Kuroda, Y., & Kumamoto, E. (2007). Activation of
TRPA1 channel facilitates excitatory synaptic transmission in substantia gelatinosa
neurons of the adult rat spinal cord. J Neurosci, 27(16), 4443-4451.
doi:10.1523/INEUROSCI.0557-07.2007

Kress, M., & Guenther, S. (1999). Role of [Ca2+]i in the ATP-induced heat sensitization
process of rat nociceptive neurons. J Neurophysiol, 8§1(6), 2612-2619.

Krull, A. A, Larsen, S. A., Clifton, D. K., Neal-Perry, G., & Steiner, R. A. (2017). A
Comprehensive Method To Quantify Adaptations by Male and Female Mice With
Hot Flashes Induced by the Neurokinin B Receptor Agonist Senktide.
Endocrinology, 158(10), 3259-3268. do0i:10.1210/en.2017-00142

185



Kunert-Keil, C., Bisping, F., Kruger, J., & Brinkmeier, H. (2006). Tissue-specific
expression of TRP channel genes in the mouse and its variation in three different

mouse strains. BMC Genomics, 7, 159. doi:10.1186/1471-2164-7-159

Kupers, R. C., Chen, C. C., & Bushnell, M. C. (1997). A model of transient hyperalgesia in
the behaving monkey induced by topical application of capsaicin. Pain, 72(1-2),
269-275. doi:10.1016/s0304-3959(97)00052-3

Kutuzova, G. D., Albrecht, R. M., Erickson, C. M., & Qureshi, N. (2001). Diphosphoryl
lipid A from Rhodobacter sphaeroides blocks the binding and internalization of
lipopolysaccharide in RAW 264.7 cells. J Immunol, 167(1), 482-489.
doi:10.4049/jimmunol.167.1.482

Kwon, Y., Hofmann, T., & Montell, C. (2007). Integration of phosphoinositide- and
calmodulin-mediated regulation of TRPC6. Mol Cell, 25(4), 491-503.
doi:10.1016/j.molcel.2007.01.021

La, J. H., Wang, J., Bittar, A., Shim, H. S., Bae, C., & Chung, J. M. (2017). Differential
involvement of reactive oxygen species in a mouse model of capsaicin-induced

secondary mechanical hyperalgesia and allodynia. Mol Pain, 13,

1744806917713907. doi:10.1177/1744806917713907

LaBuda, C. J., Cutler, T. D., Dougherty, P. M., & Fuchs, P. N. (2000). Mechanical and
thermal hypersensitivity develops following kainate lesion of the ventral posterior
lateral thalamus in rats. Neurosci Lett, 290(1), 79-83. do0i:10.1016/s0304-
3940(00)01323-9

Labuz, D., Celik, M. O., Zimmer, A., & Machelska, H. (2016). Distinct roles of exogenous
opioid agonists and endogenous opioid peptides in the peripheral control of

neuropathy-triggered heat pain. Sci Rep, 6, 32799. doi:10.1038/srep32799

Lacagnina, M. J., Watkins, L. R., & Grace, P. M. (2017). Toll-like receptors and their role
in persistent pain. Pharmacol Ther. doi:10.1016/j.pharmthera.2017.10.006

Laird, J. M., Garcia-Nicas, E., Delpire, E. J., & Cervero, F. (2004). Presynaptic inhibition

and spinal pain processing in mice: a possible role of the NKCCI1 cation-chloride

186



co-transporter in hyperalgesia. Neurosci Lett, 361(1-3), 200-203.
do0i:10.1016/j.neulet.2003.12.015

Laird, J. M., Martinez-Caro, L., Garcia-Nicas, E., & Cervero, F. (2001a). A new model of
visceral pain and referred hyperalgesia in the mouse. Pain, 92(3), 335-342.

Laird, J. M., Olivar, T., Roza, C., De Felipe, C., Hunt, S. P., & Cervero, F. (2000). Deficits
in visceral pain and hyperalgesia of mice with a disruption of the tachykinin NK1

receptor gene. Neuroscience, 98(2), 345-352. doi:10.1016/s0306-4522(00)00148-2

Laird, J. M., Roza, C., De Felipe, C., Hunt, S. P., & Cervero, F. (2001b). Role of central
and peripheral tachykinin NK1 receptors in capsaicin-induced pain and

hyperalgesia in mice. Pain, 90(1-2), 97-103. doi:10.1016/s0304-3959(00)00394-8

Laird, J. M., Souslova, V., Wood, J. N., & Cervero, F. (2002). Deficits in visceral pain and
referred hyperalgesia in Nav1.8 (SNS/PN3)-null mice. J Neurosci, 22(19), 8352-
8356.

Lan, L. S., Ping, Y. J., Na, W. L., Miao, J., Cheng, Q. Q., Ni, M. Z., . . . Wei, L. (2010).
Down-regulation of Toll-like receptor 4 gene expression by short interfering RNA
attenuates bone cancer pain in a rat model. Mo/ Pain, 6, 2. doi:10.1186/1744-8069-
6-2

Landry, R. P., Jacobs, V. L., Romero-Sandoval, E. A., & DeLeo, J. A. (2012).
Propentofylline, a CNS glial modulator does not decrease pain in post-herpetic
neuralgia patients: in vitro evidence for differential responses in human and rodent
microglia and macrophages. Exp Neurol, 234(2), 340-350.
doi:10.1016/j.expneurol.2011.11.006

Langeslag, M., Malsch, P., Welling, A., & Kress, M. (2014). Reduced excitability of
gp130-deficient nociceptors is associated with increased voltage-gated potassium
currents and Kcna4 channel upregulation. Pflugers Arch, 466(11), 2153-2165.
doi:10.1007/s00424-014-1443-0

Langford, D. J., Bailey, A. L., Chanda, M. L., Clarke, S. E., Drummond, T. E., Echols, S., .
.. Mogil, J. S. (2010). Coding of facial expressions of pain in the laboratory mouse.
Nat Methods, 7(6), 447-449. doi:10.1038/nmeth.1455

187



Langford, R. M., Knaggs, R., Farquhar-Smith, P., & Dickenson, A. H. (2016). Is
tapentadol different from classical opioids? A review of the evidence. Br J Pain,

10(4),217-221. doi:10.1177/2049463716657363

Lapointe, T. K., Basso, L., Iftinca, M. C., Flynn, R., Chapman, K., Dietrich, G., . . . Altier,
C. (2015). TRPV1 sensitization mediates postinflammatory visceral pain following
acute colitis. Am J Physiol Gastrointest Liver Physiol, 309(2), G87-99.
doi:10.1152/ajpgi.00421.2014

Lariviere, W. R., & Melzack, R. (2000). The bee venom test: comparisons with the
formalin test with injection of different venoms. Pain, 84(1), 111-112.

do0i:10.1016/50304-3959(99)00177-3

Latremoliere, A., & Woolf, C. J. (2009). Central sensitization: a generator of pain
hypersensitivity by central neural plasticity. J Pain, 10(9), 895-926.
doi:10.1016/].jpain.2009.06.012

Lau, B. K., & Vaughan, C. W. (2014). Descending modulation of pain: the GABA
disinhibition hypothesis of analgesia. Curr Opin Neurobiol, 29, 159-164.
doi:10.1016/j.conb.2014.07.010

Lavand'homme, P. M., & Eisenach, J. C. (1999). Sex differences in cholinergic analgesia
II: differing mechanisms in two models of allodynia. Anesthesiology, 91(5), 1455-
1461. doi:10.1097/00000542-199911000-00039

Le Roy, C., Laboureyras, E., Gavello-Baudy, S., Chateauraynaud, J., Laulin, J. P., &
Simonnet, G. (2011). Endogenous opioids released during non-nociceptive
environmental stress induce latent pain sensitization Via a NMDA-dependent

process. J Pain, 12(10), 1069-1079. doi:10.1016/j.jpain.2011.04.011

Leblanc, B. W., Lii, T. R., Silverman, A. E., Alleyne, R. T., & Saab, C. Y. (2014). Cortical
theta is increased while thalamocortical coherence is decreased in rat models of

acute and chronic pain. Pain, 155(4), 773-782. doi:10.1016/j.pain.2014.01.013

Lee, D. H., Chang, L., Sorkin, L. S., & Chaplan, S. R. (2005a). Hyperpolarization-

activated, cation-nonselective, cyclic nucleotide-modulated channel blockade

188



alleviates mechanical allodynia and suppresses ectopic discharge in spinal nerve

ligated rats. J Pain, 6(7), 417-424. doi:10.1016/j.jpain.2005.02.002

Lee, J. Y., Lowell, C. A., Lemay, D. G., Youn, H. S., Rhee, S. H., Sohn, K. H., . . . Hwang,
D. H. (2005b). The regulation of the expression of inducible nitric oxide synthase
by Src-family tyrosine kinases mediated through MyD88-independent signaling
pathways of Toll-like receptor 4. Biochem Pharmacol, 70(8), 1231-1240.
do0i:10.1016/5.bcp.2005.07.020

Lee, M. S., & Kim, Y. J. (2007). Signaling pathways downstream of pattern-recognition
receptors and their cross talk. Annu Rev Biochem, 76, 447-480.
doi:10.1146/annurev.biochem.76.060605.122847

Lehnardt, S. (2010). Innate immunity and neuroinflammation in the CNS: the role of
microglia in Toll-like receptor-mediated neuronal injury. Glia, 58(3), 253-263.
doi:10.1002/glia.20928

Lewin, G. R., Rueff, A., & Mendell, L. M. (1994). Peripheral and central mechanisms of
NGF-induced hyperalgesia. Eur J Neurosci, 6(12), 1903-1912. doi:10.1111/§.1460-
9568.1994.tb00581.x

Lewis, S. S., Loram, L. C., Hutchinson, M. R, Li, C. M., Zhang, Y., Maier, S. F., . ..
Watkins, L. R. (2012). (+)-naloxone, an opioid-inactive toll-like receptor 4

signaling inhibitor, reverses multiple models of chronic neuropathic pain in rats. J

Pain, 13(5), 498-506. doi:10.1016/j.jpain.2012.02.005

Li, J., Gran, B., Zhang, G. X., Ventura, E. S., Siglienti, 1., Rostami, A., & Kamoun, M.
(2003). Differential expression and regulation of IL-23 and IL-12 subunits and
receptors in adult mouse microglia. J Neurol Sci, 215(1-2), 95-103.
doi:10.1016/s0022-510x(03)00203-x

Li, P., Calejesan, A. A., & Zhuo, M. (1998). ATP P2x receptors and sensory synaptic
transmission between primary afferent fibers and spinal dorsal horn neurons in rats.

J Neurophysiol, 80(6), 3356-3360. doi:10.1152/jn.1998.80.6.3356

Li, Y., Adamek, P., Zhang, H., Tatsui, C. E., Rhines, L. D., Mrozkova, P., . . . Dougherty,

P. M. (2015). The Cancer Chemotherapeutic Paclitaxel Increases Human and

189



Rodent Sensory Neuron Responses to TRPV1 by Activation of TLR4. J Neurosci,
35(39), 13487-13500. doi:10.1523/JNEUROSCI.1956-15.2015

Li, Y., Zhang, H., Zhang, H., Kosturakis, A. K., Jawad, A. B., & Dougherty, P. M. (2014).
Toll-like receptor 4 signaling contributes to Paclitaxel-induced peripheral

neuropathy. J Pain, 15(7), 712-725. doi:10.1016/j.jpain.2014.04.001

Liao, M., Cao, E., Julius, D., & Cheng, Y. (2013). Structure of the TRPV1 ion channel
determined by electron cryo-microscopy. Nature, 504(7478), 107-112.
doi:10.1038/nature12822

Lima, D., & Almeida, A. (2002). The medullary dorsal reticular nucleus as a
pronociceptive centre of the pain control system. Prog Neurobiol, 66(2), 81-108.
doi:10.1016/s0301-0082(01)00025-9

Lin, J. J., Du, Y., Cai, W. K., Kuang, R., Chang, T., Zhang, Z., . . . Kuang, F. (2015). Toll-
like receptor 4 signaling in neurons of trigeminal ganglion contributes to

nociception induced by acute pulpitis in rats. Sci Rep, 5, 12549.
doi:10.1038/srep12549

Lindholm, D., Heumann, R., Meyer, M., & Thoenen, H. (1987). Interleukin-1 regulates
synthesis of nerve growth factor in non-neuronal cells of rat sciatic nerve. Nature,

330(6149), 658-659. doi:10.1038/330658a0

Lishko, P. V., Procko, E., Jin, X., Phelps, C. B., & Gaudet, R. (2007). The ankyrin repeats
of TRPV1 bind multiple ligands and modulate channel sensitivity. Neuron, 54(6),
905-918. d0i:10.1016/j.neuron.2007.05.027

Liu, B., Fan, L., Balakrishna, S., Sui, A., Morris, J. B., & Jordt, S. E. (2013). TRPMS is the
principal mediator of menthol-induced analgesia of acute and inflammatory pain.

