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Abstract 

Painful stimuli are detected at the peripheral terminals of specialised primary 

sensory neurons known as nociceptors.  Nociceptors detect noxious (painful) 

stimuli to evoke pain sensation via the activation of Transient Receptor 

Potential Ankyrin 1 (TRPA1).  TRPA1 activity can be modulated by G-Protein 

Coupled Receptors (GPCR), leading to sensitisation and hyperalgesia 

(enhanced pain sensation), typically seen in inflammatory pain conditions.  

Human Mas-related G-protein-coupled receptor X1 (MRGX1) is a promising 

target for pain relief, mainly because of its restricted expression in nociceptors.  

To date however, the role MRGX1 plays in inflammatory pain regulation in 

humans remains unclear as functional nociceptors from humans are not 

available and rodents do not harbour MRGX1-encoding genes.  Here, we 

generated in vitro models of human nociceptors from 1) neural crest stem cells 

using a previously validated method and 2) human neural progenitors using 

magnetic-activating cell sorting (MACs) technology, both derived from human 

dental pulp as well as an ex-vivo model of trigeminal nerves.  

Immunofluorescent staining revealed MRGX1 expression ex-vivo in dental 

afferents, which was more intense in inflamed versus healthy dental pulps.  

Endogenous MRGX1 protein expression was confirmed in both in-vitro models 

of human nociceptors.  The functionality of MRGX1 and its interaction with 

TRPA1, as well as the mechanisms involved was confirmed by calcium 

imaging.  Results showed that MRGX1 indirectly activates TRPA1 via IP3-

mediated store release of calcium ions and sensitises TRPA1 to agonist 

stimulation via PKC.  MRGX1 modulates TRPA1 activity via two distinct 
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mechanisms suggesting an important nociceptive role.   MRGX1 therefore is 

a potential pain relief target with minimal side effects due to restricted neuronal 

expression.   
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Chapter 1  Introduction 

1.1 Orofacial pain 

Orofacial pain is a general term used to describe any pain, which, is felt in the 

face and mouth.  Complaints of pain in these regions are not rare.  A cross-

sectional population study conducted in the United States alone estimates that 

22% of Americans (≥ 18 years old) suffer from orofacial pain (Lipton, et al., 

1993), with similar occurrence rates reported in the United Kingdom 

(Macfarlane et al., 2002; 2004), Germany (John, et al., 2003), and regional 

pain centres in the United States (Dworkin, et al., 1990).  These findings are 

significant as it has been well documented that orofacial pain can cause a 

great level of distress, physical disability and psychiatric co-morbidities, such 

as depression and anxiety (Zakrzewska, 2009; Bonathan, et al., 2014; Shueb, 

et al., 2015).  In addition to being common, the reported intensity of some 

orofacial pain disorders is similar to many spinal pain disorders (Figure 1.1).   

 

Orofacial pain encompasses a spectrum of pain conditions including dental 

pain (pain related to teeth e g. pulpitis and apical periodontitis), 

temporomandibular disorders, trigeminal neuralgia and other neuropathic pain 

conditions such as trigeminal neuralgia.  Although the clinical presentation of 

these orofacial pain conditions vary, they share in most cases a common 

pathophysiology in which inflammation plays an important role (Sessle, 2011).  

Pain is one of the cardinal signs of inflammation and is essential for survival 

as it serves as a protective mechanism and as an alarm system to the potential 

threat of tissue damage (Elman and Borsook, 2016).  However, sometimes 

this protective response can become deregulated and this can often occur 
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when the pain is associated with chronic inflammation.  Inflammatory pain is 

not well understood and that is particularly true with nerves that supply the face 

and mouth.  
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Figure 1.1 Various orofacial pain conditions intensities are similar to that 

observed with those of spinal pain disorders using the McGill Total Pain Rank 

Index (PRI [T]).   

The PRI (T) is a an ordinal scale that ranges from 0-78 and consists of the sum of the 

ranks of words in each of the 20 sub-categories on the McGill pain questionnaire 

(Hargreaves, 2011).  Abbreviations: DOMS, Delayed onset muscle soreness and 

TMD, Temporomandibular disorders. 
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1.1.1 Orofacial pain pathways  

The orofacial region is principally innervated by the trigeminal nerve (TN).  The 

three main branches of the TN; the ophthalmic (V1), maxillary (V2) and 

mandibular (V3) innervate corresponding orofacial structures (Figure 1.2).  

Each branch supplies one of the three dermatomes of the face and deeper 

mucosal, vascular, muscular and meningeal tissues.  The cell bodies of these 

specialised primary sensory afferents, also referred to as nociceptors extent 

either peripherally or project centrally to synapse with second order neurons 

in the trigeminal brainstem sensory nuclear complex that comprises the main 

sensory nucleus and the three subnuclei (oralis, interpolaris and caudalis) of 

the trigeminal spinal tract nucleus.  The main sensory nucleus is mainly 

involved in non-nociceptive processes.  However,  the three subnuclei, but in 

particular the caudalis have been implicated in orofacial nociceptive 

mechanisms (Dubner and Bennett, 1983; Sessle, 2000; Dostrovsky and 

Sessle, 2013).  The subnucleus caudalis is analogous to the dorsal horn spinal 

cord; indeed, the subnucleus caudalis extends into the spinal cord and merges 

with the spinal dorsal horn and travels to the thalamus.  In the thalamus, 

second order neurons synapse with third order neurons that then carry the 

pain signal to the appropriate area of the somatosensory cortex (Figure 1.3).   
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Figure 1.2 Cranio- and orofacial tissues are innervated by the three branches of 

the trigeminal nerve; the ophthalmic (V1), maxillary (V2) and mandibular (V3). 

Each branch supplies one of the three dermatomes of the face and underlying deeper 

mucosal, vascular, muscular and meningeal tissues.  In addition, some regions of the 

head receive their sensory innervation from branches of the upper cervical nerves 

(C2 and C3).  Abbreviations: TG, trigeminal ganglion.  Adopted from (McMahon, et 

al., 2013). 
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Figure 1.3 Orofacial pain pathway.   

The cell bodies of trigeminal nociceptors are located in the trigeminal ganglia and 

have both a peripheral and a central axonal branch.  The peripheral branch innervates 

the face and mouth and the central axon synapses with second-order neurons in the 

trigeminal subnucleus caudalis.  Second-order neurons may then project to higher 

levels of the brain (i.e. the thalamus).  (adopted from Sessle, 2000). 
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1.1.2  Nociceptors 

Pain as defined by the International Association for the Study of Pain (IASP) 

is “an unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage” (Merskey and 

Bogduk, 1994).  Painful signals generated by tissue damaging stimuli either 

from the external environment or from intraoral and intracranial tissues are 

detected solely by nociceptors (Sherrington, 1906).  Nociceptors then transmit 

these signals to the central nervous system (CNS) to produce this unpleasant 

sensory and emotional experience.  There are two main classes of nociceptor 

that detect painful stimuli.  The first include medium diameter myelinated Aδ 

afferents, which convey a well-localised fast sharp pain.  These myelinated 

afferents differ from larger diameter Aβ afferents which primarily detect 

innocuous stimuli (i.e. light touch).  The second class include small diameter 

unmyelinated C fibres that mediate poorly localised second or slow pain, often 

described as dull and aching (Abd-Elmeguid and Yu, 2009).   

 

 

1.1.2.1 Aδ- fibres 

Aδ fibres can be further categorised into type I and type II (Treede et al., 1995; 

Treede et al., 1998).  It is important to note that in earlier studies of nociceptors, 

only heat and mechanical stimuli were used to test the functional capabilities 

of nociceptors.  For this reason, the nomenclature CMH and AMH is often used 

to refer to C-fibre mechano-heat sensitive nociceptors and A-fibre mechano-

heat-sensitive nociceptors, respectively.  Nociceptors that respond to both 
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mechanical and heat stimuli, will also most likely respond to chemical stimuli 

(Davis, et al., 1993).  Therefore, CMH and AMH-sensitive nociceptors can also 

be referred to as polymodal.  Type I Aδ fibres respond to heat, mechanical and 

chemical stimuli and so can be referred to as either AMH-sensitive or 

polymodal nociceptors.  These fibres have a particularly high heat threshold 

(typically ≥ 53˚C), because of this their responsiveness to heat was overlooked 

in some studies and so have been called high-threshold mechanoreceptors 

(HTM) by some (Burgess and Perl, 1967).  In contrast, type II Aδ fibres have 

a much lower heat threshold than type I but have a particularly high mechanical 

threshold. 

 

 

1.1.2.2 C- fibres 

Like the myelinated Aδ fibres, most CMH-sensitive nociceptors respond to 

chemical stimuli and can therefore be considered polymodal.  They can be 

classed into two groups based on their sensitivity to mechanical stimuli; 

mechanically sensitive afferents (MSAs) and mechanically insensitive 

afferents (MIAs), with MIAs being defined as afferents that have a very high 

mechanical threshold or are unresponsive to it (Handwerker et al., 1991; 

Meyer et al., 1991).  Of particular interest are the MIAs (so-called sleeping or 

silent nociceptors) that develop mechanical sensitivity only in the setting of 

injury (Schmidt, et al., 1995).  MIAs are also more responsive to chemical 

stimuli when compared to MSAs.  In humans, MIA C-fibres are vigorously 

excited when stimulated with capsaicin or histamine.  It is important to note 

that not all C-fibres display nociceptive properties.  Some respond to cooling, 
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and innocuous mechanical stimuli such as stroking of the hairy skin (Olausson, 

et al., 2007).    

 

1.1.2.3 Peptidergic and non-peptidergic nociceptors 

Molecular characterisation of nociceptors has shown that C-fibres in particular 

can be further subdivided into peptidergic and non-peptidergic nociceptors, 

further highlighting their heterogeneity (Snider and McMahon, 1998).  Although 

all nociceptors depend on nerve growth factor (NGF) during early 

development, in the perinatal and postnatal period, about half of developing 

nociceptors switch off TrkA (NGF receptor) and begin to express Ret, a glial-

derived neurotrophic factor (GDNF) family receptor.  These neurons become 

the non-peptidergic population, which are characterised on their ability to bind 

isolectin B4 (IB4+).  The remaining nociceptors express TrkA and develop into 

the peptidergic population that release neuropeptides, substance P (SP) and 

calcitonin gene related peptide (CGRP) and do not bind isolectin IB4.  Some 

peptidergic nociceptors co-express Ret.  Peptidergic and non-peptidergic 

nociceptors also express distinct ion channels and receptors (Snider and 

McMahon, 1998; Zylka et al., 2005).  The molecular heterogeneity of both 

these classes of nociceptor may reflect their ability to detect different pain 

sensations.   
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1.2 Detection of noxious stimuli by nociceptors 

The sensation of painful stimuli initially requires the detection of noxious stimuli 

via transducers located on the peripheral terminals of nociceptors that give rise 

to action potentials that propagate along axonal fibers up to central synapses 

in the CNS.  The peripheral terminal of nociceptors express transducers that 

define their sensory specificity. These transducers are ion channels or 

receptors which respond with a high threshold only to particular features of the 

mechanical, thermal, and chemical environment (Ramsey et al., 2006).  The 

high threshold of these transducers is what differentiates nociceptors from 

other sensory neurons that respond to innocuous stimuli by virtue of 

expressing transducers with low thresholds.  The nature of these transducers 

was only made possible by the discovery of TRP channels that will be 

described in more detail in the section below, with particular emphasis on 

TRPA1. 

 

 

1.2.1 Transient Receptor Potential (TRP) channel family  

The TRP channel superfamily exists as a large family of membrane ion 

channels.  All TRP channels are cation selective, with some being highly 

selective for calcium (Ca2+) and magnesium (Mg2+) ions.  They are expressed 

in a wide variety of cell types, including smooth muscle, immune cells and 

epithelium but are most abundant in sensory neurons.  They are activated by 

a diverse range of stimuli and induce a variety of physiological functions 

following activation (Montell, 2005).  Based on sequence homology, members 
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of the TRP channel family can be seen to fall into seven subfamilies (Figure 

1.4).  The canonical (TRPC) and melastatin (TRPM) subfamilies consists of 

seven and eight different channel members (i.e. TRPC1-7 and TRPM1-8).  The 

vanilloid (TRPV) subfamily currently constitutes six channels (TRPV1-6).  The 

ankyrin (TRPA) family only has one mammalian member (TRPA1).  The 

mucolipin (TRPML) and polycystin (TRPP) subfamilies each consist of three 

mammalian members (TRPML1-3) and (TRPP1-3).  The no 

mechanopotential, NOMP (TRPN) subfamily, like the TRPA family only 

contains one member (TRPN1).  TRPN1, since its discovery in Drosophila has 

also been detected and characterised in zebrafish, worm and frogs as a 

mechanostimuli sensing channel (Walker, et al., 2000; Sidi, et al., 2003; Shin, 

et al., 2005).  No TRPN orthologs have been found in mammals, as revealed 

by genomic studies (Nilius, et al., 2007).  All TRP channels consist of six 

transmembrane spanning segments (termed S1-6), a pore-forming loop 

between the last two transmembrane segments (S5 and S6).  The amino (N) 

and carboxyl (C) termini are located intracellularly and vary greatly in length 

and amino acid sequence (Figure 1.5).  There are also a number of well-

recognised domains and motifs contained within the cytoplasmic regions of 

TRP channels, that are most likely involved in channel activation, assembly 

and modulation through protein-protein and/ or protein-ligand interactions 

(Figure 1.5)  Mutations in human TRP genes have been implicated in diverse 

pathological states including neurodegenerative diseases, kidney disease and 

chronic pain (Nilius, et al., 2007).   
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Figure 1.4 Phylogenetic tree of the mammalian TRP channel superfamily. 

TRP channels are grouped into seven subfamilies based on their sequence 

homology.  TRPC (canonical), TRPM (melastin), TRPV (vanilloid), TRPA (ankyrin), 

TRPML (mucolipin) and TRPP (polycystin) subfamilies are only identified in 

mammals, while TRPN (NOMP, NO-mecho-potential) only exists in Drosophila, 

zebrafish, worm and frog.  TRP channels from different subfamilies, represented by 

different colours are gated by a range of diverse stimuli  (Adapted from Nilius et al., 

2007).   
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Figure 1.5 TRP channel family structure.   

All TRP channels consist of 6 transmembrane domains with both N and C terminals 

located intracellularly.  A pore forming domain is located between transmembrane 

domain five and six.  TRPML and TRPP channels also have an extracellular (EC) loop 

between transmembrane domains one and two.  Commonly present and easily 

identifiable domains in the cytoplasmic N and C termini are indicated of which are 

likely involved in channel assembly, activation and regulation by other proteins and/ 

or ligands.  The crystal structure of some of these domains are also presented (Li, et 

al., 2011). 
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1.2.1.1 TRP channels as external and internal sensors 

Among these channels, TRPV1-4, TRPA1 and TRPM8 have gained 

considerable attention for their role in nociception, as they act as detectors and 

transducers of chemical, mechanical and thermal stimuli.  Cation influx through 

these channels convert such stimuli into locally spreading membrane 

depolarisations, propagating action potentials to the trigeminal subnucleus 

caudalis and higher centres (Sessle, 2000) (Figure 1.6).  It is important to note 

that Figure 1.6 refers to the spinal nociceptive system.  The literature 

concerning TRP channels and their role in pain is predominant within this 

system; however, the same mechanism applies for the trigeminal nociceptive 

system.   TRPV1 was the first TRP channel to be cloned and has been studied 

extensively.  It is activated by the vanilloid capsaicin (Caterina, et al., 1997), 

noxious heat (>43°C) and low pH (Caterina, et al., 1997; Tominaga, et al., 

1998). The role of TRPV1 in nociception and pain is also well documented 

(Caterina, et al., 2000; Davis, et al., 2000).  Detection of heat is not limited to 

TRPV1. Other members, such as TRPV2 is thought to be activated by high 

temperature > 50°C (Caterina, et al., 1999) and TRPV3 and 4 with warm 

temperatures (34-42°C) (Güler, et al., 2002; Smith, et al., 2002; Watanabe, et 

al., 2002; Xu, et al., 2002). In addition to temperature, these channels are also 

activated by mechanical and osmotic stimuli (Lin and Corey, 2005). 

 

On the other hand, detection of cool and noxious cold temperature is mediated 

by TRPM8 and TRPA1 respectively (McKemy et al., 2002; Karashima et al., 

2009).  TRPM8 is activated by menthol and cooling agents such as icilin 

(McKemy et al., 2002) and its role in sensing cold is being investigated with 
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controversies over its exact role in this regard (Dhaka, et al., 2007). Unlike 

TRPM8, TRPA1 is well studied as a cold receptor and its role in cold detection 

and beyond will be discussed in more detail in section 1.4. 

 

Activation of TRP channels is one the major mechanisms underlying chronic 

pain conditions (Julius, 2013).  Chronic pain can be classified as; inflammatory, 

neuropathic or idiopathic.  Inflammatory pain is caused by the action of 

inflammatory mediators on nociceptors, neuropathic pain occurs following 

injury of the nervous system and idiopathic is when no obvious pathological 

cause can be identified (Treede, et al., 2008).  In all cases, it is well recognised 

that inflammation plays a central role via many mechanisms including the 

modulation of TRP channel activity.  
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Figure 1.6 TRP channel involvement in nociceptive pain.   

At the nociceptor terminal, TRP channels, in particular TRPV1-4, TRPA1 and TRPM8 

detect and transduce noxious stimuli into an action potential, which travels to the 

dorsal root ganglion (DRG) (for the body) or the trigeminal ganglion (TG) (for the face 

and mouth) and then to the dorsal horn spinal cord or the trigeminal subnucleus 

caudalis, respectively.  From there it synapses with second order neurons.  Second 

order neurons then carry the pain signal to higher centres.  Adopted from (Dai, 2016). 
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1.3 Modification of TRP channels by inflammation 

The role of the immune system and inflammation in pain is well documented 

(McMahon et al., 2006).  Following injury or infection, damaged tissues react 

by mounting an inflammatory response, characterised by the activation of 

immune cells (monocytes and macrophages) and non-immune cells such as 

mast cells to release inflammatory mediators and cytokines including kinins, 

amines, prostanoids, growth factors, chemokines, which with protons and 

adenosine triphosphate (ATP) make up what is known as an ‘‘inflammatory 

soup” (Figure 1.7) (Woolf and Ma, 2007).  Again, Figure 1.7 refers to the 

spinal nociceptive system, but the modulation of TRP channels by 

inflammatory mediators described above also occurs in the trigeminal 

nociceptive system.   It is considered that these inflammatory mediators play 

a prominent role in the inflammatory side effect, inflammatory pain, which is 

initially protective and beneficial for healing.  However, under certain 

circumstances, the pain can persist and becomes chronic even after the injury 

has healed.   

 

 

The inflammatory environment can either directly or indirectly stimulate or 

sensitise nociceptors, that is a reduction in the threshold for activation and an 

increase in their responsiveness.  Clinically, neuronal sensitisation can be 

described as hyperalgesia (exaggerated response to painful stimuli) and/ or 

allodynia (painful response to non-noxious stimuli).  The activation or 

sensitisation (or both) of TRP channels in the nociceptor is thought to be the 
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main mechanism underlying inflammatory pain.  Many studies have shown that 

ingredients of the inflammatory soup such as TNFα (Jin and Gereau, 2006), 

IL-β (Samad, et al., 2001), prokineticins (Vellani, et al., 2006), proteases (Dai, 

et al., 2007; Grant, et al., 2007) and neutrophins NGF (Shu and Mendell, 1999; 

Chuang et al., 2001; Obata et al., 2005; Anand et al., 2008; Malin et al., 2011; 

Meents et al., 2016; Clarke et al., 2017) and GDNF (Malin, et al., 2006), are 

responsible for nociceptor sensitisation and pain.  Nociceptor sensitisation was 

thought to occur via either an increase in the expression of TRP channels on 

the plasma membrane of the nociceptors or an increase in channel activity via 

phosphorylation of TRP channels already expressed on plasma membrane 

(Julius & Basbaum, 2001). 
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Figure 1.7 Nociceptor response to inflammatory mediators released in 

response to tissue damage.   

The main ingredients of the inflammatory soup are shown, including lipids 

(prostaglandins), neurotrophins (NGF), peptides bradykinin (BK) and 

neurotransmitters (ATP and 5-HT).  Each of these mediators either activate or 

sensitise nociceptor terminals by binding to their cognate cell surface receptors, which 

are listed in the box.  Inflammation also initiates neurogenic inflammation, which is a 

process whereby neurotransmitters, namely SP and CGRP are released from sensory 

afferents.  Adopted from Julius & Basbaum, (2001). 
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1.4 TRPA1 

In the past decade or so, TRPA1 has emerged as a key regulator in pain 

signalling.  TRPA1 is the only characterised member of the TRPA subfamily 

and is so named for the high number of ankyrin repeats in its N-terminus.  In 

humans, TRPA1 is expressed in a subpopulation of small diameter peptidergic 

nociceptors of the nodose, dorsal root and trigeminal ganglia (NG, DRG and 

TG, respectively), along with TRPV1 (Story, et al., 2003; Nagata, et al., 2005).  

Like TRPV1, TRPA1 is also polymodal in that it can be activated by multiple 

stimuli such as chemical, mechanical and thermal (Story, et al., 2003; Corey, 

et al., 2004; Jordt, et al., 2004). 

 

 

1.4.1 TRPA1 as a chemical sensor 

TRPA1 is activated by a variety of pungent chemicals including 

cinnamaldehyde (CA) in cinnamon (Bandell et al., 2004), allicin in garlic 

(Bautista, et al., 2005), isothiocyanates in mustard oil, wasabi in horseradish 

(Bandell, et al., 2004; Jordt, et al., 2004), methyl salicylate in wintergreen oil 

(Bandell, et al., 2004), formalin, a chemical used to induce experimental pain 

(McNamara, et al., 2007) and acrolein in cigarette smoke.  Application of these 

chemicals to the skin can cause pain in humans (Story, et al., 2003; Bandell, 

et al., 2004; Jordt, et al., 2004; Bautista, et al., 2005; Macpherson, et al., 2005).  

Moreover, TRPA1 also responds to several endogenous mediators (by 

products of oxidative stress [4-hydroxynoneal (4-HNE), 4-oxononeal], A and J 

series prostaglandins and hydrogen peroxide).  The nociception caused by 
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these pungent chemicals is significantly reduced or abolished in TRPA1 

knockout mice (Macpherson, et al., 2007; McNamara, et al., 2007; Trevisani, 

et al., 2007), and thus supports the view that TRPA1 is key sensor of chemical 

induced pain. 

 

 

1.4.2 TRPA1 as a thermal sensor 

TRPA1 is the most recent addition to the thermoTRP list and was originally 

proposed to be a sensor for painful or noxious cold.  However, there is 

controversy on its activation by cold and its role in temperature sensation.  The 

idea that TRPA1 functions as a cold sensor first came from experiments with 

Chinese hamster ovary (CHO) cells overexpressing TRPA1.  Using patch 

clamping and Ca2+ imaging, (Story, et al., 2003) demonstrated that TRPA1 

channel activity was significantly increased in response to temperatures < 

17˚C, or in the presence of cooling agent icilin.  This finding was intriging as 

skin cooling < 17˚C induces a sensation of pain rather than innocous cold in 

humans (Dhaka, et al., 2006).  In an early study with mouse cultured DRG 

neurons, Bandell and colleagues used cinnamaldehyde (TRPA1 agonist) in 

Ca2+ imaging experiments to identify TRPA1 positive neurons (Bandell et al., 

2004).  They found that cinnamaldehyde activated 3.3% of neurons, and that 

most of them were sensitive to cold.  Contrastingly, the studies that followed 

using other TRPA1 agonists, mustard oil in particular suggested that TRPA1 

did not function as cold sensor.  Jordt et al., (2004) analysed populations of 

TG neurons and reported that most of the mustard oil sensitive neurons (96%) 

were cold insensitive.  Similar findings were also reported in studies with DRG 
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neurons (Reid, 2005; Munns, et al., 2007).  In contrast, (Sawada, et al., 2007) 

reported that most musturd oil sensitive mouse DRG neurons were cold 

sensitive (119 out of 135).  One possible explanation for this apparent 

inconsistency was proposed by Karashima and colleagues.  They argued that 

the substantial differences in potency has to be taken into account when 

comparing cold and mustard oil mediated responses in cultured neurons 

(Karashima, et al., 2009).  For example, in cells expressing a considerable 

lower number of TRPA1 channels, a weaker stimulus, such as cold or menthol 

may not be sufficent to evoke a sizable Ca2+ response, when compared to a 

stronger stimulus, such as mustard oil.  (Karashima, et al., 2009) therefore 

chose to analyse cells that belonged to the upper 20% of mustard oil 

responses.  They found that more than 90% (53 of 59) showed a significant 

cold response.  In contrast, a cold response was found in only 37% (22 of 59) 

of cells belonging to the lower 20% of mustard oil responses.  Therefore, the 

likelihood of detecting a cold response increases with the level of functional 

TRPA1 expression.  It is also important to note that TRPA1 expression is low 

at birth but increases strongly during the first postnatal weeks (Hjerling-Leffler, 

et al., 2007), which would explain why TRPA1-mediated cold responses were 

undetected in studies that used DRG or TG neurons from neonatal or young 

mice (Jordt, et al., 2004; Bautista, et al., 2006). 

 

Zurborg et al., (2007) reported that TRPA1 expressing HEK293 cells  produced 

a rise in intracellular (IC) Ca2+ when exposed to temperatures below ~ 17˚C.  

They suggested that activation of TRPA1 by noxious cold was an direct effect 

of increases in IC Ca2+.  Conistent with this, removal of key residues in the EF 
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hand domain (Ca2+ sensor) of TRPA1 abolished TRPA1 activation by both 

Ca2+ and cold.  This suggests that cold activation occurs as a result of Ca2+ 

flux.  In 2009, Karashima and coworkers found that cooling to 10˚C resulted in 

a robust increase of both inward and outward currents in TRPA1 expressing 

CHO cells when compared to non-transfected cells.  Currents were smaller but 

were still present in the absence of Ca2+, suggesting that TRPA1 responds to 

noxious cold and that this response is amplified in the presence of IC Ca2+ 

(Karashima, et al., 2009). 

 

Experiments with TRPA1 knockout mice was anticipated to resolve whether 

TRPA1 functions as a cold sensor.  However, TRPA1 - / - mice from two 

separate laboratories reported conflicating results.  One behavourial study 

observed decreases in the cold sensitivity of TRPA1 knockout mice, however 

this decrease was only significant in female mice (Kwan, et al., 2006).  The 

other study reported no differences in cold sensitivity of wild-type and TRPA1 

null mice (Bautista, et al., 2006).  However, such findings were again disputed 

by Karashima and colleagues who demonstrated with TRPA1 null mice cold 

avoidance behaviours; jumping and tail flick in response to noxious cold 

temperatures were reduced in comparison to wild-type mice.  In addition, 

TRPA1 has also been shown to play a critical role in the cold-induced vascular 

response.  This response involves two phases; an initial rapid-onset 

vasoconstriction, which protects against heat loss and a recovery phase 

involving vasodilation which is crucial in protecting the area from local cold 

induced injuries such as chilblains and frostbite (Buchanan, et al., 1952; 

Keatinge, 1957; Daanen, 2003).  In a mouse model of local acute 
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environmental cold exposure in skin, the initial vasoconstriction phase was 

absent in the presence of TRPA1 antagonist, HC-033031 and TRPA1-deficient 

mice.  The recovery vasodilator component of the response was shown to be 

mediated by neuropeptides released from sensory nerves following TRPA1 

activation  (Aubdool, et al., 2014).  In this way TRPA1 activation in response 

to local cold induces a protective response. 

 

 

1.4.3 TRPA1 as a mechanical sensor  

TRPA1 may also detect mechanical stimuli.  In mammals, TRPA1 is expressed 

in mechanosensitive hair cells of the inner ear and has been suggested to 

function as a mechanosensor (Corey, et al., 2004; Nagata, et al., 2005).  