Pain, 154(10), 2169-2177. doi:10.1016/j.pain.2013.06.043

Liu, B., Zhang, C., & Qin, F. (2005). Functional recovery from desensitization of vanilloid
receptor TRPV1 requires resynthesis of phosphatidylinositol 4,5-bisphosphate. J
Neurosci, 25(19), 4835-4843. doi:10.1523/JNEUROSCI.1296-05.2005

190



Liu, C. N., Devor, M., Waxman, S. G., & Kocsis, J. D. (2002). Subthreshold oscillations
induced by spinal nerve injury in dissociated muscle and cutaneous afferents of

mouse DRG. J Neurophysiol, 8§7(4), 2009-2017. doi:10.1152/jn.00705.2001

Liu, L., & Simon, S. A. (1996). Similarities and differences in the currents activated by
capsaicin, piperine, and zingerone in rat trigeminal ganglion cells. J Neurophysiol,

76(3), 1858-1869. doi:10.1152/jn.1996.76.3.1858

Liu, M., Max, M. B., Robinovitz, E., Gracely, R. H., & Bennett, G. J. (1998). The human
capsaicin model of allodynia and hyperalgesia: sources of variability and methods

for reduction. J Pain Symptom Manage, 16(1), 10-20.

Liu, T., Berta, T., Xu, Z. Z., Park, C. K., Zhang, L., Lu, N., ... Ji, R. R. (2012). TLR3
deficiency impairs spinal cord synaptic transmission, central sensitization, and

pruritus in mice. J Clin Invest, 122(6), 2195-2207. doi:10.1172/JCI145414

Liu, T., Xu, Z. Z., Park, C. K., Berta, T., & Ji, R. R. (2010). Toll-like receptor 7 mediates
pruritus. Nat Neurosci, 13(12), 1460-1462. doi:10.1038/nn.2683

Loeser, J. D. (2000). Pain and suffering. Clin J Pain, 16(2 Suppl), S2-6.
doi:10.1097/00002508-200006001-00002

Loeser, J. D. (2012). Relieving Pain in America. Clinical Journal of Pain, 28(3), 185-186.
doi:10.1097/AJP.0b013e318230f6¢1

Lomas, L. M., Barrett, A. C., Terner, J. M., Lysle, D. T., & Picker, M. J. (2007). Sex
differences in the potency of kappa opioids and mixed-action opioids administered
systemically and at the site of inflammation against capsaicin-induced hyperalgesia
in rats. Psychopharmacology (Berl), 191(2), 273-285. doi:10.1007/s00213-006-
0663-1

Lomas, L. M., Terner, J. M., & Picker, M. J. (2008). Sex differences in NMDA antagonist
enhancement of morphine antihyperalgesia in a capsaicin model of persistent pain:
comparisons to two models of acute pain. Pharmacol Biochem Behav, 89(2), 127-

136. doi:10.1016/j.pbb.2007.12.001

191



Lotz, M., Vaughan, J. H., & Carson, D. A. (1988). Effect of neuropeptides on production
of inflammatory cytokines by human monocytes. Science, 241(4870), 1218-1221.
doi:10.1126/science.2457950

Lowin, T., Apitz, M., Anders, S., & Straub, R. H. (2015). Anti-inflammatory effects of N-
acylethanolamines in theumatoid arthritis synovial cells are mediated by TRPV1
and TRPA1 in a COX-2 dependent manner. Arthritis Res Ther, 17, 321.
doi:10.1186/s13075-015-0845-5

Loyd, D. R., Weiss, G., Henry, M. A., & Hargreaves, K. M. (2011). Serotonin increases
the functional activity of capsaicin-sensitive rat trigeminal nociceptors via
peripheral serotonin receptors. Pain, 152(10), 2267-2276.
doi:10.1016/j.pain.2011.06.002

Lukacs, V., Thyagarajan, B., Varnai, P., Balla, A., Balla, T., & Rohacs, T. (2007). Dual
regulation of TRPV1 by phosphoinositides. J Neurosci, 27(26), 7070-7080.
doi:10.1523/INEUROSCI.1866-07.2007

Maier, C., Baron, R., Tolle, T. R., Binder, A., Birbaumer, N., Birklein, F., . . . Treede, R.
D. (2010). Quantitative sensory testing in the German Research Network on
Neuropathic Pain (DFNS): somatosensory abnormalities in 1236 patients with
different neuropathic pain syndromes. Pain, 150(3), 439-450.
doi:10.1016/j.pain.2010.05.002

Maier, S. F., Wiertelak, E. P., Martin, D., & Watkins, L. R. (1993). Interleukin-1 mediates
the behavioral hyperalgesia produced by lithium chloride and endotoxin. Brain Res,

623(2), 321-324. doi:10.1016/0006-8993(93)91446-y

Maione, S., Bisogno, T., de Novellis, V., Palazzo, E., Cristino, L., Valenti, M., . . . Di
Marzo, V. (2006). Elevation of endocannabinoid levels in the ventrolateral
periaqueductal grey through inhibition of fatty acid amide hydrolase affects
descending nociceptive pathways via both cannabinoid receptor type 1 and
transient receptor potential vanilloid type-1 receptors. J Pharmacol Exp Ther,

316(3), 969-982. doi:10.1124/jpet.105.093286

192



Maione, S., Starowicz, K., Cristino, L., Guida, F., Palazzo, E., Luongo, L., . . . Di Marzo,
V. (2009). Functional interaction between TRPV1 and mu-opioid receptors in the
descending antinociceptive pathway activates glutamate transmission and induces

analgesia. J Neurophysiol, 101(5), 2411-2422. doi:10.1152/jn.91225.2008

Malek, N., Kucharczyk, M., & Starowicz, K. (2014). Alterations in the anandamide
metabolism in the development of neuropathic pain. Biomed Res Int, 2014, 686908.
doi:10.1155/2014/686908

Malek, N., Pajak, A., Kolosowska, N., Kucharczyk, M., & Starowicz, K. (2015). The
importance of TRPV 1-sensitisation factors for the development of neuropathic

pain. Mol Cell Neurosci, 65, 1-10. doi:10.1016/j.mcn.2015.02.001

Malik-Hall, M., Dina, O. A., & Levine, J. D. (2005). Primary afferent nociceptor
mechanisms mediating NGF-induced mechanical hyperalgesia. Eur J Neurosci,

21(12),3387-3394. doi:10.1111/5.1460-9568.2005.04173 .x

Marsicano, G., Goodenough, S., Monory, K., Hermann, H., Eder, M., Cannich, A., . ..
Lutz, B. (2003). CB1 cannabinoid receptors and on-demand defense against

excitotoxicity. Science, 302(5642), 84-88. doi:10.1126/science.1088208

Martinon, F., & Tschopp, J. (2004). Inflammatory caspases: linking an intracellular innate
immune system to autoinflammatory diseases. Cell, 117(5), 561-574.

doi:10.1016/j.cell.2004.05.004

Matsunaga, N., Tsuchimori, N., Matsumoto, T., & Ii, M. (2011). TAK-242 (resatorvid), a
small-molecule inhibitor of Toll-like receptor (TLR) 4 signaling, binds selectively
to TLR4 and interferes with interactions between TLR4 and its adaptor molecules.

Mol Pharmacol, 79(1), 34-41. doi:10.1124/mol.110.068064

Maxwell, D. J., Belle, M. D., Cheunsuang, O., Stewart, A., & Morris, R. (2007).
Morphology of inhibitory and excitatory interneurons in superficial laminae of the

rat dorsal horn. J Physiol, 584(Pt 2), 521-533. doi:10.1113/jphysiol.2007.140996

Mayer, M. L., Westbrook, G. L., & Guthrie, P. B. (1984). Voltage-dependent block by
Mg2+ of NMDA responses in spinal cord neurones. Nature, 309(5965), 261-263.
doi:10.1038/309261a0

193



McCarthy, G. M., Bridges, C. R., Blednov, Y. A., & Harris, R. A. (2017). CNS cell-type
localization and LPS response of TLR signaling pathways. F'1000Res, 6, 1144.
doi:10.12688/f1000research.12036.1

McDonald, J., & Lambert, D. (2013). Opioid mechanisms and opioid drugs. Anaesthesia &
Intensive Care Medicine, 14(11), 505-509.
doi:https://doi.org/10.1016/j.mpaic.2013.08.002

McDonald, R. L., Vaughan, P. F., & Peers, C. (1996). Neuropeptide Y elevates
intracellular Ca2+ and evokes noradrenaline release in SH-SY5SY cells.

Neuroreport, 7(18),2913-2916. doi:10.1097/00001756-199611250-00021

McNamara, F. N., Randall, A., & Gunthorpe, M. J. (2005). Effects of piperine, the pungent
component of black pepper, at the human vanilloid receptor (TRPV1). BrJ
Pharmacol, 144(6), 781-790. doi:10.1038/sj.bjp.0706040

Medvedev, A. E., Piao, W., Shoenfelt, J., Rhee, S. H., Chen, H., Basu, S., ... Vogel, S. N.
(2007). Role of TLR4 tyrosine phosphorylation in signal transduction and
endotoxin tolerance. J Biol Chem, 282(22), 16042-16053.
doi:10.1074/jbc.M606781200

Meijer, M. K., Spruijt, B. M., van Zutphen, L. F., & Baumans, V. (2006). Effect of
restraint and injection methods on heart rate and body temperature in mice. Lab

Anim, 40(4), 382-391. doi:10.1258/002367706778476370

Meiron, M., Zohar, Y., Anunu, R., Wildbaum, G., & Karin, N. (2008). CXCL12 (SDF-
lalpha) suppresses ongoing experimental autoimmune encephalomyelitis by
selecting antigen-specific regulatory T cells. J Exp Med, 205(11), 2643-2655.
doi:10.1084/jem.20080730

Melo-Carrillo, A., & Lopez-Avila, A. (2013). A chronic animal model of migraine,
induced by repeated meningeal nociception, characterized by a behavioral and
pharmacological approach. Cephalalgia, 33(13), 1096-1105.
doi:10.1177/0333102413486320

194



Menendez, L., Lastra, A., Hidalgo, A., & Baamonde, A. (2004). The analgesic effect
induced by capsaicin is enhanced in inflammatory states. Life Sci, 74(26), 3235-
3244. doi:10.1016/;.1£s.2003.11.019

Meneses, G., Rosetti, M., Espinosa, A., Florentino, A., Bautista, M., Diaz, G., . . . Sciutto,
E. (2018). Recovery from an acute systemic and central LPS-inflammation
challenge is affected by mouse sex and genetic background. PLoS One, 13(8),
€0201375. doi:10.1371/journal.pone.0201375

Merskey, H., Albe Fessard, D., Bonica, J. , Carmon, A., Dubner, R., Kerr, F., Lindblom, U.
M., J., ... Renaer, M. S., R. Sunderland, S. (1979). Pain terms: a list with
definitions and notes on usage. Recommended by the IASP Subcommittee on

Taxonomy. Pain, 6(3), 249.

Meseguer, V., Alpizar, Y. A., Luis, E., Tajada, S., Denlinger, B., Fajardo, O., . .. Viana, F.
(2014). TRPA1 channels mediate acute neurogenic inflammation and pain

produced by bacterial endotoxins. Nat Commun, 5, 3125. doi:10.1038/ncomms4125

Mezey, E., Toth, Z. E., Cortright, D. N., Arzubi, M. K., Krause, J. E., Elde, R., . ..
Szallasi, A. (2000). Distribution of mRNA for vanilloid receptor subtype 1 (VRI1),
and VR1-like immunoreactivity, in the central nervous system of the rat and

human. Proc Natl Acad Sci U S A, 97(7), 3655-3660. doi:10.1073/pnas.060496197

Millan, M. J. (1999). The induction of pain: an integrative review. Prog Neurobiol, 57(1),
1-164. doi:10.1016/s0301-0082(98)00048-3

Milligan, E. D., O'Connor, K. A., Armstrong, C. B., Hansen, M. K., Martin, D., Tracey, K.
J., ... Watkins, L. R. (2001a). Systemic administration of CNI-1493, a p38
mitogen-activated protein kinase inhibitor, blocks intrathecal human

immunodeficiency virus-1 gp120-induced enhanced pain states in rats. J Pain, 2(6),

326-333. doi:10.1054/jpai.2001.26174

Milligan, E. D., O'Connor, K. A., Nguyen, K. T., Armstrong, C. B., Twining, C.,
Gaykema, R. P., ... Watkins, L. R. (2001b). Intrathecal HIV-1 envelope
glycoprotein gp120 induces enhanced pain states mediated by spinal cord

proinflammatory cytokines. J Neurosci, 21(8), 2808-2819.

195



Milligan, E. D., Twining, C., Chacur, M., Biedenkapp, J., O'Connor, K., Poole, S., . ..
Watkins, L. R. (2003). Spinal glia and proinflammatory cytokines mediate mirror-
image neuropathic pain in rats. J Neurosci, 23(3), 1026-1040.

Milligan, E. D., & Watkins, L. R. (2009). Pathological and protective roles of glia in
chronic pain. Nat Rev Neurosci, 10(1), 23-36. doi:10.1038/nrn2533

Min, H., Cho, W. H., Lee, H., Choi, B., Kim, Y. J., Lee, H. K., . . . Lee, S. J. (2018).
Association of TRPV1 and TLR4 through the TIR domain potentiates TRPV1

activity by blocking activation-induced desensitization. Mol Pain, 14,

1744806918812636. doi:10.1177/1744806918812636

Min, H., Lee, H., Lim, H., Jang, Y. H., Chung, S. J., Lee, C. J., & Lee, S. J. (2014). TLR4
enhances histamine-mediated pruritus by potentiating TRPV1 activity. Mol Brain,

7,59. doi:10.1186/s13041-014-0059-9

Miranda, J., Lamana, S. M., Dias, E. V., Athie, M., Parada, C. A., & Tambeli, C. H.
(2015). Effect of pain chronification and chronic pain on an endogenous pain
modulation circuit in rats. Neuroscience, 286, 37-44.

doi:10.1016/j.neuroscience.2014.10.049

Mizrak, S. C., & van Dissel-Emiliani, F. M. (2008). Transient receptor potential vanilloid
receptor-1 confers heat resistance to male germ cells. Fertil Steril, 90(4), 1290-

1293. doi:10.1016/j.fertnstert.2007.10.081

Mogil, J. S. (2009). Animal models of pain: progress and challenges. Nat Rev Neurosci,
10(4), 283-294. doi:10.1038/nrn2606

Mogil, J. S. (2012). Sex differences in pain and pain inhibition: multiple explanations of a
controversial phenomenon. Nat Rev Neurosci, 13(12), 859-866.
do0i:10.1038/nrn3360

Mogil, J. S., & Chanda, M. L. (2005). The case for the inclusion of female subjects in basic
science studies of pain. Pain, 117(1-2), 1-5. doi:10.1016/j.pain.2005.06.020

Mogil, J. S., & Crager, S. E. (2004). What should we be measuring in behavioral studies of
chronic pain in animals? Pain, 112(1-2), 12-15. doi:10.1016/j.pain.2004.09.028

196



Mohapatra, D. P., & Nau, C. (2003). Desensitization of capsaicin-activated currents in the
vanilloid receptor TRPV1 is decreased by the cyclic AMP-dependent protein
kinase pathway. J Biol Chem, 278(50), 50080-50090. doi:10.1074/jbc.M306619200

Mohapatra, D. P., & Nau, C. (2005). Regulation of Ca2+-dependent desensitization in the
vanilloid receptor TRPV1 by calcineurin and cAMP-dependent protein kinase. J
Biol Chem, 280(14), 13424-13432. doi:10.1074/jbc.M410917200

Mollereau, C., Parmentier, M., Mailleux, P., Butour, J. L., Moisand, C., Chalon, P., . ..
Meunier, J. C. (1994). ORL1, a novel member of the opioid receptor family.
Cloning, functional expression and localization. FEBS Lett, 341(1), 33-38.
doi:10.1016/0014-5793(94)80235-1

Molteni, M., Gemma, S., & Rossetti, C. (2016). The Role of Toll-Like Receptor 4 in
Infectious and Noninfectious Inflammation. Mediators Inflamm, 2016, 6978936.
doi:10.1155/2016/6978936

Morenilla-Palao, C., Planells-Cases, R., Garcia-Sanz, N., & Ferrer-Montiel, A. (2004).
Regulated exocytosis contributes to protein kinase C potentiation of vanilloid
receptor activity. J Biol Chem, 279(24), 25665-25672.
doi:10.1074/jbc.M311515200

Moriyama, T., Higashi, T., Togashi, K., Iida, T., Segi, E., Sugimoto, Y., . . . Tominaga, M.
(2005). Sensitization of TRPV1 by EP1 and IP reveals peripheral nociceptive
mechanism of prostaglandins. Mo/ Pain, 1, 3. doi:10.1186/1744-8069-1-3

Mousseau, D. D., Sun, X., & Larson, A. A. (1994). An antinociceptive effect of capsaicin
in the adult mouse mediated by the NH2-terminus of substance P. J Pharmacol Exp
Ther, 268(2), 785-790.

Nair, A., Frederick, T. J., & Miller, S. D. (2008). Astrocytes in multiple sclerosis: a
product of their environment. Cell Mol Life Sci, 65(17), 2702-2720.
doi:10.1007/s00018-008-8059-5

Nakatsuka, T., & Gu, J. G. (2001). ATP P2X receptor-mediated enhancement of glutamate
release and evoked EPSCs in dorsal horn neurons of the rat spinal cord. J Neurosci,

21(17), 6522-6531.

197



Nasir, H., Mahboubi, H., Gyawali, S., Ding, S., Mickeviciute, A., Ragavendran, J. V., . ..
Coderre, T. J. (2016). Consistent sex-dependent effects of PKMzeta gene ablation
and pharmacological inhibition on the maintenance of referred pain. Mol Pain, 12.

doi:10.1177/1744806916675347

Nassar, M. A., Stirling, L. C., Forlani, G., Baker, M. D., Matthews, E. A., Dickenson, A.
H., & Wood, J. N. (2004). Nociceptor-specific gene deletion reveals a major role
for Nav1.7 (PN1) in acute and inflammatory pain. Proc Natl Acad Sci U S 4,
101(34), 12706-12711. doi:10.1073/pnas.0404915101

Negri, L., Lattanzi, R., Giannini, E., Colucci, M., Margheriti, F., Melchiorri, P., . . .
Porreca, F. (2006). Impaired nociception and inflammatory pain sensation in mice
lacking the prokineticin receptor PKR1: focus on interaction between PKR1 and
the capsaicin receptor TRPV1 in pain behavior. J Neurosci, 26(25), 6716-6727.
doi:10.1523/INEUROSCI.5403-05.2006

Neubert, J. K., King, C., Malphurs, W., Wong, F., Weaver, J. P., Jenkins, A. C., . ..
Caudle, R. M. (2008). Characterization of mouse orofacial pain and the effects of

lesioning TRPV 1-expressing neurons on operant behavior. Mol Pain, 4, 43.

doi:10.1186/1744-8069-4-43

Neubert, J. K., Rossi, H. L., Malphurs, W., Vierck, C. J., Jr., & Caudle, R. M. (2006).
Differentiation between capsaicin-induced allodynia and hyperalgesia using a
thermal operant assay. Behav Brain Res, 170(2), 308-315.
do0i:10.1016/5.bbr.2006.03.008

Nguyen, T. T., Kim, Y. M., Kim, T. D., Le, O. T., Kim, J. J., Kang, H. C., . . . Lee, S. Y.
(2013). Phosphatidylinositol 4-phosphate 5-kinase alpha facilitates Toll-like
receptor 4-mediated microglial inflammation through regulation of the

Toll/interleukin-1 receptor domain-containing adaptor protein (TIRAP) location. J

Biol Chem, 288(8), 5645-5659. doi:10.1074/jbc.M112.410126

Nicotra, L., Loram, L. C., Watkins, L. R., & Hutchinson, M. R. (2012). Toll-like receptors
in chronic pain. Exp Neurol, 234(2), 316-329. doi:10.1016/j.expneurol.2011.09.038

198



Nightingale, S. (2012). The neuropathic pain market. Nat Rev Drug Discov, 11(2), 101-
102. doi:10.1038/nrd3624

Nilius, B., Owsianik, G., Voets, T., & Peters, J. A. (2007). Transient receptor potential
cation channels in disease. Physiol Rev, 87(1), 165-217.
doi:10.1152/physrev.00021.2006

Nimmerjahn, A., Kirchhoff, F., & Helmchen, F. (2005). Resting microglial cells are highly
dynamic surveillants of brain parenchyma in vivo. Science, 308(5726), 1314-1318.
doi:10.1126/science.1110647

Nolan, T. A., Hester, J., Bokrand-Donatelli, Y., Caudle, R. M., & Neubert, J. K. (2011).
Adaptation of a novel operant orofacial testing system to characterize both
mechanical and thermal pain. Behav Brain Res, 217(2), 477-480.
doi:10.1016/5.bbr.2010.10.022

Numazaki, M., Tominaga, T., Takeuchi, K., Murayama, N., Toyooka, H., & Tominaga, M.
(2003). Structural determinant of TRPV 1 desensitization interacts with calmodulin.

Proc Natl Acad Sci U S A, 100(13), 8002-8006. doi:10.1073/pnas.1337252100

Numazaki, M., Tominaga, T., Toyooka, H., & Tominaga, M. (2002). Direct
phosphorylation of capsaicin receptor VR1 by protein kinase Cepsilon and
identification of two target serine residues. J Biol/ Chem, 277(16), 13375-13378.
doi:10.1074/jbc.C200104200

O'Neill, J., Brock, C., Olesen, A. E., Andresen, T., Nilsson, M., & Dickenson, A. H.
(2012). Unravelling the mystery of capsaicin: a tool to understand and treat pain.