Moreover, TRPA1 knockout mice were reported to display behavioral deficits 

in response to punctate mechanical stimuli (Kwan, et al., 2006).  A marked 

reduction in nociceptive firing was also shown in cutaneous nerve preparations 

taken from TRPA1 -/- mice in response to mechanical stimuli (Kwan, et al., 

2009).  Similarly, the same result was also shown with pharmacological 

inhibition of TRPA1, using specific TRPA1 antagonist HC-030031 (Kerstein, et 

al., 2009).  Collectively, these studies provide evidence to suggest that TRPA1 

is sensitive to mechanical stimuli.   
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1.5 TRPA1 and inflammation  

As described in section 1.4, TRPA1 exists as a polymodal channel since it 

can be activated by an array of external stimuli and endogenous substances 

released as a result of tissue damage (Bandell, et al., 2004; Jordt, et al., 2004; 

Bautista, et al., 2006; Trevisani, et al., 2007; Bessac, et al., 2008; Cruz-

Orengo, et al., 2008), making it a key transducer of inflammatory pain and was 

once considered a gate keeper of inflammation (Bautista, et al., 2013).  The 

channel contributes to development of inflammatory pain in two ways;  

 

(i) TRPA1 signalling contributes to neurogenic inflammation and 

maintenance of inflammatory pain state 

Activation of nociceptors by external stimulate results not only in pain 

sensation, but also the release of neuropeptides, namely SP and CGRP, from 

the peripheral terminals of nociceptors via an axonal reflex mechanism in what 

is known as neurogenic inflammation (Lundy and Linden, 2004).  Neurogenic 

inflammation essentially describes how inflammatory symptoms mediate the 

release of neuropeptides from nociceptor terminals.  SP and CGRP once 

released cause vasodilatation, plasma extravasation (leakage of proteins and 

fluid from postcapillary venues), as well as the recruitment of immune cells 

which then provide additional elements to the inflammatory soup, (described 

in section 1.3) to develop neurogenic inflammation.  As a neuronal 

chemoreceptor, TRPA1 has been shown to mediate nociceptor excitability and 

neurogenic inflammation in the setting of tissue injury following topical 

application of some of the chemical irritants described in section 1.4.1, in 
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particular mustard oil, which is a known experimental tool for studying 

inflammatory pain mechanisms (Bautista, et al., 2006; Kwan, et al., 2006).     

 

TRPA1 was also shown to play an essential role in neurogenic inflammation 

induced by carrageenan, a chemical commonly used to induce inflammation 

in mice.  In addition, both carrageenan and (allyl isothiocyanate) AITC (TRPA1 

agonist) induced paw edema was significantly inhibited by ibuprofen 

(Moilanen, et al., 2012). TRPA1 also mediates neurogenic inflammation 

secondary to environmental irritants and cigarette smoke (Trevisani, et al., 

2007; Andrè, et al., 2008).  TRPA1 appears to mediate neurogenic 

inflammation in rodent models of colitis and contributes to visceral mechanical 

hypersensitivity, confirming the role of TRPA1 in intestinal inflammation.  

Although colitis was exacerbated through a TRPA1 dependent release of SP, 

the inflammatory response as well as histological damages were significantly 

reduced in TRPA1 deficient mice and upon systemic administration of TRPA1 

antagonist, HC-033031 (Engel, et al., 2011). 

 

(ii) TRPA1 mediates inflammatory hyperalgesia and allodynia 

Several lines of evidence suggest that TRPA1 is a key mediator of 

inflammatory pain.  Neuronal TRPA1 expression was shown to be increased 

following Complete Freud’s Adjuvant (CFA)-induced inflammation (Obata, et 

al., 2005; Da Costa, et al., 2010) and pharmacological blockade of TRPA1 

inhibits CFA-evoked mechanical and cold hyperalgesia (Petrus, et al., 2007; 

del Camino, et al., 2010).  In rodent models of arthritis, rodents treated with 
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TRPA1 antagonists or TRPA1−/− mice have shown attenuated mechanical 

hyperalgesia evoked by injection of TNFα, CFA (McGaraughty, et al., 2010; 

Fernandes, et al., 2011).  TRPA1 has also been implicated in pain associated 

with bladder hyperalgesia in a mouse model of cystitis (DeBerry, et al., 2014) 

and other models of inflammatory diseases of the gastrointestinal tract. 

Neuroptrophins such as NGF have also been shown to upregulate and 

sensitise TRPA1 responses in trigeminal ganglion neurons and human 

neuronal models  (Diogenes et al., 2007; Clarke et al., 2017). 

 

 

1.5.1 Mechanisms of TRPA1 mediated hyperalgesia and allodynia 

Enhanced pain states seen in hyperalgesia and allodynia attributable to 

TRPA1 is mediated via two mechanisms: 

(1) increase in TRPA1 gene expression as results of exposure to inflammatory 

mediators as shown in previous studies in response to NGF (Diogenes, et al., 

2007) and TNF α (El Karim, et al., 2016). 

(2) Direct activation or sensitisation of TRPA1 activity by inflammatory 

mediators, which bind directly to specific receptors on nociceptors.  Different 

types of receptors have been identified to mediate this effect and among these, 

the G-protein coupled receptors (e.g. BK receptors B1 and B2; protease-

activated receptors, PAR1-3) play an essential role. 
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1.6 G-protein coupled receptors 

G-protein coupled receptors (GPCRs) are plasma membrane receptors that 

bind to their agonist on the EC side of the membrane and bind a guanosine 

triphosphate (GTP) binding protein (G-protein) on the IC side to control the 

majority of signal transduction across the membrane.  Over 800 GPCRs have 

been identified, making them the largest class of membrane proteins in the 

human genome (Fredriksson, et al., 2003).  They are receptors for a spectrum 

of structurally diverse ligands (e.g. hormones, odorants, neurotransmitters and 

light).  As such, they are the most targeted class of receptor by current 

pharmaceuticals.  Still, the function and ligands of a large proportion of these 

800 receptors remain unknown and are so called orphan receptors.  Thus, the 

potential for drug discovery within this family of receptors remains immense.   

 

 

1.6.1 G-protein-coupled receptor structure 

All GPCRs in their simplest form consist of a single polypeptide chain with an 

EC N-terminus, an IC C terminus and seven transmembrane (TM) alpha 

helices (TM1-TM7), linked by three EC loops (ECL1-ECL3) and three IC loops 

(ICL1-ICL3) (Figure 1.8).   Based on phylogenetic analysis, human GPCRs 

can be categorised into 5 main families; rhodopsin (701 members), adhesion 

(24 members), secretin (15 members), frizzled-taste-2 (24 members) and 

glutamate (15 members) (Fredriksson, et al., 2003).  They all share the 

heptahelical structure (7 TM segments), but vary in other aspects, most 
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notably in the length of the N-terminus and the location of the ligand binding 

domain. 
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Figure 1.8 General structure of G-protein coupled receptors 

 The characteristic GPCR structure comprises seven transmembrane α helices 

(rectangular segments), with an extracellular N-terminal domain of varying length, and 

an intracellular C-terminal domain.  These seven transmembrane receptors bind their 

ligand on the extracellular side of the membrane, and a GTP-binding domain (G-

protein) on the intracellular side.  Adopted from (Rang, et al., 2012). 
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1.6.2 G-protein-coupled receptor activation 

For a receptor to be classified as a GPCR, it must be able to interact with G-

proteins.  G-proteins are composed of three subunits; α, β and γ, that are 

attached to the membrane through fatty acid chains.  In the inactive state, the 

G-protein consists of all three subunits, with guanosine diphosphate (GDP) 

bound to the α subunit.  When an agonist binds to the GPCR on the EC side 

of the membrane, the cytoplasmic domain of the receptor undergoes a 

conformational changes that prompt G-protein-receptor binding (Figure 1.11).  

There are also cases where G-proteins interact with the receptor before 

agonist binding (pre-coupling).  Either way, the change in structure causes the 

bound GDP to dissociate and be replaced with a GTP molecule (GDP-GTP 

exchange).  This in turn causes the α subunit, now bound with GTP to 

dissociate from the βγ subunits which remain as a dimer.  These subunits are 

now in the active state and are free to diffuse within the membrane and interact 

with other proteins e.g. enzymes, ion channels, causing activation of the target.  

It was long assumed that only the α subunit possessed signalling function, 

however it is now known that the βγ functions much the same as the α subunit 

(Clapham and Neer, 1997).  Association of the α or βγ subunits to the target 

can either cause activation or inhibition depending on the type of G-protein 

(discussed in section 1.6.3).  Activation of the target is abolished when the 

hydrolysis of GTP to GDP occurs through the GTPase activity of the α subunit, 

which allows the α subunit to reunite with the βγ subunit and thus completing 

the cycle. 
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Figure 1.9 G-protein activation by G-protein-coupled receptors.  

G-proteins are composed of three subunits (α, β, γ), and remain attached to the 

plasma membrane.  When an agonist binds the GPCR, the α subunit of the G-protein 

exchanges GDP for GTP.  The α-GTP complex dissociates from the βγ subunit and 

triggers a cellular response by interacting with target protein 1 (which may be an 

enzyme or ion channel).  The βγ subunit may also interact with a target protein (target 

protein 2).  Signalling is terminated when the GTPase activity of the α subunit 

hydrolyses GTP to GDP, which allows the α subunit to reunite with βγ.  Taken from 

(Rang, et al., 2012). 
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1.6.3 G-proteins and their targets 

1.6.3.1 Types of G-proteins 

In humans, G-proteins are recognised by their Gα subunit.  Heterotrimeric G-

proteins are typically divided into four major families based on sequence and 

functional similarity: Gαs, Gαi, Gαq and Gα12 (Strathmann and Gautam, 1991)  

(Figure 1.10).   

 

The Gαs family comprises only two members: Gαs and Gαolf.  While the ‘s’ in 

Gαs stands for stimulation and is expressed in most cell types, the ‘olf’ in Gαolf 

stands for olfaction as it is specifically expressed in olfactory sensory neurons.  

The largest family is Gαi, which consists of Gαi1, Gαi2, Gαi3, Gαo, Gαt, Gαg, Gαz.  

Gαi proteins (i stands for inhibition) has also been detected in most cell types.  

Gαo proteins are vastly expressed in nervous system and has two spliced 

variants, GαoA and GαoB.  Gαt (t stands for transducin) has two isoforms; Gαt1 

is expressed in rod cells, while Gαt2 is expressed in the cone cells of the eye.  

The ‘g’ in Gαg stands for gustducin and is expressed in taste receptor cells and 

Gαz is found in neuronal tissues and platelets.  In humans, the Gαq family is 

made up of Gαq, Gαq11, Gαq14 and Gαq16 (Gαq15 is the mouse equivalent).  The 

Gα12 family has two members,  Gα12 and Gα13 which are ubiquitously 

expressed.  In addition to these Gα subunits, heterotrimeric G-proteins are 

also composed of Gβγ subunits (Figure 1.10).  In humans there are five Gβ 

and 12 Gγ genes in humans (Downes and Gautam, 1999).   
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It is the variation within the α subunit that allows GPCRs to exert selective 

cellular responses.  The actions of two bacterial toxins have proven to be 

useful experimentally as they can distinguish between the Gα subunit of 

different G-proteins.  One is cholera toxin and it causes persistent activation 

of Gαs proteins only.  The other is pertussis toxin which selectively inhibits Gαi 

and Gαo proteins by preventing the dissociation of the G-protein trimer (αβγ). 
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Figure 1.10 Phylogenetic relationship of human and mouse Gα subunits and 

their expression. 

In humans there are 16 Gα encoding genes of which are are grouped into four major 

families: Gαs, Gαi, Gαq and Gα12, based on sequence and functional similarities.  All 

Gα protein subtypes shown are expressed in humans with the exception of Gαq15, 

which is expressed in mice and Gαo has two spliced variants, making a total of 16 

human Gα genes.  It is the variation within the Gα subunit that allows each receptor 

to perform a specific response.  Adopted from (Syrovatkina, et al., 2016).    
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1.6.3.2 The adenylyl cyclase/ cAMP system 

GPCRs that couple to Gs and Gi/o proteins produce, respectively stimulation 

and inhibition of the membrane-bound enzyme adenylyl cyclase (AC) Figure 

1.11.  As discussed in section 1.6.2, both pathways begin with binding of an 

EC agonist to their respective receptors resulting in the activation of the Gs or 

Gi/o complex, promoting the exchange of GDP for GTP on the Gα subunit as 

well as it’s dissociation from βγ. 

 

In the Gs pathway, the GTP bound Gαs subunit mediates the stimulation of 

AC, resulting in elevation of IC second messenger cyclic 3’, 5’-adenosine 

monophosphate (cAMP) from ATP (Gilman, 1995).  cAMP mediates its effects 

predominately through the activation of protein kinase A (PKA) (Francis and 

Corbin, 1994).  PKA is composed of two regulatory subunits and two catalytic 

subunits.  When IC cAMP elevated, cAMP binds to the regulatory subunits, 

releasing them from the catalytic subunits, which are free to phosphorylate 

many proteins within the cell.  This transduction pathway is therefore, based 

on five main events; receptor activation of Gαs (1), activation of AC (2), 

elevation of cAMP (3) activation of PKA (4) and the phosphorylation of proteins 

(5), that in turn control many aspects cellular function including, for example 

enzymes involved in energy metabolism, cell division, gene transcription, 

learning and memory.  This pathway was one of the first signalling 

mechanisms considered for the nociceptive actions of inflammatory mediators 

(Taiwo, et al., 1989).  Many components of the inflammatory soup, such as 

prostaglandins, serotonin and endothelin bind to their cognate receptors; 

prostaglandin receptors (EP2, EP4, IP and DP1) (Smyth, et al., 2009), 5-HT 
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receptors (Cardenas et al., 2001) and endothelin receptors ETA (Aramori and 

Nakanishi, 1992), which happen to be GPCRs that couple to the Gαs proteins.  

In contrast, receptors that couple to Gαi/o proteins inhibit AC, and thus reduce 

the production of cAMP and subsequent activation of PKA.  In nociceptors, 

activation of the Gαi/o pathway usually results in analgesia.  As well as reducing 

levels of cAMP, activation of this pathway also directly inhibits pre-synaptic 

voltage gated Ca2+ channels (Bean, 1989), which cause inhibition of synaptic 

transmission.  Stimulation of this pathway also activates inwardly rectifying 

potassium channels (Lüscher, et al., 1997) inducing hyperpolarisation and a 

reduction in nociceptor excitability.  In the context of pain, the best-known 

receptors that couple to Gαi or Gαo proteins are opioid receptors.  Little is 

known regarding a role for Gαi/o coupled receptors in inflammatory pain.  

However, interestingly a study proposed that inflammatory mediators, in 

particular BK promote potentiation and insertion of opioid receptors into the 

plasma membrane of nociceptors (Patwardhan, et al., 2005, 2006)  This idea 

is consistent with earlier reports showing that opioids administered peripherally 

have a higher efficacy in inflammatory conditions compared with non-

inflammatory conditions (Joris et al., 1987; Stein et al., 1989). 
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Figure 1.11 Bidirectional control of target enzyme, adenylate cyclase by Gs and 

Gi proteins.   

Gs and Gi proteins produce, respectively stimulation and inhibition of the enzyme 

adenylate cyclase.  Adopted from (Rang, et al., 2012). 
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1.6.3.3 The phospholipase C/ inositol phosphate system 

GPCRs that stimulate the phosphoinositide system commonly couple to Gαq 

proteins.  The Gαq pathway begins with the activation of membrane-bound 

enzyme phospholipase C (PLC).  Stimulation of PLC results in the hydrolysis 

of phosphatidylinositol (4, 5) bisphosphate (PIP2), which leads to the 

production of diacylglycerol (DAG) and inositol (1, 4, 5) trisphosphate (IP3).  

These second messengers strengthen Gαq mediated signalling by the release 

of IC calcium [Ca2+]i from IP3 gated IC stores on the sarco/ endoplasmic 

reticulum, and DAG dependent protein kinase C (PKC) activation.  Both [Ca2+]i 

and DAG engage in diverse signalling to control many different aspects of cell 

function Figure 1.12.  Many TRP channels, including TRPA1 are modulated 

downstream of GPCRs that stimulate PLC (Montell, et al., 2002).  For example, 

BK, one of the most potent allogenic substances produced as part of the 

inflammatory response to tissue injury modulates TRPA1 through the Gαq/ 

PLC coupled BK receptor 2 (B2K).  Activation of PLC has been shown to 

sensitise TRPA1 to thermal, mechanical and chemical stimulate (Bandell et 

al., 2004; Namer et al., 2005; Bautista et al., 2006; McMahon and Wood, 2006; 

Petrus et al., 2007; Tsagareli et al., 2010).  Different second messengers 

produced as a result of PLC are responsible for this.  One of the main 

consequences of PLC activation is the release of Ca2+ from IC stores.  Jordt et 

al (2004) demonstrated that the release of Ca2+ from IC stores is sufficient to 

gate TRPA1.  However, this idea remains controversial as Bandell and 

colleagues failed to reproduce this result.  It has also been shown that EC Ca2+ 

enhances the current rate and magnitude of AITC-induced currents (Jordt et 

al., 2004; Nagata et al., 2005).  Additionally, Bautista et al (2006) proposed 
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that Ca2+  influx through TRPV1 could active TRPA1.  Although, Bandell et al 

(2004) failed to show TRPA1 activation by Ca2+ released from IC stores, they 

did however show that another product of PLC activation, DAG could activate 

TRPA1 expressing CHO cells by applying 1-oleoyl-2-acetyl-sn-glycerol (OAG, 

a cell permeable analog of DAG) to cells, which could be blocked by ruthenium 

red (general blocker of TRP channels).  In addition, DAG can also be 

converted to polyunsaturated fatty acids (PUFAs) such as arachidonic acid 

(AA) which was also shown to activate TRPA1 expressing CHO cells (Bandell 

et al., 2004).  Both DAG and AA have also been shown to activate other 

members of the TRP family such as TRPC4 and TRPV4 (Minke, 2001; 

Clapham, 2003; Watanabe et al., 2003).  As shown for BK induced 

sensitisation of TRPV1, B2K and another Gαq/ PLC coupled receptor, PAR-2, 

which is also involved in inflammatory pain enables disinhibition of TRPA1 via 

PLC activation and PIP2 inhibition (Bandell et al., 2004; Dai et al., 2007).  To 

further confirm this, TRPA1 deficient mice failed to produce thermal and 

mechanical hypersensitivity following intraplanar injection of BK (Bautista et 

al., 2006). 
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Figure 1.12 GPCRs coupled to Gαq/11 proteins activate the PLC pathway.   

The Gαq/11 pathway begins with the activation of PLC.  Stimulation of PLC results in 

the hydrolysis of PIP2, which leads to the production of DAG and IP3.  IP3 then binds 

to IP3 receptors on the ER to release Ca2+ while DAG actives PKC.  Both [Ca2+]i and 

DAG engage in diverse signalling to control many different aspects of cells function. 
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Table 1.1 Summary of the 4 main classes of Gα-protein (Gαs, Gαi, Gαo and Gαq) 

as well as the Gβγ subunit and their functions.  Adapted from (Rang et al., 2012). 

This table shows only the isoforms of major pharmacological significance.  Many more 

Gα subunits have been identified, some of which play roles in olfaction (Gαolf), taste 

(Gαg) and visual transduction (Gαt). 

 

Subtypes 

 

Associated 
receptors 

 

Main effectors 

 

Gα subunits 

Gαs Many amine and 
other receptors  

(e.g. 
catecholamines, 
histamines, 
serotonin) 

Stimulates adenylyl cyclase, 
causing increased cAMP 
formation 

Activated by 
cholera toxin, 
which blocks 
GTPase activity, 
thus preventing 
inactivation 

Gαi As for Gαs, also 
opioid, cannabinoid 
receptors 

Inhibits adenylyl cyclase, 
causing decreasing cAMP 
formation 

Inactivated by 
pertussis toxin, 
which prevents 
dissociation of 
the αβγ trimer 

Gαo As for Gαs, also 
opioid, cannabinoid 
receptors 

Limited effects of α subunit 
(effects mainly due to βγ 
subunits) 

Most 
predominant in 
the nervous 
system.  Also 
blocked by 
pertussis toxin 

Gαq Amine, peptide and 
prostanoid 
receptors 

Activates phospholipase C, 
increasing production of 
second messenger’s inositol 
triphosphate and 
diacylglycerol  

No bacterial 
toxins are known 
that selectively 
target the Gq 
protein, however 
many Gq 
inhibitors are 
available.   

Gβγ 
subunits 

All GPCRs As for Gα subunits.  Also  

• Activate potassium 
channels 

• Inhibit voltage-gated 
calcium channels 

• Activate GPCR 
kinases (GRKs) 

• Activate mitogen 
activated protein 
kinase cascade 

Many βγ 
isoforms 
identified, but 
specific functions 
are not yet clear.  
Gβγ-mediated 
effects probably 
require higher 
levels of GPCR 
activation that 
Gα-mediated 
effects 
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1.7 Mas related G-protein coupled receptor family 

The Mas-related gene (MRG) receptors (also named sensory neuron specific 

receptors or SNSRs)  belong to a family of orphan GPCRs that were initially 

identified in mice  (Dong et al., 2001), and later cloned in humans and rats 

(Lembo, et al., 2002).  The family can be grouped into nine subfamilies based 

on sequence similarities (Figure 1.13); subfamilies A, B, C and H exist only in 

rodents, while subfamily X is specific to primates including humans, rhesus 

monkey and macaque  (Dong et al., 2001; Lembo et al., 2002; Zylka et al., 

2003; Zhang et al., 2005a; Burstein et al., 2006).  In contrast, subfamilies D to 

G are conserved in different mammalian species, including rodents and 

primates (Dong et al., 2001; Lembo et al., 2002; Zylka et al., 2003). 

 

Interestingly, the MRGA family, MRGB4, MRG5, MRGC11 and MRGD showed 

a unique expression pattern restricted to subsets of small-diameter sensory 

DRG and TG neurons (Dong, et al., 2001; Lembo, et al., 2002; Zylka, et al., 

2003; Zhang, et al., 2005; Burstein, et al., 2006).  The primate-specific 

subfamily, MRGX comprises four receptor subtypes (hMRGX1-4).  Of these 

four subtypes, only hMRGX1 and -2 are further characterised.  MRGX1 

receptors are exclusively expressed in DRG and TG neurons and have not 

been detected in the brain or in the rest of the body (Lembo, et al., 2002), 

whereas hMRGX2 receptors are additionally expressed in several over tissues 

(Robas et al., 2003).  The restricted expression pattern of most of these 

receptors suggests that MRG are likely to be involved in nociception and pain. 
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Figure 1.13 Phylogeny of MAS-related G-protein receptors.   

A phylogenetic tree of all 38 members from the nine MRG subfamilies (A-H, X) of 

mice (m), rat (r), human (h) and rhesus monkey (Rh).  Adopted by (Solinski, et al., 

2014).   
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1.7.1 Mas-related Gene receptor X1 

To date, human MRGX1 is still classified as an orphan GPCR, with the 

predicted seven α-helical transmembrane domains containing highly 

conserved motifs such as the NPXXY sequence located in transmembrane 

seven.  A sequence that has also been reported for other members of the 

rhodopsin class I family (Bockaert and Pin, 1999).  Figure 1.14 shows the 

predicted crystal structure of the MRGX1 protein.  Human MRGX1 was the 

first primate specific MRG receptor to be assigned a ligand, and now several 

agonists and antagonists have been identified.  Lembo et al., 2002 reported 

that MRGX1 binds bovine adrenal medulla (BAM) peptides with high affinity in 

HEK293 cells overexpressing the protein.  Similarly in the same cells BAM 

peptides were also shown to elicit increases in [Ca2+]i (Lembo, et al., 2002).  

BAM22 is a cleavage product of proenkephalin A that also gives rise to opioids 

such as leu- and met-enkephalin.  In addition BAM peptides have been found 

to occur under physiological conditions (Höllt, et al., 1982; Dores, et al., 1990).  

The N-terminus of BAM22 harbours the classical opioid YGGFM (met-

enkephalin) motif which is responsible for its high affinity binding to all three 

opioid receptors μ, δ and κ (Boersma et al. 1994; Quirion & Weiss, 1983).  

Intriguingly, it was found that activation of MRGX1 occurred only after removal 

of the 7 N-terminal residues and was therefore called BAM (8-22).  

 

Human specific expression makes it extremely difficult to assess the 

physiological function because of lack of in vivo models.  To date, no orthologs 

of human MRGX receptors have been found in rodent species (Burstein, et al., 

2006).  However, murine and rat MRGC receptors share 65% sequence 
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homology with MRGX1, are also expressed in DRG and activated by BAM (8-

22).  Despite sharing BAM (8-22) as a common agonist MRGX1 and murine/ 

rodent MRGC display very different binding and pharmacological profiles.  This 

was made evident by the fact that partial agonist of MRGC do not activate 

MRGX1 at all.  Additionally, g2-melanocyte stimulating hormone (g2-MSH), 

the most potent agonist of MRGC only faintly activates MRGX1 (Lembo et al., 

2002; Solinski et al ., 2014).  More interestingly, a behavioural study reported 

increased pain sensation in healthy human volunteers after application of BAM 

(8-22) (Sikand, et al., 2011), but in rats was shown to inhibit both mechanical 

and heat hypersensitivity after spinal nerve ligation (He, et al., 2014).  

Therefore given the differences between human and murine MRG receptors, 

it is clearly evident that conducting experiments with murine MRGC will not 

accurately predict the physiological function of human MRGX1 (Chen and 

Ikeda, 2004; Burstein, et al., 2006).  With no suitable in vivo model, the bulk of 

functional analysis regarding MRGX1 has only been analysed in MRGX1 

overexpression systems, which can affect G-protein coupling (Chen and 

Ikeda, 2004; Solinski, et al., 2010).    

 

In such systems, MRGX1 has been shown to differentially modulate neuronal 

activity and pain signalling.  Overexpression of MRGX1 in cultured rat DRG, 

hippocampal and superior cervical ganglion neurons resulted in the inhibition 

of voltage-gated Ca2+ channels via PTX-sensitive Gαi/o proteins, leading to 

decreased synaptic transmission (Chen and Ikeda, 2004).  In contrast, MRGX1 

was shown to inhibit M-type potassium channels via PTX-insensitive Gαq/11 

proteins in the same cells.  As the activation of potassium channels initiates 



Chapter 1: Introduction 

 48 

repolarisation, which limits the ability of the neuron to fire action potentials 

repetitively, inhibition of these channels would therefore allow tonic firing to be 

readily induced (Zaika, et al., 2006).  Consistent with this, MRGX1 also 

induced action potentials after heterologous expression in DRG neurons (Liu, 

et al., 2009) and was found to sensitise TRPV1 in a DRG-like cell line stably 

expressing MRGX1/ TRPV1 (Solinski, et al., 2012).  In behavioural studies, 

topical application or injection of MRGX1 agonist, BAM (8-22) was shown to 

produce spontaneous nociceptive responses and hypersensitivity to 

mechanical and thermal stimuli in humans and rats (Grazzini, et al., 2004; 

Sikand, et al., 2011).  On the other hand, BAM (8-22), mediated inhibition of 

heat hypersensitivity and spontaneous pain after nerve injury in a humanised 

mouse model (Li, et al., 2017).  It is therefore apparent that MRGX1 has an 

obvious role in pain perception, but the underlying signalling pathway that it 

activates is up for debate.  The discrepancies on the reported functions of 

MRGX1 in pain signalling are likely attributable to the lack of endogenous 

model systems.   
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Figure 1.14 The predicted crystal structure of the MRGX1 receptor. 

As expected for GPCRs, seven α-helical transmembrane domains are visible.  

Illustrations were generated using the following website:  

https://www.uniprot.org/uniprot/Q96LB2 

 

 

 

 

 

https://www.uniprot.org/uniprot/Q96LB2
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1.8 In-vitro human neuronal models to study pain signalling 

Unavailability of human neurons and lack of appropriate human pain models 

are the major obstacle for developing effective pain relief therapies.  Recent 

progress in stem cell biology had provided opportunities for development of 

human neurons for pain research.  A number of stem cell resources has been 

suggested and used for neuronal differentiation including embryonic stem cells 

(Carpenter, et al., 2001; Barral, et al., 2013), adults mesenchymal stem cells 

such as those of the dental pulp (Arthur et al., 2008; Gervois et al., 2015; 

Clarke et al., 2017; Li et al., 2019) and induced pluripotent stem cells (iPSCs) 

(Boisvert, et al., 2015). Dental pulp stem cells are an easily accessible stem 

cell source and this together with other reasons discussed in more detail below 

make them an ideal source for generating human neuronal models for pain 

research 

 

 

1.8.1 Dental pulp stem cells  

The dental pulp is a densely innervated human tissue that mediates pain 

sensation and is considered an ex vivo model of human trigeminal nerves 

(Fehrenbacher, et al., 2009).  The dental pulp in addition to being a densely 

innervated tissue, is also rich in stem cells.  Human dental pulp stem cells 

(hDPSCs) are heterogeneous adult stem cells that have mesenchymal stem 

cell (MSC)-like qualities, including the capacity for self-renewal and 

multilineage differentiation.  These cells are of neural crest origin, and thus 

have a different origin from bone marrow derived MSCs (BMMSCs), which are 
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derived from the mesoderm (Komada, et al., 2012).  These cells have the 

ability to not only differentiate towards dentin-like structures and dental cells 

but have also been shown to differentiate towards neurons, muscle cells and 

other neural crest derived tissues (Gronthos, et al., 2002).  

 

 

1.8.2 Neurogenic potential of hDPSCs 

Gronthos et al were the first to isolate stem cells from the dental pulp in 2000.  

Since then the neurogenic potential of hDPSCs has been well established by 

many groups (Arthur et al., 2008; Bonnamain et al., 2013; Gervois et al., 2015; 

Young et al., 2016; Clarke et al., 2017; Li et al., 2019).  Common steps are 

involved in the isolation of hDPSCs such as tissue disaggregation, cell 

enrichment and neuronal differentiation.  However, when comparing the 

different protocols, it is important to highlight the significant differences 

between each of them, as different techniques are used even when dental pulp 

tissue and nerve-like cells are the starting and end products, respectively.  

Arthur and colleagues were among the first to report that hDPSCs could 

differentiate into functionally active neurons.  Now there are many new 

technologies which has also added to the number and variety of protocols for 

the neuronal differentiation of stem cells.  Figure 1.15 shows the main stages 

of hDPSC isolation and the methodology associated with each heading will be 

discussed in detail below. 
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1.8.2.1 Tissue disaggregation methods- explant outgrowth and 

enzymatic digestion  

Two common methods of tissue disaggregation are routinely used to isolate 

hDPSCs: the explant outgrowth and enzymatic digestion.  In the explant 

outgrowth method, pulp tissues are minced into small fragments (1-2mm3).  

The explants are then cultured in standard culture media and left undisturbed 

for 2 weeks to encourage explant outgrowth.  Explants were then discarded 

and cells that migrated out of the pulp tissue were serially passaged.  In the 

enzymatic digestion method, pulp tissue is digested in a solution of digestive 

enzymes, usually collagen and dispase.  After enzymatic digestion, the 

suspension is passed through a filter to obtain a single cell suspension and 

remove any debris.  It is important to note that some groups would refer to both 

these methods as hDPSC isolation.  Although stem cells will be present, the 

cell populations obtained from either explant outgrowth or enzymatic digestion 

will also be contaminated with fibroblasts, lineage committed progenitor cells 

and highly differentiated dentin forming odontoblasts, which may explain why 

only a small fraction of cells within such cultures develop a functional 

phenotype as well as inconsistencies in response to neuronal differentiation 

cues (Király et al., 2009; Aanismaa et al., 2012).  Similarly outcomes may differ 

between patients subjected to the same neuronal differentiation protocol 

(Aanismaa, et al., 2012).  It is for this reason that other groups have included 

additional steps in attempt to enrich the stem cell population within the 

heterogeneous dental pulp cell population. 
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1.8.2.2 Cell enrichment   

Cellular heterogeneity poses a major challenge to researchers.  It is now 

becoming more common to include additional steps to protocols to enrich 

stem/ progenitor subpopulations from hDPCs.  Clarke and colleagues (2017) 

coated culture vessels with fibronectin overnight in an attempt to enrich the 

stem cell population, which they termed fibronectin differential-adhesion.  

Fibronectin is a glycoprotein of the EC matrix that binds to integrin proteins on 

the cell surface.  Stem cells have a high surface expression of such proteins 

in comparison to non-stem cells and so adhere rapidly (Watt and Jones, 1993).  

Similarly, Young et al (2016) also used cells with a preferential adherence to 

fibronectin from rat dental pulp cells.  Young and colleagues also noted that 

cells initially identified as having high levels of nestin (marker of neural 

progenitors) messenger ribonucleic acid (mRNA) expression adopted a more 

neuronal-like phenotype, expressing mature neuronal markers such as 

microtuble-associated protein (MAP2) and neurofiliament light chain 1 (NF-1) 

in comparison to cells with low nestin mRNA.  High nestin clones also 

displayed electrical activity.  Although, they did not differentiate hDPSCs 

towards a neuronal lineage, Ducret et al (2016) did report that specific cell 

subpopulations could be isolated based on their cell surface expression using 

flow cytometry.  Interestingly, they showed that the percentage of hDPCs 

expressing CD56+, also referred to as neural cell adhesion molecule (NCAM) 

(a marker of neural progenitors) strongly increased with passage number i.e. 

P1 (25%) to P4 (80%).  The main aim of Ducret and colleagues’ work was to 

demonstrate the heterogeneity within the dental pulp, therefore the neurogenic 

potential of the CD56+ subpopulation was not explored.  However, if the 
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CD56+ cells were to be exposed to neurogenic conditions they would most 

likely differentiate into functional neuronal-like cells.  They may also be 

preferable over stem cells as they can have a range of differentiation 

potentials. 

 

 

1.8.2.3 Culture method- neurosphere vs adherent monolayer 

In order to maintain and expand the stem cell population different authors have 

published two alternative methods for stem cell culture and expansion: as free-

floating clusters of cells (neurospheres) or as adherent monolayers on the 

plate surface.  It is thought that neurospheres provide a microenvironment that 

is similar to the neurogenic niche and allows survival of stem cells in non-

physiological conditions in vitro (Bez, et al., 2003) through direct cell-cell 

contact.  However, a single neurosphere only contains a small percentage of 

true stem cell, while the remaining cells are at different stages of neuronal 

differentiation.  Interestingly, it has been reported that committed progenitors, 

such as oligodendrocyte progenitors, can form free-floating cell clusters much 

like that of neurospheres (Chen et al., 2007).  DPSCs have also been shown 

to differentiate towards an oligodendrocyte lineage (Gervois, et al., 2015; 

Young, et al., 2016; Li, et al., 2019).  Nonetheless, Gervois et al. was the first 

to demonstrate electrophysiological characteristics of functional neurons 

derived from human DPSCs using the neurosphere method.  This finding was 

also reproduced by (Li, et al., 2019).  As neurospheres become larger, they 

contain a more heterogeneous population of stem cells, with an external rim 

of highly proliferative stem cells and a core of differentiated cells.  With growing 
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size the diffusion of growth factors through the neurospheres becomes limited 

(Svendsen, et al., 1997), which may contribute to this layering effect.  In 

contrast to neurospheres, with adherent monolayer cultures, cells are usually 

grown in the presence of an adhesive substrate such as fibronectin, poly-L-

ornithine and laminin.  Adherent monolayers correct some of the issues 

associated with neurospheres, as they represent a more homogeneous 

undifferentiated population of stem cells.  When grown as an adherent 

monolayer, cells are uniformly exposed to growth factors in culture medium, 

which has been shown to support cell proliferation and inhibit spontaneous 

differentiation in neural stem cells derived from pluripotent mouse embryonic 

stem cells and cortical neural stem cell lines from mouse fetuses (Conti and 

Cattaneo, 2005).  Another advantage of adherent monolayer cultures is that 

cell morphology and size can be monitored and appreciated over time e.g. 

video microscopy.   

 

It is not that adherent monolayers are better than neurospheres for the 

differentiation of hDPSCs, both culture methods have their pros and cons but 

for certain applications monolayers may be a preferable choice. Cell–matrix 

contact as seen with adherent monolayer cultures leads to the initiation of 

differentiation (Palmer et al., 1997).  However, a recent study was able to show 

that the choice of cell culture method has no effect on proliferative capacity 

and state of differentiation, at least in rodent adult neural progenitor cells 

(Seaberg and van der Kooy, 2002).  As neuronal cultures derived from hDPSC 

have been cultured using both culture methods, the same rule may also apply 

for hDPSCs.  
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1.8.2.4 The effect of culture media and their composition on 

neuronal differentiation of DPSCs 

The culture media commonly used to differentiate neuronal cultures from 

hDPSCs includes two components, the basal media, supplements and the use 

of growth factors.  The basal culture media is always one of two commercially 

bought mediums; Neurobasal A or Dulbecco’s modified Eagle’s Medium 

(DMEM), which is usually combined (1:1) with Ham’s F-12, which essentially 

increases the level of some of the nutrients.  Some studies have incorporated 

both basal mediums into a two-step protocol, where DMEM/ F12 is used in the 

first stage to induce the proliferation of stem cells and Neurobasal A to promote 

neuronal differentiation (Gervois et al., 2015; Li et al., 2019).  The basal media 

is frequently supplemented with N2 or B27 supplements and sometimes in 

combination (Gervois et al., 2015).  These supplements contain nutrients like 

insulin, putrescine and transferrin among others.  Babu et al (2007) reported 

that cells grown as monolayer cultures maintained with N2 generated more 

neurons, whereas B27 promoted cell proliferation.  In addition, two main 

growth factors are almost always included in the basal medium: basic 

fibroblast growth factor (bFGF) and epidermal growth factor (EGF).  The 

addition and withdrawal of these growth factors have been shown to promote 

differentiation of hDPCs (Arthur et al., 2008; Gervois et al., 2015; Clarke et al., 

2017).  Until, (Gervois, et al., 2015), the supplements and growth factors 

discussed above were the main constituents in neurogenic mediums.  They 

established neuronal cultures upon cAMP and NT-3 signaling.  Elevated IC 

cAMP is thought to play a key role in sustaining neuronal differentiation of early 
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neuronally committed cells, while NT-3 is required for generation of mature 

neurons (Sharma and Raj, 1987; Deng, et al., 2001; Tatard, et al., 2007). 
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Figure 1.15 Flow diagram depicting the main stages of standard hDPSC 

isolation protocol. 

 hDPSC enrichment is marked with red asterisks as it is not always included.  Adapted 

from la Cruz and Ayuso-Sacido, (2012) 

 

 



Chapter 1: Introduction 

 59 

1.9 Aim 

This study aims to develop in-vitro model systems of functional human 

nociceptors from 1) human neural crest stem cells using a previously validated 

method established within our laboratory (Clarke, et al., 2017) and 2) human 

neural progenitors using magnetic-activating cell sorting (MACs) technology.  

Both cell sub-populations will be isolated from the dental pulp of extracted, 

healthy third molars. 

 

With the established method, we aim to show for the first-time endogenous 

expression of sensory-neuron specific receptor, MRGX1 and determine its role 

in inflammatory pain signaling.  With the magnetically isolated neural 

progenitors, the present study aims to provide a novel method, in an attempt 

to refine already existing in-vitro models of human sensory afferents. 
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Chapter 2  General Materials and Methods 

2.1 Tissue Culture  

All tissue culture methods took place under a laminar flow hood, while using 

aseptic technique.  Materials used were either autoclaved, filter sterilised or 

bought sterile.  Cells were maintained in an incubator at 37˚C and 5% CO2. 

 

 

2.1.1 Tissue culture reagents and chemicals 

Minimum Essential Medium α (MEMα), no nucleosides (Gibco, Life 

Technologies); penicillin/ streptomycin (Gibco, Life Technologies); L-glutamine 

200mM (Gibco, Life Technologies); Heat inactivated fetal bovine serum 

(Gibco, Life Technologies); Double distilled water (Sigma); Neurobasal A 

media (Gibco, Life Technologies); GlutaMAX (Gibco, Life Technologies); B27 

50X supplement (Gibco, Life Technologies);  Hanks Balanced Salt Solution 

(HBSS), without Ca2+ and Mg2+ (ThermoFisher Scientific); TrypLE™ express 

enzyme (1X), phenol red (ThermoFisher Scientific); Fibronectin from human 

plasma (Sigma Aldrich); Poly-l-ornithine (PLO) (Sigma Aldrich); bovine serum 

albumin (Sigma Aldrich); calcium chloride & magnesium chloride (Sigma 

Aldrich); trizma base (Sigma Aldrich);  Mouse laminin (VWR International); 

bFGF and EGF (Peprotech Ltd);  
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2.1.2 Preparation of MEMα 

MEMα (500ml) was supplemented with 10% heat inactivated fetal bovine 

serum (FBS), 2mM L-glutamine, 1% penicillin and streptomycin (referred to as 

standard culture medium).  Culture medium was stored at 4˚C until ready for 

use. 

 

 

2.1.3 Explant culture of human dental pulp cells 

Human dental pulp cells (hDPCs) were derived from immature permanent third 

molar teeth in accordance with French ethics legislation (informed patient 

consent and Institutional Review Board approval of the protocol used), as 

described by About et al. (2000).  Teeth were extracted and immediately 

swabbed with 70% (v/v) alcohol and then washed with phosphate buffered 

saline (PBS, 0.01 M, pH 7.4).  To ensure conditions were sterile, washed teeth 

were transferred to a tissue culture laminar flow hood.  Using a sterile scalpel, 

the apical part of the tooth was removed, and dental pulps were carefully 

removed with forceps.  The dental pulps were then minced with scalpels and 

rinsed with PBS before being placed in 25cm2 tissue culture (T25) flasks for 

explant outgrowth.  Culture medium was applied to T25 flasks and were 

maintained in an incubator at 37˚C with 5% CO2.  The culture medium was 

changed every 2 days until confluent.  Once confluent, the cultured cells were 

removed from T25 flasks and transferred into 75cm2 tissue culture (T75) 

flasks, where they were again cultured until confluent.  Confluent flasks were 

then filled with culture medium and transferred to Queen’s University Belfast.    
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A material transfer agreement was put in place to allow the transfer of primary 

cultured hDPCs (generally at passage 2) from Aix-Marseille University to 

Queen’s University Belfast.   

 

 

2.1.4 Breaking out cells from Cryopreservation 

Cells were stored in 1ml of MEMα, 20% FBS, L-Glutamine and 10% dimethyl 

sulfoxide, referred to as ‘freezer mix’ and were stored at either -80ºC or liquid 

nitrogen until needed.  Vials of cells were removed from storage and were 

placed in a water bath to thaw.  Thawed cells were transferred into 10mls of 

pre-warmed culture medium and centrifuged at 21ºC, 900rpm for 5 minutes.  

After centrifugation, the supernatant was removed, and cells were re-

suspended in an equivalent amount of fresh pre-warmed medium and 

dispensed into a T75 flask.  T75 flasks were kept in an incubator at 37ºC and 

5% CO2.  The culture medium was changed every 2-3 days. 

 

 

2.1.5 Passaging of cells 

Cells were maintained in 10 ml of culture medium in a T75 flask and the 

medium was changed every 2-3 days.  Once the cells had reached 80-85% 

confluency, they were passaged at ratio of 1 to 3.  To do this, culture media 

was aspirated from T75 flasks and adherent cells were detached by incubation 

with 3 ml TrypLE™ express enzyme for 5 minutes at 37˚C.  The detachment 

of cells was monitored during this time under the microscope.  The TrypLE™ 
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express enzyme was inactivated by addition of 6 ml (twice the volume used 

for enzyme) pre-warmed culture media.  Cells were then centrifuged at 900rpm 

for 5 minutes to form a cell pellet.  The supernatant was removed, and the cell 

pellet was resuspended in fresh pre-warmed culture medium and reseeded 

into three new T75 flasks. 

 

 

2.1.6 Cell counting  

Cells that were used for experiments discussed later in this chapter, first had 

to be counted.  Cells were detached from T75 flasks as described in Section 

2.1.5, once the cell pellet had been re-suspended in an appropriate amount of 

medium, 10μl of the cell re-suspension was removed and mixed with 10μl of 

the dye Trypan blue in a 1:1 ratio.  10μl of trypan blue/ cell re-suspension was 

then placed onto a haemocytometer and cells were counted using a light 

microscope (Figure 2.1).  Viable cells appear white, non-viable cells appear 

blue due to their uptake of trypan blue.   
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Figure 2.1 Haemocytometer grid highlighting boxes (outlined in red) used when 

cell counting.   

All viable (white) cells located within the red boxes were counted.  Cells that are 

stained blue, due to uptake of trypan blue are non-viable and were not counted.   

All viable cells located on or inside the solid red lines were counted.  The number of 

cells per ml was calculated using the following formula; 

No. of cells/ml = No. of viable cells / No. of squares counted x 10000 
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2.1.7 Isolation of dental pulp stem cell populations from hDPC cultures 

hDPSC populations were isolated and enriched from hDPC cultures using a 

fibronectin adherence based protocol, prior to subsequent neuronal 

differentiation, a method previously developed by (Clarke, et al., 2017). 

 

 

2.1.7.1 Preparation of Fibronectin solution 

To prepare 10µg/ml fibronectin, 1mg fibronectin (Sigma Aldrich) was dissolved 

in 1 ml sterile water for 30 minutes at 37°C and was further diluted to the 

desired concentration in phosphate buffered saline (PBS) containing 1Mm 

CaCl2 and 1Mm MgCl2 (PBS+).   

 

 

2.1.7.2 Fibronectin adhesion  

6 well plates were coated with 10µg/ml fibronectin for 1 hour at room 

temperature, followed by an overnight incubation at 4°C.  Fibronectin-coated 

plates were then blocked with 1% bovine serum albumin (BSA) in PBS+ for 1 

hour at room temperature.  Cells were seeded onto fibronectin-coated plates 

at a density of 6 x 104 cells/ ml in a 6 well plate and incubated at 37°C for 20 

minutes.  After 20 minutes, media (and loosely adherent cells) was aspirated 

and washed once with media.  Fresh media was added to the remaining 

adherent cells, which were maintained in culture for 2 days. 
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2.1.7.3 Neuronal differentiation of hDPSCs in-vitro 

2.1.7.3.1 Preparation of Laminin 

Laminin (1mg) was dissolved in sterile, HBSS (without Ca2+and Mg2+) to give 

a stock concentration of 50µg/ ml.  It was then aliquoted and stored at -80°C 

until needed.  To obtain a working concentration (5µg/ml), stock laminin was 

diluted in HBSS.   

 

 

2.1.7.3.2 Preparation of Growth Factors 

5mM Tris was dissolved in sterile water and pH was adjusted to 7.6 (Tris 

buffer).  bFGF (50µg) was reconstituted in 1ml tris buffer to give a stock 

concentration of 50µg/ ml.  Stock concentrations were aliquoted and stored at 

-20°C until needed.  Working concentration (40ng/ ml) was obtained by further 

dilution in neurogenic medium. 

 

EGF (10µg) was dissolved in 1ml sterile water to give a stock concentration of 

10µg/ ml.  Stock concentrations were aliquoted and stored at -20°C until 

required.  Working concentration (20ng/ml) was achieved by further dilution in 

neurogenic medium. 
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2.1.7.3.3 Preparation of Neurobasal A Medium with supplements 

Neurobasal A media (500ml) was supplemented with 1% GlutaMAX 100X, 1% 

penicillin and streptomycin and was aliquoted into 50ml falcon tubes when 

needed.  bFGF (40ng/ ml) and EGF (20ng/ ml) as well as 1% B27 supplement 

was then added to 50 ml volumes of Neurobasal A.    

 

 

2.1.7.3.4 Substrate coating of culture vessels  

Prior to seeding hDPSCs, cultivated as per method described in section 

2.1.7.2, all plastic and glassware intended for neuronal differentiation was first 

coated with Poly-l-ornithine (0.1mg/ mL) and stored overnight at room 

temperature in the laminar flow hood.  The next day, poly-l ornithine was 

removed from culture vessels and rinsed twice with HBSS.  Laminin (5µg/ mL) 

was then added to poly-l-ornithine coated flasks or plates and incubated 

overnight at 37˚C, 5% CO2.  Laminin was removed, and the plastic and 

glassware were again washed twice with HBSS.  Substrate-coated materials 

were used immediately.   

 

 

2.1.7.3.5 Neuronal Differentiation 

Peripheral Nerve Equivalents (PNEs) were generated by seeding hDPSCs (as 

described in Section 2.1.7.2) in Neurobasal A medium at the appropriate cell 

density for the culture vessel used which had been pre-coated with 0.1 mg/ ml 
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poly-l-ornithine and 5ug/ ml laminin as described in Section 2.1.7.3.1.  Cells 

were incubated in neuronal differentiation conditions for 7-10 days.  Culture 

medium was changed every 2-3 days. 

 

 

2.2 Protein expression analysis 

2.2.1 Equipment 

26-76mm glass slides (Menzel-Glaser, Germany); plastic transfer pipettes 

(VWR International); 13mm circular glass coverslips, thickness no. 1 (VWR 

International); Leica DM5500 UV Microscope & LASX software (Leica 

Microsystems); SP8 confocal (Leica Microsystems). 

 

 

2.2.2 Consumables 

Prolong gold with DAPI (Invitrogen, UK); Alexa Flour 488 goat anti rabbit 

(Invitrogen, UK); Alexa Flour 488 goat anti mouse (Invitrogen, UK); Alexa Flour 

594 goat anti rabbit (Invitrogen, UK); delimiting pen (DAKO); Normal goat 

serum (Sigma Aldrich); Triton 100X (BHD, VWR International); acetone (BDH, 

VWR International). 
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2.2.3 Methods 

2.2.3.1 Immunocytochemistry 

Cells were grown on substrate-coated circular glass coverslips until 

differentiated or non-substrate coated coverslips (if staining undifferentiated 

cells).  Cells were first fixed with ice-cold acetone for 10 minutes.  Acetone-

fixed coverslips were then left to air dry for a further 10 minutes.  Samples were 

rehydrated and washed 3 x 5 minutes with PBS x1.  Non-specific binding sites 

were blocked with 10% goat serum diluted in PBS x1 supplemented with 

0.01% Triton 100X (PBS-TX) for at least 1 hour at room temperature.  Samples 

were then incubated overnight at 4˚C with primary antibodies diluted to desired 

concentration (Table 2.1) in 10% goat serum.  Control samples were treated 

under same conditions, except the primary antibody was not applied.  Next, 

samples were washed 6 x 5 minutes in PBS x 1 and were then incubated for 

1 hour at room temperature in the dark with respective secondary antibodies.  

Following incubation with secondary antibodies, samples were washed 8 x 3 

minutes in PBS x1.  Coverslips were mounted with Prolong Gold containing 

DAPI (5µl) and left flat for 24 hours in the dark.  Samples were viewed under 

UV microscope.  
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Table 2.1 Antibodies used in immunocytochemistry fluorescent staining: host 

species and working concentrations 

 

 

Antibody Host Species Working 

Concentration 

Supplier (Catalogue 

No.) 

βIII-Tubulin Rabbit 1:500 Millipore  

(04-1049) 

MAP2 Rabbit 1:500 Millipore (AB5622) 

PGP9.5 Mouse 1:250 Cedarlane (CL95101) 

FSP Mouse 1:500 Abcam  

(ab 11333) 

Nestin Mouse 1:250 LS-Bioscience (LS-

B2777) 

Peripherin Mouse 1:500 Santa Cruz  

(sc-377093) 

Islet1 Mouse  1:200 Abcam (ab86501) 

PSA-NCAM Mouse  1:250 eBioscience 

 (14-9118-82) 

TRPA1 Rabbit 1:100 Abnova (ab68846) 

 

TRPV1 

Mouse 1:100 Abnova (H00007442-

M01) 

MRGX1 Rabbit 1:100 LS-Bioscience (LS-

A2756) 

Alexa Fluor 488 

anti-rabbit 

Goat 1:500 Invitrogen (A11008) 

Alexa Fluor 488 

anti-mouse 

Goat 1:500 Invitrogen (A11001) 

Alexa Fluor 594 

anti-rabbit 

Goat 1:500 Invitrogen (A11012) 

Alexa Fluor 594 

anti-mouse 

Goat 1:500 Invitrogen (A11005) 
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2.3 Gene Expression Analysis 

2.3.1 Equipment 

Maxwell® Instrument (Promega); Nanodrop (ThermoFisher Scientific); 

Stratagene PCR machine. 

  

 

2.3.2 Comsumables 

Maxwell® RSC SimplyRNA Cells kit (Promega); SuperScript VILO cDNA 

synthesis kit (ThermoFisher Scientific); Taqman Universal MasterMix II with 

UNG (Applied Biosystems); DEPC-treated H2O (Invitrogen); 8 well strip plastic 

caps (Agilent Technologies); PCR plates (Agilent Technologies). 

 

 

2.3.3 RNA extraction  

2.3.3.1 Preparation of solutions  

Solutions listed below were included in the Maxwell® RSC simplyRNA cells kit 

(Promega). 

1-Thioglycerol/ Homogenisation Solution 

A volume of 200µl of 1-Thioglycerol/ homogenisation solution was required for 

each sample.  To obtain a working solution, 20µl of 1-Thioglycerol was added 

to 1ml of homogenisation solution.  Working solutions were stored at 4°C, 

where it remained stable for up to 30 days. 
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DNase 1 Solution 

Lyophilized DNase 1 was reconstituted in 275µl nuclease- free water, 

aliquoted and stored at -20°C until needed. 

 

 

2.3.3.2 Preparation of the Maxwell® RSC simplyRNA Cartridge   

The cartridges to be used for RNA extraction were placed in the deck tray.  

One cartridge was used per sample.  Sample lysates were added to well 

number 1.  5µl of DNase 1 solution was added to well number 4.  An RSC 

plunger was positioned into well number 8 and an elution tube (0.5ml) 

containing 50µl nuclease-free water was placed in front of the deck tray 

(Figure 2.2).    
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A 

 

B 

 

Figure 2.2 Maxwell® RSC cartridge (A).  Set-up of deck tray (B). 

Nuclease-free water was added to the elution tubes as shown and plungers were 

placed in well number 8.  Images taken from Maxwell® RSC simplyRNA cells kit 

technical manual (Promega). 
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2.3.3.3 Isolation of total RNA  

RNA was extracted from cells grown in T25 flasks until differentiated, using the 

Maxwell® RSC, simplyRNA cells kit (Promega) according to the 

manufacturer’s instructions.  Cells were trypsinized as described in section 

2.1.5 with minor modifications.  Instead of detaching the cells with 3 ml 

TrypLE™ enzyme, 1 ml was used.  In addition, the cell pellet was re-

suspended in 200µl 1-thioglycerol/ homogenization solution and vortexed until 

fully dispersed.  Next, 200µl of lysis buffer was added to 200µl cell lysate and 

vortexed vigorously for 15 seconds and transferred into well number 1 of the 

Maxwell® RSC cartridge.  The deck tray with all the prepared Maxwell® RSC 

cartridges (section 2.3.3.2) was placed inside the Maxwell® instrument 

(Promega) and the simple RNA cells programme was selected and run.  Once 

the programme had finished, RNA was collected and stored on ice, to be 

assessed for quality in RNA quantification. 

 

 

2.3.3.4 RNA quantification 

Measuring the concentration and purity of purified RNA is necessary for 

determining the volume of sample to use in downstream applications, such as 

reverse transcription and qPCR.  A NanoDrop (Thermo Scientific) was used to 

assess RNA quantity and quality.  To do this, 2μl of RNA per sample was 

loaded onto the sample reader and absorbance readings at 260 nm and 280 

nm were obtained as a ratio (A260/ 280) as well as the concentration (ng) per 
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μl.  An A260/ 280 value greater than 1.9 was considered to be of acceptable 

purity and was used to synthesis cDNA (see section 2.3.3.5).   