Pharmacol Rev, 64(4), 939-971. doi:10.1124/pr.112.006163

O'Neill, L. A., Sheedy, F. J., & McCoy, C. E. (2011). MicroRNAs: the fine-tuners of Toll-
like receptor signalling. Nat Rev Immunol, 11(3), 163-175. doi:10.1038/nri2957

Obreja, O., Rathee, P. K., Lips, K. S., Distler, C., & Kress, M. (2002). IL-1 beta potentiates
heat-activated currents in rat sensory neurons: involvement of IL-1RI, tyrosine
kinase, and protein kinase C. FASEB J, 16(12), 1497-1503. doi:10.1096/1j.02-
0101com

199



Obrosova, I. G. (2009). Diabetic painful and insensate neuropathy: pathogenesis and
potential treatments. Neurotherapeutics, 6(4), 638-647.
doi:10.1016/j.nurt.2009.07.004

Ochoa, J. L., & Yarnitsky, D. (1993). Mechanical hyperalgesias in neuropathic pain
patients: dynamic and static subtypes. Ann Neurol, 33(5), 465-472.
do0i:10.1002/ana.410330509

Ochoa-Cortes, F., Ramos-Lomas, T., Miranda-Morales, M., Spreadbury, 1., Ibeakanma, C.,
Barajas-Lopez, C., & Vanner, S. (2010). Bacterial cell products signal to mouse
colonic nociceptive dorsal root ganglia neurons. Am J Physiol Gastrointest Liver

Physiol, 299(3), G723-732. doi:10.1152/ajpgi.00494.2009

Ohara, K., Shimizu, K., Matsuura, S., Ogiso, B., Omagari, D., Asano, M., . . . Iwata, K.
(2013). Toll-like receptor 4 signaling in trigeminal ganglion neurons contributes

tongue-referred pain associated with tooth pulp inflammation. J

Neuroinflammation, 10, 139. doi:10.1186/1742-2094-10-139

Ojaniemi, M., Glumoft, V., Harju, K., Liljeroos, M., Vuori, K., & Hallman, M. (2003).
Phosphatidylinositol 3-kinase is involved in Toll-like receptor 4-mediated cytokine

expression in mouse macrophages. Eur J Immunol, 33(3), 597-605.

doi:10.1002/€j1.200323376

Oliveras, J. L., & Montagne-Clavel, J. (1996). Picrotoxin produces a "central" pain-like
syndrome when microinjected into the somato-motor cortex of the rat. Physiol

Behav, 60(6), 1425-1434. doi:10.1016/s0031-9384(96)00244-2

Olson, J. K., & Miller, S. D. (2004). Microglia initiate central nervous system innate and
adaptive immune responses through multiple TLRs. J Immunol, 173(6), 3916-3924.
doi:10.4049/jimmunol.173.6.3916

Onda, A., Hamba, M., Yabuki, S., & Kikuchi, S. (2002). Exogenous tumor necrosis factor-
alpha induces abnormal discharges in rat dorsal horn neurons. Spine (Phila Pa
1976), 27(15), 1618-1624; discussion 1624. doi:10.1097/00007632-200208010-
00005

200



Opree, A., & Kress, M. (2000). Involvement of the proinflammatory cytokines tumor
necrosis factor-alpha, IL-1 beta, and IL-6 but not IL-8 in the development of heat
hyperalgesia: effects on heat-evoked calcitonin gene-related peptide release from

rat skin. J Neurosci, 20(16), 6289-6293.

Ossipov, M. H., Dussor, G. O., & Porreca, F. (2010). Central modulation of pain. J Clin
Invest, 120(11), 3779-3787. doi:10.1172/JC143766

Ostberg, J. R., Taylor, S. L., Baumann, H., & Repasky, E. A. (2000). Regulatory effects of
fever-range whole-body hyperthermia on the LPS-induced acute inflammatory

response. J Leukoc Biol, 68(6), 815-820.

Otuki, M. F., Ferreira, J., Lima, F. V., Meyre-Silva, C., Malheiros, A., Muller, L. A, . ..
Calixto, J. B. (2005). Antinociceptive properties of mixture of alpha-amyrin and
beta-amyrin triterpenes: evidence for participation of protein kinase C and protein
kinase A pathways. J Pharmacol Exp Ther, 313(1), 310-318.
doi:10.1124/jpet.104.071779

Painaustralia. (2019). The cost of pain in Australia. Retrieved from Deloitte Access

Economics:

Palecek, J., Paleckova, V., & Willis, W. D. (2002). The roles of pathways in the spinal
cord lateral and dorsal funiculi in signaling nociceptive somatic and visceral stimuli

in rats. Pain, 96(3), 297-307. doi:10.1016/s0304-3959(01)00459-6

Park, C. K., Xu, Z. Z., Berta, T., Han, Q., Chen, G., Liu, X. J., & Ji, R. R. (2014).
Extracellular microRNAs activate nociceptor neurons to elicit pain via TLR7 and

TRPAL. Neuron, 82(1), 47-54. doi:10.1016/j.neuron.2014.02.011

Park, J. Y., Kawada, T., Han, I. S., Kim, B. S., Goto, T., Takahashi, N., ... Yu, R. (2004).
Capsaicin inhibits the production of tumor necrosis factor alpha by LPS-stimulated

murine macrophages, RAW 264.7: a PPARgamma ligand-like action as a novel

mechanism. FEBS Lett, 572(1-3), 266-270. doi:10.1016/j.febslet.2004.06.084

Peier, A. M., Mogrich, A., Hergarden, A. C., Reeve, A. J., Andersson, D. A., Story, G. M.,
... Patapoutian, A. (2002). A TRP channel that senses cold stimuli and menthol.
Cell, 108(5), 705-715. doi:10.1016/s0092-8674(02)00652-9

201



Peirs, C., Bourgois, N., Artola, A., & Dallel, R. (2016). Protein Kinase C gamma
Interneurons Mediate C-fiber-induced Orofacial Secondary Static Mechanical
Allodynia, but Not C-fiber-induced Nociceptive Behavior. Anesthesiology, 124(5),
1136-1152. doi:10.1097/ALN.0000000000001000

Peng, X. M., Zhou, Z. G., Glorioso, J. C., Fink, D. J., & Mata, M. (2006). Tumor necrosis
factor-alpha contributes to below-level neuropathic pain after spinal cord injury.

Ann Neurol, 59(5), 843-851. doi:10.1002/ana.20855

Pereira, M. P., Donahue, R. R., Dahl, J. B., Werner, M., Taylor, B. K., & Werner, M. U.
(2015). Endogenous Opioid-Masked Latent Pain Sensitization: Studies from Mouse
to Human. PLoS One, 10(8), €0134441. doi:10.1371/journal.pone.0134441

Pertovaara, A. (2006). Noradrenergic pain modulation. Prog Neurobiol, 80(2), 53-83.
doi:10.1016/j.pneurobio.2006.08.001

Petrilli, V., Papin, S., Dostert, C., Mayor, A., Martinon, F., & Tschopp, J. (2007).
Activation of the NALP3 inflammasome is triggered by low intracellular potassium

concentration. Cell Death Differ, 14(9), 1583-1589. do0i:10.1038/sj.cdd.4402195

Pogatzki, E. M., Niemeier, J. S., & Brennan, T. J. (2002). Persistent secondary
hyperalgesia after gastrocnemius incision in the rat. Eur J Pain, 6(4), 295-305.
doi:10.1053/eujp.2002.0339

Poltorak, A., He, X., Smirnova, 1., Liu, M. Y., Van Huffel, C., Du, X., . . . Beutler, B.
(1998). Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations
in Tlr4 gene. Science, 282(5396), 2085-2088. doi:10.1126/science.282.5396.2085

Por, E. D., Bierbower, S. M., Berg, K. A., Gomez, R., Akopian, A. N., Wetsel, W. C., &
Jeske, N. A. (2012). beta-Arrestin-2 desensitizes the transient receptor potential
vanilloid 1 (TRPV1) channel. J Biol Chem, 287(44), 37552-37563.
doi:10.1074/jbc.M112.391847

Prescott, E. D., & Julius, D. (2003). A modular PIP2 binding site as a determinant of
capsaicin receptor sensitivity. Science, 300(5623), 1284-1288.
doi:10.1126/science.1083646

202



Pritchard, C., Coil, D., Hawley, S., Hsu, L., & Nelson, P. S. (2006). The contributions of
normal variation and genetic background to mammalian gene expression. Genome

Biol, 7(3), R26. doi:10.1186/gb-2006-7-3-r26

Puehler, W., Zollner, C., Brack, A., Shaqura, M. A., Krause, H., Schafer, M., & Stein, C.
(2004). Rapid upregulation of mu opioid receptor mRNA in dorsal root ganglia in
response to peripheral inflammation depends on neuronal conduction.

Neuroscience, 129(2), 473-479. doi:10.1016/j.neuroscience.2004.06.086

Qi, J., Buzas, K., Fan, H., Cohen, J. I., Wang, K., Mont, E., . . . Howard, O. M. (2011).
Painful pathways induced by TLR stimulation of dorsal root ganglion neurons. J

Immunol, 186(11), 6417-6426. doi:10.4049/jimmunol.1001241

Qin, H. Y., Luo, J. L., Qi, S. D., Xu, H. X., Sung, J. J., & Bian, Z. X. (2010). Visceral
hypersensitivity induced by activation of transient receptor potential vanilloid type
1 is mediated through the serotonin pathway in rat colon. Eur J Pharmacol, 647(1-

3), 75-83. doi:10.1016/j.ejphar.2010.08.019

Qiu, Z., Sweeney, D. D., Netzeband, J. G., & Gruol, D. L. (1998). Chronic interleukin-6
alters NMDA receptor-mediated membrane responses and enhances neurotoxicity

in developing CNS neurons. J Neurosci, 18(24), 10445-10456.

Raghavendra, V., Tanga, F., Rutkowski, M. D., & DeLeo, J. A. (2003). Anti-hyperalgesic
and morphine-sparing actions of propentofylline following peripheral nerve injury

in rats: mechanistic implications of spinal glia and proinflammatory cytokines.

Pain, 104(3), 655-664. doi:10.1016/s0304-3959(03)00138-6

Raghavendra, V., Tanga, F. Y., & DeLeo, J. A. (2004). Complete Freunds adjuvant-
induced peripheral inflammation evokes glial activation and proinflammatory
cytokine expression in the CNS. Eur J Neurosci, 20(2), 467-473.
doi:10.1111/5.1460-9568.2004.03514.x

Ransohoff, R. M., & Brown, M. A. (2012). Innate immunity in the central nervous system.
J Clin Invest, 122(4), 1164-1171. doi:10.1172/JCI58644

203



Rasband, M. N, Park, E. W., Vanderah, T. W., Lai, J., Porreca, F., & Trimmer, J. S.
(2001). Distinct potassium channels on pain-sensing neurons. Proc Natl Acad Sci U

S A, 98(23), 13373-13378. doi:10.1073/pnas.231376298

Rashid, M., Inoue, M., & Kondo, S. (2003a). Increased expression of vanilloid receptor 1
on myelinated primary afferent neurons contributes to the antihyperalgesic effect of
capsaicin cream in diabetic neuropathic pain in mice. J Pharmacol Exp Ther,

306(2), 709-717.

Rashid, M., Inoue, M., Kondo, S., Kawashima, T., Bakoshi, S., & Ueda, H. (2003b). Novel
expression of vanilloid receptor 1 on capsaicin-insensitive fibers accounts for the
analgesic effect of capsaicin cream in neuropathic pain. J Pharmacol Exp Ther,

304(3), 940-948.

Reilly, C. A., Taylor, J. L., Lanza, D. L., Carr, B. A., Crouch, D. J., & Yost, G. S. (2003).
Capsaicinoids cause inflammation and epithelial cell death through activation of

vanilloid receptors. Toxicol Sci, 73(1), 170-181. doi:10.1093/toxsci/kfg044

Reinecke, H., Weber, C., Lange, K., Simon, M., Stein, C., & Sorgatz, H. (2015). Analgesic
efficacy of opioids in chronic pain: recent meta-analyses. Br J Pharmacol, 172(2),

324-333. doi:10.1111/bph.12634

Ren, K., & Dubner, R. (1999). Inflammatory Models of Pain and Hyperalgesia. ILAR J,
40(3), 111-118. doi:10.1093/ilar.40.3.111

Ren, K., & Dubner, R. (2008). Neuron-glia crosstalk gets serious: role in pain
hypersensitivity. Curr Opin Anaesthesiol, 21(5), 570-579.
do0i:10.1097/AC0.0b013e32830edbdf

Ren, K., Williams, G. M., Ruda, M. A., & Dubner, R. (1994). Inflammation and
hyperalgesia in rats neonatally treated with capsaicin: effects on two classes of

nociceptive neurons in the superficial dorsal horn. Pain, 59(2), 287-300.

Rice, A. S., Cimino-Brown, D., Eisenach, J. C., Kontinen, V. K., Lacroix-Fralish, M. L.,
Machin, I, . . . Stohr, T. (2008). Animal models and the prediction of efficacy in

clinical trials of analgesic drugs: a critical appraisal and call for uniform reporting

standards. Pain, 139(2), 243-247. doi:10.1016/j.pain.2008.08.017

204



Richter, F., Natura, G., Loser, S., Schmidt, K., Viisanen, H., & Schaible, H. G. (2010).
Tumor necrosis factor causes persistent sensitization of joint nociceptors to
mechanical stimuli in rats. Arthritis Rheum, 62(12), 3806-3814.
doi:10.1002/art.27715

Roberson, D. P., Gudes, S., Sprague, J. M., Patoski, H. A., Robson, V. K., Blas, F., . ..
Woolf, C. J. (2013). Activity-dependent silencing reveals functionally distinct itch-
generating sensory neurons. Nat Neurosci, 16(7), 910-918. doi:10.1038/nn.3404

Robinson, C. R., & Dougherty, P. M. (2015). Spinal astrocyte gap junction and glutamate
transporter expression contributes to a rat model of bortezomib-induced peripheral

neuropathy. Neuroscience, 285, 1-10. doi:10.1016/j.neuroscience.2014.11.009

Robinson, C. R., Zhang, H., & Dougherty, P. M. (2014). Astrocytes, but not microglia, are
activated in oxaliplatin and bortezomib-induced peripheral neuropathy in the rat.

Neuroscience, 274, 308-317. doi:10.1016/j.neuroscience.2014.05.051

Roelofs, P. D., Deyo, R. A., Koes, B. W., Scholten, R. J., & van Tulder, M. W. (2008).
Nonsteroidal anti-inflammatory drugs for low back pain: an updated Cochrane
review. Spine (Phila Pa 1976), 33(16), 1766-1774.
doi:10.1097/BRS.0b013e31817e¢69d3

Rogers, E., Mehta, S., Shengelia, R., & Reid, M. C. (2013). Four Strategies for Managing
Opioid-Induced Side Effects in Older Adults. Clin Geriatr, 21(4).

Rohrs, E. L., Kloefkorn, H. E., Lakes, E. H., Jacobs, B. Y., Neubert, J. K., Caudle, R. M.,
& Allen, K. D. (2015). A novel operant-based behavioral assay of mechanical
allodynia in the orofacial region of rats. J Neurosci Methods, 248, 1-6.
doi:10.1016/j.jneumeth.2015.03.022

Rosenbaum, T., Gordon-Shaag, A., Munari, M., & Gordon, S. E. (2004). Ca2+/calmodulin
modulates TRPV1 activation by capsaicin. J Gen Physiol, 123(1), 53-62.
doi:10.1085/jgp.200308906

Rotshenker, S., Aamar, S., & Barak, V. (1992). Interleukin-1 activity in lesioned peripheral
nerve. J Neuroimmunol, 39(1-2), 75-80. doi:10.1016/0165-5728(92)90176-1

205



Rowan, M. P., Bierbower, S. M., Eskander, M. A., Szteyn, K., Por, E. D., Gomez, R., . ..
Jeske, N. A. (2014a). Activation of mu opioid receptors sensitizes transient receptor
potential vanilloid type 1 (TRPV1) via beta-arrestin-2-mediated cross-talk. PLoS
One, 9(4), €93688. doi:10.1371/journal.pone.0093688

Rowan, M. P., Szteyn, K., Doyle, A. P., Gomez, R., Henry, M. A., & Jeske, N. A. (2014b).
beta-arrestin-2-biased agonism of delta opioid receptors sensitizes transient
receptor potential vanilloid type 1 (TRPV1) in primary sensory neurons. Mo/ Pain,
10, 50. doi:10.1186/1744-8069-10-50

Russell, F. A., Fernandes, E. S., Courade, J. P., Keeble, J. E., & Brain, S. D. (2009).
Tumour necrosis factor alpha mediates transient receptor potential vanilloid 1-
dependent bilateral thermal hyperalgesia with distinct peripheral roles of
interleukin-1beta, protein kinase C and cyclooxygenase-2 signalling. Pain, 142(3),

264-274. doi:10.1016/j.pain.2009.01.021

Ryder, S., & Stannard, C. (2005). Treatment of chronic pain: antidepressant, antiepileptic
and antiarrthythmic drugs. Continuing Education in Anaesthesia Critical Care &

Pain, 5(5), 18-21. doi:https://doi.org/10.1093/bjaceaccp/mki003

Saade, N. E., Farhat, O., Rahal, O., Safieh-Garabedian, B., Le Bars, D., & Jabbur, S. J.
(2008). Ultra violet-induced localized inflammatory hyperalgesia in awake rats and
the role of sensory and sympathetic innervation of the skin. Brain Behav Immun,

22(2), 245-256. doi:10.1016/j.bbi.2007.08.002

Saarto, T., & Wiffen, P. J. (2010). Antidepressants for neuropathic pain: a Cochrane
review. J Neurol Neurosurg Psychiatry, 81(12), 1372-1373.
doi:10.1136/jnnp.2008.144964

Saito, O., Svensson, C. L., Buczynski, M. W., Wegner, K., Hua, X. Y., Codeluppi, S., . ..
Yaksh, T. L. (2010). Spinal glial TLR4-mediated nociception and production of
prostaglandin E(2) and TNF. Br J Pharmacol, 160(7), 1754-1764.
doi:10.1111/5.1476-5381.2010.00811.x

206



Sakurada, T., Katsumata, K., Tan-No, K., Sakurada, S., & Kisara, K. (1992). The capsaicin
test in mice for evaluating tachykinin antagonists in the spinal cord.

Neuropharmacology, 31(12), 1279-1285.

Saloman, J. L., Niu, K. Y., & Ro, J. Y. (2011). Activation of peripheral delta-opioid
receptors leads to anti-hyperalgesic responses in the masseter muscle of male and

female rats. Neuroscience, 190, 379-385. doi:10.1016/j.neuroscience.2011.05.062

Salter, R. D., & Watkins, S. C. (2009). Dendritic cell altered states: what role for calcium?
Immunol Rev, 231(1), 278-288. doi:10.1111/j.1600-065X.2009.00806.x

Samad, T. A., Moore, K. A., Sapirstein, A., Billet, S., Allchorne, A., Poole, S., . .. Woolf,
C. J. (2001). Interleukin-1beta-mediated induction of Cox-2 in the CNS contributes
to inflammatory pain hypersensitivity. Nature, 410(6827), 471-475.
doi:10.1038/35068566

Samways, D. S., & Henderson, G. (2006). Opioid elevation of intracellular free calcium:
possible mechanisms and physiological relevance. Cell Signal, 18(2), 151-161.
doi:10.1016/j.cellsig.2005.08.005

Sanz-Salvador, L., Andres-Borderia, A., Ferrer-Montiel, A., & Planells-Cases, R. (2012).
Agonist- and Ca2+-dependent desensitization of TRPV1 channel targets the
receptor to lysosomes for degradation. J Biol Chem, 287(23), 19462-19471.
doi:10.1074/jbc.M111.289751

Sawynok, J. (2005). Topical analgesics in neuropathic pain. Curr Pharm Des, 11(23),
2995-3004. doi:10.2174/1381612054865019

Schmidtko, A., Lotsch, J., Freynhagen, R., & Geisslinger, G. (2010). Ziconotide for
treatment of severe chronic pain. Lancet, 375(9725), 1569-1577.
doi:10.1016/S0140-6736(10)60354-6

Scholz, J., Broom, D. C., Youn, D. H., Mills, C. D., Kohno, T., Suter, M. R., . . . Woolf, C.
J. (2005). Blocking caspase activity prevents transsynaptic neuronal apoptosis and
the loss of inhibition in lamina II of the dorsal horn after peripheral nerve injury. J

Neurosci, 25(32), 7317-7323. doi:10.1523/JNEUROSCI.1526-05.2005

207



Selfridge, B. R., Wang, X., Zhang, Y., Yin, H., Grace, P. M., Watkins, L. R., . . . Rice, K.
C. (2015). Structure-Activity Relationships of (+)-Naltrexone-Inspired Toll-like
Receptor 4 (TLR4) Antagonists. J Med Chem, 58(12), 5038-5052.
doi:10.1021/acs.jmedchem.5b00426

Seltzer, Z., Dubner, R., & Shir, Y. (1990). A novel behavioral model of neuropathic pain
disorders produced in rats by partial sciatic nerve injury. Pain, 43(2), 205-218.
do0i:10.1016/0304-3959(90)91074-s

Shaqura, M., Khalefa, B. 1., Shakibaei, M., Zollner, C., Al-Khrasani, M., Furst, S., . . .
Mousa, S. A. (2014). New insights into mechanisms of opioid inhibitory effects on
capsaicin-induced TRPV1 activity during painful diabetic neuropathy.
Neuropharmacology, 85, 142-150. doi:10.1016/j.neuropharm.2014.05.026

Sharif, Y., Jumah, F., Coplan, L., Krosser, A., Sharif, K., & Tubbs, R. S. (2018). Blood
brain barrier: A review of its anatomy and physiology in health and disease. Clin

Anat, 31(6), 812-823. doi:10.1002/ca.23083

Shenker, N. G., Haigh, R. C., Mapp, P. L., Harris, N., & Blake, D. R. (2008). Contralateral
hyperalgesia and allodynia following intradermal capsaicin injection in man.

Rheumatology (Oxford), 47(9), 1417-1421. doi:10.1093/rheumatology/ken251

Shi, J., Jiang, K., & Li, Z. (2017). MiR-145 ameliorates neuropathic pain via inhibiting
inflammatory responses and mTOR signaling pathway by targeting Akt3 in a rat
model. Neurosci Res. doi:10.1016/j.neures.2017.11.006

Shi, Y., Gelman, B. B., Lisinicchia, J. G., & Tang, S. J. (2012). Chronic-pain-associated
astrocytic reaction in the spinal cord dorsal horn of human immunodeficiency
virus-infected patients. J Neurosci, 32(32), 10833-10840.
doi:10.1523/JINEUROSCI.5628-11.2012

Shimada, S. G., & LaMotte, R. H. (2008). Behavioral differentiation between itch and pain
in mouse. Pain, 139(3), 681-687. doi:10.1016/j.pain.2008.08.002

Shimazu, R., Akashi, S., Ogata, H., Nagai, Y., Fukudome, K., Miyake, K., & Kimoto, M.
(1999). MD-2, a molecule that confers lipopolysaccharide responsiveness on Toll-

like receptor 4. J Exp Med, 189(11), 1777-1782.

208



Shimoyama, M., Tanaka, K., Hasue, F., & Shimoyama, N. (2002). A mouse model of
neuropathic cancer pain. Pain, 99(1-2), 167-174. doi:10.1016/s0304-
3959(02)00073-8

Shin, Y. H., Namkoong, E., Choi, S., Bae, J. S., Jin, M., Hwang, S. M., . . . Park, K.
(2013). Capsaicin regulates the NF-kappaB pathway in salivary gland
inflammation. J Dent Res, 92(6), 547-552. d0i:10.1177/0022034513487376

Shirey, K. A., Lai, W., Brown, L. J., Blanco, J. C. G., Beadenkopf, R., Wang, Y., . ..
Snyder, G. A. (2020). Select targeting of intracellular Toll-interleukin-1 receptor

resistance domains for protection against influenza-induced disease. Innate Immun,

26(1), 26-34. doi:10.1177/1753425919846281

Siemens, J., Zhou, S., Piskorowski, R., Nikai, T., Lumpkin, E. A., Basbaum, A. L, . ..
Julius, D. (2006). Spider toxins activate the capsaicin receptor to produce

inflammatory pain. Nature, 444(7116), 208-212. doi:10.1038/nature05285

Simone, D. A., Baumann, T. K., & LaMotte, R. H. (1989). Dose-dependent pain and
mechanical hyperalgesia in humans after intradermal injection of capsaicin. Pain,

38(1), 99-107.