 

2.3.3.5 cDNA synthesis 

cDNA was synthesised from RNA extracted from both differentiated and 

undifferentiated cells using the SuperScript VILO cDNA synthesis kit 

(ThermoFisher).  The volume of each component required for individual 

reactions is shown in Table 2.2.  A total of 100 ng mRNA was added per 

reaction mixture.  The volume of mRNA added to each reaction tube was 

dependent on the concentration of the mRNA in the sample and was 

calculated as shown below; 

volume of mRNA required = concentration of mRNA required/ concentration of 

mRNA in sample   

A no reverse transcription (NRT) control was also prepared by excluding the 

x10 enzyme from the reaction mixture.  The NRT control was added to all 

quantitative polymerase chain reaction (qPCR) runs.  Reaction tubes were 

heated in order for reverse transcription to occur (Table 2.3) and the reaction 

was stopped by placing the reaction tubes on ice. 
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Table 2.2 Quantities of reaction mixture for 1 cDNA synthesis 

Component 

 

Amount per single RT 

reaction 

Amount per single NRT 

reaction 

X5 reaction buffer 

 

4μl 4μl 

X10 enzyme mix 

 

2μl 0 

RNA 

 

Volume of RNA μl Volume of RNA μl 

DEPC-treated H2O 

 

up to 20 μl Up to 20μl 

 

 

Table 2.3 Thermal profile for cDNA synthesis 

Time (mins) Temperature (°C) 

10 25 

60 42 

5 85 
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2.3.3.6 qPCR 

The PCR reaction mixture was prepared according to the Taqman Universal 

Mastermix II with UNG (Applied Biosystems) protocol.  The total volume for 

each reaction was 20μl, each component of the reaction mixture is shown in 

Table 2.4.  Samples were plated into a 96-well PCR plate (Agilent 

Technologies).  Reverse transcription (RT) samples were analysed in 

duplicate along with a NRT and no template control (NTC) for each primer.  

NTC were made by excluding cDNA from the reaction well.  The PCR plate 

was then sealed with 8 well strip plastic caps (Agilent Technologies) and was 

briefly centrifuged before running on the Stratagene PCR machine using the 

thermal profile outlined in Table 2.5.  Details of specific primers used are 

shown in individual chapter 3. 

 

 

Table 2.4 Quantities of reaction mixture per PCR reaction 

Reaction Mix Component Volume for Single PCR reaction 

MasterMix 10μl 

Primer 1μl 

cDNA 2μl 

DEPC-treated H2O 7μl 
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Table 2.5 Thermal profile for qPCR 

Segment Thermal profile Cycles 

1 
2 minutes at 55°C 

(for UNG activation) 
1 

2 
10 minutes at 95°C 

(Polymerase activation) 
1 

3 

15 seconds at 95°C 

(Denature) 

1 minute at 60°C 

(Extend/ anneal) 

45 

 

 

2.4 Functional Analysis 

2.4.1 Equipment 

FlexStation 3 plate reader (Molecular devices), SoftMax Pro 5.4.6 software. 

 

 

2.4.2 Consumables  

96-well black clear-bottomed TC treated microplates (Corning); 96-well V-

bottomed TC treated microplates (Corning); black FlexStation pipette tips 

(Molecular Devices) 

 

2.4.3 Drugs and Solutions 

Normal Hanks’ solution contained 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 

mM MgCl2, 5 mM D-glucose, 10 mM HEPES (pH 7.4 with NaOH).  Reagents 
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in this study were purchased from the following sources: Cinnamaldehyde 

(CA) (Sigma Aldrich, St Louis, Missouri, USA); YM-254890 (Focus 

Biomolecules, Philadelphia, USA); HC030031 (Tocris, Bristol, UK); BAM (8-

22), Go 6983 (Hello Bio, Bristol, UK) and Fura2AM (Alfa Aesar, Haverhill, MA, 

USA).  All drugs with the exception of BAM (8-22), which was dissolved in 

normal Hanks’ solution, were dissolved in dimethyl sulfoxide (DMSO) as 

concentrated stock solutions and diluted at least 200-fold.  This produced a 

final DMSO concentration of 0.5% or less, a concentration that was found not 

to affect the results in Flexstation experiments. 

 

 

2.4.4 Preparation of Fura-2AM 

Fura-2AM was reconstituted in dimethyl sulfoxide (DMSO) to a stock 

concentration of 5mM in the dark.  5mM stock was aliquoted into small 

Eppendorf’s which were filled with N2 gas and stored at -20°C until required.  

Stock concentrations of Fura-2AM were diluted to a working concentration of 

5μM in normal Hanks. 
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2.4.5 Methods 

2.4.5.1 Intracellular Ca2+ measurements using FlexStation-3 

microplate reader 

For FlexStation experiments, PNEs were grown and differentiated (as 

described in section 2.1.7.3.5) on 96 well black plates (Corning) at a density 

of 3x104 cells/ ml.  Once differentiated, media was removed, and cells were 

loaded for 1 hour at 37°C with fura-2AM (Alfa Aesar) in normal Hanks.  Fura-

2AM was then removed and PNEs were pre-treated with normal Hanks, unless 

otherwise stated, 30 minutes before starting the experiment.  The drugs that 

were dispensed were made 5 times more concentrated to account for the 5x 

dilution factor (50μl into 200μl) (Figure 2.3).  Optimisation of the initial volume 

and pipette height used in FlexStation-3 experiments is shown in 

Supplementary Figure 1 All working drug concentrations were made up in 

normal Hanks and were plated into 96 well clear plates (Corning).  Assay plate, 

compound plate and black tips were placed into FlexStation-3 microplate 

reader (Molecular Devices) as shown in Figure 2.4.  Then, using SoftMax Pro 

software (Molecular Devices), flex mode and parameters shown in Figure 2.5 

were set.  Drugs were added 20 seconds after the start of the recording using 

the FlexStation’s automated drug delivery system and recording continued for 

another 580 seconds.    

 

 

 

 

 



Chapter 2: General Materials and Methods 

 82 

 

 

 

 

 

Figure 2.3 Optimisation of pipette height setting used for normal fura-2AM 

assays in FlexStation-3 experiments. 

‘Height’ refers to the distance from the end of the pipette tip to the top of the cell layer 

(in μl).  It is considered good technique to have the pipette tip submerged either before 

(A) or after (B) drug dispense.  The pipette tip does not submerge the EC buffer at all 

(C), which can result in ‘splash back’, likely to result in artefacts.  It is also important 

to note that the volume of drug to be added into 200μl of Hanks, in this example is 

50μl (x5 dilution).  Therefore, the desired final drug concentration must be 5 times 

more concentrated when making up the compound plate.   
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Figure 2.4 Set-up and configuration of FlexStation-3 microplate reader. 
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Figure 2.5 Optimised parameters used in FlexStation experiments  
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Chapter 3  Expression and characterisation of MRGX1 and TRPA1 in an 

in-vitro human neuronal model 

3.1 Introduction 

Orofacial pain comprises a group of conditions that share a common 

characteristic of pain in the orofacial region and include, dental pain, trigeminal 

neuralgia, migraine, and temporomandibular joint disorders (TMD), (Villa, et 

al., 2010; Romero-Reyes and Uyanik, 2014; Karl and Trescot, 2019; Sperry, 

et al., 2019).  Dental pain is by far the commonest case of orofacial pain and 

is usually caused by dental caries.  When left untreated dental caries often 

leads to inflammation of the dental pulp clinically described as pulpitis 

(Bergenholtz, 1981; Hahn et al.,, 1991; Da Silva et al., 2008; Cooper et al., 

2014; Kassebaum et al., 2015).  Pulpitis is characterised by severe 

excruciating pain, mostly in response to thermal stimuli and is one of the 

principle reasons for seeking dental treatment (Dummer, et al., 1980; Da Silva, 

et al., 2008; McCarthy, et al., 2010).  

 

Another type of orofacial pain is that associated with inflammation is TMDs.  

TMDs are common chronic pain conditions in the orofacial region with pain 

that is described as persistent (Brandini et al., 2011; Dubner et al., 2016) and 

is a major public health problem that affects up to 15% of the population (Herb, 

et al., 2006; Al-Jundi, et al., 2008).  The pathophysiology of TMD pain remains 

unclear with no specific or effective therapy to date (Cairns, 2010; Mujakperuo, 

et al., 2010). 
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The mechanism of inflammatory pain in general is complex but involves 

interactions between neuronal and non-neuronal and immune cells (Basbaum 

et al., 2009; Ru-Rong et al., 2016).  The orofacial region is innervated by both 

myelinated and unmyelinated trigeminal nerve fibres that react to injury and 

inflammation by mounting neurogenic inflammation characterised by neuronal 

sprouting and sensitisation of nociceptors (Rodd and Boissonade, 2000; 

Lundy and Linden, 2004).  These trigeminal nociceptors express ion channels 

that detect external stimuli and mediate pain signalling such as members of 

TRP family.  Among TRP channels, TRPA1 is known to be expressed in the 

trigeminal system and mediates cold sensation (El Karim, et al., 2011; 

Benemei, et al., 2013; Asgar, et al., 2015). 

 

TRPA1 is a polymodal channel, expressed in sensory neurons and is activated 

by chemical, mechanical and thermal stimuli (Bandell et al., 2004; Bautista et 

al., 2006; del Camino et al., 2010).  TRPA1 was shown to play an essential 

role in the vascular response to cold, which is critical for protecting cutaneous 

tissue against cold injury, such as chilblains and frostbite (Aubdool, et al., 

2014). In addition, TRPA1 also plays a central role in nociception and 

neurogenic inflammation.  A role for TRPA1 in mechanical and thermal 

hyperalgesia has been well documented in a variety of inflammatory pain 

models (Bandell et al., 2004; Bautista et al., 2006; Petrus et al., 2007; Eid et 

al., 2008).  In this context, TRPA1 can be sensitised by inflammatory mediators 

leading to neuronal excitability and development of hyperalgesia and 

allodynia, which are characteristic of inflammatory pain (Bautista et al., 2013). 
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For this reason, TRPA1 antagonists have been developed in an attempt to 

reduce such pain.  However, due to the polymodal nature of this channel, 

complete blocking of this channels activity with antagonists may blunt 

individuals’ responses to noxious stimuli and eliminate the protective role of 

TRPA1 as a sensor of danger.  Therefore, alternative strategies to target 

sensitisation of the channel might reduce such side effects.  

 

TRPA1 sensitisation can involve complex signalling cascades via G Protein 

Coupled Receptors (GPCRs), resulting in the development of inflammatory 

hyperalgesia (Yekkirala, 2013).  For example, proalgesic agents such as BK, 

prostaglandins and proteases sensitise TRPA1 via their respective GPCRs 

(Wang, et al., 2005, 2008; Bautista, et al., 2006; Dai, et al., 2007).  Antagonists 

of some of these receptors are commonly used analgesics.  However, their 

utilisation for pain relief is often limited by unacceptable side-effects due to 

actions at identical receptors outside of the pain pathway (Julius and 

Basbaum, 2001). This limitation highlights the need for alternative analgesics 

with a target uniquely and selectively expressed within nociceptors such as the 

Mas Related Gene (MRG) receptors.   

 

MRG receptors comprises a large family of orphan GPCRs which are 

selectively expressed in small-diameter sensory neurons of the dorsal root and 

trigeminal ganglia (Dong et al., 2001; Lembo et al., 2002).  Human MRGX1 is 

not found in rodents, meaning animal models will not faithfully represent 

human responses mediated by this particular GPCR.  For this reason, the 
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majority of studies into MRGX1 function have been in overexpression systems 

(Lembo, et al., 2002; Chen and Ikeda, 2004; Burstein, et al., 2006; Solinski, et 

al., 2012; Li, et al., 2017).  Using such systems, Lembo and colleagues 

discovered that MRGX1 was activated by bovine adrenal medulla 8-22 (BAM 

8-22), a proteolytically cleaved product of proenkephalin A.  A more recent 

study reported BAM (8-22) mediated inhibition of heat hypersensitivity and 

spontaneous pain after nerve injury in a humanised mouse model (Li et al., 

2017).  Whereas, topical application of BAM (8-22) to the skin induced a 

hypersensitivity to pain in 15 healthy human volunteers (Sikand et al., 2011).  

This hypersensitivity to pain usually involves the sensitisation of membrane ion 

channels, such as the TRP channel family and Solinski et al (2012) recently 

reported that BAM (8-22) significantly enhanced capsaicin, heat and proton 

(TRPV1 activators) induced Mn2+ influx into F11 cells stably expressing 

MRGX1/ TRPV1, indicating TRPV1 sensitisation by MRGX1.   

 

To date there are no studies reporting expression of MRGX1 nor its function 

in human neurons mainly due to lack of viable innervated tissue from humans 

and unavailability of clinical models of human neurons.  To overcome this 

translational gap our research group had recently developed a human 

neuronal model using stem cells from dental pulp  tissue(Clarke et al., 2017).  

The dental pulp contains stem of neural crest origin  (Peters and Balling, 1999; 

Thesleff and Åberg, 1999) and the neurogenic potential of this subpopulation 

has been well established (Arthur et al., 2008; Gervois et al., 2015; Young et 

al., 2016; Clarke et al., 2017; Li et al., 2019).   
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The present study uses hDPSCs to derive functionally active nerve-like cells, 

termed peripheral nerve equivalents (PNEs).  Using this in-vitro model of 

trigeminal nerves, the study aims to determine the expression of MRGX1 and 

to investigate the effect of inflammation on its expression in-vitro using the 

PNEs and also in an ex-vivo model of human dental pulp.  The expression of 

TRPA1 in PNEs is also observed as a pre-requisite to determine whether 

activation of MRGX1 modulates TRPA1 activity (discussed in Chapter 4). 

 

 

3.2 Objectives 

1) To determine expression of MRGX1 and TRPA1 in PNEs using qPCR 

and IHC 

 

2) To determine the functionality of MRGX1 and TRPA1 in PNEs using 

Ca2+ imaging  

 

3) To investigate whether inflammatory mediators alter expression of 

MRGX1 

 

4) Study expression of MRGX1 in an ex-vivo human dental pulp model of 

caries induced pulpitis 
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3.3 Materials and Methods 

3.3.1 Immunocytochemistry  

Cells were prepared as described in Section 2.2.3.1.  Details of antibodies 

used are shown in Table 2.1. 

 

3.3.2 Gene expression analysis 

PNEs were grown in poly-l-ornithine/ laminin coated T25 flasks, as described 

in section 2.1.7.3.5, with a differentiation period of 7 days.   

 

 

3.3.2.1 Treatment with bacterial lipopolysaccharide (LPS) and 

neurotrophic factors (NGF and GDNF) 

On day 7, PNEs were treated with bacterial lipopolysaccharide (LPS) and 

neurotrophins (NGF and GDNF) at the desired concentrations (LPS at 1μg and 

10μg/ ml; NGF at 100ng/ ml and GDNF at 100ng/ ml) for 6 hours.  

 

 

3.3.2.2 RNA extraction and cDNA synthesis 

RNA was extracted from PNEs using the Maxwell® RSC simpyRNA cells kit 

(Promega) according to the manufacturer’s instructions, as described in 

Section 2.3.3.3.  cDNA was synthesised using the SuperScript VILO kit 
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(Thermo Fisher), according to the manufacturer’s instructions as described in 

Section 2.3.3.5. 

 

 

3.3.2.3 qPCR 

Gene expression for MRGX1, TRPA1 and housekeeping gene; glucuronidase 

beta (GUSB) was determined using qPCR.  The qPCR reaction mixture was 

made as per the Taqman Universal Mastermix II with UNG (Applied 

Biosytems) protocol as described in Section 2.3.3.6.  Details of the primers 

(Taqman Gene Expression Assays, Applied Biosystems) used are shown in 

Table 3.1. 
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Table 3.1 Taqman primer information 

Gene Reference No. Chromosome 

No. 

Probe sits 

on Exon 

Boundary 

Base 

Position 

Amplicon 

Length 

TRPA1 Hs00175798_m1 8 2-3 411 124 

MRGX1 Hs00600918_s1 11 1-1 454 93 

GUSB Hs00939627_m1 7 8-9 1522 96 

 

 

 

3.3.3 Preparation of pharmacological agents 

3.3.3.1 Preparation of BAM (8-22) 

BAM (8-22) (1mg) (Tocris) was dissolved in HBSS to make a stock 

concentration of 500µM.  Stock concentrations were further diluted in normal 

Hanks to give working final concentrations ranging from 1-200μM.   

 

 

3.3.3.2 Preparation of CA 

CA (Sigma Aldrich) was supplied with a stock concentration of 7.56M in 

DMSO.  Stock concentrations were further diluted in DMSO to make an 

intermediate stock concentration of 1M.  For all experiments, further dilutions 

were then made in normal Hanks. 
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3.3.3.2.1 Preparation of Ionomycin 

Ionomycin (Invitrogen) (1mg) was dissolved in DMSO to a stock concentration 

of 10mM.  Stock concentrations were aliquoted into Eppendorf tubes and 

stored at -20°C until needed.  Stock concentrations were further diluted in 

normal Hanks to give a final concentration of 1μM.  

 

Drugs that were dissolved in dimethyl sulfoxide (DMSO) as stock 

concentrations were diluted at least 10, 000-fold.  This produced a final DMSO 

concentration of 0.01% or less, a concentration that was found to have no 

effect on the results of any of the experiments. 

 

 

3.3.3.3 Intracellular Ca2+ measurements 

3.3.3.3.1 Methods 

FLIPR normal Fura-2AM assays were used to study both MRGX1 and TRPA1 

functionality, while confocal Ca2+ imaging was used to investigate whether 

treatment with bacterial endotoxin, LPS modulates MRGX1 function in PNEs.  

For confocal Ca2+ imaging, PNEs were differentiated from hDPSCs as 

described in section 2.1.7.3.5 on glass bottom dishes and incubated for 1 hour 

at 37ºC in 2 μM Fluo-4AM.  Dishes were then mounted on the stage of a Leica 

SP5 confocal microscope and continuously perfused with normal Hanks’ 

solution at 37ºC (see Drugs and Solutions, section 2.4.3).  Fluo-4 was excited 

at 488 nm and the emitted fluorescence collected at 526 nm.  XY images over 
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time were acquired using a X 20 objective (HC PL Fluotar) at a frame rate of 

30 frames per second.  MRGX1 agonist, BAM (8-22) was delivered using a 

valve-controlled gravity driven perfusion system (ALA-VM8; ALA Scientific, 

Farmingdale, NY, USA) connected to a perfusion pencil (Automate Scientific, 

Berkeley, CA, USA).  For FLIPR normal Fura-2AM assays, neural induction of 

hDPSCs towards PNEs was achieved as outlined above, except that cells 

were grown in 96-well plates.  Media was removed and the cells were loaded 

for 1 hour at 37ºC with normal Fura-2AM in normal Hanks’ solution.  For BAM 

(8-22) and CA dose-response curves, following its incubation period, Fura-

2AM was removed and replaced with normal Hank’s (200μl per well) for 30 

minutes before starting the experiment.  MRGX1 and TRPA1 agonists were 

added 20 seconds after the start of the experiment using the Flexstation’s 

automated drug delivery system and the recording continued for a further 580 

seconds.  Ionomycin and Hanks were used as the positive and negative 

controls, respectively.  For confocal Ca2+ imaging experiments, IC Ca2+ 

responses were expressed as F/F0, where F signifies fluorescence intensity 

and F0 is the average baseline fluorescence measured before addition of drug.  

FLIPR experiments with normal Fura-2AM were expressed as 340/380 ratios 

over time.  FLIPR data was normalised to 0 baseline and analysed by 

measuring Area Under the Curve (AUC) measurements, while confocal Ca2+ 

imaging data measured AUC for F/F0 plots using Prism V8.4.2 (GraphPad 

Software, San Diego, CA, USA). 
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3.3.3.4 Immunohistochemistry 

Immunofluorescent staining in healthy and inflamed teeth was carried out 

within Prof. Imad About’s laboratory.  Teeth were fixed and routinely processed 

as described by Téclès et al (2005).  Prior to staining, tooth sections were 

rehydrated with decreasing concentrations of ethanol.  Antigen retrieval was 

performed at 98˚C for 30 minutes in 1mmol/ L, Tris/ 0.1 mmol/ L EDTA/ 0.5% 

Tween.  Non-specific binding sites were blocked with 1% BSA in PBS for 1 

hour at room temperature.  Tooth sections were incubated overnight at 4˚C 

with 12µg/ ml rabbit antihuman MRGX1 and 10μg/ ml mouse antihuman 

PGP9.5.  Control slides were also incubated with 12μg/ ml MRGX1 antibody 

plus 4x concentration of MRGX1 blocking peptide (LS Bio) and mouse IgG 

(Invitrogen).  Sections were then incubated for 45 minutes at room temperature 

with 2mg/ mL secondary antibody Alexa flour 594 goat antirabbit (rad 

fluorescence) (Invitrogen) and 4’, 6-diamidino-2-phenylindole (DAPI) (1mg/ ml) 

(blue fluorescence).  Some sections were also haematoxylin-eosin stained.   

 

3.4 Statistics 

Summary data are presented as mean ± SEM.  Statistical comparisons were 

performed on raw data using Prism V8.4.2 (GraphPad Software, San Diego, 

CA, USA).  Data normality was tested using D’ Agostino-Pearson normality 

omnibus test.  Confocal Ca2+ imaging data was analysed using one-way 

ANOVA with Bonferroni’s post hoc test.  Curve fitting and half the maximal 

effective concentration (EC50) determinations were performed using GraphPad 
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Prism V8.4.2.  In all experiments, P < 0.05 was considered statistically 

significant.     

 

 

3.5 Results 

3.5.1 Isolation and morphological characterisation of PNEs  

In accordance with Clarke et al (2017) hDPSCs were isolated in 6 well plates 

pre-coated in fibronectin and were then subjected to neuronal differentiation 

for a period of 7 days using Neurobasal A media with supplements (as 

described in Section 2.1.7.3.5).  Prior to neuronal differentiation, hDPCs 

displayed a fibroblastic morphology (Figure 3.1 A) and by day 7 they acquire 

a unipolar neuronal morphology consisting of a centrally located cell body and 

axon-like projections to become PNEs (Figure 3.1 B). 

 

 

3.5.2 PNEs express neuronal markers following 7-day differentiation 

protocol 

To further characterise the differentiation of PNEs, cells were stained for 

neuronal markers.  As shown in Figure 3.2, undifferentiated cells expressed 

fibroblast surface protein (FSP) and nestin (NES) confirming their 

undifferentiated status, while differentiated cells (PNEs) express neuronal 

markers such as protein gene product 9.5 (PGP9.5), MAP2 and βIII-tubulin. 
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Figure 3.1 Fibronectin adhered hDPSCs undergo distinct morphological 

changes during neuronal differentiation to become PNEs.   

(A) Prior to differentiation hDPSCs acquire a fibroblast-like morphology.  (B)  After 7 

days culture in neurogenic media, hDPSCs change their morphology showing a 

distinct cell body with long axonal projections.  Scale bar 100µm. 

A 
 
 
 
 
 
 
 
 

B 
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Figure 3.2 Neurogenic maturation of hDPSCs to PNEs induces a phenotypic 

switch after 7 days.  

 Immunocytochemistry demonstrates that hDPCs cultured under non-differentiating 

conditions express FSP and NES.  PNEs lose expression of these markers and begin 

to express mature neuronal markers PGP9.5, MAP2 and βIII-TUB which are either 

poorly expressed or not expressed in hDPCs.  All scale bars 50μm for hDPC images 

except FSP, 75μm.  Scale bar 50μm for all PNE.  Images except PGP9.5-25μm and 

MAP- 100μm. 

hDPCs PNEs 
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3.5.3 PNEs express both MRGX1 and TRPA1  

Using immunofluorescence both MRGX1 and TRPA1 protein was observed in 

PNEs.  MRGX1 protein was present in both the cell membrane and cytosol of 

PNEs (Figure 3.3).  Non-specific binding of an antibody to proteins other than 

the target antigen can often occur.  Blocking peptides can therefore be used 

to determine the specificity of the antibody used.  Blocking peptides are 

peptides with an amino acid sequence that corresponds to the antibody 

epitope (specific piece of antigen recognised by the antibody).  Prior to 

staining, antibodies are commonly pre-incubated with excess peptide.  The 

blocking peptide will occupy the binding site of the antibody, thus preventing 

subsequent target protein binding in the sample.  MRGX1 protein expression 

was shown to be specific by the lack of staining observed when the blocking 

peptide was applied.  Like MRGX1, TRPA1 protein was present in the cell 

membrane and cytosol.  Quantitative PCR analysis demonstrated that MRGX1 

was lowly expressed, with an average Ct value of 40.16 (Table 3.2) which 

does not correlate with the protein expression.  The gene expression of TRPA1 

however was consistent with immunofluorescence findings showing an 

average Ct value of 24.   
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Figure 3.3 Expression and localisation of MRGX1 receptors and TRPA1 at 

protein in PNEs.  

 Immunohistochemistry showing staining of MRGX1 antibody and absence in 

presence of blocking peptide.  PNEs also stain positive with TRPA1 antibody.  Scale 

bar: 100μm, 250μm. 

 

 

MRGX1 

TRPA1 

MRGX1 blocking peptide 

TRPA1 – ve 

control 
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Table 3.2 Average Ct value for 3 individual experiments performed in duplicate 

for MRGX1 and TRPA1 in PNEs. 

 

Gene Ct Average Ct 

 

 

MRGX1 

39.68  

40.16 
40.79 

40.0 

 

 

TRPA1 

24.63  

24.54 
24.59 

24.40 

 

 

 

3.5.4 PNEs express functional MRGX1 receptors and TRPA1 channels 

As immunofluorescent (IF) staining confirmed that both MRGX1 and TRPA1 

were present at protein level in the PNEs (Figure 3.3), we then wanted to 

determine whether both these proteins were functional in our model of human 

sensory nerves. The functional expression of MRGX1 and TRPA1 in PNEs 

was assessed by FlexStation Ca2+ imaging.  A dose response curve was first 

performed for MRGX1 and TRPA1 agonists.  Using the FlexStation plate 

reader, the concentration for half the maximal activation was determined to be 

69μM for BAM (8-22) (Figure 3.4 A) and 40.6μM (Figure 3.5 A) for CA.   
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We next applied specific MRGX1 agonist, BAM (8-22) (100μM) and noticed 

that it induced an instantaneous increase in [Ca2+]i.  The magnitude of this 

increase varied from well to well.  IC Ca2+ levels began to fall after peaking and 

continued to fall to basal [Ca2+]i.  This was followed by a second increase in 

[Ca2+]i, which was more sustained and, in some wells, reached or succeed the 

magnitude of the first initial peak (B).  Similarly, we also observed a robust 

increase in [Ca2+]i upon application of CA (Figure 3.5 B).  Again, the 

magnitude of this increase varied between wells.  The magnitude of this 

increase after reaching its maximum slowly decreased and then came to a 

plateau, which was roughly half of maximum.   
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Figure 3.4 PNEs possess functional MRGX1 receptors.   

(A) Dose-response curve of BAM (8-22) on PNEs using Flexstation plate reader.  

Each data point represents 3-4 independent experiments.  RFU: relative fluorescence 

units.  (B) Representative 340/ 380 trace showing PNEs stimulated with MRGX1 

agonist BAM (8-22) (100μM) across four independent wells.  Each well represents 

fluorescent ratios of   ͠3000 cells. 

 

A 

B 
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Figure 3.5 PNEs possess functional TRPA1 channels.   

(A) Dose-response curve of CA on PNEs using FlexStation plate reader.  Each data 

point represents 4 independent experiments.  RFU: relative fluorescence units.  (B)  

Representative 340/ 380 trace showing PNEs stimulated with TRPA1 agonist, CA 

(100μM) across four independent wells.  Each well represents fluorescent ratios of   ͠

3000 cells. 

 

A 

B 
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3.5.5 Inflammatory mediators did not alter gene expression of MRGX1 

in PNEs 

Having confirmed MRGX1 expression at the gene level, although low in PNEs, 

the next aim was to determine whether inflammation alters this expression.  

PNEs were treated with neurotrophic factors GDNF (Table 3.3) and NGF 

(Table 3.4), as well as bacterial lipopolysaccharide (LPS) (Table 3.5) as 

mediators of inflammation for 6 hours prior to RNA extraction.  The samples 

were then reverse transcribed, and qPCR was performed on each sample.  

GUSB was used as the reference gene.  

 

The results obtained show amplification of the MRGX1 gene in RT and NRT 

reactions in GDNF and NGF but not LPS experiments.  It is for this reason the 

results are displayed in table format as opposed to graph.  The MRGX1 gene 

was found to be one exon long, which created difficulty when trying to 

determine whether inflammation alters the expression of this GPCR.  Primers 

designed for intronless genes detect both cDNA and genomic (gDNA).  

Because of the late amplification of MRGX1 in qPCR reactions, it is likely that 

gDNA rather than cDNA was detected.   It is possible that MRGX1 is lowly 

expressed in PNEs and treatments with GDNF, NGF and LPS had no effect 

on the expression of MRGX1 in PNEs.  However, because the Ct values for 

NRT reactions are similar to the values of RT reactions, it is likely that gDNA 

rather than cDNA was detected.  
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Table 3.3 Average Ct values and NRT controls for 3 individual experiments 

performed in duplicate for MRGX1 and housekeeping gene GUSB in untreated 

and GDNF treated PNEs. 

 

 

 

 

 

 

 

 

Gene Treatment Ct value Average Ct NRT 

 

MRGX1 

 

 

 

Untreated 

40.24  

38.79 

ND 

38.97 40.56 

37.17 38.79 

 

GUSB 

27.51  

26.99 

ND 

27.23 ND 

26.23 ND 

Gene Treatment Ct value Average Ct NRT 

 

MRGX1 

 

 

GDNF 

(100ng/ mL) 

40.73  

39.43 

38.77 

39.24 41.50 

38.33 37.77 

 

GUSB 

26.78  

26.56 

ND 

26.93 ND 

25.97 ND 



Chapter 3: Expression and characterisation of MRGX1 and TRPA1 in an in-vitro human 

neuronal model 

108 

 

Table 3.4 Average Ct values and NRT controls for 3 individual 

experiments performed in duplicate for MRGX1 and housekeeping gene 

GUSB in untreated and NGF treated PNEs. 

 

 

 

 

 

 

 

 

 

Gene Treatment Ct value Average Ct NRT 

 

MRGX1 

 

 

 

Untreated 

40.01  

40.06 

38.45 

40.11 ND 

ND ND 

 

GUSB 

25.97  

27.21 

ND 

27.75 ND 

27.91 ND 

Gene Treatment Ct value Average Ct NRT 

 

MRGX1 

 

 

NGF 

(100ng/ mL) 

39.04  

40.07 

 

ND 

40.94 ND 

40.23 ND 

 

GUSB 

25.74  

27.27 

ND 

27.67 ND 

28.39 ND 
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Table 3.5 Average Ct values and NRT controls for 3 individual 

experiments performed in duplicate for MRGX1 and housekeeping gene 

GUSB in untreated and LPS (1µg and 10µg/ mL) treated PNEs. 

 

 

Gene Treatment Ct value Average Ct NRT 

 

MRGX1 

 

 

 

Untreated 

39.09  

38.9 

ND 

38.7 ND 

ND ND 

 

GUSB 

26.72  

27.1 

ND 

26.67 ND 

27.91 ND 

Gene Treatment Ct value Average Ct NRT 

 

 

MRGX1 

 

 

LPS  

(1µg/ mL) 

38.47  

39.15 

ND 

39.83 ND 

ND ND 

 

GUSB 

26.58  

27.23 

ND 

27.11 ND 

27.99 ND 

Gene Treatment Ct value Average Ct NRT 

 

MRGX1 

 

 

LPS  

(10µg/ mL) 

ND  

ND 

ND 

ND ND 

ND ND 

 

GUSB 

26.48  

27.01 

ND 

26.88 ND 

27.68 ND 
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3.5.6 MRGX1 expression in ex-vivo pulpitis model 

MRGX1 expression in healthy and inflamed teeth was investigated with 

fluorescent immunohistochemistry as shown in Figure 3.6.  Hematoxylin-eosin 

(H&E) was performed on healthy and teeth with deep caries to show different 

stages of inflammation.  Dental pulps of healthy teeth showed characteristics 

consistent with the appearance of a healthy pulp, such as an intact odontoblast 

layer and the absence of inflammatory cells (Figure 3.6 A).  In teeth with deep 

caries, features of pulpal inflammation were visible such as inflammatory cell 

infiltrate and disruption of the odontoblast layer (Figure 3.6 F).  

Immunofluorescence reveals the expression of PGP9.5 (green fluorescence) 

and MRGX1 (red fluorescence) in healthy (Figure 3.6 B and C) and inflamed 

teeth (Figure 3.6 G and H) and both proteins co-localise in healthy and 

inflamed teeth (Figure 3.6 D and I respectively).  In carious teeth, the 

expression of MRGX1 was seen in the odontoblast layer but appeared 

primarily as clusters within areas of the pulp.  MRGX1 expression in carious 

teeth was also more intense in comparison to healthy teeth (Figure 3.6 H).  

MRGX1 protein expression was shown to be specific by the limited staining 

observed when the blocking peptide was applied and also in the negative 

control.  

 

  

 

 



Chapter 3: Expression and characterisation of MRGX1 and TRPA1 in an in-vitro human 

neuronal model 

111 

 

 

 

Figure 3.6 Detection of MRGX1 in inflamed and healthy teeth. 
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Figure 3.6 (continued).   

(A) In healthy teeth, the odontoblast layer appears intact.  (F) Teeth with deep caries 

show disruption of the odontoblastic layer at the site of carious lesion and 

inflammatory cell infiltrate is also visible.  Immunofluorescence reveals expression of 

PGP9.5 (green fluorescence) (B) and MRGX1 (red fluorescence) in the pulp of 

healthy teeth (C).  The expression of MRGX1 is intense in the pulp of inflamed teeth 

(H).  Both proteins, PGP9.5 and MRGX1 co-localise in both healthy (D) and inflamed 

(I) teeth.  Minimal immunostaining was observed in MRGX1 blocking peptide and 

negative control (E).  haematoxylin-eosin staining (A and F): negative control (E): 

immunofluorescence of MRGX1 (red) in healthy (C) and inflamed (H) teeth, PGP9.5 

(green) in healthy (B) and inflamed (G) teeth and DAPI counterstain of nuclei (blue).  

Scale bars: 100μm.   
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3.5.7 Treatment with LPS enhanced MRGX1 responses in PNEs 

Functional expression of MRGX1 receptors in PNEs following a 24-hour LPS 

treatment was investigated using single cell confocal Ca2+ imaging.  To 

examine the functionality of MRGX1 which depends on the protein expression 

of the receptor, PNEs were exposed to a longer incubation (24 hours) of LPS 

to ensure protein translation and functionality of the receptor.  LPS was 

selected for use in these experiments due to the fact it is more relevant to 

bacterial induced pulpal inflammation and because MRGX1 was consistently 

not amplified in NRT control reactions.  PNEs were incubated with LPS 

supplemented media 24 hours prior to confocal Ca2+ experiments.  Two 

concentrations of LPS were used 1µg and 10µg/ ml.  Using BAM (8-22) 

(100µM), we observed that Ca2+ flux in PNEs treated with 1µg/ ml LPS did not 

change when compared to untreated PNEs.  However, PNEs that were treated 

with a slighter higher concentration of LPS (10µg/ ml) showed significantly 

greater Ca2+ responses in comparison to untreated controls (Figure 3.7).  This 

result was also reflected in the percentages of cells responding to BAM (8-22) 

per field of view (Figure 3.8). 
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Figure 3.7 MRGX1 responses are enhanced following a 24-hour LPS treatment, 

in a concentration dependent manner.  

 PNEs treated with 1µg/ mL LPS for 24 hours showed no significant changes when 

stimulated with BAM (8-22) when compared to BAM (8-22) induced Ca2+ flux seen in 

untreated PNEs, while PNEs treated with 10µg/ mL LPS demonstrated a greater Ca2+ 

response following stimulation with BAM (8-22).  Results represent the maximum 

value of 16-25 cells per single field of view.  P< 0.05 as determined by one-way 

ANOVA with Bonferroni post-test to compare LPS treatments to untreated controls 

 

.   
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Figure 3.8 The percentage of PNEs responding to BAM (8-22) increases with 

LPS treatment (24-hours), in a concentration dependent manner:  

16% (4/ 25 cells) of untreated PNEs, 20% (4/ 20 cells) 1μg/ ml LPS treated PNEs and 

100% (16/ 16 cells) of PNEs treated with 10μg/ ml LPS for 24 hours responded to 

BAM (8-22).  PNE [Ca2+]i measurements that were 10% more than average peak 

value for Hanks (negative control) was considered a response. 
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3.6 Discussion  

Although the function of MRGX1 remains unknown, its restricted expression 

to human sensory nerves of the DRG; its ability to bind with high affinity to 

cleavage products of pro-enkephalin; and its reported involvement in evoking 

nociceptive sensations in humans all suggest that MRGX1 may be a novel 

target for the development of a new and improved analgesic drug.   

 

However, human specific expression makes it extremely difficult to assess the 

physiological function because lack of in vivo models.  In addition, primate 

specific genes were shown to contain the highest fraction of disease-causing 

genes (Hao, et al., 2010), which further highlights the need to understand the 

function of this novel GPCR.  Although no clear orthologs of human MRGX 

receptors were found, one receptor activated by BAM (8-22) was identified in 

mice and rats (MRGC) (Dong et al., 2001; Lembo et al., 2002).  Despite sharing 

BAM (8-22) as a common agonist, human MRGX1 and rodent MRGC display 

very different binding and pharmacological profiles.  This was made evident by 

the fact that agonists of MRGC either faintly activate or do not activate MRGX1 

at all (Lembo, et al., 2002; Solinski, et al., 2014).  Furthermore, compounds 

that were shown to antagonise BAM (8-22) induced MRGX1 activation do not 

bind to MRGC receptors (Schmidt, et al., 2009).  Therefore, given the 

differences between human and rodent MRG receptors we agree with other 

researchers in that conducting experiments with rodent MRGC will not 

accurately predict the physiological function of human MRGX1 (Chen and 

Ikeda, 2004; Burstein, et al., 2006).  With no suitable in vivo model, the bulk of 
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functional analysis regarding MRGX1 to date has been studied only after 

MRGX1 protein overexpression, which can lead to false positive results  

(Kenakin, 1997, 2006).  Herein, we used stem cells derived from ex vivo 

human dental pulp.  The neurogenic potential of such cells has been well 

established by many groups (Arthur et al., 2008; Gervois et al., 2015; Young 

et al., 2016; Clarke et al., 2017; Li et al., 2019).  The present study successfully 

enriched and differentiated hDPSCs towards PNEs, which have both 

morphological and phenotypic characteristics of human sensory nerves.   

 

Molecular Expression of MRGX1 in an in-vitro model of human sensory 

nerves 

The current study also reports the expression of both MRGX1 and TRPA1 in 

PNEs.  As the expression of TRPA1 in PNEs at both protein and gene level 

has already been documented (Clarke et al., 2017), we will mainly focus on 

the expression of orphan GPCR, MRGX1.  Immunofluorescence 

demonstrated the expression of MRGX1 at the protein level in PNEs (Figure 

3.3).  This is the first study to observe expression of MRGX1 endogenously in 

a model of human sensory nerves.  The expression of MRGX1 in PNEs, as it 

has such a restrictive expression profile further highlights that PNEs are a 

suitable model system for studying sensory function.  Surprisingly, at the gene 

level MRGX1 was lowly expressed (Table 3.2) and did not correlate with the 

protein.  Because of the late amplification of MRGX1, there were concerns that 

the primer was inefficient.  We therefore obtained an MRGX1 overexpressing 

cell line from John Hopkins University.  Both qPCR and conventional PCR 
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confirmed expression of MRGX1 at the gene level in the overexpressing cell 

line (Supplementary Figure 2 and Supplementary Figure 3, respectively) 

and qPCR also showed an average Ct value of 25 (Supplementary Figure 

2), suggesting that expression of MRGX1 in the PNEs was indeed low.  

Although gene expression is often interpreted in terms of protein expression, 

when both are measured the correlation is in fact not very strong (Szallasi, 

1998; Baldi and Long, 2001).  However, possible reasons for this uncorrelation 

could be due to the fact that the MRGX1 gene is intronless.  Although less than 

5% of human genes lack introns (Shabalina, et al., 2010), more than 90% of 

GPCRs are intronless (Gentles and Karlin, 1999).  Introns are the non-coding 

parts of the gene that reside between the exons.  Introns are removed from 

the transcript during the process of pre-mRNA splicing, which produces mature 

mRNA from exons (Wahl et al., 2009).  

 

It is generally accepted that transcription takes time and will be delayed if long 

introns are present in comparison to intronless genes, a principle termed intron 

delay (McKnight and Miller Jr., 1976; Gubb, 1986; Thummel et al., 1990; Rothe 

et al., 1992; Swinburne and Silver, 2008).  Therefore, it may be that genes 

involved in rapid biological responses, such as nociception and pain are 

intronless, as they have to be quickly and efficiently transcribed.  If this is the 

case an intronless gene will also produce its protein product more rapidly than 

a corresponding intron-containing gene (Jeffares et al., 2008).  In the context 

of the tooth, chemical, mechanical and thermal stimuli when applied to the 

dental pulp or dentine usually results in a painful sensation.  Whereas, the 
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same stimuli will evoke different types of sensation in skin or oral mucosa 

(Sessle, 1987; Nair, 1995; Hermanstyne, et al., 2008; Fried, et al., 2011; 

Chung, et al., 2013).  Therefore, it may be that in the dental pulp, the MRGX1 

gene is lowly expressed or not at all, but because it is intronless it can be 

transcribed rapidly in response to genuine threat, such as pulpal inflammation.  

In addition, it could be argued that once a GPCR protein has been synthesised, 

there is little need to communicate at the level of transcription.  The main 

function of a GPCR is to couple to its respective heterotrimeric G-protein.  

Therefore, in contrast to proteins required for on-going processes (i.e. 

structural, binding, catalytic), there would not be such a high demand for 

GPCR protein to be translated from mRNA.  This idea may be reflected by the 

fact that the GPCR gene family is evolutionally related, which is not the case 

for the latter.  Additionally, the average half-life of mammalian proteins is 48 

hours, while the degradation rate of mRNA would fall within a much tighter time 

frame of 2-7 hours (Sharova, et al., 2009; Schwanhäusser, et al., 2011).  

Studies have also shown a positive correlation between mRNA stability and 

the number of introns in humans, mice and Arabidopsis (Narsai et al., 2007; 

Wang et al., 2007; Sharova et al., 2009; Duan et al., 2013).  In humans, 

insertion of an intron into unstable cDNA constructs increased their stability 

(Zhao and Hamilton, 2007).  Interestingly, introns have been shown to increase 

gene expression (Duncker et al., 1997).  One study discovered a motif 

(TTNGATYTG), which was shown to be over-represented in introns of 

Arabidopsis (Rose, et al., 2008).  Using this motif, another study rearranged 

nucleotides in such a way that 6-11 copies of this motif were incorporated into 
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the COR15a gene of Arabidopsis, which in turn increased mRNA accumulation 

13 or 21 fold, respectively (Rose, et al., 2016).  Consistent with this, another 

study demonstrated that deletion of an intron from fish antifreeze protein 

transgene decreased mRNA expression 5-fold in comparison to control genes 

(Duncker et al., 1997).  It would be interesting to determine whether the 

addition of introns into the MRGX1 gene increases mRNA abundance.  This 

would establish whether intronless GPCR genes are expressed at lower levels.  

Another reason may include the low rate of mRNA transcription compared to 

protein translation in mammalian cells (2 mRNAs transcribed per hour on 

average versus dozens of protein translated per mRNA per hour) (Vogel and 

Marcotte, 2012).   Additionally, Solinski et al (2010) reported that MRGX1 

resists agonist promoted endocytosis, therefore the more protein expressed 

on the cell surface would limit the need for new transcription to occur.   

 

MRGX1 is functional in an in-vitro model of human sensory nerves 

With MRGX1 expressed in PNEs at the protein level, the next aim was to 

determine whether this protein was functional.  In response to MRGX1 specific 

agonist, BAM (8-22) elicited increases in [Ca2+]i in PNEs that were dose 

dependent.  This is comparable to other studies using cell lines overexpressing 

MRGX1  (Lembo, et al., 2002; Wen, et al., 2015).  However, in these studies 

increases in [Ca2+]i in response to BAM (8-22) were observed at nanomolar 

concentrations, which is considerably lower than the findings shown in Figure 

3.4.  This is most likely a result of working with overexpression systems, in that 

if a receptor is overexpressed it will take much lower concentrations in order 
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to examine its functional activity.  In the studies discussed above, the 

representative 340/ 380 trace were not shown, only the BAM (8-22) dose 

response curves.  However, (Solinski, et al., 2012) showed with single cell 

Ca2+ imaging in F11 cells, a DRG-like cell line heterologously expressing 

MRGX1 an instantaneous rise in [Ca2+]i upon application of BAM (8-22).  The 

magnitude of this increase fell immediately after peaking and continued to fall 

until basal [Ca2+]i levels were reached, which is comparable to the initial peak 

shown in Figure 3.4 B.  The second rise in [Ca2+]i shown in Figure 3.4 B was 

not observed in findings by (Solinski et al., 2012) because MRGX1 is the only 

protein overexpressed, with the PNEs other receptors and channels are 

endogenously expressed and are likely to interact or feature downstream of 

MRGX1 activation.  In contrast to the current study and (Solinski, et al., 2012), 

two independent studies reported inhibition of high voltage gated Ca2+ 

channels in cultured rodent DRG neurons expressing MRGX1 (Chen and 

Ikeda, 2004; Li, et al., 2017).  A likely explanation for the opposing effects on 

Ca2+ influx could be due to the fact that different cell types were used.  As 

MRGX1 exists as a GPCR, it may couple to different G-proteins depending on 

the cell type, which in turn will affect Ca2+ influx.  

 

TRPA1 activity can be modulated by second messenger signalling cascades 

via GPCRs (Yekkirala, 2013).  Although, TRPA1 expression and function has 

already been reported in PNEs (Clarke, et al., 2017), we wanted to observe 

this channels expression alongside MRGX1 as pre-requisite for the next 

chapter, which determines whether MRGX1 modulates TRPA1 channels.  
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Immunofluorescence and qPCR showed TRPA1 expression at protein and 

gene level, respectively.  In addition, using FLIPR TRPA1 agonist, CA evoked 

large increases in [Ca2+]i which were dose dependent.  This result is in 

agreement with (Bandell, et al., 2004; Clarke, et al., 2017).  In addition, the 

representative ratiometric trace (Figure 3.5 B) is also consistent with (Zurborg, 

et al., 2007) and (Bandell, et al., 2004) who used TRPA1 expressing CHO and 

HEK cells respectively.   

 

The lack of introns also, as mentioned earlier, made characterising MRGX1 at 

gene level challenging.  As previously discussed, intronless genes are not 

common, which is probably why such genes are difficult to characterise.  

Primers that amplify exon spanning genes are specifically designed to detect 

cDNA but not gDNA.  Whereas, genes that consist of exons only will detect 

gDNA.  Due to the late amplification in the NRT for some qPCR reactions (NGF 

and GDNF treatments), which suggests gDNA detection, the present study 

chose to observe MRGX1 at the protein level as it produced more consistent 

and reliable results and also relates more to its function than gene expression.     

    

 

MRGX1 Expression in an ex-vivo model of pulpitis 

The present study showed MRGX1 protein expression in an ex vivo model of 

human trigeminal nerves is increased as a result of caries-induced pulpal 

inflammation and that this modulation of MRGX1 was mirrored in PNEs 
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exposed to bacterial endotoxin LPS.  Pulpal inflammation induced by bacteria 

and their products often presents clinically as hypersensitivity and pain.  

Clinical studies have shown a link between pulpal invasion by Gram negative 

bacteria LPS and increased thermal sensitivity and symptoms of pain in 

individuals with pulpitis (Schein and Schilder, 1975; Hahn, et al., 1993; 

Khabbaz, et al., 2000; Jacinto, et al., 2005).  Dentinal application of LPS has 

been shown to induce pulpal inflammation in ferret canines and monkey 

molars (Warfvinge, et al., 1985; Chattipakorn, et al., 2002). The results shown 

in Figure 3.6 confirm the expression of MRGX1 within the dental pulp region 

of healthy teeth, and its co-localisation with pan-neuronal marker PGP9.5 

confines its expression to dental afferents, which was to be expected.  This 

expression was shown to be increased in carious teeth (Figure 3.6 H).  The 

increase in MRGX1 expression was apparent all over the inflamed dental pulp 

which may be a result of LPS in the carious tooth.  Indeed, Figure 3.7 clearly 

shows increased Ca2+ flux in response to BAM (8-22) in PNEs pre-incubated 

with 10µg/ ml LPS compared to untreated PNEs, suggesting a role for this 

bacterial endotoxin in modulating MRGX1 in dental afferents.  This result is 

consistent with Chao et al (2017), who also showed an increased Ca2+ 

response from another GPCR, PAR-2 after 24 hour treatment with LPS in 

endothelial cells.  In contrast, BAM (8-22) mediated Ca2+ flux in PNEs treated 

with 1µg/ ml LPS did not change, suggesting that LPS is concentration 

dependent.  The long incubation time (24 hours) of LPS suggests upregulation 

of MRGX1 protein on the PNE surface rather than sensitisation, however this 

would need to be confirmed in future studies with immunocytochemistry or 
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western blot analysis.  In line with this notion, Figure 3.8 shows that 100% of 

PNEs that were treated with 10μg/ ml LPS responded to BAM (8-22) in 

comparison to ≤ 20% of cells in untreated and 1μg/ ml LPS treated groups.  If 

sensitisation occurred, we would most likely observe the same fraction of 

PNEs responding per field of view but with a higher magnitude and it is for this 

reason, the present study opted for confocal Ca2+ imaging.  In addition, Chao 

and colleagues also demonstrated with western blot an increase in protein 

expression only after a longer incubation of LPS (20 hours) as opposed to the 

shorter incubation time of (< 12 hours).  It is important to note that BAM (8-22) 

responses were reproducible across two methods of Ca2+ imaging.   

 

In conclusion, MRGX1 was shown to be expressed and functional at the 

protein level in an in-vitro model of human sensory nerves.  In addition, we 

also showed MRGX1 to be modulated in an ex-vivo model of caries-induced 

inflammation and that LPS increased MRGX1 function in-vitro.  Thus, 

suggesting that MRGX1 following bacterial infection could contribute to 

hyperalgesia in pulpitis.     
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Chapter 4  MRGX1 and TRPA1 interactions in pain signalling pathway 

4.1 Introduction 

As described in chapter one, MRGX1 is a GPCR that is specifically expressed 

in sensory neurons.  GPCRs play crucial roles in the regulation of chronic 

inflammatory pain states and are therefore the most commonly targeted class 

of receptors by current analgesics.  GPCRs mediate their effects by binding to 

EC stimuli on the EC side of the plasma membrane and bind heterotrimeric G-

proteins on the IC side to conduct IC responses.  Heterotrimeric G-proteins 

are made up of alpha (α), beta (β) and gamma (γ) subunits.  Current 

nomenclature recognises four main subfamilies of G-protein α subunit (Gαs, 

Gαi/o, Gαq/11, and Gα12/13).  Among these Gαs, Gαi/o, and Gαq/11 are relevant to 

pain signalling (Offermanns, 2003).  Signalling through Gαs generally 

stimulates while Gαi/o inhibits generation of cAMP which is important for the 

activity of ion channels and their phosphorylation by PKA (Pan, et al., 2008). 

 

On the other hand, Gαq/11 signalling activates PLC, which catalyses the 

cleavage of PIP2 into IP3 and DAG.  IP3 in turn binds to IP3 receptors on the 

ER to release IC Ca2+
, while DAG activates PKC.  An increase in [Ca2+]i , DAG 

and PKC are all important to ion channel activity and pain signalling (Dai, et 

al., 2007) (Figure 4.1). 
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Figure 4.1 GPCRs coupled to Gαq/11 proteins activate the PLC pathway.   

The Gαq/11 pathway begins with the activation of PLC.  Stimulation of PLC results in 

the hydrolysis of PIP2, which leads to the production of DAG and IP3.  IP3 then binds 

to IP3 receptors on the ER to release Ca2+, while DAG activates PKC.  Both [Ca2+]i 

and DAG engage in diverse signalling to control many different aspects of the cells 

function. 
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A number of studies have shown activation of the Gαq/11 pathway by MRGX1 

specific agonist, BAM (8-22) in overexpressing cell lines (Lembo, et al., 2002; 

Breit, et al., 2006; Burstein, et al., 2006; Solinski, et al., 2012).  Consistent with 

this, another study reported a hypersensitivity to pain in 15 healthy individuals 

following application of BAM (8-22) (Sikand, et al., 2011).  In contrast, 

overexpression of human MRGX1 in murine DRG neurons resulted in BAM (8-

22) mediated inhibition of high voltage-gated Ca2+ channels (Chen and Ikeda, 

2004; Li, et al., 2017).  It is therefore apparent that MRGX1 has an obvious 

role in pain perception, but the underlying signaling pathways that it activates 

remain poorly understood.  

 

TRPA1 exists as a non-selective ion channel and is predominantly expressed 

in primary sensory nerves.  It is activated by a variety of noxious stimuli 

including cold temperatures, pungent natural compounds and environmental 

irritants (Story, et al., 2003; Macpherson, et al., 2007).  As well as being directly 

activated by such stimuli, heterologous expression studies have shown that 

TRPA1 function can be modulated downstream of GPCRs that activate PLC 

(Bandell et al., 2004; Bautista et al., 2006; Wang et al., 2008). TRPA1 

overexpression systems suggest TRPA1 activation by BK, one of the most 

potent allogenic mediators produced as part of the inflammatory response to 

tissue injury and inflammation in two possible ways; through PLC-mediated 

increases in [Ca2+]i or other second messengers (e.g. DAG) (Bandell et al., 

2004; Bautista et al., 2006).  PLC-mediated increases in [Ca2+]i could suggest 

that TRPA1 functions as a store-operated channel (SOCs).  SOCs were first 
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proposed by (Putney, 1986) and become activated in response to ER store 

depletion.  This depletion of Ca2+ from the ER is detected by stromal-

interacting protein-1 (STIM-1), which, when activated recruits component 

subunits such as  Orai -1 protein (Prakriya, et al., 2006; Yeromin, et al., 2006) 

as well as members of the TRP channel family, primarily the canonical 

members (TRPC)  (Ambudkar, et al., 2007; Yuan, et al., 2007) to form SOC 

channels in the plasma membrane. A similar role for TRPA1 to function as a 

SOC channel has also been suggested (Jordt et al., 2004).  However, Ca2+ 

influx through TRPV1 has also been proposed to activate TRPA1, therefore it 

may be Ca2+ itself that activates TRPA1 regardless of whether stores are 

depleted or not.  Another study also reported that activation of another Gαq/11/ 

PLC coupled receptor, PAR2 releases TRPA1 from PIP2 mediated inhibition 

(Dai, et al., 2007).   

   

DAG is known to activate PKC, which in turn phosphorylates TRP channels.  

TRPV1 sensitisation by PKC is well documented in the literature and is thought 

to mediate thermal hyperalgesia and inflammatory pain (Premkumar and 

Ahern, 2000; Mandadi, et al., 2006).  Activation of PKC was shown to enhance 

mustard oil induced pain in the spinal cord, suggesting a putative role of PKC 

in enhancing TRPA1 mediated pain (Munro et al., 1994)  Studies in TRPA1 

knockout mice have showed inhibition of BK mediated hypersensitivity 

(Bautista et al., 2006).  BK is known to sensitise TRPV1 responses via PKC 

(Chuang et al., 2001) and since TRPA1 co-localises with TRPV1 in sensory 

neurons it is likely the two channels co-operate to mediate neuronal responses 
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to BK (Bautista et al., 2006).  BK in addition to direct activation of TRPA1, also 

sensitises channel responses in neurons  (Bandell et al., 2004).  In this way, 

TRPA1 is an essential component in the transduction machinery through which 

mediators of inflammation and tissue damage depolarize sensory afferents to 

evoke inflammatory pain. 