Slivicki, R. A., Ali, Y. O., Lu, H. C., & Hohmann, A. G. (2016). Impact of Genetic
Reduction of NMNAT2 on Chemotherapy-Induced Losses in Cell Viability In
Vitro and Peripheral Neuropathy In Vivo. PLoS One, 11(1), €0147620.
doi:10.1371/journal.pone.0147620

Smolinska, M. J., Horwood, N. J., Page, T. H., Smallie, T., & Foxwell, B. M. (2008).
Chemical inhibition of Src family kinases affects major LPS-activated pathways in
primary human macrophages. Mol Immunol, 45(4), 990-1000.
doi:10.1016/j.molimm.2007.07.026

Somann, J. P., Wasilczuk, K. M., Neihouser, K. V., Sturgis, J., Albors, G. O., Robinson, J.
P., ... Irazoqui, P. P. (2019). Characterization of plasma cytokine response to
intraperitoneally administered LPS & subdiaphragmatic branch vagus nerve
stimulation in rat model. PLoS One, 14(3), €0214317.
doi:10.1371/journal.pone.0214317

209



Song, H., Xie, W., Lian, Q., Chen, M., Xu, R., Zeng, S., & Zhang, L. (2014). [Inhibition of
PI3K/AKT signaling pathway promotes the nuclear translocation of B7-H4]. Xi
Bao Yu Fen Zi Mian Yi Xue Za Zhi, 30(11), 1121-1124.

Song, J., Duncan, M. J., Li, G., Chan, C., Grady, R., Stapleton, A., & Abraham, S. N.
(2007). A novel TLR4-mediated signaling pathway leading to IL-6 responses in
human bladder epithelial cells. PLoS Pathog, 3(4), €60.
doi:10.1371/journal.ppat.0030060

Spataro, L. E., Sloane, E. M., Milligan, E. D., Wieseler-Frank, J., Schoeniger, D., Jekich,
B. M., ... Watkins, L. R. (2004). Spinal gap junctions: potential involvement in
pain facilitation. J Pain, 5(7), 392-405. doi:10.1016/].jpain.2004.06.006

Stanley, E. F. (2016). The Nanophysiology of Fast Transmitter Release. Trends Neurosci,
39(3), 183-197. doi:10.1016/j.tins.2016.01.005

Staud, R., Weyl, E. E., Price, D. D., & Robinson, M. E. (2012). Mechanical and heat
hyperalgesia highly predict clinical pain intensity in patients with chronic
musculoskeletal pain syndromes. J Pain, 13(8), 725-735.
doi:10.1016/j.jpain.2012.04.006

Steeds, C. (2016). The anatomy and physiology of pain. Surgery, 34(2), 55-59.

Stein, A. T., Ufret-Vincenty, C. A., Hua, L., Santana, L. F., & Gordon, S. E. (2006).
Phosphoinositide 3-kinase binds to TRPV1 and mediates NGF-stimulated TRPV 1
trafficking to the plasma membrane. J Gen Physiol, 128(5), 509-522.
doi:10.1085/jgp.200609576

Stein, C., Schafer, M., & Machelska, H. (2003). Attacking pain at its source: new
perspectives on opioids. Nat Med, 9(8), 1003-1008. doi:10.1038/nm908

Stevens, B. (2003). Glia: much more than the neuron's side-kick. Curr Biol, 13(12), R469-
472. doi:10.1016/s0960-9822(03)00404-4

Stratiievska, A., Nelson, S., Senning, E. N., Lautz, J. D., Smith, S. E., & Gordon, S. E.
(2018). Reciprocal regulation among TRPV1 channels and phosphoinositide 3-
kinase in response to nerve growth factor. Elife, 7. doi:10.7554/eLife.38869

210



Strickland, I. T., Martindale, J. C., Woodhams, P. L., Reeve, A. J., Chessell, I. P., &
McQueen, D. S. (2008). Changes in the expression of NaV1.7, NaV1.8 and NaV1.9
in a distinct population of dorsal root ganglia innervating the rat knee joint in a
model of chronic inflammatory joint pain. Eur J Pain, 12(5), 564-572.
doi:10.1016/j.ejpain.2007.09.001

Stuart, S. A., & Robinson, E. S. (2015). Reducing the stress of drug administration:
implications for the 3Rs. Sci Rep, 5, 14288. doi:10.1038/srep14288

Su, M., Ran, Y., He, Z., Zhang, M., Hu, G., Tang, W., . .. Yu, S. (2018). Inhibition of toll-
like receptor 4 alleviates hyperalgesia induced by acute dural inflammation in
experimental migraine. Mol Pain, 14, 1744806918754612.
doi:10.1177/1744806918754612

Sugiura, S., Lahav, R., Han, J., Kou, S. Y., Banner, L. R., de Pablo, F., & Patterson, P. H.
(2000). Leukaemia inhibitory factor is required for normal inflammatory responses
to injury in the peripheral and central nervous systems in vivo and is chemotactic
for macrophages in vitro. Eur J Neurosci, 12(2), 457-466. doi:10.1046/.1460-
9568.2000.00922.x

Sumracki, N. M., Hutchinson, M. R., Gentgall, M., Briggs, N., Williams, D. B., & Rolan,
P. (2012). The effects of pregabalin and the glial attenuator minocycline on the

response to intradermal capsaicin in patients with unilateral sciatica. PLoS One,

7(6), €38525. doi:10.1371/journal.pone.0038525

Sun, R., Yan, J., & Willis, W. D. (2007). Activation of protein kinase B/Akt in the
periphery contributes to pain behavior induced by capsaicin in rats. Neuroscience,

144(1), 286-294. doi:10.1016/j.neuroscience.2006.08.084

Sun, X., & Zakharian, E. (2015a). Regulation of the temperature-dependent activation of
transient receptor potential vanilloid 1 (TRPV1) by phospholipids in planar lipid
bilayers. J Biol Chem, 290(8), 4741-4747. do0i:10.1074/jbc.M114.611459

Sun, Y., Yang, M., Tang, H., Ma, Z., Liang, Y., & Li, Z. (2015b). The over-production of
TNF-alpha via Toll-like receptor 4 in spinal dorsal horn contributes to the chronic

postsurgical pain in rat. J Anesth. doi:10.1007/s00540-015-2011-2

211



Sung, B., Lim, G., & Mao, J. (2003). Altered expression and uptake activity of spinal
glutamate transporters after nerve injury contribute to the pathogenesis of

neuropathic pain in rats. J Neurosci, 23(7), 2899-2910.
Sutherland, S. (2014). Pain that won't quit. Sci Am, 311(6), 60-65, 67.

Sweeney, M. D., Zhao, Z., Montagne, A., Nelson, A. R., & Zlokovic, B. V. (2019). Blood-
Brain Barrier: From Physiology to Disease and Back. Physiol Rev, 99(1), 21-78.
doi:10.1152/physrev.00050.2017

Sweitzer, S. M., Colburn, R. W., Rutkowski, M., & DeLeo, J. A. (1999). Acute peripheral
inflammation induces moderate glial activation and spinal IL-1beta expression that
correlates with pain behavior in the rat. Brain Res, §29(1-2), 209-221.
doi:10.1016/s0006-8993(99)01326-8

Szallasi, A., & Blumberg, P. M. (1989). Resiniferatoxin, a phorbol-related diterpene, acts
as an ultrapotent analog of capsaicin, the irritant constituent in red pepper.

Neuroscience, 30(2), 515-520. doi:10.1016/0306-4522(89)90269-8

Szallasi, A., & Blumberg, P. M. (1999). Vanilloid (Capsaicin) receptors and mechanisms.
Pharmacol Rev, 51(2), 159-212.

Szallasi, A., Cortright, D. N., Blum, C. A., & Eid, S. R. (2007). The vanilloid receptor
TRPV1: 10 years from channel cloning to antagonist proof-of-concept. Nat Rev

Drug Discov, 6(5), 357-372. doi:10.1038/nrd2280

Taganov, K. D., Boldin, M. P., Chang, K. J., & Baltimore, D. (2006). NF-kappaB-
dependent induction of microRNA miR-146, an inhibitor targeted to signaling
proteins of innate immune responses. Proc Natl Acad Sci U S A, 103(33), 12481-
12486. doi:10.1073/pnas.0605298103

Takeuchi, O., & Akira, S. (2010). Pattern recognition receptors and inflammation. Cell,
140(6), 805-820. doi:10.1016/j.cell.2010.01.022

Tamaddonfard, E., Erfanparast, A., Abbas Farshid, A., & Delkhosh-Kasmaie, F. (2017).

Role of ventrolateral orbital cortex muscarinic and nicotinic receptors in

212



modulation of capsaicin-induced orofacial pain-related behaviors in rats. Eur J

Pharmacol, 815, 399-404. doi:10.1016/j.ejphar.2017.09.048

Tanga, F. Y., Nutile-McMenemy, N., & DeLeo, J. A. (2005). The CNS role of Toll-like
receptor 4 in innate neuroimmunity and painful neuropathy. Proc Natl Acad Sci U

S A, 102(16), 5856-5861. doi:10.1073/pnas.0501634102

Tanimura, N., Saitoh, S., Matsumoto, F., Akashi-Takamura, S., & Miyake, K. (2008).
Roles for LPS-dependent interaction and relocation of TLR4 and TRAM in TRIF-

signaling. Biochem Biophys Res Commun, 368(1), 94-99.
doi:10.1016/j.bbrc.2008.01.061

Tauseef, M., Knezevic, N., Chava, K. R., Smith, M., Sukriti, S., Gianaris, N., . . . Mechta,
D. (2012). TLR4 activation of TRPC6-dependent calcium signaling mediates

endotoxin-induced lung vascular permeability and inflammation. J Exp Med,

209(11), 1953-1968. doi:10.1084/jem.20111355

Tavares, 1., & Lima, D. (2002). The caudal ventrolateral medulla as an important inhibitory
modulator of pain transmission in the spinal cord. J Pain, 3(5), 337-346.

doi:10.1054/jpai.2002.127775

Taylor, K. R., Trowbridge, J. M., Rudisill, J. A., Termeer, C. C., Simon, J. C., & Gallo, R.
L. (2004). Hyaluronan fragments stimulate endothelial recognition of injury

through TLR4. J Biol Chem, 279(17), 17079-17084. doi:10.1074/jbc.M310859200

Tian, L., Ma, L., Kaarela, T., & Li, Z. (2012). Neuroimmune crosstalk in the central
nervous system and its significance for neurological diseases. J

Neuroinflammation, 9, 155. doi:10.1186/1742-2094-9-155

Todd, A. J. (2002). Anatomy of primary afferents and projection neurones in the rat spinal
dorsal horn with particular emphasis on substance P and the neurokinin 1 receptor.