 

As TRPA1 is a polymodal channel activated by endogenous mediators of 

inflammation and tissue damage to evoke inflammatory pain, modulation of 

this channel by MRGX1, because of its restricted expression in sensory 

afferents could open up new ways to alleviate inflammatory pain and reduce 

dose-limiting side effects associated with currently available analgesics.   

 

MRGX1 has been proposed to activate Gαq/11/PLC pathway and it is likely 

therefore, that downstream second messengers of PLC may modulate TRPA1 

activity in a model of human peripheral nerves.  In the current study, we 

observed in our Ca2+ imaging experiments outlined in chapter 3 (Figure 3.4) 

that MRGX1 agonist BAM-22 elicits an initial peak indicating Ca2+ release from 

IC stores followed by a sustained plateau, which is possibly due to an influx of 

EC Ca2+ through membrane ion channel(s).  It is possible that the initial Ca2+ 

spike is due to Ca2+ release from the ER, while the second rise in Ca2+ is 

activation and/ or sensitization of an ion channel or multiple different types of 

ion channels subsequent to the activation of MRGX1. 

We hypothesised that MRGX1 activates the Gαq/11 PLC pathway, which is 

required for activation and sensitisation of TRPA1. 
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4.2  Objectives 

1- To determine the effect of Gαq/11 inhibitor on MRGX1-induced Ca2+ 

signals in PNEs. 

2- To determine whether BAM (8-22) mediated MRGX1 activation triggers 

the opening of TRPA1 channels.  

3- To determine whether TRPA1 is sensitised by MRGX1 and investigate 

the mechanism involved.  

 

 

4.3 Materials and Methods 

4.3.1   Preparation of Pharmacological agents 

4.3.1.1 Preparation of Gq Inhibitor- YM-254890 

Gq inhibitor- YM-254890 (Focus Biomolecules) (100μg) was diluted in DMSO 

(Sigma Aldrich) to make a stock concentration of 1mM.  YM-254890 was 

further diluted in HBSS to make a working concentration of 5μM (Orth, et al., 

2005). 

 

 

4.3.1.2 Preparation of HC-033031 

HC-033031(10mg) (Tocris) was dissolved in DMSO to make a stock 

concentration of 20mM.  Stock concentrations were further dissolved in HBSS 

to give working concentrations ranging from 1 - 250μM. 
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4.3.1.3 Preparation of PKC inhibitor Go 6983 

Go 6983 (1mg) (HelloBio) was dissolved in DMSO to make a stock 

concentration of 5mM.  Stock concentrations were further diluted in HBSS to 

give working concentration of 20μM. 

 

 

4.3.1.4 Preparation of BAM (8-22) 

BAM (8-22) (1mg) (Tocris) was dissolved in HBSS to make a stock 

concentration of 500µM.  The final concentration of BAM (8-22) used in all 

experiments was 100µM.  

 

 

4.3.1.5 Preparation of CA 

CA (Sigma Aldrich) was prepared as per section 3.3.3.2 

 

Drugs that were dissolved in DMSO as concentrated stock solutions were 

diluted by at least 200-fold.  This produced a final DMSO concentration of 0.5% 

or less, a concentration that was found not to affect the results in FlexStation 

experiments.     
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4.3.2  Methods and FlexStation protocols 

4.3.2.1 Effect of YM-254890 on intracellular Ca2+ measurements 

IC Ca2+ was measured using a FlexStation-3 microplate reader (Molecular 

Devices) using the parameters described in Figure 2.5.  PNEs were grown in 

clear bottomed black 96 well plates for FlexStation experiments as described 

in section 2.4.5.1 , with a differentiation period of 7-10 days.  Media was 

removed and cells were loaded with normal fura-2AM in Hanks for 1 hour at 

37˚C.  To determine the effect of Gq inhibitor, YM-254890 on BAM (8-22) 

induced IC Ca2+ responses, wells were selected to have pre-treatment with 

5µM YM-254890 while other wells had no pre-treatment for comparison for 30 

minutes before starting the experiment.  A final concentration of BAM (8-22) 

(100µM) was dispensed 20 seconds after the start of recording using the 

FlexStation’s automatic drug delivery system and the recording continued for 

a further 580 seconds.  In all experiments, Ionomycin and Hanks were used 

as positive and negative controls respectively.  

 

 

4.3.2.2 Effect of HC-030031 on intracellular Ca2+ measurements 

The same preparations described in Section 4.3.2.1 were used with minor 

modifications, instead of pre-treating with YM-254890, cells were pre-treated 

with 50μM HC-033031. 
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4.3.2.3 Effect of Go 6983 on intracellular Ca2+ measurements 

Cells were loaded with Fura-2 AM in Hanks for 1 hour at 37˚C as described in 

Section 4.3.2.  To determine whether MRGX1 activation sensitises TRPA1 in 

a PKC-dependent manner, wells were selected to have pre-treatment with 

PKC inhibitor Go 6983 (5µM) for 30 minutes before starting the experiment.  

Approximately 20 minutes into the pre-treatment with Go 6983, 100µM BAM 

(8-22) was also added to those wells.  Other wells were also pre-treated with 

BAM (8-22) (100µM) alone as controls.  TRPA1 agonist, CA was added 20 

seconds after the start of recording.  Recording then continued for a further 

580 seconds.  Hanks and Ionomycin were used as the positive and negative 

controls respectively. 

 

 

4.3.3 Analysis 

Peak, Area under the curve (AUC) and mean measurements were obtained 

from SoftMax Pro software (Molecular Devices).  Statistical comparisons were 

performed on 340/ 380 ratios using Prism V5 (GraphPad Software, Inc).  Data 

was checked for normality with D’Agostino & Pearson’s omnibus normality test 

and analysed using student’s t-test or 1- way ANOVA.  In all experiments, P < 

0.05 was considered statistically significant. 

 

 



Chapter 4: MRGX1 and TRPA1 interactions in pain signalling pathway 

135 

 

4.4 Results 

4.4.1 MRGX1 in PNEs operates via Gq/ 11 signalling 

As MRGX1 receptors were shown to be functional in the PNE model 

(discussed in chapter 3), the present study aimed to determine whether 

MRGX1 couples to the Gαq/11 pathway.  The AUC data shown in Figure 4.2 C 

demonstrates that pre-treatment with Gαq/11 inhibitor, YM-254890 significantly 

decreased BAM (8-22) induced increases in [Ca2+]i in comparison to untreated 

cells, suggesting that BAM (8-22)/ MRGX1 trigger increases in [Ca2+]i via 

Gαq/11 signalling.  Consistent with this, the loss of the initial peak in YM-254890 

treated cells shown in Figure 4.2 A and B indicates that MRGX1 activation of 

the Gαq/11/ PLC/ IP3 pathway mainly triggers Ca2+ release from the ER.  

However, Figure 4.2 D shows that the Gαq/11 pathway contributes to some of 

the sustained increase in [Ca2+]i but not all of the response.  Therefore, other 

IC signalling pathways may also be involved in the Ca2+ entry phase of the 

response. 

 

 

4.4.2 MRGX1 signalling activates TRPA1 

TRPA1 activation via Gαq/11 coupled receptor B2R and has already been 

documented (Bandell et al., 2004).  However, to our knowledge no study has 

reported whether TRPA1 can be activated downstream of MRGX1 signalling.  

Chapter 3 has already shown that TRPA1 is both present and functional in the 

PNE model and in this chapter, we next set out, to determine whether TRPA1 
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is activated following downstream MRGX1/ Gαq/11 pathway.  To do this, we first 

evaluated the optimal concentration for inhibition of TRPA1 activation by the 

TRPA1 specific antagonist HC-030031.  Cells were pre-treated with increasing 

concentrations of TRPA1 antagonist, HC-030031 for 30 minutes, prior to 

stimulation with 100µM CA.  50µM HC-030031 was found to be the optimum 

concentration for blocking CA induced TRPA1 activation, as higher 

concentrations of HC-030031 stimulated rather than blocked CA mediate Ca2+ 

responses (Figure 4.3). 

 

Cells were pre-treated with HC-030031 (50µM) to determine whether the 

sustained rise in [Ca2+]i following BAM (8-22) application was due to activation 

of TRPA1.  The AUC and mean of the last 100 seconds (Figure 4.4 C and D) 

shows that the sustained rise in [Ca2+]i following BAM (8-22) stimulation was 

significantly reduced in cells pre-treated with HC-030031, suggesting that 

TRPA1 is involved in this part of the trace.  In addition, Figure 4.4 A shows 

that TRPA1 does not contribute to the initial Ca2+ transient.  This suggests that 

the initial Ca2+ transient is due to the release of ER Ca2+ and the sustained rise 

is due to the influx of EC Ca2+ through membrane ion channels, one of which 

is TRPA1. 
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Figure 4.2 MRGX1 is coupled to Gq signalling in a human model of sensory 

nerves. 

MRGX1 couples to Gαq/11 proteins in a human model of sensory nerves.  (A) 

Representative 340/ 380 ratio in PNEs stimulated with BAM (8-22) in the presence 

(green) and absence (blue) of Gαq/11 inhibitor, YM-254890.  (B) The initial Ca2+ 

transient that occurs within 100 seconds of recording in cells stimulated with BAM (8-

22) is significantly reduced in cells pre-treated with YM-254890.  (C) AUC of BAM (8-

22) induced Ca2+ signals over entire recording time (600 seconds) and (D) mean of 

last 100 seconds are also signifcantly reduced in PNEs pre-treated with YM-254890.   

Data represents 3 independent experiments, with 2-4 replicate wells per experiment.  

Asterisks represent significant differences (P < 0.05) between cells pre-treated with 

and without YM-254890 when challenged with BAM (8-22). 
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Figure 4.3 Inhibition of CA induced TRPA1 activation with increasing 

concentrations of the specific TRPA1 antagonist- HC-030031.   

The optimum concentration for blocking CA mediated TRPA1 activation was shown 

to be 50μM.  Data represented as 2 independent experiments, with 4-5 replicates.  

Asterisks indicate a significant difference (***, p < 0.0001) between cells pre-treated 

with and without HC-030031 and challenged with CA. 
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Figure 4.4 TRPA1 is activated downstream of MRGX1 signalling. 

(A)  Representative 340/ 380 ratio in PNEs stimulated with BAM (8-22) in the presence 

(red) and absence (blue) of HC-030031 (50µM).  (B) Pre-treatment with HC-030031 

did not alter the initial Ca2+ transient that occurs within the first 100 seconds of 

recording following application of BAM (8-22).  (C) AUC of BAM (8-22) mediated Ca2+ 

signals over 600 seconds of recording and (D) mean of the last 100 seconds are also 

significantly reduced in PNEs pre-treated with HC-030031.  Data represents 3 

independent experiments, with 2-3 replicate wells per experiment.  Asterisks 

represent significant differences (P < 0.05) between cells pre-treated with and without 

HC-030031 when stimulated with BAM (8-22).   
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4.4.3 MRGX1 promoted TRPA1 sensitisation 

To determine whether MRGX1 sensitises TRPA1, PNEs were pre-treated with 

BAM (8-22) for 10 minutes before recording the experiment.  AUC and mean 

measurements show that PNEs pre-treated with BAM (8-22) had significantly 

enhanced CA-induced Ca2+ responses when compared to untreated controls, 

suggesting TRPA1 sensitisation by MRGX1 (Figure 4.5).  This response was 

significantly reduced in the presence of TRPA1 antagonist HC-030031 (Figure 

4.6).  To determine the mechanism responsible for TRPA1 sensitisation, PNEs 

were pre-treated with a PKC inhibitor, Go 6983.  AUC and mean 

measurements reduced CA evoked [Ca2+]i in PNEs treated with BAM (8-22), 

suggesting that BAM (8-22) induced TRPA1 sensitisation was PKC dependent 

(Figure 4.7 B and C, respectively). 
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Figure 4.5 Changes in intracellular calcium in PNEs stimulated with TRPA1 

agonist CA in the presence (blue) and absence (purple) of BAM (8-22). 

(A) Representative 340/ 380 ratio in PNEs stimulated with CA in the presence (blue) 

and absence (purple) of BAM (8-22).  (B)  AUC of entire recording time (600 seconds) 

and (C) mean of the last 100 seconds demonstrates that pre-treatment with BAM (8-

22) significantly increases and prolongs CA induced Ca2+ responses.   
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Figure 4.6 Inhibition of TRPA1 in PNEs pre-treated with BAM (8-22) and 

stimulated with CA.   

Application of TRPA1 antagonist, HC-030031 significantly reduces BAM (8-22) + CA 

mediated increases in IC calcium.  Data represents 3 independent experiments for 

CA + BAM (8-22) responses, with 2-9 replicates per experiment and 1 independent 

experiment for CA + BAM (8-22) + HC-30031 responses with 8 replicates.  (***, p 

<0.05). 
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Figure 4.7 Changes in intracellular calcium in PNEs stimulated with TRPA1 

agonist CA in the presence of BAM (8-22) (blue) and BAM (8-22) + PKC inhibitor 

Go 6983 (black).  

(A) Representative 340/ 380 ratio in PNEs stimulated with CA in the presence of 

extracellular buffer, hanks (purple), BAM (8-22) (blue) and BAM (8-22) + PKC inhibitor 

Go 6983 (black).  (B) AUC of CA induced Ca2+ responses over 600 seconds and (C) 

mean of last 100 seconds are significantly increased in the presence of BAM (8-22), 

however this increased response is diminished in the presence of Go 6983.  Data 

represents 3 independent experiments, with 2-9 replicate wells per experiment.  

Asterisks represent significant differences (P < 0.05). 
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4.5 Discussion 

The findings presented in this chapter confirmed the hypothesis that human 

sensory neuron specific receptor MRGX1 activates and sensitises TRPA1.  

 

4.5.1 MRGX1 is coupled to the Gαq/11 pathway 

The present study is the first to investigate the signalling pathway of MRGX1 

in an in vitro model of human sensory nerves, where all membrane channels 

and receptors are expressed endogenously.  Most previous studies have 

looked at MRGX1 signalling in cell lines or cultured murine DRG 

overexpressing MRGX1 (Lembo, et al., 2002; Chen and Ikeda, 2004; Burstein, 

et al., 2006; Solinski, et al., 2012; Li, et al., 2017).  This study shows that BAM 

(8-22) induced Ca2+ responses were significantly reduced in the presence of 

Gαq/11 inhibitor, YM-254890, suggesting that MRGX1 couples to Gαq/11 

proteins.  Lembo et al., 2002 and Solinski et al., 2012 also reported this finding 

in cell lines heterologously expressing MRGX1.  Other groups also agree that 

Gαq/11 proteins are involved in MRGX1 signalling, but they reported additional 

coupling to Gαi/o, as demonstrated through partial inhibition by pertussis toxin 

(PTX) (Chen and Ikeda, 2004; Burstein et al., 2006).  In contrast, 

overexpression of MRGX1 in mice resulted in BAM (8-22) induced inhibition of 

high voltage gated Ca2+ channels, suggesting involvement of Gαi/o proteins 

only.  G-protein coupling of a particular GPCR can vary in different cells types 

(Hermans, 2003; Kukkonen, 2004).  As Gαq/11 and Gαi/o apparently stimulate 

and inhibit neuronal activity respectively, this may be the most reasonable 

explanation for the opposing effects seen in MRGX1 signalling studies.  In 
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addition, overexpression of GPCRs in cell lines can affect G-protein coupling 

(Kenakin, 1997, 2006).  In summary, although pre-treatment with YM-254890 

did not completely abolish BAM (8-22) induced Ca2+ responses, the present 

study shows that MRGX1 is coupled to the Gαq/11 pathway.  This result 

corresponds well with a human study, where BAM (8-22) applied to the skin 

resulted in an increased sensitivity to pain.  The activation of other signalling 

pathways may explain the residual [Ca2+]i. response.  As suggested for 

MRGX1, GPCRs have the ability to couple to more than one heterotrimeric G 

protein, a known example of this is B2R which couples to both Gαq/11 and Gαs 

proteins (Liebmann and Bohmer, 2000).  As there are still so many unknowns 

regarding MRGX1 as a GPCR and because the Gαq/11 inhibitor was not fully 

effective at blocking the response, it does not seem unreasonable to suggest 

that MRGX1 could activate another signalling pathway.  However, the Gαq/11 

signalling may not have been fully blocked at the concentration of YM-254890 

used (5µM).  The IC50 of YM-254890 was reported to be 0.1-0.2µM (Takasaki, 

et al., 2004).  In addition, Orth et al., (2005) reported a slightly higher 

concentration of 1µM to be the optimum concentration for blocking PLC 

activation.  However, both these studies used cell lines that overexpressed 

Gαq/11 coupled receptors.  The present study opted for a higher concentration 

again of YM-254890 as the PNE model used expresses MRGX1 

endogenously, which we thought would be necessary in order to attain similar 

results.  Two concentrations of YM-254890 were used 5µM (shown in Figure 

4.2) and 10µM (shown in Supplementary Figure 4), and of the two 

concentrations, 5µM YM-254890 reduced BAM (8-22) induced Ca2+ flux when 

compared to the control, while 10µM had no effect.  It may be that if a range 
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of concentrations were used, a full block of Gαq/11 signalling could have been 

observed.  Nonetheless, 5µM YM-254890 did significantly block BAM (8-22) 

mediated Ca2+ flux, suggesting that the Gαq/11 pathway is involved in MRGX1 

activation.   

  

 

4.5.2 MRGX1 signalling activates TRPA1 

The activation of several TRP channels has been linked to the Gαq/11 signalling 

pathway (Montell, et al., 2002; Clapham, 2003).  The present study 

demonstrates TRPA1 activation as a consequence of BAM (8-22) induced 

MRGX1 activation.  Although, the G-protein signalling pathway that BAM (8-

22) activates remains controversial, it has been shown in this human model of 

sensory nerves that BAM (8-22), a potent activator of MRGX1 activates the 

Gαq/11 pathway.   

 

This pathway begins with the activation of PLC, which hydrolyses PIP2 into IP3 

and DAG.  IP3 then binds to IP3 receptors (IP3R) to release Ca2+ from the ER, 

the main storehouse for Ca2+.  [Ca2+]i has been shown to be key modulator of 

TRPA1.  Jordt et al., 2004 reported that treatment of cultured rat sensory 

nerves recombinantly expressing human TRPA1 with thapsigargin, which 

increases [Ca2+]i by preventing store refilling, induced a further rise in [Ca2+]i.  

This rise in [Ca2+]i was significantly blocked by with the addition of ruthenium 

red, a blocker of TRP channels, suggesting that TRPA1 may function as a 
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SOC.  However, ruthenium red is highly non-selective, therefore it is possible 

that other TRP channels, which are well established as SOCs could have been 

involved in this mechanism.  However, the idea that Ca2+ release from the ER 

can gate TRPA1 remains controversial as another study failed to reproduce 

this (Bandell et al., 2004).  Nonetheless, TRPA1 is believed to possess a Ca2+ 

binding EF-1 like domain in its N-terminus (Zurborg et al., 2007).  The ankyrin 

repeat within the N-terminus of TRPA1 provides a level of flexibility which 

allows it to extent over a large distance, while still maintaining channel 

structure (Zayats, et al., 2013).  Consistent with this notion, removal of this 

domain significantly reduced thapsigargin evoked activation of TRPA1 

(Zurborg, et al., 2007), suggesting that this domain is necessary for Ca2+ 

mediated activation.  In disagreement with the idea that TRPA1 functions as a 

SOC is Albarrán et al. (2013), who reported that treatment with HC-030031 

significantly enhanced thapsigargin evoked Ca2+ responses via an enhanced 

interaction with STIM1 and orai1 proteins in MEG01 cells, suggesting that 

TRPA1 inhibition promotes SOCE.  Other studies have reported that Ca2+ 

entry through membrane channels activates TRPA1 (Jordt, et al., 2004; 

Nagata, et al., 2005; Bautista, et al., 2006; Zurborg, et al., 2007).  This would 

suggest that TRPA1 is activated by [Ca2+]i itself, regardless of whether stores 

are depleted or not.  In agreement with this, Doerner et al. (2007), reported 

TRPA1 activation by Ca2+ in TRPA1 expressing HEK293 cells pre-treated with 

PLC inhibitor.  As inhibition of PLC/ IP3 mediated store release still caused 

activation of TRPA1 in the presence of Ca2+, it further suggests that Ca2+ itself 

is sufficient for TRPA1 gating.  Another member of the TRP channel family, 

TRPV1 has been shown to be activated by membrane receptors that activate 
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PLC (Chuang, et al., 2001).  Recently, MRGX1 was shown to activate TRPV1 

in a DRG-like cell line (Solinski et al., 2012).  Bautista and colleagues 

suggested that Ca2+ influx through TRPV1 would be sufficient for TRPA1 

activation.  TRPV1 protein expression was observed using 

immunocytochemistry in PNEs, and this protein was also shown to be co-

localised with MRGX1 (Supplementary Figure 5).  Therefore, it is possible 

that MRGX1 triggered Ca2+ influx through TRPV1, which could then lead to 

TRPA1 activation. 

 

Bandell and co-workers failed to report TRPA1 activation via store release, 

however they did show that another product of PLC activation, DAG activated 

TRPA1 in CHO cells overexpressing human TRPA1.  In addition, DAG can 

also be converted into poly-unsaturated fatty acids (PUFAs) such as AA by 

DAG lipase, which they also showed to activate TRPA1 in the same cells.   

 

DAG can also activated PKC, which is known to directly modulate a number 

of thermo-sensitive TRPs (Montell et al., 2002).  An early study did 

demonstrate clear PKC activation in spinal cord dorsal horn and enhanced 

TRPA1 agonist induced pain (Munro et al., 1994).   Studies with TRPA1 

knockout mice reported inhibition of BK-induced hypersensitivity (Bautista et 

al., 2006).  Both studies suggest a role for PKC in enhancing TRPA1 evoked 

pain.  These studies suggests TRPA1 sensitisation via PKC phosphorylation 

rather than bona fide activation by PKC (Chuang et al., 2001; Bhave et al., 

2003), which would amplify agonist-induced responses.  In conclusion, the 
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present study reports TRPA1 activation by BAM (8-22) mediated MRGX1 

signalling.  This activation could be due to PLC-mediated increases in IC Ca2+ 

or by downstream second messengers (DAG) or via Ca2+ influx through other 

membrane ion channels.  Further experiments will confirm the exact 

mechanism(s) responsible for TRPA1 activation.   

  

 

4.5.3 TRPA1 sensitisation by MRGX1 

Inflammatory pain invokes increased sensitivity due to the inflammatory 

response associated with tissue injury/ inflammation.  Under these sensitised 

conditions, previously innocuous stimuli will be perceived as painful (allodynia) 

and noxious stimuli will evoke an even greater pain response (hyperalgesia).  

These phenomena result in part from the sensitisation of ion channels, such 

as the TRP family that are responsible for detecting noxious stimuli.  BAM (8-

22) was shown to sensitise TRPV1 through MRGX1 signalling (Solinski et al., 

2012).  The present study asked whether MRGX1 signalling could sensitise 

another TRP family member, TRPA1. Figure 4.5 showed that CA produced a 

greater Ca2+ response in PNEs pre-treated with BAM (8-22) in comparison to 

untreated PNEs.  This greater response was also significantly reduced by HC-

030031 indicating TRPA1 sensitisation by MRGX1 (Figure 4.6).  An 

established PKC inhibitor, Go 6983 significantly reduced CA-mediated Ca2+ 

responses in BAM (8-22) treated PNEs, suggesting that PKC is involved in 

MRGX1-induced TRPA1 sensitisation.  Under control conditions, due to the 

initial transient (Figure 4.7 A), it appears that CA is activating Ca2+ induced 
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Ca2+ release (CICR), which is a biological process whereby Ca2+ is able to 

activate Ca2+ release from IC stores.  CA is most likely doing the same in PNEs 

pre-treated with BAM (8-22), but because more TRPA1 channels are being 

activated (because they are sensitised through MRGX1 signalling), the Ca2+ 

level remains persistently high.  However, because the Ca2+ level no longer 

remains elevated upon application of Go 6983, it suggests that PKC was 

responsible for TRPA1 sensitisation following the initial store release.  This 

finding does not agree with Wang et al., 2008 who demonstrated that TRPA1 

sensitisation by another Gαq/11 coupled receptor B2R was independent of 

PKC.  Wang and colleagues used a highly specific PKC inhibitor, GF109203X 

(GF) to demonstrate this.  GF did notably decrease BK-mediated TRPA1 

sensitisation, but the decrease was not significant.  However, the result was 

supported by the lack of response by PMA, a PKC activator.  The GPCR used 

in that study, B2R can activate the PLC pathway or the AC/ cAMP pathway, 

which leads to activation of PKC and PKA, respectively  (Liebmann and 

Bohmer, 2000).  Because of the dual activity associated with B2K, it may be 

difficult to interpret whether TRPA1 sensitisation is PKC independent as one 

of the signalling pathways may have dominated over the other in that cell type.  

Another study showed that BK caused rapid activation of Gαq/11 mediated 

activation of PLC, which in turn resulted in PKC activation and translocation in 

A431 cells, however this was followed by a slow activation of the AC/ cAMP/ 

PKA pathway which was shown to inhibit PKC translocation (Liebmann, et al., 

1996).  As PKC translocation is inhibited by BK-mediated activation of the AC/ 

cAMP/ PKA pathway it may explains the findings reported by Wang and co-

workers.  In contrast to Wang et al.  (2008), the present study showed 
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significant inhibition of MRGX1 mediated sensitisation in the presence of a 

PKC inhibitor.  In addition, to date there have been no reports that link 

activation of the AC/ cAMP/ PKA pathway with MRGX1 signalling.  However, 

Dai et al. (2007) reported that PAR2 (another Gαq/11 coupled receptor) 

mediated TRPA1 sensitisation was PKC independent and concluded that PIP2 

was responsible as IC injection of PIP2 completely abolished AITC-evoked 

currents by PAR2 activation.  A more recent study, however, demonstrated 

TRPA1 phosphorylation by PKC and PKA in an A-kinase anchoring protein 

(AKAP) -dependent manner in cultured rat trigeminal ganglion cells (Brackley, 

et al., 2017).  AKAP is essentially a substrate for enzymes involved in cell 

signalling e.g. PKA and PKC dependent phosphorylation (Chen, et al., 2005).  

This is the first study to report TRPA1 sensitisation by PKC.  Most studies have 

failed to show this, which may question the specificity of this inhibitor.  siRNA 

knockdown of PKC could address this in the future.   
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Figure 4.8  Proposed mechanism whereby MRGX1 modulates TRPA1 activation.  

BAM (8-22) induced activation of MRGX1 results in the activation of PLC, which 

hydrolyses PIP2 into IP3 and DAG.  IP3 can then bind to IP3 receptors on the ER 

membrane to release Ca2+.  This Ca2+ can then activate TRPA1 channels on the PM.  

Another cleavage product of PIP2 is DAG which activates PKC.  PKC then sensitises 

TRPA1 to agonist stimulation, in this case CA.   



Chapter 5: Isolation and differentiation of neuronal progenitors from hDPCs 

153 

 

 

Chapter 5 

 

Isolation and 

differentiation of 

neuronal progenitors 

from hDPCs 

 

 

 



Chapter 5: Isolation and differentiation of neuronal progenitors from hDPCs 

154 

 

Chapter 5  Isolation and differentiation of neuronal progenitors from 

hDPCs 

5.1 Introduction 

In Chapter 3, the generation of PNEs from hDPSCs was described using a 

fibronectin differential adhesion-based method established by Clarke et al., 

(2017).  As evidenced by their expression of mature neuronal markers and 

responsiveness to neuronal agonists, PNEs possess characteristics of 

sensory neurons.  However, hDPSCs represent a heterogeneous population 

of cells, with a range of differentiation potentials and proliferation abilities.  

Thus, the neuronal cultures derived from hDPSCs may contain other cell 

types, in addition to neuronal-like cells (Király et al., 2009; Aanismaa et al., 

2012; Gervois et al., 2015; Young et al., 2016).  Attempts at optimising 

neuronal differentiation has employed selective sorting of neural stem cells to 

produce a more homogenous population of neurons from embryonic stem 

cells.  Both flow cytometer and magnetic bead based protocols have been 

applied to enrich embryonic stem cell derived neural precursors (Pruszak, et 

al., 2007; Chung, et al., 2011; Yuan, et al., 2011).   

 

However, in comparison to flow cytometry, magnetic sorting  has been 

reported to allow faster separation and gentler handling of cells, and can be 

used under sterile conditions (Pruszak, et al., 2007; Bosio, et al., 2009).  

Specific cell surface markers and their respective antibodies have also been 

used to sort undifferentiated pluripotent cells and to isolate differentiated cells 

(Pruszak, et al., 2007). 
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An example of such specific cell markers is NCAM.  NCAM is one of the major 

adhesion molecules in the nervous system where it establishes cell–cell 

adhesion through homophilic interactions of its EC domains.  The functional 

properties of NCAM are strongly influenced by polysialylation.  The polysialylic 

acid (PSA), which is a polymer of derivatives of neuraminic acids, 

polysialylates NCAM to produce the polysialylated form (PSA-NCAM).  

Polysialylation of NCAM plays an important role in neurogenesis, neuronal cell 

migration and neural plasticity (Rousselot et al., 1995; Muller et al., 1996; Kiss 

and Rougon, 1997; Cremer et al., 1998; Cremer and Durbec, 2001; El Maarouf 

and Rutishauser, 2003). PSA-NCAM is therefore considered a marker for 

immature neural precursors (Nguyen et al., 2003) and has been shown to 

successfully isolate such cells that could be differentiated into functional 

neurons (Barral et al., 2013; Guo et al., 2013; Welzel et al.2015).  In the adult 

brain, NCAM polysialylation remains low, with the exception of the 

subventricular zone and the subgranular zone of the dentate gyrus, areas of 

which neurogenesis is confined to (Rousselot et al., 1995; Cremer and Durbec, 

2001).  Interestingly, PSA-NCAM has also been shown to be expressed in 

adult TG primary sensory neurons (Quartu, et al., 2008).  In chapter 3 it was 

noted that the expression of the receptor of interest in this project, MRGX1, a 

sensory neuron specific marker, was expressed low at the gene level in PNEs, 

suggesting the need for further work to optimise neuronal differentiation from 

hDPSCs.   
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hDPSCs possess many of the features of neural stem cells, but it is not known 

whether this is related to the presence of a specific set of neural stem cells.  

Previous studies showed evidence of PSA-NCAM in DPSCs (Arthur, et al., 

2008; Nourbakhsh, et al., 2011) indicating the existence of neuronal 

progenitors as a subpopulation within DPSCs.  To date, immunomagnetic 

sorting with PSA-NCAM has not been used to isolate neuronal progenitors 

from hDPCs.  The present study hypothesises that dental pulp cells contain a 

subset of neuronal progenitors that can be isolated using PSA-NCAM 

magnetic sorting methodology.  If successfully isolated such progenitors will 

expedite the differentiation protocol and will increase the likelihood of 

generating a more homogenous population of neurons.   

 

Similar to the fibronectin differential-adhesion method, magnetically isolated 

PSA-NCAM+ cells will be characterised based on their functional expression 

of specific neuronal receptors.  P2X3 receptors are localised on a subset of 

nociceptors (Chen, et al., 1995; Lewis, et al., 1995) and are permeable to 

calcium, sodium and potassium ions.  When activated by specific agonist ATP, 

P2X3 channels open causing cell depolarisation and an increase in [Ca2+]i.  

Functional expression of P2X3 receptors in PSA-NCAM+ cells could therefore 

be used as a valid marker in characterising functional nociceptors.     

   

The aim of this chapter therefore is to investigate for the first time the utility of 

the PSA-NCAM sorting method for isolation, characterisation and neuronal 

differentiation of neural progenitors from dental pulp cells.   
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5.2 Aims 

1) Isolation of neuronal progenitors from the DPSCs using magnetic 

sorting with PSA-NCAM antibody and their differentiation into neurons 

using various neuronal induction protocols. 

2) Characterisation of neuronal progenitors and differentiated neurons by 

expression of neuronal markers using qPCR, ICC and Ca2+ imaging. 

 

 

5.3  Methods 

5.3.1 Magnetic isolation of PSA-NCAM positive neural progenitors from 

hDPC 

PSA-NCAM positive neural progenitors were isolated from heterogeneous 

hDPC population using an immunomagnetic sorting based protocol, prior to 

subsequent neuronal differentiation. 

 

 

5.3.1.1 Magnetic labelling of hDPCs with anti PSA-NCAM 

Microbead 

Undifferentiated dental pulp cells (P2-5) were broken out as per section 2.1.4 

and grown to confluency in T75 flasks.  Cells were then split into T175 flasks 

as described in section 2.1.4 and were used for magnetic sorting once grown 

to 70% confluency. 
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To isolate neural progenitors from hDPCs, approximately 106 cells were 

passed through a sterile filter and resuspended in 60µL selection buffer (PBS, 

pH 7.2, 0.5% BSA & 2mM EDTA).  The cells were then washed with 2mL of 

selection buffer and mixed by gentle pipetting.  The suspension was then 

centrifuged at 300xg for 10 minutes.  Next, the supernatant was removed, and 

cells were resuspended in 500μl selection buffer.   

 

 

5.3.1.2 Magnetic separation 

LS columns (Miltenyi Biotec) were placed in the magnetic field of the 

QuadroMACs separator (Miltenyi Biotec).  First, 3mL selection buffer was 

passed through the column to rinse it.  The cell suspension collected at the 

end of section 5.3.1.1 was then loaded onto the LS column.  The effluent that 

passed through the column was collected as the negative fraction.  The column 

was then washed three times with 3mL selection buffer.  Magnetically isolated 

PSA-NCAM positive cells were retained in the column and eluted as the 

positively selected cell fraction after removing the column from the magnet 

(Figure 5.1).  The positive fraction was centrifuged at 300xg for 10 minutes.  

The supernatant was removed, and cells were re-suspended in neural 

induction media.  The cell suspension was seeded onto substrate coverslips, 

confocal dishes and flasks for subsequent neuronal differentiation or used for 

flow cytometry.   
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Figure 5.1 Schematic diagram of magnetic-activated cells sorting (MACS) via 

magnetic anti-PSA-NCAM microbeads. 

 A single cell suspension of dissociated hDPCs was incubated with anti-PSA-NCAM 

microbeads and loaded onto a MACS Column.  The magnetically labelled cells were 

retained in the magnetic field of a MACS Separator, whereas the unlabelled cells 

flowed through the column (negative fraction).  The labelled PSA-NCAM positive cells 

were then flushed out and collected (positive fraction). 
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5.3.2 Neuronal Differentiation based on protocol by Gervois et al (2015) 

5.3.2.1 Preparation of neural expansion media 

DMEM/ 12 (Gibco, Life Technologies) was supplemented with 100U/ml 

penicillin, 100μg/ml streptomycin, 2% B27 supplement, 20ng/ml EGF and 

20ng/ml bFGF. 

 

 

5.3.2.2 Preparation of small molecules for neural maturation 

medium 

Neurotrophin-3 (NT-3) (STEMCELL Technologies) (10μg) was reconstituted in 

100μl sterile water to make a stock concentration of 0.1mg/ml. Stock 

concentrations were aliquoted into small Eppendorf tubes and kept at -20°C 

until needed.  Stock concentrations were further diluted in medium to give a 

working concentration of 30ng/ml. 

 

cAMP (STEMCELL Technologies) (10mg) was reconstituted in 4.07mL PBS 

to make a stock concentration of 5mM.  Stock concentrations were further 

diluted in media to give a working concentration of 1mM.  
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5.3.2.3 Preparation of neural maturation medium 

Neurobasal A medium was supplemented with 100U/mL penicillin, 100μg/mL 

streptomycin, 2mM L-glutamine, 2% B27 supplement, 1% N2 supplement, 

1mM cAMP and 30ng/mL NT-3. 

 

 

5.3.2.4 Substrate coating of culture vessels 

Prior to seeding PSA-NCAM positive neural progenitors, cultivated described 

in section 5.3.1, all plastic and glassware intended for neural maturation was 

previously coated in poly-L-ornithine and laminin as described in section 

2.1.7.3.4.  Culture vessels were first coated with 0.1mg/ml poly-l-ornithine and 

left overnight at 37°C, 5% CO2.  Poly-L-Ornithine was then removed from 

culture vessels and rinsed three times with sterile water.  Laminin (0.5μg/ cm2) 

was then added to culture vessels and incubated at 37°C, 5% CO2 for at least 

3 hours to overnight.  Laminin was removed and cells were seeded at a cell 

density of 7.5 x 103 per cm2. 

 

 

5.3.2.5 Neuronal differentiation of positively selected PSA-NCAM 

neural progenitors 

The neuronal differentiation protocol used for magnetically isolated PSA-

NCAM neural progenitors was based on a report by Gervois et al (2015).  PSA-

NCAM positive neural progenitors were seeded onto poly-L-ornithine/ coated 
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culture vessels, as described in section 5.3.2.4 at a cell density of 7.5 x 103 

cells/ cm2 in neural expansion medium.  Medium changed every 3-4 days.  

After 6-8 days in neural induction media, the medium was then changed to 

neural maturation as described in section 5.3.2.3.  Cells remained in this 

medium for up to 4 weeks, with medium being changed every 2-3 days. 

 

 

5.3.3 Immunocytochemistry 

Cells were prepared for immunocytochemistry as described in section 2.2.3.1  

 

 

5.3.4 Flow Cytometry 

Flow cytometry was used to determine the efficiency of magnetic cell sorting 

as described in section 5.3.1.2.  Before and after cell sorting, approximately 1 

x 106 cells were resuspended in 100μl FACs buffer (PBS containing 1% FBS 

and 0.9% sodium azide) (Invitrogen) and incubated with 10μl anti-PSA-NCAM-

APC for 10 minutes in the dark at 2-8°C.  Cell debris and dead cells identified 

by 7-Aminoactinomycin D (7-AAD) (ThermoFisher Scientific) were excluded 

from the analysis.  Data were acquired on an Attune NxT flow cytometer.  PSA-

NCAM positive cells were determined by control gating according to negative 

controls where no antibody was applied and the use of mouse IgM isotype 

control (Miltenyi Biotec). 
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5.3.5 Confocal Ca2+ imaging 

Confocal Ca2+ imaging was used to study the functionality of neuron-specific 

receptors in undifferentiated and differentiated PSA-NCAM+ cells.  Cells were 

seeded onto glass bottom dishes at cell density of 7.5 x 103 cells/ cm2 and 

incubated with 2μM flou-4 for 1 hour at 37˚C.  Dishes were mounted on to the 

stage of a Leica SP5 confocal microscope and was continuously perfused with 

normal Hanks solution at 37˚C.  Fluo-4 was excited at 488nm and fluorescence 

was emitted at 526nm.  Drugs were delivered using a valve-controlled 

perfusion system connected to a perfusion pencil. 

 

 

5.4 Results 

5.4.1 Human DPCs contain a subpopulation of PSA-NCAM+ neural 

progenitors 

A single cell suspension of hDPCs was stained with an anti-PSA-NCAM-APC 

antibody for flow cytometry analysis.  In order to identify the percentage of cells 

expressing PSA-NCAM within a population of hDPCs, a gating strategy based 

on multiple criteria was optimised.  Firstly, using an unstained control, cell 

debris was excluded by gating around hDPCs only (Figure 5.2 A).  Following 

this, single cells were selected to exclude doublets, these are cells which are 

stuck together and give rise to false positives due to increased fluorescence 

(Figure 5.2 B).  Non-viable cells were then excluded by selecting cells which 

did not retain 7-AAD, a dye which is excluded from viable cells and 
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accumulates in non-viable cells (Figure 5.2 C).  A control gate was then made 

to set a baseline for the detection of PSA-NCAM positive events (Figure 5.2 

D).  With the gating strategy optimised for detecting PSA-NCAM+ cells, a 

representative contour plot shows the percentage of PSA-NCAM expressing 

cells within hDPCs to be approximately 3.78% (Figure 5.3 A).  

Immunofluorescence also revealed that expression of PSA-NCAM was 

localised to the cell membrane of the magnetically isolated positive fraction 

(+ve frac) (Figure 5.3 B).  Due to this finding, the next aim was then to enrich 

this subpopulation of neural precursors within hDPCs and use them for 

subsequent neuronal differentiation.  Flow cytometry was also used to 

determine the efficiency of enrichment and showed that this subpopulation 

from 2-3 batches of hDPCs could be enriched by almost 60% (Figure 5.3 C).  

In addition, the average percentage of cells expressing PSA-NCAM from 2-3 

batches of hDPCs in the original fraction (ori frac) i.e. prior to sorting was 

shown to be 5%.   

 

 

 

 

 

 

 

 

 



Chapter 5: Isolation and differentiation of neuronal progenitors from hDPCs 

165 

 

 

 

Figure 5.2 Gating strategy for isolating PSA-NCAM+ cells within a 

heterogeneous population of hDPCs.   

hDPCs were gated based on FSC and SSC to exclude cell debris (A).  Doublets were 

excluded by gating for single cell events (B).  All viable cells were gated by excluding 

all 7-AAD positive events (C).  Control gating for PSA-NCAM was used to set baseline 

for the detection of PSA-NCAM positive events (D). 
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Figure 5.3 Enrichment of PSA-NCAM positive neural progenitors using 

magnetic sorting.   

Flow cytometric analysis of PSA-NCAM expression before (Ori frac; original fraction) 

and after (+ve frac; positive fraction) magnetic sorting (A).  Immunofluorescent 

staining of PSA-NCAM (red) and nuclei stained with DAPI (blue) in the +ve frac after 

sorting (B).  Summary bar graph showing percentage of PSA-NCAM+ cells across 2-

3 batches of hDPCs before and after magnetic sorting in 2-4 independent experiments 

(C).  Scale bar= 20μm.  Abbreviations; SSC, side scatter. 

SS
C
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PSA-NCAM 

Ori frac +ve frac 
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5.4.2 Optimisation of magnetically isolated neural progenitor cell 

expansion 

As flow cytometry confirmed the magnetic sorting method could efficiently 

enrich neural progenitors from the hDPC population, the next aim was to 

expand and neuronally differentiate this subpopulation.   

 

 

5.4.2.1 A range of commercially available neural mediums fail to 

expand PSA-NCAM+ cell population for subsequent neuronal 

differentiation  

Magnetically isolated PSA-NCAM positive neural progenitors were initially 

seeded onto substrate coated T25 flasks.  A range of different media 

combinations were tested in an attempt to expand the population of 

progenitors that were magnetically isolated.  The morphology of the cells 

cultured in PRIME-XV Expansion media (Irvine Scientific) with (Figure 5.4 A) 

and without (Figure 5.4 C) growth factors bFGF and EGF at day 1 was spindle-

shaped, typical of neural progenitor cells (Bibel, et al., 2004).  Although this 

media, both with and without the addition of growth factors maintained the 

population of cells, it did not expand the number of cells, both in the presence 

(Figure 5.4 B) and absence (Figure 5.4 D) of growth factors.  Because the 

PRIME-XV Expansion media failed to induce proliferation of neural progenitors 

isolated from dental pulp cells, other potential expansion medias were tested; 

including DMEM/ F12 and neurobasal medium supplemented with bFGF and 

EGF.  Culturing the magnetically isolated neural progenitors in neurobasal 
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media (Gibco) had no effect on their proliferation potential, but instead in terms 

of morphology the majority of cells appeared more neuronal (white arrows), 

with some cells having an astrocyte-like appearance (encircled).  However, 

with extended cultivation in this medium, the cells appeared unhealthy (Figure 

5.5 A+B).  Interestingly, substituting neurobasal A medium for DMEM/ F12 all 

cells appeared more neuronal and extended culture in this medium did not 

affect cell survival (Figure 5.5 C+D).  However, no increase in cell number was 

observed.   
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Figure 5.4 Magnetically isolated PSA-NCAM positive neural progenitor’s cells 

grown as an adherent monolayer in the presence and absence of growth factor 

bFGF and EGF.   

Neural progenitors derived from hDPCs cultured under proliferation conditions in 

PRIME-XV® Expansion XSFM medium with the addition of EGF and bFGF day 1 (A) 

and day 4 (B).  Cells cultured in the same medium without growth factors day 1 (C) 

and day 4 (D).  Scale bar 100μm.   

A B 

C D 
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Figure 5.5 PSA-NCAM positive neural progenitors cultured as an adherent 

monolayer in different medium combinations.   

Neural progenitors cultured in Neurobasal A medium (Gibco) supplemented with 

growth factors (bFGF and EGF) and B27 supplement change their morphology which 

appears neuronal (arrows) and astrocyte-like (encircled) (A).  Cells appear unhealthy 

with extended cultivation in this medium (B).  DMEM/ F12 medium with bFGF and 

EGF and supplements induces a homogenous neuronal population based on 

morphology (C-D).  Scale bar, 100μm. 

 

A                                    5d                         B                                 10d                          

C                                   5d                          D                                 10d                          
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5.4.3 PSA-NCAM+ cells cultured as neurospheres and non-

neurospheres 

To overcome issues with low cell numbers and lack of proliferation, four T175 

flasks of hDPCs were magnetically sorted for PSA-NCAM as opposed to one.  

The additional flasks significantly enhanced the number of neural progenitors 

isolated.  With the issue of low cell number optimised, the present study opted 

for a two-step differentiation protocol based on a publication by Gervois et al 

(2015) in order to expand the cell population (1) and then drive this cell 

population towards a neuronal fate (2).  Following sorting, the positive PSA-

NCAM+ cell fraction was either cultured as a neurosphere or an adherent 

monolayer, to determine whether one method was advantageous over the 

over. 

 

To culture PSA-NCAM+ as neurospheres, cells were seeded onto low 

attachment plates at a cell density of 7.5 x 103 cells/ cm2.  PSA-NCAM+ cells 

formed neurospheres after 24 hours in culture, shown in Figure 5.6 A.  

Neurospheres were then transferred onto substrate coated coverslips, to 

encourage neurosphere outgrowth.  (Figure 5.6 B) shows neurospheres 3 

days after being transferred onto pre-coated surface.  Neurospheres were 

intended to be cultured under neuronal maturation conditions for 4 weeks.  

With extended culture, however neurospheres failed to outgrow further and 

appeared unhealthy.  Some of the neurospheres exceeded the recommended 

250μm diameter, which affects neursophere viability.   
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For non-neurosphere cultures, PSA-NCAM+ cells were also seeded at a cell 

density of 7.5 x 103 cells/ cm2.  After 1 week in neural maturation media, cells 

began to branch and by 3 weeks there were areas, which appear more 

neuronal-like than others.  In these areas cell projections were connecting with 

the projections of other cells, which was not evident in PNEs generated from 

the fibronectin differential-adhesion method (Chapter 3).  As cells failed to 

outgrow from neurosphere cultures, the present study proceeded to grow PSA-

NCAM+ cells as adherent monolayers to study expression profile and 

functional characteristics. 
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Figure 5.6 Isolated PSA-NCAM positive neural progenitors form neurospheres 

1 day after magnetic sorting (A).  Neurospheres transferred onto pre-coated 

surface allows neurosphere cell outgrowth (B).   

Cells cultured as neurospheres in neural expansion media (A).  Cells failed to outgrow 

from neurospheres in neural maturation media (B).  Scale bar, 100μm. 

 

A 

B 
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Figure 5.7 Isolated PSA-NCAM+ cells grown as an adherent monolayer using 

two-step neuronal differentiation protocol based on (Gervois et al., 2015) 

Neural progenitors seeded onto pre-coated surfaces in neural proliferation media 2 

days after sorting (A).  Neural progenitors cultured under neural maturation conditions 

after 1 day (B).  Neural progenitors exposed to neural maturation conditions for 1 

week (C) and 3 weeks (D).  Under neural maturation conditions, neural progenitors 

begin to branch and form connections with neighbouring cells (encircled).  Scale bar: 

100μm.  
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5.4.4 PSA-NCAM + cells express neurogenic markers at the protein level 

2-3 days after magnetic sorting 

The positive PSA-NCAM fraction obtained from magnetic sorting was seeded 

onto substrate coated glass circular coverslips in neural expansion media, as 

described in section 5.3.2.5.  Cells remained in these conditions for 2-3 days 

to allow time for recovery.  Immunofluorescent staining showed that cells were 

positive for PSA-NCAM and nestin (markers of neural progenitors), and 

PGP9.5 which is a general neuronal marker as well as TRPA1.  Expression of 

MAP2 and βIII-tubulin was also visible.  Cells were negative for FSP, 

suggesting that there was no fibroblast contamination within the positive 

fraction obtained from sorting.  In addition, cells were also negative for 

peripherin (a marker of peripheral nerves) and islet1 (a marker of sensory 

nerves), which can be attributed to their incomplete neuronal differentiation.  

Cells were double stained with neuronal marker MAP2 and peripherin/ islet1.  

If cells stained positive for both peripherin and islet1 it would suggest that 

neuronal differentiation generated neural cultures that have PNS rather than 

CNS identity and were of a sensory lineage.  Differentiated PSA-NCAM+ cells 

appeared to express islet1 in comparison to undifferentiated cells, whereas no 

change in peripherin expression was detected (shown in Figure 5.9).  The 

expression of MRGX1 was observed in undifferentiated and differentiated 

PSA-NCAM+ cells.  Brightfield and immunofluorescent staining showed that 

these cells cluster together.  After 1 week in neuronal maturation conditions, 

MRGX1 expression persisted, however the morphology of cells changed 

dramatically. 
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Figure 5.8 Immunofluorescent staining of PSA-NCAM positive fraction obtained 

from magnetic sorting.   

PSA-NCAM positive cells express nestin, PGP9.5, βIII-Tubulin, PSA-NCAM, TRPA1 

and MRGX1 while peripherin, islet1 and FSP was not detected.  Scale bar:  50μm 

(peripherin and PGP9.5), 75μm (TRPA1), 100μm (nestin, islet1, MAP2, FSP and 

PSA-NCAM), and 250μm (βIII-tubulin and MRGX1). 
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Figure 5.9 Double staining with MAP2 and mature neuronal markers peripherin/ 

islet1 and single staining with MRGX1 in differentiated PSA-NCAM+ cells.  

Scale bars: 75µm, 10µm and 25µm. 
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5.5 PSA-NCAM+ cells are functional 

Confocal Ca2+ imaging was used to determine whether PSA-NCAM+ cells 

were functional.  Ca2+ flux was observed in undifferentiated and differentiated 

PSA-NCAM+.  Figure 5.10 represents a typical image of the cells after flou-4 

loading, which appear green.  Regions of interest (ROIs) (as defined by a 

coloured outline) were selected to correspond to the cells visible within a field 

of view as well as for analysis before and after drug application.  At both time 

points, cells were stimulated with 100μM ATP and a response was observed 

for the majority of cells in that field of view.  A specific P2X3 blocker, AF-353 

(10μM) was then applied to cells for 10 minutes and ATP was applied for a 

second time.  The absence of response would suggest that responses made 

by ATP were primarily a result of P2X3 activation (Figure 5.11). In addition, 

confocal Ca2+ imaging also showed that both MRGX1 and TRPA1 were 

functional in undifferentiated PSA-NCAM+ cells.  In response to 10µM BAM 

(8-22), only 3 PSA-NCAM+ cells out of 18 in a single field of view responded.  

One of these responses (cell 6) (Figure 5.12 A) was immediate as well as 

robust.  The cells were also stimulated with the ionophore, Ionomycin and all 

of the cells generated robust responses, with the exception of cell 6 which had 

responded immediately following application of 10µM BAM (8-22).  In Figure 

5.13, a video can be seen of PSA-NCAM+ cells before and after application of 

BAM (8-22).  In the video, the observation of warm colours indicates rise in 

Ca2+ upon BAM (8-22) application. 
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In differentiated PSA-NCAM+ cells, spontaneous activity was apparent, 

suggesting that these cells have maturated neuronally in comparison to their 

undifferentiated counterparts.  BAM (8-22) was also applied to differentiated 

PSA-NCAM+ cells Figure 5.12 B, however the response appeared similar to 

that of the spontaneous activation Figure 5.12 C.   PSA-NCAM+ cells also 

express functional TRPA1 channels.  Figure 5.14 A shows images of cells 

before and after addition of TRPA1 agonist, CA.  The warm colours indicate 

an increase in [Ca2+]i and at 1 second the observation of such colours is 

minimal.  This observation is also shown at 22 seconds when CA is applied, 

however 22 seconds after CA was added, an increase in warm colours is seen 

and continues to increase until 88 seconds.  Figure 5.14 B shows that CA 

induced Ca2+ flux was significantly reduced in the presence of specific TRPA1 

antagonist, HC-033031. 
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Figure 5.10 Sample image of fluo-4 loaded cells selected for analysing Ca2+ 

flux in response to drug stimulations. 
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Figure 5.11 Functional P2X3 receptors are present in undifferentiated and 

differentiated PSA-NCAM positive isolated from hDPCs. 

Representative F/ F0 plots for 4 individual cells from a single field of view in response 

to ATP in the absence and presence of P2X3 blocker, AF-353 after magnetic sorting 

(A) 1-week differentiation (C).  Summary data for confocal Ca2+ imaging experiments 

(8-9 cell responses) after magnetic sorting (B) 1-week differentiation (D).  1-way 

ANOVA with Bonferroni’s multiple comparison test *** P < 0.001. 
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Figure 5.12 Functional MRGX1 receptors are present in undifferentiated and 

differentiated PSA-NCAM+ isolated from hDPCs. 

Representative F/ F0 plots for 18 individual undifferentiated PSA-NCAM+ cells in a 

single field of view following BAM (8-22) stimulation (0-300 seconds) and ionomycin 

(900-1000 seconds) (A).  Representative F/ F0 plots for 13 individual cells 

differentiated PSA-NCAM+ cells in a single field of view following BAM (8-22) 

application (B).  Spontaneous activity in 2 out of 13 differentiated PSA-NCAM+ cells 

in a single field of view (C). 
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*Double click to open video* 

Figure 5.13  Video showing undifferentiated PSA-NCAM+ cells stimulated with 

increasing concentrations of BAM (8-22).   

At approximately 5 seconds into recording a wave of Ca2+ is seen in 2 cells in 

response to 10µM BAM (8-22).  Ca2+ flux is observed in more PSA-NCAM+ cells upon 

addition of 50µM BAM (8-22), however the magnitude of response was smaller.     
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Figure 5.14 Functional TRPA1 channels are present in PSA-NCAM+ cell 

fraction.   

Images of flou-4 loaded PSA-NCAM+ cells over 88 seconds of recording (warm 

colours indicate high [Ca2+]i, TRPA1 agonist CA was added at 22 seconds (A).  

Summary data of 11 individual cell responses from 1 field of view (B).  1-way ANOVA 

with Bonferroni’s multiple comparison test *** P < 0.001 

CA added here  

22 1  44 

seconds 

66 88 
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5.6 Discussion 

The present study reports for the first time that neural progenitors can be 

successfully isolated from human DPCs.  Differentiated progenitors were 

shown to display morphological, molecular and functional characteristics to 

that of mature sensory neurons. 

 

 

A subpopulation of neural progenitors exists within hDPCs 

The present study demonstrates that approximately 5% of the hDPC 

population express PSA-NCAM and with magnetic sorting this population can 

be enriched by nearly 60%.  When looking at the percentage of cells 

expressing PSA-NCAM within the heterogenous dental pulp population, it is 

considerably lower in comparison to a previous report by Arthur et al (2008) 

who assessed the basal expression of PSA-NCAM in both hDPSCs and 

neuronally differentiated hDPSCs.  This inconsistency could be because the 

present study used flow cytometry to assess the percentage of PSA-NCAM 

expressing cells, while Arthur and colleagues used immunofluorescence.  