Exp Physiol, 87(2), 245-249. doi:10.1113/eph8702351

Tofaris, G. K., Patterson, P. H., Jessen, K. R., & Mirsky, R. (2002). Denervated Schwann
cells attract macrophages by secretion of leukemia inhibitory factor (LIF) and

monocyte chemoattractant protein-1 in a process regulated by interleukin-6 and

LIF. J Neurosci, 22(15), 6696-6703. doi:20026699

213



Toll, L., Bruchas, M. R., Calo, G., Cox, B. M., & Zaveri, N. T. (2016).
Nociceptin/Orphanin FQ Receptor Structure, Signaling, Ligands, Functions, and
Interactions with Opioid Systems. Pharmacol Rev, 68(2), 419-457.
doi:10.1124/pr.114.009209

Tominaga, M., Caterina, M. J., Malmberg, A. B., Rosen, T. A., Gilbert, H., Skinner, K., . .
. Julius, D. (1998). The cloned capsaicin receptor integrates multiple pain-

producing stimuli. Neuron, 21(3), 531-543. doi:10.1016/50896-6273(00)80564-4

Tominaga, M., Wada, M., & Masu, M. (2001). Potentiation of capsaicin receptor activity
by metabotropic ATP receptors as a possible mechanism for ATP-evoked pain and
hyperalgesia. Proc Natl Acad Sci U S A, 98(12), 6951-6956.
doi:10.1073/pnas.111025298

Toth, A., Kedei, N., Wang, Y., & Blumberg, P. M. (2003). Arachidonyl dopamine as a
ligand for the vanilloid receptor VR1 of the rat. Life Sci, 73(4), 487-498.
doi:10.1016/s0024-3205(03)00310-2

Tracey, 1., & Mantyh, P. W. (2007). The cerebral signature for pain perception and its
modulation. Neuron, 55(3), 377-391. doi:10.1016/j.neuron.2007.07.012

Trajkovic, V., Vuckovic, O., Stosic-Grujicic, S., Miljkovic, D., Popadic, D., Markovic, M.,
... Mostarica Stojkovic, M. (2004). Astrocyte-induced regulatory T cells mitigate
CNS autoimmunity. Glia, 47(2), 168-179. doi:10.1002/glia.20046

Trang, T., Beggs, S., & Salter, M. W. (2012). ATP receptors gate microglia signaling in
neuropathic pain. Exp Neurol, 234(2), 354-361.
doi:10.1016/j.expneurol.2011.11.012

Trang, T., Beggs, S., Wan, X., & Salter, M. W. (2009). P2X4-receptor-mediated synthesis
and release of brain-derived neurotrophic factor in microglia is dependent on

calcium and p38-mitogen-activated protein kinase activation. J Neurosci, 29(11),

3518-3528. doi:10.1523/JNEUROSCI.5714-08.2009

Treede, R. D., Rief, W., Barke, A., Aziz, Q., Bennett, M. L., Benoliel, R., . . . Wang, S. J.
(2019). Chronic pain as a symptom or a disease: the IASP Classification of Chronic

214



Pain for the International Classification of Diseases (ICD-11). Pain, 160(1), 19-27.
doi:10.1097/j.pain.0000000000001384

Tsantoulas, C., Zhu, L., Yip, P., Grist, J., Michael, G. J., & McMahon, S. B. (2014). Kv2
dysfunction after peripheral axotomy enhances sensory neuron responsiveness to

sustained input. Exp Neurol, 251, 115-126. doi:10.1016/j.expneurol.2013.11.011

Tse, K. H., Chow, K. B., Leung, W. K., Wong, Y. H., & Wise, H. (2014).
Lipopolysaccharide differentially modulates expression of cytokines and
cyclooxygenases in dorsal root ganglion cells via Toll-like receptor-4 dependent

pathways. Neuroscience, 267, 241-251. doi:10.1016/j.neuroscience.2014.02.041

Tsuzuki, K., Kondo, E., Fukuoka, T., Yi, D., Tsujino, H., Sakagami, M., & Noguchi, K.
(2001). Differential regulation of P2X(3) mRNA expression by peripheral nerve
injury in intact and injured neurons in the rat sensory ganglia. Pain, 91(3), 351-360.

do0i:10.1016/s0304-3959(00)00456-5

Tzour, A., Leibovich, H., Barkai, O., Biala, Y., Lev, S., Yaari, Y., & Binshtok, A. M.
(2017). KV 7/M channels as targets for lipopolysaccharide-induced inflammatory
neuronal hyperexcitability. J Physiol, 595(3), 713-738. doi:10.1113/JP272547

Uebelacker, L. A., Weisberg, R. B., Herman, D. S., Bailey, G. L., Pinkston-Camp, M. M.,
& Stein, M. D. (2015). Chronic Pain in HIV-Infected Patients: Relationship to
Depression, Substance Use, and Mental Health and Pain Treatment. Pain Med,

16(10), 1870-1881. doi:10.1111/pme.12799

Ufret-Vincenty, C. A., Klein, R. M., Collins, M. D., Rosasco, M. G., Martinez, G. Q., &
Gordon, S. E. (2015). Mechanism for phosphoinositide selectivity and activation of
TRPV1 ion channels. J Gen Physiol, 145(5), 431-442. doi:10.1085/jgp.201511354

Urits, 1., Burshtein, A., Sharma, M., Testa, L., Gold, P. A., Orhurhu, V., . .. Kaye, A. D.
(2019). Low Back Pain, a Comprehensive Review: Pathophysiology, Diagnosis,
and Treatment. Curr Pain Headache Rep, 23(3), 23. doi:10.1007/s11916-019-
0757-1

215



Valentino, R. J., Katz, J. L., Medzihradsky, F., & Woods, J. H. (1983). Receptor binding,
antagonist, and withdrawal precipitating properties of opiate antagonists. Life Sci,

32(25), 2887-2896. doi:10.1016/0024-3205(83)90325-9

van der Goot, F. G., Pugin, J., Hribar, M., Fransen, L., Dunant, Y., De Baetselier, P., . . .
Lucas, R. (1999). Membrane interaction of TNF is not sufficient to trigger increase
in membrane conductance in mammalian cells. FEBS Lett, 460(1), 107-111.

do0i:10.1016/5s0014-5793(99)01294-6

Vardanyan, A., Wang, R., Vanderah, T. W., Ossipov, M. H., Lai, J., Porreca, F., & King,
T. (2009). TRPV1 receptor in expression of opioid-induced hyperalgesia. J Pain,
10(3), 243-252. doi:10.1016/].jpain.2008.07.004

Varga, A., Bolcskei, K., Szoke, E., Almasi, R., Czeh, G., Szolcsanyi, J., & Petho, G.
(2006). Relative roles of protein kinase A and protein kinase C in modulation of
transient receptor potential vanilloid type 1 receptor responsiveness in rat sensory

neurons in vitro and peripheral nociceptors in vivo. Neuroscience, 140(2), 645-657.

doi:10.1016/j.neuroscience.2006.02.035

Vasko, M. R. (1995). Prostaglandin-induced neuropeptide release from spinal cord. Prog
Brain Res, 104, 367-380. doi:10.1016/s0079-6123(08)61801-4

Verge, G. M., Milligan, E. D., Maier, S. F., Watkins, L. R., Naeve, G. S., & Foster, A. C.
(2004). Fractalkine (CX3CL1) and fractalkine receptor (CX3CR1) distribution in

spinal cord and dorsal root ganglia under basal and neuropathic pain conditions.

Eur J Neurosci, 20(5), 1150-1160. doi:10.1111/7.1460-9568.2004.03593 .x

Vetter, 1., Cheng, W., Peiris, M., Wyse, B. D., Roberts-Thomson, S. J., Zheng, J., . . .
Cabot, P. J. (2008). Rapid, opioid-sensitive mechanisms involved in transient
receptor potential vanilloid 1 sensitization. J Biol Chem, 283(28), 19540-19550.
doi:10.1074/jbc.M707865200

Vierck, C. J., Hansson, P. T., & Yezierski, R. P. (2008). Clinical and pre-clinical pain
assessment: are we measuring the same thing? Pain, 135(1-2), 7-10.

do0i:10.1016/j.pain.2007.12.008

216



Vitkovic, L., Bockaert, J., & Jacque, C. (2000). "Inflammatory" cytokines:
neuromodulators in normal brain? J Neurochem, 74(2), 457-471.

do0i:10.1046/5.1471-4159.2000.740457 x

von Hehn, C. A., Baron, R., & Woolf, C. J. (2012). Deconstructing the neuropathic pain
phenotype to reveal neural mechanisms. Neuron, 73(4), 638-652.

doi:10.1016/j.neuron.2012.02.008

Vriens, J., Appendino, G., & Nilius, B. (2009). Pharmacology of vanilloid transient
receptor potential cation channels. Mol Pharmacol, 75(6), 1262-1279.
do0i:10.1124/mol.109.055624

Vyklicky, L., Novakova-Tousova, K., Benedikt, J., Samad, A., Touska, F., & Vlachova, V.
(2008). Calcium-dependent desensitization of vanilloid receptor TRPV1: a
mechanism possibly involved in analgesia induced by topical application of

capsaicin. Physiol Res, 57 Suppl 3, S59-68.

Wadachi, R., & Hargreaves, K. M. (2006). Trigeminal nociceptors express TLR-4 and
CD14: a mechanism for pain due to infection. J Dent Res, 85(1), 49-53.

Wallace, M. S., Rowbotham, M. C., Katz, N. P., Dworkin, R. H., Dotson, R. M., Galer, B.
S., ... Meisner, P. D. (2002). A randomized, double-blind, placebo-controlled trial

of a glycine antagonist in neuropathic pain. Neurology, 59(11), 1694-1700.
do0i:10.1212/01.wnl.0000036273.98213.34

Wang, H., Kohno, T., Amaya, F., Brenner, G. J., Ito, N., Allchorne, A., . .. Woolf, C. J.
(2005). Bradykinin produces pain hypersensitivity by potentiating spinal cord

glutamatergic synaptic transmission. J Neurosci, 25(35), 7986-7992.
doi:10.1523/JINEUROSCI.2393-05.2005

Wang, Y., Feng, C., He, H., He, J., Wang, J., Li, X,, . . . Xie, S. Q. (2018). Sensitization of
TRPV1 receptors by TNF-alpha orchestrates the development of vincristine-
induced pain. Oncol Lett, 15(4), 5013-5019. doi:10.3892/01.2018.7986

Watabiki, T., Kiso, T., Tsukamoto, M., Aoki, T., & Matsuoka, N. (2011). Intrathecal

administration of AS1928370, a transient receptor potential vanilloid 1 antagonist,

217



attenuates mechanical allodynia in a mouse model of neuropathic pain. Biol Pharm

Bull, 34(7), 1105-1108.

Watanabe, H., Numata, K., Ito, T., Takagi, K., & Matsukawa, A. (2004). Innate immune
response in Thl- and Th2-dominant mouse strains. Shock, 22(5), 460-466.
doi:10.1097/01.shk.0000142249.08135.¢9

Watase, T., Shimizu, K., Komiya, H., Ohara, K., Iwata, K., & Ogiso, B. (2018).
Involvement of transient receptor potential vanilloid 1 channel expression in

orofacial cutaneous hypersensitivity following tooth pulp inflammation. J Oral Sci,

60(1), 8-13. doi:10.2334/josnusd.16-0854

Watkins, L. R., & Mayer, D. J. (1982). Involvement of spinal opioid systems in footshock-
induced analgesia: antagonism by naloxone is possible only before induction of

analgesia. Brain Res, 242(2), 309-326. doi:10.1016/0006-8993(82)90314-6

Wegner, A., Elsenbruch, S., Maluck, J., Grigoleit, J. S., Engler, H., Jager, M., . . . Benson,
S. (2014). Inflammation-induced hyperalgesia: effects of timing, dosage, and
negative affect on somatic pain sensitivity in human experimental endotoxemia.

Brain Behav Immun, 41, 46-54. doi:10.1016/j.bbi.2014.05.001

Wegner, A., Elsenbruch, S., Rebernik, L., Roderigo, T., Engelbrecht, E., Jager, M., . . .
Benson, S. (2015). Inflammation-induced pain sensitization in men and women:
does sex matter in experimental endotoxemia? Pain, 156(10), 1954-1964.

do0i:10.1097/5.pain.0000000000000256

Wemmie, J. A., Taugher, R. J., & Kreple, C. J. (2013). Acid-sensing ion channels in pain
and disease. Nat Rev Neurosci, 14(7), 461-471. doi:10.1038/nrn3529

White, S., Marquez de Prado, B., Russo, A. F., & Hammond, D. L. (2014). Heat
hyperalgesia and mechanical hypersensitivity induced by calcitonin gene-related
peptide in a mouse model of neurofibromatosis. PLoS One, 9(9), e106767.
doi:10.1371/journal.pone.0106767

Whiteside, G. T., Adedoyin, A., & Leventhal, L. (2008). Predictive validity of animal pain

models? A comparison of the pharmacokinetic-pharmacodynamic relationship for

218



pain drugs in rats and humans. Neuropharmacology, 54(5), 767-775.
doi:10.1016/j.neuropharm.2008.01.001

Whitten, C. E., Donovan, M., & Cristobal, K. (2005). Treating chronic pain: new
knowledge, more choices. Perm J, 9(4), 9-18. doi:10.7812/tpp/05-067

Wilkes, D., Li, G., Angeles, C. F., Patterson, J. T., & Huang, L. Y. (2012). A large animal
neuropathic pain model in sheep: a strategy for improving the predictability of
preclinical models for therapeutic development. J Pain Res, 5, 415-424.
doi:10.2147/JPR.S34977

Wilkinson, M. F., Earle, M. L., Triggle, C. R., & Barnes, S. (1996). Interleukin-1beta,
tumor necrosis factor-alpha, and LPS enhance calcium channel current in isolated
vascular smooth muscle cells of rat tail artery. FASEB J, 10(7), 785-791.
doi:10.1096/fasebj.10.7.8635696

Willis, W. D. (2002). Long-term potentiation in spinothalamic neurons. Brain Res Brain

Res Rev, 40(1-3), 202-214.

Witte, D. G., Cassar, S. C., Masters, J. N., Esbenshade, T., & Hancock, A. A. (2002). Use
of a fluorescent imaging plate reader--based calcium assay to assess

pharmacological differences between the human and rat vanilloid receptor. J

Biomol Screen, 7(5), 466-475. doi:10.1177/108705702237679

Wong, W., & Wallace, M. S. (2014). Determination of the effective dose of pregabalin on
human experimental pain using the sequential up-down method. J Pain, 15(1), 25-

31. doi:10.1016/j.jpain.2013.08.011

Woolf, C. J., & Ma, Q. (2007). Nociceptors--noxious stimulus detectors. Neuron, 55(3),
353-364. doi:10.1016/j.neuron.2007.07.016

Woolf, C. J., & Salter, M. W. (2000). Neuronal plasticity: increasing the gain in pain.
Science, 288(5472), 1765-17609.

Wright, D. M., & Lincoln, D. W. (1985). Stress-induced analgesia evoked by

intraperitoneal injection of hypertonic saline: evidence for its occurrence in

219



vasopressin deficient rats. Physiol Behav, 34(5), 691-695. d0i:10.1016/0031-
9384(85)90366-x

Wu, C., Gavva, N. R., & Brennan, T. J. (2008). Effect of AMG0347, a transient receptor
potential type V1 receptor antagonist, and morphine on pain behavior after plantar

incision. Anesthesiology, 108(6), 1100-1108. doi:10.1097/ALN.0b013e31817302b3

Wu, Y., Wang, Y., Wang, J., Fan, Q., Zhu, J., Yang, L., & Rong, W. (2019). TLR4
mediates upregulation and sensitization of TRPV1 in primary afferent neurons in
2,4,6-trinitrobenzene sulfate-induced colitis. Mol Pain, 15, 1744806919830018.
doi:10.1177/1744806919830018

Wu, Z., Yang, Q., Crook, R. J., O'Neil, R. G., & Walters, E. T. (2013). TRPV1 channels
make major contributions to behavioral hypersensitivity and spontaneous activity in
nociceptors after spinal cord injury. Pain, 154(10), 2130-2141.
do0i:10.1016/j.pain.2013.06.040

Wuarin-Bierman, L., Zahnd, G. R., Kaufmann, F., Burcklen, L., & Adler, J. (1987).
Hyperalgesia in spontaneous and experimental animal models of diabetic

neuropathy. Diabetologia, 30(8), 653-658. doi:10.1007/bf00277324

Xiang, H., Liu, Z., Wang, F., Xu, H., Roberts, C., Fischer, G., . .. Yu, H. (2017). Primary
sensory neuron-specific interference of TRPV1 signaling by AAV-encoded TRPV1
peptide aptamer attenuates neuropathic pain. Mol Pain, 13, 1744806917717040.
doi:10.1177/1744806917717040

Xin, W. J., Weng, H. R., & Dougherty, P. M. (2009). Plasticity in expression of the
glutamate transporters GLT-1 and GLAST in spinal dorsal horn glial cells
following partial sciatic nerve ligation. Mol Pain, 5, 15. doi:10.1186/1744-8069-5-
15

Xing, F., Zhang, W., Wen, J., Bai, L., Gu, H., Li, Z., . . . Xu, J. T. (2018). TLR4/NF-
kappaB signaling activation in plantar tissue and dorsal root ganglion involves in
the development of postoperative pain. Mol Pain, 14, 1744806918807050.
doi:10.1177/1744806918807050

220



Xu, H., Blair, N. T., & Clapham, D. E. (2005). Camphor activates and strongly

desensitizes the transient receptor potential vanilloid subtype 1 channel in a

vanilloid-independent mechanism. J Neurosci, 25(39), 8924-8937.
doi:10.1523/INEUROSCI.2574-05.2005

Xu, H., & Gintzler, A. R. (1992). Opioid enhancement of evoked [Met5]enkephalin release
requires activation of cholinergic receptors: possible involvement of intracellular

calcium. Proc Natl Acad Sci U S A, 89(5), 1978-1982. doi:10.1073/pnas.89.5.1978

Xu, Z. Z.,Kim, Y. H., Bang, S., Zhang, Y., Berta, T., Wang, F., . . . Ji, R. R. (2015).
Inhibition of mechanical allodynia in neuropathic pain by TLR5-mediated A-fiber
blockade. Nat Med, 21(11), 1326-1331. doi:10.1038/nm.3978

Yalcin, I., Charlet, A., Freund-Mercier, M. J., Barrot, M., & Poisbeau, P. (2009).
Differentiating thermal allodynia and hyperalgesia using dynamic hot and cold

plate in rodents. J Pain, 10(7), 767-773. doi:10.1016/j.jpain.2009.01.325

Yam, M. F., Loh, Y. C., Tan, C. S., Khadijah Adam, S., Abdul Manan, N., & Basir, R.
(2018). General Pathways of Pain Sensation and the Major Neurotransmitters

Involved in Pain Regulation. /nt J Mol Sci, 19(8). doi:10.3390/ijms19082164

Yamaguchi, K., Ono, K., Hitomi, S., Ito, M., Nodai, T., Goto, T., . . . Inenaga, K. (2016).
Distinct TRPV1- and TRPA1-based mechanisms underlying enhancement of oral
ulcerative mucositis-induced pain by 5-fluorouracil. Pain, 157(5), 1004-1020.

do0i:10.1097/5.pain.0000000000000498

Yamamoto, H., Hanada, K., & Nishijima, M. (1997). Involvement of diacylglycerol
production in activation of nuclear factor kappaB by a CD14-mediated

lipopolysaccharide stimulus. Biochem J, 325 ( Pt 1), 223-228.

Yamaoka, J., & Kawana, S. (2007). A transient unresponsive state of self-scratching

behaviour is induced in mice by skin-scratching stimulation. Exp Dermatol, 16(9),

737-745. d0i:10.1111/5.1600-0625.2007.00593.x

Yan, X., Maixner, D. W., Yadav, R., Gao, M., Li, P., Bartlett, M. G., & Weng, H. R.

(2015). Paclitaxel induces acute pain via directly activating toll like receptor 4. Mol

Pain, 11, 10. doi:10.1186/s12990-015-0005-6

221



Yang, B. H., Piao, Z. G., Kim, Y. B., Lee, C. H.,, Lee, J. K., Park, K., . . . Oh, S. B. (2003).
Activation of vanilloid receptor 1 (VR1) by eugenol. J Dent Res, §2(10), 781-785.
doi:10.1177/154405910308201004

Yang, F., Xiao, X., Cheng, W., Yang, W., Yu, P., Song, Z., . . . Zheng, J. (2015). Structural
mechanism underlying capsaicin binding and activation of the TRPV1 ion channel.

Nat Chem Biol, 11(7), 518-524. doi:10.1038/nchembio.1835

Yang, J., Hsieh, C. L., & Lin, Y. W. (2017). Role of Transient Receptor Potential
Vanilloid 1 in Electroacupuncture Analgesia on Chronic Inflammatory Pain in

Mice. Biomed Res Int, 2017, 5068347. doi:10.1155/2017/5068347

Yao, J., & Qin, F. (2009). Interaction with phosphoinositides confers adaptation onto the
TRPV1 pain receptor. PLoS Biol, 7(2), e46. doi:10.1371/journal.pbio.1000046

Yu, Y., Chen, Z., Li, W. G., Cao, H., Feng, E. G., Yu, F., ... Xu, T. L. (2010). A
nonproton ligand sensor in the acid-sensing ion channel. Neuron, 68(1), 61-72.

doi:10.1016/j.neuron.2010.09.001

Yuan, B., Liu, D., & Liu, X. (2014). Spinal cord stimulation exerts analgesia effects in
chronic constriction injury rats via suppression of the TLR4/NF-kappaB pathway.
Neurosci Lett, 581, 63-68. doi:10.1016/j.neulet.2014.08.023

Zakusov, V. V., lasnetsov, V. V., Kaliuzhnyi, L. V., & Golanov, E. V. (1981). [Effect of
motropin and naloxone on electroacupuncture analgesia). Biull Eksp Biol Med,

91(10), 440-442.

Zamponi, G. W., Lewis, R. J., Todorovic, S. M., Arneric, S. P., & Snutch, T. P. (2009).
Role of voltage-gated calcium channels in ascending pain pathways. Brain Res Rev,

60(1), 84-89. doi:10.1016/j.brainresrev.2008.12.021

Zanoni, L., Ostuni, R., Marek, L. R., Barresi, S., Barbalat, R., Barton, G. M., . . . Kagan, J.
C. (2011). CD14 controls the LPS-induced endocytosis of Toll-like receptor 4.
Cell, 147(4), 868-880. d0i:10.1016/j.cell.2011.09.051

222



Zhang, K., Wang, H., Xu, M., Frank, J. A., & Luo, J. (2018). Role of MCP-1 and CCR2 in
ethanol-induced neuroinflammation and neurodegeneration in the developing brain.

J Neuroinflammation, 15(1), 197. doi:10.1186/s12974-018-1241-2

Zhang, X., Huang, J., & McNaughton, P. A. (2005). NGF rapidly increases membrane
expression of TRPV1 heat-gated ion channels. EMBO J, 24(24), 4211-4223.
doi:10.1038/sj.emboj.7600893

Zhang, X., Li, L., & McNaughton, P. A. (2008). Proinflammatory mediators modulate the
heat-activated ion channel TRPV1 via the scaffolding protein AKAP79/150.
Neuron, 59(3), 450-461. doi:10.1016/j.neuron.2008.05.015

Zheng, J. (2013). Molecular mechanism of TRP channels. Compr Physiol, 3(1), 221-242.
doi:10.1002/cphy.c120001

Zhuang, Z. Y., Kawasaki, Y., Tan, P. H., Wen, Y. R., Huang, J., & Ji, R. R. (2007). Role
of the CX3CR1/p38 MAPK pathway in spinal microglia for the development of
neuropathic pain following nerve injury-induced cleavage of fractalkine. Brain

Behav Immun, 21(5), 642-651. doi:10.1016/5.bb1.2006.11.003

Zhuang, Z. Y., Xu, H., Clapham, D. E., & Ji, R. R. (2004). Phosphatidylinositol 3-kinase
activates ERK in primary sensory neurons and mediates inflammatory heat
hyperalgesia through TRPV1 sensitization. J Neurosci, 24(38), 8300-8309.
doi:10.1523/INEUROSCI.2893-04.2004

Zieglgansberger, W. (2019). Substance P and pain chronicity. Cell Tissue Res, 375(1),
227-241. doi:10.1007/s00441-018-2922-y

Zou, X., Lin, Q., & Willis, W. D. (2001). NMDA or non-NMDA receptor antagonists
attenuate increased Fos expression in spinal dorsal horn GABAergic neurons after

intradermal injection of capsaicin in rats. Neuroscience, 106(1), 171-182.

doi:10.1016/50306-4522(01)00175-0

Zygmunt, P. M., Petersson, J., Andersson, D. A., Chuang, H., Sorgard, M., Di Marzo, V., .
.. Hogestatt, E. D. (1999). Vanilloid receptors on sensory nerves mediate the
vasodilator action of anandamide. Nature, 400(6743), 452-457. doi:10.1038/22761

223