Flow cytometry is a very strict standardised method compared with a non-

standardised method, such as visual observation of the amount of 

immunofluorescence per field of view, which can be subjective.  Another study 

that also used immunofluorescence reported the percentage of NCAM 

expression to be less than 2% (Gervois et al., 2015), which is less than the 

present study (Gervois et al., 2015).  In that particular study, a lower and upper 

fluorescence threshold was used, which again is a more standardised method 
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in comparison to Arthur et al (2008).  In contrast, (Nourbakhsh, et al., 2011)  

reported a slightly higher percentage of PSA-NCAM positive cells (11.6%) to 

the present study, albeit this was in stem cells derived from human deciduous 

teeth.   

 

Neural Progenitors can be magnetically isolated from hDPCs 

With a population of PSA-NCAM+ cells within hDPCs, the next aim was to 

magnetically isolate this specific subpopulation of cells and validate this 

process using flow cytometry.  The percentage of PSA-NCAM within the 

heterogeneous hDPC population discussed previously was shown to be 

approximately 5%, this may seem low, however an MSC marker, stro-1 that 

makes up less than 1% of dental pulp population (Ducret, et al., 2016), has 

been shown to be successfully isolated and expanded in culture using sorting 

methods (Miura, et al., 2003; Yang, et al., 2007).  The present study 

demonstrated that PSA-NCAM positive cells could be enriched by nearly 60%.  

Using the same methodology, a variety of percentage enrichments have been 

reported previously in different cell types ranging from 70-92% (Barral et al., 

2013; Welzel et al., 2015).  Although flow cytometry results showed that on 

average nearly 60% of cells in the positive fraction obtained via magnetic 

sorting expressed PSA-NCAM, as discussed later immunofluorescence 

showed no immunostaining for FSP, a marker of fibroblasts.  As fibroblasts are 

the predominant cell type within the dental pulp (Nanci and Ten Cate, 2012), 

the lack of FSP staining could be used as additional validation that the sorting 

method works efficiently.  
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Attempts to expand a population of neural progenitors 

A range of commercially available mediums were tested in an attempt to 

expand the positive fraction of PSA-NCAM+ cell obtained via magnetic sorting.  

In PRIME-XV expansion media, the cells appeared healthy and displayed a 

typical neural progenitor morphology (spindle-shaped), however the cells did 

not expand.  Culture media commonly used for the expansion of neural stem/ 

progenitor cells are usually based on two components, the basal media which 

contains supplements and the use of additional growth factors.  Most groups 

use DMEM, which is usually combined (1:1) with Ham’s F12.  Neurobasal A 

has also been reported as basal media (Babu, et al., 2007, 2011) and is 

commonly supplemented with B27 and N2 supplements, which contain 

nutrients such as transferrin, insulin and putrescine and more.  Although both 

supplements are used, and sometimes in combination, Babu et al., (2007) 

reported that when cultured as a monolayer neural stem/ progenitor cells 

maintained with N2 supplement developed more neurons, whereas B27 

promoted cell proliferation.   

 

Babu and colleagues successfully expanded neural precursor cells from 

mouse dentate gyrus using Neurobasal A, EGF, bFGF and B27 supplement 

(Babu, et al., 2011).  The composition of this medium is the same as that used 

for neuronal differentiation of dental pulp stem cells using the fibronectin 

differential-adhesion protocol (described in Chapter 3).  Culturing the 

magnetically isolated neural progenitors in this media had no effect on their 

proliferation potential.  The same result was also observed for neuronal 
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progenitors when cultured in DMEM/ F12 (Figure 5.5 C+ D).  The addition or 

withdrawal of growth factors EGF and bFGF has been described to initiate 

neuronal differentiation (Johe, et al., 1996), and in this case the addition of 

growth factors induced initiation.  Neurogenesis in the adult is confined to the 

subventricular zone and subgranular zone of the dentate gyrus.  Within these 

areas, levels of NCAM polysialylation are at its highest.  In addition, studies 

that have achieved expansion in the media’s tested above have been isolated 

from such regions in rodents (Babu, et al., 2007, 2011).  Therefore, it was 

optimistic to expect high cell numbers/ proliferation from neural progenitors 

derived from hDPCs.  In addition, successful neuronal cultures that have been 

derived from hDPCs typically enrich the stem cell population first.  This is the 

first study to enrich neural precursors which may reduce the time period of 

neuronal differentiation, as they are more neuronally committed than stem 

cells.  Due to the low number of PSA-NCAM +ve cells magnetically isolated 

and the lack of proliferation observed, the number of flasks was increased, 

which in turn significantly enhanced the number of neural progenitors isolated.  

 

Differentiation of magnetically isolated neural progenitors 

The present study then used a two-step differentiation protocol based on a 

publication by Gervois et al (2015).  To date, Gervois and colleagues and 

another group (Li, et al., 2019), using the same protocol have been the closest, 

in terms of generating an in vitro action potential from DPSCs.  An action 

potential is the gold standard in terms of characterising these cells as neuronal 

(Li, et al., 2019).  Both groups for the first step (neuronal expansion) of the two-
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step protocol cultured hDPSCs as neurospheres.  However, because we had 

success growing the PSA-NCAM + cell population as an adherent monolayer, 

the present study tested both culture methods to determine if one method was 

advantageous over the other.  The present study was able to culture PSA-

NCAM+ cells as neurospheres, however when transferred onto the substrate-

coated vessels they failed to outgrow.  Some of the neurospheres exceeded 

the recommended 250μm diameter, which affects neursophere viability 

(Reynolds and Weiss, 1992; Reynolds and Rietze, 2005; Xiong, et al., 2011).  

A possible reason for the failure of neurosphere outgrowth could be the poly-

l-ornithine/ laminin coating, if too low a concentration the neurospheres would 

fail to attach to the surface efficiently, hence no cell outgrowth.  

  

 

Differentiated neural progenitors have morphological, molecular and 

functional characteristics of sensory neurons 

For non-neurosphere cultures, PSA-NCAM+ cells successfully attached onto 

pre-coated surfaces.  Neuronally differentiated PSA-NCAM+ cells displayed a 

more complex morphology in comparison to differentiated hDPSC generated 

from the fibronectin differential-adhesion method.  Immunofluorescence 

revealed that when cultured in neuronal expansion media, the PSA-NCAM 

positive cells tended to cluster together, which was a trait not possessed by 

PNEs (Chapter 3).  It has been shown that close contact between neural 

progenitors is a requirement for neuronal commitment (Schlett, et al., 2000), 

suggesting their status as progenitors.  In addition, PSA-NCAM positive cells 
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obtained from sorting were negative for FSP, suggesting that a population of 

neural progenitors was selected without any fibroblast contamination.  PSA-

NCAM and nestin were also expressed, as they are markers for immature 

neuronal progenitors this was an expected result.  Surprisingly, PSA-NCAM 

cells were also positive for mature neuronal markers MAP2 and βIII-tubulin.  

However, βIII-tubulin was also present in DPCs in chapter 3 and also been 

reported in bone marrow MSCs and dermal fibroblasts (Li, et al., 2019), 

suggesting that it not a reliable marker of mature neurons.  MAP2 was positive 

in PSA-NCAM+ cells 2-3 days after sorting, suggesting the progenitors are 

more committed than expected.  Peripherin (peripheral nerve marker) and 

islet1 (sensory nerve marker) were poorly expressed in undifferentiated PSA-

NCAM+ cells.  The presence of MAP2 could suggest that progenitors are more 

committed than expected, but have not yet acquired the sensory neuronal 

phenotype, made evident by lack of expression of peripherin and islet1.  To 

determine whether differentiation of PSA-NCAM+ cells was successful, we 

focused on markers that were not already expressed prior to differentiation i.e. 

peripherin and islet1 to discriminate between PSA-NCAM positive cells after 

sorting and differentiated PSA-NCAM positive cells.  MAP2 was also double 

stained with these markers to confirm their mature neuronal phenotype.  Cells 

were stained and imaged after 1-week culture in neural maturation conditions.  

The difference in islet1 expression between undifferentiated PSA-NCAM+ 

cells and those that were differentiated was evident, mainly because islet1 

expression was not detected at all prior to differentiation.  It is hard to confirm 

on visual observation alone whether neuronal maturation increases the 

expression of peripherin, standardised quantitative methods would need to be 
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used to know for definite, however if any change is made, we suggest it would 

not be significant. 

 

It is important to note that when PSA-NCAM+ cells were exposed to neural 

maturation conditions, cell loss/ death was apparent.  This was also an issue 

reported by Li et al (2019) when differentiating nerve-like cells from hDPSCs.  

The cells appeared healthy in the neural expansion media, which is made up 

of the same components as the neuronal differentiation media used in the 

fibronectin-adherent protocol.  Consistent with this, cell death was not an issue 

for neuronal cultures obtained using the fibronectin-adherent protocol, 

suggesting it may be a component within the maturation media that is 

responsible for the cell death observed.  Components that are featured in the 

maturation but not the induction media were N2, dibutyryl-cAMP and NT-3.  As 

mentioned previously N2 contains nutrients like insulin, transferrin or 

putrescine (la Cruz and Ayuso-Sacido, 2012).  Insulin has been reported to 

cause death to human NSCs and neurons in culture at high concentrations 

(Rhee, et al., 2013).  It is possible that the concentration of insulin and other 

nutrients in the N2 supplement have altered since Gervois and colleagues 

reported their findings.  However, because the concentration of insulin in N2, 

and whether the recipe has changed in recent years is not publicly available, 

it is hard to solely link the cell death caused on insulin.  

 

As PSA-NCAM+ cells were expressing mature neuronal markers after sorting, 

the present study also wanted to determine whether they expressed functional 
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neuronal-specific receptors.  Using confocal Ca2+ imaging, the present study 

shows that both undifferentiated and differentiated PSA-NCAM+ cells obtain 

functional P2X3 receptors.  In undifferentiated PSA-NCAM+ cells, the 

response to ATP was modest in comparison to differentiated (Figure 5.11).  

Similarly, P2X3 receptor expression has also been shown in neural progenitors 

derived from human embryonic stem cells (Ulrich and Illes, 2014).  This class 

of receptor are among the first cell surface receptors expressed during 

embryonic development (Burnstock and Ulrich, 2011).  In addition, both P2X 

and P2Y receptors induce Ca2+ transients that activate transcription factors 

responsible for the progress of neuronal differentiation (Glaser et al., 2013).  

Based on these findings, the expression of functional P2X3 receptors in 

undifferentiated PSA-NCAM+ cells should be expected and highlights their 

role in developmental and neuroregenerative processes.  The greater Ca2+ 

response shown in differentiated PSA-NCAM+ cells is consistent with reports 

that P2X3 expression increases with neuronal differentiation (Glaser et al., 

2013).  For both undifferentiated and differentiated PSA-NCAM+ cells, ATP 

Ca2+ responses were inhibited by specific P2X3 blocker, AF-353.  The lack of 

response shown with AF-353 pre-incubation, suggests that Ca2+ flux in 

response to ATP was through P2X3 activation specifically.  To date there have 

been no reports on P2X3 function in neuronal cultures derived from hDPCs.  

Many neuronal differentiation protocols that have used hDPSCs take place 

over 3-4 weeks (Gervois et al., 2015; Young et al., 2016; Li et al., 2019).  

Therefore, isolating this subpopulation, drastically decreases differentiation 

time.  



Chapter 5: Isolation and differentiation of neuronal progenitors from hDPCs 

193 

 

In addition, the present study also aimed to determine whether MRGX1 and 

TRPA1 expression could be enhanced using this new method.  It was shown 

that MRGX1 and TRPA1 were expressed in undifferentiated and differentiated 

PSA-NCAM+ cells.  TRPA1 channels were shown to be expressed at the 

protein level and were also functional.  The significant inhibition of CA induced 

Ca2+ flux in the presence of TRPA1 antagonist, HC-030031 suggests Ca2+ 

responses were likely a result of TRPA1 gating.  An important note, however, 

is the drastic change in morphology of MRGX1 expressing cells between 

sorting and fibronectin differential-adhesion methods.  MRGX1 positive cells 

generated using the fibronectin differential-adhesion method displayed a 

pseudo-unipolar structure, whereas the immunomagnetic sorting method 

produced cells with multiple axons capable of interacting with cells.  With 

regards to the morphology of the differentiated PSA-NCAM+ cell expressing 

MRGX1 (Figure 5.7), this has only been observed as early as 35 days (Li, et 

al., 2019).  This again emphasises that isolation of this subpopulation greatly 

accelerates neuronal differentiation, as this morphology is apparent after only 

1-week culture in neuronal maturation media.   

 

In addition, as early as 2 days after sorting 3 out of 17 cells in a single field of 

view responded to BAM (8-22) (Figure 5.12 A), suggesting that some cells 

were more committed than others.  Interestingly, responses to BAM (8-22) in 

both undifferentiated and differentiated PSA-NCAM+ cells were 10-fold less 

than the concentration used for PNEs discussed in chapter 3.  It is important 

to note that different methods were used to measure Ca2+ flux in PNEs and 
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PSA-NCAM+ cells.  Due to the number of cells isolated from different hDPC 

subpopulations, confocal Ca2+ imaging was used to study Ca2+ flux in PSA-

NCAM+ cells, while PNE Ca2+ responses were measured using the FlexStation 

plate reader.  However, using the FlexStation, the EC50 for CA in PNEs 

(chapter 3) was 40.6μM and Clarke et al (2017) reported a similar value of 

54μM in the same cells using confocal Ca2+imaging.  In line with this notion, 

again using confocal, Zurborg et al (2007) showed a 340/ 380 representative 

trace that was almost identical to the representative trace shown in this study 

(Figure 3.5 B) in response to the same concentration of 100μM CA in a TRPA1 

overexpressing cell line.  When compared to the work presented in chapter 3, 

both these studies suggest that the concentration of drug produces the same 

Ca2+ response regardless of the method used.  In this way, selectively sorting 

for the neuronal progenitor subpopulation as opposed to the stem cell could 

have increased MRGX1 protein expression. 

 

For one of the representative cells (cell 6), this response was immediate as 

well as robust, which is what is also seen with BAM (8-22) responses in PNEs 

(shown in chapter 3).  However, with the typical PNE BAM (8-22) responses, 

the initial response appears as a transient, whereas the response of cell 6 

(shown in Figure 5.12 A) remains persistent.  It may be that plasma membrane 

channels were activated at a faster rate than those in PNEs derived from the 

fibronectin-adherent model.  This may explain why the typical BAM (8-22) 

response (initial Ca2+ transient followed by sustained rise in Ca2+) discussed 

in Chapter 3 and 4 was absent.  It could also be that the undifferentiated PSA-
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NCAM+ cells are more neuronally differentiated and may express more cell 

surface receptors/ ion channels in comparison to the PNE model.  If this is the 

case, there are many ion channels that are modulated by Gαq/11 (Montell et al., 

2002).  These cells were also stimulated with the ionophore, Ionomycin.  The 

fact that the cells responded to Ionomyocin shows that cells are still viable and 

also the difference in response when compared to BAM (8-22) strengthens the 

idea that the response of cell 6 to BAM (8-22) was genuine.  In differentiated 

PSA-NCAM+ cells, spontaneous activity was apparent, suggesting that 

differentiated PSA-NCAM+ cells are more neuronally committed in comparison 

to undifferentiated cells.  However, the same proportion of differentiated cells 

responded to BAM (8-22) and it is questionable whether these responses were 

genuine as they appear similar to the spontaneous responses seen in Figure 

5.12 C.  If they become commercially available, MRGX1 antagonists could be 

used in the future to fully determine whether these responses were a result of 

MRGX1 activation or whether they were a result of spontaneous activation.  

 

In conclusion, a bona-fide neuronal cell should display neuronal morphology, 

express neuronal specific products and exhibit electrophysiological functions, 

including an action potential (Yang, et al., 2011).  This study has shown that 

selective isolation of PSA-NCAM+ neural progenitors from a heterogenous 

population of hDPCs displayed morphological, molecular and functional 

characteristics of sensory neurons.  However, this study failed to explore 

whether these cells were capable of generating an action potential.  Although 

stem cells within the dental pulp have a neurogenic potential, their ability to 
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differentiate into functional neurons is weak.  The closest to achieving an in 

vitro action potential from hDPSC-derived neuronal cells was Gervois et al 

(2015) and Li, et al., (2019) who demonstrated a depolarisation phase which 

was followed by an incomplete repolarisation phase.  Future studies should 

observe whether isolation of this PSA-NCAM+ subpopulation produces 

neurons that display better electrophysiological properties.  The fact that 

differentiated PSA-NCAM+ cells display spontaneous activity after only 1-

week and that isolation of the same cells, characterised by positive staining 

with neural precursor marker, NG2 isolated from mouse brain can fire action 

potentials in vitro (van Praag, et al., 2002) places them in an advantageous 

position for such experiments.  The use of different small molecules to the ones 

used in this study, when added to the neuronal maturation medium seems to 

directly convert human fibroblasts into neurons (Hu, et al., 2015).  These 

molecules could also be added to neuronal maturation medium to determine 

whether such an environment increases the neuronal function of these PSA-

NCAM cells.   
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Chapter 6  General discussion 

The complexity of inflammatory pain signalling pathways is one of the major 

obstacles in developing effective analgesia.  The ‘perfect’ analgesic drug 

should effectively reduce pain while having minimal side effects.  Commonly 

used analgesics (e.g. opioids, non-steroidal anti-inflammatory drugs) often 

lead to an array of unpleasant side effects (e.g. dependence, sedation 

tolerance and toxicity) that further deteriorate the patient’s quality of life 

(Portenoy, 1996; Breivik, et al., 2006).  The main reason why these pain 

medications produce dose-limiting side effects is because their targets (e.g. 

opioid receptors, cyclooxygenase-2) are expressed both inside and outside 

the pain pathways.   

 

The need for alternative analgesics led to targeting pain-signalling molecules 

such as TRPV1 and TRPA1 as novel pain relief targets.  Indeed, blocking 

TRPV1 was shown to inhibit nociceptive pain, but by doing so the protective 

role of this response is lost.  In clinical trials, patients treated with TRPV1 

antagonists have been reported to burn themselves, as they are unable to 

differentiate between warm and noxiously hot stimuli (Kort and Kym, 2012).  In 

addition, for almost all TRPV1 antagonists clinically tested by pharmaceutical 

companies such as ABT-102 (Abbott) (Rowbotham, et al., 2011), AMG517 

(Amgen) (Gavva, et al., 2008) and AZD1386 (AstraZeneca) (Krarup, et al., 

2011), hyperthermia was a reported side-effect in human participants, and in 

some cases persisted for up to 4 days, with core body temperature rising to 

40.2˚C (Gavva, et al., 2008).   
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There might be many reasons why TRPV1 antagonism failed as analgesics, 

but the most likely cause is that TRPV1 has very important physiological 

functions for detecting nociceptive stimuli (Caterina, et al., 2000). TRPV1 

expression is also not restricted to neurons and may have other functions in 

other parts of the body.  So, the “perfect” analgesic should also preferably have 

a restricted expression in specialised primary sensory afferents, and it should 

not interfere with the normal physiological function of the target. 

 

For TRPA1, three antagonists have reached clinical trials for the treatment of 

pain conditions: GRC1753 (Glenmark) for chronic pain; CB-625 (Cubist 

Pharmaceuticals Inc.) for acute surgical pain (Kaneko and Szallasi, 2014; 

Chung at al., 2015) and ODM-108, a highly potent TRPA1 antagonist 

developed by Orion Pharma to treat neuropathic pain.  To date, no data is 

available on the success of these trials and ODM-108, reached phase 1, but 

the study failed due to complex pharmacodynamic properties. 

(clinicaltrials.gov). 

 

Like TRPV1, TRPA1 has many physiological functions and indeed a wider 

tissue distribution than that of TRPV1.  It is likely therefore that blockade of 

TRPA1 for pain relief will result in similar or more severe side-effects than 

those of TRPV1 antagonists. 
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Based on the learning from the above limitations, this thesis took a different 

approach to search for pain relief targets by examining the interactions 

between TRPA1 and MRGX1.  The restricted expression of MRGX1 in 

nociceptors and because it has been shown to sensitise two thermo TRP 

channels, TRPV1 (Solinski, et al., 2012) and TRPA1 as shown in this thesis 

(discussed in chapter 4), has the potential to be the ‘perfect’ analgesic target.  

As sensitisation of TRPA1 in particular is thought to be the main mechanism 

underlying inflammatory pain, preventing or reducing TRPA1 sensitisation by 

pharmacological inhibition of MRGX1 will ensure that the ‘good’ protective pain 

response associated with TRPA1 remains, with low risk of side effects.  To 

date, 2, 4-diaminopyrimidine derivatives and 2, 3-disubstituted 

azabicyclooctanes have been shown to antagonise BAM (8-22)-mediated 

signalling via MRGX1 in overexpressing cell lines (Kunapuli, et al., 2006; 

Bayrakdarian, et al., 2011).  These compounds, if they become commercially 

available could be tested in fluorescence imaging plate reader (FLIPR) assays 

in the future to measure whether TRPA1 mediated Ca2+ flux in response to 

BAM (8-22) treatment  is reduced with pre-treatment of either of these 

compounds in the human in vitro models of peripheral nerves (discussed in 

chapters 3 and 5). 

 

Immortalised cell lines solely expressing the receptor of interest are commonly 

used to screen for promising new drugs.  Although, useful for initially 

determining the function of the target in a controlled environment, this does not 

give a true indication as to how the target will function in vivo.  As such, these 
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cells cannot be considered ‘normal’ in that they divide indefinitely and often 

possess a genotype which differs to any cell type found in vivo.  This in turn 

can alter phenotype, function and responsiveness to stimuli (Kaur and Dufour, 

2012)  Therefore, they may not display relevant characteristics or functions of 

normal cells.  For instance, HEK 293 which have been used by a number of 

researchers to study the function of MRGX1 (Lembo, et al., 2002; Burstein, et 

al., 2006; Tatemoto, et al., 2006; Solinski, et al., 2013) are immortalised by the 

adenovirus type 5 E1 gene and encodes E1A and E1B proteins, which 

interfere with cell cycle control pathways and prevent apoptosis.  Furthermore, 

these cell lines that only express the target will not take into account possible 

interactions with other receptors and channels that are likely to occur in an in 

vivo setting.  In addition, even at such a simplistic level, contradictory results 

regarding the role of MRGX1 in neuronal activity has been reported.  Although 

results were generated from human MRGX1 receptors, it is difficult to 

determine whether MRGX1 acts algetically by binding to Gαq/11 proteins and 

thus increasing neuronal activity or analgetically through binding Gαi/ o proteins 

and dampening neuronal activity in overexpression systems.  Two 

independent studies reported that G-protein coupling of a GPCR may differ in 

different cell types (Hermans, 2003; Kukkonen, 2004).  Although GPCRs can 

bind to more than one G-protein, as different cell types were used in an attempt 

to ‘deorphanise’ MRGX1 (over expressed in HEK cells vs mice DRG neurons), 

it seems more likely that the opposing effects were due to distinct G-protein 

coupling of MRGX1 in different cell types.  
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The human neuronal model adopted in this study, therefore might provide 

more representative responses of what would occur in vivo as they are derived 

from primary human stem cells (chapter 3) and neural progenitors (chapter 5) 

and therefore express a variety of functional receptors and ion channels that 

would also be present in human neuronal cells.  As this is the first human 

model to show endogenous expression of MRGX1, it may also settle the 

debate of whether MRGX1 exists as algetic or analgesic target. 

 

The findings from the studies described in this thesis clearly showed that 

MRGX1 is expressed in human neurons and that it activates and sensitises 

TRPA1 (Chapter 3 and 4).  These findings could have important implications 

for inflammatory pain signalling and novel drug discovery.  The studies 

described however, are not without limitations that could be summarised as 

follows: 

 

1- Although the human neuronal models used are novel and step forward, 

they do not truly represent the in vivo situation.  More complex co-

culture models, use of iPSCs and in vivo clinical studies will be needed 

to validate these findings  

 

2- Our model of neuronal progenitors could also be more fully 

characterised to determine the level of neuronal cell maturity and 

functionality with patch clamp experiments and to record action 

potentials as important markers of sensory neurons.  Murine MRG 
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receptor expression was found to be more abundant in non peptidergic 

than peptidergic neurons (Lembo, et al., 2002).  Future work would 

confirm whether same expression is true of human MRGX1.  Further 

characterisation of our neuronal progenitor model to develop specific 

sensory neuron subtypes will facilitate a better understanding of the 

complex pain signalling pathways and the contribution of different 

neuronal subtypes. 

 

3- The functions of MRGX1 described in our studies could have been 

confirmed using specific antagonists or gene knockdown experiments, 

but as this receptor has recently been cloned and still considered 

“orphan”, there are yet no commercially available antagonists or siRNA 

assays that could be used to characterise its functions. Indeed, the 

problem with the MRGX1 gene described in chapter 3 may have been 

a limiting factor for developing appropriate knockdown tools.  Future 

studies utilising specific MRGX1 antagonists when available are 

warranted 

 

4- Our findings that MRGX1 both activates and sensitises TRPA1 

contradict those carried out in some immortalised cell lines but are in 

agreement with studies on TRPV1 MRGX1 interactions carried out in 

DRG-like cell line overexpressing the receptor.  In this regard our 

studies looked at only one class of G protein and more work to study if 

other G proteins involved will be required in particular to prove or rule 
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out possible activation of Gαi/o, to settle this controversy.  Although, 

sensitisation experiments (Chapter 4) confirmed that MRGX1 sensitises 

TRPA1 to CA.  TRPA1 is also directly activated by a number of 

endogenous chemicals that are produced during the inflammatory 

response, such as 4-HNE and acrolein.  Therefore, it would be 

beneficial to repeat the sensitisation experiments with one of these 

endogenous agents as it would better represent the in-vivo situation 

during inflammation.    

 

In summary, this thesis has shown that stem cells isolated from redundant 

human dental pulp tissue are capable of neuronal differentiation when exposed 

to certain environmental cues and become functional nerve-like cells.  Then in 

an attempt to better this model, we have also shown that neural progenitor 

subpopulations can be selectively isolated from hDPCs and can also generate 

functioning nerve-like cells following a shorter differentiation period than 

previously described by Clarke et al (2017).  This thesis also provides a 

detailed analysis of the functional interactions between MRGX1 and TRPA1.  

We illustrate a dual modulation of TRPA1 by MRGX1 leading to PKC 

dependent sensitisation of TRPA1 and IP3/ Ca2+ release mediated TRPA1 

activation.  Together these findings provide an insight into TRPA1-related pain 

conditions in humans at a molecular level and further emphasise MRGX1 as 

‘perfect' analgesic target.   
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Supplementary Figures  

 

Supplementary Figure 1 Optimisation of Fura-2AM assays used in FlexStation-3 

experiments. 

Raw data showing 50μl of Hanks being dispensed into different volumes of Hanks with varying 

pipette heights.  In both (A) and (B) 340 and 380 wavelengths move in the same direction 

which represents artefacts.  In (C) 340 and 380 wavelengths are visually separated and is 

typical of what a Hanks response should look like.  The parameters shown in (C) were used 

for all Fura-2AM assays.    
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Supplementary Figure 2: Representative image showing amplification of MRGX1 in 

HEK293 cells overexpressing  

MRGX1 receptor (green diamond), as well as housekeeping genes B2M (red square) and 

GUSB (grey diamond). 
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Supplementary Figure 3: Conventional PCR shows band at the predicted size (413bp) 

in HEK293 cells overexpressing MRGX1 receptor in RT sample but not NRT. 
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Supplementary Figure 4: Pre-treatment with Gαq inhibitor, YM-254890 reduces BAM (8-

22) mediated Ca2+ flux in comparison to control (black) in PNEs, in a concentration-

dependent manner. 

5μM YM-254890 reduced BAM (8-22) induced Ca2+ responses, while 10μM YM-254890 had 

little effect.  Data represents 1 independent experiment, with 3-4 replicates. 
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Supplementary Figure 5: Co-localisation of MRGX1 and TRPV1 in PNEs. 

PNEs express TRPV1 (red) and MRGX1 (green) at protein level and both proteins co-localise 

(yellow).   Scale bar: 500µm and 100µm. 
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